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Preface

Rare earths (REs), as strategic resources of the 21st century, have played a great
role in both industry and the economy. Due to the unique electronic structure
and physiochemical properties of rare earth ions, their compounds are important
active candidates in functional materials. In particular, rare earth ions display
excellent optical behaviors, such as sharp emission spectra for high color purity,
broad emission bands covering the ultraviolet (UV)-visible-near-infrared (NIR)
region, a wide range of lifetimes from microseconds to the second level, high
luminescence quantum efficiencies, and so forth, which makes them a huge
treasury of luminescent materials. In recent years, REs have attracted much
attention for their wide variety of applications in the fields of lighting devices
(television and computer displays, optical fibers, optical amplifiers, and lasers)
and biomedical analysis (medical diagnosis and cell imaging).

Metal-organic frameworks (MOFs, also known as porous coordination poly-
mers, or PCPs) are an emerging class of porous molecular materials constructed
from metal-containing nodes (also known as secondary building units (SBUs))
and organic linkers (bridging ligands). Due to their structural and functional
tunability, the area of MOFs has become one of the fastest growing fields in
chemistry. MOFs embody versatile functional applications in gas storage, puri-
fication, or separation; heterogeneous catalysis or photocatalysis; optic,
electronic, or magnetic materials or devices; as well as biomedicines or bioi-
mages. Certainly, MOFs are employed as a platform for luminescent materials
based on their intrinsic optical and photonic properties of metal ions and organic
ligands, or guest species collaboratively assembled and/or encapsulated into
their frameworks. The abundant luminescent responsive performance of MOFs
provides their great potential in chemical sensing.

Rare earth metal-organic framework hybrid materials combine the virtues of
both MOF materials and rare earth ions, which can create novel properties as
well as functional and photofunctional applications. In particular, with rare
earth ion functionalized MOF hybrid materials, luminescent RE>* ions are
incorporated into MOF hosts with little content, and the characteristic emission
of RE** is obtained. This is identical to the traditional rare earth ion doped phos-
phors. Just like pure luminescent rare earth MOF materials, RE** can produce
an “antenna effect” and cause a pronounced increase in the luminescence inten-
sity through the intramolecular energy transfer process from linkers to RE**. In
addition, the relatively limited content of hybrid materials often allows the

xiii



xiv Preface

existence of luminescence of original linkers or MOFs themselves if the func-
tionalized amount of RE** is controlled appropriately. This make it possible to
exhibit multiple center luminescence for the same hybrid system and even real-
ize luminescence color tuning or white luminescence integration. With regard
to integrity, the pure rare earth MOF materials are considered in this book. Thus
rare earth MOF hybrid materials encompass two main aspects: one is the pure
rare earth MOFs, and the other is rare earth functionalized MOF hybrid
materials.

This book consists of 6 parts, covered in 15 chapters. The first part (Chapters
1 and 2) is a general introduction to MOFs, rare earth MOFs, and rare earth func-
tionalized MOF hybrid materials (Chapter 1); and rare earth luminescence,
MOF luminescence, rare earth MOF luminescence, as well as luminescence
response and chemical sensing (Chapter 2). The second part (Chapters 3, 4,
and 5) gives an overview of the luminescent response mode and sensing mech-
anisms in rare earth metal-organic framework hybrid materials: single lumines-
cent mode sensing (1D) (Chapter 3), dual luminescent mode (2D) for
ratiometric sensing (Chapter 4), and luminescent responsive sensing mecha-
nisms (Chapter 5). The third part (Chapters 6, 7, and 8) sheds light on rare earth
metal-organic framework hybrid materials as luminescence response chemical
sensors for typical ionic analytes, metal cations (I) (Chapter 6), (I) (Chapter 7),
and anions (Chapter 8). The fourth part (Chapters 9, 10, and 11) focuses on rare
earth metal-organic framework hybrid materials as luminescence response
chemical sensors for molecules: general molecular chemicals (Chapter 9), spe-
cial organic molecules (Chapter 10), and biomarkers (Chapter 11). The fifth part
(Chapters 12, 13, and 14) involves rare earth metal-organic framework hybrid
materials as luminescence response chemical sensors for other applications:
including temperature and pH value (Chapter 12), logic gate operations
(Chapter 13), and imaging applications (Chapter 14). The sixth part
(Chapter 15) gives a summary and prospect for rare earth MOF hybrid materials
as luminescence response chemical sensors.

Finally, I want to express my sincere gratitude to my PhD and master’s stu-
dents, whose research work makes up the main content of this book. I also wish
to show my appreciation to my colleagues, especially to the scholars in the
research fields of rare earth metal-organic frameworks, which is an important
component of this book. Many colleague scholars have provided valuable
reviews of the relevant topics for the instruction and outline of this book. I hope
that this book will provide readers with insights into the recent developments of
rare earth metal-organic framework hybrid materials for luminescent respon-
sive chemical sensing.

Bing Yan
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Chapter 1

Metal-organic frameworks
(MOFs), rare earth MOFs, and
rare earth functionalized MOF
hybrid materials

1.1 Metal-organic frameworks (MOFs)

Metal-organic frameworks (abbreviated as MOFs and also known as porous
coordination polymers (PCPs)) are a class of porous polymeric molecular mate-
rials, consisting of metal ion nodes connected together by organic bridging
ligands (linkers) (Scheme in Fig. 1.1), which are a new development in the inter-
disciplinary field of coordination chemistry and functional materials [1-3].
Due to their structural and functional tunability, MOFs have become one of
the fastest growing research fields in inorganic chemistry. The essence of MOFs
chemistry is that the frameworks are assembled by linking molecular units of
well-defined shapes by chemical bonds into periodic frameworks. An important
component of reticular chemistry is the deconstruction of such structures into
their underlying nets to facilitate designed synthesis of materials with targeted
porosity, pore size, and functionality. The organic ligands of MOFs give them
flexibility and diversity in their chemical structures and functions. The synthesis
of MOFs has attracted extensive attention due to the possibility of obtaining a
large variety of interesting structures for a range of applications related to
porous materials [4—-8]. The exploration of MOFs mainly involves four catego-
ries: (1) synthesis of metal-containing nodes or coordination bonds and linker
design for MOFs; (2) postsynthetic modification (PSM) of MOFs; (3) MOF
hybrids or composites; and (4) potential applications of MOFs.

1.1.1 Synthesis of metal-containing nodes or coordination bonds
and linker design for MOFs

In MOFs structures, a node represents a particular environment (tetrahedra,
octahedra, etc.) connected to a fixed number of related points, which depends
on the geometry (tetrahedral =4, octahedral =6, cubic =8). Their structures can
then be represented mathematically as either a discrete (zero-dimensional—0D)

Rare Earth Metal-Organic Framework Hybrid Materials for Lumi Responsive Chemical Sensors
https://doi.org/10.1016/B978-0-323-91236-5.00003-7
Copyright © 2022 Elsevier Ltd. All rights reserved. 3
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e
9 + _’ -
G:'} Molecular assembly
Metal ions Ligands Metal-organic frameworks

FIG. 1.1 Conceptual illustration of structuring of MOFs at microscopic/mesoscopic scales. The
assembly of metal ions with organic ligands constructs molecular framework structures. (Repro-
duced with permission from S. Furukawa, J. Reboul, S. Diring, K. Sumida, S. Kitagawa, Structuring
of metal-organic frameworks at the mesoscopic/macroscopic scale. Chem. Soc. Rev. 43
(2014) 5700-5734. Copyright 2014 Royal Society of Chemistry.)

or an infinite (one-dimensional—1D), two-dimensional—2D), and three-
dimensional—3D)) periodic arrangement as an extended representation of
the nodes. Thus the topology of a net depends on the number of nodes in a par-
ticular structure. A simplified description of MOFs structure will be considered
as a metal center or metal cluster of ions connected by an organic linker. To
derive the vertex symbol and the correct topology for such structures, it is
important to identify the nodes according to coordination chemistry
principles [9].

To understand MOFs structures, the node and the net concept are used to
describe the vertex symbols in some 2D and 3D systems. (1) 3D structures.
(a) Uninodal structures are based on only one type of node, which have 3 (tri-
gonal), 4 (square planar, tetrahedral), 5 (trigonal bipyramidal), 6 (octahedral), 8
(cubic), and other higher (10 or 12) connected nodes. (b) Binodal structures
have two geometrically different nodes in a MOFs constitutes, formed using
trigonal-tetrahedral; tetrahedral-square planar; tetrahedral-octahedral and
tetrahedral-cubic nodes. (2) 2D structures. MOFs with 2D layer structures
can be described using nodal connectivity. (a) Uninodal structures contain
3 connected nodes, 4 connected nodes, 5 connected nodes, and 6 connected
nodes, respectively. (b) Binodal structures in the context of the topology of
MOFs based on common geometrical nodes are rare, although some topologies
can be obtained based on trigonal-octahedral nodes. (3) 3D MOFs based on 2D
layers. The 3D MOFs with 2D network topologies are pillared by rigid linkers,
which can have either a simple uninodal structure or a binodal structure within
the layers using the organic ligands as the linker. Either the same ligand or a
completely different organic linker can be used to arrive at the 3D structure.
(4) Zeolitic imidazolate frameworks (ZIFs). Imidazole as the simple mole-
cule has an ideal position between the nitrogen atoms in the structures, and
behaves as a linker between the metal centers, addressing the concerns of charge
neutrality. The most important topology based on the tetrahedral node is the dia-
mond topology. These ZIF compounds have been extensively prepared for
mimicking zeolite topologies [9-16].

On the other hand, the term MOFs originated from its secondary building
units (SBUs) as clusters built entirely with covalent bonds [17-22].

()
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The synthesis of SBUs can be used to direct the assembly of ordered frame-
works with rigid organic linkers, which makes it highly possible to predict
the chemistry of the yielded crystalline materials [17-30]. The orientation of
organic linkers will result in the assembly of MOFs with predetermined struc-
tural topologies [23-30]. Generally, both SBUs (as connectors) and organic
ligands (as linkers) combine to determine the final framework topology. (1)
Ditopic carboxylate linkers. These linkers possess both ready accessibility
and easily perceivable structures in combination with different SBUs: 4-
connected paddlewheel clusters, 6-connected octahedral clusters, 6-connected
trigonal-prismatic clusters, 12-connected clusters, and infinite chain clusters,
respectively. (2) Tritopic carboxylate linkers. These linkers are related to dif-
ferent clusters: 4-connected paddlewheel clusters, 6-connected octahedral clus-
ters, 6-connected trigonal-prismatic clusters, and multiple SBUs. (3)
Tetratopic carboxylate linkers. These linkers appear to be very intriguing
building units in MOFs constructions, especially those with tetrahedral geom-
etry. Tetrahedral carboxylate linkers are related to different clusters: 8-connected
cubical clusters, 4-connected square planar clusters, 8-connected hexagonal bipy-
ramidal clusters, and nonregular tetrahedral carboxylate linkers. (4) Hexatopic
carboxylate linkers. These linkers are related to 1,3-atedbenzenedicarboxylate
units, 4,4'-azanediyldibenzoate units and 1,1:3,1"-terphenyl-4,4"-dicarboxylate
units. (5) Octatopic carboxylate linkers. MOFs with these linkers are still rare,
possibly due to the synthetic challenges in the linkers themselves, whose frame-
works are based on linkers with long arms that tend to form interpenetrated struc-
tures. (6) Mixed linkers. They contain four types: ditopic-ditopic linear linkers,
tritopic carboxylate-ditopic carboxylate linkers, carboxylate-pyridine linkers, and
linkers coordinatively identical but with distinct shapes. (7) Desymmetrized
linkers. (8) Metallo-linkers. These mainly involve four types with different
donors: O and S donors, N and P donors, C donors, and mixed donor groups.
(9) N-heterocyclic linkers. Organic linkers containing N donors, such as pyridine
and azole derivatives, have achieved stable MOFs via N-metal coordination,
including ditopic N-heterocyclic linkers and polytopic N-heterocyclic
linkers [23].

1.1.2 Postsynthetic modification (PSM) of MOFs

Postsynthetic modifications (PSMs) are particularly attractive for use with
MOFs materials for a variety of reasons. (I) The solvothermal reaction condi-
tions to prepare most MOFs greatly limit the types of functional groups that can
be functionalized by PSM. (II) The organic ligands in MOFs open the possibil-
ity of employing a wide range of organic transformations. (III) MOFs’ porous
structures allow reagents to access the interior of the solids for their functiona-
lization [31-44]. Thus various functions can be imparted to MOFs by incorpo-
rating different parts of the MOF structure, including metal ions/clusters,
organic linkers, and empty spaces inside the cavities (Fig. 1.2, left). A variety
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FIG. 1.2 Schematic depiction of functionalization (/eft) and PSM strategies (right) of MOFs: postsynthetic modification (PSM), postsynthetic deprotection (PSD),
postsynthetic exchange (PSE), postsynthetic insertion (PSI), and postsynthetic polymerization (PSP). SBUs are represented as gold spheres, and ligand struts are
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399 (2019) 213023 and S. M. Cohen, The postsynthetic renaissance in porous solids. J. Am. Chem. Soc. 139 (2017) 2855 —2863. Copyright 2019 Elsevier and
2014 American Chemical Society.)
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of organic functional groups are functionalized to tune and optimize the host-
guest chemistry of MOFs, which is a practical and rational strategy to improve
MOF efficiency in different applications. Moreover, functionalization also has
crucial influences on the structural properties of MOFs, such as crystallinity,
porosity, flexibility, stability, and topology through induced structural changes
and different types of secondary interactions. Subsequently, it is possible to syn-
thesize functional MOFs and their hybrid materials using PSM [42].

(1) Requirements for PSM. MOFs require the following parameters: (a)
Being sufficiently porous to allow access of all required reagents to the
interior of the lattice. (b) Possessing an available functional group to
undergo a chemical transformation. (¢) Being stable to the reaction condi-
tions. (d) Being stable to any byproducts produced by the reaction condi-
tions. To date, the choices of both MOFs and reaction govern the scope of
transformations that can be realized by PSM.

(2) Types of PSM. Broadly speaking, any change of the composition or struc-
ture of MOFs may be considered a form of PSM, such as the desolvation or
activation of MOFs, the exchange of guest species from MOFs, the inclu-
sion or encapsulation phenomena of being performed in a PSM manner,
etc. In a narrow sense, however, it is important to define the different types
of PSM to distinguish these chemical reactions from the previously men-
tioned routine handling and guest inclusion phenomena of MOFs. PSM of
MOFs can be divided into three areas: (a) covalent PSM, (b) dative PSM
(coordinate covalent PSM), and (c) postsynthetic deprotection (PSD)
(Fig. 1.2, right). The type of chemical bond that is formed or broken during
the PSM approach distinguishes each of these methods. It is important to
note that these different PSM methods are not mutually exclusive, and per-
haps utilize a combination of strategies to obtain materials of high com-
plexity and functionality. In addition to achieving the desired chemical
transformation, it is important that the MOFs cannot be destroyed under
the reaction conditions. Indeed, PSM methods are intended to produce
novel hybrid materials that retain the characteristic features of MOFs [36].

(1) Covalent PSM. This is defined as the use of a reagent to modify a component
of the MOFs in a heterogeneous, postsynthetic manner to form a new covalent
bond, whose target is generally the organic linker of the MOFs. Currently, cova-
lent PSM is the most extensively investigated of the different PSM methods, and
is proven to be a powerful and versatile method for introducing a broad range of
chemical groups into MOFs. (2) Dative PSM. This type is defined as the use of a
reagent that forms a dative bond with a component of the MOFs in a heteroge-
neous, postsynthetic manner. Not only can a ligand be added to the framework to
coordinate to the SBU of the MOFs, but also a metal source can be added to the
MOFs to bind to the organic linker of the MOFs, occurring through the formation
of dative bonds. (3) PSD. This reaction is performed on the MOFs in a
postsynthetic manner resulting in the cleavage of a chemical bond within an intact
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framework. In principle, any kind of chemical bond can be broken during a PSD
reaction to reveal a chemical functionality and produce materials with different
properties. Within some highly stable MOFs, both the elimination and addition of
multitopic linkers or metal ions are possible without destruction of the frame-
work. (4) Postsynthetic metal exchange (PSME). Cation doping is also widely
employed in nanocrystals to tune their properties. (5) Postsynthetic ligand
exchange (PSLE). This represents the exchange of the key extending ligand
of a framework by another similar ligand of different length or functional group,
with the retention of the MOFs topology. (6) Postsynthetic elimination and
installation (PSE&I). Some linkers constituting the framework can be elimi-
nated with coordination changes in the metal cluster but preservation of the infi-
nite framework connection. If the coordination site of the adjacent metal cluster
matches well with an additional linker, PSI may succeed in creating a new MOFs
with higher connection numbers. (7) Tandem PSM. This type is used in produc-
ing MOFs with multiple functionalities otherwise difficult or infeasible to acquire
by direct synthetic methods. (i) Engineering porosity and pores by tandem
PSM. Both increased and decreased porosity can be obtained depending on
the size and spatial configuration of the modified groups, whose change in poros-
ity is moderate and limited by the constant topology of the framework. (ii)
Improving structural stability by tandem PSM. The direct introduction of tar-
get metal ions may be subjected to low exchange rate, uncompleted conversion,
decomposition of the MOFs, and others. Based on the exchanging mechanism of
different metal ions, tandem PSME is useful for improving structural stability.
(iii) Modifying surface and interior by tandem PSM. Based on the reactivity
and spatial effect within the confined channels, the traditional design of the reac-
tion pathways provides a chance to engineer either the surface or the interior of
MOFs (Fig. 1.2, right) [31-44].

1.1.3 MOFs hybrids or composites

In order to satisfy the practical applications of MOFs, it is desirable to further
enhance their properties and create new functionalities. MOFs composites/
hybrids are materials composed of one MOFs and one or more distinct constit-
uent materials, including other MOFs, with properties noticeably different from
those of the individual components. In composite or hybrid materials, the
advantages of both MOFs (structural adaptivity and flexibility, high porosity
with ordered crystalline pores) and various kinds of functions (optical, electri-
cal, magnetic, and catalytic properties) can be combined effectively, accessing
new physical and chemical properties along with enhanced performance that is
not attainable with the individual components. Consequently, the remarkable
features of composites or hybrids resulting from the synergistic combination
of both MOFs and other active components make them suitable for a wide range
of applications. To date, MOFs hybrids/composites have been made with ver-
satile active species, including metal nanoparticles/nanorods (NPs/NRs),
oxides, quantum dots (QDs), polyoxometalates (POMs), polymers, graphene,



MOF hybrid materials Chapter | 1 9

@

CNTs
Graphenes
it

&>

=

FIG. 1.3 The scheme for the composites of MOFs and functional materials. (Reproduced with
permission from Q. Zhu, Q. Xu, Metal-organic framework composites. Chem. Soc. Rev. 44
(2014) 5468 —5512. Copyright 2014 Royal Society of Chemistry.)

carbon nanotubes (CNTs), dyes, biomolecules, and so on, resulting in perfor-
mance unattainable by the individual constituents (Fig. 1.3). Moreover, these
hybrids or composites offer the great advantage of flexible and optimum design,
which is desirable to harness the useful properties through the incorporation of
various kinds of functional materials into MOFs [45-65].

M

(2)

3)

(4)

MOFs-metal or metal oxide NP composites. Porous MOFs are ther-
mally robust and have permanent nanoscale cavities or open channels that
provide powerful confinement effects, which can be utilized as supports
for metal NPs with controlled sizes inside the pores, thereby circumvent-
ing the common issue of NP aggregation and benefiting their utilization in
applications. In addition, some attempts have been undertaken to integrate
metal oxides (especially those with magnetic or semiconducting proper-
ties) and MOFs into core-shell nanostructures [45-53].

MOFs-silica composites. There are currently two main types of MOFs-
silica composites: (a) incorporating dispersed silica NPs within the pores/
channels of MOFs or growth of a MOFs shell on a preformed silica sphere
in MOFs precursor solutions (SiO,@MOFs); (b) using a silica shell as a
surface coating or the mesoporous properties and processability of silica
supports to promote the growth of microporous MOFs particles through-
out the porous silica supports (MOFs@Si0,) [45,54].

MOFs-organic polymer composites. Confined polymers at nanometer
scales exhibit fascinating and unexpected properties different from those
in the bulk state. MOFs-organic polymer composites formed from various
combinations of MOFs and organic polymers can constitute a class of
composite materials with combined properties [45,55].

MOFs-QDs composites. The versatility of functional MOFs can be
extended by introducing highly luminescent semiconductor QDs within
the frameworks of MOFs. In QD @MOFs composites, QDs can be stabi-
lized against photochemical degradation through the deposition of a nano-
meter MOFs shell, while retaining their valuable optical properties [45].
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(5)

(6)

(7)

8)

9

MOFs-POM composites. The dispersion of POMs within MOFs pre-
vents the POMs from conglomerating and deactivating. In such POM-
based MOFs, the organic ligands substitute for the oxo groups of POMs
to covalently link the metallic centers. What’s more, POMs can be encap-
sulated in the pores of MOFs through host-guest interactions to form
POM@MOFs composites [45].

MOFs-carbon composites. The exceptionally mechanical, electrical,
and thermal properties of carbon materials (graphene and CNTs) com-
mend them as valuable nanostructured fillers in MOF composites. Numer-
ous MOFs-nanocarbon composites have been made with activated
carbons, carbon monoliths, graphene oxide (GO), and CNTs, and have
been intensively explored for diverse applications [45].

MOFs thin films on substrates. The deposition of patterned thin films of
MOFs on a substrate has paved the way for the nanotechnological appli-
cations of MOFs-based devices. Generally, two fabrication methods have
been distinguished for the direct growth/deposition of MOFs thin films:
(a) The substrate is added to a MOFs synthesis solution under ambient
or solvothermal conditions, growing on the surface of the substrate and
sometimes in solution at the same time. This growth leads to the formation
of polycrystalline films where crystals are attached to the substrate sur-
face in an intergrown and continuous fashion. (b) The layer-by-layer
(LBL) method was developed for the facile preparation of MOFs thin
films on the substrates and referred to as liquid phase epitaxy. This tech-
nique relies on the sequential deposition of monolayers of metal salts and
organic linkers on a functionalized substrate. The LBL method permits
the growth of smooth and homogeneous MOFs ultrathin films with diam-
eters in the nanometer range, which achieve good control over the thick-
ness, crystallographic orientation, and interpenetration of the MOFs
multilayers [45,56-59].

MOFs@MOFs core-shell heterostructures. The construction of multi-
functional core-shell heterostructures involves two strategies. (a) Hetero-
epitaxial growth of a shell MOFs crystal on the external surface of another
seed MOFs crystal could generate a composite crystal, in which the two
coordination components are segregated into different regions of the crys-
tal. This approach is based on a close crystal lattice match between the
underlying MOFs substrate and the deposited MOFs. (b) PSM strategies
include the selective reaction of the reactive residue of an organic linker
and the controlled replacement of the framework metal ions or ligands,
whose modification is selectively constrained to either the external sur-
face or the internal core of the MOFs crystals [45].

MOFs-enzyme composites. The tunable but uniform pore sizes and func-
tionalizable pore walls of porous MOFs may make them appealing to
accommodate enzymes for catalytic applications. Nevertheless, the
micropore size of most MOFs precludes the entry of large-sized enzymes
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and can result in only external surface attachment with low enzyme load-
ing via adsorption and/or covalent bonding reaction [60-65].

(10) MOFs-other molecular species composites. Molecular materials such as
organic dyes, organometallic compounds, metalloporphyrins, biomolecules,
and other functional molecules can also be composed with MOF:s for various
applications. The use of MOFs as molecular encapsulators takes advantage
of their powerful confinement effect to protect molecules from aggregation,
heterogeneous distribution, and leaching. Impregnation procedures are
mostly used to encapsulate these molecular materials. In addition, the
self-assembly of MOFs in the presence of molecular moieties in the MOFs
precursor solutions can lead to irreversible in-situ encapsulation [45].

1.1.4 Potential applications of MOFs

MOFs have unique properties as well as an extraordinary degree of variability
for both the organic (ligands) and inorganic (metal ions or clusters) components
of their structures, making them of interest for potential applications in practical
fields (Fig. 1.4). With the input of industrial partners, some of these promising
MOFs for important applications will soon be implemented in our daily lives
[66-71].

Cpen metal sites

Antenna effect

| White-light emission
NIR emitting
3D patterning

Water splitting
CO: reduction 4
| Dye degradation

Metal-Organic Frameworks

FIG. 1.4 Graphic illustration of pore and function engineering to develop multifunctional MOF
materials. (Reproduced with permission from B. Li, H. Wen, Y. Cui, W. Zhou, G. Qian, B. Chen,
Emerging multifunctional metal-organic framework materials. Adv. Mater. 28 (2016) 8819—
8860. Copyright 2016 Wiley.)
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1.1.4.1 MOFs for applications in adsorption, storage,
and separation

First, in clean energy, MOFs are most significantly used as storage media for
gases such as hydrogen and methane, and as high-capacity adsorbents to meet
various separation needs [72—76]. MOFs have shown great application potential
in various separations due to their tailored structures and functionalized pore
surfaces, from CO, capture to natural gas purification, from air separation to
harmful gas removal, from desulfurization to large-molecule inclusion, and
from structural isomer separation to enantio-separations, in both gas-phase
and liquid-phase systems. The precise tuning of MOFs material characteristics
is expected to produce considerable improvements in sorbent performance,
leading to reduced energy requirements for the capture process compared with
current technologies. Meanwhile, the PSM availability of in-pore and outer-
surface of MOFs is attractive for diverse analytical chemistry applications.
MOFs have been either directly used or engineered to show excellent potential
for use in air purification of toxic gases. Recently, MOFs have represented a
new foreground for capturing various types of hazardous metal ion pollutants,
including toxic and nuclear waste-related metal ions, which have harmful
effects on human health and the environment [77-84].

MOFs are geometrically and crystallographically well-defined framework
structures for the strength of coordination bonds, which are robust enough to
allow the removal of the included guest species, resulting in permanent poros-
ity. MOFs are ideal adsorbents for gas storage and separation due to their large
surface areas, adjustable pore sizes, and controllable surface properties
(Fig. 1.5). Currently, most of the research is focused on selective gas adsorption
studies based on adsorption/desorption isotherm measurements of single gas
components, which provide the predominant information for adsorbent screen-
ing. Practically, an adsorption-based process can afford molecular separation
via diverse microscopic mechanisms: (i) thermodynamics (enthalpic)-driven,
where the MOFs adsorbent expresses a relatively high affinity for a given mol-
ecule as a result of enhanced adsorbate/MOFs interactions, (ii) kinetics-driven,
where the MOFs pore opening and its circumference constituents inflict a sig-
nificant difference in the diffusivity of the adsorbate molecules, (iii) the com-
bination thereof, (iv) conformational (entropic)-driven, where the MOFs pore
size/shape permits a more efficient packing of the given molecule in a confined
pore system, and (v) molecular sieving, where the MOFs pore aperture size/
shape allows a full-size exclusion of a selected molecule. The key parameter
in developing an efficient MOFs separation agent is the strong interplay
between the size/shape of the targeted molecules and the structural features
of the adsorbent. It needs to be pointed out that the (i) separation might require
a dual effect conferred by a high degree of pore confinement and the presence of
specific adsorption sites. Furtherly, it is more practical to consider a porous
material displaying only one type of pore aperture to separate a specific mole-
cule [76-85].
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FIG. 1.5 Schematic illustration of the various possibilities of tuning the characteristics of MOFs,
their modes of operation for separation, and representative applications where these compounds can
be potentially applied. (Reproduced with permission from S. Mukherjee, A. V. Desai, S. K. Ghosh,
Potential of metal-organic frameworks for adsorptive separation of industrially and environmen-
tally relevant liquid mixtures. Coord. Chem. Rev. 367 (2018) 82—126. Copyright 2018 Elsevier.)

For selective adsorption and separation in MOFs, even membrane separa-
tion, the selection of supporting materials is the key. The large variety of MOFs
available is expected to be capable of increasing selectivity, improving energy
efficiency, and reducing the costs of separation processes. In addition, the abil-
ity to rationally fine-tune the structures and pore properties of MOFs at the
molecular level may create unique interactions with guest molecules and thus
achieve unusual functional properties for adsorptions, thereby leading to solu-
tions of some specific scientific and engineering challenges in separations. For
instance, enantio-separation can potentially be achieved by homochiral MOFs
adsorbents and membranes. Homochiral MOFs not only can be easily synthe-
sized from predesigned homochiral ligands or framework constructions, but
also several PSMs of existing structures can induce framework chirality over
a broad range. For adsorptive separations, most are focused on selective adsorp-
tions, but the practical separations of a mixture involve more variables than
evaluations from single-component measurements [85—89].
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1.1.4.2 MOFs for applications in catalysis

The application of MOFs materials in catalysis is another hot topic [90—111].
MOFs-based catalysis involves opportunistic catalysis with metal nodes,
designed catalysis with framework nodes, catalysis by homogeneous catalysts
incorporated as framework struts, catalysis by MOFs-encapsulated molecular
species, catalysis by metal-free organic struts or cavity modifiers, and catalysis
by MOFs-encapsulated clusters. Several features make MOFs excellent candi-
dates as heterogeneous catalysts: (i) an unprecedented structural diversity, (ii)
the intrinsic hybrid organic-inorganic nature, (iii) the presence of uncoordinated
metal sites and readily accessible organic struts, (iv) the potential for rational
design, and (v) a well-defined porosity. Several structural features of MOFs
can be harvested for catalytic applications: (a) using the metal nodes of the
material when coordination vacancies are available; (b) using the linker as
an organocatalytic site; (c) using the optoelectronic properties of the hybrids
and ligand to metal charge transfer to trigger photocatalytic processes; (d) as
hosts to encapsulate additional catalytic sites such as NPs, enzymes, or other
moieties; (e) via PSM of the MOFs scaffold; (f) as precursors to form NPs
or single site catalysts via controlled decomposition; and (g) combining several
of the preceding features (Fig. 1.6) [101].

(1) MOFs with intrinsic catalytic activity. MOFs have been regarded as ideal
platforms for the heterogenization of homogeneous catalysts, which can be
understood as molecules arranged in a crystalline lattice and can be
extended through such a crystalline lattice by crystal engineering to pro-
duce solids with intrinsic catalytic activity. Three different approaches
are proposed to achieve intrinsic catalytic activity: (i) through the introduc-
tion of open metal sites (coordinatively unsaturated sites); (ii) through the
creation of defects, and (iii) using the organic linker as a catalyst, through
PSM incorporation of such sites [90—-100].

(2) MOFs as supports for metal nanoparticle (MNPs). MNPs are among the
most important catalytic sites, whose catalytic performance in terms of
activity is highly related to their size (the so-called structure sensitive reac-
tions) for the application of MOFs. MOFs’ catalytic centers are either metal
ions such as Lewis acids and/or organic linkers, both of which can be tuned
or modified. For example, it is relatively feasible to realize different dan-
gling functional groups on the linkers that should improve metal-support
interactions and call for the use of MOFs as supports for MNPs, which have
undoubtedly proven their importance in enhancing catalytic processes.
MOFs play different roles in these composites: (a) stabilizing MNPs within
pores and controlling the uniform small particle size and distribution; (b)
assisting in the selectivity of the reaction by sieving small substrate mol-
ecules and/or blocking oversized molecules from catalytic interactions; (c)
altering the electronic properties of MNPs by controlling their electronic
density and the electron charge transfer between the MOFs and an
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MNP; and (d) catalyzing one-pot tandem reactions in which both the
MOFs and MNPs act as separate active sites in their respective reactions
[90-100].

MOFs-mediated materials in heterogeneous catalyst. MOFs can be con-
verted to considerably more stable materials by simple posttreatments
commonly involving pyrolysis. These MOFs-mediated structures retain
most of the unique properties of the parent MOFs, such as the high porosity,
tunable composition, and high metal loading, which is beneficial for het-
erogeneous catalytic applications, and they frequently outperform their
conventional catalyst counterparts [90—100].

MOFs in photocatalysis. MOFs emerge as a new type of prospective
photocatalytic material, whose modular structure enables them to be fac-
ilely immobilized with photoactive sites for photocatalysis. Their metal
nodes can be regarded as isolated semiconductor QDs, which can be
excited directly upon light irradiation or activated by the organic linkers
acting as a light absorption antenna. The availability of a large diversity
of organic linkers and the rich coordination chemistry of metal cations
enables the light absorption properties of the MOFs to be adjusted for effi-
cient utilization of solar light via a judicious selection of these building
units. In addition, photoactive ligands or dyes can be used directly as build-
ing blocks to fabricate the MOFs materials or these chromophores can be
grafted on the organic ligands as a photoactive part via a PSM method.
With all these advantages, MOFs have been applied in photocatalytic
hydrogen evolution, CO, reduction, and pollutant degradation, as well
as promotion of photocatalytic organic transformations [101-105].
Electrocatalysis on MOFs. The potential use of MOFs as electrocatalysts
is receiving increasing attention as these materials circumvent the limita-
tions of homogeneous catalysts. Immobilizing catalysts in the solid state
with various metal nodes can impact the electrochemical driving force nec-
essary for electron transfer between the electrode and the catalyst, as well
as improve the lifetime of the catalytic site and its selectivity. Using MOFs
as an electrocatalyst will require an active surface area, a known propaga-
tion of charge, an optimized pore size distribution and good crystallinity.
Three main electrocatalytic conversion processes are involved, which are
CO; reduction, the hydrogen evolution reaction (HER), and the oxygen
evolution reaction (OER), as well as a selection of other relevant catalytic
processes [106—-109].

Biomimetic catalysis. Immobilization of biomimetic molecular catalysts
in MOFs has generated many unique and highly active biomimetic MOFs
hybrid catalysts, which exhibit high efficiency, selectivity, and sustainabil-
ity. Biomimetic MOFs present several advantages: (a) uniform dispersion
of active sites; (b) tunable hydrophobic and hydrophilic pore nature; (c)
collaborative microenvironment; and (d) confined catalytic reaction
pockets and transmission channels [112,113].
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1.1.4.3 .MOFs for applications in magnetic and nonlinear
optical (NLO) materials

The special electric, optic, and magnetic properties of MOFs provide their great
potential for use in functional devices [112—122]. The diversity of magnetic
exchange interactions among MOFs ranges from dimers to oligomers and their
applications in infinite chains, layers, and networks, having a variety of topol-
ogies. The different forms of short-range magnetic ordering cause not only
single-molecule magnets (SMMs) and single-chain magnets (SCMs), but also
the long-range ordering of 2D and 3D networks is based on their ion-conducting
behavior [112,113,116—119]. On the other hand, major attention is paid to the
frequency doubling (second-harmonic generation, SHG) and tripling (third-
harmonic generation, THG) effect for nonlinear optical (NLO) materials.
Future efforts should be devoted to their potential technological applications
in electrooptic devices [120-122].

MOFs based on magnetic frameworks

Depending on the origin of the magnetic phenomena, four types of MOFs can be
differentiated: (a) magnetic MOFs with magnetic cooperativity resulting from
magnetic exchange via the ligands; (b) spin-crossover MOFs with nodes of suit-
able coordination environments for this phenomenon to exist; (¢) MOFs with
magnetic relaxation with the nodes of clusters possessing an anisotropic spin
ground state and showing single molecule magnet behavior; and (d) MOFs with
a magnetocaloric effect with nodes of clusters possessing an isotropic spin
ground state. (i) Magnetic MOFs. Magnetic exchange interactions require
short distances between the metal centers, which are most commonly the spin
carriers. The porosity is typically favored with the use of long linkers, which are
often too long for magnetic ordering to exist at temperatures much above abso-
lute zero. (a) Use of short linkers. Among the denser structures with shorter
linkers, long-range magnetic order can emerge, although sorption of gases in
this situation is rather atypical. (b) Metallo-ligand approach. A metal complex
with vacant additional coordination sites is first prepared and isolated, being
used in a second step as a building block towards additional metal ions. Through
a suitable choice of the metallo-ligand, magnetic communication between the
metal nodes can be achieved. (c) Radical-as-ligand approach. An alternative
methodology for facilitating exchange coupling between metal centers of
MOFs is the incorporation of additional spin carriers into the organic linkers
such as radical ligands [112,113,116,117]. (ii) Spin-crossover MOFs. Cooper-
ative effects are still necessary to make this phenomenon useful in order to have
an abrupt crossover, which arises from the elastic forces present in the solid. In
these systems, such a cooperativity is favored by the polymeric nature of the
framework, keeping the spin-crossover centers connected even if they are
not very close. The cooperativity enables this type of MOFs to show high sen-
sitivity to the subtle structural changes occurring in metal coordination
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environments upon inclusion of guest species within the porous framework.
Consequently, the spin-crossover properties are tuned via PSMs of MOFs.
(a) Physisorption of gases. (b) Chemisorption/PSM. (¢) MOFs with SMMs
at the inorganic nodes. SMMs are usually formed by polynuclear magnetic
clusters with a large spin value and high magnetic anisotropy. One important
requirement for maximizing the quantum coherence is to minimize the mag-
netic dipolar interactions between qubits, which can be achieved by separating
these magnetic units in space. MOFs can be ideal platforms to reach this goal
since they provide spatial separation at will. (d) MOFs for magnetic
refrigeration. A magnetocaloric effect (MCE) of high interest for cooling
applications is that of magnetic refrigeration. The use of magnetic MOFs for
magnetic refrigerators is very appealing since they can be designed to consist
of isolated paramagnetic centers that favor a large MCE, combined with higher
thermal and solvent stabilities than their discrete molecular cluster analogs
[112,113,118,119]. (iii) Hybrid MOFs incorporating functional molecules
in the channels. Using this hybrid approach, two-network solids can be pre-
pared through the self-assembly of different molecular fragments used as start-
ing building blocks, or using a PSM method in which a molecular guest is
inserted into a preformed extended network as the host lattice. (a)
SCO@MOFs. (b) SMM@MOFs. (¢) Electroactive molecules@MOFs.
POMs form a class of molecular anions that have been incorporated into MOFs,
which are robust species with unique electronic properties due to their ability to
act as electron reservoirs or to accommodate magnetic centers [112].

MOFs for NLO

(i) Producing MOFs for NLO. Noncentrosymmetric organization is a prereq-
uisite for the generation of NLO properties of bulk materials. In conventional
methods of producing MOFs, the creation of such noncentrosymmetric struc-
tures is challenging. Not only can the coordination of the organic ligand to a
metal ion yield an increase in charge transfer transitions, but it also allows
organic chromophores to assemble in highly ordered geometries like octahedra
and tetrahedra. This interaction produces charge transfer in several directions.
In addition, this is a type of structure that is relatively easy to obtain by selecting
the right combination of metal ions and organic ligands. (ii) Ligands. (a) Multi-
functional ligands. One of the most successful methods for solving the problem
of obtaining a noncentrosymmetric MOFs structure is using a compound as a
ligand that is capable of chelating a metal ion with several functional groups
in different positions. This in turn leads to different degrees of ligand deproto-
nation, ultimately resulting in different coordination modes upon interaction
with two different metal ions. (b) Chiral ligands. All chiral MOFs are active
for SHG, and there are some basic synthetic approaches to produce a chiral
MOFs. But the presence of a chiral structure does not necessarily guarantee
a high response of SHG. (iii) Diamondoid structures. The most likely candi-
dates for producing crystals with NLO properties are metal ions, which have a



MOF hybrid materials Chapter | 1 19

coordination number of 4 or 8 and are connected via a bifunctional ligand. Such
components tend to form the so-called diamond structure, whose crystals inher-
ently crystallize in a centrosymmetric space group so that the inversion center is
in the middle of the C—C bond between two adjacent nodes. (iv) New appli-
cations of MOFs in NLO. (a) Third-order NLO. Third-order NLOs for MOFs
have promise for use in all-optical switching in waveguides. (b) Control of
excitons. The crystalline and organic nature of MOFs allows the existence of
Coulomb-bound electron-hole pairs (excitons). The potential offered by manip-
ulating excitons when exposed to light and electric field is the basis for modern
exciton transistors and polarization lasers [120-122].

1.1.4.4 MOFs for applications in electrochemistry

MOFs and their composites show great potential in the electrochemical field for
their unique properties. Creating an effective method for the large-scale produc-
tion of MOFs and MOFs composites with small size and high conductivity will
facilitate their rapid development in practical electrochemical applications.
Electrochemistry applications are wide ranging, including electrode materials
and batteries, electrocatalysis, electroanalysis, electrochemical sensing, and
even the entire energy and fuel categories (Fig. 1.7) [123—-137].

(I) MOFs for batteries. Due to their structural flexibility, low cost, and
redox activity, MOFs are good candidates for electrode materials. How-
ever, the practical application of many MOFs is hampered by their poor
conductivity resulting in poor cycle performance of the battery. (i) MOFs
for Li-ion batteries (LIBs). MOFs can be favorable to interfacial charge
transport of the Li" insertion/extraction strain due to their high surface
area and porosity. MOFs behave as positive, negative, and electrolyte
materials for LIBs. (a) Pure MOFs. (b) MOF composites. The conduc-
tivity of pure MOFs materials is not good. Thus it is necessary to seek to
alter the electrochemical performance by combining MOFs with other
conductive materials (metal oxides, conductive polymers, single metal,
and carbon materials). (ii) MOFs for Li-S batteries. MOFs have unpar-
alleled synthetic flexibility and adjustable pore size, and can be used to
capture and immobilize sulfur by weak host-guest interactions. (a) Pure
MOFs. The pore structure and performance of MOFs make them prom-
ising cathode materials for Li-S battery systems. (b) MOFs composites.
To improve the capacity and cycle stability, the composites behave as a
substrate for sulfur fixation in Li-S batteries. (¢) Others. MOFs are also
more widely used in other batteries, such as Li-O, batteries, SIBs, and so
on [125-130].

(I1) MOFs for supercapacitors (SCs). The direct application of MOFs as SC
electrode materials is mainly faced with poor conductivity and poor
mechanical/chemical stability. In order to improve the conductivity of
MOFs, conjugated guest molecules with redox activity to permeate into
MOFs are used and the permeable MOFs lead to an apparent increase in
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FIG. 1.7 Diagram showing MOFs and MOF composites for electrochemical applications. (Repro-
duced with permission from Y. Xu, Q. Li, H. Xue, H. Pang, Metal-organic frameworks for direct
electrochemical applications. Coord. Chem. Rev. 376 (2018) 292-318. Copyright 2018 Elsevier.)

electrical conductivity. (a) Pure MOFs. MOFs can be directly used as
novel electrode materials due to their distinct structure combined with
their pseudocapacitive redox centers. (b) MOFs composites. Both elec-
trical conductivity and chemical stability can be improved by combining
MOFs with carbon materials, conductive polymers, etc. [130-133]

(I11) MOFs for electrocatalysts. MOFs have potential applications in electro-

catalysis as an important class of catalysts for electrochemical energy
conversion reactions. This also meets the urgent need for clean and sus-
tainable energy storage and conversion technologies, providing abundant
metal active sites for electrocatalytic reactions, excellent electron trans-
fer, and rapid mass transfer. However, the poor conductivity of MOFs
requires further improvement. (a) Pure MOFs. (b) MOFs composites.

(IV) MOFs for electrochemical sensors. Nanostructured MOFs have impor-

tant applications in electrochemical sensors, whose redox and catalyti-
cally active sites introduced through using active metal ions and/or
ligands endow them with electrochemical sensing capabilities. (a) Pure
MOFs. The application of MOFs in nonenzymatic electrochemical sen-
sors is concerned with porphyrin MOFs constructed by porphyrin or
metalloporphyrin linkers. (b) MOFs composites.
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1.1.4.5 MOFs for applications in biomedicine

In addition, nanoscale MOFs (NMOFs) have emerged as a promising platform
to develop novel nanomedicines, whose synthetic tunability can be further lev-
eraged to fine-tune their properties for biomedical applications as well as to
combine multiple therapeutic/imaging modalities into one platform to synergis-
tically enhance therapeutic efficacy or to obtain theranostic nanomaterials.
MOFs have so far shown the highest loading capacities of therapeutic molecules
(drugs, cosmetics, or biological gases) associated, in most cases, with the pos-
sibility of controlling the release of their cargo. Their biodegradable character
can also be modified through an adequate choice of the metal, linker, and struc-
ture (Fig. 1.8). Optimized NMOFs should have a bright future in biomedical
imaging and drug delivery [138—148].

() MOFs as delivery agents. (a) Active pharmaceutical ingredients
(APIs). APIs are often limited by poor solubility, unfavorable pharmaco-
kinetics, or slow biodistribution for a low drug-to-carrier molar ratio,
which requires higher dosages or more potent alternative drugs to deliver
therapeutically relevant concentrations. MOFs behave as promising can-
didates to design more efficient API vehicles due to their high pore vol-
ume and surface area, associated with a narrow pore size distribution. (b)
Antitumorals. The usage of MOFs as drug delivery agents mostly
focuses on the amount of drug loaded and the efficacy of its release. Their
effect as drug carriers in cancer or tumor treatment needs attention. (c)
Pulmonary and ocular delivery. The usage of MOFs as drug delivery
agents is mostly restricted to the intravenous route. Drug delivery MOFs
have been tested through pulmonary inhalation.

(I1) MOFs as protective coatings. (a) Enzymes. MOFs possess pores large
enough to enclose and immobilize proteins, thus enhancing their stability
while facilitating their separation and recovery for future analysis.
Enzyme encapsulation in MOFs still is limited by their pore size and

\Metal-Organic Frameworks (MOFs)

1 i | 1 1
| Delivery Agents | | Protective Coatings | | Photatherapy | |  Antibiotic | |Biomarkers Detection |
Active 1 Enzymes | Photodynamic 1 Antimicrobial
Pharmaceutical Therapy
Ingredients "
Cells
| | Phatothermal
| Antitumoural Therapy
Compounds

FIG. 1.8 A schematic description of the topics related to MOF applications in biomedicine.
(Reproduced with permission from R. F. Mendes, F. Figueira, J. P. Leite, L. Gales, F. A. Almeida
Paz, Metal-organic frameworks: a future toolbox for biomedicine? Chem. Soc. Rev. 49
(2020) 9121—9153. Copyright 2020 Royal Chemical Society.)
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the incorporation step. Suitable linkers are required to adjust the pore size
to match the enzyme configuration and polarity of the MOFs pores. (b)
Cells. In situ MOFs synthesis can also be applied for the encapsulation
of bigger bioentities, such as viruses and cells.

Phototherapy using MOFs. Phototherapy involves the exposure of tis-
sues to specific wavelengths of light, being in the form of photodynamic
(PDT) or photothermal (PTT) therapies, whose efficiency and selectivity
can be greatly improved by choosing an optimal photosensitizer (PS).
MOFs are very promising candidates for a combination of PDT and
PTT for their organic linker capable of creating superoxide anions, and
the metal center.

Detecting biomarkers with MOFs. If a porous MOFs labeled with a
biorecognition receptor involved in a highly specific interaction, such
as antigen-antibody (immunosensing), protein-ligand, or nucleic acid
base pair complementary, is combined with an efficient detecting tech-
nique, it is possible to design ultrasensitive and tunable methods for bio-
marker detection.

Antimicrobial activity. MOFs can incorporate antibacterial species in
their pores or even be effective themselves in killing different types of
bacteria.

Synergistic nanotherapeutics. MOFs show great potential in biomedi-
cine, especially in terms of cancer treatments, and NMOFs provide many
opportunities for biological and medical applications. Loading of macro-
molecules such as proteins within NMOFs is also possible for other inter-
esting applications such as nanovaccines. Many organic ligands within
NMOFs may provide therapeutic functions by themselves, such as acting
as chemotherapeutic prodrugs, photosensitizers, and fluorescent dyes. In
addition, certain types of metal ions as the coordination centers may offer
imaging contrast. Importantly, NMOFs in general are biodegradable by
being gradually decomposed into small metal ions and organic molecules
with rapid excretion and little long-term body retention, making them
promising for safe in-vivo applications. In general, NMOF-based nano-
medicine systems exhibit the combined benefits of both organic drug
delivery systems and inorganic theranostic nanoplatforms [143—148].

Rare earth metal-organic frameworks (REMOFs)

Rare earth MOFs (REMOFs here means rare earth ions behaving as the unique
framework metal centers) have garnered much interest due to a wide array of
features from the marriage of rare earth ions (RE**) with MOFs. MOFs synthe-
sized with rare earth (RE) elements (including scandium (Sc), yttrium (Y) and
the series of 15 lanthanides (Ln)) are an intriguing family of MOFs from the
standpoint of both structure and function. REMOFs not only can possess many
of the same properties common to all MOFs families (i.e., permanent porosity,
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tunable pore size/shape, accessible Lewis acidic sites), but also can display
unique structures and properties owing to the high coordination numbers and
distinct optical properties of RE elements. The coordination chemistry of RE
ions is very diverse, with only small energetic differences between different
coordination numbers and geometries, and where geometry is dictated primarily
by ligand steric effects. This can make MOFs structure prediction more com-
plicated, which also opens the door for the discovery of several new structures,
composed of diverse metal nodes, and in some cases giving rise to highly con-
nected nets, and the unique ability to merge multiple net structures using only
one metal ion. Different from the transition metal ions, RE ions have unique
electronic properties dictated by their 4f electron configurations. Given that
the 4f orbitals are shielded from their external environment by 5s and S5p
orbitals, RE ions have distinct electronic and magnetic properties that are not
significantly altered by coordinating ligands. The electrons in the f block of
RE®* make them capable of having a larger coordination sphere. Based on
the hard-soft acid-base consideration, RE** ions have affinity in relatively hard
oxygen-containing linkers over other functional groups. RE** can display high
coordination number and connectivity, diverse and coordination modes, which
therefore exhibit great potential in constructing wide variety of MOFs. By care-
fully tuning the RE** node and organic linker components, REMOFs can be
assembled into fascinating structures with diverse and complex topologies.
The highly connective rare earth ions usually lead to the formation of condensed
frameworks in the microporous range. Certainly, just as with other MOFs sys-
tems, REMOFs also have practical application value in the fields of separation,
catalysis, and especially as a very promising class of materials for addressing
the challenges in engineering of luminescent centers. RE** ion-bearing phos-
phors find numerous applications in lighting, display (light emitting diode,
LED), optical communications, photonics, and biomedical devices. In addition,
it should be stressed that the abundant luminescence response of REMOFs
embody their versatile probe in chemical sensing [149—-153].

1.2.1 REMOF structures

MOFs that are constructed using RE ions have been shown to form intricate
topologies and diverse network structures. Generally, REMOF structures are
classified by the identity of the metal node, being metal ions, chains, or clusters.

(1) Metal ion nodes. Unlike s-, p-, and d-block metal ions, f~block metal ions
possess high coordination numbers as well as numerous coordination
modes, unlocking a variety of structures that are not accessible through
use of the former. RE*" ions, especially Ln>*, have a higher coordination
number (in the range of 6-13) and connectivity than transition-metal ions,
which are favorable for stabilizing the frameworks if all these coordination
sites are utilized and bridged by organic linkers. The stable REMOFs not
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only exhibit high thermal stability but also high water and chemical stabil-
ity in acidic/basic solutions. Variable coordination numbers of RE** jons
also make it possible to control structures and modify the pore sizes/sharps
and framework interpenetration of REMOFs.

Metal chain nodes. Rare earth oxo/hydroxo chain nodes, also called rods,
are found for several REMOFs comprising carboxylic acid linkers. The for-
mation of polymeric RE oxo/hydroxo chains tends to be favored in the
presence of bridging carboxylic acid ligands. Many of the underlying
design rules to construct REMOFs with RE**-chain nodes and open,
porous structures have also been applied to MOFs.

Metal cluster nodes. Controlled hydrolysis of the rare earth precursor is
required to ensure the synthesis of clusters as opposed to RE chains, oxides,
and hydroxides, which can be achieved using ligands as both structure-
directing agents (or modulators) and capping groups to stabilize the cluster.
These same clusters can be generated and stabilized during the synthesis of
REMOFs, functioning as SBUs for a wide range of structures. (a) Dinuc-
lear clusters. These that are 6-connected have since been found for MOFs
comprising ditopic, tritopic, and mixed linkers. In addition, it should be
noted that there are examples of MOFs comprising dinuclear RE cluster
nodes that are 4-connected, 8-connected, and 12-connected. (b) Trinuc-
lear clusters. They are common for MOFs comprising d-block metals,
but are less commonly observed with RE metals. (¢) Tetranuclear clus-
ters. They focus primarily on examples with cubane-like, square planar,
and rectangular tetranuclear RE clusters. (d) Hexanuclear clusters.
(e) Heptanuclear metal clusters. (f) Nonanuclear metal clusters
[149-153].

1.2.2 Some applications of REMOFs

M

Biological applications. MOFs have emerged as promising candidates for
drug delivery and bioimaging, while MOFs comprising RE ions may pos-
sess interesting magnetic and optical properties that can be exploited for
these applications. (a) Bioimaging. REMOFs have also been studied for
their potential in optical imaging owing, in part, to the NIR emission sig-
natures of several of the RE** ions. In comparison to visible light, NIR light
is advantageous for biological imaging since (i) it interacts less with bio-
logical materials, causing less potential damage to the region; (ii) tissue
autofluorescence is low in the NIR region; and (iii) it scatters less, giving
rise to better signals. (b) Drug delivery. The encapsulation of drug mol-
ecules into REMOFs-based nanocarriers has been successfully employed
to increase the permeability of biofilms, change the distribution in vivo,
regulate the rate of drug release, and improve stability/bioavailability.
REMOFs have some of the following unique advantages as pharmaceutical
carriers: (I) They can be simulated and designed according to the drug
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characteristics, whose compositions and architecture geometries can be
varied. (I) REMOFs have an affinity to effectively capture drug molecules
with high loading doses due to their large pore volume-to-surface area
ratios. (IIT) Imaging-mediated drug quantification, targeted cell delivery,
and cancer treatments can be achieved by exploiting the unique optical
and magnetic features. (IV) REMOFs can be rationally functionalized with
upconversion luminescence (UCL) to serve as dual-mode drug carriers and
contrast imaging agents with improved accuracy for disease diagnosis and
treatment [149—-153].

Catalysis. REMOFs represent one of the emerging areas in MOFs chem-
istry and show excellent features for catalysis. (I) Heterogeneous cataly-
sis. The metal SBUs of REMOFs are appropriate for the kinds of reactions
that require strongly acidic catalytic sites. In addition, REMOFs can act as
platforms to provide excellent host-guest interactions in the framework
through PSM, which can be used as synergistic materials for photocatalytic
purposes. However, REMOFs as heterogeneous catalysts suffer from sig-
nificant underlying limitations that restrict their use for organic transforma-
tion: (a) Low thermal and chemical stability; (b) Sensitivity to oxygen and
moisture, but this issue can be circumvented by introducing hydrophobic
functionalities into the organic linkers, making REMOFs structures more
water-resistant; (¢) Deactivation by the coordination of basic reactants,
products, or coordinating solvents at their free acidic metal sites, but this
can be diminished by minimizing the defects in REMOFs structures; (d)
the lack of a fundamental understanding of the reaction kinetics of
REMOFs; and (e) difficulties in the large-scale synthesis of targeted
REMOFs. (II) Photocatalysts. Designing linkers with high conjugation
capable of light absorption over a wide range of wavelengths in combina-
tion with theoretical studies may shed some light on the electron transfer
mechanism in REMOFs. Furthermore, the separation of photoexcited elec-
trons and holes, facilitated by such highly conjugated linkers, combined
with the LMCT process, will take full advantage of unfilled 4f orbitals
of RE ions in photocatalytic transformations [149—153].

Adsorption and separations. The inherent porosity of REMOFs has been
harnessed for gas adsorption, separation, and purification processes. (I)
Adsorption. In addition to N, or CO, gas adsorption, REMOFs have also
been studied for the adsorption of liquid phase MeOH and water vapor.
Such tunable pore sizes/sharps can induce highly selective gas storage
and separation via a molecular sieving effect. Furthermore, the open rare
earth sites and other functional sites can be easily incorporated into
REMOFs and widely utilized to enhance the gas storage capacities and
gas separation selectivity. Until now, REMOFs have been developed
and explored for wide applications in H, storage, selective CO, capture
and separation, and H, and CH, purification. Establishment of permanent
porosity within REMOFs is more difficult and challenging compared with
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transition metal MOFs, which is mainly due to the fact that higher coordi-
nation number and the more flexible coordination environment of RE**
ions allow more small solvent molecules such as DMF and H,O to easily
occupy the coordination sites of RE®* within REMOFs. (II) Separation.
The chemical functionality, size, and shape of the pores in REMOFs can
be tuned to aid in separating compounds based on size or chemical
properties. A lot of REMOFs have been explored and demonstrated to have
permanent porosities, making them useful for gas storage and separation.
Some strategies such as the open rare earth sites, surface-functionalization,
tunable pore size/sharp, interpenetration, and flexible structures within
REMOFs have been simultaneously explored and widely utilized as a
means to enhance the ability of selective gas storage and separation. Given
the fact that some small solvent molecules can easily coordinate onto the
RE?", if the coordinated solvent molecules are carefully removed, avail-
able open RE®* sites should be obtained except for being occupied by
the donor atoms from the neighboring organic linkers. The open RE>* site
formation within the pore surfaces of REMOFs is also considered to be
beneficial for gas adsorption and separation [149-153].

1.3 Rare earth functionalized metal-organic framework
hybrid materials (REFMOFHs)

Rare earth functionalized MOFs hybrid materials (REFMOFHs) mean that
some special photoactive RE*" ions (such as visible emissive Eu?*, Tb*",
Sm**, or Dy** and near infrared (NIR) emissive Nd**, Yb>*, or Er**) are intro-
duced into the MOF host to realize the functionalization of MOFs units and for-
mation of the hybrid material systems. Currently, the main approach to
assemble REFMOFH materials is PSM of MOFs. There are a variety of differ-
ent ways to modify a MOFs in a postsynthetic manner, and each of these mod-
ification forms has the capacity to alter the physical and chemical properties of
the frameworks. For REFMOFHs materials, the effective PSM strategies can be
divided into six major areas (as shown in Fig. 1.9): coordinate PSM, covalent
PSM, covalent and coordinate PSM, ion exchange PSM, ion doping (postsyn-
thetic metalation or metal ion substitution) PSM, and encapsulation composi-
tion PSM. These postsynthetic methods provide the high complexity and
functionality for rare earth functionalized MOFs hybrid materials and the
desired chemical transformation should not destroy the MOFs under the reac-
tion conditions used. Subsequently, some new hybrid materials based on RE**
and MOFs can be obtained by PSM methods, which still retain the characteristic
features of MOFs such as high crystallinity, high surface areas, and a structure
comprising highly regular coordination bonding. It is worth pointing out that the
content of the functionalized RE** in MOFs hosts is limited and small, but it still
displays the effective physical property and functional performance of RE** for
practical applications [154—172].
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FIG. 1.9 Schematic description of postsynthetic modification (PSM) of MOFs by rare earth
(RE*") ions for the corresponding hybrid materials (REFMOFHSs); red sphere represents the rare
earth species used for functionalized MOFs. (Reproduced with permission from B. Yan, Lumines-
cence response mode and chemical sensing mechanism for lanthanide functionalized metal-organic
frameworks hybrids. Inorg. Chem. Front. 8 (2021) 201-233. Copyright 2021 Royal Chemical
Society.)

(1) Coordinate PSM. Coordinate PSM has the first effective approach for
introducing RE** ions to achieve the final hybrid materials, using RE** spe-
cies to coordinate to the free active group in MOFs (Fig. 1.9A) [155-157].
Fig. 1.10 shows an example of coordination PSM of Ga-MOF ((Ga(OH)
(btec)-0.5H,0, Hybtec =pyromellitic acid)) by double cations of both near
infrared-emitting rare earth cations due to its rigid and porous structure
and the presence of noncoordinating carboxylate groups. This allows the
introduction of metal ions into Ga-MOF by PSM. Ag” can enhance visible
emitting of Ln>* in Ln**@Ga-MOF distinctly. Ln** (Yb**, Nd**, Er**) and
Ag" are incorporated into the pores of Ga-MOF and used to analyze the lumi-
nescence properties of the resulting host-guest material [156].
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FIG. 1.10 Schematic illustration of RE** and Ag* incorporation into Ga-MOF. The RE, Ag, Ga,
C, and O atoms are represented by pansy, pink purple, cobalt blue, black, and red, respectively.
Hydrogen atoms and uncoordinated water molecules are excluded for clarity. (Reproduced with
permission from N. Sun, B. Yan, Near-infrared emission sensitization of lanthanide cation based

on Ag+ functionalized metal-organic frameworks. J. Alloys Compd. 765 (2018) 63—68. Copyright
2018 Elsevier.)
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Covalent PSM. Covalent PSM uses a reagent to modify a component of
the MOFs in a heterogeneous, postsynthetic manner to form a new covalent
bond, providing a powerful and versatile method to introduce a broad range
of chemical groups into MOFs (Fig. 1.9B) [158,159]. For rare earth func-
tionalized MOF hybrid materials, covalent PSM is not a single functiona-
lization mode, but combines with other modification paths in the hybrid
materials.

Covalent and coordinate PSM. For rare earth functionalized MOFs
hybrid materials, considering that RE** should be introduced through coor-
dinate PSM, generally covalent PSM is the prepared procedure to produce
the coordinated group for further RE** coordinate PSM (Fig. 1.9C). It
should be noted that the RE*>* jon’s coordination often destroys the cova-
lent PSM-derived MOFs, whose stability must be considered very impor-
tant [158,159]. Fig. 1.11 shows the scheme for the composition of the
preparation process and reaction principle of the hybrids. SBA-15 can
be easily modified by the crosslinking reagent IPTES to form Si-SBA-
15 through the cohydrolysis and copolycondensation process between
the alkoxyl groups of IPTES and the hydroxyl groups of SBA-15. On
the other hand, IRMOF-3 is synthesized in situ and then is covalently
grafted to Si-SBA-15 through the addition reaction between its amino
group and inner ester group of Si-SBA-15 [159].
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FIG.1.11 The selected scheme for the composition of hybrid materials RE-SBA-15-Si-IRMOF-3
(RE=Eu, Tb, Nd, Yb). (Reproduced with permission from X. Lian, B. Yan, Multi-component lumi-
nescent lanthanide hybrids of both functionalized IR-MOF-3 and SBA-15. New J. Chem. 39
(2015) 5898-5901. Copyright 2015 Royal Chemical Society.)
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(4) Ton exchange PSM. Ion exchange PSM is most appropriate for many
anionic MOFs systems with dimethylammonium (DMA) cations in their
porous structure, and so RE>* cations can be introduced into the MOF via
ionic exchange with DMA (Fig. 1.9D) [160-164]. For example, Fig. 1.12
shows that pillared layered hybrid materials RE(PDA)3-LDH can be
prepared through ion exchange assembly of luminescent lanthanide coordi-
nation polymers [H,NMe,]|3[RE(DPA);] (RE=Eu, Tb, Sm, Dy, Nd;
[HoNMe,]*=dimethyl amino cation; H,DPA =2 6-dipicolinic acid) and
pillared layered double hydroxide (Mg-Al LDH, MgsAl,(OH);cCO3-4H,0).
With Mg-Al LDH interacts with [H,NMe,]3[RE(DPA);] through
anion exchange ([RE(PDA);>7) and electrostatic effect to form
[RE(PDA);]*"-LDH [159].

(5) Ton doping (postsynthetic metalation (or metal ion substitution) PSM).
Ion doping PSM s easily realized for REMOFs due to the similar ion radius
of lanthanide contraction. In fact, RE** ionic doping also can be extended
to other trivalent metal ion MOFs such as Al, Ga, and In ions for the same
valence substitution (Fig. 1.9E). A series of hybrids based on RE** ions
(Eu*, Tb>*, Sm**, Dy’") activated yttrium metallic organic framework
of 1,3,5-benzenetricarboxylate (MOF-76(Y)) are synthesized by ion sub-
stitution under solvothermal conditions, which shows isostructure with
parent MOF-76(Y) [164].

(6) Encapsulation composition PSM. In addition, encapsulation composition
PSM permits all kinds of rare earth compounds (salts, complexes, or
oxides, etc.) as small guest molecules or nanoparticles (NPs) to be intro-
duced in MOFs hosts, providing physical composition to keep the whole
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FIG. 1.12 Scheme showing synthesis procedure and predicted structure of the hybrid materials of
[RE(DPA); I°~-LDH, CO3~ (gray), [RE(PDA);]>~ (green), OH (blue), Mg and Al (black). (Repro-
duced with permission from J. Ma, B. Yan, Novel hybrid materials of lanthanide coordination poly-

mers ion exchanged Mg-Al layered double hydroxide: multi-color photoluminescence and white
color thin film. Dyes Pigments 153 (2018) 266-274. Copyright 2018 Elsevier.)
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luminescent hybrid system stable (Fig. 1.9F) [165-172]. For example, a
novel strategy is demonstrated to construct photofunctional nanocompo-
sites by composing surfactant-capped nanophosphors (upconversion lumi-
nescent NaYF,:Yb**, Er¥*/Tm* and downconversion emissive LaPOy:
Ln** (Ln=Ce, Eu, Tb) NPs) and a zeolitic imidazolate framework
(ZIF-8) unit. Fig. 1.13 shows the scheme for the preparation process of
the nanocomposites. The PVP-NPs@ZIF-8 is synthesized through a
PVP-protected process (PVP=polyvinyl pyrrolidone). This strategy
involves two steps: the first step is the functionalization of nanoparticle
surfaces with PVP and the second step is the crystallization of ZIF-8 [165].

Fig. 1.14 shows the scheme of a series of transparent MOFs thin films designed
and prepared by assembling the lanthanide functionalized UiO-67 (Ln(TTA/
TAA)@UMOF, RE=Eu, Tb, Er, Nd, TTA =2-thenoyltrifluoroacetone,
TAA=1,1,1-trifluoropentane-2,4-dione) on the organosilane linker
(L) modified Al,O3 (A) using RE*" ions as the bridge. L is first constructed
and then used to modify the surface of Al,O3, to obtain linker-Al,O5 (LA). After
that, the open Lewis base site of the pyridine ring on the LA surface is coordi-
nated with the RE** ions. Meanwhile, UMOFs are synthesized and functiona-
lized with RE** jons (RE=Eu, Tb, Er, Nd) and p-diketone, such as TTA/TAA,
by PSM. Finally, the coordination of unsaturated Eu’* ions on LA is used to
assemble UMOF, RE@QUMOF, and RE(TTA/TAA)@UMOF, which serve as
the top building blocks of the films [172].
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FIG. 1.13 Scheme for the preparation of nanocomposites of luminescent nanoparticles and ZIF-8
crystals, (A) upconversion nanoparticles, (B) LaPO,:Ln** nanoparticles. (Reproduced with permis-
sion from C. Liu, B. Yan, Photofunctional nanocomposites based on the functionalization of metal-
organic framework by upldownconverion Iluminescent nanophosphors. New J. Chem. 39
(2015) 1125-1131. Copyright 2015 Royal Chemical Society.)
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FIG. 1.14 The scheme of (A) the fabricating process of RE(TTA/TAA)@UMOF-RE-LA
(RE=Eu, Tb) films; (B) the schematic diagram of Eu-L; (C) the twice PSM process of UMOF.
(Reproduced with permission from W. Ma, B. Yan, Lanthanide functionalized MOF's thin films
as effective luminescent materials and chemical sensor for ammonia. Dalton Trans. 49
(2020) 15663-15671. Copyright 2020 Royal Chemical Society.)
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Chapter 2

Rare earth luminescence, MOFs
luminescence, rare earth MOFs
hybrid materials luminescence,

luminescence response,

and chemical sensing

2.1 Rare earth ion luminescence

Rare earth (RE) ions and their compounds are a huge treasure of luminescent
materials, which can behave as both luminescent center and host. Almost all
kinds of RE ions can be utilized in phosphors, and they have become the most
useful species for commercial applications due to their typical luminescence
processes and mechanisms. Trivalent rare earth ions (RE3+) have excellent
photophysical properties such as sharp emission spectra for high color purity,
broad emission bands covering the ultraviolet (UV)-visible-near-infrared
(NIR) region, a wide range of lifetimes from the microsecond to the second
level, and high luminescence quantum efficiencies, etc. These properties of rare
earth compounds have attracted much attention for a wide variety of applica-
tions in the fields of lighting devices (television and computer displays, optical
fibers, optical amplifiers, lasers) and biomedical analysis (medical diagnosis
and cell imaging). However, it is difficult for RE ions to directly behave as lumi-
nescent materials because of their poor light absorption abilities. As is known,
the f-f transitions of RE ions are spin forbidden, so it is hard to generate efficient
emission by their direct excitation. The doping of RE ions into special matrices
such as metallic oxides and oxysalts is a traditionally efficient method to obtain
excellent phosphors, in which the host absorption is the main energy origin for
the energy transfer and sensitization of the luminescence of active RE ions. In
addition, the charge transfer state (CTS) between some RE ions and their coor-
dinated oxygen atoms also appear in some special phosphor systems. These two
main wide energy absorptions can be further excited to activate RE ions, result-
ing in their effective luminescence. In addition, the f-f transition absorption of
RE ions themselves may also be observed [1-4].
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2.1.1 Atomic spectral term (***'L)) and energy level transition
of trivalent rare earth (RE>*) ions

The incompletely filled 4f shell of RE ions possesses single electrons and pro-
duces the nonzero spin quantum number (S). So, the spin angular momentum of
RE ions splits and disturbs their orbital angular momentum (L) in the same
space region, resulting in the fine splitting of orbital energy levels, the so-called
spin-orbit coupling (SOC) effect. RE ions possess many single electrons and
have large quantum numbers (L and S), whose SOC effect is very strong. There-
fore, the common spectral term **'L based S and L (2S+1 here means the spin
multiplicity) cannot show the fine energy levels of RE ions, and so it is neces-
sary to consider the strong SOC effect and introduce the angular quantum num-
ber (/) combined with L and S. Subsequently, the electron configurations and
energy levels of RE ions are presented as a spectral subterm >*'L; [4]. There-
fore, for RE** ions generally, the atomic spectral term is directly represented as
the atomic spectral subterm.

For all the RE ions, the number of single electrons in their 4f orbital shows a
symmetrical distribution centered with the Gd** ion, so there is a common rule
for their quantum number (L and S). For L and J, a so-called “gadolinium break-
ing effect” shows two different formulas: in front of Gd3+, J=L-S, L=—1/
2(n(n—17)) and behind Gd**, J=L+S, L=—1/2((n—7)(n— 14)), where L can
be represented as S, P, D, F, G, H, and I (using spectral symbols), respectively.
So being centered on Gd**, the light RE ion (in front of Gd**) and the heavy one
(behind Gd’*) show the same value of L and S symmetrically except for the dif-
ferentJ value. Fig. 2.1 presents a substantial part of the energy levels originating
from the 4" configuration as a function of 7 for the RE** ions (the width of the
bars in the figure gives the order of magnitude of the crystal field splitting). It
shows the great number of possible energy level transitions for these RE** ions,
revealing the great potential of RE**ions and their compounds as luminescent
materials [4,5].

2.1.2 Luminescence and spectroscopy of trivalent rare earth
(RE3*) ions

RE?* ions such as Sc**, Y**, La®*, and Lu’* possess a stable, empty, or filled
state, so they are optically inert ions and cannot exhibit photophysical behavior.
Gd** has a half-empty 4f shell and produces a very stable 8S7/2 ground state with
excitation energy higher than 32,000 cm ™', whose emission is situated in the
ultraviolet region (<318 nm). The 857/2 level belongs to a nondegenerate orbital
and cannot be split by the crystal field, so its low-temperature emission spec-
trum only shows a line peak originated from the transition (6P7/2 —>SS7/2).
Despite having the same electron configuration as Eu®*, the 4f°5d state of
Gd** is situated at a relatively high energy state, and it is impossible to observe
the band emission from the 4f°5d —4f’ transition. The luminescence of Gd**
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mainly comes from the 6P — 8S transition, a line emission at 313 nm. At its high
energy position, the transition emission can be observed in the host lattice with
high energy optical absorption. In addition, the energy transfer is easy from
the 6P energy level of Gd’* to other RE** ions or host lattice groups. Therefore
Gd** generally is considered as an inert ion just like Sc**, Y**, La**, and Lu®*
[6-10].

The emission spectral lines of Eu* are situated in a red color region, which
corresponds to its transitions (4f6) from the excited state > Dy to 7FJ J=0,1,2,3,
4,5,6).Because the 5 Dy level Eu’* cannot be split by the crystal field (/=0), the
crystal field splitting of its 'Fy levels is produced by the splitting of the emission
transitions. The emission from its higher D energy level (D, °D,, °D3) can
also be observed. "Dy—'F; emission is suitable to determine the spectral fea-
tures of Eu*. If Eu®* is located in the lattice with inversion symmetry, the elec-
tric dipole transitions between levels of its 4f" configuration are strictly
forbidden by the parity selection rule, and only its weak magnetic dipole tran-
sitions or vibronic electric dipole transitions occur. If Eu®* is situated in the lat-
tice without inversion symmetry, its electric dipole transition is not strictly
forbidden and shows weak spectral lines, the so-called forced electric dipole
transition. These transition emissions need two conditions: (i) the crystallo-
graphic lattice of Eu®* does not have an inversion symmetry center; (i) the
charge transition state is situated at the low energy level [6—-10]. According
to the split number of 'F; energy level and the transition number of the
Dy — ’F; transition of Eu’”, it is easy to predict the point group symmetry
of the environment where Eu>* is situated: (a) When Eu’" is situated in the lat-
tice with a strict inversion symmetry center, its allowed magnetic-dipole tran-
sition 5DO H7F1 with orange light (about 590 nm) is dominant. (b) When Eu’*is
situated in the point group symmetry C;, C,, and Dyy, its >Dy—F, transition
shows three spectral lines for the splitting of three states from the completely
removed degeneration of the 'F, level in the symmetric crystal field.
(c) When Eu®* is situated in the point group symmetry Cyp, Dapn, D3g, Se,
Cen, and Dg,, its 'F; level splits into two states to show two
Dy —F, transition spectral lines. (d) When Eu®* is situated in the point group
symmetry Th and Oy, with a high cubic symmetry, its 'F, level only has one split
and shows one Dy —F, transition spectral line. On the other hand, when Eu>*
is situated in the lattice with a deviated inversion symmetry center, its forbidden
electric dipole transition Dy —’F, with red light (about 615 nm) is dominant:
(i) when Eu’" is situated in the point group symmetry C, Cp, and C,,, its
3Dy —F, transition emission appears at 580 nm because the expanding crystal
field potential energy surface transition needs to involve an odd-order crystal
field term. (ii) The Dy —'F, transition of Eu*>* cannot be split by the crystal
field and shows only one emission peak, and then each peak corresponds to
one crystal lattice. Therefore the number of its Dy —’F; emission peaks can
be utilized to predict the lattice number of point group symmetry where Eu®*
is located (C,, C,,, and C,,). (iii) When Eu’* is situated in point groups with
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low symmetry, such as triclinic crystal system C; and monoclinic crystal system
C,, C,, 7F1, and 7F2 levels completely remove the degeneration state and are
split into three and five sublevels, respectively. Subsequently, there are one
Dy—"F, peak, three Dy—'F, peaks, and five Dy—"F, peaks, respectively,
where the Dy —F, transition shows the dominant red emission [1,6].

The Tb>" emission is originated from its 5D4 —>7FJ transition, mainly in the
green color region. In addition, the D3 —F; transition from the high energy
level shows an emission mainly in the blue region, which is easily quenched
by the crossing relaxation energy transfer process Tb(5D3)+Tb(7F6) —
Tb(’D4)+Tb("Fg). The Sm>* emission is situated in the orange-red color region,
corresponding to *Gs;, —°H, (J=5/2, 7/2,9/2, 11/2, 13/2) [7]. Dy>* shows two
main emissions in the visible light region, corresponding to 4F9/2—>6H]5/2
(470-500 nm, blue region) and 4F9/2—>6H13/2 (570-600 nm, yellow region)
[8]. Among them, the yellow emission 4F9/2 H6H13/2 (570-600 nm) belongs
to a hypersensitive transition. The luminescence color of Dy’" often is close
to white. When the hypersensitive transition of the host lattice is dominant, it
shows a yellow color emission. The yellow/blue (Y/B) ratio is the important
luminescence parameter. The Pr** emission color strongly depends on the host
lattice of doped Pr’*. The red emission derives from its ' D, level, and the green
color emission comes from its 3P0 level. In addition, it can show a blue emission
from the 'Sy level and a visible emission from the *f°d state [8]. Nd** (4f%), Er**
(4", and Yb*" (4f'3) often show the emission in the near infrared (NIR)
region. For Nd*, its emission is ascribed to three transitions of 4F3/2—>4I‘,
J=9/2, 11/2, and 13/2) [11]. For Yb3+, it shows a typical emission coming
from its 2F5/2 —>2F7/2 transition. Er** exhibits emission in both NIR regions
(4113/2*>4115/2) and the visible region (2H11/2*>4115/2 and 4S3/2*>4115/2 transi-
tion) [8]. Tm>* shows a weak blue emission originating from the
1G4 —>3H6 transition [8]. Besides the line emission, some RE>*" ions also show
a wideband emission, such as trivalent ions (Ce>*, Pr’*, and Nd>") and divalent
ions (Eu®*, Sm**, and Yb**). Ce** has only one 4f electron with excited state
electron configuration 5d', whose ground state 4f' contains two energy levels
(°Fs, and ?F;,). So Ce* exhibits two 5d — 4f transition emissions. The Ce®*
emission generally is situated at the ultraviolet or blue region. In a few systems,
the long wavelength emission in the green or red region also can be found, in
which the 5d' energy level is relatively low and the crystal field strength is high
[9]. The most popular divalent ion is Eu* (4f"), whose 5d—4f emission
changes in the range from long wavelength ultraviolet to yellow regions.
Eu®* mainly shows a wide band emission due to the 4£%5d — 41" transition,
which also shows line emissions under low-temperature conditions [10].

2.2 Rare earth complex molecule luminescence

Rare earth coordination compounds or complexes possess high coordination
numbers and a multidimensional structure due to RE ions’ large ion radius; most
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of them use oxygen as the coordinated atom involving ligands of carboxylic
acids, p-diketones, macrocyclic compounds, etc. RE ions only possess weak
light absorption because the molar absorption coefficients of most transitions
in the absorption spectra of RE** are smaller than 10 L mol~' cm™'; only a very
limited amount of radiation is absorbed by direct excitation in the 4f levels to
obtain weak luminescence. To overcome this disadvantage, Weissman has dis-
covered an “antenna effect” within the RE complexes of organic ligands, which
is based on excitation in an absorption band of the organic ligand and the sub-
sequent intramolecular energy transfer between the organic ligands and RE ions
(as shown in Fig. 2.2) [11-13]. Upon irradiation with ultraviolet radiation,
organic molecules are excited to a vibrational level of the excited singlet state
(S;) and then may undergo a fast internal conversion process (IC) to relax to the
lowest vibrational level of the S; state, which is a very quick process and easily
occurs in solution due to the interaction with solvent molecules. Commonly, the
excited singlet state of the organic molecule can be deactivated radiatively to
the ground state, resulting in molecular fluorescence with the spin, which allows
transition between two electronic states with the same spin multiplicity from
S| to Sp. On the other hand, the excited singlet state may occur as conversion
with different spin multiplicity from the singlet S; to triplet T; by microscopic
quantum mechanics perturbation, called intersystem crossing (ISC). The
excited triplet state of the organic molecule can be deactivated radiatively to
the singlet ground state, resulting in molecular phosphorescence with the
spin-forbidden transition from T to Sy.

When an organic molecule behaves like a ligand in rare earth complexes
through coordination interaction, the complex may undergo a nonradiative tran-
sition from the triplet state to an excited state of the RE ion through a so-called
intramolecular energy transfer process. (The detailed scheme is provided in
Fig. 2.3 to discuss the luminescence of rare earth MOF hybrid materials.)
The sensitized RE** ion may undergo a radiative transition to a lower 4f state
by characteristic line-like photoluminescence or may be deactivated by nonra-
diative processes to produce heat. From the emission transition position of
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FIG. 2.2 Scheme for luminescence mechanism of rare earth complex molecules. (Reproduced
with permission from T. N. Nguyen, F. M. Ebrahim, K. C. Stylianou, Photoluminescent, upconver-
sion luminescent and nonlinear optical metal-organic frameworks: from fundamental photophysics
to potential applications. Coord. Chem. Rev. 377 (2018) 259-306. Copyright 2018 Elsevier.)
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FIG. 2.3 The scheme for the singlet direct energy transfer pathway diagram (bottom) in complex
Eu(TTA);L (L = N,N-dialkyl aniline moiety-modified dipyrazolyltriazine derivative). (Reprinted
with permission from C. Yang, L. Fu, Y. Wang, J. Zhang, W. Wong, X. Ai, Y. Qiao, B. Zou,
L. Gui, A highly luminescent europium complex showing visible-light-sensitized red emission: direct
observation of the singlet pathway. Angew. Chem. Int. Ed. 43 (2004) 5010-5013. Copyright 2004
John Wiley & Sons Ltd.)

common RE** jons, certain resonance emission levels can be determined: 4G5/2
for Sm** (17,800cm™"), °D, for Eu** (17,250cm™"), °D, for Tb>*
(20,500 cm "), and *F, for Dy** (20,960 cm ™), respectively. If the RE**is
excited to a nonemitting level, the excitation energy is dissipated via nonradia-
tive processes until a resonance level is reached either directly by excitation in
the 4f levels or indirectly by energy transfer. In this case, radiative transitions
will compete with the nonradiative processes to display RE**-centered emis-
sion. So the final line emission of the RE** ion depends on the minimization
of nonradiative deactivation or other emissions of molecular fluorescence
and phosphorescence. To populate a resonance level of an RE** ion, the prereq-
uisite is the lowest triplet state (Tr) of the ligand, or the complex is higher than
the resonant energy level of the RE** ion. Thus the intramolecular energy trans-
fer within the RE complexes may depend on the match between the energy of
the lowest triplet level of the ligands or complexes and the resonance level of
RE?*. Because the position of the triplet level depends on the type of ligand, it is
therefore possible to control the luminescence intensity observed for a given
RE’* ion by variation of the ligand [14]. The SOC interaction endows the triplet
state with a partially singlet character to relax the spectral selection rules. The
efficiency of the energy transfer is proportional to the overlap between the
phosphorescence spectrum of the ligand and the absorption spectrum of the

&)
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RE>* jon. The overlap decreases as the triplet state energy increases. Therefore
the intramolecular energy migration efficiency from the organic ligands to the
central RE** is the most important factor influencing the luminescence properties
of RE complexes, and it depends mainly on the two energy transfer processes.
One is from the lowest triplet state energy of the organic ligand to the resonant
energy level from Dexter’s resonant exchange interaction theory (Eq. 2.1) [15]:

kET :Pdaexp(—ZRda/L) = ZEZZ/Fd(E)Ed(E)dE exp(—2Rda/L) (21)

where kg is the rate constant of the intermolecular energy transfer and Pda is
the transition probability of the resonant exchange interaction. 2nZ%/R is the
constant relating to the specific mutual distance between the central RE**
ion and its coordinated atoms. Fy(E) and E,(F) are the experimental lumines-
cent spectrum of the energy donor (ligands) and the experimental absorption
spectrum of the energy acceptor (RE**), respectively; Ry, is the intermolecular
distance between donor atoms and acceptor atoms, and L is the van der Waals
radius. Both R4, and L may be constant in intramolecular transfer processes, so
kgt 1s proportional to the overlap of Fy(E) and E.(E). The other is the inverse
energy transition of the thermal deactivation mechanism, shown as follows
(Eq. 2.2) [16,17]:

k(T) =Aexp (—AE/RT) (2.2)

Both of the two processes represent the overlap spectrum of RE**. With the
decrease in the energy difference between the triplet state energy of ligands and
RE*", the overlap of Fy4(E) and E,(F) is increased. So, it can be concluded that
the larger the overlap between the luminescent spectrum of organic ligands and
the emissive energy of RE®*, the larger the intramolecular energy rate constant
ker. In addition, the activation energy AE in Eq. (2.2) is equal to the energy
difference AE(Tr-RE3+), while from the formula, the inverse energy transfer
rate constant k(7T) increased with decreasing AE(Tr-RE*") [18-21]. Therefore
there should exist an optimal energy difference between the triplet position
of organic ligands and the emissive energy level RE**; a larger or a smaller
AE(Tr-RE**") will decrease the luminescence of RE complexes. Another possi-
bility for sensitizing RE** luminescence is via charge transfer states [22-24].
This is especially the case for RE** ions that can easily be reduced to the diva-
lent state (redox-sensitive rare earth ions), like Sm**, Eu**, and Yb>*, where
light can be absorbed by an intense ligand-to-metal charge transfer state (LMCT
state) from which the excitation energy can be transferred to the 4f levels of the
RE’" ion. This process only works well if the LMCT state lies at high-enough
energy. Low-lying LMCT states will partially or totally quench the lumines-
cence. In the case of Eu’*, metal-centered luminescence is totally quenched
if the LMCT energy is less than 25,000 cm™' [25]. Also, strongly absorbing
chromophores containing d-block metals can be used for sensitizing rare earth
luminescence [26]. Because these chromophores absorb in general at longer
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wavelengths than the more-often used organic chromophores (typically in the
visible spectral region), d-block chromophores are especially useful for sensi-
tizing the near-infrared luminescence of RE** ions like Nd**, Er’*, and Yb>*.

In addition, Kleinerman proposes a mechanism of direct transfer of energy
from the excited singlet state S, to the energy levels of the RE** ion [27], which
is now not considered to be of great importance because it is often not efficient,
due to the short lifetime of the excited singlet state. In this way, the energetic
constraints from the T, state of the ligand can be avoided. However, owing to
the lack of information regarding the emission from the excited states of the
coordinated ligand and the difficulties in the determination of the ligand-
localized triplet-triplet absorption spectra for rare earth chelates, it has been
very difficult to prove for certain which state is responsible for the energy trans-
fer process [28]. All the experimental work conducted on the sensitization of RE
chelate luminescence seems to support the triplet pathway, whereas the singlet
pathway for the sensitization of the Eu complex has not been observed exper-
imentally [29]. Yang et al. report the successful extension of the excitation win-
dow to the visible region (460 nm) for an Eu complex, which subsequently
exhibits highly efficient Eu**-centered luminescence. The sensitization mech-
anism is shown to take place through the singlet pathway by means of
time-resolved luminescence spectroscopy, which is the first observable case
of excitation energy transfer from the ligand to the luminescent states of the
Eu’* ion through the singlet pathway in a visible light-sensitized Eu** complex
(Fig. 2.3).

2.3 MOFs luminescence

A series of novel MOFs materials have been achieved as platforms for lumines-
cent materials for their intrinsic optical and photonic properties of metal ions
and organic ligands, guest species collaboratively assembled and/or encapsu-
lated into their frameworks. A scheme of luminescence possibilities in porous
MOFs materials is shown in Fig. 2.4. MOFs materials with well-defined spatial
arrangements of lumophores can give rise to several interesting luminescence
activities, mainly involving metal-centered luminescence (MC), ligand-
centered luminescence (LC), metal-to-ligand charger transfer (MLCT),
ligand-to-metal charge transfer (LMCT), ligand-ligand charge transfer (LLCT),
and metal-to-metal charge transfer (MMCT). In addition, the guest encapsu-
lated may produce a guest-induced emission and the functionalization of MOFs
may lead to a change in the MOFs’ luminescence. The resulting emission fea-
tures depend on the nature of MOFs structure, such as the spacing and orienta-
tion between linkers, the HOMO-LUMO gap of the linkers versus the accessible
states of the metal units, the electronic configuration of the metal ions, and the
bonding geometry [30]. Luminescence from MOFs containing transition metal
ions in the frameworks is typically centered on the linker, but can also involve
the disturbance of metal ions on linkers or even form all kinds of charge
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FIG. 2.4 Representation of emission possibilities in a porous MOFs: MC (metal-centered lumi-
nescence); LC (ligand-centered luminescence); MLCT (metal-to-ligand charger transfer); LMCT
(ligand-to-metal charge transfer); LLCT (ligand-ligand charge transfer); MMCT (metal-to-metal
charge transfer); GI (guest-induced) emission; and FI (functionalization-induced) emission change.
Wherein metal centers (blue octahedra) are linked by organic ligands (orange rectangles) with an
incorporated guest (red circle). (Reproduced with permission from B. Yan, Luminescence response
mode and chemical sensing mechanism for lanthanide functionalized metal-organic frameworks
hybrids. Inorg. Chem. Front. 8 (2021) 201-233. Copyright 2021 Royal Society of Chemistry.)

transfers between the metal ions and linker to/from each other. Paramagnetic
transition metal MOFs usually show a weak emission, whose partially filled
d-orbitals producing d-d ligand-field transitions may give rise to strong reab-
sorption and/or quenching of organic molecules’ fluorescence via electron or
energy transfer. MOFs of ds partition metal ions without unpaired electrons
can exhibit LC luminescence [31-45].

The most common and important is LC luminescence for ligands’ lumines-
cent groups belonging to typically conjugated organic compounds to absorb in
the UV and visible region, whose extended conjugation can often bring ligand
HOMO/LUMO (highest occupied molecular orbital/lowest unoccupied molec-
ular orbital) energy gaps, potentially resulting in emission energies into the vis-
ible range. For this purely LC emission, there is neither orbital mixing between
ligand molecules and the metal ions coordinated nor energy transfer processes
between ligand molecules. These frameworks can be considered to be arrays of
single luminescence centers, whose luminescence different from the bulk ligand
is primarily related to the immobilization of the ligand molecules, as upon
incorporation into a framework. Certain molecular motions pertinent to the free
ligand are prevented or otherwise limited, which in turn can lead to an increased
quantum yield, as fewer nonradiative excitation decay pathways are available,
as well as broadened emission peaks [31,33,37-42].

Additionally, the interaction between different units in MOFs may produce
abundant CT luminescence. (1) LLCT emission covers luminescence from
orbitals with contributions from multiple ligand molecules, or luminescence
based on energy transfer from an absorber ligand to an emitter one. Typically,

()
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aromatic MOFs ligands make their frameworks, resulting in ligand stacking,
which displays the orbital mixing between ligand molecules for their n-x inter-
actions. If multiple ligands with different oxidation/reduction potentials partic-
ipate in stacking, this can also lead to charge transfer emission processes. For
ligand molecules with greater separation, Forster resonance energy transfer
mechanisms can move excitation from one ligand to another. However, this
would depend on overlap between the emission and absorbance spectra of
the two ligands, and the fact that the ligands are oriented appropriately for
dipole-dipole coupling. LMCT emission can either result from orbital mixing
between metal ions and ligand molecules or from absorbance on ligands fol-
lowed by energy transfer onto the metal ion, where emission occurs. (2) In
LMCT luminescence through orbital mixing, the LUMO is primarily based
on orbitals from the metal ion, with the HOMO primarily composed of ligand
orbitals. Transitions between mixed metal/ligand orbitals are responsible for
luminescence, with the majority of the HOMO being contributed by metal
orbitals, and the majority of the LUMO being contributed by ligand orbitals.
Transition metal ions with closed d subshells (i.e., d®and d'° metals) are known
to participate in LMCT luminescence, as the large gap between their HOMO
and LUMO that comes from having a closed d subshell effectively prevents
metal-centered emission processes. However, as metal ions with closed d sub-
shells have high-lying LUMO energy levels; ligand molecules with similarly
high-lying HOMO energy levels are generally required for LMCT in the visible
range. As a result, a combination of closed subshell metals that can be partially
reduced, such as the d'° metals Zn(Il) or Cd(II) used in combination with ligand
molecules that can be easily/partially oxidized and have high-lying HOMO
energy levels, can often lead to LMCT luminescence. (3) In metal to ligand
CT (MLCT), transitions between mixed metal/ligand orbitals are responsible
for luminescence, with the majority of the HOMO being contributed by metal
orbitals, and the majority of the LUMO being contributed by ligand orbitals.
Like LMCT, d'° metals can participate in MLCT, as their large HOMO/LUMO
gap prevents metal-centered luminescence in the visible range. However, as the
metal and ligand contributions to the framework HOMO/LUMO are inverted
relative to LMCT, so too are the oxidation/reduction requirements. Metals that
can be partially oxidized, such as Cu(I) and Ag(I), can participate in MLCT
luminescence with ligands that have low-lying LUMO and can be partially
reduced [31,33,37-42].

MC luminescence is most often seen for MOFs materials of framework
metal or doping f partition (actinide and especially lanthanide) ions. RE**
ion luminescence can produce emissions covering the spectrum from UV to
NIR emissions—in the case of most trivalent lanthanide ions, this emission
comes from an f-f electronic transition. Because only f orbitals participate in
the transition, and because these orbitals are shielded by the closed 5s and
Sp orbitals, these transitions are insulated from environmental and ligand
effects; luminescence resulting from these transitions is therefore extremely
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sharp and characteristic for each lanthanide. However, as f-f transitions are
parity-forbidden, most RE** ions have extremely poor absorption, resulting
in weak emission under direct excitation. This will be discussed in more detail
later [31,33,37-42].

Other guest species introduced into MOFs host produce luminescence
(so-called GI (guest-induced) emission). The identity of this guest species
can vary widely, from molecular organic phosphors, to fluorescent metal com-
plexes, to metal ions or nanoparticles. These guests can either provide the
entirety of an MOFs’ or PCPs’ or emission, or the guest’s emission energy
can be chosen to complement the emission from the framework, resulting in
broad spectrum emission from the material. This involves three aspects:
(1) “Adsorbed lumophores” through entrapping luminescent molecules or
NPs in another nonemissive MOFs; (2) “Exciplex formation” through n-n inter-
actions between adjacent conjugated linkers or between a linker and a guest
molecule to produce an excited complex with typically exhibits broad, feature-
less luminescence; and (3) “lumophores bound to the MOFs surface” to create
multifunctional MOFs. Host-guest CT depends primarily on the nature of the
guest species. Dyes with conjugated or aromatic moieties can interact with
the aromatic ligands of the framework through n-m interactions, resulting in
Dexter electronic exchange (DEE) energy transfer mechanisms that can transfer
excitation energy between the host framework and guest species. Dyes with
conjugated or aromatic moieties can interact with the aromatic ligands of the
framework through n-x interactions, resulting in Dexter energy transfer mech-
anisms that can transfer excitation energy between the host framework and
guest species. Through careful selection of guest and ligand molecules with
appropriate reduction/oxidation potentials, redox-mediated charge transfer
can also play an important role in charge transfer, as can Forster resonance
energy transfer over longer distances. When the guest species is a metal ion,
often a rare earth ion, it can be chelated by free oxygen- or nitrogen-containing
moieties in the ligand, or it can be located more generally in the pore. As
with the previously described sensitized LMCT luminescence, chelated RE**
participates in luminescence through a Dexter energy transfer process, while
free RE** participates in luminescence through Forster resonance energy
transfer [31,33,37-42].

Moreover, it is worth pointing out that the functionalization of MOFs
through versatile PSM methods may have an influence on the luminescence
of the MOFs systems, the so-called FI (functionalization-induced) emission
change, which needs to be emphasized. Except for the previously mentioned
guests encapsulation method for MOFs frameworks to produce GI emission,
the other PSM methods to functionalize MOFs may give rise to some interaction
with MOFs themselves: (1) Covalent PSM of MOFs may change the composi-
tion and structure of the linker, further changing the LC or CT luminescence.
(2) Coordination PSM of MOFs may form a coordination interaction between
metal ions or complexes and linkers of MOFs, affecting the LC or CT



Luminescence and response sensing Chapter | 2 53

luminescence or even producing a new MC emission for rare earth species;
(3) ITonic exchange PSM of MOFs also influences the MOFs luminescence
through ionic interaction, even producing the MC emission for rare earth spe-
cies. This will be shown in the following discussion on luminescent rare earth
functionalized MOFs hybrid materials [31,33,37-42].

2.4 Rare earth MOFs hybrid materials luminescence

For rare earth MOF hybrid materials (containing both rare earth MOFs
(REMOFs) and rare earth functionalized MOFs hybrid materials
(REFMOFHs)), the whole nature belongs to rare earth complexes and obeys
the same intramolecular energy transfer mechanism discussed earlier. Molecu-
lar photoluminescence can be broadly characterized as fluorescence or phos-
phorescence. In fluorescence, an electron is excited into some singlet excited
state (S,) and quickly relaxes into the lowest singlet excited singlet state
(S4), called internal conversion (IC). Emission then occurs when the electron
makes the spin-allowed transition from S, to the ground state (Sy). In phospho-
rescence, an electron is again excited into some singlet state (S,,) and relaxes
into the lowest excited singlet state S;; however, it then undergoes intersystem
crossing (ISC) into the triplet excited state (T). Emission is associated with the
spin-forbidden transition from T; to the ground state (Sy). For REMOFs,
molecules behave as ligands or linkers to be coordinated to RE** (Fig. 2.5;
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FIG. 2.5 Schematic representation of energy absorption, migration, emission, and processes in
REMOFs and rare earth functionalized MOFs hybrids (REFMOFHs). A =absorption; FL =fluores-
cence; PH=phosphorescence; IC=internal conversion; ISC=intersystem crossing; ET =energy
transfer; IC =internal conversion; S =singlet; T =triplet. Plain arrows indicate radiative transitions;
curved arrows indicate nonradiative transitions. (Reproduced with permission from B. Yan, Lumi-
nescence response mode and chemical sensing mechanism for lanthanide functionalized metal-
organic frameworks hybrids. Inorg. Chem. Front. 8 (2021) 201-233. Copyright 2021 Royal Society
of Chemistry.)
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right side). Consequently, by coordinating these RE** cations with conjugated
organic ligands capable of transferring energy to RE** through the “antenna
effect” after absorbing light energy from the environment, RE** ions can be sen-
sitized and in turn exhibit intense luminescence. On the basis of the previously
mentioned points, it can be inferred that by selecting appropriate RE** as well as
suitable organic ligand/linker desired MOFs that can show excellent lumines-
cent properties can be constructed. Here RE>* serve as the central framework
metal ions, and the luminescence performance depends on the type of RE**
jons. For inert RE** ions such as La®*, Gd**, Lu®*, and Y>*, their close shell
electronic configurations make their MOFs materials display the luminescence
of ligands or linkers. While for other RE** ions except for above mentioned,
“antenna effect” appears between the T; of ligands or linkers to the resonant
emissive energy levels of photoactive RE** ions (especially Eu®* and Tb>").
The effective intramolecular energy transfer process within the REMOFs
may achieve the strong emission of RE**, whose efficiency is generally dis-
cussed by DEE process. This involves quenching of the donor’s fluorescence
by transmission of an excited electron of the donor molecule to the acceptor
molecule via a nonradiative pathway applicable for short-range interactions
operating between donor and acceptor (typically within 10 A) by their orbital
overlap. Although the luminescence of REMOFs depends on the energy match
between ligands and RE**, when the energy match is suitable for sensitization
of RE**, generally the REMOFs will mainly exhibit the luminescence of Ln>*
for it is the framework ion with relatively high content. On the contrary, for the
situation of not having an energy match between them, the linker’s lumines-
cence displays instead of the RE** luminescence. Indeed, the high content of
photoactive RE** in REMOFs limits the practical applications due to its high
cost [46-52].

2.5 Luminescence for rare earth functionalized MOFs
hybrid materials

For rare earth functionalized MOFs hybrid materials, luminescent RE>* ions are
incorporated into MOF hosts at little content and the characteristic emission of
RE>* is obtained. This is identical to the traditional rare earth ion doped phos-
phors. Just like pure luminescent REMOFs, RE** can produce an “antenna
effect” and a pronounced increase in the luminescence intensity is produced
through the intramolecular energy transfer process from linkers to RE**.
RE>* jons show weak absorbance and low quantum yields for their forbidden
electronic transitions and so a strongly photo-absorbing linker is introduced
to circumvent this problem. In the majority, the important energy transfer
occurs from the linker T, to the RE** resonant emissive state. So it is significant
to choose a linker for efficient intersystem crossing within the linker. The
energy gap between the linker triplet state and the emitting RE excited state
plays an important role in the transfer of energy from the antenna. In addition,
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it needs to be stated that the relatively limited content of REFMOFHs materials
often allows the existence of luminescence of the original linkers or MOFs
themselves if the functionalized amount of RE** is controlled appropriately.
This makes it possible to show multiple center luminescence for the same
hybrid system and even to realize luminescence color tuning or white lumines-
cence integration [53-63]. The interest in the multicolor-emitting materials,
especially white light-emitting materials, stems from their wide applications
in panel displays, room lighting, and other optical devices. The collaborative
properties of the multiple luminescent centers in MOFs are particularly useful
to develop multicolor and white-light-emitting materials. Common approaches
to realize white light integration in MOFs include: (a) monochromatic emitters
covering the entire visible spectrum, (b) dichromatic emitters blending blue and
yellow or orange light, and (c) trichromatic emitters combining three primary
colored (red, green, and blue) components. In addition, the regulation and inte-
gration of emission colors of the luminescent MOFs can also be readily imple-
mented by modulating both chemical factors (such as RE** types and
concentration) and physical parameters, like excitation wavelength. So far, tre-
mendous efforts have been made toward the synthesis of MOFs with tunable
luminescence or white light. According to the luminescent character of the main
three aspects mentioned previously, these luminescent species show different
spectral bands in the visible bands. For example, linker-based MOFs lumines-
cence often is situated at the short visible region covering visible to blue to
green, and even covering the wide bands of yellow color. The most commonly
used RE** system is Eu’**-based MOFs, whose luminescence is mainly in the
red region of long wavelength, so it can be expected to realize luminescent tun-
ing and even white luminescence integration by adjusting the luminescence
center in the MOFs-based hybrid material systems, which is very useful for dis-
play and lighting devices or barcoding. Although luminescent MOFs-based
OLED devices have not yet been realized, it is theoretically feasible to incor-
porate nanoscale electroluminescent MOFs between two conductors for such
useful electronic devices. Nanoscale luminescent REFMOFHs materials are
expected to be fabricated into thin films for straightforward and instant sensing
devices in the future [53-63].

Duan et al. prepared a Y-MOF (MOF-76(Y), Y(1,3,5-BTC),-H,O0,
H;BTC =benzene tricarboxylic acid) and then used RE** ions (Eu’*, Tb>*,
Sm**, Dy**) as activators to obtain a series of luminescent REMOF hybrids.
The color-tunable luminescence of these hybrid MOF systems is realized by
adjusting the doping concentration ratio of RE** or varying the excitation wave-
length (Fig. 2.6; top, left). Polymer films based on them are also prepared for the
purpose of extending the application fields. Interestingly, the photoluminescent
color of MOF-76(Y):10 mol% Eu/10 mol%Tb can be tuned from yellow,
yellow-green, warm white to orange by changing the excitation wavelength
from 300 to 380 nm. Fig. 2.6 (top, right) shows the corresponding CIE chroma-
ticity diagram of MOF-76(Y):10 mol% Eu/10 mol%Tb under different
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FIG. 2.6 (Top, left) Emission spectra of MOF-76(Y):10 mol% Eu/10 mol% Tb under excitation
ranging from 300-380 nm and CIE x-y chromaticity diagram of MOF-76(Y):10 mol% Eu/10 mol%
Tb under different excitation wavelength. (Top, right) The luminescence of 10 mol% Eu/10 mol%
Tb under the excitation of (A) 300 nm, (B) 330 nm, (C) 360 nm, and (D) 380 nm. (Bottom, left) SEM
image of NMOF-76:Eu polymer film. (Bottom, right) Images of the NMOF-76:RE** (RE = Eu, Tb,
Sm, Dy) polymer film under sunlight and in the ultraviolet box (under 254 nm excitation). (Repro-
duced with permission from T. Duan, B. Yan, Lanthanide ions (Eu3 +, Th3 +, Sm3 +, Dy3 +) acti-
vated ZnO embedded zinc 2,5-pridinedicarboxylic metal organic frameworks for luminescent
application. J. Mater. Chem. C 3 (2015) 2823-2830. Copyright 2014 Royal Society of Chemistry.)

excitation wavelengths (300-380 nm). There is a little difference between the
excitation spectra monitored by 616 nm (Eu*": >Dy—'F,) and 548 nm (Tb>*:
>D,—"Fs). The excitation band of Tb** ranging from 250-350 nm is much
broader than Eu®* from 250 to 310 nm; in the meantime, there is an excitation
line centered at 392nm in the excitation monitored by 616 nm (Eu’*:
>Dy—"F,). Therefore when the wavelength changes from 300 nm to 380 nm,
the different energy-absorbing trends of Eu** and Tb** yield various photolu-
minescence colors. The SEM image of NMOF-76: Eu fabricated polymer film
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is shown in Fig. 2.6 (bottom, left). Both NMOF-76(Y): Eu and NMOF-76(Y):
Tb fabricated polymer films show their characteristic transition emission (red
and green color) under 295 nm excitation. While NMOF-76(Y): Sm and
NMOF-76(Y):Dy fabricated polymer films present relatively weak lumines-
cence, it can be observed that, besides the characteristic emission lines of
Sm>* and Dy>", there is a broad band located in 400—500 nm that can be attrib-
uted to the luminescence of the polymer matrix. NMOF-76(Y): Ln polymer
films are transparent under sunlight, while showing emission of red, green,
pink, and cold white in the ultraviolet box (254 nm excitation) (Fig. 2.6; bottom,
right) [54].

Lu et al. prepared a MOF-based monolayer luminescent thin film
(Fig. 2.7). A rare earth complex (Eu®*, Tb** and Yb**) was introduced to the
Al-MOF (MOF-253) by PSM first, and then the MOFs modified by PSM could
be assembled on quartz through functional linkers with the ability to coordinate
and sensitize rare earth ions (Eu’*, Tb>*, and Yb’"), as the prepared MOF thin
film is a dense and transparent monolayer with a high degree of coverage. Under
the different excitation wavelengths, the thin film can emit white, red, and green
light and NIR luminescence. In the structure of MOF-253, one-dimensional
(1D) infinite chains of AlOg¢ corner-sharing octahedral are built by connecting
bpydc (bpydc =2,2'-bipyridine-5,5'-dicarboxylic) linkers to construct rhombic-
shaped pores. The functionalized plates, (Eu’*)-quartz, could be further
immersed in a suspension of MOF-253 in toluene to realize step 3, the formation
of Al—MOF(Eu3+)—quartz (Fig. 2.7). The Eu’" ion is used as a linker to connect
the MOF-253 and the functionalized plates. The transparent Eu-HBA-
functionalized quartz plates (Al-MOF(Eu’*)-quartz) turn opaque upon contact
with the suspension of MOF-253 in dry toluene under vigorous sonication. The
SEM images of the modified quartz plates (Al-MOF(Eu*)-quartz) reveal that
the coverage degree and packing degree are both highly satisfactory, although
some spots with less surface coverage can be observed in Fig. 2.7A and B (bot-
tom). Then, the thin film is transparent in the photograph (Fig. 2.7C; bottom).
The thickness of the thin film should be less than 100 nm [56].

Lu et al. further fabricated a near-UV white LED based on RE** functiona-
lized MOF hybrids (Fig. 2.8). Lanthanide complexes are first encapsulated in
MOFs (MOF-253) by the postsynthetic method (PSM), and then the modified
MOF-253 is introduced into organic polymer by suitable monomer functiona-
lization to achieve polymer hybrid materials based on MOFs. The MOF-based
polymer is assembled on a near-UV GaN chip to realize a near-UV white LED
(Fig. 2.8; top). Functionalization of MOF-253-Eul-TTA with ethyl methacry-
late (EMA) leads to MOF-253-Eul-TTA-EMA (MOF-EMA). The transparent
hybrid materials (MOF-PEMA) are finally prepared from the radical polymer-
ization of the monomer EMA and MOF-EMA. The amount of EMA is kept the
same and additional MOF-EMA amounts equivalent to 3.5% and 10% (weight
ratio) are denoted as MOF-PEMA-3.5 and MOF-PEMA-10. Under excitation at
395 nm, the emission spectra of MOF-PEMA-3.5 and MOF-PEMA-10 are
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FIG. 2.7 (Left) The procedure to prepare the thin film materials based on PSM and functional linker: (1) A1-MOF-quartz, (2) Al-MOF-(Eu3+)quartz, (3) A1-MOF(Eu’*")
quartz and (4) Al—MOF—Eu(TTA)—l(Eu3+)quartz and Al—MOF—Tb(TAA)(Tb“)quartz. (Right) SEM images of Al—MOF(Eu3+)quanz thin film (A) viewed from surface, the
white light from Al-MOF(Eu3+)quartz under the light of 390 nm (B) and the photograph of Al-MOF(Eu3+)quanz thin film (C). (Reproduced with permission from Y. Lu,
B. Yan, A novel luminescent monolayer thin film based on postsynthetic method and functional linker. J. Mater. Chem. C 2 (2014) 5526-5532. Copyright 2014 Royal Society
of Chemistry.)
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FIG. 2.8 (Left) Procedure for obtaining MOF-PEMA LED; the inset is the LED based on
MOF-PEMA. (Middle) (A) The photograph of MOF-PEMA-3.5 hybrid materials and (B) the bright
white light from MOF-PEMA-3.5 hybrid materials under excitation by 395 nm GaN chip. (Right)
Electroluminescent spectrum of MOF-PEMA-10 LED; the inset is the CIE plot, and the photograph
is the warm white light from the MOF-PEMA-10 LED under 350 mA. (Reproduced with permission
from Y. Lu, B. Yan, Lanthanide organic-inorganic hybrids based on functionalized metal-organic
frameworks (MOF:s) for near-UV white LED. Chem. Commun. 50 (2014) 15443—15446. Copyright
2014 Royal Society of Chemistry.)

similar to MOF-253-Eul-TTA, which is constructed by a broad band from
MOF-253 (550 nm) and a narrow band from the Eu** ion (614 nm). Moreover,
the luminescent intensity of MOF-PEMA-10 is obviously stronger than that of
MOF-PEMA-3.5 in THF solution with the same concentration, proving the
integrity of the framework during polymerization. MOF-PEMA-3.5 hybrid
material has high transparency and could emit bright white light under excita-
tion by a 395-nm GaN chip (Fig. 2.8; middle). MOF-PEMA can be further
assembled on a near-UV GaN chip to realize a near-UV white LED. The elec-
troluminescent spectrum of a MOF-PEMA-10 LED is shown in Fig. 2.8 (bot-
tom). The MOF-PEMA-10 white LED operated at 350 mA shows warm white
light with CCT of 3742 K (X=0.39, Y=0.38) and a promising CRI (R,) of
87.34. The general CRI is designated by the symbol R,, which is the average
value of R; to Rg. MOF-PEMA-10 LEDs have higher R values than the com-
mercial YAG: Ce** white LED (whose R, is 78). The white light from the
MOF-PEMA LED can be adjusted by altering the content of MOF-EMA in
the polymer. The LED assembled from MOF-PEMA-3.5 shows natural white
light, the color coordinates being X=0.33, Y=0.34, with a CCT of 5603 K.
The white light operated by the MOF-PEMA LED can be changed from cold
white to warm white [58].
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Lu et al. also used a similar MOF (MOF-253) for luminescent barcoding, in which
the barcoding is realized by PSM to introduce RE** (Eu**, Tb**, and Sm’").
The emission intensity of each RE** is proportional to its amount in the
MOF, resulting in unique luminescent barcodes that depend on the RE**
ratios and compositions. Luminescence studies demonstrated that the differ-
ent RE** compositions could result in unique and discernible barcoded sig-
nals. The emission of MOF-253-Tb,Eu;_, displays the characteristic
transition of the Eu®* ion and Tb>" ion with excitation at 330 nm
(Fig. 2.9A; top). With an increase in the amount of Eu®* ion and a decrease
in the amount of Tb>" ion, their characteristic emission intensities increase
and decrease accordingly. That means we can quantitatively control the lumi-
nescent intensities of the two emitting RE>* by controlling the RE** compo-
sition. Their relative intensities can be reflected as unique and visible color,
which corresponds with three distinct barcodes. The points of emission of
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FIG.2.9 (Top) (A) Eu** and Tb** emission spectra recorded under excitation at 330 nm, normal-
ized to the Tb>" signal, (B) Color-code of the barcode readout in the CIE chromaticity diagram and
the photograph of the MOF-253-based barcoded material (dispersed in ethanol) under excitation at
330 nm; i, 11, and iii are MOF-253-Tb0‘999Eu04001, MOF-253-Tb0'995EUO'005, and MOF-253-
Tbo.99Eug 01, respectively. (Bottom) (A) SEM of ITO glass-supported luminescent thin films of
MOF-253-RE-1, the photograph of IL-MOF-RE (B) and under excitation at 330 nm (C), the pho-
tograph of thin film constructed by MOF-253-RE-1 (D) and the red light from the thin film under
excitation at 330 nm (E). (Reproduced with permission from Y. Lu, B. Yan, Luminescent lanthanide
barcodes based on postsynthetic modified nanoscale metal-organic frameworks. J. Mater. Chem. C
2(2014) 7411-7416. Copyright 2014 Royal Society of Chemistry.)
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MOF—253-Tb0_95EUO'05, MOF—253—Tb0,99Eu0_01, and MOF-253-Tb0'995EU.0_005
in the CIE chromaticity diagram are green (X=0.2876, Y=0.4915), yellow
(X=0.3630, Y=0.4698), and red (X=0.5276, Y=0.3980), respectively
(Fig. 2.9B; top). An ionic liquid, 1-(2-hydroxyethyl)-3-methyl imidazolium
bromide (IL), was chosen as the matrix to disperse MOF-253-RE-1, recorded
as IL-MOF-RE, which is clear (about 70°C) and can emit the luminescent
barcoded signal under 330 nm (Fig. 2.9B and C; bottom). ITO glass-
supported luminescent thin films of MOF-253-RE-1 are prepared by direct
spin-coating, like the thin films constructed by nanoscale MOF-76. In the
photograph, the thin film is transparent (Fig. 2.9D; bottom) and emits the
luminescent barcoded signal under 330 nm (Fig. 2.9E; bottom). From
SEM images (Fig; 2.9A; bottom), the surface of the thin film is continuous
and defect-free over a large area [61].

Zhou et al. developed a barcoded system based on RE** functionalized MOF
films that contained multiple emission bands, which relied on tuning the emis-
sion intensities of RE** in multiple bands. Varying the filtered dye loading gen-
erated distinct ratiometric optical signatures or codes. To achieve the
conceptual barcoding function of RE*@MIL-100 (In) films, they designed
an encoding strategy based on tuning their emission intensities in multiple
bands through a luminescence reabsorbed process. As shown in Fig. 2.10
(top), two of the emission bands of RE*@MIL-100 (In) films (488 and
544 nm emissions for Tb>*@MIL-100 (In), and 616 nm and 701 nm for Eu**
@MIL-100 (In) are employed for the demonstration. For the filtered dyes, fluo-
rescein isothiocyanate (FL) and methylene blue (MB) are selected for respec-
tive Tb>*@MIL-100 (In) and Eu’*@MIL-100 (In) films for the reasons of high
extinction coefficients and overlapping absorption spectra with only one of the
two emission bands of RE**@MIL-100 (In) films. The concentrations of the
dyes are adjusted in four levels. With an increase in the amount of filtered dyes,
the filtered emissions intensities (/.oq.) fall accordingly, due to the reabsorbed
light processes (Fig. 2.10A (bottom, left) and B (top)). At high dye concentra-
tion, the intensity of 1 .q4e is reduced up to 15% for Tb>*@MIL-100 (In) and 33%
for Eu>*@MIL-100 (In) film compared the isolated RE*@MIL-100 (In) films.
In contrast, the intensities of unfiltered emissions (/.f) barely changed. Conse-
quently, four ratiometric intensity ratios were generated for both Tb>*@MIL-
100 (In) and Eu** @MIL-100 (In) films, which gave rise to four optical codes,
respectively. To facilitate the interpretation and human qualification, ratio-
metric optical signals are transferred to color-related codes (Fig. 2.10C
and D; bottom, left). The emission bands (I .oqc/lf) are represented by distinc-
tive colors, and their intensities are reflected in the display. As expected, it
exhibits dual emissions of Eu®* and Tb*>* upon excitation at the same wave-
length. Three emission bands (488, 544, and 615 nm) of Eu’*/Tb** @MIL-
100 (In) film were chosen as the spectral signals for realizing the barcoding
function (Fig. 2.10A; bottom, right). Of them, 488 (/.o4e;) and 615 nm
(Icoqe2) emissions were filtered by FL and MB dyes, respectively. On the con-
trary, 615 nm emission was unfiltered and served as reference (/.;) for the
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FIG.2.10 (Top) Schematic illustration of the encoding strategy based on tuning the multiple emis-
sion bands of lanthanide luminescent MOFs. Blue and red emissions can be tuned by controlling
filtered dye loading, while the green emission is not adsorbed and serves as an internal reference
to generate ratiometric optical codes. (Middle) Emission spectra of encoding (A) Tb**@MIL-
100 (In) and (B) Eu** @MIL-100 (In) films. Both 488 and 615 nm emissions (/,,4) are tuned in four
increments by varying the loading concentration of fluorescein isothiocyanate or methylene blue,
respectively. In contrast, 544 and 701 nm emissions (/,.;) remain constant. Here, the encoding
Tb**@MIL-100 (In) and Eu** @MIL-100 (In) films are defined as A and B, while their subscripts
in A and B are used to differentiate the films with different dye loaded amounts. For instance, A0 and
B3 mean Tb** @MIL-100 (In) film with free fluorescein isothiocyanate loading and Eu** @MIL-100
(In) film with maximum methylene blue loading, respectively, while (C) and (D) are the color-coded
schematic of the barcoded readout, which are derived from (A) and (B), respectively. (Bottom)
(A) Emission spectra of Eu**/Tb** @MIL-100 (In) films with various dye (FL and MB) loading
combinations. The loading concentration of both FL and MB are set at four levels, leading to 4 ratio-
metric codes. (B) Two-dimensional (2D) matrix of the ratiometric codes derived from (A), revealing
that the ratiometric codes can be well separated and identified. (Reproduced with permission from
Y. Zhou, B. Yan, Ratiometric multiplexed barcodes based on luminescent metal organic framework
films. J. Mater. Chem. C 3 (2015) 8413-8418. Copyright 2014 Royal Society of Chemistry.)
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filtered emissions. Similarly, the concentration of FL. and MB dyes were both
set at four levels, leading to 16 combinations in total. Since the information of
the combinations can be carried by their emission intensities in multiple bands,
each of the combinations correlates to one 2D ratiometric code (I.oge1/Lref> Lcode!
I.f), which is calculated by the ratios of two filtered intensities (/.oge1 and I¢oge2)
to one reference intensity (/,.r). The 2D ratiometric codes are arranged in a
matrix (Fig. 2.10B; bottom, right), demonstrating that the optical codes can
be well separated and identified [62].

2.6 Luminescence response for chemical sensing
of rare earth MOFs hybrid materials

The luminescent sensors utilize UV light to produce the glow of the analyte in
the visible region of the spectrum. This excited light produces a signal visible to
the naked eye. On the other hand, the chemodosimeter offers an irreversible rec-
ognition of an analyte, providing high selectivity in terms of analytes. This rec-
ognition process is less affected by the external factors. Both MOFs themselves
and their rare earth hybrid materials are potential candidates for luminescent
sensing of all kinds of analytes [37,64—-84].

2.6.1 Luminescence response and chemical sensing
in MOFs-based material

For MOFs as luminescence-based chemosensors, several pathways have been
examined to elucidate the interaction with foreign species, but luminescence
continues to be the most preferred and relatively easiest mechanism to interpret.
Fig. 2.11 shows a descriptive scheme of the different approaches to construct
MOFs-based luminescence sensors. Actually, the assignment of a particular
effect can be ascribed qualitatively but the concurrent presence of multiple pro-
cesses has been commonly observed in MOFs, whose exact contributions of all
effects involved in the emission process are not trivial. The key parameters to
develop any chemical sensor include sensitivity, selectivity, response time, sta-
bility of the material, and reusability of the probe. Detectability makes lumines-
cence more attractive than light absorption since it is more sensitive and even
small numbers of photons can be detected using photon-counting techniques,
even in the absence of a large background signal. Several potential transduction
mechanisms are possible in luminescent MOFs: (a) solvochromatic shifts;
(b) alteration of the electronic structure via changes in the coordination
sphere; (c) fluorescence quenching by adsorbed species; and (d) exciplex
formation. MOFs with broadly varied fluorometric sensing properties have
been developed by the design strategies of crystal engineering, structure-
property correlations, and functionalization, resulting in large and extensive
interests. The sensing research domains contain a number of crucial sensing

-
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FIG. 2.11 Schematic outline of the various steps involved in development of luminescent MOFs
(LMOFs) for sensing applications, along with the considerations at every step. (Reproduced with
permission from W. P. Lustig, S. Mukherjee, N. D. Rudd, A. V. Desai, J. Li, S. K. Ghosh, Metal-
organic frameworks: functional luminescent and photonic materials for sensing applications. Chem.
Soc. Rev. 46 (2017) 3242-3285. Copyright 2017 Royal Chemical Society.)

species. What’s more, new classes of MOFs sensory materials utilizing
advanced signal transduction by devices based on MOFs photonic crystals
and thin films are being developed. (1) It must exhibit luminescence response
(intensity or wavelength) to an interaction with an analyte (“Turn—On” for
enhancement or “Turn—Off” for quenching). Generally, a change in the
luminescence intensity or profile pattern of the MOFs materials can be utilized
as a probe to recognize the presence of interacting species. Typically, intensity
change is the usual mode of detection in the case of MOFs, with enhancement or
quenching being a by-product of the nature of interaction or electronic charac-
teristics of the guest involved. Depending on the extent and the character of
interaction, either or both electron and energy transfer mechanisms are found
to have a role in directing the change of luminescence intensity or peak shifts.
Changes in intensity can also appear when a sensitizer is directly involved in the

()
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interaction process with the guest. This observation is commonly noticed for
rare earth MOFs hybrid materials, wherein the organic ligands transfer energy
to the HOMO of the RE** cations. Once the organic ligands interact with any
incoming guest molecule, the nature of the interaction is directly reflected in the
emission intensities of the RE>*, either as an enhanced signal or depletion of the
emission intensity. Unfortunately, the intensity change may not always be the
precise mode of recognition, which sometimes involves a false response or an
erroneous observation triggered by changes in the local environment of the spe-
cies. The more reliable and efficient pathway would be the appearance of a new
peak or the disappearance of a peak accompanied by a new emission peak. This
“Turn—On” response usually signifies selective binding to the luminescent
group, which is a sensitive method to detect. Another approach to obtain
“Turn—On” signals is by modulation of the appended secondary functional sites
in a ligand system having an original dark or weakly emitted signal. Such an
approach, commonly referred to as a chemodosimeter, is a much more reliable
pathway for both selective and sensitive response. (2) The response must have
some analyte specificity (selectivity for sensing), which is optimally revers-
ible. Selectivity is probably the basic premise for development of any sensor.
While the molecular sieving effect has been the most reliable approach to attain
selectivity in MOFs, efforts are ongoing to tune the pore surface character to
segregate competing analytes based on affinity to the framework. (3) The
response must be detectable (acceptable limit of detection (LOD)). MOFs,
by virtue of their porous character, are inherently sensitive receptors owing to
the preconcentration effect; the feature of permanent porosity enables them to
be suitable host matrices at the molecular level. The size, shape, and nature of
the porous channels in MOFs are directly related to adsorption kinetics and
strongly influence the rate at which the signal is generated and conveyed. In
the majority of the cases, the guest species are physisorbed in the MOFs pores
and hence can be desorbed with antagonistic stimuli with relatively lesser
energy demand. (4) Stability of the material, especially chemical inertness
and hydrolytic stability, continues to inhibit the promotion to the level of
practical implementation. In addition to stability, another pertinent challenge
for MOFs in seeking real-time applicability as gas/vapor sensors is the ability of
the majority of MOFs to adsorb water, whose presence can substantially hinder
the sensitivity and response time, and in some cases compromise the energy
effectiveness of the detection system on account of stronger binding. The
key to MOFs as sensory materials lies in the features bestowed on them by
the building units and their subsequent assembly, as the ability to tap
structure-property correlation to fabricate target-specific systems is a distinct
advantage over its congeners. It is feasible that MOFs can incorporate and tune
signal transduction centers in the system, which equips them to function as com-
munication devices in addition to the primary role of being host matrices for a
range of analytes. (5) Other considerations such as ionic character, acidity/
basicity, hydrophobicity, polarizability, pore apertures, etc. These

-
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properties of MOFs are largely affected by the choice of the ligand, metal, or
guest. (i) Ligands. The ligand in MOFs is n-conjugated organic molecules,
which shorten the HOMO-LUMO gap and promote radiative decay. The pre-
ferred emission in the visible region of MOFs requires that organic ligands with
green or red emissions be selected for sensing due to their greater suitability. (ii)
Pore surface modulation. It becomes an attractive mode of design strategy to
discriminate between competing guest molecules by preferred binding tenden-
cies. The presence of Lewis acidic/basic sites or m-electron rich/poor surfaces
renders the desired attributes for screening target species. (iii) Metal ions. Para-
magnetic transition metals are known to be strong quenchers of luminescence to
promote nonradiative emission by inducing electron or energy transfer from the
excited organic ligand. Metal ions with larger coordination spheres, higher
coordination numbers, or flexible coordination modes can be chosen for mod-
ifying the luminescence. (iv) Secondary building units (SBUs). The size of the
SBUs can alter the bandgaps of the MOFs, which is of considerable significance
as a majority of the reported stable MOFs compounds are built around rigid
SBUs. (v) Guest molecules in MOFs. These species are not coordinated
directly to the MOFs and have a role in dictating their emission feature; their
nature, size, and interaction strength determine the extent of their role in regu-
lating the MOF properties. (6) Key parameters for seeking real-time appli-
cability. Among the considerations for a sensor material to seek potential real-
time application, stability to air/moisture and in certain cases to varying chem-
ical environments is a primary factor and a core issue, along with selectivity and
sensitivity under operating conditions. In addition to hydrolytic stability, func-
tional MOFs with resistance to degradation over a wide pH range or in biolog-
ical fluids are the current target of research in this regard [37,40,60-84].

2.6.2 MOFs-based materials primarily display special advantages
for chemical sensing

(1) Sensitivity and selectivity. The high surface area and structural tenability of
MOFs can provide them abundant interaction with guest species, which gives
them the high sensitivity crucial for developing efficient sensors. The versatile
pore or channel structure and functional position of MOFs provide them with
high selectivity. Therefore various analytes can be selectively recognized
through size exclusion of the porosity of MOFs, where the orifices of the MOFs
assist as a sieve to permit the specific moiety to enter the cavity present inside
MOFs. The entering moiety can develop a coordination with the active sites
(acceptor) in the MOFs structure, readily changing their electronic structure
and the corresponding photophysical performance. Various functionalities
can serve as binding sites for MOFs for targeting the specific analytes, which
is expected to construct MOFs with multifunctional sites to collaboratively
induce their preferential and highly sensitive and selective binding with differ-
ent species. The microporous structure can act as a molecular sieve by blocking
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oversized molecules and hence increasing the sensitivity and selectivity of the
detection system. (2) Sensing mechanism. The crystalline framework structure
and energy transfer process of MOFs materials are beneficial for understanding
the sensing mechanism. The distinct crystalline assemblies of MOF-assisted
detectors permit the exploration of the detecting principle of the frameworks
based on MOFs at the molecular level, whose exceedingly tunable structure
nature assures the optimization and specific design of sensors. (4) Multiple
luminescence response. The multiple luminescent centers (especially for
REFMOFHs materials) easily lend themselves to potential applications for
ratiometric or even intelligent sensing for complicated systems. The different
metal ions or mixed ligands or guests, having diverse luminescent properties,
can be hosted into a MOF structure with the aim of divulging self-calibration
in the detecting systems. On the basis of sensing materials, MOFs can be applied
to develop the engineering of the next generation MOF-based sensing devices,
which rely on the combination of MOFs light-harvesting ability, understanding
energy transfer processes within a framework, and application of MOF-based
functions to sensing enhancement. (5) PSM chemistry. Linkers with carefully
designed functionalities can be used as supports for MOFs, posing molecular
specificity to host-guest interactions. On the other hand, the detection ability
of MOF-based sensors can also be increased by PSM.
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Chapter 3

Single mode for luminescence
responsive chemical sensing
in rare earth metal-organic
framework hybrid materials

3.1 Introduction for luminescence response
of metal-organic frameworks

The permanent porosity of MOFs can be perturbed and further induced by an
encapsulated or interacting guest species, which can alter multiple aspects of the
photophysical properties (light absorption and emission) of the MOF host.
Color change that is visible to the naked eye becomes the most preferred signal
for sensing, and provides a simple and convenient method of detection since it
does not require instrumentation. For example, an exchange of solvent guest
molecules in a crystal lattice of MOFs will shift their emission spectrum to tune
the corresponding color, which is utilized to identify a guest molecule through a
guest-dependent color change. In addition, some ionic species also have a sim-
ilar colorimetric effect, whose spectroscopic change can potentially be used as a
sensing signal. Depending on the electronic nature of the analytes, either
quenching or enhancing the luminescence of MOFs materials can occur, which
can be attributed to either (both) electron transfer or (and) energy transfer
between the analytes and the MOFs. For luminescence quenching, nitroaro-
matics are known as strong quenchers due to their high electron affinity, and
paramagnetic metal ions (Mn>*, Co®*, Ni**, and Cu®") are capable of quenching
fluorescence due to their inducing of ligand-metal charger transfer (LMCT) to
relax the excitation energy through a nonradiative pathway. On the other hand,
electron-rich species such as benzene derivatives with electron-donating sub-
stituents can enhance MOFs’ luminescence due to their ability to donate an
electron from an excited state to the lowest unoccupied molecular orbit
(LUMO) or conduction band (CB) of the MOFs. In addition, the capture of
an analyte results in the shift of an emission peak or a new emission peak in
the visible range different from a dark background, which is called guest-
induced emission. This has two main advantages: (i) monitoring the evolution
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of a new emission peak is more sensitive than comparing the changes in emis-
sion intensity of the same peak for higher detection limits; (ii) the intensity
change of an emission is not always specific and molecules of similar electronic
properties for similar intensity response can affect the selectivity. Currently, the
most widely observed sensing mechanism for analyte detection is electron
transfer through host-guest interactions of the analyte, whose LUMOs being
at lower energy level than the MOFs makes the electron transfer possible from
MOFs to guest analytes. Another important factor affecting the sensing behav-
ior is the energy transfer between analyte and MOFs, which greatly depends on
the overlapping region between the absorbance of analyte and emission of the
MOFs. They both can give nonemissive or weakly emissive MOFs owing to the
nonradiative relaxation. The shifting in wavelength can be activated by inter-
action of the MOFs host and special analytes [1-4].

Certainly, external stimuli can also shift the emission maximum [1-29].
Fig. 3.1 shows a schematic description of relevant luminescence processes to
tune MOFs luminescence and related sensing options for analytes [1]. For rare
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FIG. 3.1 Schematic depiction of relevant luminescence processes for the tuning of MOF lumines-
cence and related sensing options for molecules and ions. (Reproduced with permission from ref-
erence K. Miiller-Buschbaum, F. Beuerle, C. Feldmann, MOF based luminescence tuning and
chemicallphysical sensing, Microp. Mesop. Mater. 216 (2015) 171-199. Copyright 2015 Elsevier.)
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earth MOF hybrid materials (REMOFHSs), especially for rare earth functiona-
lized MOF hybrid materials (REFMOFHSs), energy transfer between MOFs
or their linkers and rare earth (RE**) ions is common for luminescence responsive
sensing of analytes. To date, there are four main luminescence response modes:
luminescence quenching (“Turn-Off”), luminescence enhancement (“Turn-
On”), luminescence enhancement-quenching-enhancement (“Turn-On-Off-
On”) and ratiometric luminescence (RL) detection. Among these, “Turn-Off” is
most extensive; it is based on luminescence quenching resulting from the interac-
tion between the analyte and the fluorophore, leading to an energy transfer from the
fluorophore to the analyte or even a collapse of the frameworks. On the other hand,
the luminescent sensing of “Turn-On” detection is based on a new emission peak
evolving from a dark background or the luminescence intensity increasing to show
the apparent color change. The “Turn-On-Off-On” mode mainly involves some
transitional metal ions, Cu®*, Ag* or Fe>*, whose cointroduction in REMOF hybrid
materials sometimes results in the composed effect. Multicenter photo responses
(especially dual emission) have great application potential in ratiometric or self-
calibrating sensing [7].

Signal and response are two important concepts that should clearly be dis-
criminated from each other in sensing fields. Signal is the emission spectrum
generated by luminescent MOFs upon light irradiation without any analyte in
the solution, which greatly depends on the structural features of luminescent
MOFs and existing close relationship with the structure (called the signal-
structure approach). Response is defined as the change in luminescent signal
of the MOFs in the presence of an analyte, involving both intensity and wave-
length of the luminescent spectrum of the host MOFs. The one-dimensional
(1D) produced response means that the host MOFs change with just intensity
or only wavelength in the presence of analytes, which can be observed when
the generated signal by a luminescent MOFs is only singularly emissive, based
on just ligand or metal-based emissions, or dual emissive based on the same
ligand. In some cases, the 1D responses can be combined with a two-
dimensional (2D) response. A 1D response is observed for the changes in emis-
sion intensity of MOFs materials in the presence of an analyte and can be clas-
sified as enhancement (Turn-On) or quenching (Turn-Off). Generally, 1D
response-based “Turn-On” behavior is more suitable than “Turn-Off” because
of increased environmental interference effects in the dark background and
reduction in accuracy and precision of the signal-to-noise ratio. It should be
stated that, for evaluation of 1D (“Turn-On” or “Turn-Off”’) behaviors, all sens-
ing parameters (response, selectivity, sensitivity, time, and detection limit) must
be considered and compared comprehensively.

In fact, each single luminescence process can be influenced by chemical and
(or) physical parameters, resulting in an emission intensity change or an emis-
sion wavelength shift. Fig. 3.2 gives a typical example: the reduction of the
luminescence intensity by quenching leading to a “Turn-Off” effect of the emis-
sion quenching of the lanthanide (Ln>*) ion containing MOFs lattices in the
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FIG. 3.2 Scheme illustrating quenching and “Turn-Off” of the emission of lanthanide ion (Ln
containing MOF lattices in the presence of open-shell transition metal ions such as Fe** due to vibro-
nic relaxation from the Ln** excited electronic state to the Ln** ground state via an electronic state
on Fe**. (Reproduced with permission from reference K. Miiller-Buschbaum, F. Beuerle,
C. Feldmann, MOF based luminescence tuning and chemicallphysical sensing, Microp. Mesop.
Mater. 216 (2015) 171-199. Copyright 2015 Elsevier.)

3+

presence of open-shell d-metal ions such as Fe®*, whose underlying quenching
mechanism can be illustrated based on the simple harmonic oscillator model.
After excitation of the Ln’>* via its 4f states, electronic states of the open-shell
Fe** can allow a relaxation via vibronic states only into the electronic ground
state of the Ln>* ion. Subsequently, no emission of light but only heat genera-
tion is observed. Such effects are widely used for sensing and selective differ-
entiation of open shell d-metal ions (e.g., Fe**) and closed shell ds-metal ions
(e.g., Zn>"). A very similar quenching effect is also observed if molecules with
high-energy vibronic states (—OH, —CN, —NO, functionalities) are coordi-
nated to the coordination center of the MOFs lattice, whose coordination is also
therefore widely used for MOFs-based sensing. Certainly, such transition metal
ions as Fe®* can affect the excitation state of MOFs linkers to further affect the
subsequent energy transfer to Ln>* ions [1].

)
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3.2 “Turn-off” luminescence response chemical sensing
for rare earth metal-organic framework hybrid materials

The principle of using MOFs-based materials as luminescent probes depends on
the variation in luminescence intensity before and after their interaction with
analytes. However, luminescence quenching is the most typical phenomenon
and may be caused by several factors, such as photoinduced electron transfer
(PET), fluorescence (Forster) resonance energy transfer (FRET), intermolecu-
lar charge transfer, excited-state intermolecular proton transfer, and excimer/
exciplex. PET can be explained by predicting electron distribution and energy
of the LUMO and the highest occupied molecular orbit (HOMO). As far as we
know, two typical quenching phenomena appear: (i) dynamic quenching, occur-
ring from the collision between the excited-stated fluorophore and the
quencher; (ii) static quenching, occurring because of the formation of nonemis-
sive intermediates [4,30-32]. For both REMOFs and REFMOFHs, the lumines-
cence quenching of the “Turn-Off” effect mainly derives from the interaction
between analytes and RE>* ions or linkers in the MOFs or their hybrid materials,
which influences the energy transfer from linkers to RE** within the MOFs
hybrids. Here some examples are given.

Sun et al. chose 5-((2’-cyano-[1,1’-biphenyl]-4-yl)-methoxy) isophthalic
acid (H,L) as a linking ligand to construct 2D layer structural RE-MOFs,
[RE(L)(HCOO)(H,0)],, (RE = Eu, Gd, Ho, and Tb), whose free N atoms can
interact with some transition metal ions and play a key role in the sensing pro-
cess through their luminescence intensity changes. Both Eu-MOF and Tb-MOF
exhibit excellent recyclable, selective, and sensitive detection of Cr(III) and
Cr(VI) ions and can be used to detect them. As shown in Fig. 3.3 (left), only
the Cr’* ion has a significant emission-quenching effect on luminescence of
the two MOFs, implying they both can be regarded as hopeful candidates for
selective recognizing of the Cr’* ion. Furthermore, the Stern-Volmer (SV)
quenching curve for the Cr’* ion is nearly linear at low concentrations, which
deviates from the linear correlation with the increase of concentration illustrates
the existence of both static and dynamic quenching processes. The calculated
detection limits (LOD) of the Cr** ion are 1.5 and 1.9 pmol L~! for Eu-MOF
and Tb-MOF, respectively. The partial overlap between the Cr** absorption
and the excitation bands of the two MOFs may cause Cr>* ions to absorb the
energy of the excitation, resulting in their luminescence quenching. In addition,
the —CN group of L*~ ligands remains uncoordinated for the weak coordina-
tion interaction with Cr’*, leading to energy migration and luminescence
quenching. Thus the energy absorption and weak coordination interaction
may have a synergistic effect on the quenching of fluorescence intensity. They
also found Cr(VI) (CrO3~ and Cr,O?") anions have a striking quenching effect
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on the fluorescence of two RE-MOFs, whereas other anions have no or only
minor effects on the fluorescence intensity (Fig. 3.3 (right)). The plots of all
titration experiments deviate from linearity with the concentration increasing,
demonstrating that both static and dynamic quenching happened simulta-
neously. The LOD are calculated as low as 1.2 (CrO37), 1.0 (Cr,037) for
Eu-MOF, and 1.8 (CrOﬁ_), and 2.1 (Cr20%_) pmol L~ ! for Tb-MOF. The exten-
sive overlap of the absorption bands of anions with the excitation bands of the
two MOFs cause the energy of the excitation light to be strongly absorbed by
Cr(VI) anions, reducing the efficiency of the energy transfer from the ligand to
the RE** due to luminescence quenching [33].

Liu et al. reported a Iuminescent Eu-MOF, [Eu,(MTBC)(OH),
(DMF);(H,0)4]-2DMEF-7H,0 for detecting both Cu®* and UO3* with high sen-
sitivity, among other selected monovalent, divalent, trivalent metal cations
based on a “Turn-Off” mechanism with LOD to Cu”* ion of 17.2 pg/L and
to UO3" ions of 309.2 ug/L. As shown in Fig. 3.4A (left), this phenomenon
occurs only in the presence of Cu®* and UO3", and the influence from other
metal cations on the luminescence of Eu-MOF is negligible. The ability to per-
ceive this interaction with the naked eye under 365 nm light, as shown in
Fig. 2.4B (left), reveals potential for the use of Eu-MOF as a luminescent probe
for Cu®* and UO3" through exploitation of this cogent phenomenon. Ky of Eu-
MOF treated with various metal cation solutions is determined as 2251.4 and
3631.5 M, respectively, indicating a selective quenching capacity for these
cations. The most logical mechanism is an energy transfer process that occurs
from the interaction of Cu®* and UO3* with Eu-MOF. As shown in the inset of
Fig. 3.4A (right), the excitation of Eu-MOF at 345 nm can be strongly absorbed
by UO3*, creating competition between them for optical excitation. The mantle
area between the UV-vis spectrum of the Cu®*-loaded sample and the emission
spectrum of Eu-MOF clearly demonstrates the reabsorption of the emitted light
from Eu-MOF, which may also contribute to the luminescence quenching phe-
nomenon observed. Moreover, from Fig. 3.4B (right), the 5 Dy lifetimes of the
Cu*- or UO3*-loaded hybrids significantly decrease compared to the pure Eu-
MOF, which establishes that energy transfer occurs throughout the adsorption
process. The energy transfer efficiencies between Eu-MOF and Cu>* and UO3*
are 57% and 16%, respectively, verifying the fact that the LOD toward Cu*" is
much lower than UO3" [34].

Lietal. synthesized a white-light-emitting material through three isomorphic
1D chain-like REMOFs based on L-O,0’-dibenzoyl tartaric acid (L-DBTA),
whose luminescent sensing of metal cations was carried out, exhibiting good
responses for both Mn®* and Ag" ions via luminescence color change (LCC).
Fig. 3.5A and B shows that the emission intensity of { Et;NH[(Smg,Eug,Tbg¢)
(L-DBTA),(CH30H),(H,0),]-:2H,0},, (SmEuTb-MOF) decreases drastically
with increasing Ag* and Mn** concentration. The intensity of the blue compo-
nent (400-550 nm) of SmEuTb-MOF is almost entirely quenched as the concen-
tration of Ag" increasesto 5 x 1077 M, which contributes to the LCC from white
tored. For the sensing sensitivity of SmEuTb-MOF to Mn* ions, the luminescent
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intensities of the green component (544 nm) and the red component (614 nm)
evidently decrease with increasing Mn>* ion concentration. Interestingly, the
fluorescent intensity of the blue component (400—550 nm) increases. Therefore
the blue-light emission dominates the emission with continuous addition of Mn**
ions, which results in an LCC from white to blue. The luminescence lifetime of
Ag*@SmEuTb-MOF in DMF/water solution dramatically decreases, indicating
the existence of interactions between analytes and sensor. Upon introduction of
Ag" ions, the ligand emission reveals a hypsochromic shift, illustrating an
increase in the energy level of the * orbits of the ligand, resulting in an increment
in the energy gap between the T level of the ligand and the resonance energy
level of the RE** ions, which facilitates ligand-to-RE** ion energy transfer.
Asaresult, the ligand emission (blue color) is quenched and so the RE*"ion emis-
sion (red and green color) dominates. In contrast, introduced Mn?** ions induce a
bathochromic shift in the ligand emission, indicating a decrease in its T energy
level, which blocks the energy transfer pathway from the 7* to the RE** ions.
Therefore the ligand emission (blue color) increases and the RE** luminescence
(red and green color) decreases substantially [35].

Yan’s group has done extensive work on “Turn-Off” sensing based on lumi-
nescence quenching [36-39]. Qu et al. applied a straightforward PSM path to
fabricate a hybrid material Tb>*@MOF-SO3 as a luminescence sensor to bio-
marker trans, trans-muconic acid (z-MA) of benzene based on luminescence
quenching. The luminescence of Tb>*@MOF-SO5 suspension is totally
quenched only by #-MA (Fig. 3.6A; left). Notably, as shown in Fig. 3.6B (left),
the emission intensity of Tb>* ions at 544 nm in aqueous suspension of
Tb** @MOF-SOj /1-MA contrasts sharply with that in aqueous suspension of
Tb** @MOF-SOj3 /other urine chemicals. Fig. 3.6A (right) shows gradual
decreases of ligands-based emission and typical Tb>* ions appearance as the
1t-MA concentration increases from 0 to 200 pg-mL~". When the concentration
of #-MA is 5 pg mL ™", nearly half the intensity of the typical Tb** emission at
544 nm is quenched. When the #-MA concentration is 100 pg mL ™", the QE
value of the typical Tb** emission is up to 92%, though the blue emission band
of ligands can still be observed. Interestingly, under irradiation with a UV lamp,
Tb**@MOE-SO5 test papers show visible luminous variation from light green
to natty blue after soaking in various concentrations of #z~-MA aqueous solutions
(from 0 to 100 pg mL™") (Fig. 3.6B; right), demonstrating the good response
sensitivity of Tb>* ions to #-MA. In the range of low concentrations of 7t
MA from 0 to 20 pg mL ™", a certain linear relationship (R* = 0.97) yields a lin-
ear curve, with Kgy to be calculated as 0.27932 mL pg ™" (Fig. 3.6C; right). The
LOD is estimated to be 0.1 pg mL~" (ppm). The strong absorption from 230 to
285 nm is largely overlapped by the absorption band of MOF-SOj3 and
Tb*@MOF-SOj3, whose competitive absorption and the inefficient ligand-
metal energy transfer can quench the emission of both ligand and Tb** ions.
Moreover, the mechanism of dynamic quenching between the excited-stated
Tb** @MOF-SOj3 and 1-MA can be mainly responsible for the quenching effect
of +-MA on the luminescence of Tb>" ions [36].
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Qu etal. synthesized { [NHz(CH3)2]4[Cdﬁ(pdda)4(HTZ)15(H20)6]O75DMF
3.5H,0}, and fabricated its hybrid Tb**@Cd-MOF (H,pdda = 3, 5-di(2, 4-dicar-
boxylphenyl)pyridine, HTz = 1H-tetrazole) by cation exchange, which is
proven for the practical luminescent detection of biomarker dichloroanilines
(3, 4(5)-DCA) (Fig. 3.7; top) [37]. Under UV lamp irradiation, 3, 4(5)-DCA can
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FIG. 3.7 (Top) The emission spectra (A) and intensities (B) at 545 nm of Tb** @Cd-MOF suspen-
sions containing various urine chemicals. Inset for photographs under a 365-nm UV light. (Bottom)
The emission spectra S-V curve of Io/I~" versus concentration of Tb>* @Cd-MOF dispersed in DMF
with different concentrations of 3, 4-DCA (A,B) and 3, 5-DCA (C,D). (Reproduced with permission
from reference X. Qu, B. Yan, Zn(11)/Cd(1l)-based metal-organic frameworks: crystal structures, In
(IIl)-functionalized luminescence and chemical sensing of dichloroaniline as pesticide biomarker,
J. Mater. Chem. C 8 (2020) 9427-9439. Copyright 2020 Royal Society of Chemistry.)
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induce a visible color change from green to colorless and differences in the effect of
different urine chemicals on the Tb>* @ Cd-MOF emission (Fig.3.7; top, inset). As
shown in Fig. 3.7A and C (bottom), a gradual decrease in the emission of
Tb**@Cd-MOF is observed upon the increasing concentrations of 3, 4(5)-DCA
from 0 to 0.2314 mg mL ™!, both of which are nonlinear and match with the
first-order exponential equation for the diffusion-controlled quenching processes.
In the range of low content from 0 to 0.0266 mg mL ™", it exhibits a good linear
correlation (R*>=0.99) as the concentration of 3, 4(5)-DCA increases
(Fig. 3.7B and D; bottom). The LODs are calculated to be 3.3 and 2.6 ppm, respec-
tively. In addition, the quenching sensitivity of 3, 5-DCA to hybrids is better than
that of 3, 4-DCA, which may originate from different host-guest effects. The spe-
cific interactions between dichloroaniline and the Tb** ion are attributed to the
quenching induced by the interfilter effect (IFE). As the concentrations are above
0.0523 mg mL ", the decreases in lifetime values just confirm the existence of
dynamic quenching for the probe toward 3, 4(5)-DCA. The excitation spectra of
Tb**@Cd-MOF show significant blue shifts with the appearances of new peaks
at about 285 nm and the diminishing of the original emission peaks at 300 nm,
which gives direct proof for the existence of strong static quenching. These results
suggest that more than one quenching mechanism exists in the sensing process: IFE
at low concentrations and dynamic as well as static quenching at high concentra-
tions of 3, 4(5)-DCA [37].

Lian et al. prepared a hybrid Eu*" @Hf-MOF by coordinate postsynthetic
modification (PSM), displaying an MPA (methyl phosphoric acid)-induced
luminescence quenching, which is due to the metal-ligand charge tranfer
(MLCT) from MPA to Hf°" and generation of exciplex. It can be applied
in wastewater detection, and with finer selectivity, high sensitivity
(LOD = 0.4 ppm), and large linear range (10~ '—10° M) [38]. Fig. 3.8A
(left) for the excitation spectrum shows a blue shift contrast with Hf-MOF
for the energy transfer from the ligand to the Eu®* ions. The approach for
sensing of organic phosphoric chemical warfare agents (OPCW As) is further
supported by using luminescence measurement (Fig. 3.8B; left), and there is
no obvious change in the luminescence intensity except MPA. The emission
of Eu®™ to MPA has dropped markedly and quickly; the difference of
Dy — "F, emission between blank and testing samples is several times that
of others (Fig. 3.8C; left). In consideration of the strong Bronsted acidity of
Hf-MOF and deprotonation of phosphoric acid, the strong electron donor
oxygen radical anion (R—O7) is generated via the deprotonation of MPA,
and CT occurs from donor to the excited-state Hf,, cluster as an electron
acceptor, subsequently forming exciplex. Finally, the energy transfer from
HfMOF to Eu’* is forbidden and can result in luminescence quenching
(Fig. 3.8; right) [38].

Qu et al. synthesized an anionic Cd-MOF, {[NH,(CHj3),],:[Cd; s(bdba)
(Hbdba)(H,0), 51}, (Hsbdba = 2, 5-bis(3’,5'-dicarboxylphenyl)-benzoic acid),
further functionalized to a Tb**@Cd-MOF hybrid for sensing the biomarker
diphenyl phosphate (DPP) [39]. The emission spectra and intensities in



(a) | r.=614nm

Intensity (a.u.)

A= 330 nm

—_—
()
_—

| Q &
u-.g!!!!!

CEES j§§ EtOH
. | | . . '

MPA
._--"‘\\ IsC
2 ET
g F.-Fs\t;‘;-\ <

§ — Exciplex
-—-""-.-

'.g, § P

& 2 ;

5 :Non-r‘adimim
f / : transition

F; - ]

\
— e

bpydc ligand Eu?*

FIG. 3.8 (Left) (A) Luminescent spectra of Eu’*@Hf-MOF in solid state; (B) the histogram of 5Dy — "F, emission of Eu@1 in various solutions of OPCWAs;
(C) photographs of Eu**@Hf-MOF in suspensions with various OPCWAs. (Right) Mechanism of the MPA-induced quenching. (Reproduced with permission from
reference X. Lian, B. Yan, Trace detection of organophosphorus chemical warfare agents in wastewater and plants by luminescent UiO-67(hf) and evaluating the
bioaccumulation of organophosphorus chemical warfare agents, ACS Appl. Mater. Interf. 10 (2018) 14869—-14876. Copyright 2018 American Chemical Society.)



Single mode for luminescence responsive chemical sensing Chapter | 3 89

Tb** @Cd-MOF suspensions containing DPP contrast sharply with other urine
chemicals (Fig. 3.9; top). Under the irradiation of a UV device, DPP can exclu-
sively induce a visible color change from bright-green to colorless (Fig. 3.9; top,
inset). As shown in Fig. 3.9A (bottom), a gradual decrease in the luminescence
of Tb**@Cd-MOF suspensions is observed with the increasing concentrations
of DPP from 0 to 0.5226 mg mL~'. Within the full range of concentrations,
the corresponding relationship curve exhibits a good linear correlation
(R2 = 0.98) (Fig. 3.9B; bottom). The absorption bands of DPP, Hsbdba ligand,
Cd-MOF, and the hybrid show competitive absorption between DPP and
the Tb>*@Cd-MOF. The concentration-dependent lifetime measurement for
Tb*@Cd-MOF to DPP validates the existence of the dynamic quenching
mechanisms. In addition, the excitation spectra peak of Tb>*@Cd-MOF dis-
plays gradual red shifts of 6 nm with relative high concentration of DPP
(0.5226 mg mL™ "), proving the existence of static quenching.

3.3 “Turn-On” luminescence response chemical sensing
for rare earth metal-organic framework hybrid materials

For “Turn-On” luminescence response sensing in rare earth MOFs hybrid mate-
rials, the reported example is relatively much less than those of the “Turn-Off”
mode. Some “Turn-On” mode sensors are based on the introduction of a
quenching transducer and then realization of the luminescence enhancement.
Herein, such works will be ascribed to the “Turn-On-Off-On” mode and will
be separately discussed in the next section. Sun et al. prepared a RE** PSM
Ga-MOF hybrid (RE = Eu, Tb, Sm, Dy). Upon 314-nm excitation, Eu-
Ga-MOF, Tb-Ga-MOF, and Eu/Tb-Ga-MOF all exhibited their respective
strong sharp emission bands. However, Sm-Ga-MOF and Dy-Ga-MOF showed
very similar emission to MIL-61 and almost no luminescence of Sm>* and Dy>*,
which can be effectively sensitized by co-PSM Ag®. In addition, single-phase
white-light emitters based on the resulting 4d-4f heterometallic co-PSM MOFs
hybrid could be realized. Furthermore, Sm-Ga-MOF showed more highly sen-
sitive and selective sensing toward Ag* [40]. Gamonal et al. used two isostruc-
tural Ln-MOFs, including an amino group as the sensitive recognition center for
NO, molecules. A gas-sensing mechanism exploiting RE** luminescence mod-
ulation upon NO, adsorption was demonstrated. The transfer of energy from the
ligands to Ln>* was strongly dependent on the presence of NO,, resulting in an
unprecedented photoluminescent sensing scheme. Thereby, NO, exposition
triggered either a reversible enhancement or a decrease in the luminescence
intensity to the LRE** ion [41].

Zhou et al. demonstrated a water sensor based on a dual-emitting Eu-MOF
from a 2-aminoterephthalic acid (atpt) ligand with responsive fluorescence
inherent in its intramolecular charge transfer (ICT) process [42]. This ICT pro-
cess can be rapidly Turn-On in the presence of water, owing to its ability to
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FIG. 3.9 (Top) (A) Scheme for Cd-MOF containing uncoordinated carbonyl groups pointing to
the pores acting as PSM site for Tb>* functionalization; (B) Intensities at 544 nm of Tb>*@Cd-
MOF suspensions containing various urine chemicals. Inset, the corresponding photographs of dif-
ferent suspensions under a 365-nm UV light. (Bottom) (A) The emission spectra of Tb*>* @Cd-MOF
dispersed in methanol with different concentrations of DPP, and (B) S-V curve of Io/I ' versus con-
centration of DPP. (C) Emission spectra of Tb>* @Cd-MOF dispersed in reconstituted urine samples
with different concentrations of DPP, and (D) S-V curve of Io/I~! versus concentration of DPP.
(Reproduced with permission from reference X. Qu, B. Yan, A Cd-based MOF containing uncoor-
dinated carbonyl groups as lanthanide post-synthetic modification sites and chemical sensing of
diphenyl phosphate as fame retardant biomarker, Inorg. Chem. 59 (2020) 15088-15100. Copyright
2020 American Chemical Society.)
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boost and stabilize the ICT state. The significant ratiometric luminescence
response induced by water makes Eu-MOF undergo a distinct change of emit-
ting color from red to blue, which is favorable for visual analysis with the naked
eye. The emission color change of Eu-MOF is very sensitive, which is observ-
able by the naked eye from red to magenta in the presence of a low water content
of 1% (v/v) (Fig. 3.10A; left). From the CIE coordinates in Fig. 3.10B (left), the
calculated chromaticity progressively moves from red to blue, and a linear rela-
tionship between the CIE coordinate and water content can be established, sug-
gesting the feasibility of quantitative water sensing by monitoring the
luminescence color by the naked eye or with a CCD camera. The emission spec-
tra of atpt in various solvents (acetone, DMF, ethanol, water) are recorded
(Fig. 3.10A; right). With the increase of solvent polarity from cyclohexane
to water, the emission of atpt undergoes a distinct red shift, which supports
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FIG. 3.10 (Left) (A) Photographs of Eu-MOF in DMF containing different water contents
(0.05%—10%, v/v) under 365-nm irradiation by a UV lamp. (B) The CIE chromaticity coordinates
calculated from the emission spectra presented in (A, left) showing the linear shift from red to blue
region with increasing water content from 0% to 10% (v/v). (Right) (A) color-coded contour map
showing emission spectra of atpt ligand in DMF with various water contents (0%—15%, v/v).
(B) Emission spectra of atpt (1 x 1077 M) in water and different organic solvents (acetone,
DMF, ethanol). The emission spectra are normalized to the same intensity. (C) Schematic illustra-
tion of luminescent-sensing mechanism of Eu-MOF toward water. (Reproduced with permission
from reference Y. Zhou, D. Zhang, W. Xing, J. Cuan, Y. Hu, Y. Cao, N. Gan, Ratiometric and
turn-on luminescence detection of water in organic solvents using a responsive europium-organic
framework, Anal. Chem. 91 (2019) 4845-4851. Copyright 2019 American Chemical Society.)
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the charge transfer nature of the emissive state. The ICT state can be further
stabilized by efficient hydrogen bonding with water, owing to its smaller size
and low steric hindrance. The effective stabilization of the ICT state is reflected
by the maximum emission wavelength that occurs in water (Fig. 3.10B; right).
In addition to the stabilization, the hydrogen bonding of water with carboxylic
oxygen increases the electron affinity of the electron acceptor (carboxyl group),
promoting the charge flow from the donor to the acceptor (amino group) and
favoring the ICT process. The ICT emission is subsequently switched on for
water’s boosting formation and effective stabilization (Fig. 3.10C; right) [42].

Wang et al. developed a dual-signal probe based on a boric acid (BA)-
functionalized REMOF (BA-Eu-MOF) with 5-boronobezene-1, 3-dicarboxylic
acid (5-bop) ligand for the detection of Hg** and CH;Hg" [43], as 5-bop pro-
vides reaction sites for Hg** and CH;Hg". Owing to the electron-withdrawing
effect of the BA group, the “antenna” effect of the ligand was passivating and
BA-Eu-MOF showed weak red emission in water. Upon addition of Hg** or
CH;Hg" into the system, a transmetalation reaction takes place, i.e., BA groups
are replaced by Hg®" or CH;Hg"; therefore the “antenna” effect of the ligand is
triggered, leading to the enhancement of red emission. As Hg?* or CH;Hg* con-
centration increases, the red emission is gradually enhanced, and the color
change is also observed with the naked eye under 365-nm ultraviolet light.
To verify the specific recognition of BA-Eu-MOF toward Hg?* or CH;Hg* ions,
a series of fluorescence tests in the presence of various metal ions were per-
formed, and the results are shown in Fig. 3.11. The results showed that, under
the same conditions, only Hg** or CH;Hg" lead to remarkable fluorescence
enhancement [43].
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FIG. 3.11 (A) Fluorescence spectra of BA-Eu-MOF toward various metal ions at the same con-
centrations (120 uM). (B) (F — Fy)/F of different metal ions; the inset shows the detection system
of BA-Eu-MOF (0.3 mg mL ") in response to 120 uM concentrations of different metal ions under
UV light at 365 nm (the white numbers correspond to the ions below from left to right). (Reproduced
with permission from reference H. Wang, X. Wang, M. Liang, G. Chen, R. Kong, L. Xia, F. Qu, A
boric acid-functionalized lanthanide metal-organic framework as a fluorescence “turn-on” probe
for selective monitoring of Hg®* and CH3Hg™, Anal. Chem. 92 (2020) 3366-3372. Copyright 2020
American Chemical Society.)
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Luo et al. reported on luminescence “Turn-On” sensors for Gsp (gossypol, a
natural toxin concentrated in cottonseeds that poses great risks with consump-
tion of cottonseed products and is used extensively throughout the food indus-
try) using near-infrared (NIR) emitting RE-MOFs [44], which is further
identified as a “Turn-On” of Yb-NH,-TPDC photoluminescence due to the
“antenna effect” of Gsp. In the absence of Gsp, a solid Yb-NH,-TPDC sample
under acetone, when excited between 300 and 475 nm, exhibits the character-
istic ' Yb’* NIR emission band at 940-1060 nm corresponding to the
2F5,2 — 2F7/2 transition of Yb®* (Fig. 3.12A; top). Intriguingly, incubating
Yb-NH,-TPDC with Gsp led to a red-shift of the long wavelength edge of
the excitation band of Yb** from 475 nm as observed in the blank sample to
550 nm (Fig. 3.12B; top). Compared to the blank sample, a decrease in Yb**
intensity in the presence of Gsp is also noted when Yb-NH,-TPDC is excited
between 340 and 400 nm. The observed extension of the excitation range of
Yb** to longer wavelengths in the presence of Gsp is consistent with the fact
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FIG.3.12 (Top)Excitation-emission maps of Yb-NH,-TPDC (A) in the absence of Gsp and (B) in
the presence of Gsp. (Bottom) Gsp-sensing experiments using Yb-NH,-TPDC. (A) Kinetics of Yb**
luminescence of Yb-NH,-TPDC emission at 976 nm in response to Gsp solutions of different con-
centrations (100 pg/mL, green; 75 pg/mL, orange; 50 pg/mL, blue; 25 pg/mL, black). (B) Emission
spectra of Yb-NH,-TPDC samples in response to different Gsp concentrations at 300 min (100 pg/
mL, green; 75 pg/mL, orange; 50 pg/mL, blue; 25 pg/mL, black; blank, gray; calibration
curve, inset). (Reproduced with permission from reference T. Luo, P. Das, D. L. White, C. Liu,
A. Star, N. L. Rosi, Luminescence “turn-on” detection of gossypol using Ln®*-based metal-organic
frameworks and Ln®* salts, J. Am. Chem. Soc. 142 (2020) 2897-2904. Copyright 2020 American
Chemical Society.)
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that it can either directly act as a sensitizer for the Yb>" ions or modify the sen-
sitization wavelength of the NH,-TPDC linker via formation of Schiff base
product. Fig. 3.12A (bottom) shows the evolution of Yb®* intensity at
976 nm as a function of time, where data points at 0 min represent intensity
measured immediately after the addition of Gsp solutions. Upon addition of
Gsp, Yb** emission gradually increases over 300 min. With an equal amount
of incubation time, stronger Yb>* intensity correlates with higher Gsp concen-
tration in the 25-100 pg/mL range (Fig. 3.12B; bottom). At 300 min, Yb**
intensity follows a linear dependence with Gsp concentration between 25 pg/
mL and 100 pg/mL (Fig. 3.12B; bottom, inset), and therefore is suitable for
quantification of Gsp in this concentration range. Interference from background
molecules present in realistic samples, such as cottonseed oil and cottonmeals,
does not induce Yb>* PL (white bars in Fig. 3.12C; bottom). To assess the Gsp
detection performance of Yb-NH,-TPDC in the presence of background sub-
stances, Yb** intensity at 976 nm in response to Gsp (100 pg/mL) without inter-
ference is compared to intensity in the presence of interference (shaded bars in
Fig. 3.12C; bottom).

Xu et al. assembled a multicomponent hybrid material via the integration of
Eu-MOFs and organic dyes (methylred, MR). The carboxylic acid group of MR
offers the possibility of covalent linking to the amino group-rich Eu-MOFs to
yield MR @Eu-MOFs, which contain two emission centers, MR and Eu’*. Both
of the emission centers show pH-induced intensity changes, which can be con-
structed for monitoring BAs, the indicators of food spoilage and alkaline matter
[45]. As shown in Fig. 3.13 (left), the luminescence intensity of Eu®* decreases
at 613 nm (Fg,: threefold) and the maximum emission wavelength of MR
increases (Fyr: 44-fold), leading to the emission color of the MR @Eu-MOFs
changing from red to blue under a UV lamp. The MR @Eu-MOFs (40 mg) are
solidified into a CMC-Na hydrogel to easily prepare a portable sensor. When
the hydrogels are exposed to the HI vapor, the pH will increase due to the basic-
ity of HI. Fig. 3.13A and B (right) shows that the luminescence intensities of Fg,
and Fr change with the HI aqueous solution concentration and the exposure
time. Saturation is reached after 25 min for all concentrations; the luminescence
spectra are given in Fig. 3.13C (right). The emission intensity of Eu’* decreases,
while the MR-based emission increases as the HI concentration increases, and
the hydrogel color gradually changes from red to blue-violet, to blue
(Fig. 3.13D; right). The HI concentration is quantitatively analyzed using the
response signals, being defined as the ratio of Fyg to Fg, (Fig. 3.13E; right).
It shows a good linear relationship (R* = 0.9903) between the response signals
and the HI vapor concentration ranged in 0-250 pM, and a LOD of 0.1 uM [45].

Liu et al. used a PSM cation exhange method to prepare a Eu®* functiona-
lized PbMOF hybrids (Eu3+@Pb-MOF) [46], which can be designed to be a
“Turn-On” probe of fleroxacin. With the addition of fleroxacin into the solution,
the intensity of Dy — "F; (J = 0-4) transitions of Eu*" ions are extremely
enhanced. As depicted in Fig. 3.14A and B, Eu**@Pb-MOF has different
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FIG. 3.13 (Left) The emission spectra of MR@Eu-MOFs and comparison of Fyr and Fg, before and after being treated by HI at an excitation wavelength of
370 nm. Inset for the optical photograph under 365-nm UV-light irradiation. (Right) Emission intensity of Fyr (A) and Fg, (B) in different times (0—35 min) upon
exposure to HI at concentrations from 0 to 250 uM (4x = 370 nm); concentration-dependent emission spectra (C) and corresponding optical photograph under 365-
nm UV-light irradiation (D) of MR @Eu-MOFs sensory hydrogel with different concentrations of HI from 0 to 250 pm; (E) the linear fitted curve showing Fyr/FE, Vs.
HI concentration, 4.y = 370 nm. (Reproduced with permission from reference X. Xu, X. Lian, J. Hao, C. Zhang, B. Yan, Double stimuli-responsive fluorescent center
for food spoilage monitoring based on dye covalent modified EuMOFs: from sensory hydrogel to logic device, Adv. Mater. 29 (2017) 1702298. Copyright 2017
WILEY-VCH.)
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FIG.3.14 (A)Emission intensities of the main peak at 612 nm assigned to 5D0 — F, transition of
Eu** (Aex = 377 nm); (B) the inset shows the photograph of the Eu**@Pb-MOF aqueous suspen-
sions containing different quinolone drugs under 365-nm UV light; the order is the same as that
in (A); and (C) The fitting curve of the emission intensity (613 nm) of Eu** @Pb-MOF vs. fleroxacin
concentration. (Reproduced with permission from reference T. Liu, X. Qu, B. Yan, A highly sensitive
and selective “turn-on” fluorescent probe of fleroxacin in human serum and urine based on Eu’*
functionalized metal-organic framework, Dalton Trans. 48 (2019) 17945-17952. Copyright 2019
Royal Society of Chemistry.)

degrees of luminescence response to the quinolone drugs, and the ratios
between the intensity of fleroxacin and that of others at 612 nm are marked
in the figure. The luminescence titration experiment reveals an obvious linear
relationship (R* = 0.9954) between the emission intensity of solutions at
613 nm and the concentrations of fleroxacin in the experimental range with
LOD of 43.91 ng/m (Fig. 3.14C). The mechanism of luminescence enhance-
ment can be easily attributed to the self-assembly of Eu* ions with p-diketo-
nate. The structure of fleroxacin contains a f-diketone moiety and produces
the effective coordination interaction and “antenna effect” on Eu>* [47].

Sun et al. used a feasible method for N-methylformamide (NMF) detection
with a hybrid (Eu**@Ga-MOF) [48]. As shown in Fig. 3.15A (left), upon addi-
tion of NMF to the suspensions of Eu3+@Ga—MOF, the luminescence intensity
of Eu®* at 613 nm is enhanced significantly, while the ligand emission is
suppressed. A bright red color can be observed with the naked eye under a
UV lamp. The intensity of the Dy — F, transition increased by five times
in the presence of NMF from the Fig. 3.15B (left). Only NMF induced a distinct
color change of Eu**@Ga-MOF from dark to bright red under a UV lamp,
which can act as a sign indicating the emergence of DMF in individual perfor-
mance (inset of Fig. 3.15B; left). The recycling performance of Eu** @ Ga-MOF
as a urinary NMF sensor is shown in Fig. 3.15A (right). After four cycles, every
circle expresses corresponding enhancement and recovery of the luminescence
intensity. As shown in Fig. 3.15B (right), under UV irradiation, the luminescent
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FIG. 3.15 (Left) (A) The luminescence spectra of Eu**@Ga-MOF in the absence and presence of
NMF, respectively. Inset: the changes of luminescence intensity (613 nm) and luminescence color
(under UV-light irradiation of 256 nm) induced by addition of NMF; (B) the corresponding lumi-
nescence intensity (°Dy — F, transition) of Eu*>* @Ga-MOF with various urine components. Inset
in (B): the corresponding photograph under irradiation of UV light (254 nm). (Right)
(A) Luminescence intensities of Eu>*@Ga-MOF at 613 nm during three consecutive enhancement
and recovering cycles. (B) The prepared test paper in the absence and in the presence of NMF with
the irradiation of UV lamp. (Reproduced with permission from reference N. Sun, B Yan, Fluores-
cence detection of urinary N-methylformamide for biomonitoring of human occupational exposure

to N,N-dimethylformamide by Eu(Illl) functionalized MOFs, Sens. Actuators B Chem. 261
(2018) 153—-160. Copyright 2018 Elsevier.)
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color of the test card smeared with the suspension of NMF-Eu’* @Ga-MOF
(NMF: 0.01 M) is bright red by the naked eye, which can be used to judge
the degree of DMF intoxication in an individual through the color change.

3.4 “Turn-on-off-on” luminescence response chemical
sensing for rare earth metal-organic framework hybrid
materials

In nature, the “Turn-On-Off-On” luminescent response belongs to a kind of
“Turn-On” mode if we consider the final response to a special analyte. Generally,
here “Turn-On-Off” is the strategy or path torealize the final “Turn-On” effect. In
order to distinguish it from the direct “Turn-On” mode, it will be strengthened
separately. Zeng et al. synthesized a dual-emission multivariate Eu**@Al-
MOF by sequential mixed-ligand self-assembly and a PSM method. The hybrid
possessed two emission bands: the strong blue emission from ligands sensitive to
hypochlorite and the red emission from Eu®* almost invariable. Thus it can real-
ize the ratiometric luminescence “On-Off” sensing of HCl with LOD of
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0.094 pM. In addition, the suppressed blue emission is recovered after the addi-
tion of ascorbic acid (AA) that consumes CIO™ via the redox reaction. Therefore
it can be further employed for the RL “On-Off-On” sensing of AA [49].

More research projects are using co-PSM metal ions to quench the lumines-
cence of RE>* functionalized MOF hybrids, realizing the “Turn-On-Off” effect,
and then responding to the analyte to result in the subsequent “Turn-On”
response. The most commonly used co-PSM metal ion is currently Cu?*
[49-56]. Using Tb** and 1,3,5-benzenetricarboxylate (BTC), and Cu®* as the
signal modulator as well as a recognition unit, Liu et al. proposed a novel
and effective rare earth functionalized MOF fluorescent sensor (Cu-BTC/Tb)
for amyloid p-peptide (AP) monomer, a biomarker for Alzheimer’s disease
(AD) [50]. Specifically, Cu-BTC/Tb, created by a PSM strategy, is almost
nonemissive due to the quenching effect of Cu** in the MOCP; exhilaratingly,
the presence of AB1-40 triggered a significant emission enhancement of Cu-
BTC/Tb assay due to the high binding affinity of Ap1-40 for Cu* and the sub-
sequent suppression of the quenching effect. The Tb-MOF alone emits strong
time-resolve luminescence; however, when Tb>* is introduced into Cu-BTC by
the PSM method, the formed Cu-BTC/TDb is very weakly emissive due to the
quenching effect of Cu”* to Tb>*. Interestingly, the subsequent addition of
AP1-40 induces a strong emission to an originally nonemitting Cu-BTC/Tb
owing to the specific interaction between Cu®* and AB1-40 (Fig. 3.16; left).
To evaluate the sensing performance of the as-synthesized Cu-BTC/Tb toward
AP1-40, the emission variations at 545 nm corresponding to the Tb**
5D, — 'Fs transition were checked with different concentrations of Ap1-40
(Fig. 3.16; right). The luminescence intensities of Cu-BTC/Tb suspensions
(mole ratio, Cu:Tb = 1:5) increased gradually upon incremental concentrations
of AP1-40 Fin, and an eight times fluorescence enhancement vs. the initial
emission intensity was observed. The intensity at 545 nm correlates well with
the concentration of Af1-40 in the range of 1-550 nM with a detection limit of
0.3 nM. They checked the influence of AB1-40 on the fluorescence intensity of
Tb-BTC/Tb>*, with no obvious fluorescence sensitization of Tb-BTC/Tb>* by
AP1-40 observed. The increasing luminescence lifetime proved the increase of
signal intensity of Cu-BTC/Tb from the strong interaction between Cu>* and the
residues H6, H13, H14, and the N-terminus in Ap1-40 [50].

Lian et al. synthesized a phosphonate MOF and its Eu®* hybrid Eu®*/
Cu?*@AIl-MOF, whose Eu>* luminescence rebounds in the presence of uric
acid. This “On-Off-On” pattern is utilized for detecting uric acid, which is
the final metabolite of purine (Fig. 3.17; top, left) [51]. As shown in
Fig. 3.17 (top, right), only uric acid induces a remarkable rebound in the
luminescence intensity of Eu’* at 612nm. Uric acid can’t influence
the luminescence of Eu’*@AI-MOF, but a Eu’*/Cu®*@AI-MOF hybrid
shows almost no luminescence emission; the quench effect of Cu®* for
4Af-4f emission of Eu®* is obvious. However, with the addition of uric acid
into Eu’*/Cu?’*@AI-MOF suspensions, the luminescent intensity is
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FIG. 3.16 (Left) Schematic diagram of LMOCP (Cu-BTC/Tb) assay for Ap1-40. (Right) Fluorescence variation of Cu-BTC/Tb upon the addition of AB1-40 with
different concentrations 0, 0.3, 10, 100, 180, 370, 490, 580, 630, 670, 700, and 830 nM. The detection was conducted in a mixed solution of DMSO and HEPES buffer
(10 mM, pH 7.4) (volume ratio = 2:1). (Reproduced with permission from reference B. Liu, H. Shen, Y. Hao, X. Zhu, S. Li, Y. Huang, P. Qu, M. Xu Lanthanide
functionalized metal-organic coordination polymer: toward novel turn-on fluorescent sensing of amyloid f-peptide, Anal. Chem. 90 (2018) 12449—-12455. Copyright
2018 American Chemical Society.)
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FIG. 3.17 (Top, left) The diagrammatic drawing of the whole sensing mechanism and process. (Top, right) The histogram based on the intensity of the
SDO — 7F2 transition of Eu®* in Eu**/Cu®** @ Al-MOF toward various urine chemicals. (Bottom) (A) The luminescence spectra of Cu**@AI-MOF in the presence
of different concentrations of uric acid aqueous solution, and the plot of /o/I versus the logarithm of the concentration of uric acid; (D) and (C) are the test papers
under light and UV irradiation. (Reproduced with permission from reference X. Lian, B. Yan, Phosphonate MOF's composite as off-on fluorescent sensor for detecting
purine metabolite uric acid and diagnose hyperuricuria, Inorg. Chem. 56 (2017) 6802—6808. Copyright 2017 American Chemical Society.)
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recovered. They found a good linear relationship (R = 0.991) between the
intensity ratios of Dy — ’F; transition (Io/I) and the logarithm of uric acid
concentration with LOD of 1.6 umol L™'. The test paper is shown in
Fig. 3.17B and C (bottom); under UV irradiation, the luminescent color
of the test paper that was immersed in the urine containing 1000 pmol L™'
uric acid is relucent red, and the other test paper treated with low-
concentration uric acid shows almost no luminescence [51].

Hao et al. designed a luminescent nanoprobe based on a Eu**/Cu**@Zr-
MOF hybrid. The implantation of Cu** not only can tune the luminescence
of Eu®* via an energy transfer process but also can serve as reactive sites for
urinary thiodiglycolic acid (TDGA) as a biomarker for carcinogenic vinyl chlo-
ride monomer (VCM) [52]. In contrast to TDGA, the addition of these compo-
nents only causes negligible changes in the luminescence spectra intensities
(Fig. 3.18A). Under a UV lamp irradiation, only TDGA induces a visible color
change from colorless to red, which can be easily distinguished by the naked
eye. As shown in Fig. 3.18B, the emission signals of Eu®* in the hybrid are
found to gradually increase with the increasing additional amount of TDGA
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FIG. 3.18 (A) Luminescence intensities (the Dy — 'F, transition, 614 nm) of Eu**/Cu**@Zr-
MOF toward various urine components (A.x = 310 nm). Inset in (B): the corresponding photographs
under a UV lamp (254 nm). (B) Plot of intensity of Eu**/Cu** @Zr-MOF at 614 nm vs. TDGA con-
centration over the linear range 0~700 mg L™". (C) Photographs showing the color changes of the
Eu**/Cu**@Zr-MOF sample treated by different concentrations of TDGA. (D) Optical images of
test paper under 254 nm UV light after immersing into urine spiked with different concentrations
of TDGA. (Reproduced with permission from reference J. Hao, X. Xu, X. Lian, C. Zhang,
B. Yan, A luminescent 3d-4f-4d MOF nanoprobe as a diagnosis platform for human occupational
exposure to vinyl chloride carcinogen, Inorg. Chem. 56 (2017) 11176—11183. Copyright 2018
American Chemical Society.)
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and tend to saturate when exceeding 700 mg/L. This linear relationship can be
fitted with an R? of 0.9878 with LOD of 89 ng mL ™" for TDGA. As shown in
Fig. 3.18C, the colors of the Eu**/Cu®* @Zr-MOF change from brilliant blue to
light blue, and finally are almost colorless with the increasing concentration of
TDGA (0-700 mg/L). The strong complexation ability of TDGA for Cu**
causes the leakage of Cu®** from Eu’*@Zr-MOF hybrids and weakens its
quenching effect on Eu**‘s emission, thus leading to luminescence enhance-
ment with the faded sample color. Moreover, the luminescent colors of the pre-
pared test stripe change from dark to dark red, faint red, purplish red, and finally
bright red with increasing TDGA content (Fig. 3.18D) [52].

Jietal. designed a strategy for the detection of aspartic acid (Asp) based on a
PSM MOF Cu**/Tb**@Zn-MOF. Subsequently, the luminescence-quenched
hybrid was developed as a luminescence “Turn-On” probe for Asp with
LOD of 0.54 ppm. In addition, this “On-Off-On” pattern was further used to
construct an advanced analytical model based on an IMPLICATION-type logic
gate [53]. Zhang et al. utilized PSM Eu**/Cu**@In-MOF luminescent hybrid
film, realizing luminescence “Turn-On-Off-On” sensing of gaseous H,S at
room temperature with an LOD of 0.535 ppm. The sensor was designed based
on the strong affinity of H,S with Cu**. Forming CuS, the “antenna effect”
between the ligand and Eu’” is recovered, resulting in the “Turn-On” emission
of Eu®* [54]. Besides Cu**-Eu’* co-PSM MOF hybrid systems, a similar sens-
ing mode can also be adopted for Cu®*-Tb>* PSM MOF hybrids [55]. Zheng
et al. also tried the “Turn-On-Off-On” responsive sensing research based on
Tb** PSM Cu-MOFs hybrids [54,55]. They first synthesized a Cu-MOF and
its hybrid Tb*>*@Cu-MOF via PSM for sensing H,S. The obtained hybrid e-
mitted a weak typical Tb>* ion emission and strong LC emission. Interestingly,
H,S, as a strong electron donor, can strongly enhance the luminescence of
Tb** through its superior affinity for Cu?* ions. So, the hybrid belongs to a
“Turn-On-Off-On” ratiometric luminescent probe for H,S detection with
LOD 1.20 pM [56]. Then they designed and developed two novel hybrids based
on a Tb>*/Yb>*-cofunctionalized Cu-MOF that display broad ligand-centered
emission and weak typical Tb** ion emission. Similarly, it is used as a ratio-
metric luminescent sensor (“Turn-On-Off-On” response for Tb>* lumines-
cence) for the metabolic product NMF of DMF in the human body
(LOD = 0.02 mpM). Sun et al. designed a luminescent probe based on Tb**/
Cu®* MOFs for beamed monitoring of urinary sarcosine, a differential metab-
olite indicating the progression of prostate cancer (PCa). The incorporation of
Cu”* not only tunes the luminescence of Tb>* via the LMET process but it also
provides available sites for sarcosine. Cu®*/Tb>*@Ga-MOFs present signifi-
cantly enhanced luminescence (‘“Turn-On-Off-On”) toward sarcosine [57].

Lian et al. provide a composite hydrogel Fe**/Eu**-MOF@SA for the diag-
nosis of penicillin anaphylaxis. Penicillamine is the metabolite of penicillin and
can be detected by Fe’*/Eu**-MOF@SA both in aqueous solution or serum.
More significantly, the determination of B-lactamase by Fe>*/Eu**-MOF@SA
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is achieved through a “Turn-On-Off-On” luminescence trigger pattern [58].
Fe** has been found to be able to quench the Fe’*/Eu**-MOF’s emission,
and penicillamine has a strong affinity for Fe** and quenches on the lumines-
cence of Fe>*/Eu**-MOF. Thereby, luminescence enhancement of Fe®*/Eu’*-
MOF@SA in the presence of penicillamine is demonstrated in Fig. 3.19A
(top), showing an expeditious response to penicillamine of about a 32-fold
increase. The Iuminescence data are accounted for and compared in
Fig. 3.19B (top), and only penicillamine can induce this remarkable rebound
in the luminescence of Eu*. The luminescence color of Fe’*/Eu**-MOF@SA
changed from colorless to red, after the addition of penicillamine (Fig. 3.19C;
top). As shown in Fig. 3.19A (middle), the luminescence signal of Fe**/Eu**-
MOF@SA is found to gradually increase with the concentration of -lactamase.
The fitting curve of B-lactamase concentration vs. luminescent intensity (I5) is
plotted in Fig. 3.19B (middle), with LOD of 1.25UmL™"'. As shown in
Fig. 3.19C (middle), the luminescent colors of the cordiform hydrogels changed
from dark to bright red with rise of the concentration of f-lactamase. Therefore,
a MOFs-based composite hydrogel Fe**/Eu®*-MOF@SA is provided for the
diagnosis of penicillin anaphylaxis, which reflects the enzymatic hydrolysis
profiles of penicillin via f-lactamase through an “On-Off-Off-On” fluorescence
trigger pattern [58].

3.5 Both “Turn-On” and “Turn-Off” luminescence response
chemical sensing on different analytes for rare earth MOF
hybrid materials

In fact, in the view of different analytes, the rare earth MOFs hybrid material as a
probe often shows different luminescence responses, even contrary to each other.
They may correspond to different responsive mechanisms and they respond to dif-
ferent effects in spite of a similar mechanism. Therefore rare earth MOF hybrid
materials can be developed as an extensive and universal probe for luminescence
response chemical sensing. Here we give some examples to show this point.
Wang et al. prepared a Gd>* MOF with 5,5-(anthracene-9,10-diyl)dii-
sophthalic acid (Hjadip), [Gd,(adip)(Hyadip)(NMP),]-DMF-3H,0 (Gd-MOF,
NMP = N-methylpyrrolidone; DMF = N,N-dimethylformamide) with a 3-D
framework and a strong ligand-based blue emission [59]. It can be applied as
a multifunctional chemical sensor for UO%+, PO?C with excellent selectivity,
sensitivity, and antiinterference. The fluorescence titration experiment showed
that the emission intensity of a Gd-MOF-H,O suspension progressively
decreases by increasing the UO3" ion concentration from 0 to 1000 pM
(Fig. 3.20A; left). In the 020 pM concentration range of UO%*, the Kgqv is
4.05 x 10* M~ with an LOD of 1.42 pM. In aqueous solution, the emission
spectrum of the Gd-MOF overlaps the UO3* adsorption spectrum significantly.
Therefore the important reason for fluorescence quenching may be the FRET
mechanism. In addition, the fluorescence quenching response is also affected
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FIG. 3.19 (Top) (A) The emission enhancement effect of penicillamine on Fe**/Eu**-MOF@SA
hydrogel; the inset is the comparison of the intensities; (B) emission intensities of Fe>*/Eu**-MOF@SA
to various chemicals under excitation at 325 nm; (C) the corresponding photographs of (B) under UV
radiation. (Middle) (A) Luminescence responses of Fe**/Eu®*-MOF@SA hydrogels for the f-lactamase
concentration changes; (B) linear curve between intensities of Fe’*/Eu**-MOF@SA and the p-
lactamase concentrations with error bars; (C) corresponding photographs of the Fe®>*/Eu**-MOF@SA
hydrogels to the various f-lactamase serum solution. (Bottom) The scheme for a MOFs-based hybrid
hydrogel Fe**/Eu**-MOF@SA and the determination of B-lactamase by this hydrogel through a “Turn-
On-Off-On” luminescence trigger pattern. (Reproduced with permission from reference X. Lian, B. Yan,
Diagnosis of penicillin allergy: a MOFs-based composite hydrogel for detecting f-lactamase in serum,
Chem. Commun. 55 (2019) 241-244. Copyright 2019 Royal Society of Chemistry.)
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FIG. 3.20 (A) Emission spectra of a GAMOF-H,0 suspension after the addition of different concen-
trations of UO3" (left) and PO3~ (right) under excitation at 372 nm. (B) SV curve for UO3" (left) and
PO}~ ( right) in the concentration range of 0-20 pM. (Reproduced with permission from reference
M. Wang, Z. Liu, X. Zhou, H. Xiao, Y. You, W. Huang, Anthracene-based lanthanide coordination
polymer: structure, luminescence, and detections of UO%*, POZ’, and 2-thiazolidinethione-4-
carboxylic acid in water, Inorg. Chem. 59 (2020) 18027—18034. Copyright 2020 American Chemical
Society.)

by competitive absorption. From the fluorescence titration spectra, on the grad-
ual addition of a very low concentration of the POff solution to a Gd-MOF-H,0
suspension (Fig. 3.20A; right), fluorescence enhancement is observed when
PO;~ is added to the Gd-MOF-H,O suspension. The slope of the linear relation-
ship between the PO; ~ concentration in the 0-35 pM concentration range and
Iy is 3.70 x 10* M~! with a detection limit of 1.55 pM. The protons in the
Hadip®~ ligand may react with OH~ ions under a certain alkalinity, destroying
the conjugate system and electron transfer, thereby affecting the luminescence
of the Gd-MOF-H,O0 suspension. The carboxylic acid groups react with OH™
ions to form deprotonated carboxylates, leading to fluorescence “Turn-On”
in the 9.4—-11.50 pH range [59].

Chen et al. assembled a luminescent Eu-MOF with tubular channels based
on 35,5-methylenebis-(2,4,6-trimethyl)isophthalic acid (H4BTMIPA) with
[H,N(CH3),]* ions as counter ions located in the channels, whose cation
exchange between [H,N(CH3),]" and metal ions can selectively sense Fe*
and AI’* jons through fluorescence quenching and enhancement [60].
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FIG.3.21 Photoluminescence intensity of the 5D0 —F, transition (617 nm) of 1 treated with dif-
ferent metal ions (10~> M) in DMF solution for 72 h. Inset: the colors of the treated samples with
different metal ions under the irradiation of UV light of 365 nm. (Reproduced with permission from
reference Z. Chen, Y. Sun, L. Zhang, D. Sun, F. Liu, Q. Meng, R. Wang, D. Sun, A tubular

europium—organic framework exhibiting selective sensing of Fe** and AF* over mixed metal ions,
Chem. Commun. 49 (2013) 11557-11559. Copyright 2013 Royal Chemical Society.)

The luminescent properties are recorded and shown in Fig. 3.21. Interestingly,
most metal ions have varying degrees of quenching effects on the luminescence
intensity. When AI** ions are present, the luminescence intensity is enhanced
compared to the original one. Under the irradiation of UV light of 365 nm, the
samples after being immersed in DMF solutions containing different metal ions
showed red color, except for Fe* ions that showed dark color. These results
indicate that complex Eu-MOFs can selectively sense Fe>* ions through fluo-
rescence quenching and AI’* ions through fluorescence enhancement. To fur-
ther prove that the fluorescence quenching and enhancement are caused by a
cation exchange process, a sensing mechanism was further proposed: Fe**
and A" were exchanged with the [H,N(CHj3),]* cations in the channels at
the low concentration, leading to partial fluorescence quenching and enhance-
ment gradually [60].

Kukka et al. investigated the optimal conditions for solvothermal-assisted
synthesis of Eu-BDC-NH, MOF to improve their sensing capacity toward some
selected target metal species [61]. The sensing potential of luminescent MOFs
was explored for detection of toxic metal ions through two approaches, i.e., a
direct chemosensing and an indirect biomolecule-mediated sensing approach.
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In the former, Eu-MOF exhibited noticeable turn-off fluorescence behavior, espe-
cially with Hg*" ions (i.e., a high Stern~ Volmer quenching constant (Ksy) of
642 x 10° M~ and LOD of 0.007 M). In the latter, a nanocomposite of
MOF-cyanocobalamin is characterized by a highly selective “Turn-On” lumines-
cence response toward Co** jons (Ksy = —6.25 x 10° M~ '; LOD = 0.7 M).
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Chapter 4

Dual mode for ratiometric
luminescence responsive
chemical sensing for rare earth
metal-organic framework hybrid
materials

4.1 Dual mode for ratiometric luminescence (RL)
responsive chemical sensing of MOFs materials

MOFs possess an important advantage over other candidate classes for
chemosensory materials because of their exceptional structural tunability and
properties. Luminescent sensing using MOFs is a simple, intuitive, and conve-
nient method to recognize species, but the method has limitations, such as insuf-
ficient chemical selectivity and signal loss. MOFs contain versatile building
blocks (linkers or ligands) with special chemical reactivity, and postsynthetic
modification (PSM) provides an opportunity to exploit and expand their unique
properties. The linkers in most MOFs contain aromatic subunits that can readily
display luminescence after ultraviolet or visible (typically blue) excitation, and
this is the main luminescent nature of most MOFs, including forming versatile
charge transfer between metal ions and ligand linkers. MOFs’ luminescence
from metal nodes, ligands, and encapsulated guests or PSM functionalization
offers an excellent luminescence response in analysis and detection. However,
MOFs-based monochromatic fluorescence probes are limited by concentration
and the effects of ambient and excitation light intensity, resulting in low detec-
tion accuracy. To overcome this defect, MOFs-based RL sensors have been pro-
posed and rapidly developed. Sometimes the emission peak of host luminescent
MOFs is based on two different maximum peaks, called dual emissive MOFs,
which originate from different sources and have different efficacy in the pres-
ence of analytes. As a result, they can be applied as ratiometric sensors.
Although singular emissive MOFs with one type of emission center can gener-
ate a 1D response and is good enough for quantitative analysis of an analyte,
some sensing parameters like selectivity, sensitivity, detection limit, and line-
arity range are poor in combination with instrumental methods. Dual emissive
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MOFs with two different emission centers and 2D ratiometric response are
excellent candidates for improving the sensing parameters of luminescent
MOFs, especially sensitivity and selectivity, whose improvement can be con-
cluded because of a self-calibrating or self-referencing mechanism from differ-
ent but correlated emission centers, which results in minimization of the
external influence and interfering effects. Considering the luminescence nature
within MOFs building units and relevant guests, rare earth MOFs hybrid mate-
rials belong to ideal systems to realize dual emission and RL sensing. Herein,
the dual emission and RL sensing in MOF materials, rare earth MOFs, and rare
earth functionalized MOFs hybrid materials are outlined. Dual luminescent cen-
ters are created with different luminescent bands in the visible region [1-4].

For luminescence intensity measurement and luminescence response
(“Turn-On” and “Turn-Off”) detection, the effects of concentration, environ-
ment, and excitation light intensity result in low accuracy of detection for
MOFs-based monochromatic fluorescence sensors. To ameliorate this draw-
back, another luminescence signal is introduced to construct a MOF-based
RL sensor. The emission intensities at two wavelengths is independent of the
preceding interfering factors, so the RL sensors can eliminate these shortcom-
ings of single luminescence sensing by self-calibration of dual emission and
achieve accurate detection. By contrast, RL sensors can avoid the preceding
limitations and provide accurate detection through self-calibration with two
emissive bands. From the representation of present experimental results, the
RL detection mechanism can be summarized as follows: (1) for two emissions
with “Turn-On” and “Turn-Off,” one emission increases while another
decreases; (2) for two emissions with “Turn-On” or “Turn-Off,” one emission
changes (increased or decreased) while another keeps the same intensity; (3) for
the same change of the two emissions, both increase or decrease in varying
degrees. With these diverse combinations of luminescence intensity change,
many RL sensors are developed for all kinds of applications. According to pre-
vious work, the tactics of ratio sensing based on dual-emission MOFs could be
summarized in the following parts: (i) Synthesis of self-illuminating MOFs
based on MC and LC or introducing a specific target to bridge the two emis-
sions; (ii) Combining single-emissive MOFs with a guest chromophore such
as QDs, dyes, and NPs. (iii) Encapsulating two guest chromophores into the
frameworks of nonemissive MOFs (Fig. 4.1) [1].

4.1.1 MOFs’ intrinsic dual emission

MOFs with intrinsic dual emission are mainly constructed using three paths:
(a) mixed RE>* ions to form double emitters, i.e., the bimetallic mixed rare earth
MOFs; (b) combining two luminescent ligands to emit dual luminescence, as a
bridge to cause the energy transfer between the metal center and ligands;
(c) composing a single RE** ion and luminescent ligand [1-23]. (I) Bimetal-
lic-based MOFs. Bimetallic MOFs are typically based on RE*" ions such as
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FIG. 4.1 MOFs-based ratiometric fluorescence probes synthesized by different design schemes.
MC: metal-center emission, LC: ligand-centered emission. (Reproduced with permission from
L. Chen, D. Liu, J. Peng, Q. Du, H. He, Ratiometric fluorescence sensing of metal-organic frame-
works: tactics and perspectives. Coord. Chem. Rev. 404 (2020) 213113. Copyright 2020 Elsevier.)

RE-MOFs or mixed RE**-metal REM-MOFs, which can generate strong emis-
sions arising from f-f or f-d energy transfer when exposed to UV light and can be
adjusted by appropriate adjacent chromophores. Eu®>* and Tb>* are widely
applied among various RE>* ions because of the large Stokes shift and relatively
long lifetimes. The emission wavelengths of the mixed RE-MOFs can be tuned
by adjusting the Eu>*/Tb?* ratios. In addition, the emission of Eu®* in mixed
RE-MOFs can be sensitized by Tb**. Thus bimetallic RE-MOFs with dual emis-
sion upon one excitation can allow construction of an RL sensor with cheap and
easy-to-use materials. REM-MOFs contain mixed metal ions that can link with
each other through the organic ligand, and intervention on one of the metal ions
(transition metal ions) could impact another metal ion (RE3+), so as to adjust
their properties. Unfortunately, different chemical and physical characteristics
of d and f electrons make it harder to synthesize REM-MOFs than homometallic
MOFs. Therefore RE-MOFs are more popular than REM-MOFs in the field of
MOEF-based RL detection. RE** ions are often used as the center node in both
RE-MOFs and REM-MOFs. In addition, RE*" jons can also be used for mod-
ifying and mixing with other non-RE-MOFs. However, the intrinsic dual-
emissive MOFs with mixed or functionalized RE** ions are rarer than MOFs
that simultaneously incorporate different ligands for Kasha’s rule to allow only
the lowest excited state to emit [1-14]. (IT) Ligand-based MOFs. Organic
ligands in MOFs are often used to link metal ions or metal clusters to form stable
and porous frameworks, whose functionalization precisely embodies the desig-
nability and tunability and easily regulates the luminescence of MOFs. Com-
mon modifications of nonfluorescent ligands to produce fluorescence are
hydroxylation, carboxylation, and amination. Generally, in MOFs constructed

()
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with only one kind of ligand, it is hard to simultaneously excite two emissions
with the antenna effect, except for such single ligands as 2,5-dihydroxyter-
ephthalic acid (H,DHT), whose excited-state intramolecular proton-transfer
(ESIPT) chromophore in protic solvent often shows dual emission from both
the initial excited form (a keto or enol) and the proton-transferred tautomer.
This feature is also preserved in the MOFs and is the simplest way to construct
a MOF-based RL sensor. However, the introduction of mixed ligands in MOFs
provides more possibilities, and the sensor is more designable, having achieved
a new level of rational design and construction, including the synergetic coor-
dination of different ligands with metal ions. The two ligands in MOFs should
have structural similarities (the geometry, functional side groups, acid strength,
and rigidity of the linkers) and often produce close emissions, which makes it
very difficult to demand a special design to achieve ratio detection, so that the
mixed-ligand MOFs sound reasonable, but are not common. Hence, more inge-
nious methods for achieving RL sensing by guest-induced fluorescence have
been developed, which retain better selectivity while being easier to implement
[1-4,15-21]. (IIT) Target analyst-induced ratio luminescence. The selective
binding of analytes can activate an intense emission of the originally low-
emitting or nonemitting MOFs, namely guest-induced emissions. To further
improve selectivity, an analyte-dependent RL sensing method is developed
in which the analyte can be a switch that turns on dual emission [1-4,22,23].

4.1.2 Single-emissive MOFs with fluorescent guests

As a class of porous materials, MOFs provide a special platform to stabilize
functional species, causing the specific behavior within the defined pores. Actu-
ally, through the leading of quantities of fluorophores (e.g., QDs and fluorescent
dyes) into their pores, various sorts of MOF-based composites have been pro-
duced as novel functional materials for optical devices [1,24-39]. (I)
Dyes@MOFs. Dyes are diffusely applied as colorants, photographic sensi-
tizers, markers, and fluorescent sensors, but dyes face the problem of
aggregation-caused quenching (ACQ) [1,24,25]. (II) NPs@MOF's Nanomater-
ial fluorescent sensors, especially those based on MOFs, are attracting special
attention owing to their strong encapsulation capabilities, adjustable pore sizes,
and large specific surface area. Correspondingly, MOFs can be expanded by
encapsulating nanoparticles (NPs) such as noble metal NPs and QDs within
them, forming NPs@MOFs nanocomposites. The NPs@MOFs can also work
as RL probes; sensors of multicolor luminescent species functionalized NPs,
such as the noble metal NPs, QDS, and carbon dots (CDs), have received con-
siderable attention due to their elevated photostability, good water dispersibil-
ity, and enriched separation capacity toward analytes. (i) Noble metal
NPs@MOFs. The most commonly adopted nanomaterials in MOFs are the
noble metal NPs, including gold NPs (AuNPs) and silver NPs (AgNCs). In gen-
eral, the combination of the noble metal NPs and MOFs is a mutually beneficial
method and, apart from this, QDs with highly fluorescent performance are other
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kinds of nanomaterials that are usually combined with MOFs. The most com-
mon QDs in MOFs are metal semiconductor QDs and carbon QDs. (ii)
QDs@MOFs. QDs have their own clear merits of broad absorption spectra,
high fluorescent quantum yields, good photostability, and long fluorescence
lifetime, and they have gradually taken the place of the ordinary fluorophores,
with broad applications in microarrays, fluorescence imaging, and immunoas-
says. MOFs can be a good shell for their porosity and stable framework.
Methods for preparing QDs@MOFs composites include: (a) fixing functional
or nanoscale objects in MOFs, known as “ships in ships” and “bottles around
ships” methods. (b) photochemical deposition of semiconductor NPs onto the
surface of the skeleton. The core-shell composite is constructed of MOFs with
QDs, showing an enhancement of light harvesting via energy transfer from the
QDs to the MOFs. It is this energy transfer that increased MOF-based fluores-
cence and decreased QD-based fluorescence, forming a ratio fluorescence RL
probe. (c) CDs@MOFs. Comparatively, low toxic carbon quantum dots are
developed and used in combination with MOFs for the development of an
RL sensor. They are generally spherical and are classified into amorphous
and crystalline forms, wherein the crystalline form less than 10 nm in size is
carbon quantum dots (CQDs) and the single layer of graphite structure is the
graphene quantum dots (GQDs). As promising emerging fluorescent labels,
these carbon NPs have wide application in cellular imaging, bioimaging, and
sensing. The composite CQDs@MOF are utilized for the construction of an
RL sensor to selectively accumulate target analytes and increase the sensitivity
of the measurement [1,27-34].

4.1.3 Nonemissive MOFs with encapsulated chromophores

Apart from the MOFs-based luminescence, there are reports of luminescence
from fluorophores introduced into the nonemissive MOFs or bound to the sur-
face through PSM [1,35,39]. For rare earth MOF hybrid materials, RE*" jons
have one emissive center, and can compose the other emissive center from other
rare earth ions or linkers, or other guests. Based on the origin of the lumines-
cence, there are three classes of dual-emission RE-contained MOFs: (1) emis-
sion from RE>" and other materials; (2) emission from the Eu/Tb ion and the
ligand; (3) emission from mixed-RE ions. Due to the different nature of illumi-
nant centers, the RE-functionalized MOFs can detect species as the self-
calibration probes through the different variation trends of signals. Three strat-
egies to obtain dual-emission materials are summarized, including embedding
additional luminescence species, modulating the “antenna effect,” and mixed-
RE-based MOFs (Fig. 4.2). The introduction of photoactive RE** to the MOF
hosts may produce new luminescent signals at different positions from that of
the MOFs linker, but this depends on the intramolecular energy transfer
(antenna effect) from the MOFs (linkers) to the RE** ion. Controlling the
RE** content in MOFs hybrids may create multiple luminescent centers. The
nature of the unique luminescent centers may cause different responses
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FIG. 4.2 Schematic representation of the three strategies to build dual-center emission RE-MOFs
reported so far. (Reproduced with permission from Y. Zhao, D. Li, Lanthanide-functionalized metal-
organic frameworks as ratiometric luminescent sensors. J. Mater. Chem. C 8 (2020) 12739-12754.
Copyright 2020 Royal Chemical Society.)

(ratiometric sensing) to sensing species, which may provide a new opportunity
for luminescence research with applications to chemical sensing.

4.2 Dual rare earth ion luminescence for ratiometric
luminescence sensing in rare earth metal-organic framework
hybrid materials

The dual RE** ion luminescence for RL sensing mainly focuses on the mixed
rare earth MOFs materials, which contains two photoactive RE** centers
through the ion substitution of one RE®" using another RE** [10,40-56].
Due to the similar coordination characteristics and ionic radii, mixed-RE>*
MOFs, including the EuCe-MOF [40], the EuGd-MOF [41], the EuDy-MOF
[42], and especially major EuTb-MOF [10,43-51,53-56], can be easily pre-
pared by one-pot synthesis or ion exchange or coordinative PSM functionaliza-
tion. By doping two or more RE®" ions at the same crystallographically
equivalent positions, the MOFs are endowed with two emission sources from
RE’" ions. Among them, EuTb-MOF or EuTb-functionalized MOFs have been
studied extensively in the detection of temperature [10,43-51].

Li et al. reported a sensor Tby; 11Eu, go-L1 (HeL; = hexakis-(4-carboxyla-
tophenoxy)cyclotriph-osphazene) for ratiometric detection of trace water in
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CH;CN [54], which displays variable colors at different water content levels in
CH;CN detected with the naked eye from optical photos taken under ultravi-
olet light (254 nm) illumination. As the water content increases from 0% to
17.6%, the color of Tboy11Eu,g9-L; changes from red-orange, yellow, to
green (Fig. 4.3A; top). Upon excitation at 280 nm, the emission intensity of
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FIG. 4.3 (Top) (A) Optical images of Tbg; ;Eu; go-L1 under a 254-nm UV lamp after treatment
with various amounts of water in CH;CN. (B) The fluorescence spectra of Tbo; 11Eu, go-L1 at dif-
ferent amounts of water. (C) CIE chromaticity coordinates of Tbo; ;;Eu, go-L.1 after treatment with
various amounts of water at an excitation wavelength of 280 nm. (Bottom) (A) The linear relation-
ship between the fluorescence intensity /s43//615 and the water content. (B) Optical images showing
fluorescence switch of the as-synthesized sensor Tbo7 11Eu; go-L.1 upon heating or Ar blowing and
then cooling in air. (C) Optical images showing the fluorescence changes of the CH;CN-exchanged
Tbyg7.11Eu, go-L1 sensor in air. All the solids are dispersed on the glass slides upon 254-nm UV lamp
irradiation. (Reproduced with permission from B. Li, W. Wang, Z. Hong, E. M. El-Sayed, D. Yuan,
Ratiometric fluorescence detection of trace water in an organic solvent based on bimetallic lantha-
nide metal-organic frameworks. Chem. Commun. 55 (2019) 6926—6929. Copyright 2019 Royal
Society of Chemistry.)
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Tby7.11Eu; g0-L; enhanced upon contacting water in CH5CN, and a further
increase in the water content in CH3CN leads to a decrease in the emission
intensities of Tb** and Eu®* and an increase in that of the ligand. As the water
content increases from 0% to 2.5% (v/v%), the characteristic luminescence
shows an intensity reduction of 75% for the Dy — ’F, transition of Eu®*,
18% for the 5D4 — 7F5 transition of Tb3+, and an increase of 345% for the
ligand (Fig. 4.3B; top). The emission spectra of Tbo; 11Eu, go-L; at different
water contents (0%—2.5%) in CH3;CN exhibit a chromaticity shift from
orange, yellow, to white according to the change in the intensity ratio between
the ligand, Tb>*, and Eu’* peaks. In addition, the corresponding chromaticity
coordinate changes from (0.500, 0.413) to (0.330, 0.348) (Fig. 4.3C; top). As
the water content increases, the fluorescence intensity of Eu** quenches more
significantly than that of Tb>*, which eventually leads to an increase in [543/
Is15. The linear regression equation of ratiometric fluorescence and water con-
tent change from 0% to 2.5% can be written with the correlation coefficients
R? reaching up to 0.999 (Fig. 4.3A; bottom). To visually demonstrate the color
change of Tby7 1 1Eu; go-L; accompanying water absorption/release processes,
the investigators simply deposited small amounts of the as-synthesized com-
pound Tbo; 11Eu, go-L; onto glass slides (Fig. 4.3B; bottom). The solid crys-
tals Tbo7.11Eu, go-L; containing DMA solvent molecules in pores changed the
color slowly from red-orange to green in air upon irradiation under a 254-nm
UV lamp (Fig. 4.3C; bottom) [10].

Zhao et al. designed and applied a 2'-fluoro-[1,1":4’,1"'-terphenyl]-3,3",5,5" -
tetracarboxylic acid (H4FTPTC) with suitable triplet energy excited state to con-
struct a luminescent RE-MOF for cryogenic temperature sensing [51]. They
developed a new Tb’*/Eu’* mixed RE-MOF system Tb,_,Eu,FTPTC
(x =0.05,0.1,0.2), which featured excellent linear responses to temperature with
high relative sensitivity in the cryogenic range of 25-125 K. The mixed
Tbg.o5Eug osFTPTC has a significantly different temperature dependence of lumi-
nescent behavior (Fig. 4.4A and B). Apparently, the luminescence behavior of the
Tb** and Eu’* ions within Tb0.osEug osFTPTC is typical of the Tb>* -to-Eu’*
energy transfer process, which can be enhanced via a thermally driven
phonon-assisted energy transfer mechanism. The intensity ration of Tb** at
543 nm and Eu®* at 613 nm can serve as a ratiometric parameter for self-
calibrating temperature measurement. As depicted in Fig. 4.4C, the intensity ratio
A (=I1p/lgy) of the Tbg 9sEug osFTPTC as a function of temperature (T) exhibits
an excellent linear relationship in the cryogenic regime from 25 to 125 K with the
correlation coefficient of R? = 0.97 [51].

Lian et al. realized a near-infrared pumped luminescent MOF thermometer
Ndg 577 Ybg 423BDC-F,4, with near-infrared fluorescence and excellent sensitiv-
ity in the physiological temperature range (293-313 K), which may be poten-
tially applied for biomedical systems [52]. Fig. 4.5 (left) shows the schematic
representation of the energy transfer processes in our RE-MOF. As illustrated in
Fig. 4.5A (right), the intensity of the’Fs, — “F;,, (Yb>*, 980 nm) transition
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strongly increases as the temperature increases, while the intensity of the
“F, o — 1 » (Nd>*, 1060 nm) transition starts to increase until the temperature
rises to 308 K. The inset of Fig. 4.5A (right) clearly shows the temperature
dependence for the normalized intensity of the corresponding emissions. Fur-
thermore, the increase of the Yb>* emission is significantly different from
YbBDC-F,, with no emission band excited at 808 nm. This phenomenon is a
typical energy transfer process, which can be attributed to efficient energy
transfer from the Nd** to Yb** ions and enhances with the increase in temper-
ature based on a thermally driven phonon-assisted transfer mechanism. For
Ndo.577Ybg.423BDC-F,, the intensity ratio of two emissions, the 4F3/2 -1, »
(Nd**, 1060 nm) and *Fs, — *F5, (Yb**, 980 nm), can be applied as the ther-
mometric parameter in ratiometric luminescent thermometers, allowing self-
calibrating measurement of the temperature based on the emission spectra.
As shown in Fig. 4.5B (right), the calibration curve approximately follows a
linear relationship between the Ing/lyp, ratio and the temperature with a
correlation coefficient R> = 0.966, which demonstrates that Ndg.s77Ybg.423
BDC-F, is an excellent luminescent thermometer within the temperature range
from 293 to 313 K [52].

Zhou et al. report an orthogonal multireadout nanothermometer in relation
to the emission intensity ratio as well as the decay time and luminescence color
of Eu®*/Tb>* @Zr-MOF nanocrystals, which are prepared via PSM functionali-
zation with RE®" cations of a robust UiO type Zr-MOF bearing the 2,2’
bipyridyl moiety [53]. As shown in Fig. 4.6A (left), Eu**/Tb** @Zr-MOF dis-
plays an exactly contrary thermal dependence with respect to the emissions of
Tb** and Eu’. As the temperature rises, the Tb>* emission intensity decreases
sharply, while the Eu®* emission significantly increases. The decay time of
D, declines dramatically with temperature rising from 100 to 300 K, while
the lifetime of Dy increases from 0.666 ms at 100 K to 0.701 ms at 200 K
(Fig. 4.6B; left). These phenomena indicate the occurrence of the Tb>* to
Eu’* energy transfer in Eu**/Tb**@Zr-MOF. As shown in Fig. 4.6C (left),
the values of ngr are essentially unchanged in the low temperature range of
100-175 K, above which a rapid increase of ngt is observed. It suggests that
the Tb>* to Eu’* energy transfer process can be rationalized by the thermally
driven phonon-assisted Forster transfer mechanism. The thermal sensitive lumi-
nescence properties enable Eu**/Tb>* @Zr-MOF to serve as a nanoplatform for
temperature sensing (Fig. 4.6D; right). For the intensity ratio-based temperature
readout, the ratiometric parameter is defined as the ratio of the intensities of
D, — "F5 of Tb** (544 nm) and °Dy — "F, of Eu®* (616 nm). Fig. 4.6A (right)
illustrates the thermometric response curve measured for Eu®*/Tb>*@Zr-MOF
nanocrystals, plotting the emission intensity ratio as a function of temperature.
These data show the best thermometric sensitivity of 47.98% K~ ' at 140 K
(Fig. 4.6B; right), which is the largest one measured so far for the thermometers
using the same intensity ratio technique. When setting a minimum sensitivity
value of 2.5% K ™' as the quality limit, an optimal operation range of
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100-260 K can be achieved. For the readout based on decay times, similarly,
the normalized luminescence lifetime ratio of 5D4 and’ Dy (t1u/7E0) Of Eu’*/
Tb>* @Zr-MOF is defined as a thermometric parameter. Fig. 4.6C (right)
plots the dependence of I1,/lg, on temperature, which reveals a good linear
relationship between normalized z1y,/7g, and temperature within the range of
150-300 K with a slope of 0.57% K. In addition, Eu**/Tb>*@Zr-MOF
nanocrystals can be developed as a colorimetric thermometer. As depicted
in Fig. 4.6D (right), the chromaticity diagram coordinates transformed from
the temperature-dependent emission spectra shift from green to orange
(Fig. 4.6A; left). This indicates that the variation of ambient temperature
can be estimated by observing the luminescence color of Eu**/Tb** @Zr-
MOF using the naked eye or a CCD camera [53].

Qin et al. developed luminescent, bimetallic MOFs as luminescent sensors
for NMF with a focus on Eu®* and Tb®* MOFs as visible emitters with red and
green emission [53]. The concentration dependence of the emission spectra
(0-1) of the mixed MOFs [Eu, Tb,_ (FDA);] (x = 0.01, 0.02, 0.2, 0, 2, respec-
tively; Ho,FDA = 2,5-furandicarboxylic acid) are illustrated in Fig. 4.7A.
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FIG. 4.7 (A) Suspension-state luminescent spectra of [Eug ;Tb; o(FDA);(DMF),]-2DMF in vol-
ume ratio (¢p) of NMF/DMF from O to 1 excited at 300 nm; (B) the correlation curve for the response
of the sensor toward the NMF in the volume ratio from O to 1; and (C) the corresponding lumines-
cence images of [Eug ;Tb; o(FDA);(DMF),]-2DMF under UV light. (Reproduced with permission
from S. Qin, X. Qu, B. Yan, A self-calibrating bimetallic lanthanide metal-organic luminescent sen-
sor integrated with logic gate operation for detecting N-methylformamide. Inorg. Chem. Front.
5(2018) 2971-2977. Copyright 2018 Royal Society of Chemistry.)
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Notably, with the increasing concentration of NMF, the intensity of the Tb**
luminescence in hybrid substantially increases, while contrary to the Eu®*
emission. A concentration-dependent curve shows a good linear relation-
ship, which is represented as the concentration versus intensity ratio
(°Dy — "F,/°’D4 — Fs defined the ratiometric parameter Is44nm/l614nm) and fur-
ther confirms that the hybrid is a self-calibrating luminescent sensor (Fig. 4.7B).
As illustrated in Fig. 4.7C, the concentration-dependent luminescence emission
of the hybrid is systematically tuned from red to green at different concentra-
tions of NMF. Furthermore, the luminescence color changes make it particu-
larly easy to use a sensitive luminescent colorimetric ratiometric for
visualizing the NMF concentration over a wide range [54].

4.3 Ligand (linker) and RE** ions through energy transfer
“antenna effect” for ratiometric luminescence sensing in rare
earth metal-organic framework hybrid materials

Most of the reported RE-MOFs are monochromatic and exhibit an emission
from an RE*" ion or an organic ligand. As the “antenna effect” is very sensi-
tive to the coordination environment, the incomplete energy transfer by mod-
ulating the “antenna effect” through rational ligand design or regulating the
external conditions will lead to dual-emitting materials with emissions from
both RE** and the ligand [57-72].

Zhou et al. described a new strategy for the generation of ratiometric MOF
thermometers, illustrated by imparting an additional Eu** luminescence to a
robust MOF with intrinsic ligand-based emission to form a dual-emissive
hybrid for highly sensitive temperature sensing over the physiologic tempera-
ture range [57]. The dual emissions of the hybrid have different thermal depen-
dencies, thus enabling their intensity ratio to be highly sensitive to the
temperature. To examine the feasibility of the Eu**@Zr-MOF for ratiometric
thermometry, the temperature-dependent photoluminescence properties were
studied (Fig. 4.8; left). Eu**@Zr-MOF exhibits an exactly contrary thermal
dependence with respect to the emissions of linkers and Eu®*. With the temper-
ature increases, the Eu’* emission intensity declines, while the ligand emission
significantly increases. The significant luminescence enhancement of the linker
as well as the decrease in Eu®* emission in the Eu>*@Zr-MOF hybrid may be
attributed to the back energy transfer (BEnT) from Eu’* cations to linker.
Temperature-dependent emission lifetimes (Eu®*) of the MOF hybrid are
recorded for the determination of K, and E, (Fig. 4.8A; right). The decay time
of Eu** reduced with the increase of temperature, while the decay time of the
ligand emission slightly increased as the temperature elevated. This phenome-
non further verifies the BEnT from Eu* to MOF. These results indicate the
occurrence of the back energy transfer from Eu>* to the bpydc linkers embedded
in the framework. The calculated Kgg,r enhances with the increase of temper-
ature (Fig. 4.8B; right). The slope of the Arrhenius plots for Kgg,r is 1.98,
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FIG. 4.8 (Left) (A) Temperature-dependent emission spectra of Eu**@Zr-MOF; and (B) the
intensity ratio of ligand (530 nm) to Eu** (614 nm) as a function of temperature. Ratios are normal-
ized to the value at 293 K. (Right) (A) Temperature-dependence of luminescence lifetime of Eu**in
Eu**@Zr-MOF; (B) Thermometric response curve plotting back energy transfer rate (Kgga) VS.
temperature; and (C) Arrhenius plots for back Kgg, constants of Eu**@Zr-MOF. (Reproduced with
permission from Y. Zhou, B. Yan, Ratiometric detection of temperature using responsive dual-
emissive MOF hybrids. J. Mater. Chem. C 3 (2015) 9353-9358. Copyright 2015 Royal Society
of Chemistry.)

resulting in a value of 44 kJ mol ! for activation energy E, (Fig. 4.8C; right). It
is interesting, for such an LMET process to take place from Eu™* to ligand is not
common [57].

Xu et al. encapsulated Eu’* cations into MIL-124 (Ga,(OH),(CoOgH,)) and
used it to detect Fe**/Fe?* ions via fluorescence quenching of the dual-emission
centers (Eu®" and MOF) [58]. Although both Fe** and Fe®* ions significantly
quenched the Eu’* emission, the emission colors of the two ions were different
and easily distinguished under UV light. Therefore, Eu®* @MIL-124 can selec-
tively sense Fe?* and Fe®* ions via the different quenching effects on Eu®* and
the MOF. To detect Fe** and Fe** in water, a test paper was immersed in aque-
ous solutions of the metal ions, and the fluorescent colors changed from red to
dark red, faint dark red, and black with an increase in Fe>* (Fig.4.9A). When the
test paper was immersed in aqueous solutions with various concentrations of
Fe?*, the color changed from red to blue, as shown in Fig. 4.9B. The quenching
effect of Fe>* on Eu** @MIL-124 is ascribed to the partial replacement of Ga**
by Eu*, and its substitution is the main reason for the fluorescence quenching
due to Fe>* [58]. Sun et al. presented a facile, rapid, and selective strategy for
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under UV-light irradiation at 254 nm. (Reproduced with permission from X. Xu, B. Yan, Eu(Ill)-
functionalized MIL-124 as fluorescent probe for highly selectively sensing ions and organic small
molecules especially for Fe(lll) and Fe(Il). ACS Appl. Mater. Interfaces 7 (2015) 721-729. Copy-
right 2015 American Chemical Society.)
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ratiometric sensing of carbonate ions based on heterobimetallic Eu/Pt-MOFs
with bpydc as linker, which has dual emissions from the ligand and Eu’".
The interaction with CO5>~ drastically enhances the luminescence intensity
of Eu**, and the maximum ratio of the two intensities (Igus14)/ILigana) increases
upon the addition of carbonate ions. This may be an efficient tool for analytical
monitoring of trace CO5>~ in real samples because of the high orientation selec-
tivity for CO5>~ [59].

Zhou et al. examined the capability of Eu’*@bpy-UiO nanohybrids for
volatile organic compound (VOC) sensing [60]. Fig. 4.10A shows the emis-
sion spectra of Eu**@bpy-UiO after exposure to different VOCs, and the
intensity ratio of the ligand-based emission to the Eu®* emission (/1 /Ig,) sig-
nificantly depended on the VOCs. Moreover, the ratiometric luminescence of
Eu’* @bpy-UiO was highly responsive to different concentrations of VOCs
and mixed VOCs. Fig. 4.10B shows the one-to-one correlation between the
resulting I} /Ig, and the encapsulated VOCs. The ratiometric emission inten-
sity and luminescence quantum yield (®) of the VOC-included Eu** @bpy-
UiO are related to a unique, 2D readout (/1 /lg,, @) arranged in a decoded
map (Fig. 4.10C). These readouts show that one can precisely differentiate
the VOCs using this dual-readout process [60].

Xu et al. prepared a portable luminescent RE-MOF film by in-situ growing
of nanoscale SUMOF-6-Eu on an oxidation-treated nonwoven polypropylene
surface (NMOFs@O-PP) (Fig. 4.11; left), which was then conducted to deter-
mine the luminescence response to O,. Upon excitation at 395 nm, emission
intensities at 557 nm and 614 nm were measured after exposure to each Pg,.
As shown in Fig. 4.11A (left), the Eu®* luminescence intensities at 614 nm
decreased gradually with the increase of Pg,. However, the ligand-based emis-
sion intensities centered at 557 nm have been shown to be invariant under dif-
ferent P, values simultaneously, meaning that the emission can potentially
provide a reference signal that allows for the quantification of O, by the sensor.
The chromaticity coordinates calculated from the emission spectra (Fig. 4.11A;
left) shift from the orange region to the green region. Furthermore, the lumines-
cence decay time (°Dy — 'F,) of NMOFs@O-PP substantially changed upon
exposure to O, at different Pg, values, which supports the fact that ratiometric
luminescence responses toward O, can be rationalized by the guest-dependent
energy transfer from H,bpydc ligands to Eu’* cations. Good linearity
(R2 =0.99765) can be seen from the Stern-Volmer plots of coated
NMOFs@O-PP, as shown in Fig. 4.11B (left). The Kgy and the Ry/
R (Po, = 1) are estimated to be 6.73 and 7.66, respectively. The LOD is esti-
mated to be 0.45%, which is obtained from the emission intensities of the sensor
under 100% N, for 20 times. The luminescence intensities of coated
NMOFs@O-PP films were continuously recorded by alternating the atmo-
sphere between 1 atm of O, and 1 atm of N, for 7 cycles. As demonstrated
in Fig. 4.11 (right, top), at room temperature, the sensor worked successfully
as a ratiometric luminescent O, probe with Ig,/I; values between 5.91 for
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FIG. 4.11 (Left) (A) Emission spectra of coated NMOFs@O-PP film at different oxygen partial
pressures Po, and (B) Stern-Volmer plots showing Ro/R vs. O, partial pressure Pq, for the coated
NMOFs@O-PP film, A.x = 395 nm. (Right) (Top) Luminescence intensity ratio (Ig,/I1) values of
coated NMOFs@O-PP films under repeated cycles of 1atm O, and 1 atm N, conditions,
Aex = 395 nm. (Bottom) Photographs of 395-nm LED modified by coated NMOFs@O-PP and emis-
sion spectra of coated NMOFs@O-PP under 100% N, (A) and 100% O, (B). (Reproduced with per-
mission from X. Xu, B. Yan, Nanoscale LnMOF-functionalized nonwoven fibers protected by a
polydimethylsiloxane coating layer as a highly sensitive ratiometric oxygen sensor. J. Mater.
Chem. C 4 (2016) 8514-8521. Copyright 2016 Royal Society of Chemistry.)

1 atm N, and 0.77 for 1 atm O,, with reversible O, quenching and good
N, recovering properties. The coated NMOF-PP film was also fabricated on
the outer surface of a commercial 395-nm blue-light light-emitting diode
(LED) to construct a simple color-changing ratiometric O, sensor, which
enables easy identification of O, concentration by the change in the light color.
As seen in Fig. 4.11A (right, bottom), a bright red emission can be observed by
the naked eye when a modified LED is exposed to 100% N,; under 100% O,, the
obvious red emission of the modified LED turns to green light mainly originat-
ing from the emission of the ligand due to a sharp decrease in the Eu**-based
emission (Fig. 4.11B; right, bottom) [61].

More recently, Xu et al. fabricated ZnO-doped UiO-MOF heterostructures
(ZnO @UiO-MOFs) and tuned them into a dual-emitting material (/514 and I47¢)
by introducing Eu®* by coordinated PSM to UiO-MOFs and controlling the

&)
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excitation wavelength [62]. Reduced aldehyde molecules could build a bridge
via the charge transfer from ZnO to Eu’" to increase the intensity of /g4 and
realize selective sensing. The open connected channels and high surface area
of UiO-MOFs could facilitate the effective adsorption of aldehydes, leading
to a low detection limit (42 ppb for FA, 58 ppb for AA, and 66 ppb for
ACA). The efficient charge transfer from the MOFs to ZnO can lead to reusable
detectors for aldehyde gases. In addition, the MOFs show stable and reliable
fluorescent responses for aldehydes at different temperatures (25-65°C), which
makes them suitable for practical applications, e.g., vehicle detection. After
exposure to the main volatile gases (10 ppm) at 25°C for 30 min, the photolu-
minescence responses were recorded and are compared in Fig. 4.12A (left). The
results revealed that various volatile gases displayed markedly different
effects on the PL of Eu**@ZUM (Fig. 4.12B; left). Most of the volatile
gases do not cause any significant change in the intensity of the sensor
Ue14/l470 = 2.3 £+ 0.1), which gives a faint blue-white light (inset of
Fig. 4.12B; left). In contrast, the composite shows a significant increased effect
of Eu**-based PL emission after exposure to FA. The relative ratio (I14/
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FIG.4.12 (Top) The PL intensities (514 and I47¢) of Eu’"@ZUM test paper after exposure to var-
ious polluting gases in vehicles (dex = 365 nm). (Bottom) (A) PL emission spectra of Eu**@ZUM
test paper at different concentrations of FA ranging from O to 5 ppm and (B) the linear fitted curve
showing Is14/I470 vs. FA concentration for the Eu**@ZUM test paper, Aex = 365 nm. (Reproduced
with permission from X. Xu, B. Yan, Eu(Ill)-functionalized ZnO @ MOF's heterostructures: integra-
tion of pre-concentration and efficient charge transfer as ppb-level sensing platform for volatile
aldehyde gases in vehicles. J. Mater. Chem. A 5 (2017) 2215-2223. Copyright 2017 Royal Society
of Chemistry.)
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1470 = 5.5) exhibits a 2.4-fold increase compared to that before exposure to FA,
leading to the color of the test paper changing from blue to red that can be
observed with the naked eye under UV light (inset of Fig. 4.12B; left). To fur-
ther prove the fluorescence response of Eu’*@ZUM to aldehyde species,
concentration-dependent studies on the PL properties were carried out.
Fig. 4.12 (right) presents the changes in PL intensity of the Eu>*@ZUM test
paper after exposure to various concentrations (0-5 ppm) of FA gas at 25°C
for 30 min. The results revealed that the emission intensity of Eu®* regularly
increases with the successive increase of FA in the range of 0-5 ppm
(Fig. 4.12A; right). The plot of relative intensities (/¢14/I470) versus the concen-
tration of FA gas in Fig. 4.12B (right) reveals a good linear relationship between
them. In addition, the high sensitivity of Eu’*@ZUM toward all the
target aldehydes can be attributed to two factors. One is the open connected
channels and high surface area of MOFs that can facilitate the effective adsorp-
tion of aldehydes. The other is the increased surface electrons of ZnO, which
can easily capture oxygen molecules for the reaction to occur [62].

Zhang et al. constructed a luminescent Ln>* exchange PSM MOF hybrid
(Eu’*@Zn-MOF) to detect formaldehyde (FA) in water and food. The two
luminescent centers of Eu**@Zn-MOF had completely different responses to
FA, which could offer a reference for each other, so a precise self-calibrating
luminescent detector for FA could be designed. Based on this, a portable
self-calibrating luminescent logic detector capable of gradient detection of
FA was designed [63]. As shown in Fig. 4.13A, the luminescence of Eu’**
(A614nm) 18 quenched completely after immersion in FA, while the luminescence
of Zn-MOF (A40snm) has a remarkable enhancement compared with other
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FIG. 4.13 (A) Luminescent spectra of Eu**@Zn-MOF dispersed in different solutions when
excited at 313 nm; (B) histogram for I} /I, of Eu** @Zn-MOF undergoes various solutions (the inset
is the photo of different solutions under UV lights). (Reproduced with permission from Y. Zhang,
B. Yan, A portable self-calibrating logic detector for gradient detection of formaldehyde based
on luminescent metal organic frameworks. J. Mater. Chem. C 7 (2019) 5652-5657. Copyright
2020 Royal Society of Chemistry.)

)



132 PART | Il Luminescent response mode and sensing mechanisms

solvents. The remarkable change can also be clearly distinguished by the naked
eye under UV light irradiation, as shown in the inset of Fig. 4.13B [63].

Gao et al. reported a series of water-stable MOFs with three
emitting centers for tunable emissions [RE(TCPB)(DMF);],, (RE = Eu, Tb,
and Gd, H3;TCPB = 1,3,5-tris(1-(2-carboxyphenyl)- 1H-pyrazol-3-yl)benzene,
DMF = N,N’-dimethylformamide), which are easily synthesized by simulta-
neously doping red-emitting Eu** and green-emitting Tb*" into the same frame-
work. The versatile Eug ¢7;Tb 33-TCPB is applied to conveniently distinguish
different nitroaromatic pollutants and multidimensional ratiometric sensing
CrO,>~/Cr,04°~ [72]. As shown in Fig. 4.14A-C, CrO4>~/Cr,0,%~ exhibit sig-
nificant quenching effects on all the ligand-Eu®*-Tb** emissions and the
corresponding quenching efficiencies upon addition of CrO,*~/Cr,0,%~ are cal-
culated to be 91.7%, 73.9%, and 76.0% for Cr0427, and 95.3%, 79.8%, and
81.8% for/CrZO727. These results clearly indicate that toxic Cr0427/Cr20727
could be effectively detected by Eug¢7Tbg33-TCPB. The linear correlation
between log(/3g6/1545)/10g(I386/1616) and concentration (C) of CrO,>~/Cr,0,2~
can be linearly fitted (Fig. 4.14D and E). The low LOD rank Eug ¢7Tbg 33-TCPB
sensors are almost the most sensitive CP-based luminescent sensors reported for
detecting Cr0427/Cr20727 in water. Sensing of CrO427/CrZO727 can be
improved by recording the concentration-dependent evolution of log(/3g6/I545)
and log(/3g6/I616), and anovel 3D code recognition can be mapped out for further
3D ratiometric sensing (Fig. 4.14F). When concentration is added as the third
dimension, the 3D code recognition can further distinguish Cr042_/Cr2072_.
This provides a new perspective for luminescent sensing compared with sensors
based on single or dual emissions [72].

4.4 Embedding additional luminescent species
for ratiometric luminescence sensing in rare earth
metal-organic framework hybrid materials

Due to the high surface area, regular channels, and abundant interaction sites,
MOFs are potential platforms to encapsulate the luminescent species in their
channels or on their surface to build dual-emitting materials. By one-pot syn-
thesis or PSM, the illuminant guests are highly dispersed in the rigid skeleton
of MOFs and their emission is stronger than the isolated one [73-75].

Cui et al. incorporated an organic dye perylene into a porous Eu-MOF,
ZJU-88 ([Euy(QPTCA)(NO;),(DMF),]-(CH3CH,OH);3) to form a ZJU-88 D
perylene composite, and made use of the dual emission from organic dyes
and Eu®" ions to realize ratiometric temperature sensing in a physiological tem-
perature range (Fig. 4.15; left). As expected, the ZJU-88 D perylene composite
features a red emitting of Eu®* at 615 nm and an appended blue emitting around
473 nm of perylene dyes, whose luminescent intensity ratios correlate linearly
very well to temperatures in the range of 20°C to 80°C. To assess the potential of
ZJU-88 D perylene as a ratiometric thermometer, the temperature-dependent
photoluminescent properties were investigated (Fig. 4.15A; right). With the
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FIG.4.14 (A)Emission spectra of Eug 7Tbg 33-TCPB toward different anions in aqueous solution
with concentration of 1 X 10~® m under excitation at 325 nm. (B) Emission spectra of Eug ¢7Tbg 33-

TCPB dispersed in water upon incremental

addition of CrO,*~. (C) Emission spectra of

Eug 67Tb 33-TCPB upon incremental addition of Cr,02. (D) Fitting curve of Eug ¢7Tbg 33-TCPB
quenched by CrO>~. (E) Fitting curve of Eug 67Tbg 33-TCPB quenched by Cr,04%. (F) The derived
3D ratiometric sensing of CrO427/Cr20727 when concentration is added as the third dimension. The
inset shows the luminescence color change after adding CrO4>~/Cr,0,*~ under UV light. (Repro-
duced with permission from E. J. Gao, S. Y. Wu, J. Wang, M. C. Zhu, Y. Zhang and V. P. Fedin,
Water-stable lanthanide coordination polymers with triple luminescent centers for tunable emission
and efficient self-calibration sensing wastewater pollutants. Adv. Opt. Mater. 8 (2020) 1901659.

Copyright 2020 Wiley.)
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FIG. 4.15 (Left) Scheme for the design of dual-emitting ZJU-88 D perylene composite (EnT:
energy transfer, Em: emission). (Right) (A) Emission spectra of ZJU-88 D perylene recorded from
20°C to 80°C, excited at 388 nm. (B) Temperature-dependent intensity ratio of Eu** (615 nm) to
perylene (473 nm) and the fitted curve for ZJU-88 D perylene. (Reproduced with permission from
Y. Cui,R. Song,J. Yu, M. Liu, Z. Wang, C. Wu, Y. Yang, Z. Wang, B. Chen, G. Qian, Dual-emitting
MOF Ddye composite for ratiometric temperature sensing. Adv. Mater. 27 (2015) 1420-1425.
Copyright 2015 Wiley.)

increase of temperature from 20°C to 80°C, the luminescence intensity at
473 nm of perylene dye in ZJU-88 D perylene substantially decreased due to
the thermal activation of nonradiative-decay pathways, while the intensity of
the °Dy — ’F, transition of Eu®* at 615 nm increased. The significant lumines-
cence decreases of perylene as well as the enhancement in emission of Eu®* in
ZJU-88 D perylene may be attributed to the energy transfer from perylene mol-
ecules to Eu’ ions. Fig. 4.15B (right) plots the ratio of the two luminescence
intensities at 615 nm (Eu>*) and 473 nm (perylene) versus temperature, normal-
ized to this intensity ratio at 20°C. There is a very good linear relationship
between the intensity ratio and temperature with correlation coefficient
0.998, where Is,5 and 1473 are the luminescence intensity of Eu’* and perylene
dye, respectively.

Dong et al. encapsulated strongly blue light-emitting nitrogen and sulfur-
codoped CDs (N,S-CDs) in the frameworks of a Eu-MOF, whose dual-emission
nanohybrid (Eu-MOFs/N,S-CDs) was developed as a sensitive and visual col-
orimetric sensor for water contents in organic solvents (Fig. 4.16; top). Because
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FIG. 4.16 (A) Scheme of synthesis and detection of water in the CDs@Eu-MOF. (B) PL spectra
and (C) the related photos of the CDs@Eu-MOF in ethanol upon adding different contents of water
under 365-nm excited light. (Reproduced with permission from Y. Dong, J. Cai, Q. Fang, X. You,
Y. Chi, Dual-emission of lanthanide metal-organic frameworks encapsulating carbon-based dots for
ratiometric detection of water in organic solvents. Anal. Chem. 88 (2016) 1748—1752. Copyright
2016 American Chemistry Society.)

the Eu-MOF/N,S-CD composites emit red light in organic solvents and blue
light in water, a colorimetric sensor may be established based on the lumines-
cent properties of the Eu-MOF/N,S-CD composites. As shown in Fig. 4.16A
(bottom), upon gradually increasing the water content in ethanol, the intensity
of the blue emission peak shows continuous enhancement. The luminescent
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intensity of the blue emission increases linearly with the water content in the
range of 0%—10% (v/v). Conversely, the red emission peaks decrease contrarily
as the water content is increased (Fig. 4.16B; bottom). It can be seen that the
luminescent intensity of the red emission is quite sensitive to the water content
in the range of 0%—10% (the luminescent intensity is directly proportional to the
water content in the range 0%—4%). As shown in Fig. 4.16C (bottom), the
changes in luminescent intensities of the emission peaks result in continuous
PL color changes from red to blue. The color change is quite sensitive when
the water content is lower than 10%. Even a slight increase of the water content
in ethanol can cause an obvious color change [74].

Xuetal. encapsulated CDs with a strong fluorescence activity into MOF-253,
and the emissions of both the CDs and Eu’* formed the dual-emissive
Eu**/CDs@MOF-253. In a solution in the absence of Hg>*, it exhibited both
characteristic emissions of the CDs and Eu®** (Igu/lcp = 1.5) with a faint blue
light (Fig.4.17A). In contrast, in the presence of Hg>*, the emission changed from
blue to red under UV light, corresponding to quenching of the CD emission. Hg**
has less of an influence on the emission of Eu>* in Eu3+/CDs@MOF—253, which
led to a colorimetric and ratiometric fluorescence Hg”* sensor. The quenching
effect of Hg”* on the CDs in Eu®*/CDs@MOF-253 is attributed to the coordina-
tion between Hg?* and functional groups in the CDs. Fig. 4.17B shows the rel-
ative photoluminescence (PL) intensities (Ig,/Icp) versus the concentration of
Hg?*. The LOD is estimated to be 13 nM [75].

4.5 Single rare earth functionalized metal-organic framework
hybrid materials for ratiometric luminescence sensing

Harbuzaru et al. reported the synthesis, structure, and sensing properties of an
Eu-MOF, ITQMOF-3-Eu of 1,10-phenanthroline-2,9-dicarboxylic acid, which
combines an optical fiber to show a linear photoluminescence response and
achieve the self-calibration of the emitting signal within this pH range. The
excitation spectra of ITQMOF-3-Eu recorded at both room temperature and
12K (Fig. 4.18A; left) display a series of sharp lines assigned to the
"Fy — D, o and °Lg Eu®* intra-4f° transitions and several intense and broad
bands in the UV region with a maximum at around 350 nm, attributed to ligand
excited states. The sharp lines in the emission spectra (Fig. 4.18B; left) are
assigned to transitions between the first excited nondegenerate Dy state and
the "F, 4 levels of the fundamental Eu** septet. There are two different Eu**
environments, which is indicated by two lines at approximately 579.0 nm
(17,272 cm_l) and 580.7 nm (17, 221 cm_l) in the 300 K spectrum (ascribed
to Eu, and Eu, sites) for the nondegenerate Dy — 'F, transition (inset in
Fig. 4.18; left), and the local-field splitting of the 'F, level into six Stark com-
ponents (Fig. 4.18B; left). Surprisingly, in contrast with the behavior of site Euy,
the Dy — 'F, transition intensity of site Eu, increases with temperature
(Fig. 4.17B; left, inset). The increase of the Dy — 'F, transition intensity of
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FIG. 4.18 (Left) (A) Excitation spectra of ITQMOF-3-Eu crystals recorded at 300 K and 12 K
with the emission monitored at 612.3 nm. (B) Emission spectra of ITQMOF-3-Eu recorded at
300K and 12K under 350-nm excitation. The inset shows an expansion of the Eu®*
5DU — "F, emission region. (Right) (A) Intensity variation of the Eu, Dy — 'F, transition from
high (pH 7.5) to low (pH 5) pH values; the inset shows the linear variation of /. with the pH value.
(B) Time variation of /. with the pH change from 5 to 7.5 in ramping mode (measured with a glass
electrode). (Reproduced with permission from B. V. Harbuzaru, A. Corma, F. Rey, J. L. Jorda,
D. Ananias, L. D. Carlos, J. Rocha, A miniaturized linear pH sensor based on a highly photolumi-
nescent self-assembled europium(Ill) metal-organic framework. Angew. Chem. Int. Edi. 48
(2009) 6476-6479. Copyright 2009 Wiley.)

Eu, with temperature is likely to arise from changes induced in the local site
geometry of the dimers, which is clearly evidenced by the blue shift of the
Dy — 'F, energy with temperature in the range 12-300 K (Fig. 4.18B; left,
inset). Most interestingly, this sensor requires no calibration because only
one of the two Eu®* emitting sites is affected by the pH variation in the range
5 to 7.5. By following the intensity ratio (Ir) of the Dy — ’F, emissions of the
two Eu’" types (Fig. 4.18A; right), it is possible to determine the pH of the solu-
tion to be analyzed. In this pH range, the relation between the Eu,/
Eu; (579.0 nm/580.5 nm) peak intensities /. and the pH value present a good
linearity (R = 0.9997) (Fig. 4.18B; right).

Eu’* can be controlled to produce a dual-emission center. Although the
emission position is the same for Eu’”, its luminescent performance changes
as the surrounding conditions change. Lu et al. reported a ratiometric pH sensor
based on nanoscale PSM MOF-253. Two types of Eu’* with different excitation
wavelengths are simultaneously present in MOF-253 (Fig. 4.19; top). One of the
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FIG.4.19 (Top)Scheme of MOF-253 modified by Eu** complex with TTA with two types of Eu®>* (Eu, and Eu,). (Bottom) The emission spectra of MOF-253-Eu-
TTA in different pH aqueous solution, 1ex = 330 nm (A), 375 nm (B); (C) the linear variation of the 5Dy — 'F, emission intensity ratio (/;) of the two types of Eu’*.
(Reproduced with permission from Y. Lu, B. Yan, A ratiometric fluorescent pH sensor based on nanoscale metalorganic frameworks (MOFs) modified by
europium(Ill) complexes. Chem. Commun. 50 (2014) 13323-13326. Copyright 2015 Royal Society of Chemistry.)
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ions is insensitive to the pH, and the other one is sensitive to the pH value. In
PSM, the Eu’* ions have two different coordination environments; Eu; is only
linked to the bipyridine, and Eu, is linked to both bipyridine and TTA. The
broad band at 330 nm is assigned to the excitation of Eu;, and the broad band
at 375 nm is mostly from the excitation of Eu, due to the energy absorption via
TTA. The weakened sensitization causes the excitation wavelength of Eu, to be
at 375 nm and not 330 nm (Fig. 4.19; bottom). The sensor has a linear response
in the pH range from 5.0 to 7.2, which is required for work with biological
fluids, such as blood and culture cell media [76].
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Chapter 5

Luminescence responsive
sensing mechanism in rare earth
metal-organic framework hybrid
materials

5.1 The luminescence responsive sensing mechanism
for metal-organic framework-based materials

Razavi et al. have tried to communicate between structural features, signal gen-
eration, detection mechanism, and response production in luminescent MOFs to
gain more insight into their design and application as sensors [1]. They have
gathered and classified their findings based on “structure-signal” and “mecha-
nism-response” approaches, which include (i) chemical nature of organic and
inorganic building blocks or structural features of MOFs, (ii) luminescent signal
of host MOFs, (iii) sensing mechanism of analyte detection, and (iv) specific
response (signal change in MOFs in presence of analytes) of MOFs toward
analytes, respectively [1]. Luminescent MOFs with special building blocks,
including organic ligand and metal ion/clusters, can create a specific photolu-
minescent signal. In addition, unique types of responses can be observed due to
the particular mechanism to detect the analytes using luminescent MOFs mate-
rials, whose main close relationships can be further discussed (Fig. 5.1). The
typical sensing mechanisms in luminescent MOFs are introduced in the follow-
ing sections (Fig. 5.2).

5.1.1 Overlap mechanism

When the absorption band of the nonemissive analyte has an effective overlap
with the emission band of the fluorophore or donor in MOFs, the resonance
energy transfer (RET) process can occur from the fluorophore in MOFs to
the analyte when they are coupled by a dipole-dipole interaction [1,2]. Here,
this mechanism is effective in signal transduction. Moreover, the extent of
the RET process depends on the distance between the fluorophore of MOFs
and analyte. RET can dramatically enhance fluorescence-quenching efficiency
to improve sensitivity. In addition, the overlapping of the excitation band of the

Rare Earth Metal-Organic Framework Hybrid Materials for Luminescence Responsive Chemical Sensors
https://doi.org/10.1016/B978-0-323-91236-5.00006-2
Copyright © 2022 Elsevier Ltd. All rights reserved. 145


https://doi.org/10.1016/B978-0-323-91236-5.00006-2

146 PART | Il Luminescent response mode and sensing mechanisms

"< i
.

FIG.5.1 Schematic description for the points in development of luminescent MOFs. (Reproduced
with permission from S. A. A. Razavi, A. Morsali, Metal ion detection using luminescent-MOFs:
principles, strategies and roadmap. Coord. Chem. Rev. 415 (2020) 213299. Copyright 2020
Elsevier.)
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FIG. 5.2 Schematic description for possible mechanisms for analyte detection using luminescent
MOFs (LMOFs). (Reproduced with permission from S. A. A. Razavi, A. Morsali, Metal ion detection
using luminescent-MOFs: principles, strategies and roadmap. Coord. Chem. Rev. 415
(2020) 213299. Copyright 2020 Elsevier.)

fluorophore of MOFs with the absorption band of the analyte can also lead to
competitive adsorption of light by fluorophore and analyte [3], in which ana-
lytes can adsorb energy of excitation light as well as the fluorophore and ulti-
mately this competition for light adsorption leads to fluorescent quenching in
MOFs emissions. Considering the different nature of absorption and excitation

()
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bands (absorption band refers to all absorbed photon energies to excite electrons
from the Sy ground state to any excited state, like S,, (n > 0), while excitation
band refers to specific absorbed photon energies to excite electrons from the
So ground state to only the S; excited state) [4], it is recognizable that the fluor-
ophore excitation band-analyte absorption band overlap is confident to discuss
about possible mechanisms in fluorescence quenching of MOFs. The overlap
mechanism shows a more specific response than other mechanisms, such as
structural collapse or interaction with functional ligands.

5.1.2 Structural collapse mechanism

Another possible mechanism in analyte detection by luminescent MOF:s is col-
lapse of the structure (or structural change), which can be easily distinguished
using PXRD and ICP analyses. This mechanism will result in reduction in prob-
ability of the ligand-metal charger transfer (LMCT) process in (d)-MOFs and
ligand-metal resonant energy transfer (LMRET) process in (f)-MOFs, whose
proper response is one-dimensional (1D) quenching in the luminescent
MOFs-based emission peak [5-8]. Sometimes ligand-based emission can be
observed due to ligand-metal ion coordination after luminescent MOF structure
destruction [9-11]. The major problem is that sensors developed based on this
mechanism are not stable, and great challenges in stability and recyclability still
exist [1].

5.1.3 lon exchange mechanism

Ion exchange is another possible mechanism, mainly for both cation and anion
detection using luminescent MOFs, in which cation exchange is very extensive
and common. For a luminescent neutral MOFs, it is based on exchanging the
analyte cation and cation (metal ion) inside the framework (also called ion sub-
stitution). For a luminescent anionic MOFs, analyte cations can be exchanged
with both cationic counter ions inside the pores for framework neutralization
(usually NH,Me3 or NH}) and cations (metal ions) as inorganic building blocks
inside the framework. Generally, the exchange between cations inside the pores
of luminescent anionic MOFs should perform faster than that inside the frame-
work, because the latter exchange needs a stronger driving force than the former
for metal-carboxylate bond cleavage, except for diffusion. If the RE** ions are
engaged in the exchange mechanism, it can predict what kind of signal trans-
duction and response can take place to observe RE** sensitization efficiently. If
the analyte cation is exchanging with RE** ions, the intensity of characteristic
peaks of ()-MOFs will decrease with the 1D quenching response (RE** ions can
be encapsulated in the pores, anchored to the ligand, or applied as inorganic
building blocks in luminescent MOFs structure) [1].
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5.1.4 Linker-analytes interaction mechanism

The most practical mechanism for detection of analytes using (d)-MOFs or (f)-
MOFs is based on interaction between the organic linker and analytes, to influ-
ence their energy transfer or charge transfer. Although the organic linker being
functional or nonfunctional has critical effects on the detection mechanism,
both “Turn-On” and “Turn-Off” responses can be generated through linker-
analytes interaction. In the case of functional ligands with Lewis basic guest-
interactive sites, coordination interaction between the functional ligand and
some analytes can change the electron density, rigidity, or conformation of
the ligand. Depending on the nature of the changes in the structure of the organic
linker or framework, luminescence enhancement and quenching are observed.
Sometimes interaction between linker and analytes may introduce some
changes in structural features of the ligand (without structural collapse or frame-
work destruction), such as a change in conformation, flexibility, or rigidity of
ligands. In this condition, such structural changes lead to specific kinds of
responses toward specific analytes. Functional ligands are mostly applied as
guest interactive sites to detect and interact with analytes, especially metal ions;
they can interact with metal ions through different methods like electrostatic
interactions and coordination interactions. If such interactions lead to photoin-
duced electron transfer (PET) or fluorescent resonance energy transfer (FRET)
from luminescent MOFs to analytes, the produced response is based on quench-
ing in emission of the host MOFs. On the contrary, if such interactions lead to
higher efficiency in radiative relaxation, the produced response is based on
enhancement in emission spectra of the luminescent MOFs. In the case of lumi-
nescent MOFs with nonfunctional ligands containing an aromatic or aliphatic
skeleton, it seems that identification of the detection mechanism is somewhat
harder, because there are no predesigned guest interactive sites within the
framework. But in these cases, some of the analyses such as using the Stern-
Volmer (SV) equation, calculation of fluorescence lifetime decay, investigation
of overlap mechanism, and collapse of the framework are beneficial for more
details about factors involved in signal transduction.

5.1.5 Common mechanistic pathways involved in luminescence
sensing

Fig. 5.3 presents the syntheses of luminescent MOFs (LCPs), their application
in luminescence sensing, and common mechanistic pathways involved in lumi-
nescence sensing. (1) Forster resonance energy transfer (FRET). This is the
nonradiative transfer of energy from a donor (MOFs linker) to an acceptor (ana-
lyte) molecule, which leads to both decline in luminescence intensity as well as
excited state lifetime of the donor and it enhances the excited state lifetime as
well as emission intensity of the acceptor. This process is also distance depen-
dent and hence can be used to investigate Coulombic interaction between

-
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molecules. (2) Dexter electron exchange (DEE). This process involves
quenching of the donor’s fluorescence by transmission of an excited electron
of the donor molecule to the acceptor molecule via a nonradiative pathway
by orbital overlap between the donor and acceptor, which is applicable in the
case of short-range interactions operating between donor and acceptor (typi-
cally within 10 A). Electron transfer can also be possible by concerted or
two-step processes. (3) Photo-induced electron transfer (PET). This is sim-
ilar to DEE, involving transmission of the excited electron from donor to accep-
tor via a nonradiative pathway, while it is a redox process and results in the
quenching of luminescence. This phenomenon proceeds through charge recom-
bination followed by regeneration of the ground state donor/acceptor species,
with concomitant release of excess energy in the form of heat. (4) A diverse
set of sensing mechanisms are possible based on complexation between
donor-acceptor (sensing probe-analyte) species. Tuning of HOMO and
LUMO energy levels by complexation of analyte with probe may be reflected
in the luminescence energy as well as intensity of the probe. Sensitization or the
antenna effect is a process whereby the analyte acts as a strong photon absorber,
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and then transfers the absorbed excitation energy to the luminescent probe,
thereby resulting in enhancement in the emission intensity. This is especially
relevant to metal center-based luminescence, especially for rare earth-based
sensors having spin-forbidden f-f transitions and hence are difficult to excite
directly.

5.2 The LMET for luminescence response on chemical sensing
in rare earth metal-organic framework hybrid materials

Combinations of different functional or nonfunctional organic ligands with
different inorganic moieties can result in versatile types of luminescent sig-
nals when using MOFs as probes for analyte detection. As we known, for
MOFs hosts themselves, all kinds of interaction between metal ions and
ligands are possibly involved, which determine the final photophysical prop-
erties of the whole hybrid [12-19]. Therefore, for rare earth MOFs hybrid
materials, they mainly perform the influence on these interactions
[12,20,21]. Therefore, when RE>" ions behave as the central metal ions for
rare earth MOFs materials or the photoactive ions for rare earth functionalized
MOFs hybrid materials, these hybrids may respond to analytes. The most
common interaction occurs between analytes and metal ion or linkage, or both
of them, in MOFs. Subsequently, analytes may change the interaction and
energy transfer from ligand to RE** (LMET). In a broad sense, almost all
the luminescence responses of rare earth MOFs hybrid materials for sensing
analytes are ascribed as the influences on the LMET process in the hybrid sys-
tem in the final analysis [13,16,17,22-30]. Therefore LMET is too extensive
and common to be excessively emphasized. Herein some recent examples are
given on this point [31].

MOFs allow for sensible choices of metal ions and suitable ligands of var-
ious functionalities. It is easy to introduce fluorescent functions through metal
ions, ligands, guest molecules or postsynthetic modification (PSM) functiona-
lization due to the bonding interactions between ligands and metal ions. Simul-
taneously, ligand-metal charge transfer increases the fluorescence function.
Fig. 5.4 shows the diverse emitting mechanisms for tunable luminescent MOFs
to affect the LMET processes, including metal-centered (MC) emission (e.g.,
ligand-to-metal charge transfer (LMCT)), ligand-centered (LC) emission
(e.g., metal-to-ligand charge transfer (MLCT)), guest-introduced emission,
and so on [1-5,12-19,22-30]. LMCT and MLCT are mainly associated with
relative height of the lowest excited state energy levels in MOFs. If the energy
of the lowest excited state level of the organic ligand is lower than that of the
metal ions, then the charge will transfer from the metal ions to the organic
ligands to emit light, i.e., the process of LMCT. Conversely, the charge will
transfer from the ligands to the metal ions, i.e., the process of MLCT
(Fig. 5.4; top). MC is often found in rare earth MOFs (RE-MOFs) or RE func-
tionalized MOFs hybrids, whose RE?* jons’ luminescence needs to be
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sensitized by the organic ligands due to the Laporte forbidden f-f transitions.
Ligands or linkers can coordinate with rare earth (mainly lanthanide (Ln)) ions,
resulting in energy transfer from the ligand to the RE** ions, vividly referred to
as the “antenna effect” (Fig. 5.4; bottom, left). In fact, the essence of this
“antenna effect” is the LMCT, e.g., in an Eu-MOF composed of Eu** and
ligand, the emission of Eu’* is sensitized by the ligand through the LMCT, also
called the “antenna effect” (Fig. 5.4; bottom, right). LC emission is based on the
emission of the ligands used in the assembly of MOFs, mostly relying on the
charge transfer, i.e., MLCT, LLCT, and the intraligand charge transfer (ILCT).
The MLCT luminescence of MOFs is the process of energy transfer from metal
ions to ligands after the metal ions are illuminated by light, resulting in the metal
excited states changing into the ligand excited states, and then returning to Sy to
emit fluorescence. The stronger the reducibility of metal ions, the stronger the
oxidizability of the ligands, and the more likely MLCT occurs. The n-electrons
in an organic ligand with an aromatic moiety or an extended p-system have
significant contributions to luminescence, which can be classified as LLCT
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and LC or ILCT. Actually, the luminescent properties of MOFs are not only
controlled by the metal clusters or ligands; they can also be adjusted by the
interactions among them.

Zhang et al. chose a MOFs-based hybrid as the signal transducer to construct
a dual-functional intelligent logic detector, which could visually and simulta-
neously two-dimensionally (2D) monitor pyrethroid (PYRs) exposure
time and exposure extent [32]. 3-Phenoxybenzoic acid (3-PBA) and
3-phenoxybenzaldehyde (3-PBD) have a different quenching effect toward
Eu’* emission under different excitations of 313 nm and 322 nm. As shown
in Fig. 5.5A (left), the Eu** @Hf-MOF treated by 3-PBA (3-PBD) has the same
PXRD pattern as the pristine one, indicating that the quenching effect can’t be
ascribed to the framework collapse of Eu**@Hf-MOF. From Fig. 5.5B (left),
the unchanged lifetimes of Eu* in 3-PBA/3-PBD are strong evidence to prove
the absence of interaction between them. Fig. 5.5C (left) shows the UV-vis
spectra of 3-PBA and 3-PBD; the absorption of 3-PBD has completely over-
lapped the excitation of 313 nm and 322 nm, while the absorption of 3-PBA
can only overlap the excitation of 313 nm. Hence, the excitation light absorbed
by the ligand has been reduced, which further decreases the antenna effect
between the ligand and Eu’*. From Fig. 5.5D (left), with the addition of
3-PBA, the red shift of the excitation band can be clearly observed, so it can
be inferred that there is an exciplex formed by the framework of Eu**@Hf-
MOF and 3-PBA, which causes the obvious red shift of the maximum excita-
tion. As shown in Fig. 5.5A (right), if the concentration is higher, the extent of
exposure is more severe. A light red light can be seen and “W (weak)” is shown
by the logic detector, indicating that the exposure extent is weak (Fig. 5.5B;
right). For better application of the intelligent logic detectors, Eu’*@Hf-
MOF is solidified into a hydrogel of CMC-Na to prepare a portable sensor.
By putting the prepared hydrogel into simulated urine of the three different con-
centrations of 3-PBA, the gels exhibited clearly visible luminescence color tran-
sitions from light red to colorless under the UV lamp (Fig. 5.5C; right). The
developed hydrogel enables Eu** @Hf-MOF to be an intelligent and portable
tool for the construction of dual-functional logic detectors to monitor pyrethroid
exposure two-dimensionally [32].

Hao et al. generated a series of RE-based MOFs (RE = Sm, Dy, Nd, Yb, Er)
by encapsulating the RE®* cations into MIL-121 (Al-MOF) crystals (aluminum
pyromellitate or AI(OH)(H,btec)-H,O, Hybtec = pyromellitic acid) for its non-
coordinating carboxylate groups, which are amenable to PSM by a coordination
reaction with RE>* cations [33]. However, the luminescence of RE**@AI-MOF
is very weak, since the ligand Hybtec cannot effectively sensitize the lumines-
cence of RE** (Fig. 5.6; right, top). Ag" is used to enhance the fluorescence of
RE’*@AI-MOF so as to obtain a strong emission. Furthermore, as a sensing
probe for Ag*, Sm>*@AIl-MOF shows a higher selectivity and sensitivity for
Ag" in aqueous solution. The luminescence measurements (Fig. 5.6; left) illus-
trate that only Ag* can induce a significant luminescence enhancement of Sm**
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FIG.5.6 (Left) (A) Suspension-state PL spectra and (B) the relative intensities of 5G5/2 — 6H7/2 at
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intensity of Sm**@MIL-121 at 603 nm with immersion time in Ag® solution (10 mM),
Aex = 320 nm; inset: a fluorescence intensity plot depending on the immersion time. (Reproduced
with permission from J. Hau, B. Yan, Ag+-sensitized lanthanide luminescence in Ln3 + post-
functionalized metal-organic frameworks and Ag+ sensing. J. Mater. Chem. C 3 (2015) 4788—
4792. Copyright 2015 Royal Society of Chemistry.)

and no remarkable luminescence responses are observed upon the addition of
other metal ions. As demonstrated in Fig. 5.6 (right, bottom), the Ag*-induced
luminescence enhancement reaction is very fast. The intensity of the highest
peak at 603 nm increased more than 7.0 times in 1 min and to a constant value
in 30 min. The luminescence intensity of Sm>*@Al-MOF is proportional to
Ag* concentrations in the range of 0-500 mM and the detection limit (LOD)
of Sm>*@MIL is estimated to be 0.09 mM [33].

Peng et al. constructed a luminescent sensor based on a Tb**-functionalized
Zr-MOF (Tb**@Ui0-66-(COOH),, Tb**@Zr-MOF), which exhibits many
attractive sensing properties toward thiabendazole (TBZ). Moreover, the probe
was employed to determine TBZ in real orange samples, in which good recov-
eries from 98.41% to 104.48% were obtained. It only took 35 min for the whole
process of detection of TBZ in real orange samples, providing a reliable and
rapid method for monitoring the TBZ in real orange samples (Fig. 5.7; top).
The luminescent properties are given in Fig. 5.7A (bottom); among all the tested
chemicals, only TBZ caused a distinct quenching effect on the fluorescent
intensity, while Vitamin C and citric acid showed a slight decrease, and the
other 14 chemicals showed no obvious changes in luminescence intensity.

&)
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FIG. 5.7 (Top)Schematic diagram for the synthesis of Tb**@Zr-MOF (Zr-MOF = 1) and selec-
tive sensing for TBZ. (Bottom) The fluorescence intensity of the 544 nm of Tb**@Zr-MOF
(A) treated with various constituents in oranges; (B) the emission spectra of Tb** @Zr-MOF with
different concentrations of TBZ (0-80 pM). The inset is the relationship between the concentration
of TBZ and Iy/I. (Reproduced with permission from X. Peng, G. Bao, Y. Zhong, L. Zhang, K. Zeng,
J.He, W. Xiao, Y. Xia, Q. Fan, H. Yuan, Highly sensitive and rapid detection of thiabendazole res-
idues in oranges based on a luminescent Tb3+-functionalized MOF. Food Chem. 343
(2021) 128504. Copyright 2021 Elsevier.)

As illustrated in Fig. 5.7B (bottom), the emission intensity of the probe at
544 nm decreased obviously with the increase of the concentration of TBZ,
and showed good linearity in the range of 0 to 80 pM. The sensitivity and
LOD were derived quantitatively with a value of Ky, of 3.5 x 10*M ™' and a
linear correlation coefficient (RZ) of 0.995 (inset of Fig. 5.7B; bottom), indicat-
ing the Tb>*@Zr-MOF) can monitor TBZ with good quantitative analysis.
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The LOD was calculated to be 0.271 pM. These results indicate that the Tb’
*@Zr-MOF) can quantitatively detect TBZ in oranges. The possible mechanism
is that, based on the coordination interactions of the Tb>* ion with Zr-MOF and
TBZ, energy transfers from Zr-MOF to the TBZ molecule, which reduces the
LMET from the linker of Zr-MOF to the Tb>" ion and further leads to the
quenching effect [34].

5.3 The photo-induced energy transfer (PET) and fluorescence
(Forster) resonance energy transfer (FRET) for luminescence
response for chemical sensing in rare earth metal-organic
framework hybrid materials

There are two common mechanistic pathways for MOFs materials in lumines-
cence sensing: photo-induced electron transfer (PET) and fluorescent (Forster)
resonance energy transfer (FRET), especially for the majority of MOFs with LC
luminescence or all types of CT ones. The energy transfer process mainly
focuses on the probe (often molecule system, linkers of MOFs) and the analytes
(especially molecular species). In this regard, the character of MOFs sensing is
identical to a small molecule system. FRET is the nonradiative transfer of
energy from a donor to an acceptor molecule, which is also distance dependent
and hence can be used to investigate Coulombic interaction between molecules.
On the other hand, PET is similar to DEE, which involves transmission of
excited electrons from donor to acceptor via a nonradiative pathway; however,
this is a redox process and results in the quenching of luminescence. Tuning of
HOMO and LUMO energy levels by complexation of the analyte with a probe
may be reflected in the luminescence energy as well as the intensity of the
probe. This is especially relevant to MC luminescence, especially for
lanthanide-based sensors having spin-forbidden f-f transitions that are hence
difficult to excite directly [35]. But in fact, neither PET nor FRET are common
in MOFs materials and are even rarer in rare earth MOF hybrid materials.

5.3.1 PET for luminescence response in chemical sensing

Herein, several recent works on PET for MOFs-based materials are introduced.
Wang et al. designed and synthesized two Zr-MOFs, which showed intense
luminescence in water and could be solely quenched by trace amounts of Fe?
* jons with LOD toward Fe** ions of 212 and 16 ppb, respectively. The efficient
luminescent quenching effect is attributed to the PET between Fe** ions and the
ligands in these MOFs [36]. Bej et al. synthesized Cd**- and Zn**-based MOFs
for the selective identification of m-xylene in a pool of other isomers by fluo-
rometric methods. Inhibition of the PET process is the prime reason for lumi-
nescence enhancement, owing to the comparable molecular orbital energies for
m-xylene in comparison with o- and p-xylene [37]. Fan et al. designed an
unprecedented self-penetrated Zn-MOF as a multiresponse chemosensor in
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detecting dichloronitroaniline pesticide and nitrofuran antibiotics in water with
an LOD (116 ppb) for DCN pesticide, 16 ppb for NFT antibiotic, and 12 ppb for
NTZ antibiotic, respectively. In addition, the mechanisms of luminescence
quenching were revealed from the viewpoint of IFE and PET [38]. Tang
et al. developed a hybrid via PSM of a Zr-MOF through an efficient click reac-
tion with 1-ethynylpyrene for 2,4,6-trinitrophenol (PA) detection. The hybrid
showed an 85% luminescence quenching efficiency with 0.203 mMPA and
an LOD of 4.5 x 107" M. The hydrogen bond interaction promotes PET
between the MOFs-based hybrid and PA, leading to better selectivity for PA
detection over TNT [39].

Yang et al. synthesized two La-MOFs ({[Las(Cmdcp)s(H,0)o] },, (La-MOF1,
3D) and {[Lay(Cbdcp)s(H,0);0]}, (La-MOF2, 2D), H;CmdcpBr (H;CbdcpBr)
=N-carboxymethyl ((4-carboxybenzyl))-3,5-dicarboxylpyridinium bromide),
which could absorb the carboxyfluorescein (FAM)-tagged probe DNA
(P-DNA) and quench the luminescence of FAM via a PET process. The nonemis-
sive P-DNA @La-MOF hybrids thus formed in turn functioned as sensing plat-
forms to distinguish conservative linear, single-stranded RNA sequences of
Sudan virus [40]. In addition, increasing the concentration of target SUDV
RNA sequences led to a gradual increase in the fluorescence intensity until satu-
ration was observed at a concentration of 50 nM for both P-DNA @La-MOF1 and
P-DNA@La-MOF2 (Fig. 5.8; top), whose fluorescence intensities showed the
anticipated linear relationships with the concentration of the target RNA sequences
(inset of Fig. 5.8; top), giving an LOD of 112 pM with an RSD of 1.2% and 67 pM
with an RSD of 1.1%, respectively. The introduction of completely complemen-
tary target Sudan virus RNA T5( resulted in marginal fluorescence enhancement,
with the recovery efficiency (RE) approaching 0.62 4+ 0.03 for P-DNA@La-
MOFI1 and 0.78 £+ 0.02 for P-DNA@La-MOF2 (Fig. 5.8; bottom). In addition,
the fluorescence recovery induced by T, showed much higher concentration
dependence in comparison to that by T and T, (Fig. 5.8; bottom). They extended
the length of target SUDV RNA sequences from 20 (75() to 30 (T30) and 40 (T40)
nucleobases. As shown in Fig. 5.8 (bottom), introducing T3 and Ty to both sys-
tems also resulted in decent fluorescence enhancement, with RE values being 0.49
and 0.37 for P-DNA @La-MOF]1 and 0.63 and 0.50 for P-DNA @La-MOF2. Under
these conditions, the LODs were 806 pM for T3y and 1016 pM for T4 of the
P-DNA@La-MOF1 system and 83 pM for T30 and 92 pM for T4y of the
P-DNA @La-MOF?2 system. Such results may be rationalized from the structural
traits of MOFs. With the conjugated m-electron system in MOFs and aromatic
nucleotide bases in the probe DNA, the two La-MOFs absorb P-DNA through elec-
trostatic and mt-stacking interactions to form hybrids and quench the fluorescence of
the FAM via a PET process [40].

Lian et al. used a hetero bimetallic-organic framework (Ag*/Tb**@MOFs)
and mercaptan linker to build a versatile platform for sensing and decontaminate
CS lachrymator [41]. MOFs-SH is used as the detector for CS based upon the thio-
lene reaction. The photos of these suspensions under UV light also display obvious
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FIG. 5.8 (Top) Fluorescence spectra of the P-DNA@La-MOF system (50 nM/45 uM for
P-DNA@La-MOF1 (A), 50 nM/40 pM for P-DNA@La-MOF2 (B)) incubated with T, at varying
concentrations. Inset: plot of the fluorescence intensity at 518 nm versus the concentration of T5.
(Bottom) Fluorescence recovery of P-DNA@La-MOF1 (A, 50 nM/45 pM) and P-DNA@La-
MOF2 (B, 50 nM/40 puM) systems by target T, T30, T40, T1, T2, and Tyoa. A at varying concentra-
tions. (Reproduced with permission from S. Yang, W. Zhao, P. Hu, K. Wu, Z. Jiang, L. Bai, M. Li,
J. Chen, Lanthanum-based metal-organic frameworks for specific detection of Sudan virus RNA con-
servative sequences down to single-base mismatch. Inorg. Chem. 56 (2017) 14880—14887. Copyright
2017 American Chemical Society.)

luminescence extinction from bright green to dark (Fig. 5.9; top, left), which
exhibits conspicuous significant luminescence quenching effects. However, the
luminescence of Ag*/Tb”*@MOFs has maintained even if it encounters a CS mol-
ecule. Concentration-dependent studies on the photoluminescence were carried
out, revealing a good linear relationship (R* = 0.9987) between the logarithm
of intensities ratios and the molar concentration of CS in aqueous solutions
(Fig. 5.9; top, right) over the range 1.0 x 107 '=5.0 x 10> mol L' with LOD
as 32.1 ppb. This may be the chemical bond between the CS molecule and
MOFs-SH framework. For Ag+/T b>*@MOFs and MOFs-SH (Fig. 5.9A; bottom),
such aspects can play an important role, where the organic ligand bpydc has
excited states in a region relevant for an LMET to Tb*, Hence, the interdiction
of emission is confirmed and a PET pathway is proposed in the following
(Fig. 5.9B and C; bottom). When structures with high HOMO levels appear
around Ag*/Tb**@MOFs, such as CS-SH, the electrons in the HOMO of
CS-SH will be transferred to the empty HOMO of Ag*/Tb>*@MOF, resulting
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in forbidden electronic transitions and no luminescence can be observed. The PET
process will happen in the resulting structure of MOFs-SH with CS [41].

5.3.2 FRET for luminescence response in chemical sensing

For the FRET mode of sensing, there are some reports on MOF probes. Here we
only give some comments on the typical research over the past several years
[42-49]. Ding et al. prepared two kinds of luminescent Zr-MOFs as the energy
donor and stimuli-responsive polymers conjugated to fluorophores as energy
acceptors, forming a FRET nanosystem. Ratiometric sensing of pH (3.0 and
8.0 under 420-nm excitation and by ratioing the emission peaks at 645 and
530 nm) and temperature (25°C to 50°C under 550-nm excitation and by ratio-
ing the emission peaks at 810 and 695 nm) was accomplished by monitoring

&)
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luminescence [42]. Afzalinia et al. presented a luminescent biosensor based on
“sandwich-type” hybridization of oligonucleotides and the FRET strategy to
determine the MicroRNA-155 (miRNA-155) expression levels as a cancer
biomarker. A modified La-MOF and Ag NPs were used as the energy donor-
acceptor pairs in luminescence quenching through the FRET process, and the
surface of both was conjugated with different 5’-amino-labeled ssDNA strands
(aptamers) [43]. Qu et al. designed a luminescence sensor platform by the inter-
action of aggregation/dispersion AuNPs with Tb-MOFs. AuNPs can effectively
quench the luminescence of Tb-MOFs, involving FRET as well as IFE and
dynamic quenching effect (DQE). The linear range of PSA is achieved from 1
to 100 ng/mL with a detection limit of 0.36 ng/mL [44]. Sun et al. reported a
thiol-labeled adenosine triphosphate (ATP) binding aptamer covalently linked
on the surface of AuNPs. The dispersed AuNPs can quench the luminescence
of the Tb-MOFs at 547 nm with an excitation wavelength of 290 nm, which is
similarly ascribed to the combined action of FRET and IFE [45]. Cao et al.
reported the FRET properties of a 2D Cd-MOF, which was encapsulated with
two guest dyes, acridine orange (AO) and rhodamine B (RhB), in its
honeycomb-type nanochannel. Cd-MOF serves as an energy funnel that harvests
high energy excitation and channels it onto AO and then onto RhB [46]. Khatun
et al. constructed a luminescent pillared paddle-wheel Zn-MOF, whose highly
ordered arrangement and good overlap between the emission and absorption spec-
tra of these two complementary energy donor and acceptor units enabled ligand-
to-ligand FRET, allowing the MOF to display exclusively DPTTZ-centric blue
emission (410 nm) regardless of the excitation of either chromophore at different
wavelengths. Zn-MOF displayed an Hg>* -specific luminescence signal, demon-
strating its selective detection of Hg** [47]. Cai et al. studied a series of dye @Zn-
MOF, featuring a unique mechanism of tandem FRET among the MOF host and
the multiple dye guests [48]. Xiao et al. synthesized a Cd-MOF and fabricated it
into an unparalleled luminescence-silent system CrO; @Cd-MOFs by PSM.
First, this probe displayed quenching of luminescence intensity for CrO3 ~ ions
originating from the FRET mechanism. Further, the fluorescent intensity of the
CrO3~ @Cd-MOFs system could be recovered for sensing ascorbic acid for the
elimination of the FRET process [49].

Xia et al. utilized an Eu(III) postfunctionalized Zr(IV)-based MOF (UiO-66
(COOH),, Eu3+@Zr-MOF) as an independently luminescent probe for sensing
bilirubin (BR) in human serum, a biomarker of jaundice in hepatitis. From
Fig. 5.10A (top), it can be clearly seen that there is a large spectral overlap from
380 to 510 nm between the ligand-based emission of compound Eu®*@Zr-MOF
and absorption of BR, which can lead to an effective FRET process and hinder
the ligand-to-Eu energy transfer to reduce the emission intensity of Eu** in Zr-
MOF. As shown in Fig. 5.10B (top), the red emission at 614 nm of Eu** in Eu’
*@Zr-MOF is markedly suppressed after introducing BR, and its intensity con-
tinuously declines with increasing the BR content. At the same time, a discern-
ible quenched phenomenon can be observed for the blue ligand-centered
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FIG.5.10 (Top)The absorption spectrum of BR and emission spectrum of sample Eu** @Zr-MOF
(A). The emission spectra of Eu*>* @Zr-MOF suspensions containing different concentrations of BR
in PBS; inset shows partial enlargement of the blue ligand-centered emission bands (B). The evo-
lution of CIE chromaticity coordinates and luminescent colors (inset) caused by different concen-
trations of BR (C). The time-dependent luminescent intensity curve of Eu**@Zr-MOF suspension
monitored at 614 nm with a BR concentration of 15 pM (D, A.x = 320 nm). Luminescent intensity of
Eu**@Zr-MOF at 614 nm versus BR concentration plot (E), as well as the linear relationship
between [/l and BR concentration from O to 5 pM (F). (Bottom) The decay curves of ligand-based
emissions with and without 15 uM BR (A), and the schematic diagram of the sensing mechanism of
BR by Eu**@Zr-MOF (B). (Reproduced with permission from C. Xia, Y. Xu, M. Cao, Y. Liu, J. Xia,
D.Jiang,G.Zhou,R. Xie,D.Zhang, H. Li, A selective and sensitive fluorescent probe for bilirubin in
human serum based on europium(Ill) post-functionalized Zr(IV)-based MOFs. Talanta 212
(2020) 120795. Copyright 2020 Elsevier.)

emission when BR is present (inset in Fig. 5.10B; top). The direct visual result
caused by luminescence variation after introducing BR is that the emission
color of Eu**@Zr-MOF systematically varies from red to pale cyanine under
UV excitation (insert in Fig. 5.10C; top), whose chromaticity coordinates cal-
culated from the emission spectra shift from (0.52, 0.31) to (0.28, 0.27) as the
BR concentration increases from O to 15 pM. Additionally, from the time-
dependent emission intensity curve of the 614-nm emission peak in
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Fig. 5.10D (top), the fluorescent response rate of Eu®>*@Zr-MOF to BR is very
fast. Extending the contact time to 5 min, the luminescence barely decreases
further and remains unchanged. The dependence of intensity for Eu’*@Zr-
MOF at 614 nm on the BR concentration is plotted in Fig. 5.10E (top). A linear
correlation can be fitted in the low concentration from 0 to 5 pM with Kgy of
1.01 x 10° mol ™! (Fig. 5.10F; top), whose LOD and limit of quantification
(LOQ) to BR are estimated to be 0.45 uM and 1.5 pM. The luminescent quench-
ing of the Eu’* @Zr-MOF caused by the addition of BR being attributed to the
FRET process can be further verified by the large spectral overlap between the
ligand-based emission of Eu’*@Zr-MOF and absorption of BR seen in
Fig. 5.10A (top). In addition, the occurrence of the FRET process between
the BR and ligands can also be proven by the variation of the fluorescence life-
time of the ligand-based emission with or without BR (Fig. 5.10A; bottom); the
corresponding high FRET efficiency is calculated as 55.92% between the probe
Zr-MOF and BR. The inherent natures of the molecular structure of BR and Zr-
MOF allow for several interactions between them, such as interaction between
the free -COOH of BR and the unsaturated Zr (IV) sites, the possible hydrogen
bonding between the hydroxyl groups of Eu**@Zr-MOF and free -COOH of
BR, and the 7-m interaction between Eu>*@Zr-MOF and the aromatic rings
of BR. These preceding intermolecular forces will cause Eu’*@Zr-MOF to
be close to BR as much as possible, to finally effectively promote the FRET
process. As shown in Fig. 5.10B (bottom), a strong red emission originates from
the LMET process: the FRET process between the ligands and BR occurs and
begins to compete with the LMET process between the ligands and Eu®*. The
energy absorbed by the ligand is no longer transmitted to Eu®*, then quenching
the bright red emission from Eu’*" in Zr-MOF [50].

Hao et al. first reported a designed luminescent Eu®*@Ga-MOF sensor,
whose luminescence can be effectively quenched by 1-hydroxypyrene (1-
HP) via a FRET process, thus achieving recognition of 1-HP [51]. As shown
in Fig. 5.11A (top), upon the addition of 1-HP (1 mg/mL) to the suspension
of, a significant decrease (77%) in the luminescence intensity of Eu’* at
614 nm can be observed, leading to the emission color of the hybrid changing
from red to colorless. Of particular note is that the fluorescent response rate of
the hybrid probe toward 1-HP is very fast, as illustrated by the time-dependent
emission spectra and intensity curve (Fig. 5.11B; top). The interaction between
1-HP and the MOF linker causes the luminescence quenching. The LUMOs
energy level of the ligands (donor) is obviously lower than that of the 1-HP
(acceptor), indicating the absence of the PET process in the luminescence
quenching by 1-HP. The efficiency of the FRET depends on the extent of spec-
tral overlap between the donor’s emission spectrum and the acceptor’s absorp-
tion spectrum. The donor-acceptor (ligand-1-HP) distance (r) and Forster
distance (R) in this study were also calculated. This also facilitated the occur-
rence of the FRET process between the Ga-MOF ligands and 1-HP. The bright
red emissions of Eu** @Ga-MOF are based on the LMET process: the ligands
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FIG. 5.11 (Top) (A) Suspension-state luminescence spectra of Eu**@Ga-MOF before and after
being treated by 1-HP (1 mg/mL). Inset: The changes in the emission intensity (614 nm) and lumi-
nescence colors of Eu**@Ga-MOF induced by the addition of 1-HP; (B) Emission spectra of Eu®
*@Ga-MOF suspensions upon exposure to 1-HP at various time intervals (1., = 302 nm) and the
emission intensity at 614 nm as a function of exposure time in the inset. (Bottom) (A) Simplified
scheme of the LMET and FRET process in Eu**@Ga-MOF with 1-HP; (B) Scheme of the mech-
anism of 1-HP sensing by Eu**@Ga-MOF. (Reproduced with permission from J. Hao, B. Yan,
Determination of urinary 1-hydroxypyrene for biomonitoring of human exposure to polycyclic aro-
matic hydrocarbons carcinogens by a lanthanide-functionalized metal-organic framework sensor.
Adv. Funct. Mater. 27 (2017) 1603856. Copyright 2017 Wiley-VCH.)

strongly absorb UV light and transfer the absorbed energy to Eu®*, thus facil-
itating the luminescence of Eu** and endowing Eu®* @Ga-MOF with the Eu***s
characteristic emission (Fig. 5.11; bottom). However, in the presence of 1-HP,
the FRET process between the ligands and 1-HP competes with the LMET pro-
cess through suppressing or blocking the energy transfer from the ligands to Eu®
*. As a result, the emission of Eu**@Ga-MOF is restricted or quenched, and
thus 1-HP is detected (Fig. 5.11; bottom) [51].

Lian et al. fabricated a sandwiched mixed matrix membrane (MMM) based
on a MOF-hydrogel hybrid and achieved ppb-level sensitivity and good selec-
tivity for detecting mitoxantrone in serum among other analogous antineoplas-
tics [52]. MMM in mitoxantrone solution had a much more enervated emission
than the original MMM to realize its detection (Fig. 5.12A; top). As shown in
Fig. 5.12B (top), various analytes induced different effects on the luminescence
of the suspension; however, mitoxantrone exhibited the most remarkable



164 PART | Il Luminescent response mode and sensing mechanisms

- " .‘.“ - -_ Se— -v-'-. -
wo G L9 'q-,_‘ 1’5&6 Y, . S w
g < .

Acceptor A) I - er
L% | N
ol . 5 '§
' E
SV .
o
eu'l- (c)

FIG.5.12 (Top) (A) The photographs of MMM hydrogels under UV irradiation after addition for
H,O0 (1), ofloxacin (2), tetracycline (3), penicillin (4), adriamycin (5), bleomycin (6), and mitoxan-
trone (7); (B) luminescence intensity of MMMs at 614 nm toward various drugs; (C) luminescence
responses of MMMs toward mitoxantrone in the presence of background of other various serum
components. (Bottom) (A) Photographs of MMM after addition of serum with different concentra-
tions of mitoxantrone (1-9: 107>-100 pM); (B) and (C) FRET process between MMMs and mitox-
antrone. (Reproduced with permission from X. Lian, Y. Zhang, J. Wang, B. Yan, Antineoplastic
mitoxantrone monitor: a sandwich mixed matrix membrane (MMMs) based on luminescent
MOFs-hydrogel hybrid. Inorg. Chem. 59 (2020) 10304—10310. Copyright 2020 American Chemical
Society.)

quenching effect. There is no evidence that the interfering substances can affect
the selectivity of the detection platform (Fig. 5.12C; top). The ribbon hydrogel
MMM also exhibited a distinct luminescence under UV radiation, which could
be observed by the naked eye (Fig. 5.12A; bottom). Overall, the presence of the
FRET process between MMM and mitoxantrone was ratified (Fig. 5.12B;
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bottom). In this process, the donor is the luminescence center Eu* and the
acceptor is the quencher mitoxantrone. The MMMs strongly absorb photons
and the energy is transferred to Eu’”, thus endowing MMM s to display the
Eu’*‘s characteristic emission. However, in the presence of mitoxantrone,
the FRET process restrains the energy transfer from MMMs to Eu®*
(Fig. 5.12C; bottom).

5.4 Special interactions for luminescence response
on chemical sensing in rare earth metal-organic
framework hybrid materials

Besides the general metal ions and linkers or ligands within MOF materials,
some special interactions still exist that affect the luminescence response to
be applied in sensing. They include hydrogen bonding or = — = interactions
in MOFs hosts; some reactions (coordination, redox, and precipitation, etc.)
even occur between building blocks of MOFs and analytes [52-62]. Although
these interactions do not seem to be very common, they still have useful and
attractive significance for this field.

5.4.1 Hydrogen bonding for luminescence response on chemical
sensing

Comparatively, some research studies have reported on hydrogen bonding for
luminescent responsive sensing. This section offers comments on some works
involving MOFs materials [52-58]. Kahn et al. synthesized a Zn-MOF, whose
luminescence and electron-rich nature allow it to be utilized for selective sensing
of Fe>* and 2.4,6-trinitrophenol (TNP) in water, with LOD of 3.7 and 1.8 ppm,
respectively. This mechanistic evidence revealed that a combination of strong
hydrogen bonding with FRET and PET processes was synchronously responsible
for the quenching of the luminescence intensity of Zn-MOF [52]. Zhu et al. used
an amino-group functionalized MOF NH,-UiO-66 to obtain a drastic lumines-
cence enhancement at 455 nm induced by F~ ions with LOD of 0.229 mg L™,
whose luminescent sensing mechanism can be ascribed to the formation
of hydrogen bonds between the guest F~ anions and the free amino groups in
NH,-UiO-66 to result in incremental electron transfer from ligands to Zr-oxo
clusters [53]. Sharma et al. reported on the synthesis of a hydroxyl-functionalized
MOF for rapid and efficient sensing of NACs and examined in detail
its luminescence-quenching mechanisms. In chloroform, quenching takes place
primarily by exciton migration to the ground-state complex formed between the
MOF and the analytes. A combination of hydrogen-bonding interactions and n-%
stacking interactions are responsible for luminescence quenching, and this
observation is supported by single-crystal structures [54]. Liu et al. revealed
the underlying principles for the sensing mechanism by comprehensively study-
ing the analyte-sensor interactions. They discovered that the hydrogen bond
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showed multifunctions during the detecting processes that, on the one hand,
served as the electron transfer bridge and, on the other hand, reinforced the x-
7 stacking [55]. Tehrani et al. synthesized two urea-containing MOFs (namely
TMU-35 and TMU-36), whose urea functional group can interact favorably
through hydrogen bonding with carbonyl compounds and thus they are potential
candidates for carbonyl compound sensing. When the pillaring linker containing
a benzene core (TMU-35) is replaced by the pillaring linker containing a naph-
thalene core (TMU-36), luminescence-sensing ability toward carbonyl com-
pounds is dramatically quenched [56]. Pentyala et al. synthesized a Zn-MOF
with specific binding sites for guest molecules, whose sensing interaction with
alcohol gas was studied. It was argued that the sensing mechanism was based
on the exchange of Zn-coordinated water against alcohol molecules. The unfa-
vorable loss of hydrogen bonds when replacing water against alcohol in the struc-
ture could be partially balanced by van der Waals interactions between alcohol
alkyl chains and the aromatic rings of the linker molecules [57]. Mallick et al.
reported a luminescent Zr-based MOFs, which exhibited an unprecedentedly
low LOD of 66 nM for amines in aqueous solution. Markedly, this ultralow detec-
tion was driven by hydrogen bonding interactions between the linker and the
hosted amines [58].

For rare earth functionalized MOFs hybrid materials sensing via hydrogen
bonding interaction, Hao et al. designed an Eu®* PSM Ga-MOF hybrid
(Eu**@Ga-MOF) to detect ammonia gas and its biological metabolite of
ammonia in the human body (urinary urea), which represents a rare example
of a reported luminescent sensor that can realize both pollutant environmental
monitoring and biological indicator detection (scheme in Fig. 5.13; left) [59].
The solid-state luminescent measurements are recorded and compared in
Fig. 5.13 (right, top). Interestingly, most organic vapors have a negligible effect
on the luminescence of hybrid film, except in the case of NH3, which induces a
remarkable reduction (76%) of luminescence intensity of Eu®* at 614 nm. In
accordance with the change in luminescence spectra, under the irradiation of
a UV lamp, only the hybrid film absorbed NH; shows a significantly darker
luminescence than that from the original one (inset of Fig. 5.13B; right, top).
More importantly, the hybrid also realizes the determination of the biological
metabolite (urinary urea) of inhaled ammonia gas in the human body. For
the suspension-state fluorescent in Fig. 5.13A (right, bottom), notably only urea
induced a twofold enhancement in the emission intensity at 614 nm. The hydro-
gen bonds between ammonia or urea and ligands affect the energy transfer effi-
ciency from ligand to Eu®* ions since the luminescence intensity of RE**
crucially depends on the efficiency of the ligand to Eu®* energy transfer. With
the presence of ammonia, the ligands’ emission has a bathochromic shift of
24 nm, indicating a decrease of the t* energy level of the ligands by the hydro-
gen bonds. On the contrary, urea induces a hypochromatic shift (27 nm) in the
emission of the ligands, demonstrating an increased energy level of the T orbits
of the ligands by the hydrogen bonds. So, the sensing mechanism for ammonia
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or urea is based on their hydrogen bond interaction with Eu’*@Ga-MOF
ligands, which changes the excited-state energy level of ligands, thus affecting
the ligand-to-Eu’* energy transfer efficiency, consequently leading to different
luminescent emissions.

5.4.2 Coordination interaction for luminescence response
on chemical sensing

Lian et al. prepared an Eu®* functionalized Sc-MOF as a “Turn-On” fluorescent
switch for phenylglyoxylic acid (PGA) for a coordination interaction between
Eu* and PGA [60]. The Eu**-functionalized Sc-MOF with carboxyl-rich syn-
thesized by a mixed-ligand strategy can effectively sensitize the luminescence
of Eu®* through the LMCT process, and the PGA surrounding can enhance the
emission of Eu*" -functionalized MOFs (Eu3 *@Sc-MOF). Moreover, the on-
site monitoring of PGA in urine by a paper-based fluorescent probe integrated
with a smartphone was also proposed (Fig. 5.14; top). Compared with the exci-
tation spectrum of original Eu**@Sc-MOF (Fig. 5.14A; bottom), the maximum
excitation peak of the spectrum of Eu®*@Sc-MOF with PGA shifted to 322 nm,
and the intensity of the maximum excitation peak was much stronger than the
original spectrum in the same experimental conditions. As shown in Fig. 5.14B
(bottom), only PGA can induce a significant luminescence enhancement of Eu®
*, indicating that Eu’*@Sc-MOF could be a potential sensor with excellent
selectivity for PGA in an aqueous environment. The pictures of the lumines-
cence changes of Eu** @ Sc-MOF suspensions over time are recorded by succes-
sive photographs (Fig. 5.14C; bottom). The luminescence enhancement
is reproduced in Fig. 5.14A (bottom), and the calculated LOD value is
4.16 ppb. The lifetime of Eu®*@Sc-MOF suspension with additional PGA is
much larger than others; there is an interaction between Eu®* and PGA mole-
cules and there is a new complex structure in the Eu’* @Sc-MOF with the PGA
suspension. The diketone group in the PGA molecule is a familiar excellent
structure for Eu’* sensitization. The appropriate interatomic distance is also
favorable for this speculation. The calculated results based on the DFT revealed
the possible complex structure is stable in the suspension system.

5.4.3 Reduction reaction for luminescence response for chemical
sensing

Hao et al. fabricated an Eu**/Ag* functionalized MOFs hybrid (Eu**/Ag*@Zr-
MOF) as a luminescent sensor for indoor formaldehyde (FA). The implantation
of Ag* ions could produce the simultaneous luminescence of both Eu** and the
organic ligands in the MOF to form a dual-emitting hybrid [61] as shown in
Fig. 5.15 (top). The FA sensing by the Ag*/Eu** codoped MOFs was achieved
by its induced emission change. The pure Eu** @Zr-MOF only gives the char-
acteristic emission of Eu**. With the presence of Ag*, the Ag*/Eu’* codoped
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FIG.5.14 (Top) The schematic diagram of the “Turn-On” luminescence switch for on-site detect-
ing of urinary PGA. (Bottom) (A) The excitation spectra of Eu** @Sc-MOF with or without PGA;
(B) the histogram for the luminescence of Eu**@Sc-MOF (SDO —F, transition of Eu*")
toward different urine chemicals under excitement at 322 nm; (C) successive photographs of the
Eu**@Sc-MOF with addition of PGA solution for different times (0—15 s). (Reproduced with per-
mission from X. Lian, T. Miao, X. Xu, C. Zhang, B. Yan, Eu3 +functionalized Sc-MOFs: turn-on
fluorescent switch for ppb-level biomarker of plastic pollutant polystyrene. Biosens. Bioelectron.
97 (2017) 299-304. Copyright 2017 Elsevier.)

MOF also has the emission of the organic ligands accompanied by the decrease
of the Eu®* emission, since Ag* changes the organic ligands’ electronic struc-
ture and affects the ligand-to-Eu®" energy transfer process. The energy gap
between S, and T of the organic ligands is calculated to be 12,300 cm ', Such
a high energy gap (>5000 cm ') is favorable for the intersystem crossing pro-
cess (Fig. 5.15A; bottom) and gives the emission of organic ligands. Contrarily,
the energy gap between the T (21,598) and Dy level of Eu** (17,500 cm™ ')
exceeds the optimal A E (~2500 cm ™) due to the presence of Ag*, weakening
the ligand-to-Eu®* energy transfer efficiency and decreasing the Eu’*‘s
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FIG. 5.15 (Top) The luminescence spectra (A) and the intensities (Ig,, I1, and Ig,/l) (B) of
Eu**/Ag*@Zr-MOF films after being treated with various indoor polluted gases. (Bottom)
(A) Simplified schematic diagram of the LMET process in Eu**/Ag*@Zr-MOF; (B) Schematic
illustration of the mechanism of FA sensing by Eu**/Ag* @Zr-MOF. (Reproduced with permission
fromJ. Hao, B. Yan, A dual-emitting 4d-4f metal-organic framework as a self-calibrating lumines-
cent sensor for indoor formaldehyde pollution. Nanoscale 8 (2016) 12047-12053. Copyright 2016
RSC Society of Chemistry.)

emission. FA has the tendency to interact with the Ag* in hybrids and thus to
affect the hybrid’s electronic structure and energy transfer process. In this way,
the FA sensing is achieved by its redox reaction with Ag* and the induced lumi-
nescence change of the hybrid (Fig. 5.15B; bottom).

5.4.4 Precipitation reaction for luminescence response
in chemical sensing

Xu et al. selected two Ln-MOFs to provide high color purity and accurate mea-
surements, and Ag*/Eu**@Ui0-67 was the working luminescence center and
Tb-MOF was the reference luminescence center [62]. The coordinated Ag*
reduced the efficiency of the energy transfer from UiO-67 to Eu’*, which
can be proven by quantum yields (4%) and luminescence lifetime study (unde-
tectable) (Fig. 5.16; top). The reduced lifetime indicates a dynamic quenching
mechanism and that the quenching is due to the interaction of Ag* and the
excited ligand molecule. Considering the strong affinity between Ag® and
CI™ to bring about a precipitation reaction, they examined the potential of
Ag'/Eu**@Ui0-67 for Cl~ detection. As shown in Fig. 5.16A—C (bottom),
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FIG.5.16 (Top) Simplified illustration showing the Ag* induced luminescence quenching of Eu®*
in Ag*/Eu**@Ui0-67. (Bottom) Luminescence response of MCP-1 (A), MCP-2 (B), and MCP-3
(C) toward CI™ (1 mL, 100 mM); the insets show the corresponding luminescence photographs
and luminescence intensity of /s14/I545; (D) luminescence response of MCP-2 toward various sweat
components in their physiological level; the insets give the corresponding photographs;
(E) concentration-dependent emission spectra of MCP-2 upon adding C1~ (0-200 mM); (F) the lin-
ear fitted curve showing the luminescence intensity of /g14/I545 vs. C1~ concentration for MCP-2; the
insets show every concentration photograph; A., =365 nm and UV-light irradiation is 365 nm.
(Reproduced with permission from X. Xu, B. Yan, Fluorescent wearable platform for sweat Cl—
analysis and logic smart-device fabrication based on color adjustable lanthanide MOFs.
J. Mater. Chem. C 7 (2018) 1863—1869. Copyright 2017 RSC Society of Chemistry.)
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the presence of C1™ triggers an apparent enhancement in the Eu®* -based emis-
sion (24.6-fold for 614 nm). Under a UV lamp, a bright red color can be
observed. By integrating DUT-101 with Ag*/Eu’*@UiO-67, a luminescence
sensor to monitor C1~ can be developed using Ag*/Eu** @Ui0-67 for the signal
processing and DUT-101 for the signal calibration. In contrast to C1~, a color
conversion cannot be observed for any of the added components under a 365-
nm UV lamp (inset of Fig. 5.16D; bottom). The emission spectra are shown in
Fig. 5.16E (bottom) and reflect the C1™ sensor response to artificial sweat. Upon
a gradual increase in the concentration of C1~, the Eu’* emission intensity pro-
gressively increases, and the Tb>*-based emission intensity is invariant. The
luminescent colors of the sensing cotton piece change from green to yellow,
and then orange and red as the Cl~ concentrations increase, under 365-nm
UV light irradiation. As shown in Fig. 5.16F (bottom), a good linear correlation
is observed over the concentration range, and the relationship can be fitted with
a correlation coefficient (R?) of 0.99752 with an LOD of 0.1 mM.
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Chapter 6

Rare earth metal-organic
framework hybrid materials

for luminescence responsive
chemical sensing of metal ions (1)

6.1 Luminescence responsive sensing of Fe** using rare earth
metal-organic framework hybrid materials

Iron species are essential for virtually all organisms due to their functions as a
cofactor in central cellular processes such as respiration, DNA synthesis and
repair, ribosome biogenesis, and metabolism, among others. In this regard,
how to effectively probe the iron ion becomes a challenging issue, particularly
with the emergence of fluorescent imaging technology. Biological iron species
are commonly found in the +2 (ferrous) and +3 (ferric) oxidation states. Design-
ing a sensor with specificity for ferrous over ferric is difficult, due to iron’s pro-
pensity for oxidation within aqueous and aerobic conditions. A luminescent
probe to detect Fe** in environmental and biological systems mainly depends
on the quenching effect on luminescence of MOFs by metal cations, which orig-
inates from three approaches: the interaction between metal cations and organic
ligands, the collapse of the crystal structure by metal cations, and the cation
exchange of central cations in a framework with targeted cations. The sensing
of Fe?* and even both Fe?* and Fe®* or Fe®* against Fe>* is expected to be stud-
ied deeply. The sensing of Fe®" is universal and there are many probes based on
rare earth MOF hybrid material systems [1-58].

Zhou et al. demonstrated a strategy to fabricate a luminescent rare earth
functionalized MOF by encapsulating Eu®* cations in the pores of MIL-53-
COOH (Al) nanocrystals (Al-MOF) [2], which was developed as a highly selec-
tive and sensitive probe for detection of Fe>* in aqueous solutions. In addition,
the possible sensing mechanism is based on cation exchange between Fe>* and
the framework AI’* in AI-MOF. Luminescent responses of Eu**@Al-MOF
toward aqueous solutions of various metal cations can be seen in AI-MOF. Only
Fe’* shows a significant quenching effect on the luminescence. The remarkable
quenching effect can be further confirmed by the photograph of the Eu** @ Al-
MOF suspension under UV-light irradiation (Fig. 6.1A; top). The emitted
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FIG. 6.1 (Top) Responses of the fluorescence (A) and lifetime (B) of Eu**@AI-MOF (0.4 mg LY toward aqueous solution of various metal cations (5 mM). Both
the emission spectra and lifetimes were collected at the excitation wavelength of 320 nm. I and /, denote the fluorescence intensity of Eu®*@Al-MOF with and
without metal ions of interest, respectively. (Bottom) Emission spectra (A) and Ky, curve (B) of Eu**@AI-MOF (0.4 g L") nanocrystals in aqueous solutions in
the presence of various concentrations of Fe** under excitation at 320 nm (Al-MOF = MIL-53-COOH). (Reproduced with permission from Y. Zhou, H. Chen,
B. Yan, An Eu3+ post-functionalized nanosized metal-organic framework for cation exchange-based Fe3 +-sensing in an aqueous environment. J. Mater.

Chem. A 2 (2014) 13691-13697. Copyright 2015 Royal Chemical Society.)
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visible red light of the Eu®"@AI-MOF suspension is essentially completely
quenched when in contact with the aqueous solution of Fe**. These results indi-
cate the high selectivity of Eu®* @ Al-MOF for the sensing and specific recogni-
tion of Fe>* in an aqueous environment. In addition, the quenching effect of Fe**
on the luminescence of Eu**@AI-MOF is evaluated by the fluorescence decay
time of Eu®* (Fig. 6.1B; top). Cu®" and Fe** exhibit varying degrees of decline
in the fluorescence lifetime. A luminescence titration upon the addition of
Fe(NO3); to Eu>*@AI-MOF was further conducted (Fig. 6.1A; bottom), and
the emission intensity of the Eu®*@ Al-MOF suspension declined sharply with
the increase of Fe>* concentration from 0 to 0.5 mM. Fig. 6.1B (bottom) shows
the Ky, curve of Eu** @ AI-MOF nanocrystals with Fe**. The linear correlation
coefficient (R) is 0.99938. The K, value is calculated as 5.12 x 10, which
reveals a strong quenching effect on the Eu** @ AI-MOF luminescence. It is spec-
ulated that a static quenching process is dominant because the absorption spec-
trum of Eu** @ AI-MOF shows an obvious difference after contact with Fe**. The
limit of detection (LOD) for Fe>* was determined as 0.5 mM, whose low value
meets the requirements for intracellular sensing and imaging of Fe>* [2].

Shen et al. prepared the Eu®* ion modified bio-MOF-1 by ionic exchange
and further introduced some ligands (TTA) by gas diffusion (“ship-in-bottle”)
to improve the luminescence first (Fig. 6.2; top, left), after which they studied
its application in the sensing of metal ions [4]. The relative intensities of
Dy — 'F, at 616 nm from their suspension-state photoluminescent spectra
are shown in Fig. 6.2 (top, right). Both Cr’* and Cu®** produced the marked
quenching of the luminescent intensity of Eu**@ bio-MOF-1 hybrids. In par-
ticular, the introduction of Fe** almost quenches the luminescence of Eu’*@
bio-MOF-1 hybrids. These results may be related to the interaction between dif-
ferent metal ions and bio-MOF-1 and the exchange of Eu**. On checking the
Eu’* content of Eu**@bio-MOF-1 after sensing of Fe’*, it decreased from
1.52% to 1.29%, suggesting the exchange reaction between Eu’* and Fe’*.
In Fig. 6.2A (bottom), the luminescence intensity of Eu** decreases gradually
while the concentration of Fe** is increasing. When the concentration reaches
1 mmol L™, the emission intensity of Eu>" is sharply weakened. Fig. 6.2B (bot-
tom) shows the K, curve of Eu**@ bio-MOF-1 with Fe**. The linear correla-
tion coefficient (R) is 0.994 with the linear range from 0 to 500 pmol/L. The K,
value is calculated as 3.38 x 107, which reveals a strong quenching effect on the
Eu**@ bio-MOF-1 luminescence.

Xing et al. used an Eu-MOF, [H,N(Me),][Euz(OH)(bpt);(H,0)s]
(DMF),-(H,0), with a one-dimensional (1D) channel from the rare trinuclear
[Eus;(OH)(COO)y] clusters and biphenyl-3,4,5-tricarboxylic acid (Hsbpt),
which is a promising luminescent probe for sensing Fe* in aqueous solution
[15]. The resulting suspensions were analyzed by using a luminescence spec-
trophotometer, and the highest intensities at 612 nm are presented in
Fig. 6.3A. A considerable quenching effect for Fe>* was observed, the other
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FIG. 6.2 (Top) (Left) The selected scheme for the synthesis procedures of Eu** functionalized bio-MOF-1 (Eu** @bio-MOF-1) via cation exchange and the encap-
sulation of TTA with the “ship-in-bottle” method; (Right) The relative intensities of 5Do — 7F, at 616 nm for Eu** @bio-MOF-1 in different metal ion DMF solutions
when excited at 332 nm. (Bottom) Emission spectra (A) and Ky, curve (B) of Eu**@ bio-MOF-1 in various concentrations of Fe>* aqueous solutions under excitation
at 317 nm. (Reproduced with permission from X. Shen, B. Yan, Photofunctional hybrids of lanthanide functionalized bio-MOF-1 for fluorescence tuning and sensing.
J. Colloid Interface Sci. 451 (2015) 63-68. Copyright 2015 Elsevier.)
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FIG. 6.3 (A)Luminescence intensities of Eu-MOF dispersed in aqueous solutions containing dif-
ferent metal ions at different concentrations. (B) Stern-Volmer (SV) plot for Fe*. (C) Digital pho-
tographs of solutions of Eu-MOF in the presence of different metal ions under a portable UV light.
(Reproduced with permission from S. Xing, Q. Bing, L. Song, G. Li,J. Liu, Z. Shi, S. Feng, R. Xu, The
uncommon channel-based Ln-MOFs for highly selective Fe3 + detection and superior rhodamine B
adsorption. Chem. A Eur. J. 2016, 22 (201) 16230-16235. Copyright 2016 Wiley.)

metal ions having no significant effect on the luminescence intensity of Eu-
MOF. The luminescence intensity of Eu-MOF was reduced by 98.5% at a con-
centration of 0.01 M of Fe** compared with that in its absence, indicating that
this can be considered as a highly selective sensor for Fe** ions. The selectivity
for Fe®* was confirmed by photographs showing the response of Eu-MOF to
different metal ions (Fig. 6.3C). The quenching efficiency can be quantitatively
estimated by K, with the value of K, for Fe* being 32,666 M! (Fig. 6.3B).
The emission quenching results demonstrate that the pathway from the ligand to
the emissive center is blocked upon the addition of Fe’*.

Li et al. prepared Eu®* postfunctionalized UiO-66-type MOF through a fac-
ile hydrothermal approach and developed it as a highly selective luminescent
sensor for probing Fe** in aqueous solution (Fig. 6.4 (top, left)). The free car-
boxylic acids can be readily modulated by tunable defects in assembling a UiO-
66 framework and treated as the PSM sites. In order to identify the potential of
Eu’* @Ui0-66(20) toward sensing of metal ions, the luminescence spectra of
the MOF suspension were recorded upon addition of different metal ions. As
shown in Fig. 6.4 (top, right), among the tested cations, only the Fe** ion
induced a distinct quenching effect on the fluorescence of Eu*"@UiO-66
(20). A concentration-dependent fluorescence titration experiment was carried
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FIG. 6.4 (Top, Left) Schematic description of the process for sensing Fe** based on the luminescence. (Top, Right) Photoluminescence intensity of the
5Dy — 'F, transition (Aey, = 615 nm) of Eu3+@UiO—66(20) treated with different metal ions (1 mM) in aqueous solution. (Bottom) (A) The fluorescent emission
spectra of Eu**@UiO-66(20) in the presence of different concentrations of Fe*™ ion from 0 to 1200 pM; (B) Linear relationship of a fluorescence intensity at
615 nm as a function of Fe** ion concentration. (Reproduced with permission from L. Li, S. Shen, W. Ai, S. Song, Y. Bai, H. Liu, Facilely synthesized Eu3 +
post-functionalized UiO-66-type metal-organic framework for rapid and highly selective detection of Fe3+ in aqueous solution. Sens. Actuators B 267
(2018) 542—-548. Copyright 2018 Elsevier.)



Luminescence responsive chemical sensing of metal ions (I) Chapter | 6 185

out. As demonstrated in Fig. 6.4A (bottom), the luminescence intensity of the
Dy — F, transition at 615 nm gradually quenched upon the addition of differ-
ent concentrations of Fe>* from 0 to 1200 puM. Fig. 6.4B (bottom) shows the K,
curve of Eu** @Ui0-66(20) with the Fe** ion. The linear correlation coefficient
(R%) is 0.994 and the quenching coefficient K, value is calculated as
3.78 x 10* M ™', which reveals a strong quenching effect on the MOF. The
LOD for Fe** is determined as 12.8 pM. The quenching process follows a static
mechanism rather than a dynamic mechanism. It may be a competition of
absorption of the light source energy and the electronic interaction between
the Fe** and benzene dicarboxylate moieties. The adsorbed Fe** ions on
MOF effectively filter the light, also decreasing the probability of energy trans-
fer from organic ligands to Eu** and subsequently quenching the luminescence
of the Eu’* ion.

Sheta et al. reported a La-MOF [La(AIP)(Phen)(H,0),(DMF),(Cl),],, con-
structed from the reaction of m-electron-rich rigid ligand 5-amino-isophthalic
acid (AIP) and 1,2-phenylenediamine (Phen), whose strong emission was effi-
ciently quenched by addition of Fe>* traces, even in the presence of other metal
ions. Moreover, this study was extended to detect Fe** in both pure water and
wastewater [38]. As shown in Fig. 6.5A, the La-MOFs show a red-shifted emis-
sion, whose luminescent behavior can be attributed to n-n* and n-n molecular
orbital transitions within the aromatic rings of the carboxylate and diamine
ligands. As shown in Fig. 6.5B, only Fe* induces a strong level of quenching
for the luminescent intensity of La-MOF-M1, whereas the others have a slightly
decreased or increased effect or a negligible effect on the emission intensities.
Meanwhile, Fig. 6.5B shows a quenching and efficiency enhancing diagram,
which indicates a highly selective sensing of Fe>* by La-MOF through the
quenching effect. As shown in Fig. 6.5C, the emission intensity of La-MOF
is significantly quenched as the Fe®* concentration increases. The linear corre-
lation between PL intensity of La-MOF at A.,, = 558 nm and concentration of
the Fe* in the given range from 1.0 uM to 500 pM is represented in (Fig. 6.5D)
and the inset shows the luminescence quenching histogram of La-MOF upon the
Fe** concentration increasing. The LOD is found to be 1.35 pM, and the LOQ
equal to 4.08 pM, whereas the dynamic linear range is 18-450 pM. The lumi-
nescent spectra of La-MOF upon progressive addition of Fe®* are recorded as
shown in (Fig. 6.5C). In this system, La-MOF acts as a donor and Fe** acts as an
acceptor. Hence, the change in PL intensity of La-MOF upon addition of Fe>* is
due to an interaction between La-MOF and Fe** (quenching phenomena). By
applying the Stern-Volmer equation in the obtained data and from the linear
calibration curve (Fig. 6.5D), it is calculated that the critical transfer distance
is 1.49 A. The quenching mechanism is an efficient energy transfer between
the donor and acceptor that may take place, which is in good agreement with
the mechanism of FRET occurring during the donor-acceptor interaction.
The slopes of the La-MOF plots being directly proportional to the temperature
indicates a dynamic type quenching mechanism between La-MOF and Fe**.
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FIG. 6.5 (A) The luminescent spectra of La-MOFs (M1 & M2), AIP, and Phen; (B) The lumines-
cent quenching efficiency histogram of La-MOF (inset is the luminescent spectra of La-MOF upon
exposure to 0.4 mM concentration of different metal ions); (C) The PL spectra of La-MOF titration
upon incremental addition of different concentrations of Fe®*; (D) The linear relationship between
emission intensity of La-MOF and different concentrations of Fe>* (inset is the luminescent quench-
ing histogram of La-MOF). (Reproduced with permission from S. M. Sheta, S. M. El-Sheikh, M. M.
Abd-Elzaher, A. R. Wassel, A novel nano-size lanthanum metal-organic framework based on 5-
amino-isophthalic acid and phenylenediamine: photoluminescence study and sensing applications.
Appl. Organomet. Chem. 33 (2019) e4777. Copyright 2019 Wiley.)

6.2 Luminescence responsive sensing of Fe** or Fe**/Fe**
using rare earth metal-organic framework hybrid materials

The sensing of Fe** and even both Fe** and Fe** or Fe** against Fe’* are
expected to be studied deeply [58—62]. Liu et al. constructed a luminescent
nucleotide/Tb>* MOF with a recognition function for Fe** ions by means
of the component flexibility of MOFs (as shown in Fig. 6.6; top, left). The
fluorescent response of Tb-ADP-Phen to Fe* in aqueous solution is shown.
In the presence of Fe?*, the fluorescence of Tb-ADP-Phen is strongly
quenched. Approximately 30 nM Fe®* can produce an obvious reduction of
fluorescence (signal/noise ratio > 3: 1) (Fig. 6.7; top, right). The fluorescence
intensity of Tb-ADP-Phen gradually decreases with an increase in Fe** con-
centration, and there is a good linear correlation in the concentration range of
30 M mM Fe?" (inset of Fig. 6.6; top, right). The LOD is approximately
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Right) Simplified schematic illustration of the luminescence quenching mechanism of Eu**@MIL-
124 by Fe** and Fe>* ions. (Reproduced with permission from X. Xu, B. Yan, Eu(Ill)-functionalized
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ican Chemical Society.)

30 nM based on a signal-to-noise ratio of 3:1. They attribute the fluorescence
quenching of Tb-ADP-Phen by Fe?* to the formation of a Fe(Phen); complex
due to the higher stability of Fe(Phen); compared to Tb(Phen);. Selectivity of
the fluorescence response of Tb-ADP-Phen to Fe** is shown. They tested the
fluorescence quenching of the Tb-ADP-Phen MOFs in the presence of com-
mon metal ions as interferents. As shown in Fig. 6.6 (top, right), under iden-
tical conditions, only the addition of Fe?* produced strong fluorescence
quenching. The selective fluorescence quenching of Tb-ADP-Phen by Fe**
can be attributed to two factors: (1) an exclusive chromogenic agent for
Fe®* and a specific binding ability to Fe®*; (2) only the produced
Fe(Phen); can significantly quench the fluorescence of Tb-ADP-Phen due
to the overlap of the UV-vis absorption of Fe(Phen); with the maximum emis-
sion of Tb-ADP-Phen. They further applied this material to detect Fe** ions in
human serum by time-resolved fluorimetry. The fluorescence intensity of
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Tb-ADP-Phen at 545 nm against the concentration of Fe** produced a linear
correlation in the range of 80 nM-6 pM (R2 = 0.992) (Fig. 6.6; bottom, right).
The lowest detectable concentration of Fe** in serum was approximately
80 nM. Therefore, the current method can satisfy not only the determination
of Fe* but can also effectively eliminate the interference of nonspecific
autofluorescence [58].

Xu et al. prepared a layerlike structure, MIL-124 (Gay(OH)4(CoOgHy)), and
chose for it a parent framework for RE**-doped luminescent MOFs through
encapsulating Eu* cations in MIL-124, which was developed as a highly selec-
tive and sensitive fluorescence probe targeting Fe>* and Fe®* ions in aqueous
solutions. The different quenching effects lead to changes of emitting color
under UV-light irradiation and the luminescence color changes are completely
consistent with the variation tendency of the emission spectra in the inset of
Fig. 6.7 (top, left). For the Fe** and Fe** ions, although they both seriously
quench the emission of Eu®*, their emission colors are different and easy to dis-
tinguish under UV light (inset of Fig. 6.7; top, left). Fe** can completely quench
the emission of Eu®" but retain the emission of MOF, causing the blue light.
However, Fe>* ions not only can quench the emission of Eu®* but also can have
a quenching effect on the emission of MOF, which leads to the dark under UV
light. And upon the introduction of Fe** to the mixture of Eu** @MIL-124 and
other metal cations, the fluorescence is significantly quenched. Fe** totally
quenches the emission of pure MOF while Fe>* ions have no significant quench-
ing effect. The emission intensity of the Eu>*@MIL-124 suspension declines
sharply with the increase of Fe®* concentration from 0 to 500 pM. As shown
in Fig. 6.7 (top, right), the linear correlation coefficient (R) in the K, curve
of Eu**@MIL-124 with Fe** is 0.99264 and the K, value is calculated as
3.874 x 10*, which reveals a strong quenching effect on the Eu**@MIL-124
luminescence. They developed a fluorescence test paper for rapid detection
of metal ions. As shown in Fig. 6.7A (bottom, left), under the irradiation of
UV light of 254 nm, the colors changed from red to dark red, faint dark red,
and finally black with the increase of Fe**. The least concentration of detection
of Fe** by the fluorescence test paper was 50 pM. At the same time, when
immersing the test paper in various concentrations of Fe?* aqueous solution,
the color changed from red to blue as shown in Fig. 6.7B (bottom, left), indi-
cating obvious differences with Fe®*. Considering these results, it can distin-
guish the colors of different intensities by the naked eye. They speculate that
the remarkable quenching effect of Eu>*@MIL-124 by Fe®* and Fe?* results
from the transformation of the patented framework MIL-124 (Ga) to MIL-
124 (Fe) via the cation exchange. Therefore the quenching effect on Eu** should
be attributed to the interaction between metal ions and organic ligands. The
quenching effect on Eu>*@MIL-124 by Fe** can be attributed to the partial
replacement of Ga>* and the substitution of Eu’*, whereas substitution of
Eu’* is the main reason for the fluorescence quenching by Fe** (Fig. 6.7;
bottom, right).
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Maity et al. designed and developed an La-based blue light-emitting fluo-
rescent MOF (La-MOF) and have utilized it to detect Fe** and Fe?* from aque-
ous solutions in a very selective and time-effective fashion. No appreciable
fluorescence quenching happens in the case of Fe*, whereas Fe** completely
quenches the fluorescence in less than 1 min (Fig. 6.8A; top). H,O, can oxidize
Fe?* to Fe* in situ in the detection system, which leads to a gradual decrease in
fluorescence with increasing Fe>* concentration (Fig. 6.8B and C; top). How-
ever, no such changes occur in the absence of peroxide, whose optimum perox-
ide concentration required for the complete oxidation of the Fe** (0.5 mM) is
found to be 1.5 mM (Fig. 6.8B; top). There is no significant quenching of the
MOF fluorescence in neat peroxide solutions (Fig. 6.8C; top). It is observed that
among all the employed metal ions, only Fe** can significantly quench the fluo-
rescence (Fig. 6.8D; top). The K, value is calculated to be 1.52 X 10* L mol ™!
at the low concentration region of 0-55 pL with almost 90% quenching effi-
ciency using a 340 pM Fe** solution (Fig. 6.8E and F; top), suggesting a strong
interaction between host and Fe>* cation. The LOD for Fe** is calculated to be
3.6 ppm. The ascorbic acid reduces the trapped Fe** to Fe?* within the pores,
and the latter due to its poor affinity to the MOF pores leaches out upon a gentle
sonication within 5 min (Fig. 6.8; bottom). This is visible from no color change
in the sample (remains brown; see inset photographs of Fig. 6.8; bottom). In
principle, such an exchange of La** by Fe®* in the framework can also give rise
to fluorescence quenching. So, strong Fe**(guest)-La-MOF(host) interactions
within the pore might be the actual reason for the fluorescence quenching,
and this may form a nonfluorescent ground state complex (Fig. 6.8; bottom).

6.3 Luminescence responsive sensing of Cu®* using rare earth
metal-organic framework hybrid materials

The detection of Cu”* in the human body is an essential issue in medicine,
because Cu”* plays considerable roles in living organisms, particularly in the
brain. The sensing of Cu®* in the environment and biological systems is
extremely important. For example, Alzheimer’s disease and Wilson’s disease
are related to the homeostasis of Cu**. There are extensive reports of Cu”* sens-
ing by rare earth MOF hybrid material probes [63—-84].

Liu et al. used H4L to construct four isostructural RE-MOFs, [H,N(Me),]
[Lns(L),(HCOO),(DMF),(H,0)] (RE = Eu, Tb, Gd and Dy), showing unusual
nanocage-based 3D frameworks with trinuclear RE? clusters. Eu-MOF reveals
excellent luminescent sensing for Cu®* ions [65]. The luminescence spectra of
Eu-MOF dispersed in DMF solution containing the same concentrations of
metal nitrates were studied (Fig. 6.9A). Interestingly, the Cu®* ion showed a
significant quenching effect on the luminescence intensity of Eu-MOF; in con-
trast, other metal ions enhanced luminescence intensity to a degree, indicating
highly selective sensing of Eu-MOF for Cu®* ions. This unique quenching effect
in Eu-MOF possibly results from the stronger affinity of pyridine N atoms in
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FIG. 6.9 (A) Luminescence intensity at 615 nm of Eu-MOF treated with different metal ions
(1072M) in DMF solutions. (B) Luminescence spectra of Eu-MOF in DMF solutions with
Cu(NO;), at different concentrations, and color changes of Eu-MOF in DMF after adding Cu*
(1072 M) under UV light. (C) Luminescence intensity at 615 nm of Eu-MOF dispersed in DMF with
addition of different mixed ions (10~' M) (m1: blank; m2: Na*/Mg**/Ca®*; m3: Mg**/Ca®*; m4:
Zn**/Cd**; m5: Co®*/Ni**; m6: Zn>*/Cd>*/Ni**; m7: Zn**/Cd>*/Co>*) and Cu®*-incorporated sys-
tems (1072 M). (D) Luminescence spectra of Eu-MOF in DMF in the presence of different amounts
of Cu®* (inset: the plot of intensity versus Cu®* concentration). (Reproduced with permission from
B. Liu,W.Wu, L. Hou, Y. Wang, Four uncommon nanocage-based Ln-MOFs: highly selective lumi-
nescent sensing for Cu2 + ions and selective CO2 capture. Chem. Commun. 50 (2014) 8731—8734.
Copyright 2014 Royal Chemical Society.)

L*" toward Cu®*, as well as from the smaller ionic radius of Cu®*, which
renders Cu”* ions more readily able to contact with the pyridine N atom than
other metal ions and, as a result, decreases the efficiency of energy transfer from
L* linkers to f-f transitions of Eu" centers. As illustrated in Fig. 6.9B, the
luminescence intensity of Eu-MOF is almost completely quenched at a
Cu(NOs), concentration of 1072M. The quenching coefficient K, of
2350 £ 40 M~ " is obtained from the luminescent data. It is very striking that
the luminescence intensity of Eu-MOF shows no significant change after adding
the different mixed metal ions (Fig. 6.9C), while the luminescence intensity is
close to complete quenching once the Cu®* ion (1072 M) is incorporated.
Furthermore, the titration experiments of Cu?* ions in Eu-MOF and mixed
ion systems were also studied (Fig. 6.9D). The luminescence intensity at

)
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615 nm versus the volume ratio of Cu>* ions can be well fitted by a single expo-
nential function, establishing a diffusion-controlled process for the Cu* ion
luminescent quenching behavior [65].

Lian et al. reported a facile route for the synthesis of core-shell structure
microspheres based on silica and [H,NMe,];[RE(dpa);] (RE = Eu, Tb, Sm,
Dy, Nd, and Yb; [H,NMe,]" = dimethylamino cation; dpa = 2-dipicolinate)
[68]. The core-shell structure materials SiO, @RE-dpa displayed excellent opti-
cal properties for applications in the development of white-light devices or sen-
sors for small organic molecules or Cu”*. The luminescence spectra and
histogram are shown in Fig. 6.10 (top), and only Cu”* reveals a conspicuous
quenching effect on the luminescence originated from the f-f transition of
Eu’*. Well-dispersed suspensions in DMF of the core-shell microspheres at var-
ious concentrations of Cu®* produced a decrease in the luminescence intensity
of Si0, @Eu-dpa microspheres with an increase in the content of Cu* from 0 to
500 pM (Fig. 6.10A; bottom). The luminescence Turn-Off effect of Cu®* on
Si0,@Eu-dpa is also easily observed by the naked eye. In addition, they also
compared the sensitivity of different sensing materials with silica cores or with-
out cores for the detection of Cu**. As demonstrated in Fig. 6.10B (bottom), the
value of the quenching effect coefficient K, (2.93 x 10* M) of core-shell
materials exhibits an increase of more than 20% over that of the pure Eu-dpa
complex (2.29 x 10* M™1). The core-shell structure materials enhanced the
selectivity and showed higher sensitivity than a pure MOF system. This selec-
tive sensing of Cu®* is achieved due to the complete destruction of the original
crystal framework, leading to the luminescence of Eu®* disappearing [68].

Zhao et al. assembled a luminescent terbium MOF with fascinating pyridyl
nitrogen atoms, [Tb3(L),(HCOO)(H,0)s]-DMF-4H,0 (Tb-MOF, H L = 4,4'-
(pyridine-3,5-diyl)diisophthalic acid) [69], which can detect Cu®* ions with
high selectivity and sensitivity due to its luminescence being nearly entirely
quenched in N,N-dimethylformamide (DMF) solution and a biological system.
Cu”" exhibits a drastic quenching effect on the luminescence of Tb-MOF, while
other metal ions have no significant effect on the emission except for Cu**
(Fig. 6.11A; left). The luminescence intensity of the Cu?* incorporated Tb-
MOF is more than 21 times weaker than that of Tb-MOF with no metal ion
incorporated (Fig. 6.11B; left). As shown in Fig. 6.11 (right), the luminescence
intensity of Tb-MOF gradually decreases with increasing concentration of Cu**
such that the probe can reach 10~° mol/L. The weak bonding between Cu®* and
the N atom site of the organic ligand might partly quench the singlet and triplet
excited states of the ligand-to-Tb>* optically active core, which may also
increase the interaction between the pyridyl Lewis basic sites and Cu®* cations.
Such interactions can decrease the ligands’ antenna efficiency and further mag-
nify the f-f transitions of Tb>* cations, resulting in the quenching.

Du et al. reported an Eu-MOF {[Eu,(abtc); 5(H,O);(DMA)]-H,O-DMA},,
(DMA = N,N-dimethylacetamide, Habtc), which is a rare example of a highly
selective and sensitive luminescence probe for benzaldehyde and Cu*. As
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FIG. 6.10 (Top) Responses of the fluorescence of SiO,@Eu-dpa to DMF solutions of various
metal cations (5 mM). All the emission spectra are recorded at an excitation wavelength of
300 nm. (Bottom) Emission spectra of SiO,@Eu-dpa (A) and linear fitting curve of the lumines-
cence intensity of SiO,@Eu-dpa (black) and pure Eu-dpa complex (red) (B) in DMF suspensions
in the presence of various concentrations of Cu* under excitation at 285 nm. (Reproduced with per-
mission from X. Lian, B. Yan, Novel core-shell structure microspheres based on lanthanide com-
plexes for white-light emission and fluorescence sensing. Dalton Trans. 45 (2016) 2666-2673.
Copyright 2016 Royal Chemical Society.)

shown in Fig. 6.12A, the luminescence intensities of M-incorporated Eu-MOF
suspensions are heavily dependent on the species of metal ions. In particular, the
luminescence intensity of Cu®* -incorporated Eu-MOF is dramatically
quenched compared with that of the initial Eu-MOF in water, which can be fur-
ther confirmed by a photograph of the Eu-MOF suspension under UV light (as
shown in the inset of Fig. 6.12B). As can be seen from Fig. 6.12C, the interfer-
ence from conventional metal cations can be neglected, further convincing
proof of the high selectivity of Eu-MOF for Cu** detection for practical use.
The addition of Eu-MOF to the solutions of metal ions results in a visible color
change of the solution for Cu®*, while no such visible color change is observed
upon the addition of Eu-MOF to other metal-ion solutions (Fig. 6.12D). In addi-
tion, the pictures of Cu?* @Eu-MOF show a color change of Eu-MOF from
orange to green, indicating that Eu-MOF displays unique colors upon
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FIG. 6.11 (Left) (A) Luminescence spectra of Tb-MOF and (B) the comparison of the lumines-
cence intensity of Tb-MOF with different metal ions (10’2 M) in DMF solutions. (Right)
(A) Luminescence spectra of compound Tb-MOF in DMF solutions with Cu(NO3), at different con-
centrations, and (B) the comparison of the luminescence intensity of compound Tb-MOF with dif-
ferent concentrations and color changes of Tb-MOF in DMF after adding Cu?*. (Reproduced with
permission from J. Zhao, Y. Wang, W. Dong, Y. Wu, D. Li, Q. Zhang, A robust luminescent Tb(Ill)-
MOF with Lewis basic pyridyl sites for the highly sensitive detection of metal ions and small mol-
ecules. Inorg. Chem. 55 (2016) 3265-3271. Copyright 2016 American Chemical Society.)

metal-ion encapsulation and can be considered as a universal naked-eye detec-
tor for Cu®*. Cu?* can rapidly diffuse into the adaptable channels or interlayer of
Eu-MOF and be recognized by the terminal Lewis basic sites and/or the carbox-
ylate group, whose interactions between Cu”* ions and ligands minimize the
energy transfer efficiency, thus decreasing the luminescent intensity.

6.4 Luminescence responsive sensing of Zn”* using rare earth
metal-organic framework hybrid materials

Zn** plays key roles in mammals, such as in (a) the reversible hydration rate of
CO; in carbonic anhydrase, (b) the hydrolysis of C-terminal amino acids in the
peptide chains of carboxypeptidase and N-terminal amino acids in the peptide
chains of aminopeptidase, and (c) the hydrolysis of phosphate monoester in
alkaline phosphatase of colibacillus. In addition, the Zn>* ion participates in
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three-dimensional europium metal — organic framework for luminescence sensing of benzaldehyde
and Cu2 + and selective capture of dye molecules. Inorg. Chem. 55 (2016) 7826-7828. Copyright
2016 American Chemical Society.)

various biological activities, including insulin secretion, neural-signal transmis-
sion, and metalloenzyme regulation, as well as those that occur in the course of
certain diseases, such as Alzheimer’s disease, infantile diarrhea, and diabetes.
Therefore the detection of Zn>* in body fluids is of extreme importance for
human health, especially for growth and intelligent development, due to the
serious impact on our body induced by either an excess or a deficiency. How-
ever, probes based on RE’* luminescence have not made great progress, and
there are even fewer Zn>" sensors that can be used for in-site detection, due
to their poor water stability [85,86].

Song et al. prepared three MOF [REL(NOs3)3],-2C4HgO, (RE-MOF,
RE = Nd, Eu, Tb) based on an asymmetric ligand L (2,2'-((2-(pyridin-4-yl)-
2-((2-((thiophen-2-ylmethyl)carbamoyl)phenoxy) methyl) propane-1.3-diyl)
bis(oxy))bis(N-(thiophen-2-ylmethyl)benzamid). All the emission spectra of
the treated films were obtained at the maximum excitation wavelength at
309 nm (Fig. 6.13; top). For Eu-MOF@PMMA, Zn*" exerts a quenching effect
on Eu®* emission and an enhancing one on the emission characteristic of
* — . As for To-MOF@PMMA, the emission originated from the f — f
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(bottom) excited at 254 nm under a handheld UV lamp upon addition of one drop of Zn>* (1071,
1072, 1073, and 107* M). (Reproduced with permission from X. Song, H. Meng, Z. Lin, L. Wang,
2D lanthanide coordination polymers: synthesis, structure, luminescent properties, and ratiometric
sensing application in the hydrostable PMMA-doped hybrid films. ACS Appl. Polym. Mater. 2
(2020) 1644—1655. Copyright 2020 American Chemical Society.)

o
°

transition of Tb>* is almost quenched completely by Zn?* selectively. Therefore
effective luminescent detection can be achieved in a self-calibrating way by
comparing the relative luminescence intensities from different emitting centers
(I463/ls45 or I463/lg0). The cation-exchange mechanism may work upon
immersing Eu-MOF@PMMA and Tb-MOF@PMMA in a Zn*>* solution, in
which a stronger coordination interaction exists between L and Zn** than L
and Eu’*/Tb>* due to the right Lewis acidity and ion size of Zn®* with the
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aid of a hydrophobic PMMA matrix. Upon immersing Eu-MOF@PMMA and
Tb-MOF@PMMA into a mixture of Zn>* and other cations, respectively, their
emission spectra show negligible changes with the ratio of I463/lg20 for Eu-
MOF@PMMA and I463/1546 for Tb-MOF@PMMA, as shown in Fig. 6.13 (bot-
tom, left). The preparation process of the as-prepared hybrid films acting as
ratiometric luminescence sensors for Zn** is simple and has a high yield. For
practical application, they performed real-time monitoring of Zn** by doping
the detection solution on the hybrid films (Fig. 6.13; bottom, right), both of
which displayed a quick luminescence response by the appearance of bright
blue fluorescence under a UV lamp, and the observed minimum LOD can be
107* M [86].

6.5 Luminescence responsive sensing of multimetal cations
using rare earth metal-organic framework hybrid materials

Zhang et al. constructed five novel three-dimensional (3D) RE-MOFs by 4-
(3',5'-dicarboxylphenoxy)  phthalic ~ acid  (Hudcppa), and  used
{[Eu,K5(dcppa),(H,0)6]-mH,0,, (Eu-MOF) and binding of metal ions through
Lewis base interactions for Fe** and Cu®* ions with luminescent quenching.
The highest emission peak at 614 nm of Eu®* was monitored under the pertur-
bation of various cations, as depicted in Fig. 6.14 (top. left). Most interestingly,
the luminescence intensities of the M""-Eu-MOF heavily relied on the identity
of metal ions. The significant luminescent quenching effect of Fe®>* and Cu**
ions was very clearly observed. Moreover, the pictures of M"*-Eu-MOF at room
temperature show the incorporation of Fe** or Cu”* and rendered Eu-MOF from
bright to brown or blue, which can be obviously observed with the unaided eye.
The luminescence intensity of Eu-MOF gradually decreases with increasing
concentration of Fe** and Cu* (Fi g. 6.14; bottom). The decrease of the lumi-
nescence intensity is still clearly observed when Eu-MOF is immersed in
5 x 107® Fe** solution (10~° mol/L Cu®* solution), indicating that its LOD
as a luminescent probe can reach 107°mol/L. As shown in the inset of
Fig. 6.14 (bottom), the values of K, are 4.3 x 10* L/mol for Fe** and
5.2 x 10* L/mol for Cu**. The possible luminescence quenching mechanism
of Eu-MOF by Fe** and Cu®* is shown in Fig. 6.14 (top, right), which may fol-
low two processes: one is that the paramagnetic effect of encapsulated Fe** and
Cu”* ions is responsible for the quenching of the luminescence over a short
period. The other is the interaction between Fe** or Cu®* and oxygen atoms
(through Lewis basic sites that the pores bond with), resulting in inefficient
energy transfer between ligand and Eu’”, leading to immediate photolumines-
cence quenching [87].

Du et al. synthesized a series of RE-MOFs with mixed ligands, namely {[RE
(dpc)(H,0),]-(Hbibp)g s},. Particularly, Eu-MOF acts as a multiresponsive
luminescent sensor toward Fe** and Cu®* with high sensitivity, selectivity,
and stability [88]. As shown in Fig. 6.15 (top), the introduction of Fe** or
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FIG. 6.14 (Top, Left) Photoluminescence intensity of Eu-MOF (°Dg — F, transition) treated
with 107> M MClI, for 2 h, excited at 315 nm. (Top, Right) Scheme for possible luminescence
quenching mechanism of Eu-MOF by Fe** and Cu* ions. (Bottom) Comparison of the lumines-
cence intensity of Eu-MOF immersed in different concentrations of Fe** (A) and Cu** (B) in ethanol
solutions. Inset: Stern-Volmer plot of Eu-MOF quenched by Fe** and Cu?*. (Reproduced with per-
mission from H. Zhang, R. Fan, W. Chen, J. Fan, Y. Dong, Y. Song, X. Du, P. Wang, Y. Yang, 3D
Lanthanide metal — oganic frameworks based on mono-, tri-, and heterometallic tetranuclear clus-
ters as highly selective and sensitive luminescent sensor for Fe3 + and Cu2 + ions. Cryst. Growth
Des. 16 (2016) 5429-5440. Copyright 2016 American Chemical Society.)

Cu?* cations produces a striking quenching effect of intensities, demonstrating
that the Eu-MOF exerts a selective luminescence response toward Fe** and
Cu®*. When the concentration of Fe** or Cu* is raised to 360 pL, the lumines-
cence intensity decreases to 94.66% or 91.11%, respectively (see Fig. 6.15A;
bottom). Quantitatively, the luminescence intensity versus [Fe3+] and [Cu2+]
plots shows good linear correlation at low concentrations (R? = 0.9885 for
Fe®* and 0.9863 for Cu2+) (Fig. 6.15B and C; bottom). The K, value of the
Eu-MOF for the Fe** and Cu®" cations is calculated to be 4.84 x 10° M ™!
and 4.62 x 10> M, respectively. The LOD values are obtained as follows:
1.32 x 107> M for Fe** and 2.53 x 107> M for Cu**, respectively. However,
accompanied by the increase of concentration, the plots of Iy/I versus concen-
tration of cations deviate from the linear correlation, indicating that the process
of luminescence quenching is involved in the coexistence of static and dynamic
mechanisms. Studies reveal that the UV-vis absorption spectrum of the Fe** ion
is located in the range of 270 to 350 nm, which is a wide range overlapped with
the excitation wavelength of the Eu-MOF (296 nm); on the contrary, the
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Trans. 49 (2020) 13003—13016. Copyright 2020 Royal Chemical Society.)
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absorption spectrum of the Cu®* ion shows no significant overlap with the exci-
tation spectrum of the Eu-MOF. In the 3D framework of Eu-MOF, the uncoor-
dinated carboxyl O or imidazolyl N atoms from dpc*™ or bibp ligands may act
as Lewis basic sites to be incorporated into Fe** or Cu?* ions. Meanwhile, the
weak interactions between Fe®* or Cu®* and O or N atoms may disturb the sin-
glet and triplet excited states of ligands and reduce the energy transfer effi-
ciency from the ligands to the Eu’* centers, thus leading to the luminescence
quenching of the Eu-MOF [88]. This versatile probe for both Fe** and Cu?**
is found only rarely.

Wang et al. reported two 3D neutral MOFs, {[Eu(BIPA-TC), s(DMA),(NO3)]-
DMA-H,0}, (Eul-MOF) and {[Euy(BIPA-TC), s(DMA);(H,0),]-2DMA-2H,0,,
(Eu2-MOF), via a solvent regulation strategy [89]. As is shown in Fig. 6.16A, all
metal cations exhibited quenching effects for Eul-MOF, but no selectivity was
exhibited. The quenching efficiency of Fe’* was 93.1%. Quantitatively, the
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FIG. 6.16 (A) Quenching efficiency of Eul-MOF containing metal ions at 0.25 mmol/L (inset,
images before and after addition of Fe*); (B) fluorescence enhancement ratio of 2-Eu containing
metal ions at 0.25 mmol/L (inset, images before and after addition of Mg2+); (C) time-dependent
fluorescence intensity of the suspension after adding 200 pL Mg>* solution; and (D) the fitting
of its first-order reaction kinetic equation. (Reproduced with permission from X. Wang, Y. Wang,
X. Wang, K. Lu, W. Jiang, P. Cui, H. Hao, F. Dai, Two series of In-MOFs by solvent induced
self-assembly demonstrating the rapid selective sensing of Mg2 + and Fe3 + cations. Dalton Trans.
49 (2020) 15473-15480. Copyright 2020 Royal Chemical Society.)
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quenching efficiency was analyzed using the Stern-Volmer equation, whose K,
of Eul-MOF was calculated to be 3.89 x 10° and 3.19 x 10° M~" for Fe’".
However, for Eu2-MOF, Mg2+ had the most obvious effect by fluorescence
enhancement and other metal cations had ignorable influence, revealing that
it has the best sensitivity toward Mg>* (Fig. 6.16B). The emission intensity
correspondingly enhances with the increase in the Mg>* concentration, which
reveals the Turn-On fluorescence sensing of Eu2-MOF. In addition, the detec-
tion limit calculated is about 1.53 x 10~'° mol/L. The time-reliant fluores-
cence response was also investigated and, as displayed in Fig. 6.16C, the
fluorescence intensity displayed a clear enhancement after 15s, and at
600 s, the fluorescence intensity increased by 10.4 times compared to the
blank. Most overlaps between the absorption spectra of the Fe>* solution
and the excitation spectrum of Eul-MOF were observed, suggesting the com-
petitive absorption mechanism may be responsible for the quenching effect.
As for Eu2-MOF, because Mg>* ions have a high charge-to-size ratio, and
conjugated organic ligands with rich © electrons can act as an electron donor.
It is likely that strong electrostatic interactions exist between ligands and
Mg** ions. The fluorescence enhancement can be largely enucleated by
the donor-acceptor electron-transfer mechanism [89].
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Chapter 7

Rare earth metal-organic
framework hybrid materials
for luminescence responsive
sensing of metal ions (I1)

7.1 Luminescence responsive sensing of Hg>* using rare earth
metal-organic framework hybrid materials

Mercury, an extremely toxic heavy metal and a dangerous contaminant, is
widely used in thermometers, barometers, manometers, float valves, and other
devices. Ionic mercury is easily converted into neurotoxic methylmercury by
bacteria when it enters the environment. Bioaccumulated mercury in the food
chain may enter the human body and can cause a variety of diseases.
Mercury(II) ion is one of the most toxic pollutants, and is widely distributed
in the air, water, and soil through natural and human activities. Mercury(II)
can accumulate in the human body, leading to brain damage and other chronic
diseases. Mercury pollutants have become a serious and urgent global problem
due to their potential to do great harm to the environment and to human health.
The water-soluble mercuric ion (Hg2+) is one of the most stable inorganic forms
of mercury, and is nonbiodegradable and bioaccumulable through the food
chain. Even at very low concentrations, it can damage brain, kidneys, and ner-
vous system [1-6]. Therefore the development of highly selective functional
materials to detect and simultaneously remove Hg?" is urgently needed for envi-
ronmental protection, as well as to ensure human health [4-12].

Tan et al. attempted to design and prepare rare earth coordination polymer
nanoparticles (CPNPs) with a photoinduced electronic transfer (PET) fluores-
cence sensing function and to use this nanosensor to detect Hg>* in aqueous
solution. The nanoparticles were composed of adenine (Ad), Tb**, and dipico-
linic acid (DPA), denoted as Ad/Tb/DPA CPNPs [7]. Under light excitation, the
nitrogen atom of adenine may transfer its electron to DPA and prevent the intra-
molecular energy transfer from DPA to Tb>*, leading to fluorescence quenching
by the Ad/Tb/DPA CPNPs. Hg”* ions have a high affinity to N atoms and can be
used to disrupt the PET process. So, the presence of Hg** may enhance the fluo-
rescence of Ad/Tb/DPA CPNPs by the coordination of Hg?* with adenine
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FIG. 7.1 (Top) Scheme for coordination polymer nanoparticle (CPNP)Ad/Tb/DPA for sensing of
Hg2+ by photoinduced electron transfer (PET). (Bottom, left) Effect of various metal ions (1 pM) on
the fluorescence intensity of Ad/Tb/DPA CPNPs at 545 nm. (Bottom, right) Fluorescence emission
spectra of Ad/Tb/DPA CPNPs in the presence of different concentrations of Hg?* solution (0, 0.2, 6,
20, 40, 60, 100, 200 nM). Inset: Linear relationship between the fluorescence intensity of Ad/Tb/
DPA CPNPs at 545 nm and Hg2+ concentration. (Reproduced with permission from H. Tan,
B. Liu, Y. Chen, Lanthanide coordination polymer nanoparticles for sensing of mercury(Il) by pho-
toinduced electron transfer, ACS Nano 6 (2012) 10505-10511. Copyright 2012 American Chemical
Society.)

(Fig. 7.1; top). As shown in Fig. 7.1 (bottom, left), only the addition of Hg**
results in a significant fluorescence enhancement. The high selectivity of Ad/
Tb/DPA CPNPs to Hg?* is ascribed to the fact that Hg>* possesses a much
higher binding ability to the N atoms of adenine and the carboxylic acid group
of DPA than other metal ions, and to the higher stability constant of the Hg** ion
with DPA than that of other ions. The unusual selectivity of Ad/Tb/DPA CPNPs
to Hg** is appropriate for application to the detection of trace Hg”* in environ-
mental water samples. The fluorescence response of Ad/Tb/DPA CPNPs to
Hg?* with different concentrations is shown in Fig. 7.1 (bottom, right). The
fluorescence of Ad/Tb/DPA CPNPs is enhanced gradually with the increase
of Hg** concentrations from 0 to 200 nM. There is a linear fluorescence
response to Hg”* in the concentration range of 0.2—100 nM. The detection limit
(LOD) is 0.2 nM on the basis of a signal-to-noise ratio of 3:1 [7].

Lietal. constructed an inner filter effect (IFE)-based Turn-On sensor through
selecting Eu’*-based coordination polymer nanoparticles (CPNPs) as the

)
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fluorophore and imidazole-4,5-dicarboxylic acid (Im) as the absorber [10]. The
Eu/IPA CPNPs are built from the self-assembly of Eu** and isophthalic acid
(IPA), which can emit strong red fluorescence. Upon the addition of Im, a sig-
nificant decrease in the fluorescence of Eu/IPA CPNPs was observed, due to Im
having a strong absorption band that greatly overlaps with the excitation spec-
trum of Eu/IPA CPNPs to filter out the excitation energy of Eu/IPA CPNPs
through the internal filter effect (IFE). Im can react with Hg2+ to form a stable
Hg/Im complex due to its high affinity to Hg**. The introduction of Hg** causes
Im to be released from the surface of Eu/IPA CPNPs to form a Hg/Im complex,
leading to the suppression of the IFE of Im. In the presence of Hg**, therefore, a
recovered fluorescence of Eu/IPA CPNPs through the formation of a Hg/Im
complex would be observed (Fig. 7.2; top). As shown in Fig. 7.2A (middle),
only the addition of Hg”* results in a significant enhancement in the fluores-
cence of the Eu/IPA-Im complex, indicating that its highly specific fluores-
cence response to Hg?* can be attributed to the higher affinity of Im to Hg**
than other metal ions. Upon the addition of Im, an obvious decrease in the fluo-
rescence of Eu/IPA CPNPs is observed. Such quenching behavior can even be
observed by the naked eye under a common UV lamp (Fig. 7.2B; middle).
Under optimized conditions, the fluorescence changes of the Eu/IPA-Im com-
plex in the presence of Hg** with different concentrations were then investi-
gated. As shown in Fig. 7.2 (bottom), the fluorescence of the Eu/IPA-Im
complex is enhanced with gradually increasing Hg** concentration. The fluo-
rescence intensity of the Eu/IPA-Im complex at 615 nm displays a linear cor-
relation to the Hg** concentration from 2 nM to 2 mM. The LOD for Hg*" is
estimated to be about 2 nM. Moreover, the proposed Eu/IPA CPNP-based fluo-
rescent sensor has the advantages of a Turn-On work mode with high sensitivity
and selectivity and a fast response to determine the levels of Hg?* in urine sam-
ples for practical application [10].

Xia et al. chose 4,4'.4"-s-triazine-1,3,5-triyltri-p-aminobenzoic acid
(H;TATAB) to construct a terbium MOF, Tb(TATAB)-(DMF),(H,O)
(MeOH), 5 (Tb-MOF) for Hg2+ sensing. The Tb-MOF exhibited good water sta-
bility and could exclusively probe Hg** even in the presence of other interfer-
ential metal ions [11]. The emission intensity of Tb-MOF is gradually quenched
with a Hg** concentration increasing from 0 to 1 x 1072 M (Fig. 7.3A; left).
The luminescent response to Hg”* ions is immediate and reaches a plateau after
only 1 min. Quantitatively, the quenching effect can be analyzed with a K,
(Stern-Volmer quenching constant) value of 4851 M~'. There is a good linear
relationship between Io/I and [Hg>*] over a wide concentration range (Fig. 7.3B;
left), indicating that either dynamic or static quenching is taking place. The one-
dimensional (1D) pore channel system may be beneficial for the diffusion and
accumulation of Hg2+ in the framework, which leads to a low LOD, estimated to
be 4.4 nM based on a signal-to-noise ratio of 3:1, which is even lower than the
maximum permitted level of Hg?* in drinking water (2 ppb, 10 nm). As shown
in Fig. 7.3A (bottom), the addition of Hg>* causes a significant luminescence
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FIG. 7.2 (Top) Schematic illustration of the changes in the fluorescence of Eu/IPA CPNPs
induced by imidazole-4,5-dicarboxylic acid (Im) and Hg2+. (Middle) (A) Fluorescence responses
of the Eu/IPA-Im complex to different metal ions (each 100 mM). The reactions were performed
in Tris-HCI buffer (25 mM, pH 7.0) with 26.5 mg mL~! of the Eu/IPA CPNPs, 320 mM of Im
and 100 mM of Hg2+ or other metal ions at room temperature; the total volume was 100 mL.
The excitation wavelength is 250 nm. (B) Photograph of 26.5 mg mL~" of Eu/IPA CPNPs in the
absence and presence of 320 mM of Im with and without 100 mM Hg?* under a 365-nm UV lamp.
(Bottom) (A) Excitation spectrum of 26.5 mg mL ™" of Eu/IPA CPNPs (black line) and the absorp-
tion spectrum of 320 mM of pure Im (red line). The emission wavelength was fixed at 615 nm to
record the excitation spectrum of Eu/IPA CPNPs. (B) Absorption spectra of the Eu/IPA-Im complex
in the presence of Hg2+ with different concentrations (0, 0.5, 5, 10, 30, 50, and 100 mM). (Repro-
duced with permission from Q. Li, C. Wang, H. Tan, G. Tang, J. Gao, C. Chen, A turn on fluorescent
sensor based on lanthanide coordination polymer nanoparticles for the detection of mercury(Il) in
biological fluids, RSC Adv. 6 (2016) 17811-17817. Copyright 2016 Royal Chemical Society.)
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quenching, while no remarkable luminescence changes are observed when
other ions are involved. Fig. 7.3B (bottom) demonstrates that there is little
change in quenching efficiency with the coexistence of other metal ions as
compared to that in the presence of only Hg**. Hg>* possesses a much higher
binding ability with the N atoms, and the interaction between N atoms and
Hg?" disturbs the energy transfer from H;TATAB to Tb>* ions. What is more,
the space between nitrogen atoms in triazine and imino groups is more suit-
able to interact with the larger ionic radius of Hg** than with other metal ions.
The group further detected the concentration of Hg®* in different natural
water sources (river water, drinking water, and tap water) by the standard
addition method, whose results indicate that the probe has good precision
and satisfactory reproducibility, and might be practically used to detect
Hg2+ in environmental samples [11].
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7.2 Luminescence responsive sensing of Cd** using rare earth
metal-organic framework hybrid materials

Among various heavy metal ions, Cd** is one of the most dangerous ions due to
its high toxicity and carcinogenicity. It is widely used in many fields, including
industry, agriculture, and military affairs. These sources lead to a high level of
cadmium exposure and contamination. Furthermore, toxic Cd** can be easily
absorbed and accumulated in plants and other organisms. This may result in
serious diseases and even certain forms of cancer. Bearing in mind the elevated
risks related to human health, qualitative and quantitative detection of cadmium
can be considered a goal of primary importance. Cd**, with its high toxicity and
carcinogenicity to humans and the environment, has attracted considerable
attention [13—18]. Thus it is significant to sense Cd*" in the water for environ-
mental protection. For Cd**, many kinds of rare earth MOF hybrid materials
show the Turn-On luminescence response and Cd** behaves as a heavy
metal ion to enhance the linker’s absorption to transfer effective energy to
Ln>* [19-24].

Hao et al. utilized the facile yet versatile postsynthetic approach to fabricate
a highly efficient luminescent hybrid by encapsulating Eu®* cations into the
pores of UiO-66(Zr)-(COOH), (Zr-MOF), developed as a fluorescent probe
for Cd** and a sensor [19]. As shown in Fig. 7.4 (left), with Cr’*, Fe**, and
Cu2+, the luminescence of Eu>* is almost quenched. By contrast, the interaction
with Cd** drastically enhances the luminescence intensity, with a maximum of
more than 8.0 times as much as that of the original. As a result, when irradiated
under UV light, only Cd** can induce a red-colored luminescence, which can be
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FIG. 7.4 (Left) Suspension-state luminescent spectra relative intensities of 5Dy — 'F, at 614 nm
for Eu**@Zr-MOF dispersed in various metal ion aqueous solutions (10 mM) when excited at
322 nm. Inset: the corresponding photographs under UV-light irradiation. (Right) Fluorescence
intensity of Eu**@Zr-MOF at 614 nm as a function of Cd** concentration in aqueous solution
(Aex = 322 nm). Inset: linear relationship of the emission intensity of Eu**@Zr-MOF enhanced
by Cd** ions. (Reproduced with permission from J. Hao, B. Yan, A water-stable lanthanide-
functionalized MOF as a highly selective and sensitive fluorescent probe for Cd>*, Chem. Commun.
51 (2015) 7737-7740. Copyright 2015 Royal Chemical Society.)
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clearly seen by the naked eye, while no visible change can be observed upon the
addition of other metal ions (inset of Fig. 7.4). The group measured the fluores-
cence responses of Eu**@Zr-MOF in the presence of different concentrations
of Cd**. As demonstrated in Fig. 7.4 (right), when the Cd** concentration
increased from 0 to 500 mM, the emission intensity of Eu**@Zr-MOF was
gradually enhanced and showed a good linear relationship (R* = 0.99885)
between the emission intensity of Eu* at 614 nm and the concentration of
Cd**. The LOD of Eu**@Zr-MOF toward Cd** was calculated to be
0.06 mM. The Cd**-induced fluorescence enhancement reaction is very fast.
The emission intensity of Eu®* ions at 614 nm has been increased to more than
7.0 times in 1 min and to a constant value in 8 min. The real samples, containing
different concentrations of Cd** in tap water and lake water, were regularly ana-
lyzed by Eu** @Zr-MOF, indicating that this probe can be practically used to
quantitatively detect Cd** in water samples. A proposed mechanism of lumines-
cence enhancement induced by Cd** ions is that Cd** ions interact with the
Lewis basic carboxylic oxygen sites within Eu**@Zr-MOF and facilitate the
efficiency of energy transformation from ligands to Eu®* ions, which results
in a more efficient energy transition from ligands to Eu** for the following rea-
sons: the coordination of Cd** to reduce various nonradiative deactivations and
decrease energy loss; Cd** ions’ heavy atom effect to promote intersystem
crossing energy transfer (S;—T,); the Cd**> d'° closed shell electronic config-
uration and its ligand-to-metal (Cd**) charge transfer (LMCT) to change the
energy level of the excited state of the ligands, to make the energy-matching
between the ligands and Eu’" more suitable [19].

Liu et al. prepared a Eu’* functionalized MOF CPM-17-Zn-Eu with
appropriate synthesis conditions (Fig. 7.5; top), which possesses the similar
zeolite-type topologies structures but different properties with as-synthesized
CPM-17-Zn [20]. This highly efficient luminescent RE-MOF is fabricated by
encapsulating Eu’* cations into the channels of CPM-17-Zn, resulting in a
highly selective, strongly sensitive, and rapidly detective fluorescent probe.
CPM-17-Zn-Eu was selected to recognize Cd** ions in aqueous solutions
with a Turn-On Eu®* characteristic luminescence. As shown in Fig. 7.5 (bot-
tom, left), the photoluminescence intensity of CPM-17-Zn-Eu is largely
dependent on the metal ion-water solutions, whose intensity is enhanced
by about 4.0 times with the addition of Cd** compared with that of the aque-
ous solutions. Only Cd** could induce a red-colored luminescence that can be
clearly seen under UV light irradiation, and the addition of other metal ions
could not induce visible change. In Fig. 7.5 (bottom, right), the luminescence
intensity of CPM-17-Zn-Eu incorporated with Cd** shows a strong depen-
dence on the concentration of the metal ion, whose luminescence intensity
is enhanced proportionally to the concentration of Cd**. Quantitatively, this
enhancing effect can be rationalized with the linear correlation coefficient
(R) of 0.99883 and Ky, value of 4.95 x 10° M. The enhancing effect on
luminescence of CPM-17-Zn-Eu by Cd** ions can be ascribed to the fact that
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FIG.7.5 (Top) Schematic description for the synthetic procedure of CPM-17-Zn-Eu and the fluo-
rescent enhancement of CPM-17-Zn-Eu by Cd**. (Bottom, left) (A) Suspension-state photolumines-
cent spectra and (B) the relative intensities of Dy — F, at 613 nm for CPM-17-Zn-Eu dispersed in
various metal ion aqueous solutions upon excitation at 294 nm. The inset: the corresponding
photographs under UV-light irradiation. (Bottom, right) Emission spectra of CPM-17-Zn-Eu in
aqueous solutions in the presence of various concentrations of Cd** under excitation at 294 nm
and the inset is the K, curve (linear relationship of the emission intensity) of CPM-17-Zn-Eu
enhanced by Cd** ions. (Reproduced with permission from C. Liu, B. Yan, Zeolite-type metal
organic frameworks immobilized Ew’* for cation sensing in aqueous environment, J. Colloid Inter-
face Sci. 459 (2015) 206-211. Copyright 2015 Elsevier.)

Cd** ions interact with the third COO- group of H3BTC ligand within CPM-
17-Zn-Eu and facilitate the efficiency of energy transformation from ligands
to Eu®* ions. This is because it can induce more efficient intermolecular
energy transfer from ligand to lanthanide ions, when they are added into some
MOFs [20].

Xu et al. assembled an Eu-based MOF (UiO-66-NH,-Eu) [21], whose amino
group, an electron-donating group in UiO-66-NH,-Eu, can be used as a binding
site to bind with metal ions. It behaves as a highly selective and sensitive fluo-
rescence probe targeting Cd** ions in aqueous solutions through an impressive
enhancing phenomenon of the typical Eu** luminescence (Fig. 7.6; top, left). In
particular, this approach has been successfully applied to determine the
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FIG. 7.6 (Top, left) Schematic representation for and fluorescent enhancement chemosensor of
Cd** by UiO-66-NH,-Eu. The inset is a clear photograph under UV-light irradiation at 365 nm
of the sensing effect. (Top, right) Simplified schematic diagrams showing ligand-metal energy trans-
formation (LMET) for luminescence emission (‘nn* and >zn* are the singlet state and triplet state of
ligands) and the influence of Cd** on LMET. (Bottom, left) PL spectra of UiO-66-NH,-Eu (3 mg)
(A) and the luminescence intensity of the 5Dy — 'F, of UiO-66-NH,-Eu (B) dispersed into different
aqueous solutions of various metal ions (10’2 M) (excitation monitored at 395 nm). The inset is the
corresponding photographs under UV-light irradiation at 365 nm. (Bottom, right) Emission spectra
(A) and K, curve (B) of UiO-66-NH,-Eu in aqueous solutions in the presence of various concen-
trations of Cd** under excitation at 395 nm. (Reproduced with permission from X. Xu, B. Yan,
Eu(IIl) functionalized Zr-based metal-organic framework as excellent fluorescent probe for Cd**
detection in aqueous environment, Sens. Actuators B 222 (2016) 347-353. Copyright 2016
Elsevier.)

concentration of Cd** in environmental samples. A simplified ligand
("nn*) — ligand Crn*) — Eu’™* energy transformation is shown in Fig. 7.6
(top, right). Therefore, they attribute the enhancement of luminescent
intensity of UiO-66-NH,-Eu to the fact that Cd** leads a more efficient
energy transfer from ligands to Eu**. The photoluminescence properties of
M @Ui0-66-NH,-Eu are recorded and compared in Fig. 7.6A (bottom, left).
The histogram shows about 13 times as much as that of the original one after

)
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immersing into a 0.01 mol L™' Cd** aqueous solution for a few minutes
(Fig. 7.6B; bottom, left). The remarkable enhancement effect by Cd*" can
be further confirmed by the photograph of the UiO-66-NH,-Eu suspension
under UV-light irradiation (the inset of Fig. 7.6B; bottom, left). The emitted
visible red light of the UiO-66-NH,-Eu suspension is completely enhanced
when in contact with the aqueous solution of Cd*". It is obvious that the lumi-
nescence intensity at 617 nm of Eu’" is gradually enhanced as the concentra-
tion of the metal cations increases (Fig. 7.6A; bottom, right). Based on the
experimental data in Fig. 7.6B (bottom, right), the linear correlation coeffi-
cient (R) in the K, curve of UiO-66-NH,-Eu with Cd** is 0.99189. The high
sensitivity allows the existence of a small amount of Cd** ions to be easily
identified [21].

7.3 Luminescence responsive sensing of Pb** using rare earth
metal-organic framework hybrid materials

As is commonly known, Pb>* ions are one of the most toxic heavy metal ions,
and are widely used in our daily life and usually contained in batteries, gas-
oline, and pigments. After entering the human body, this ion will damage the
functions of the kidneys, reproductive system, nervous system, and brain cells.
As a common pollutant, Pb>* ions have extensively been a concern and the
Environmental Protection Agency (EPA) recommends that it should not
exceed 0.015 ppm in drinking water. Among the heavy metals, Pb** is often
encountered in the environment and continues to be one of the most
hazardous. A wide variety of diseases including digestive, reproductive, neu-
rological, and developmental disorders have been attributed to excessive Pb>*
concentration in the body. Hence, selective sensing of Pb** seems to be very
important [25-27]. There are few examples of luminescence sensing of Pb>*
using MOF-based probes [28—32].

Zeng et al. developed a colorimetric sensing method for Pb** based on bime-
tallic RE-MOFs, Tb, ;Euq3(BDC);3-(H,0), (TbEu-MOF) [30]. As shown in
Fig. 7.7A (top), the emission color of the TbEu-MOF changes from red-orange
to green with a concentration of Pb>* ranging from 0.25 to 10 mM, and the lumi-
nescence intensity of TbEu-MOF decreases with the increased concentration of
Pb>*. They studied the response of TbEu-MOF for 10 mM of Pb** after the
MOFs-ion interaction for different periods of time (Fig. 7.7B; top). The color
of the TbEu-MOF changes from red-orange to green as the reaction time
increases. The luminescence color reached steady state after 18 min, which
indicates that the binding of Pb®* to TbEu-MOF is fast and the method is appli-
cable for rapid detection of Pb**. In order to evaluate the sensing performance of
TbEu-MOF probes for real analysis, they applied it in the colorimetric sensing
of Pb>* contained in three Pb**-polluted environmental water samples. As
shown in Fig. 7.7C (top), TbEu-MOF can be employed as a promising colori-
metric sensing probe for Pb>* monitoring in real time for field screen analysis.
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To calibrate the fluorescence decay curves in Fig. 7.7A (bottom), the average
lifetime of Tb>* (monitored at 546 nm) increases in the presence of Pb>*, while
the average lifetime of Eu’* decreases. This result is consistent with the emis-
sion color change of TbEu-MOF. In addition, the UV-vis spectra suggest almost
no absorption at 312 nm, as shown in Fig. 7.7B (bottom), which excludes the
absorption effect of Pb**. Therefore the sensing mechanism of this colorimetric
method can be explained by the modulation of the energy transfer processes in
TbEu-MOF, as depicted in Fig. 7.7C (bottom), which decreases the intensity of
the 5DO — 7F2 transition of Eu’* at 616 nm and increases that of the
5D, — ’Fs transition of Tb>* at 546 nm [30].

Li et al. selected mixed 4-(pyridin-3-yloxy)-phthalic acid (H,ppda) and
1,4-naphthalenedicarboxylic acid (H,nbdc) to synthesize a Tb-MOF
[Tb(ppda)(npdc)g.s(H,0),],,, whose free oxygen atoms of the ether bond can
serve as the functional sites to tune their purposeful properties [31]. It acts as
an effective luminescent sensor for Pb>* ions, with a low LOD. As shown in
Fig. 7.8A (top), the photoluminescence spectra of the samples dispersed in dif-
ferent metal cations displayed four typical transitions of Tb>* ions. It should be
noted that a strong enhancement effect on the luminescence intensity of Tb-
MOF is induced by the Pb** ions. As shown in Fig. 7.8B (top), the fluorescence
enhancement efficiency of Pb®* ions at a concentration of 1.0 x 10~ M for the
D, — "Fs emission peak of Tb-MOF is 89.9%, implying a promising sensing
ability for Pb>* ions. The luminescence titration experiments in Fig. 7.8A (bot-
tom) showed that the fluorescence intensity of TOMOF gradually increases with
the increasing concentration of Pb** ions. As depicted in Fig. 7.8B (bottom), a
good linear relationship at low concentrations is obtained and the K, value is
1.05 x 10° M~ 1. Furthermore, the LOD of the Pb>* ion is calculated to be
9.44 x 10> M. This enhancement mechanism should be based on a dynamic
mechanism. A bonding interaction between the Lewis basic site of the oxygen
atom of the ether bond in Tb-MOF and Pb** ions may affect the ligand-metal
charge transfer and make the energy transfer process more efficient, to enhance
the luminescence of Tb>* [31].

7.4 Luminescence responsive sensing of Cr’* using rare earth
metal-organic framework hybrid materials

Chromium is an important element and exists in the two common oxidation
states of Cr(III) and Cr(VI) ions. The toxicity of chromium in different
valences is quite different. The Cr(IIl) ion is an important biological trace
element and is widely used in industrial production, whereas excessive
Cr(III) ions in the body can combine with DNA, leading to mutations or
malignant cells. In addition, Cr(VI) species are poisonous pollutants in eco-
logical, environmental, and biological systems, due to their broad utilization
in modern industry and agriculture, and they have been classified as a serious
pollutant by the U.S. Environmental Protection Agency. Additionally,
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long-term exposure to Cr(VI) ions, even at low concentrations, can cause several
adverse health effects such as allergic reactions, hereditary genetic defects, and
even lung cancers. Excessive hexavalent chromium (more than 10 ppm) has a
lethal effect on aquatic organisms, and the content of Cr(VI) ions in the body must
be less than 3 ppm. Therefore it is a significant issue to detect chromium ions
sensitively and rapidly in water or edible resources, which is meaningful in envi-
ronmental protection and food security [33-37]. Cr(VI) ions exist in the environ-
ment as anions (CrzO? and CrOif), which will be touched on in the following
chapter. Here some examples are given of the rare earth MOF hybrid materials for
luminescent responsive sensing of Cr(III) (Cr**) [38-44].

Liu et al. chose an unexplored ligand 4'-[4,2";6' 4" ]-terpyridin-4'-yl-biphenyl-
4-carboxylic acid (H4tpbpc) to synthesize an Eu-MOF ([Eu,(tpbpc)4-CO5-4H,0]-
DME:solvent), which behaves as a sensor for detecting Cr’* ions in aqueous solu-
tions simultaneously [42]. As shown in Fig. 7.9, the bright red fluorescence is
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FIG. 7.9 (A) (Top) Relative intensities at 618 nm (°Dy — F,) for Eu complex dispersed in dif-
ferent metal ion aqueous solutions upon excitation at 343 nm. (Bottom) Corresponding photographs
under irradiation of 365-nm UV light. (B) (Top) Relative intensities at 618 nm for Eu complex,
blank (green), addition of other mixed cations (purple), and addition of Cr** metal ions (brown).
(Bottom) Corresponding photographs under irradiation of 365-nm UV light. (C and D) Emission
spectra of Eu complex in water solution (excited at 343 nm) at different concentrations and a
Stern-Volmer plot of Cr’tion. (Reproduced with permission fromJ. Liu, G. Ji,J. Xiao, Z. Liu, Ultra-
stable 1D europium complex for simultaneous and quantitative sensing of Cr(Ill) and Cr(VI) ions in
aqueous solution with high selectivity and sensitivity, Inorg. Chem. 56 (2017)4197-4205. Copyright
2017 American Chemical Society.)
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completely quenched when a certain number of Cr** jons are added into the sys-
tem. The inset of Fig. 7.9A shows the strong red emission of the suspension and
addition of other M"*, which can be easily captured by the naked eye under a 365-
nm UV lamp, and its brightness disappears with higher concentrations of Cr**
addition. With increasing concentration of crt ions, the luminescence intensities
gradually decrease and the emission peak has an obvious red shift. The calculated
LOD of the Cr’* ion is 3.64 ppm. As shown in Fig. 7.9D, the Stern-Volmer
quenching curve for the Cr’*ion is nearly linear at low concentrations with a lin-
ear fit correlation coefficient of 0.992 and a K, value of 5.14 x 10°M ™", The
quenching mechanism of the Eu complex in the presence of Cr’* can be assigned
to two primary factors. The overlap between the emission spectra of the Eu com-
plex and the UV-vis absorption spectra of the Cr** ion solution makes it possible
for the Cr’* ion to adsorb the emission light of the Eu complex to decrease the
luminescence intensities. Additionally, three N atoms from three pyridyl rings
of each tpbpc™ ligand are free and provide open Lewis base sites for additional
metal ions, whose further interaction between them causes the 1 — n* transition
absorption band to move to a longer wavelength, hence minimizing the energy
transfer from the tpbpc™ ligands to the Eu(Ill) ions and attenuating the fluores-
cence intensity [42].

7.5 Luminescence responsive sensing of AP* using rare earth
metal-organic framework hybrid materials

Aluminum is used extensively in our daily lives and is also an important metal
element applied in industrial production. Moreover, on the one hand, with the
massive use of aluminum products, more and more Al** ions are exposed to the
air and enter the human body through food and drinking water. Its maximum
intake is estimated to be 7 mg kg~ ' body weight per week. However, A" is
toxic and environmentally harmful. Due to the frequent use of aluminum
vessels and foil, the risk of AI** ion absorption by the human body is increasing.
AI** has been implicated as a fatal factor in Alzheimer’s disease, and it also
prevents plant growth on acid grounds. Further study has confirmed that high
aluminum content in food will cause early aging, and also can further cause
brain nerve degeneration, memory loss, intelligence, and even senile dementia.
When the amount of aluminum accumulation in the body exceeds 5—16 times
the normal level, it can inhibit the absorption of phosphorus in the intestine and
interfere with the normal calcium and phosphorus metabolism in the body.
Long-term exposure to a high concentration of AI** pollution in the living envi-
ronment may cause internal environmental changes and result in metabolic dys-
function. AI** also affects blood glucose levels in the body. Thus the
development of selective and sensitive AI’* chemsensors is an urgent need
[45-50]. There are some reports on luminescence sensing of AI’* using
MOF-based hybrid probes [51-61].

Hao et al. prepared a series of rare earth (RE = Eu, Tb, Sm, and Dy) MOFs
(MOF-LIC-1) with 2-aminoterephthalic acid and selected Eu-MOF as a
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FIG.7.10 (Left) (A) The luminescence intensity of the 5Dy — 'F, transition of Eu-MOF interact-
ing with different metal ions in 1072 mol L~! DMF solution of MCL, (excited and monitored at
365 nm). The insets show the relative intensity of Eu-MOF with respect to Cu®*, Fe**, Fe®*, and
AI** (B) and the images of M**-Eu-MOF under UV-light irradiation at 365 nm (C), respectively.
(Right) Comparison of the luminescence intensity of Eu-MOF in DMF solutions in the presence
of various concentrations of AI** under excitation at 365 nm. (Reproduced with permission from
J.Hao, B.Yan, Amino-decorated lanthanide(Ill) organic extended frameworks for multi-color lumi-
nescence and fluorescence sensing, J. Mater. Chem. C 2 (2014) 6758—6764. Copyright 2014 Royal
Chemical Society.)

representative sample to examine the potential of the material for the sensing of
metal ions, which shows highly selective and sensitive luminescence sensing
for A1** ions [51]. In addition, the luminescence color change can be easily dis-
tinguished with the naked eye under UV-light irradiation. The luminescent
properties are recorded and are compared in Fig. 7.10 (left); the quenching
effects of Cu®*, Fe®*, Fe**, and AI’* are highly pronounced, particularly for
AI** jons. Different quenching effects lead to the changes of emitting color
under UV-light irradiation. For the Li*, Mn**, Zn**, Cd**, and Ni** ions, along
with an increasing quenching effect, the emission intensity at 614 nm gradually
decreases, whereas the ligand-centered emission in the range of 450-550 nm
appears, leading to the emission color changes from red to pink. For the Cu?*,
Fe?*, Fe’*, and AI’* ions, although they all seriously quench the emission
of Eu™, their emission colors are different and are easy to distinguish under
UV light. This is because AI’* completely quenches the emission of only
Eu’*, whereas the emission of the ligand still exists, causing the bright blue light,
as shown in Fig. 7.10C (left). Cu®*, Fe**, and Fe>* ions not only can quench the
emission of Eu** but can also have quenching effects on the emission of the
ligand, whose emission colors under UV light are dark. As shown in Fig. 7.10
(right) for the AI**-loaded sample, the luminescence intensity of Eu** decreases
gradually with an increase in the concentration of AI’*. As a result, under UV-
light irradiation of 365 nm with an increase in A13+, the colors of the Al**-loaded
samples changed from red to blue. They further speculated on a possible sensing
mechanism. Al**-loaded Eu-MOF changes and collapses the crystal
structure [51].
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Ding et al. employed a rigid asymmetrical tricarboxylate ligand p-terphenyl-
3,4” 5-tricarboxylic acid (H3L) and isolated a unique heterometallic BaLa-
MOF, {[BasLags(p3-L)2.5(H,0)3(DMF)]-(3DMF)},, which exhibits highly
selective and sensitive sensing of AIP* over other cations [53]. The Bala-
MOF sample was employed as a luminescent probe and was investigated for
the sensing of diverse metal ions, for it can exhibit strong visible blue light when
excited by ultraviolet light. As shown in Fig. 7.11A, only AI** ions have a sig-
nificant fluorescence-quenching effect, while other metal ions only have a
slight effect on the fluorescent intensity. As shown in Fig. 7.11, when AI’* con-
centrations gradually increase, the fluorescent intensity of BaLa-MOF gradu-
ally decreases. As shown in Fig. 7.11C and D, the fluorescent intensity
linearly decreases with AI** concentration varying from 5 to 60 pM. To further
investigate the correlation between quenching result and AI** concentration, a
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FIG.7.11 (A) Comparison of the luminescence intensity of BaLa-MOF at 374 nm incorporating
aqua solutions (10~* M) upon the addition of various different cations. (B) Liquid luminescence
spectra of 1 under different concentrations of AI** aqueous solution. (C) Comparison of the lumi-
nescence intensity of BalLa-MOF under different concentrations of AIP* aqueous solution.
(D) Linear luminescence intensity vs. AI** concentration plot. (Reproduced with permission from
B. Ding, S. Liu, Y. Cheng, C. Guo, X. Wu, J. Guo, Y. Liu, Y. Li, Heterometallic alkaline
earth—lanthanide Ball-Lalll microporous metal-organic framework as bifunctional luminescent
probes 0fA13+ and MnOy , Inorg. Chem. 55 (2016) 4391—4402. Copyright 2016 American Chemical
Society.)



226 PART | Il Luminescence responsive sensing of ionic analytes

linear fluorescent intensity vs. AI>* concentration plot was made (Fig. 7.11D),
to which a K, value calculated to be 1.445 x 10* L-mol ! can be fitted and a
low LOD (0.19 pM) is found, for a high quenching efficiency. They speculated
that AI** may be diffused into the channels of BaLa-MOF or attached to its sur-
face rapidly, and the encapsulated AI** ions are responsible for the quenching of
the luminescence [53].

7.6 Luminescence responsive sensing of Ag* using rare earth
metal-organic framework hybrid materials

Because of human activities, the Ag* content in the vicinities of sewage outfalls,
electroplating plants, mine waste sites, and silver-iodide seeded areas has
increased. Ag" can accumulate in the human body through the food chain
and drinking water. In addition, Ag* ions are known to bind with various metab-
olites, including amine, imidazole, and carboxyl groups, and inactivate sulfhy-
dryl enzymes. Therefore the presence of Ag* will result in several pathological
disorders, such as cell toxicity and organ failure. Ag* ions can accumulate in an
organism through the biological chain and water circulation system, causing sil-
ver ion poisoning, leading to cell damage and organ failure. Thus it is of con-
siderable importance for the environment and human health to establish an Ag*
detection method with high sensitivity and high selectivity [62—73].

Hao et al. chose MIL-121 (Al(OH)(H,btec)-H,O) (Hybtec = pyromellitic
acid), which contains two extra free carboxylic acid functions per ligand with
interesting porosity for a parent framework, as a good candidate to bind with
RE’" cations, whose hybrids (Eu**@MIL-121) have been developed as highly
selective and sensitive fluorescence probes targeting Ag* ions in aqueous solu-
tions [67]. As shown in Fig. 7.12 (top, left), various metal ions show markedly
different effects on the luminescence of Eu®* ions. The interaction with Ag*
drastically enhanced the luminescence intensity, with a maximum of over
5.0 times that of the original. As a result, only the sample immersed in aqueous
solution containing Ag” provided direct information (red luminescent color)
visible to the naked eye when irradiated under UV light at 254 nm, as shown
in the inset of Fig. 7.12 (top, left). In addition, the enhancement effect of
Ag" on the luminescence of Eu** @MIL-121 was evaluated by the fluorescence
decay time of Eu’*. Fig. 7.12 (top, right) shows that the emission lifetimes of
Eu**@MIL-121 significantly increase from 0.21 to 0.98 ms in the presence of
Ag*. This observation is in good agreement with the results of PL spectra.
Fig. 7.12 (bottom, left) shows the time-response PL spectra (A) and curves
(B) within 4 h, respectively. With increasing interaction time between Ag®
and Eu**@MIL-121, the emission intensity of the sample is continuously
enhanced. From the inset of Fig. 7.12A (bottom, left), it can be seen that when
the Eu**@MIL-121 was treated with an Ag* solution for 5 min, the highest
peak at 614 nm increased to an intensity of over 2.0 times that of the original
peak. This indicates that the Ag*-induced fluorescence enhancement reaction
is fast. As demonstrated in Fig. 7.13A (bottom, right), the emission intensity of



Luminescence responsive sensing of metal ions (Il) Chapter | 7 227

2 ¥ i —Origin (0.21 ms)
< s — Ag’ (0.98 ms)
5
g 61 g
g 4 MuPhis N Cod s Cus O be Ag %
E 2 - é

0 0 1 3 3 4

Decay time / ms
- v e O e 2 ; - o ™
oo G ak Coon _’r)rﬁx.u.-,\-_’ﬁ..-_"z,_."‘a_--l;_(,,,.-\r,_e‘b_.r‘;_.«

(a) 35 - (a)lﬁ |'|| [

- T o Urigin = | L TLU I,

2 304 : i =14 — 3 p
o - 14

= i s 2124 |—dtum & .
225 I !—Zln.\l i :

8 g10 L

s . ] | 1M

.é 20 =l 8 | Spnd

b~ 15 ] | ——puM

o 0 £ 6

5 g

2 10 2 44

= E .
3 5 = 2 jv
ol 0

(-
580 600 620 640 660 680 700 72
Wavelength / nm

. R =0.9977
> 304 Vo

580 600 620 640 660 G680 700 720
Wavelength / nm

w
Th

Fluorescence Intensity (a.u.) =
(=]
=
T

0 30 60 90 120 150 180 210 240
Time / min

FIG. 7.12 (Top, left) Suspension-state PL spectra relative intensities of Dy — F at 614 nm for
Eu**@MIL-121 dispersed in aqueous solutions containing different metal ions (10 mM)
when excited at 315 nm. The inset in (B) are the corresponding images under UV-light irradiation
at 254 nm. (Top, right) Fluorescence lifetime of Eu’*@MIL-121 in the absence (black) and presence
(red) of Ag® in aqueous solution. (Bottom, Left) (A) Variation of fluorescence intensity of
Eu**@MIL-121 at 614 nm with immersion time in Ag" solution, Ao, = 315 nm; the inset is the cor-
responding change in emission intensity when treated with Ag* for 5 min. (B) Linear relationship of
the fluorescence intensity at 614 nm as a function of interaction time. (Bottom, right)
(A) Fluorescence intensity of Eu**@MIL-121 at 612 nm as a function of Ag" concentration in aque-
ous solution (dex = 315 nm). Inset: linear relationship of Eu**@MIL-121 enhanced by Ag" aqueous
solution. (B) Illustration of the fluorescence enhancement of Eu** @MIL-121 by Ag". (Reproduced
with permission from J. Hao, B. Yan, Highly sensitive and selective fluorescent probe for Ag* based
on a Ev’* post-functionalized metal-organic framework in aqueous media, J. Mater. Chem. A 2
(2014) 18018—18025. Copyright 2014 Royal Chemical Society.)
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FIG.7.13 (Left) (A) The histogram shows that Val increases Eu-MOF centered luminescence by
three times and Ni** quenched the Eu-MOF centered luminescence absolutely; (B) 3D luminescence
spectra of Eu-MOF reacts with 16 species of Val, Co>*, Trp, Mn>*, Ba>*, Cd**, Met, Pb**, Thr, Zn>",
Fe?*, Cr**, Phe, Mg?*, Lys and Ni**. (Right, top) The LOD for sensing Ni?* is an ultrasensitive value
of 1.0 x 107 M. (Right, bottom) Luminescence intensity decreases as the concentration of Ni**
increases. Inset: the linearity of luminescence intensity versus the concentration of Ni** at
592 nm. (Reproduced with permission from K. Zheng, Z. Liu, Y. Huang, F. Chen, C. Zeng,
S.Zhong, S. W. Ng, Highly luminescent Ln-MOF's based on 1,3-adamantanediacetic acid as bifunc-
tional sensor, Sens. Actuators B 257 (2018) 705-713. Copyright 2018 Elsevier.)

the Eu>*@MIL-121 suspension increased in accordance with the increase of
Ag* concentration from 0 to 100 mM. In other words, the fluorescence
response of Eu>*@MIL-121 toward Ag" is linear when measured in the range
0-100 mM of Ag* (inset of Fig. 7.12A; bottom, right). From these data, they
estimated the LOD of Eu**@MILI21 to be 0.1 mM. The enhancement of
luminescent intensity of Eu>*@MIL-121 to Ag* can be attributed to causing
more efficient energy transfer from ligands to Eu®* jons, as depicted in
Fig. 7.12B (bottom, right) [67].

7.7 Luminescence responsive sensing of Co**/Ni** using rare
earth metal-organic framework hybrid materials

Cobalt, as an essential trace element in the human body, plays a crucial role in
the synthesis of vitamin B, and hemoglobin. Because cobalt deficiency and
excessive intake will seriously affect human health, the detection of cobalt is
very important. As we all know, many nickel compounds dissolve easily in
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water. Nickel is found in all soil and is emitted from volcanoes, and it is also
found in meteorites and on the ocean floor. Unfortunately, nickel and its com-
pounds have no characteristic odor or taste. Increased exposure to Ni** can
cause several diseases such as dermatitis, pneumonitis, asthma, several prob-
lems of the central nervous system, and even cancer of the lungs and nasal cav-
ity. Thus the detection of Ni** is of utmost importance in biological, industrial,
and comestible samples [74]. There are a few works on the luminescence sens-
ing of Co**/Ni** using MOF-based probes [75-78].

Zheng et al. adopted 1,3-adamantanediacetic acid (H,ADA) to construct a
series of RE-MOFs with the formula of [RE(ADA); s(phen)], (RE-MOF,
RE** = Eu**, Gd**, Tb**, La™*, Ce®*, Pr’*, Nd*, Y*). It is very interesting
to find that the Eu-MOF (1a) can sense Ni* [77]. The histogram (Fig. 7.13A;
left) which was monitored at 592 nm (SDO —F 1 transition) shows more obvi-
ously about the luminescence change of 1a after reacting with different species,
indicating Eu-MOF is a highly selective sensor. Then, the mixed solutions are
placed at the room temperature to react for 24 h. 3D luminescence spectra (inset
of Fig. 7.13B; left) of these solutions displays that only Ni** quenched the Eu™*-
centered luminescence absolutely (Fig. 7.13A; right). The LOD for sensing Ni**
is an ultrasensitive value of 1.0 x 10~° M. The result reveals that 1a is a highly
sensitive Ni?* sensor, and it is the most sensitive chemosensor for sensing Ni*.
Further investigation reveals there is a good linear relationship between
luminescence intensity (monitored at 592 nm) and the Ni** concentration
(0.2-0.6 pM), it fits a linear equation of R?>=0.964 (Fig. 7.13B; right). The
quenching mechanism caused by the addition of Ni** might be explained by
a ligand-to-metal charge transfer (LMCT) mechanism [77].

Xie et al. prepared Scy(NH,-BDC)3 (Sc-MOF) crystals with relatively uni-
form morphology and size as a probe for Co®* and Ni** jon detection through
the fluorescence quenching effect [78]. As shown in Fig. 7.14A and B (left), the
addition of metal ions and anionic solutions barely gave rise to a slight change
in fluorescence intensity, except it exhibited an obvious quenching effect once
Ni?* and Co?* ions were added to the suspension. At the same time, as can be
observed intuitively from the inset in Fig. 7.14A (right), once Ni** and Co** are
added, the corresponding fluorescence intensity immediately dramatically
decreases compared with the pristine material under the ultraviolet lamp with
an excitation wavelength of 365 nm. In addition, the distinct quenching effect
can be certified directly through a naked eye comparison of the pristine suspen-
sion and the suspension containing Co?* ions under the ultraviolet lamp (the
inset in Fig. 7.14A; right), in which the bright blue fluorescence of Sc-MOF
can be obviously weakened as soon as Co>* ions are added into the suspension.
Furthermore, there is a better linear correlation (R2 = 0.98) between the fluo-
rescence intensity and the concentration of Co”* ions in the range from 0.1
to 7 pM (Fig. 7.14B; right). Moreover, the corresponding LOD of Co** ions
is determined to be 22.44 nM (approximately 1.3 ppb). Some defects exist with
the formation of Sc hydroxyls in the as-prepared Sc-MOF crystal, which is
inclined to interact with the entered Co?*/Ni** ions into the framework of
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FIG. 7.14 (Left) Selectivity of the Sc-MOF toward Ni%* and Co>* detection: fluorescence
response of Sc-MOF in the presence of 2 pM various (A) cations and (B) anions in ethanol solution
(Aex = 335 nm). (Right) (A) Fluorescence spectra of the Sc-MOF suspension upon the addition of
various concentrations of Co>" under excitation at 335 nm (Inset: Photographs of fluorescence emis-
sion change under a ultraviolet lamp with A.x = 365 nm of Sc-MOF in ethanol upon the addition of
Co”); (B) linear fitting plot between the fluorescence intensity of Sc-MOF and the concentration of
Co*". (Reproduced with permission from C. Xie, Z. Yu, W. Tong, K. Shehzad, W. Xu,J. Wang, J. Liu,
Insights into the fluorescence sensing mechanism of scandium-based metal-organic frameworks by
solid-state NMR spectroscopy. ChemistrySelect 4 (2019) 5291-5299. Copyright 2019 Wiley.)

Sc-MOF. The electrons are transferred from the framework to the unoccupied
orbitals of Co”*/Ni**, leading to fluorescent quenching [78].

7.8 Luminescence responsive sensing of f-block metal ions
using rare earth metal-organic framework hybrid materials

On the other hand, Ce** species are poisonous pollutants to eco- and biosystems
[79]. Contamination from uranium sources has become a global concern due to
the rapid expansion of nuclear science and technology during the last century.
This element could be readily found in various public accessible industries, such
as uranium mining and processing, glass manufacturing, and nuclear power sta-
tions, which all share a significant hazard to human health. Radiotoxicity accom-
panied by chemotoxicity is what makes the ingestion or inhalation of uranium a
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problem that could lead to serious kidney damage, disruption of bioactive mol-
ecules (enzymes), as well as a series of other violent health problems [80-83].
Zhang et al. used H;L (2-(6-carboxypyridin-3-yl)terephthalic acid) to prepare
new RE-MOFs with the formula [RE4(p6-L),(p-HCOO)(p3-OH)s(p3-O)-
(DMF),(H,0)4],, (RE = Tb, Eu, Gd, Dy, and Er), among which Tb-MOF disclosed
a high detection ability to sense Ce>" cations through the quenching of lumines-
cence [84]. The luminescent behavior of the obtained dispersions was investigated
(Fig. 7.15; top), revealing a remarkable effect of Ce** on quenching the lumines-
cence of Tb-MOF. In contrast, other RE** ions showed almost no influence on
luminescence intensity of DMF dispersion of Tb-MOF. These data suggest that
Tb-MOF acts as a remarkable luminescent probe to detect Ce®* cations.
Fig. 7.15 (bottom) shows the influence of Ce** concentration on the emission
quenching of Tb-MOF, exhibiting a linear dependence between the Ce™* concen-
tration and quenching efficiency (Fig. 7.15B; bottom). This quenching behavior can
be rationalized with a K, value of 279.4 M~ for Ce®" ions. A possible mechanism
is suggested on the basis of the suppression of LRET (luminescence resonance
energy transfer) and the enhancement of intermolecular electron transfer [84].
Liu et al. presented an investigation of a luminescent Eu-MOF, for multifunc-
tional applications as a luminescent sensor of UO3" cations, which directly affects
the luminescence signal with a rapid response. As shown in Fig. 7.16A, with the
increase of the UO%+ concentration, the luminescence intensity of Eu-MOF atten-
uated sharply as well. The quenching process could also be more quantitatively
described by plotting the quenching ratio (denoted as (Iy — I)/Iy%) against ura-
nium concentration, as exhibited in Fig. 7.16B. Additionally, the quenching pro-
cess could be well fitted with R* = 0.95. The UO3" adsorption kinetics and
isotherms were also investigated to confirm the correlation between the lumines-
cence evolution and uranium adsorption process. As shown in Fig. 7.16C, with a
contact time increase, the adsorption of uranium increased as well, taking only
about 60 min to reach equilibrium. As for the sorption isotherm demonstrated
in Fig. 7.16D, it is obvious that a similar evolution process is observed for both
the concentration-dependent luminescence evolution and the adsorption iso-
therm, which is direct evidence for the inherent correlation between these two
processes. The LOD is toward UO3" ion is determined as c. 309.2 pg L', which
is arelative high value and may be induced by the inefficient energy transfer from
the ligand to the guest UO3" ions. Nevertheless, the sensor is still promising for
application in high-level contaminated areas. On the other hand, the method pro-
posed in this contribution could be directly used for probing UO3* contamination
over a wide concentration range (309.2 pg L™ to 800 mg L") in order to con-
firm the performance of the material in a real environmental sample for the deter-
mination of UO3" contamination. The most logical mechanism to be construed
from the aforementioned data is an energy transfer process that occurs from
the interaction of UO%+ with the framework [85]. Gomez et al. also reported
on luminescent Tb-MOFs evaluated and employed as chemical sensors for agro-
chemical and cationic species, with LOD of 2.9 ppm for [UO%+] [86].
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FIG. 7.15 (Top) Luminescence spectra (A) and intensities of the 5D, — ’Fs transition (B) of Tb-
MOF dispersed in DMF solutions of different RE** ions (107> M lanthanide nitrate, 2 mL DMF,
2 mg TbMOF). (Bottom) (A) Luminescence spectra of Tb-MOF dispersed in DMF solutions of
Ce(NO3); (107'-107° M, 2 mL DMF, 2 mg TbMOF); inset shows the color of solutions under
UV light before (left) and after (right) addition of Ce>* (1072 M). (B) Linear dependence between
the quenching efficiency and the concentration of Ce* in the range of 0.1-5 mM. (Reproduced with
permission from Q. Zhang,J. Wang, A. M. Kirillov, W. Dou, C. Xu, C. Xu, L. Yang, R. Fang, W. Liu,
Multifunctional Ln — MOF luminescent probe for efficient sensing of Fe>*, Ce>*, and acetone, ACS
Appl. Mater. Interfaces 10 (2018) 23976-23986. Copyright 2018 American Chemical Society.)

Song et al. presented a luminescent Eu-MOF, [Eu,(FDC);(DMA),]-4H,0
(H,FDC = 2,5-furandicarboxylic acid, DMA = N,N-dimethylacetamide),
which showed high hydrolytic stability over a wide range of pH values (from
2 to 12) [87]. As depicted in Fig. 7.17A (left), the luminescence intensity
decreased as the Th** concentration increased. Specifically, the intensity
decreased to about 30.94% of the initial value at the Th** concentration of
1.08 x 10°*mol L' by monitoring the luminescence intensity at 616 nm
and was almost completely quenched when the concentration reached
6.47 x 10~*mol L™". Such a distinct quenching characteristic is suitable for
the quantitative determination of Th** contamination in aqueous solution. As
shown in Fig. 7.17B (left), the linear correlation in the concentration range
of 0-6.47 x 10~* mol L™" with R*> = 0.939 clearly demonstrates its potential
as a Th*" probe. In order to investigate the detection capacity of the compound
Eu-MOF, the LOD was determined to be 3.49 x 107> mol Lfl, which is close
to the WHO standard of 1.06 x 10"°mol L™". As shown in Fig. 7.17 (right,
top), in the distinct and intriguing phenomenon of the luminescence intensity,
a decrease of Eu-MOF occurs when treated with Th** solutions while negligible
luminescence intensity change occurs for other metal ion solutions and anions.
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FIG. 7.16 (A) Luminescence spectra of compound 1 in varied concentrations of v. (B) The cor-
relation between the quenching ratio versus concentration simulated by a Langmuir model. The inset
is the correlation between C/[(Iy — I)/Iy]% versus UO3* concentration. (C) The v adsorption kinetics
curve (Co=10mgL™"). (D) Adsorption isotherm curve of v simulated by a Langmuir model.
(Reproduced with permission from W. Liu, Y. Wang, L. Song, M.A. Silver, J. Xie, L. Zhang,
L. Chen, J. Diwu, Z. Chai, S. Wang, Efficient and selective sensing of Cui’* and UO3™ by a europium
metal-organic framework, Talanta 196 (2019) 515-522. Copyright 2019 Elsevier.)

The quenching constant K, was determined as 6.68 x 10* toward Th**, sug-
gesting that Eu-MOF exhibits a predominant selectivity toward Th** ions, suit-
able for serving as Th** sensors being applied in environmentally relevant
systems. As displayed in Fig. 7.17 (right, bottom), elemental mapping measure-
ments confirmed that the successfully adsorbed Th** ions were uniformly dis-
tributed on the surface of the crystal following the distribution of Eu
(Fig. 7.17D; right, bottom) and O (Fig. 7.17E; right, bottom) atoms which
are in situ incorporated into the framework. The quenching of the luminescence
was induced by the direct interaction between the emission center and the guest
Th*" ions, which led to efficient energy transfer responsible for the lumines-
cence quenching observed after Th** loading. The competitive sorption of
the excitation light should be another reason for the decrease of the lumines-
cence intensity, for the absorption peak of Eu-MOF is partially overlapped
by the absorption of Th** at 290 nm [87].

In fact, some rare earth MOF hybrid materials often display an extensive
probe for luminescence response to multimetal ions [88-91]. Ding et al.
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FIG.7.17 (Left) (A) Luminescence spectra of Eu-MOF in Th** solutions with various concentra-
tions at pH = 3. (B) The simulated correlation between luminescence intensity and Th** concentra-
tion in 616 nm wavelength. (Right, top) Luminescence intensity of Eu-MOF immersed in
1 x 1073 mol L™! various metal cation solutions (monitored at 616 nm and excited at 290 nm).
(Right, bottom) (A) The initial crystal morphology of Eu-MOF 1 under daylight. (B) The lumines-
cence photos of Eu-MOF excited by 365 nm UV light. (C) Microphotograph of Th**-loaded Eu-
MOE. (D-F) Eu, O and Th elemental mapping of Th**-loaded Eu-MOF. (Reproduced with permis-
sion from L. Song, W. Liu, Y. Wang, L. Chen, X. Wang, S. Wang, A hydrolytically stable
europium—organic framework for the selective detection of radioactive TH** in aqueous solution,
CrystEngComm 21 (2019) 3471-3477. Copyright 2019 Royal Chemical Society.)

prepared four 4d-4f hetero-MOFs: [RECd,(Pbc)4(Meimde) (H,0)]-3H,O
(RECd-MOF, RE = Eu, Tb, Sm, Dy) (HPbc = 4-(4-pyridinyl)benzoic acid;
H;Meimdc = 2-methyl-1H-4,5-imidazole-dicarboxylic acid) [91]. EuCd-
MOF can capture Ag*, Cu?*, Zn*, Co?*, and Ni** cations and shows a
cation-dependent colorimetric response, which indicates the potential for naked
sensing. The powder sample of EuCd-MOF is immersed in an aqueous solution
containing different 0.1 M M(NO3), and the emission spectra of Eu’* ions are
measured (Fig. 7.18; top). In stark contrast, most metal cations exhibit an
enhancement effect for the luminescent intensities. In particular, the interaction
with Mg®* drastically enhanced the luminescent intensity, with a maximum
of more than 3.9 times as much as that of the parent MOF. However, the
Ag*, Cu**, Zn*, Co**, and Ni** cations exhibited a complete quenching effect
on the luminescence of EuCd-MOF. Furthermore, the reduction of lumines-
cence intensity is still clearly observed when compound EuCd-MOF is soaked
inalx 10> mol L™' Cu®" solution, suggesting that the detection limit of
compound EuCd-MOF as a Cu®* probe is much lower, with the sensitivity
Cu®* > Ag™ ~ Co*" ~ Ni** ~ Zn**. Interestingly, the process of soaking is

)



-5.60x10"
3 +4.20x10°
-2.80x10"

-1.40x10"

e — ——‘——'—**f&v
550 600 650 700

FIG.7.18 (Top)(A)Emission spectra of 1a introduced into various 0.1 M aqueous cations solution. (B) Luminescent intensities at 616 nm of 1a treated with various
0.1 M aqueous cation solutions. (Bottom) Crystal photographs of compound 1a dispersed into various 0.1 M aqueous M(NO3), solutions. (Reproduced with permis-
sion from L. Ding, L. Liu, Q. Shi, Y. Sun, Y. Wang, Y. Chen, Luminescent 3D lanthanide—cadmium heterometal—organic frameworks with chemical stability and
selective luminescent sensing, Inorg. Chem. 56 (2017) 14850-14858. Copyright 2017 American Chemical Society.)
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accompanied by visible changes in color. After being immersed in these aque-
ous solutions of 0.1 mol L' (M(NO3),) (M = Ag*, Cu**, Zn*, Co®*, and Ni**")
for 3 days, respectively, the surfaces of the crystals of EuCd-MOF are covered
with the powder of metal cations and the crystals turn blue in Cu(NO3), solution,
green in Ni(NOs), solution, light yellow in Zn(NOs3), solution, dark brown in
AgNOs solution, and yellow in Co(NO3), solution, respectively, which makes it
easy to distinguish by the naked eye (Fig. 7.18; bottom). The uncoordinated
OCOO™ ion of Pbc™ ligands points to the channels and provides binding sites
for metal ions. The distance between the uncoordinated OCOO™ atoms is
4.2622 A, so appropriate ionic radii of metal cations, such as Ag*, Cu®>*, Zn",
C02+, and Niz+, lead to the easy combination of metal cations and the uncoordinated
OCOQO™ ion. The interaction between uncoordinated OCOO ™ ions and metal cat-
ions is expected to perturb the singlet and triplet excited states of ligands, which
will affect antenna efficiency and further decrease the energy transitions from
ligands to Eu’* ions to lead to the luminescence quenching [91].
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Chapter 8

Rare earth metal-organic
framework hybrid material
for luminescence responsive
chemical sensing of anions

8.1 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of fluoride
(F7) ions

Fluoride is an essential trace element in the human body; however, intake of
excessive fluoride can cause serious health problems, including dental and skel-
etal fluorosis. The fluoride ion (F™) is considered one of the most serious pol-
lutants in water because of its high toxicity. The World Health Organization
(WHO) has set a maximum limit of F~ ions in drinking water of 1.5 ppm
because of the critical threat to human health [1-5]. As a result, it is vital to
monitor the concentrations of F~ ions in aqueous solution with high selectivity
and sensitivity. There are some reports on luminescent chemical sensing of F~
using rare earth MOF hybrid materials [6-12].

Wan et al. used boric acid to tune the optical properties of Eu>* MOFs (Eu-
MOF) with 5-boronoisophthalic acid (5-bop) for dual luminescence and to
improve their selectivity for the determination of F~ ions. The ratiometric lumi-
nescent detection of F~ ions was validated with the dual emission at single exci-
tation [9]. They revealed that the rational selection of functional ligands can
improve the sensing efficiency through tuning their optical properties and
enhancing the selectivity toward targets (Fig. 8.1; top). The dual emission of
Eu-MOF was recorded with the F~ concentration ranging from 0 to 500 pM
(Fig. 8.1A and B; bottom). The intensity ratio at 625 and 366 nm decreased
to 0.26 from the original value of 0.93 when 100 uM F~ was tested. An excel-
lent linear relationship was observed between the intensity ratio and F~ concen-
tration ranged between 4 and 80 pM. Thus Eu-MOF has interesting prospects
for the quantitative detection of F~ ions with the detection limits (LOD) of
2 uM or 0.034 mg L™ (Fig. 8.1C; bottom). When F~ was added into the Eu-
MOF solution gradually, the bright red luminescence faded away with decreas-
ing intensity, while the color also changed from red to blue (inset of Fig. 8.1A;
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FIG. 8.1 (Top) Schematic description of Eu-MOF fluorescent sensing of fluoride ions. (Bottom)
(A) Fluorescence spectra (Aex = 275 nm) of 0.2 mg mL~! Eu-MOF upon the addition of fluoride at
different concentrations. Inset shows photographs of the mixture solution to illustrate the color and
intensity change at different concentrations of fluoride. (B) The part amplification of the emission
profile in panel (A). (C) Plot of the intensity ratio of Isps/lz6¢ vs. fluoride concentration.
(D) Luminescence ratio of /g>5/l366 from the responses of Eu-MOF in the presence of 100 uM fluo-
ride and 500 pM interference ions. (Reproduced with permission from Z. Yang, M. Wang, X. Wang,
X. Yin, Boric-acid-functional lanthanide metal-organic frameworks for selective ratiometric fluo-
rescence detection of fluoride ions, Anal. Chem. 89 (2017) 1930-1936. Copyright 2017 American
Chemical Society.)

bottom). The change in color and intensity can be easily distinguished by the
naked eye, compared with the single intensity change from the emission of
Eu’" ions. Under identical conditions, only F~ shows the remarkable lumines-
cence change, while only a negligible change is observed from the other ions
(Fig. 8.1D; bottom). Eu-MOF’s high selectivity to F~ ions is due to its high
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affinity between boric acid and F~, which is generally considered to be a strong
covalent interaction between boron and F~ and the change from sp? trigonal
boron —B(OH), to sp3 hybridized —BF;. The disrupted n-n conjugation of 5-
bop decreases the intersystem crossing efficiency with the addition of F, lead-
ing to the increasing emission of 5-bop and the decreasing intensity from Eu**
ions for the strong electron-withdrawing property of F~ [9].

Zheng et al. reported a “Turn-On” fluorescent probe for sensing F~ ions
based on Tb**-functionalized Zr-MOFs with mixed ligands. Postcoordinated
encapsulation generated the Tb**-loaded luminescent Tb>*@Zr-MOF, which
was then applied in sensing anions in an aqueous solution [10]. As shown in
Fig. 8.2 (top), F~ can extremely enhance the emission of Tb>*. The dark colors
of suspensions serve as foils to that of F~, which displays a bright green color
(inset of Fig. 8.2; top). As can be seen in Fig. 8.2 (bottom, left), when F~ is
added to the other anion solution, the luminescence intensity of Tb>* is appar-
ently increased compared to that in the absence of F~. This indicates that sens-
ing of F~ ions by the Tb>*@Zr-MOF has good antiinterference, vital
for fluorescent probes. A concentration-dependent luminescence analysis of
Tb**@Zr-MOF was performed and is shown in Fig. 8.2 (bottom, right); the
emission intensity obviously is enhanced with the increasing content of F .
The curve of emission intensity of Tb>*@Zr-MOF versus the concentration
of F™ is plotted in the inset of Fig. 8.2 (bottom, right), and it can be rationalized
by the linear fit. This linear correlation can be fitted as a function of the
equation with a correlation coefficient of 0.9884 and LOD of 0.35 ppm.

Wang et al. designed and prepared Y-MOF nanoplates of TCCP as the
porphyrin-based planar ligand. Customarily, TCCP (4,4,4,4-(porphine-
5,10,15,20-tetrayl) tetrakis (benzoic acid)) exhibits a bright red fluorescence
at 645 nm. After the formation of Y-MOF nanoplates (YTMNs), the fluores-
cence was quenched via the photoinduced electron transfer (PET) effect
[12]. Apart from those used for coordination with ligands, the redundant open
metal sites provide the binding or adsorption positions and high probability of
replacement toward F~. Meanwhile, F~ has the smallest radius in all kinds of
anions, which causes F~ to exhibit the facile replacement of solvent H,O in the
YTMNSs unit cell. A strong Lewis acid-base interaction occurs between YTMNs
and F~. The strong electronegativity of F~ sufficiently changes the original
pathway of PET from TCCP to Y** and then recovers the fluorescence of
TCCP. In view of these distinctive host-guest responses, F~ induced a rapid
fluorescence recovery of YTMNs with high sensitivity and selectivity. As
shown in Fig. 8.3A, the fluorescence intensity of the YTNMs nanoprobe
increases with the growing additions of F~, leading to a linear response in
AF to F~ (Fig. 8.3B). The calibration equation is described, with a linear range
from 0.05 to 8 ppm and with R? of 0.992. The LOD of the proposed method for
F~ detection is calculated to be 8.5 ppb. As can be seen from Fig. 8.3C and D,
only F~ ions induce a sufficient fluorescence response, while a negligible
response is observed from other interferents.
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FIG. 8.2 (Top) (A) Emission spectra of Tb**@Zr-MOF dispersed in different anion solutions
(excited at 302 nm). The inset is the corresponding photographs under UV-light irradiation. (Bottom,
left) Luminescence intensity (545 nm) of Tb>* @Zr-MOF with or without F~ in the presence of the
background of the other anions in aqueous solution. (Bottom, right) Emission spectra of Tb** @Zr-
MOF excited at 302 nm under different F~ concentrations. The inset is the linear relationship
between F~ concentration and luminescence intensity of Tb>*. (Reproduced with permission from
H.Zheng, X. Lian, S. Qin, B. Yan, Novel “turn-on” fluorescent probe for highly selectively sensing
fluoride in aqueous solution based on Tb>*-functionalized metal-organic frameworks, ACS Omega
3(2018) 12513-12519. Copyright 2018 American Chemical Society.)

8.2 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of other simple
anions (57, HS~, and SCN")

Sulfide is widely produced in the production process of sulfuric acid, dyes, and
cosmetics. Sulfide ion (S*7) can combine with H" in acidic solution, generating
more toxic H,S or HS™. H,S can participate in the process of cardiovascular
diastolic as antioxidant. In addition, it is related to high blood pressure,

)
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FIG. 8.3 The fluorescence spectrum (A) of YTMNs nanoprobe and corresponding calibration
curve (B) with the growing concentrations of F~ (0.05, 0.1, 0.2, 0.4, 0.6, 0.8, 1, 1.2, 1.4, 1.6,
1.8, 2, 4, 6, 8 ppm). The final fluorescence spectrum (C) and corresponding net fluorescence
(D) of the YTMNs nanoprobe after reaction with fluoride ions (8 ppm) and various interfering ions
(40 ppm). (Reproduced with permission from X. Wang, C. Chu, Y. Wu, Y. Deng, J. Zhou, M. Yang,
S. Zhang, D. Huo, C. Hou, Synthesis of yttrium(Ill)-based rare-earth metal-organic framework
nanoplates and its applications for sensing of fluoride ions and pH. Sens. Actuators B Chem.
321 (2020) 128455. Copyright 2020 Elsevier.)

cirrhosis, and Down’s syndrome. Hydrogen sulfide is a colorless, corrosive, and
exceedingly poisonous gas, which can be directly absorbed by the human lungs,
giving rise to diseases in the respiratory and nervous systems, and can even
cause death [13—15]. Rare earth MOF hybrid materials have been applied for
the sensing of these anions [16—18].

Weng et al. assembled a luminescent hybrid material by adjusting the ratio
of FAM-ssDNA (carboxyfluorescein-labeled single strand DNA) and Eu®*
@Bio-MOF-1, which can emit the characteristic fluorescence of both FAM
and Eu** [16]. The luminescent intensities of FAM at 520 nm and Eu®* at
614 nm are comparable. The introduction of Cu”* can quench the luminescence
of FAM while the luminescence of Eu** is enhanced. The Cu®**@MOFs hybrid
can then be further used for the detection of anions; in low concentrations of
SZ_, the luminescence of Eu®* can decrease with an increase of S%~. Fig. 8.4
(left) shows that at a concentration of 107> mol L™!, $*~ shows a greatly
decreased emission at 614 nm, which is significantly different than other
anions. To further explore this fluorescence quenching of $*~, concentration-
dependent experiments were carried out. As is shown in Fig. 8.4 (right, top),
the emission intensity of Cu**@MOFs hybrid suspension declines with the
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FIG. 8.4 (Left) (A) Luminescent spectra of Cu**@Bio-MOF-1 dispersed into aqueous solutions of
various anions with the concentration of 10> mol L' when excited at 323 nm; (B) Emission inten-
sity of the Dy — 'F, of Cu**@Bio-MOF-1 with different anions. (Right, top) Emission spectra of
Cu®**@ Bio-MOF-1 in different concentrations of Szf; inset is the plot of (I/Io)’1 versus the loga-
rithm of the concentration of S*~. (Right, bottom) Emission spectra of Cu** @ Bio-MOF-1in $*~ ata
concentration of 250 mM. (Reproduced with permission from H. Weng, B. Yan, A Eu(Ill) doped
metal-organic framework conjugated with fluorescein-labeled single-stranded DNA for detection
of Cu(ll) and sulfide, Anal. Chim. Acta 988 (2017) 89-95. Copyright 2017 Elsevier.)

increase of S*~ concentration from 0 to 50 mM. As is shown in the inset of
Fig. 8.4 (right, top), there is a good linear relationship (R* = 0.9951) between
the concentration of S*~ and the luminescent intensity at 614 nm, with a K,
value of 1.2306 x 10° and LOD of 1.3 mM. However, as the concentration
of S*~ rises to 250 mM, there is an interesting phenomenon: an emission located
at about 520 nm occurs, as is shown in Fig. 8.4 (right, bottom). The emission
spectra are similar to Cu** @MOFs hybrid, in which Cu?* is not involved. That
means the existence of S?~ can eliminate the influence of Cu?* toward the Cu?*
@MOFs hybrid step by step.

Wang et al. designed a triple-wavelength-region sensing procedure and uti-
lized it as a trifunctional luminescent color change (LCC) path for the detection
of anions, cations, and organic small molecules. In this system, La**, Eu**, and
Tb** ions were three independent luminescence centers, which led to a syner-
gism effect on the final luminescence color [17]. As shown in Fig. 8.5 (top), the
luminescence spectra of the blank sample and the majority of anion ions@La/
Eu/Tb-dcbba remain almost the same in terms of the ratios of I544/I1¢ being
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Q.Huang,Y.Li,G. An, G. Li, Triple-wavelength-region luminescence sensing based on a color tunable emitting lanthanide metal organic framework, Anal. Chem. 90

(2018) 6675-6682. Copyright 2018 American Chemical Society.)
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about 1. However, the luminescence spectra of HS™ @La/Eu/Tb-dcbba show
obvious LCC phenomena compared to other X"~ @La/Eu/Tb-dcbba systems,
with the ratios of I544/I616 closing to 1.4, exhibiting an obvious LCC from
orange to green. According to Fig. 8.5B (top), the intensity of /544 shows neg-
ligible change when the content of HS™ ions is increased gradually. However,
the intensity of /16 shown evidently decreases, exhibiting an obvious LCC phe-
nomenon from orange to blue. The excellent selectivity and visible LCC phe-
nomena boost the potential for applications for detection of HS™ ions via the
LCC process. La/Eu/Tb-dcbba is conducted by the in situ doping of La®*,
Eu’*, and Tb** ions with a molar ratio of Lag gg/Eug 02/Tbo.10. Although the con-
tent of the Tb>* ions is almost five times that of the Eu>* ions, the characteristic
peaks of Eu* ions at 616 nm are stronger than those of Tb>* ions at 544 nm
when La/Eu/Tb-dcbba is excited at 300 nm, which can be attributed to an
energy transfer from the Tb** to Eu®* ions. Weak interactions (such as hydrogen
bonds) may exist between the HS™ ions and the other sections of the frame-
works. This may further break the energy transfer from Tb** to Eu** ions, which
results in the decreasing emission of Eu®* ions (Fig. 8.5; bottom) [17].

As one of the important inorganic anions, thiocyanate (SCN ™) acts as an
antimicrobial agent, widely used in fabric dyeing, photographing, electroplating
baths, and so on. However, high concentrations of SCN™ in living cells may
lead to protein dialysis [19,20]. A few works have reported on the luminescence
sensing of SCN™ via rare earth MOF hybrid probes [21,22].

Li et al. designed a nanoprobe based on luminous Eu(IIl) complex-
functionalized Fe3;O, nanoparticles encapsulated into zeolitic imidazolate
framework materials (nano-ZIF-8, Fig. 8.6; top), whose core-shell-like nano-
ZIF-8 can simultaneously detect ClIO~ and SCN™ in ultrapure water.
Fig. 8.6A (middle) shows the emission change of nano-ZIF-8 upon incremental
addition of C1O™ in ultrapure water. The introduction of C1O™ from 0 to 100 pM
results in a gradual decrease in these two emission peaks, accompanied by an
obvious fluorescent color change from red to colorless under a UV lamp (inset
of Fig. 8.6A; middle), which is due to the stronger binding ability of C1O™ and
Eu3+, releasing the free nonfluorescent PDA. Moreover, the emission intensity
at 613 nm displays a good linear relationship with CIO™ concentration in the
range of 0-0.50 pM (R? = 0.9938) (Fig. 8.6B; middle). As illustrated in
Fig. 8.6C (middle), only CIO™ induces significant fluorescence quenching at
590 nm and 613 nm, and no or negligible changes in emission intensity at
613 nm (Fg;3 nm) are observed in the presence of even excessive amounts
(5 equiv.) of the other various anions investigated (Fig. 8.6C; middle, black
bar), proving the high selectivity of nano-ZIF-8 toward ClIO™. The results
shown in Fig. 8.6C (middle) (red bar) indicate that the values of Fg3 nm are
almost identical to those of nano-ZIF-8-CIO™ alone, and the specificity of
nano-ZIF-8 is good enough to detect CIO™ in the presence of other anions in
water. In addition, the obtained quenching fluorescence system nano-ZIF-8-
CIO™ is utilized to detect SCN™ in ultrapure water. As depicted in Fig. 8.6A
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FIG. 8.6 (Top) Schematization for the encapsulation of Eu(Ill) complex-functionalized Fe;0,4 into
ZIF-8 for detecting CIO™ and SCN . (Middle) (A) Change in emission spectra of the nano-ZIF-8-C10™
system with the incremental addition of SCN™ (5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90,
100 pM) in ultrapure water. Inset: Fluorescent images of the nano-ZIF-8-ClIO™ system solution before
(left) and after (right) addition of SCN ™ under a 284-nm UV lamp. (B) Determination of the LOD of the
nano-ZIF-8-CIO ™ system for sensing SCN™ in ultrapure water. (C) Fluorescence responses at 613 nm of
the nano-ZIF-8-CIO™ system to SCN™ (1 equiv.) and other various interference anions (5 equiv.)
under identical conditions. Black bar: Nano-ZIF-8-ClIO™ + anions (250 pM), red bar: nano-ZIF-8-
CIO™ + anions (250 pM) + SCN™ (50 pM). (dex = 284 nm). (Bottom) (A) Change in emission spectra
of nanocomposite nano-ZIF-8 with the incremental addition of CIO™ (5, 10, 15, 20, 25, 30, 35, 40, 45, 50,
60, 70, 80, 90, 100 pM) in ultrapure water. Inset: Fluorescent images of nano-ZIF-8 solution before (/eft)
and after (right) addition of CIO™ under a 284-nm UV lamp. (B) Determination of the LOD of nano-ZIF-
8 for sensing ClIO™ in ultrapure water. (C) Fluorescence responses at 613 nm of nano-ZIF-8 to
CIO™ (1 equiv.) and other various interference anions (5 equiv.) under identical conditions. Black
bar: Nano-ZIF-8 + anions (250 pM), red bar: nano-ZIF-8 + anions (250 uM) + CIO™ (50 pM).
(Aex = 284 nm). (Reproduced with permission from C. Li, J. Hai, S. Li, B. Wang, Z. Yang, Luminescent
magnetic nanoparticles encapsulated in MOF's for highly selective and sensitive detection of CIO™ /SCN~
and anti-counterfeiting, Nanoscale 10 (2018) 8667-8676. Copyright 2018 Royal Chemical Society.)
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(bottom), with excitation at 284 nm, the quenched fluorescence emission by
CIO™ is gradually enhanced with incremental addition of SCN™, and the value
of Fg13 nm increases approximately 11.06-fold with the addition of 2.0 equiv. of
SCN™. Simultaneously, the fluorescent color of the solution changed from col-
orless to red under a UV lamp (inset of Fig. 8.6A; bottom). The reason for the
fluorescence enhancement by SCN™ 1is the oxidation-reduction reaction
between CIO™ and SCN ™ causing the coordination of Eu** with PDA. Further-
more, the fluorescence intensity at 613 nm also shows a good linear relationship
with SCN™ concentration in the range of 0-0.50 pM (R = 0.9929) (Fig. 8.6B;
bottom). The LOD of the nano-ZIF-8-ClO™ system for sensing SCN ™ is calcu-
lated as 0.204 nM. Fig. 8.6C (bottom) (black bar) shows that only SCN™ results
in remarkable fluorescence enhancement at 590 nm and 613 nm, indicating
high selectivity of the fluorescence quenched system, nano-ZIF-8-ClO~,
toward SCN™. As shown in the red bar of Fig. 8.6C (bottom), the values of
Fg13 nm are nearly identical to those of nano-ZIF-8-CIO -SCN ™, suggesting
that other various interfering anions have negligible effects on the fluorescence
response of the nano-ZIF-8-CIO™ system to SCN™.

There is application potential for nano-ZIF-8 as a solid-state nanoprobe for
sensing C1O™ and SCN™ visually. Encouraged by the aforementioned discov-
eries, the group further tested the usefulness of the nanocomposite, nano-ZIF-8§,
as a solid-state nanoprobe for sensing CIO™ and SCN™ in coated filter papers.
As can be seen from Fig. 8.7, after dipping increasing amounts of C1O ™, the red
fluorescence gradually diminished without interference of the background fluo-
rescence under a 284-nm UV light (Fig. 8.7A). Additionally, with further treat-
ment of increasing amounts of SCN™ by the same method, the nonfluorescent
filter paper changed to red again with more and more obvious fluorescence,
which can be easily detected by the naked eye (Fig. 8.7B). The sensing of CIO™
and SCN™ by nano-ZIF-8 is hardly affected by the presence of other anions, as
their presence exhibits only negligible changes in the fluorescence of nano-ZIF-
8 and nano-ZIF-8-ClO™ under a 284-nm UV light (Fig. 8.7C and D), confirming
that our nanocomposite, nano-ZIF-8, can be utilized as a solid-state nanoprobe
for sensing CIO™ and SCN .

8.3 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of main group
element oxysalt anions

The superoxide anion (O,-7) is very important in medical and biological
research due to its being a critical intermediate in many physiological and tox-
icological mechanisms of pathogens, responsible for cell signals and some dis-
eases, including cancer, diabetes and neurodegenerative diseases. O,-~ should
be kept constant under normal conditions as it will lead to the peroxidation of
body lipids and can induce cancer, progressive neurodegenerative diseases,
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FIG. 8.7 (Top) (A) Photographs of filter papers containing nano-ZIF-8 in the presence of increas-
ing amounts of CIO™ in ultrapure water under a 284-nm UV light. (B) Photographs of filter papers
containing nano-ZIF-8 in the presence of increasing amounts of SCN™ in ultrapure water under a
284-nm UV light. (C) Photographs of filter papers containing nano-ZIF-8 in the presence of various
anions in ultrapure water under a 284-nm UV light. (D) Photographs of filter papers containing
nano-ZIF-8 and ClO™ in the presence of various anions in ultrapure water under a 284-nm
UV light. (Reproduced with permission from C. Li, J. Hai, S. Li, B. Wang, Z. Yang, Luminescent
magnetic nanoparticles encapsulated in MOFs for highly selective and sensitive detection of CIO™/
SCN™ and anti-counterfeiting, Nanoscale 10 (2018) 8667-8676. Copyright 2018 Royal Chemical
Society.)

cardiovascular disease, and hepatitis as the body releases excessive O, [23—
26]. Thus it is very important to obtain real-time analysis and detection of O,-~

Liu et al. designed a ratiometric fluorescent nanosensor for O,-~ detection
with gold nanoparticles (AuNPs)-bovine serum albumin (AuNPs-BSA)@ter-
bium/guanosine monophosphate disodium (Tb/GMP) nanoscale coordination
polymers (NCPs) (AuNPs-BSA@Tb/GMP NCPs). The abundant hydroxyl
and amino groups of AuNPs-BSA act as binding points for the self-assembly
of Tb** and GMP to form core-shell AuNPs-BSA @ Tb/GMP NCP nanosensors.
The obtained probe exhibited the characteristic luminescence of both AuNPs-
BSA and Tb/GMP NCPs. The AuNPs-BSA not only acts as a template to
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accelerate the growth of Tb/GMP NCPs, but also can be used as the reference
luminescence for the detection of O,- . The resulting AuNPs-BSA@Tb/GMP
NCP ratiometric luminescence nanosensor for the detection of O,-~ demon-
strated high sensitivity and selectivity with a wide linear response range
(14 nM—-10 pM) and a low LOD (4.7 nM) [27].

The hypochlorite anion (C1O™), which is regarded as one of the most bio-
logically significant reactive oxygen species (ROSs), originates from the per-
oxidation process of hydrogen peroxide (H,O,) and the Cl™ ion, catalyzed
by the heme-containing enzyme myeloperoxidase (MPO) in activated neutro-
phils to defend against pathogen invasion, playing a vital role in the immune
system against inflammation and microorganisms in the human body, Proper
levels of C1IO™ in biological systems are beneficial to humans, but Cl1O™ over-
production can cause damage and is associated with various health problems.
Furthermore, ClO™ is extensively utilized as a household bleaching agent
and tap water disinfectant; however, an excessive amount of CIO™ in tap water
can also cause harm to humans [28-31]. Some research has been carried out on
rare earth MOF hybrid materials for sensing C10™ [22,32,33].

Zeng et al. adopted multivariate MOFs to introduce a second strong fluores-
cent center into the MOF-253 framework, where various amounts of
H,N-BPDC?™ and BPyDC?™ ligands are facilely integrated into multivariate
MOF-253 (denoted as BPyDC@MOF-253-NH,). The Eu®* encapsulated mul-
tivariate Eu/BPyDC@MOF-253-NH, (Fig. 8.8; left, top) display both the high
blue emission of H,N-BPDC?~ ligands and the red emission of Eu®* cations.
With the CIO™ content increasing, the blue emission of Eu/BPyDC@MOF-
253-NH; is gradually quenched, while the red emission remains almost stable.
Subsequently, a dual-emissive 5-5-Eu/BPyDC@MOF-253-NH, was employed
as a ratiometric nanosensor for the “On-Off” sensing of C1O~, where the blue
emission acts as a detection signal and the red emission serves as a reference
signal. In order to quantitatively determine hypochlorite concentration by the
proposed “On-Off” sensing system, the dose-dependent fluorescence was car-
ried out under optimal sensing conditions (Fig. 8.8; right). With an increase in
hypochlorite concentration from 0.1 to 30 pM, the fluorescent intensities of the
blue emission centered at 471 nm gradually decreased, while those of the red
emission at 614 nm were almost unchanged (Fig. 8.8A; right). So, the blue
emission at 471 nm was employed as a detection signal while the red emission
at 614 nm was used as reference signal. The calibration curve based on the ratio
of fluorescent intensities between the blue and red emissions (I471/I¢;4) Versus
hypochlorite concentration was established with a correlation coefficient (R%)
of 0.9930 (Fig. 8.8B; right). The LOD for CIO™ is 0.094 uM. In that fluores-
cent “Turn-Off” sensing system, the energy transfer from MIL-53(Al)-
NH, to ClO™ is realized by hydrogen bonding between amino groups and
CIO™ (N—H---OCI1") that shortens their distance and thus act as a bridge for
the energy transfer. Based on this discussion, a possible quenching mechanism
is proposed (Fig. 8.8; left, top). First, ClIO™ is swiftly adsorbed into
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FIG. 8.8 (Left, top) Syntheses and structures of multivariate Eu/BPyDC@MOF-253-NH,. (Left,
bottom) Proposed mechanism of the fluorescent “switch.” (Right) (A) C1O™ dose-dependent fluo-
rescent spectra of 5-5-Eu/BPyDC@MOF-253-NH, suspensions under the optimal sensing condi-
tions and (B) the calibration curve for the detection of ClO™. (Reproduced with permission from
Y. Zeng, H. Zheng, J. Gu, G. Cao, W. Zhuang, J. Lin, R. Cao, Z. Lin, Dual-emissive metal—organic
framework as a fluorescent “switch” for ratiometric sensing of hypochlorite and ascorbic acid,
Inorg. Chem. 58 (2019) 13360—13369. Copyright 2019 American Chemical Society.)

5-5-Eu/BPyDC@MOF-253-NH, through the large channels of the framework,
and then the distance between amino groups in the H,N-BPDC?~ ligands and
CIO™ is shortened by hydrogen bonding interactions (N—H---OCI1 ™). This may
serve as a bridge for charge transfer between H,N-BPDC?™ ligands in hybrid
and CIO ™, leading to the fluorescence quenching.

Since nitrite can prevent the production of Clostridium botulinum, a toxic
microorganism, it improves the safety of meat products. In addition, nitrite
combined with myoglobin can be more stable, so it is often used to improve
the appearance and freshness of meat. However, some unscrupulous merchants
will use high nitrite content in order to seek higher profits, which can easily lead
to toxicity and cause intestinal cancer or gastric carcinoma. Thus it is of great
practical significance to measure the existing content of NO, ™ in drinking water
or foods [34-37]. Some research work has been reported on rare earth functio-
nalized MOF hybrid materials for luminescent sensing of NO,~ [38,39].

Wau et al. employed a typical In-MOF (In(OH)bpydc, Hobpydc = biphenyl-
5,5'-dicarboxylic acid) to perform as a carrier and “antenna” to encapsulate
Tb**, which has proven to be suitable for the detection of NO, ™ in aqueous solu-
tion. In addition, a fast and effective sensing plate was designed to detect NO, .

)
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FIG. 8.9 (Left) (A) The luminescence intensity of the Tb** @In-MOF dispersed into different food
preservative aqueous solutions (excitement monitored at 320 nm). (B) Corresponding photographs
under UV-light irradiation at 320 nm. (C) Luminescence intensity at 545 nm of Tb** @In-MOF dis-
persed into different food preservative aqueous solutions. (Right, top) (A) Emission spectra and
(B) K,y curve of Tb>*@In-MOF in aqueous solutions in the presence of various concentrations
of NO,  under excitation at 320 nm. (Right, bottom) Scheme of Tb>* @In-MOF coordinates with
NO, ", leading to energy transfer and fluorescent quenching. (Reproduced with permission from
J. Wu, B. Yan, Luminescent hybrid Th>* functionalized metal-organic frameworks act as food
preservative sensor and water scavenger for NO, ™, Ind. Eng. Chem. Res. 57 (2018) 7105-7111.
Copyright 2018 American Chemical Society.)

The luminescent properties recorded and compared in Fig. 8.9A (left) indicate
that only NO, ™ has the distinct quenching effect on the fluorescence and leads
to a dark emission, while the luminescent emissions of others can be observed
clearly. Considering Fig. 8.9B (left), the photograph suggests that only NO,™
causes this quenching effect and leads to the dark luminescence. For clear obser-
vation and comparison, we can compare the Tb>* characteristic transitions at
545 nm with each other, as shown in Fig. 8.9C (left). The relative luminescent
intensity of the probe in NO, ~ aqueous solution can be virtually ignored, whereas
the fluorescent intensity of the larger one (SA) is about 32 times greater than that
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of NO, . To better understand the luminescence quenching that is caused by
NO, ", concentration-dependent research experiments on the luminescence prop-
erties of Tb>*@In-MOF in NO, ™ solutions were carried out, as described in
Fig. 8.9A (right, top). With the existence of NO, ™ ions, the intensity of Tb>*
@In-MOF decreases gradually with the increase of NO, ™ content from 0 to
500 pM. The peak intensity at 545 nm declines swiftly and linearly from O to
70 uM, followed by a gradual decrease to 150 pM; it tends to be stable eventually.
This quenching effect can be rationalized quantitatively within the range of
NO,™~ concentration from 0 to 70 pM and a fitting linear equation with a slope
Ko = —5.3 x 10* and a linear correlation coefficient R = 0.993. The Tb>*
@In-MOF does not collapse and the structure is not damaged by NO, ™, so the
luminescent quenching effect by NO, ™ is due to the interaction of Tb** with
NO,™ to lead to energy transfer. The NO, ™ ion is an electron-rich system with
electron-donating ability (a nucleophile), while the Tb>* has an empty orbit. Both
of them form a coordination bond easily, as shown in Fig. 8.9 (right, bottom). The
existence of the Dexter energy transfer (DEE) between Tb>" and NO, ™~ causes
NO, ™ to often serve as a luminescent quencher for Tb>".

Phosphate ions play a critical role in transduction, energy storage, and gene
construction in biological systems, and are usually used as fertilizers for food
production. Along with the large quantities used in modern agriculture and
industry, phosphate is inevitably released into the aqueous environment. Exces-
sive phosphate in water can cause severe environmental pollution, such as
eutrophication, and can cause aquatic plants to bloom, which can deplete the
dissolved oxygen level, release algal toxins into the water environment, and
lead to the decay and death of vegetation and aquatic life. Thus many countries
and organizations have established regulations for the use of phosphate as a con-
venient indicator or tracer of organic pollution in water bodies. The detection
requirement of PO,”~ discharge criteria in a water environment is reported to be
around 0.2-10mg PL™" (6.4 x 107° to 3.2 x 10~*mol L™") [40-44]. Rare
earth MOF hybrid materials have been reported for luminescent sensing of
phosphate-based ions [11,45-52].

Zhang et al. developed a luminescent hybrid sensor Eu@BUC-14 ([(4-
Hap)4(MogO,¢)], 4-ap = 4-aminopyridine) for detecting PO?C in aqueous envi-
ronments [48]. The design rationale and sensing process are illustrated in
Fig. 8.10 (top). After the addition of PO,>~ anions, the energy transfer process
from ligand to Eu®" cations can be partially interrupted by the strong interaction
between PO?( anions and Eu>* cations, resulting in the luminescence of
Eu@BUC-14 being quickly quenched, and eventually realizing the detection
process. Obvious fluorescence change is visible to the naked eye in the detec-
tion process under a UV lamp, making it more practical. Moreover, Eu@BUC-
14 exhibits a positive adsorption capacity of 57.9 mg P g~ ' toward PO, at
room temperature. The adsorption process can lead to a quick fluorescent
response in the detection process by preconcentrating PO,>~. As shown in
Fig. 8.10A (bottom, left), the emission intensity at 617 nm gradually decreases
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FIG.8.10 (Top) A schematic illustration of synthesis of Eu@BUC-14 and the recognition process
of PO~ (Bottom, left) (A) Fluorescent spectra of Eu@BUC-14 in aqueous solutions with different
concentration of PO, under 4., = 312 nm at room temperature. The inset pictures show the color
of aqueous solutions with Eu@BUC-14 under UV illumination at 312 nm without (/eft) and with
PO,>~ (right) addition, respectively; (B) the Stern-Volmer plot of Eu@BUC-14 is quenched by
a PO,*~ aqueous solution. (Bottom, right) (A) Comparison of the luminescence intensity at
617 nm of Eu@BUC-14 toward different anions (100 mM); (B) the effects of different coexistent
anions (100 mM) on the luminescence intensity at 617 nm of Eu@BUC-14 after 100 mM PO~
solution was added (dex =312 nm). (Reproduced with permission from Y. Zhang, S. Sheng,
S. Mao, X. Wu, Z. Li, W. Tao, I.R. Jenkinson, Highly sensitive and selective fluorescent detection
of phosphate in water environment by a functionalized coordination polymer, Water Res. 163
(2019) 114883. Copyright 2019 Elsevier.)

with the concentration of PO437 rising from 5 to 150 mM, and the fluorescence
quenching reaches nearly 90% of the PO, concentration of 150 mM, which
can be visually represented as in Fig. 8.10A (bottom, left) (inset). Fig. 8.10B
(bottom, left) shows that the quenching effect can be rationalized by S-V with
a good linear correlation of the concentration in the range of 5-150 mM.
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The K, value of Eu@BUC-14 for PO43 ~iscalculated as 4.87 x 10* M~!, dem-
onstrating the high quenching efficiency of PO,>~ on the emission of the probe
and the LOD (0.88 mM) is far below the detection requirement. In Fig. 8.10A
(bottom, right), PO3~ exhibits a drastic quenching effect on the luminescence
emission, which demonstrates the high selectivity of Eu@BUC-14 toward
PO,>". The selectivity results demonstrate that the luminescent intensity
Eu@BUC-14 in the solution with mixed anions changes very slightly compared
to the solution with only PO43 ~ as seen in Fig. 8.10B (bottom, right) [48].
Chen et al. synthesized luminescent water-stable {[Tb(Cmdcp)
(H,0)3],(NO3),-5H,0},, (Tb-MOF, H;CmdcpBr = N-carboxymethyl-
(3,5-dicarboxyl)pyridinium bromide) and used it for the recyclable sensing
of PO43 ~ in tandem [51]. Tb-MOF acts as a fluorescent sensor for PO43 ~ by
the luminescence “Turn-Off” mechanism, with high selectivity over other
anions. Halogen ions and oxygen-containing anions show different levels of
quenching effects, with PO,>~ exhibiting the most significant quenching
toward the luminescence intensity of Tb-MOF (Fig. 8.11A; top), whose
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FIG.8.11 (Top).(A) The luminescence intensity at 545 nm of Tb-MOF treated with 1 M different
anions and 10 mM PO,>~ upon excitation at 380 nm in DMF/H,0 (v:v = 1:1). (B) The lumines-
cence intensity at 545 nm of PO,>~ @Tb-MOF upon the addition of 100 times the concentration
of other anions under excitation at 380 nm. (Bottom, left) The emission of Tb-MOF seen by the
naked eye under the existence of different anions when irradiated under UV light (365 nm). (Bottom,
right) The emission intensity changes upon increasing the PO,>~ loading. Inset: Stern-Volmer plot
of Tb-MOF treated with incremental PO,>~ concentration (ex = 380 nm). (Reproduced with per-
mission from M. Chen, K. Wu, W. Pan, N. Huang, R. Li, J. Chen, Selective and recyclable tandem
sensing of PO/~ and AP* by a water-stable terbium-based metal—organic framework, Spectro-
chim. Acta A Mol. Biomol. Spectrosc. 247 (2021) 119084. Copyright 2021 Elsevier.)
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luminescence quenching is not interfered with by other anions (100 equiv.)
(Fig. 8.11B; top). Notably, the quenching of the green emission of Tb-MOF
by PO,’~ can be clearly identified by the naked eye under UV light
(365 nm) (Fig. 8.11; bottom, left). With the increased concentration of
PO437 from O to 1.1 mM, the fluorescence intensity of Tb-MOF also decreases
sharply (Fig. 8.11; bottom, right). The quenching effect can be calculated quan-
titatively by the S-V equation and the quenching constant K, of Tb-MOF to
PO,*" is 5491 M~'. The LOD of 1.1 pM is inferred by the linear relationship
ranging from 0 to 0.8 mM. Meanwhile, a weak coordination effect exists
between PO437 and Tb>" in the structure of Tb-MOF [51].

As a polyatomic anion, carbonate salts are extensively used in the manufac-
ture of glass, rayon, rubber, plastic, paper, printing ink, cosmetics, toothpaste,
and food. Furthermore, carbonate salts have vital roles in agricultural planting,
soil science, hydrology, and geology. In spite of these wide applications in var-
ious processes, the carbonate ion is toxic in large doses and has a strong caustic
effect on the gastrointestinal tract, causing severe abdominal pain, vomiting,
diarrhea, and even death. Therefore there is an urgent demand to develop a sim-
ple, fast, responsive chemosensor for identification of carbonate ions without
interference from endogenous substrates [52-54]. Some works have been
reported on rare earth MOF hybrid materials for luminescent sensing of
CO;>~ [55.56].

Zhan et al. utilized 4-(pyridin-3-yloxy)-phthalic acid (H,ppda) and oxalic
acid (H,ox) as organic linkers with the Tb>* ion to synthesize a luminescent
MOF, namely [Tb(ppda)(ox)gs(H>0),], (Tb-MOF), which proved to be an
excellent selective and sensitive fluorescent probe for sensing CO;>~ ions
[56]. As shown in Fig. 8.12 (top), the fluorescence intensities of the different
suspension solutions of Tb-MOF were reduced to varying degrees. Uniquely,
the CO;*~ ion had the highest quenching influence on the intensity of
Tb-MOF, implying the great potential of Tb-MOF as a probe for the CO;>~
jon. The LOD is 3.76 x 107’ M (0.38 uM) (Fig. 8.12A; bottom). In addition,
the luminescence intensity obeys the equation with the K, value of
1.78 x 10° M ™! (as shown in Fig. 8.12B; bottom), revealing that the CO;2~
ion displays a high quenching efficiency on the emission of compound
Tb-MOF. The introduction of the CO5>~ ion may cause energy dissipation
through the collision interaction and further decrease the energy transfer from
the ppda”~ ligands to the Tb>* centers, resulting in the luminescence quenching
of Tb-MOF [56].

Lian et al. synthesized a rare earth functionalized hybrid material MIL-125
(Ti)-AM-Eu based on the ligand 2-aminoterephthalic acid (NH,-H,BDC) and
Ti(OiPr),. After covalent PSM and Eu®" functionalization, which displays
excellent photoluminescence features and luminescence sensing properties
for PO437 and C20427 anions. As shown in Fig. 8.13A (top), the intensity ratio
of the ligand emission to Eu®* emission (/; /Ig,) is significantly influenced by
anions. Compared with the primitive emission spectra of MIL-125(Ti)-AM-Eu,
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FIG.8.12 (Top) (A) Luminescent spectra in the presence of different anions dispersed in aqueous
solution; (B) the quenching efficiency of Tb-MOF in the presence of different anions dispersed in
aqueous solution. (Bottom) (A) Luminescent spectra of Tb-MOF dispersed in aqueous solutions in
the presence of various concentrations of CO;%~ ions; (B) the linear Stern-Volmer curve in a low
concentration range of COs>~ ions. (Reproduced with permission from Z. Zhan, Y. Jia, D. Li,
X. Zhang, M. Hu, A water-stable terbium-MOF sensor for the selective, sensitive, and recyclable
detection UfAlj+ and CO5*~ ions, Dalton Trans. 48 (2019) 15255-15262. Copyright 2019 Royal
Chemical Society.)

the spectra of anion incorporated MIL-125(Ti)-AM-Eu exhibit different
degrees of variation in the intensity ratio. The values of the intensity ratio
(I /Igy) of different spectra are also displayed in Fig. 8.13B (top), among which
the phosphate and oxalate incorporated MIL-125(Ti)-AM-Eu has the largest
I /Ig,. The interaction like the coordinate bond between the anions and Eu**
affects even the blocking of the energy transfer between the MIL-125(T1)-
AM moiety and Eu’* during excitation. In the primitive MIL-125(Ti)-AM-Eu,
the MIL-125(Ti)-AM moiety absorbs and transfers energy to Eu®* under exci-
tation. However, the effect of the MIL-125(Ti)-AM moiety and Eu®* is weak-
ened by the addition of anions. The ratiometric luminescence responses of the
MIL-125(Ti)-AM-Eu hybrid toward different anions can be exploited to differ-
entiate these anions. As shown in Fig. 8.13B (top), there is a one-to-one
correspondence between the resulting /;/Ig, and the encapsulated anions.
A dual-readout orthogonal identification pattern is demonstrated in connection
to both the emission intensity ratio (/1 /lg,) and the quantum yield of MIL-125
(Ti)-AM-Eu. As shown in Fig. 8.13 (bottom, left), most of these coordinates are

)
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FIG.8.13 (Top) The emission spectra (A) and luminescence intensity ratios (I /Ig,) (B) of IL-125
(Ti)-AM-Euu after the encapsulation of different anions. (Bottom, left) The two-dimensional plan of
the anions based on the emission intensity ratio (I; /[g,) and quantum yield of MIL-125(Ti)-AM-Eu
toward various anion accommodation. (Bottom, right) The coordinate (red star) of an unknown
anion is close to that of the bicarbonate ion in the two-dimensional plane, suggesting that the
unknown anion could be recognized as bicarbonate. (Reproduced with permission from X. Lian,
B.Yan, A postsynthetically modified MOF hybrid as a ratiometric fluorescent sensor for anion rec-
ognition and detection, Dalton Trans. 45 (2016) 18668—18675. Copyright 2016 Royal Chemical
Society.)

separated and identified in the 2D plane, suggesting that one can accurately dif-
ferentiate these anions through our method. In Fig. 8.13 (bottom, right), the
emission intensity ratio and quantum yield of nitrate-MIL-125(Ti)-AM-Eu
and sulfate-MIL-125(Ti)-AM-Eu are close to that of the primordial one. Due
to the stable structure and saturated coordination numbers, almost no interaction
exists between these two kinds of anions and MIL-125(Ti)-AM-Eu [57].

8.4 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of transition
metal oxysalts anions

The Cr(VI) ion is an internationally recognized ingestion poison and inhalation
extreme poison, and often exists in the waste of metal processing, electroplat-
ing, and the leather industry. It can invade the human body through digestion,
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respiratory tract, skin, and mucous membranes. Contact of Cr(VI) ions with skin
may cause a skin allergy. Inhalation may cause cancer and genetic defects [58—
60]. Compared with other anions, the reports on Cr(VI) ion sensing by rare earth
MOF hybrid materials are extensive [61-91].

CrO,*~ is the most important form of the Cr(VI) ion and its sensing is very
important in water or other recyclable resources for environmental protection
and ecological security [92]. It is worth noting that rare earth MOF hybrid
materials-based luminescence sensors used to detect Cr0427 have hitherto been
relatively scarce [61-63]. Liu et al. presented a highly stable luminescent cat-
ionic MOF, [Eu;(mtb)s;(H,0);6]-NO3-8DMA-18H,0 (denoted as Eu-MOF,
Hymtb = 4-[tris(4-carboxyphenyl)methyl]benzoic acid), which can be used
for quantitative and instant detection of CrO4>~ anions over a wide concentra-
tion range (1 ppb to 300 ppm). The detection capability is highly sensitive and
selective, leading to chromate sensing capability in real environmentally rele-
vant systems with a high ionic strength, such as seawater and natural lake water.
On the basis of this speculation, the solid/liquid ratio is reduced from 1.5 to
0.5 mg mL ™" to investigate the luminescence behavior at a relatively low con-
centration (less than 10 ppm) in detail, to determine the LOD (Fig. 8.14; top).
The deionized water system detection was selected first with an LOD to be as
low as 0.56 ppb (Fig. 8.14A; top), whose slope is obtained from the linear fit of
the CrO,*>~ concentration-dependent luminescence intensity (monitored at
616 nm) curve in the low concentration region (Fig. 8.14B; top). As shown
in Fig. 8.14A (bottom), the spectra of samples in the presence of all other anions
exhibit almost identical features, whereas only the emission spectrum of the
chromate ion-soaked sample exhibits a striking quenching effect on the emis-
sion intensity of Eu-MOF. These results indicate the superior selective lumines-
cence quenching property of Eu-MOF toward CrO4>~ ions over that of other
anionic species. Besides these anions, the environmentally abundant cations
are selected to investigate their influence on the luminescence spectra of Eu-
MOF and a negligible luminescence intensity reduction was seen after the addi-
tion of these cations (Fig. 8.14B and D; bottom). The quenching constants (K, )
are quantified to be as large as 3.3 x 10*. The group further investigated the
performance of Eu-MOF in natural water, fresh lake water, which again con-
firmed the real application of Eu-MOF as a sensitive and quantitative chromate
sensor in natural water systems [61].

Liu et al. chose a rigid polycarboxylic acid 3,3,5,5-
azoxybenzenetetracarboxylic acid (H4L) as the ligand and Eu(III) to design a
luminescent sensor, {[Eu,(HL),(H,0)4]-3H,O},, (Eu-MOF), for rapidly sens-
ing CrO,*>~ ions from mixed anions [63]. Furthermore, the repeatability tests
indicated Eu-MOF has good photostability and can be reused in the preceding
two detection systems. As displayed in Fig. 8.15 (top), the luminescence is
significantly quenched, when CrO,* is introduced into the suspension of
Eu-MOF-H,0 containing other anions. As shown in Fig. 8.15A (bottom) for
titration experiments, upon increasing the concentration of CrO,>~, the
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FIG.8.14 (Top) (A) Luminescence spectra of Eu-MOF in chromate deionized water solution with
a concentration from 0 to 10 ppm. The inset shows the emission intensity evolution of Eu-MOF at
different concentrations, monitored at 616 nm. (B) Plot showing the quenching ratio of emission
intensity (measured at 616 nm) of Eu-MOF as a function of the chromate concentration; the data
points in the low-concentration range from O to 4 ppm are fitted in a linear relationship to obtain
the slope. (Bottom) (A, B) Luminescence intensity of 5D0 —F, of Eu** at 616 nm of Eu-MOF dis-
persed in different aqueous solutions of various anions and cations. (C) Corresponding luminescence
photograph of Eu-MOF immersed in different anion solutions (excited at 365 nm).
(D) Corresponding luminescence photograph of Eu-MOF immersed in different cation solutions
(excited at 365 nm). (Reproduced with permission from W. Liu, Y. Wang, Z. Bai, Y. Li, Y. Wang,
L.Chen, L. Xu,J. Diwu, Z. Chai, S. Wang, Hydrolytically stable luminescent cationic metal organic
framework for highly sensitive and selective sensing of chromate anions in natural water systems,
ACS Appl. Mater. Interfaces 9 (2017) 16448—16457. Copyright 2017 American Chemical Society.)

luminescence of Eu-MOF is gradually quenched. In the meantime, a signifi-
cant red shift (18 nm) is observed with the increase of CrO,>~ concentration,
which may be caused by the solvatochromism effect. The luminescence
quenching efficiency can also be quantitatively illustrated with the plot show-
ing Cr042_ ions, which is linear at low concentration (Fig. 8.15B; bottom),
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with a K, value of 7.14 x 10> M~'. From the luminescence titration plot of
(Umax — DI/Umax — Imin) VS. lg[CrOi_], the LOD for CrO42_ can be calculated
as 1.60 x 10> M (Fig. 8.15C; bottom). A fluorescent resonant energy trans-
fer (FRET) mechanism exists in the quenching process of CrO,*~ to Eu-MOF.
In addition, the O atoms from CrO,”>~ ions may interact with —OH groups
from terminal water molecules in Eu-MOF through hydrogen bonding inter-
actions in aqueous solution, resulting in an energy transfer from Eu-MOF to
CrO,>~ [63].

Gao et al. chose biphenyl-3'-nitro-3,4’,5-tricarboxylic acid (H;L) as an
organic linker with the Eu(Ill) to construct [EuL(H,0)3]-3H,0-0.75DMF
(Eu-MOF), which displays a quenching effect on Cr,O,*~ [65]. As demon-
strated in Fig. 8.16 (top), only the Cr,O,>~ anion gave a significant fluorescence
quenching effect. As shown in Fig. 8.16 (bottom), a series of titration experi-
ments was performed. The luminescence intensities decreased as the concentra-
tion of Cr,O,°~ increased, and those of Eu-MOF were almost completely

(a) - (b)
E
iy
A
v X
= =
2
L
1 =
S 458 il w50 Tea i
Wavelength | nm A 0 0y GOy OF CO S0F Bro HSO; Ol
(@) — OmM (b) 1]
—— 023 mM
- 046 mM
—— .69 MM 0.3 1
% 115 mA R'=0.9%
£ 1.61 M £
- 107 mM £ 064
= — 153 mM E
o 299 mM =
H § 4
£ ! 145 mM | Tl
§ .. —— 414 mM 3
0.2 s
=N 0.0 -]
s v - T v T v T v T v T
&0 650 70 0 1 2 3
Wavelength [ nm Concentration " mM

FIG. 8.16 (Top) (A) Luminescence spectra and (B) luminescence intensity at 614-nm intensities
of Eu-MOF in various anions or pure solvents when excited at 395 nm. (Bottom) (A) Luminescence
spectra of Eu-MOF@ Cr,0,>~ @H,0 suspensions with Cr,0,%~ concentration varying from 0 to
4.14 mM (excited at 395 nm). (B) The plot of relative intensity vs. Cr,0,>~ concentration. (Repro-
duced with permission fromR. Gao, F. Guo,N. Bai,Y. Wu, F. Yang,J. Liang,Z. Li, Y. Wang, Two 3D
isostructural Ln(1l1)-MOFs: displaying the slow magnetic relaxation and luminescence properties
in detection of nitrobenzene and Cr,05>~, Inorg. Chem. 55 (2016) 11323-11330. Copyright 2016
American Chemical Society.)
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quenched at a concentration of 4.14 mM. The relationship between the relative
luminescence intensity and the concentration of Cr,O,%~ also can be fitted as
given in the following formula, with R* = 0.996. The mechanism of lumines-
cence quenching is attributed to two aspects: one is the Cr,O,”  anions
absorbed on the surface of the target complexes, and the other is the competition
for the excitation energy between the Cr,O,°~ anions themselves and the Eu-
MOF framework due to their weak interactions [65].

Duan et al. developed a hybrid material, Y(BTC)(DMF):0.1Eu (Eul-MOF,
H;BTC = 1,3,5-benzenetricarboxylic acid, whose immersion in aqueous solu-
tion causes its coordination with six water molecules to form a new structure ([Y
(BTC)(H,0)4]:0.1Eu, Eu2-MOF). In an aqueous environment, Eul-MOF acts
as a luminescent probe of Cr(VI) anion species, which shows a relatively low
and broad linear range. As shown in Fig. 8.17 (top), under the high anion con-
centration sensing procedure, the Cr(VI) anion species shows a remarkable
quenching effect on europium emission. The luminescence quenching caused
by Cr,O,>~ along with CrO4>~ is understandable due to a hydrolysis process,
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FIG. 8.17 (Left) (A) Suspension-state luminescent spectra and (B) intensities of Dy — 'F, at
616 nm for Eul-MOF dispersed in different anions in aqueous solution when excited at 295 nm.
(Right) (A) Emission spectra of Eul-MOF in aqueous solutions in the presence of various concen-
trations of Cr,O,>~ under excitation of 300 nm; (B) Ky, curve of Eul-MOF in aqueous solutions in
the presence of various concentrations of Cr,0,%" under excitation of 300 nm. (Reproduced with
permission from T. Duan, B. Yan, H. Weng, Europium activated yttrium hybrid microporous system
for luminescent sensing toxic anion of Cr(VI) species, Microporous Mesoporous Mater. 217
(2015) 196-202. Copyright 2015 Elsevier.)
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resulting in transformation between Cr2072_ and CrO42_, as shown in the
following: Cr,0,>~ + H,O = 2HCrO; = 2H* + 2CrO,>~. As depicted in
Fig. 8.17 (right), the structure of Eu2-MOF is retained in the anions’ aqueous
solution except for the F~ aqueous solution. The linear correlation coefficients
of Cr,0,%~ and CrO4>~ are 0.9996 and 0.9999, respectively, indicating that the
quenching effect of Cr(VI) species on 1a fits the S-V mode well. The K, is cal-
culated as 4.52 x 10°M ! and 1.18 x 10° M~!, for Cr,0,°~ and CrO,>",
respectively. This reveals that Cr,O3~ has a stronger quenching effect on
Eul-MOF luminescence than CrO3 . The LODs for Cr20727 and CrO427 are
determined to be 0.04 mM and 0.03 mM, respectively. Eu’" sites in Eu2-
MOF are in interaction with the Cr,O,>~ (or CrO,>") anion, at the same time
resulting in a requirement for higher energy than before, to generate a charge
transfer from O to Cr(VI), whose remarkable quenching effect results from
interaction of Cr20727/CrO427 with Eu®* ions, which influence the efficiency
of the antenna effect and lead to a decrease of luminescence signals [77].

Yu et al. constructed two RE-MOFs (Eu-MOF and Tb-MOF), [Eu,(HICA)
(BTEC)(H,0),],, and {[Tb,(HICA)-(BTEC)(H,0),]-2.5H,0},, (H3;ICA =4,5-
imidazoledicarboxylic acid, H4yBTEC = 1,2,4,5-benzenetetracarboxylic acid).
Furthermore, the Eu-MOF and Tb-MOF can be used as excellent luminescent
sensors of CrO,>~/Cr,0,%~ ions in water. All the anion analytes show different
degrees of the fluorescence quenching effect for Eu-MOF and Tb-MOF in
water, while the CrO42_ and Cr2072_ ions show obvious luminescence quench-
ing effects (Fig. 8.18; top). Moreover, the high antiinterference ability toward
CrO,*~/Cr,0,*~ anions was preceded by competition experiments. To better
understand the sensitivity of Eu-MOF and Tb-MOF toward CrO427/Cr20727
ions, the group performed quantitative luminescent titration experiments by
adding different concentrations from 10 to 1000 pM of CrO4> /Cr,0,°~ ions
into water. Fig. 8.18 clearly shows that the luminescent intensities of Eu-
MOF and Tb-MOF decrease with the increase of CrO427/Cr20727 content.
The K, for Cr0427/Cr20727 ions were calculated to be about
1915 x 10*M ™" and 1.141 x 10*M~" for Eu-MOF and 1.14 x 10*M ™'
and 8.23 x 10° M~! for Tb-MOF. A competition exists between CrO,>~ and
Cr,0,> ions and ligands of RE-MOF:s for the absorption of light source energy.
The analytes can effectively reduce the energy transfer from ligands to metal
sites, thus inhibiting the luminescence of RE* [88].

The permanganate ion (MnQOy ), a strong oxidizing agent, is utilized for a
variety of purposes in analytical chemistry, agriculture, municipal water treat-
ment, human health and safety, medicine, groundwater remediation, and aqua-
culture. Potassium permanganate is used in the fish production stage of pond
aquaculture to treat a variety of fish diseases; however, potassium permanga-
nate aqueous solution has not been authoritatively recognized as a desired aqua-
culture therapeutant, because it has side effects when the concentration is too
high that can give rise to aquatic ecological risks; only potassium permanganate
solution with low concentration has positive applications for disinfecting
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FIG. 8.18 (Top) Luminescent titration of Eu-MOF (A) and Tb-MOF (B) upon incremental addi-
tion of CrO,>~. S-V plots of Eu-MOF (C) and Tb-MOF (D) upon different concentrations of Cro,>~
ions (inset: the linearity relationship of luminescent quenching at low concentrations). (Bottom).
Luminescent spectra of Eu-MOF (A) and Tb-MOF (B) upon incremental addition of Cr,0,%~ ions.
S-V plot of Eu-MOF (C) and Tb-MOF (D) upon different concentrations of Cr2072’ ions (inset: the
linearity relationship of luminescent quenching at low concentration). (Reproduced with permission
fromH.Yu,M.Fan,Q.Liu,Z.Su,X.Li, Q. Pan,X. Hu, Two highly water-stable imidazole-based Ln-
MOF's for sensing Fe&’*, Cry07~ICrO2~ in a water environment, Inorg. Chem. 59 (2020) 2005—
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FIG.8.19 (Top, left) (A) Luminescence intensity of the In-MOF-Eu dispersed into different aque-
ous solutions of various anions (0.5 mM) (3 mg/3 mL) (excitation monitored at 360 nm). The inset is
the corresponding photographs under UV-light irradiation at 365 nm. (B) Luminescence intensity of
the 5D0 —F, of In-MOF-Eu dispersed into different aqueous solutions of various anions (0.5 mM).
(Top, right) (A) Emission spectra and (B) K, curve of In-MOF-Eu in aqueous solutions in the pres-
ence of various concentrations of MnO,~ under excitation at 360 nm. (Bottom) Optical images of the
In-MOF-Eu test paper after immersion into solution with different concentrations of MnO, "~ for
1 min. (Reproduced with permission from J. Wu, B. Yan, Eu(Ill)-functionalized In-MOF (In(OH)
bpydc) as fluorescent probe for highly selectively sensing organic small molecules and anions espe-
cially for CHCIl; and MnO4 , J. Colloid Interface Sci. 504 (2017) 197-205. Copyright 2017
Elsevier.)

[93.94]. There are some reports on rare earth MOF hybrids for sensing of MnOZ
or both MnOy and Cr(VI) oxysalts [95-106].

Wau et al. synthesized a hybrid of In-MOF, In(OH)bpydc (bpydc = biphenyl-
5,5'-dicarboxylate) imparting additional luminescent Eu®* ions for sensing
anions, especially MnOy [96]. The luminescence intensity of In-MOF-Eu dis-
persed into different aqueous solutions of various anions (1072 M) (3 mg/3 mL)
(excitement monitored at 360 nm) is presented in Fig. 8.19 (top, left); a striking
phenomenon can be noted, which is that MnOj has a distinct quenching effect
on the luminescent emission and leads to a dark emission, but the luminescent
emissions of the rest can be observed easily. It should be noted that, based on the
concentration of these anions, the luminescence intensity of the In-MOF-Eu in
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CrQO%_ has decreased, but there is a clear discrimination with MnOy . Also, the
naked eye can distinguish their dark solutions from the bright red one of NO3
according to the inset of Fig. 8.19A (top, left). A histogram of Fig. 8.19B (top,
left) manifests that the luminescence intensity of the Dy — 'F, of In-MOF-Eu
dispersed into different aqueous solutions of MnOy can be virtually ignored. For
better understanding, fluorescence quenching concentration-dependent studies
of the luminescence properties of In-MOF-Eu when MnO, was present were
carried out. As demonstrated in Fig. 8.19A (top, right), the emission intensity
of the In-MOF-Eu suspension declined sharply with the increase of MnO, con-
centration from 0 to 500 pM. Quantitatively, this quenching effect can be ratio-
nalized (Fig. 8.19B; top, right) with the linear correlation coefficient (R) of In-
MOF-Eu with MnOj of 0.9919. The K., value is 2.07 x 10° and the LOD is
1.47 x 10~* pM. This result argues that the quenching effect is caused by the
competition of MnO, with the organic ligand for absorption of light energy,
finally reducing the efficiency of energy transfer from the ligand to the Eu*.
Optical images of Fig. 8.19 (bottom) describe that, under the irradiation of
UV light of 254 nm, the fluorescent colors of the test paper change from bright
red to dark red, faint red, and finally black with increase of MnQOy . The naked
eye can distinguish the colors of the different intensities, thus making the detec-
tion simple and portable [96].

Xu et al. prepared a fluorescent heterometallic layered framework,
{[Eu,Na(Hpddb)(pddb), (CH5CO0),]-2.5(DMA)}, (Eu-MOF, 4,4'-(pyri-
dine-2,6-diyl) dibenzoic acid = H,pddb), whose sensing property of
Crzogf and MnO,; was also investigated [104]. As illustrated in
Fig. 8.20A, typical halide anions and inorganic acid radicals only negligibly
weaken the emission intensity of Eu-MOF, with the quenching efficiency
varying between 0.12% and 11.37% (Fig. 8.20B). Instead, the intensity for
the Dy — 'D, transition of Eu-MOF was severely decreased in the presence
of trace contents of Cr,03~ and MnOj anions, with a quenching efficiency up
to 91.2% and 70.8% (Fig. 8.20B). Fluorescence titration experiments of Eu-
MOF were further undertaken by the gradual addition of concentrated Cr,03
and MnOy solutions (1.0 x 1072 M) into the dispersion of Eu-MOF in DMF
(0.1 mg mL™"). As shown in Fig. 8.20C, the emission intensity of Eu-MOF at
615 nm obviously decreased with the increase in Cr,O3~ and MnOz. When
the concentration of Crzogf was 800 pM, the emission of Eu-MOF F was
completely quenched. Good linear correlations were observed for the plots
of I/l vs. [Cr,0371/[MnO;] over the concentration range from O to 500/
800 pM (Fig. 8.20D). The linear variation in the low concentration region
is mainly due to static quenching, whereas the steep curve at high concentra-
tions is presumably due to dynamic quenching. A linear treatment of the plot
affords Ky, =6.45 x 10°Lmol™', R*>=0.9913 for Cr,07 and
Ko =2.84 x 10° L mol ™", R? = 0.9956 for MnO; . Additionally, the LODs
of Eu-MOF for Cr,03~ and MnOj; are calculated to be 5.35 pM and
5.99 uM [104].



272 PART | Il Luminescence responsive chemical sensing of ionic analytes

P 10 |
- l._(l!! i
/3 == o3 |
{ - =
] [=- i
: =y gt
= —so' o
] vy, P 0.4 1
0.2 5
Ny
83 8 8 8§ 8858888 N
[\

T —_— . -

560 640 730 g
Wavelength(nm)
(a) (b)
12 % Py
cro,” sk SE%
0 " y=06452.2 x + 0.9095
Cr0,
l i 8 k2 =0.9913 °
8.0x107 M 1 il
+4 e
B
1 L
S 2
z’ [1] = i i L i i i i i
g ol MnO,
‘E ¥y =2838.0 x + 1.0462
= I R?=0.9956
o
550 500 650 700 0 1 2 3 4 5.6 7 8
Wavelength (nm) Concentration (<10 M)

(c) (d)

FIG. 8.20 (A) Emission spectra of Eu-MOF dispersed in DMF in the absence and presence of
selected inorganic anions upon excitation at 394 nm. (B) Quenching efficiency of Eu-MOF by dif-
ferent inorganic anions. (C) Fluorescence titration of Eu-MOF upon incremental addition of con-
centrated Cr,0,>~ and MnO,~ anions (inset: optical images of Eu-MOF in the presence of
Cr,0,°~ and MnO, ™~ anions under irradiation of 365 nm UV light). (D) Plot of Io/I vs. [Cr,05%7]
/IMnO, "] (the blue solid lines represent the linear fit to the Stern-Volmer equation). (Reproduced
with permission from S. Xu, J. Shi, B. Ding, Z. Liu, X. Wang, X. Zhao, E. Yang, A heterometallic
sodium(l)—europium(Ill)-organic layer exhibiting dual-responsive luminescent sensing for nitrofu-
ran antibiotics, Cr,0,°~ and MnO,~ anions, Dalton Trans. 48 (2019) 1823—1834. Copyright 2019
Royal Chemical Society.)
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Chapter 9

Rare earth metal-organic
framework hybrid materials
for luminescence responsive
chemical sensing of general
molecules

Compared to the ion analytes, molecule species are very abundant and compli-
cated, involving both inorganic and organic molecules. The most common mol-
ecules are the organic chemicals and pollutants, which are of increasing concern
due to environmental biological hazards. Many of the organic chemicals are
volatile organic solvents (especially organic amines and benzenes). They are
utilized in practical laboratories for both scientific research and industrial pro-
duction. However, precise sensing of these molecules based on a luminescence
response is very difficult. Nowadays the research mainly focuses on some lim-
ited organic solvent molecules, such as acetone, pyridine, tetrahydrofuran, tri-
chloromethane, organic amine, and organic aromatics. Both volatile organic
solvents and their vapors can be detected in solution and the gas state. Among
these, atmospheric benzene homologues (BTEX) are noted for their extensive
use. For volatile organic compounds (VOCs) with similar composition and
structure or properties, a dual-readout identification scheme can be established.
The inorganic and organic pollutants have been studied extensively for their
importance in environmental fields. Among these, the inorganic pollutants such
as amine gas and organic pollutants like formaldehyde are commonly studied
due to their representation in public or confined spaces. In addition, some
important organic molecules, including biomolecules, antibiotics/drugs, and
nitroaromatics explosives are discussed separately in Chapter 10. The special
organic and polymeric chemicals used in industrial applications are also worth
noting, as they are important for the health of workers. However, the direct
detection of these chemical products cannot reflect their actual harmfulness
exactly, and so the trend is to detect their metabolites. This will be discussed
in Chapter 11, which covers biomarkers.

Rare Earth Metal-Organic Framework Hybrid Materials for Luminescence Responsive Chemical Sensors
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9.1 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of inorganic
molecules

The sensing of molecular oxygen (O,) is of great practical significance in many
fields, including metallurgy, the chemical industry, environmental monitoring,
and life sciences. Optical techniques have become more and more attractive due
to their features of noninvasive operation, rapid response, full reversibility,
extremely low detection limits, inertness to strong electric or magnetic fields,
and ability to enable remote and microarea oxygen monitoring in special situ-
ations [1-4]. In fact, nowadays, nearly half of the electrochemical O, probe
market has been superseded by optical sensors. O, has been known as a strong
dynamic quencher of luminescence and O, molecular quenching of RE-MOFs
supposedly results from the deactivation of triplet state organic ligands by the
triplet state of O, (30,), which then disrupts the antenna effect. But this process
has little interaction with the singlet state of organic ligands, whose emission
can be retained. Therefore the luminescent response process can be easily real-
ized through rare earth MOF hybrid systems. To date, some reports have con-
centrated on rare earth MOF hybrid material probes for luminescence
responsive chemical sensing of molecular O, [5-10].

Weng et al. chose Bio-MOF-1 as a host material to prepare its Tb** hybrid
material via a cation exchange method and then investigated the optical prop-
erties of Tb>* @Bio-MOF-1 towards O,. Sm>*@TiO, was assembled with Tb>*
@Bio-MOF-1 and subsequently the oxygen-sensing properties of the hybrid
were explored after spreading the complex on ethanol. This showed that the
luminescent intensity of Tb>* decreased with increasing O, content while the
luminescent intensity of Sm*>* was enhanced, suggesting that this method can
be used as a promising ratio-dependent O, sensing material. As is shown in
Fig. 9.1 (left, top), the emission spectra of Tb>*@Bio-MOF-1 with varying con-
centration of O, (0%, 10%, 21%, 40%, 100%) were recorded ranging from 360
to 700 nm when excited at 327 nm. The emission of Tb>*@Bio-MOF-1 with its
maximum at 545 nm was easily quenched by O,. The LOD of the obtained
materials was estimated at 0.49%. The mechanism of luminescent quenching
due to Tb>" ions towards O, has been shown in Fi g. 9.1 (left, bottom): due
to the energy transfer (EnT) between ligand and RE** ions, which is also known
as the antenna effect, the characteristic luminescence of RE>* ions can be
obtained. However, O, contact with these MOFs can cause the deactivation
of triplet state organic ligands and further affect the ligand-to-metal energy
transfer (LMET). Meanwhile, an appropriate thermally activated energy back
transfer (BEnT) also exists, to prolong the triplet-state lifetime of ligands,
resulting in a decrease in RE** ion emissions. Fig. 9.1 (right, top) shows that
the luminescent intensity of Sm**@TiO, increases with varying concentration
of O, (0%, 21%, 40%, 60%, 80%, 100%) ranging from 395 to 750 nm when
excited at 359 nm; the emission at 613 nm is enhanced by O,. The LOD is cal-
culated as 1.78%. The mechanism is further represented in Fig. 9.1 (right,



Luminescence responsive chemical sensing of general molecules Chapter | 9 285

(A) ( B) ~vacuum
vacuum 21% O,
| ——10% O, ——40% O,
3 | —21% Oy(ai) ] 60% O,
N 40% O, N 80% O,
& 100% O, z ——100% O,
2 7
g 5
k] =
= =
= =
= =
g E
400 430 500 550 600 650 700 400 450 500 550 600 650 700 750
Wavelength / nm ‘Wavelength / nm
(B) B) y
7 . '
- 24 L
6l R =0.9815 -
Key= 7.2387 ¥
5 -
=44 — .
=y e i
= 34 = -
)] z
L] -
1 -
[
04 = 04 =
1 i T T T T T T
0.0 0.2 04 06 08 10 00 02 0.4 0.6 08 1.0
PO,/ atm PO,/ atm
Sm*
Bio-MOF-1
foYo & Ent
acoa & oy < Energy Transfer
R T
Excitation i
s--a, BENnT
S fLy i
10 2
2 3
0,
Defect

FIG. 9.1 (Left, Top) (A) Emission spectra and (B) K, curve of Tb>* @Bio-MOF-1 with varying
concentration of O, under the excitation of 327 nm. The luminescent intensity in a pure
N, environment is denoted as I, while the luminescent intensity in different concentrations of
O, is denoted as 1. (Left, Bottom) Schematic representation of the energy transfer processes and
0, quenching processes in Tb>* @Bio-MOF-1. EnT: energy transfer from the ligand to the metal
ion; BEnT: energy back transfer. (Right, Top) (A) Emission spectra and (B) luminescent intensity
curve of Sm** @Ti0, in varying concentrations of O, under the excitation of 359 nm. Examining the
intensity data at 613 nm, the luminescent intensity in a pure nitrogen environment is denoted as
Iy while the luminescent intensity in different concentration of O, is denoted as I. (Right, Bottom)
Schematic representation of mechanism for the luminescent enhancement of Sm>* @TiO, towards
O,. (Reproduced with permission from H. Weng, X. Xu, B. Yan, Novel multicomponent photofunc-
tional nanohybrids for ratio-dependent oxygen sensing. J. Colloid Interface Sci. 502 (2017) 8—15.
Copyright 2017 Elsevier.)

bottom). There are defects in the TiO, samples that can act as energy acceptors
for Sm**. When O, is present, they are adsorbed on the surface of TiO, and
electrons are withdrawn from the inner region of TiO,, especially the defects
forming the energy acceptor. As a result, the energy transfer is hindered. On
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the contrary, when O, is desorbed from the surface, the electrons released by
surface O, are captured by the inner defects of TiO,, which can serve as the
energy acceptors for Sm>* once again. That means the energy transfer between
acceptor defects and Sm>* is influenced by O, [8].

Xia et al. chose 1,4-naphthalenedicarboxylic acid (1,4-H,NDC) with a suit-
able high triplet level to construct a Eu-MOF for the O, sensors. Then, they fab-
ricated the MOF-integrated optical fiber sensing device by immobilizing Eu-
MOF and silica fiber into PDMS film for portable, on-site, and real-time
O, detection [10]. As shown in Fig. 9.2A (top), the obtained PDMS
filmDEu-MOF is mechanically robust, flexible, and resilient to mechanical
stress and can be easily handled. After the deaeration, the free-standing film
was highly transparent with a BET surface area of 6.05 m%g~' (Fig. 9.2B;
top), indicating that it was free of cracks and macroscopic defects, which is
important for the transmission of fluorescent signals in O, sensing. When
exposed to a portable ultraviolet lamp, the PDMS filmDEuNDC emitted the
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FIG. 9.2 (Top) (A, B) Photographs demonstrating the good elasticity and transparency of PDMS
filmDEu-MOF. (C, D) Fluorescent images of PDMS film DEu-MOF lluminated with portable ultra-
violet lamp and 365 nm fiber-coupled LED light source, respectively. (Bottom) (A) The PL emission
spectra of Eu-MOF integrated optical fiber sensor at various concentrations of O, in N, and (B) the
corresponding linear regression fitting results of the Stern-Volmer plots. (Reproduced with permis-
sion from T. Xia, L. Jiang, J. Zhang, Y. Wan, Y. Yang, J. Gan, Y. Cui, Z. Yang, G. Qian, A fluoro-
metric metal-organic framework oxygen sensor: from sensitive powder to portable optical fiber
device. Microporous Mesoporous Mater. 305 (2020) 110396. Copyright 2020 Elsevier.)
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bright and homogeneous characteristic red light of Eu®* ions (Fig. 9.1C; top).
When a 365-nm LED light source was introduced into the PDMS filmDEuNDC
through integrated silica fiber, cone-shaped visible photoluminescence could be
found at the edge of the fiber end (Fig. 9.2D; top). They further combined it with
an LED light source, filters, and luminescent spectrometer into a detection
device, and used it for remote O, detection. As shown in Fig. 9.2A (bottom),
the optical fiber sensor maintains the characteristic emissions of Eu®* ions.
The luminescence emission intensity gradually decreases with the increase of
oxygen partial pressure. The characteristic emission intensities of
Dy — 'F, transition are extracted out separately and plotted in Fig. 9.2B (bot-
tom), which quenches up to 80.6% at pure O,. There is a good linear relation-
ship of Iy/I vs. P, with K, = 4.16 and Io/99 = 5.17, revealing an outstanding
O, sensory device, with the theoretical O, sensing resolution of optical fiber
sensor could be better than 50 ppm [10].

Many organic reactions need to occur under anhydrous conditions, and even
trace amounts of water greatly impede the yield and impose restrictions on the
reaction rate, and can even be dangerous. Similarly, the detection of water vapor
or relative humidity in the environment is also very important for the storage of
grain and wood products, preservation of chemical agents, and moisture-
proofing of fireworks [11-13]. There are some reports on rare earth MOF hybrid
materials for luminescence sensing of trace water [14-25].

Wu et al. established a colorimetric sensor based on a Tb**-functionalized
In-MOF of 2,2'-bipyridine-5,5-dicarboxylic acid and p-CDs (carbon dots),
p-CDs/In-MOF and Tb**@p-CDs/In-MOF. As shown in Fig. 9.3 (left), as
the water content in ethanol increased gradually, the red emission peak of
p-CDs decreased significantly. Simultaneously, the characteristic emission
peak of the green Tb>* decreased gradually. A very distinct color gradient
can be observed with an increase in water content in ethanol (Fig. 9.3B; left).
Further study of the optical spectra was performed under excitation of 360-nm
UV light; Fig. 9.3 (left) demonstrates the intensity ratio of the two emission
wavelengths (Is4s/l¢0s) against water content with a good linear correlation
(R*> = 0.96). The LOD is estimated to be 0.28% from the linear relationship
in Fig. 9.3C (left). The mechanism of the luminescence response of Tb**
@p-CDs/In-MOF towards water in organic solvents is illustrated in Fig. 9.3
(right, top). When p-CDs is stronger than that of Tb>* and eventually shows
a red luminescent color for Tb** @p-CDs/In-MOF dispersed in aqueous solu-
tion, due to the agglomeration effect, red light is quenched and only green light
is shown. The decrease in the characteristic emission intensity of Tb>" is
because of the O-H oscillations in water molecules towards the luminescence
of Tb>*. Furthermore, to examine the humidity-sensing properties of Tb**
@p-CDs/In-MOF, test plates were first prepared, whose luminescence intensity
of 605 nm gradually decreased as the RH increased from 33.0% to 85.1%
(Fig. 9.3A; right, bottom). These ratios of Is4s/l¢05s were 0.65, 0.71, 0.76, and
0.84, respectively, showing a good linear relationship of Is45/ls05 vs. RH in
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FIG. 9.3 (Left) (A) Luminescent spectra (d.x = 360 nm) of Tb3+@p-CDs/MOF in ethanol upon
addition of different amounts of water and ratios of /s45/ls0s. (B) Visual PL photographs of Tb>*
@p-CDs/MOF dispersed in ethanol with various water content under UV light at 365 nm.
(C) Linear relationship of I545/Is05 vs. water content in ethanol. (Right, Top) Mechanism of the
PL response of Tb>*@p-CDs/MOF towards water in organic solvents. (Right, Bottom)
(A) Changes in the corresponding values of /545 and /s and ratio of /s45/I0s. (B) Linear relationship
of Is45/60s vs. RH. Insets are RH photographs. (Reproduced with permission from J. Wu, Bing Yan, A
dual-emission probe to detect moisture and water in organic solvents based on green-Th3 + post-
coordinated metal-organic frameworks with red carbon dots. Dalton Trans. 46 (2017) 7098-7105.
Copyright 2017 Royal Chemical Society.)

ethanol (R*> = 0.91) (Fig. 9.3B; right, bottom). The inset of Fig. 9.3B (right, bot-
tom) shows the test plates under irradiation by UV visible light at 365 nm,
resulting in different colors of light that can be identified and distinguished
by the naked eye [18].

Wehner et al. reported on a yellow-emitting composite material as a
ratiometric water detector by utilization of two luminescent MOFs as the
shell, combined with Fe3;0,/SiO, microparticles as the core, which added

)
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superparamagnetism to the hybrid material’s ratiometric sensing, combined
with signal augmentation upon magnetic harvesting. Both luminescence cen-
ters, Tb** and Eu3+, showed a rather similar course in luminescence decay. This
resulted in a blue shift of the resulting chromaticity for higher H,O concentra-
tions (Fig. 9.4; top). Fig. 9.4B (top) compares the luminescence decreases for
the D, — ’Fj transition of Tb>" and for the Dy — F, transition of Eu** and
illustrates a similar decrease rate for both RE** with increasing H,O content. A
low LOD can be calculated with 0.03% (20 mg) water content. For ratiometric
sensing applications, the hybrids Eu-BDC, Tb-bipy @Fe;0,/SiO, were con-
structed. Both luminescence bands of Eu** and Tb** showed a decreasing inten-
sity with increasing water content. The increase of water concentration showed
the same trend, e.g., 3% H,O resulted in a luminescence decrease of the
D, — 'Fs transition of Tb** to 1.8% of its original intensity, while the
Dy — 'F4 intensity of Eu’* was reduced to 11.1% of the original intensity
(Fig. 9.4B; middle). Thus, the ratio of the intensity of the Eu** and the Tb>*
transitions differed, thereby indicating different and increasing water content.
This results in a red shift of the chromaticity that is also visible with the
naked eye (Fig. 9.4; top and bottom). Both detector systems are also applicable
to an “on-the-fly” analysis outside a laboratory, as they are visible to the
naked eye. Additional advantages are obtained by the magnetic separation
possibilities [23].

Hydrogen peroxide (H,O,) is one of the reactive oxygen species (ROS) and
an essential participant in food, enzyme catalysis, and environmental detection.
Moreover, H,O, is an effective biomarker of several cellular processes, includ-
ing protein folding, growth, signaling, differentiation, and migration in the cells.
Aberrant accumulation of H,O, results in oxidative stress and the level of
H,0, is also connected to aging and some serious diseases. Therefore
H,0, plays an important role as a signaling molecule in monitoring human
health and life, and it is urgent and necessary to develop a rapid, sensitive
H,0, detection strategy for earlier diagnosis and treatment. H,O, is a bridge
in the assays of many enzymes and their products; their assays can be achieved
by the assay of H,O,. Therefore, whether from the elucidation of its biological
role as a messenger molecule in living bodies or an important analyte in
enzyme-based assays, the detection of H,O, is of great significance [26-30].
Some works have been reported on the luminescence sensing of H,O, using rare
earth MOF hybrid probes [31-34].

Qi et al. designed and synthesized a type of luminescence-indicating PA-Tb-
Cu-MOF nanoznzyme for the catalytic reaction of H,O,, whose fluorescence
intensity directly indicated the concentration of H,O,. This MOF nanoenzyme
consisted of the luminescent Tb>* ion, catalytic Cu**, and m-phthalic acid (PA)
as a bridging ligand. The catalytic reaction of H,O, can occur as in Fig. 9.5 (left,
top): the reaction extent (concentration) of H,O, is luminescently monitored in
real time during catalysis. The catalytic activity of PA-Tb-Cu-MOF for the
reaction of ascorbic acid (AA) and H,O, is evaluated by means of the
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fluorescence of the complex of Tb>* and oxidized AA. As shown in Fig. 9.5 (left,
bottom), very weak fluorescence can be observed from the solution containing
H,0,, AA, and Tb>*(curve a), suggesting that there is a very small amount of
oxidized AA, i.e., the reaction of HO, and AA can hardly happen in the absence
of a catalyst. After the addition of Cu?*, the solution becomes weakly fluorescent
(Fig. 9.5; left, bottom, curve B), showing that the Cu”" ion has a certain catalytic
activity for the reaction of AA and H,0,. In the presence of PA-Tb-Cu-MOF
containing an equal molar quantity of Cu?* in the solution, however, the fluores-
cence intensity of the solution of AA and H,O, is immediately enhanced up to
80-fold (Fig. 9.5; left, bottom, curve C and curve A). Luminescent catalytic
determination of H,O, by the PA-Tb-Cu-MOF nanoenzyme was assessed. As
shown in Fig. 9.5A (right), the fluorescence intensity of PA-Tb-Cu-MOF
increased steadily with the concentration of H,O,. There was an excellent linear
correlation between the fluorescence intensity of PA-Tb-Cu-MOF and the con-
centration of H,O, in the range of 0-500 pM and the LOD was 0.2 pM. As shown
in Fig. 9.5B (left, bottom), only H,O, could cause a strong fluorescence enhance-
ment. The excellent selectivity is a result of the special catalysis of PA-Tb-Cu
MOF to the H,O, oxidation reaction [32].

Recent biological studies have indicated that hydrogen sulfide (H,S) is asso-
ciated with various physiological and pathological processes; for example, H,S
can be produced in the lung and airway tissues via the actions of two H,S-
generating enzymes, cystathionine f-synthase (CBS) and/or cystathionine
y-lyase (CSE). And serum H,S levels are significantly reduced in asthma patients,
considered as an early-detection biomarker for asthma. The fluorescence-based
detecting methods are preferred due to their high sensitivity, simplicity, short
response time, noninvasive nature, and real-time monitoring ability [35-38].

FIG. 9.4, CONT’D (Top) Detection of different concentrations of water with the composite mate-
rial Eu-BDC, Tb-bipy @Fe;0,/Si0O,: emission and excitation spectra of the composite after contact
with, the solvent hexane containing defined amounts of H,O (A) relative course of intensity of the
dominant Eu** and Tb** transitions for increasing water content fitted with an exponential function
(B), and the resulting chromaticity shift for different water content shown in a CIE color diagram
(C). (Middle) Detection of different concentrations of water with the composite material Eu-BDC,
Tb-bipy @Fe;0,4/Si0,: emission and excitation spectra of the composite after contact with the
solvent hexane containing defined amounts of H,O (A), relative course of the intensity of the dom-
inant Eu®* and Tb** transitions for increasing water content fitted with an exponential function (B),
resulting chromaticity shift for different water content shown in a CIE color diagram (C) and sche-
matic depiction of the luminescent core/shell system, indicating a chromaticity change for different
water content (D). (Bottom) Ratiometric and colorimetric “on-the-fly” detection of water with
the composite Eu-BDC,Tb-bipy @Fe;0,/Si0,: depiction of the color shift of the composite for dif-
ferent water concentrations (fop) and corresponding emission and excitation spectra for a water con-
centration of 0% (bottom left) and 1.4% (bottom right). (Reproduced with permission from
T. Wehner, M. T. Seuffert, J. R. Sorg, M. Schneider, K. Mandel, G. Sextl, K. Muller-Buschbaum,
Composite materials combining multiple luminescent MOF's and superparamagnetic microparticles
for ratiometric water detection. J. Mater. Chem. C 5 (2017) 10133—-10142. Copyright 2017 Royal
Chemical Society.)
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FIG. 9.5 (Left, Top) Scheme for luminescent catalytic assay of H,O, using PA-Tb-Cu-MOF
nanoznzyme and ascorbic acid. (Left, Bottom) Excitation and emission spectra of Tb>*+AA
+H,0, (A), Tb>*+AA+H,0, + Cu** (B), PA-Tb-Cu MOF + AA+H,0, (C) and PA-Tb-Cu-
MOF (D). The concentrations of AA, H,O,, Cu>*, Tb>*, and PA-Tb-Cu-MOF are 2 mM,
500 pM, 0.267 mM, 0.267 mM and 0.235 mg mL ™", respectively. Inset is the corresponding color
photograph under a common 300-nm UV lamp. (Right) (A) Luminescent catalytic determination of
H,0; in the presence of PA-Tb-Cu-MOF and 2 mM AA in HAc-NaAc buffer (10 mM, pH 5.05).
Inset: the linear relationship between the concentration of H,O, and the fluorescence of PA-Tb-
Cu-MOF; Color photograph of different concentrations of HO, under a common 300-nm UV lamp.
(B) Effect of interfering substances (500 pM) on the catalytic determination of H,O,. (Reproduced
with permission from Z. Qi, L. Wang, Q. You, Y. Chen, PA-Tb-Cu MOF as luminescent nanoenzyme
for catalytic assay of hydrogen peroxide. Biosens. Bioelectron. 96 (2017) 227-232. Copyright 2017
Elsevier.)

Some works have been published on rare earth MOF hybrid materials for lumi-
nescence sensing of H,S [39-46].

Gao et al. presented a ratiometric sensor CDs @ZIF-8§@GMP/Tb for H,S
based on Cu”*-mediated fluorescence of Tb-MOFs doped with CDs, which
was fabricated by the self-assembly of Tb>* and guanosine monophosphate
(GMP) on the surface of ZIF-8 loaded with CDs (CDs@ZIF-8) [42]. GMP/
Tb moiety was employed as a response signal due to the On-Off-On behaviors
of Tb** fluorescence upon the sequential addition of Cu®* and H,S, while
CDs@ZIF-8 served as a reference signal because of the good stability of
CDs fluorescence in the presence of Cu?* and/or H,S. As shown in
Fig. 9.6A (top), with the increase of H,S concentration, the Tb>* fluorescence
was enhanced gradually, whereas the CDs fluorescence showed negligible
changes. Fig. 9.6B (top) showed the intensity ratio of the emission of Tb**
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FIG. 9.6 (Top) Emission spectra (A) and Fs4s5/F 450 changes (B) of CDs@ZIF-8 @GMP/T b-Cu®*
complex in the presence of H,S with different concentrations. Inset (A) is fluorescent images of
CDs@ZIF-8@GMP/Tb-Cu?* complex in the presence of H,S under UV lamp. The concentrations
of H,S from left to right are 0, 3, 10, 50, 100 pM. Inset (B) is the linear calibration plots of Fs45/F 450
against H,S concentrations. (Bottom, Left) Reversible Fs,5/F 450 changes of CDs@ZIF-8 @ GMP/Tb
upon cyclic treatment with Cu®* and H,S. (Bottom, Right) The detection selectivity of CDs@ZIF-
8@GMP/TD as a ratiometric sensor in the presence of 100 pM various anions. (Reproduced with
permission from J. Gao, Q. Li, C. Wang, H. Tan, Copper (Il)-mediated fluorescence of lanthanide
coordination polymers doped with carbon dots for ratiometric detection of hydrogen sulfide. Sens.
Actuators B 253 (2017) 27-33. Copyright 2017 Elsevier.)

and CDs, Fs4s/F 450, increased from 0.34 to 0.69 upon the increase of H,S con-
centration from 0 to 300 pM with a good linear relationship (R* = 0.9964); the
LOD was calculated as 150 nM. Moreover, the H,S sensing and the concomi-
tant fluorescent changes were clearly visible under a UV lamp, where the blue
fluorescence of the sensor suspension turned cyan upon the addition of H,S
(inset of Fig. 9.6A; top). In this case, a color change can be identified by the
unaided eye, even at an H,S concentration as low as 3 pM. Fig. 9.6 (bottom,
left) shows that the changes of Fs4s/F 450 are reversible and repeatable upon
the alternate addition of Cu®* and H,S. Even after three repeated cycles, the
Fs45/F 450 still remains more than 90% of the original value. As can be seen from
Fig. 9.6 (bottom, right), upon adding H,S to the analysis system, Fs4s/F 50 is
significantly increased. The presence of these anions is not able to switch on
the fluorescence of Tb>* quenched by Cu®*, which is attributed to the stronger
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binding ability of H,S to Cu®" than to other anions. The level of H,S in serum
samples was determined with the sensor to test its practicality, and the test
showed that the recoveries of H,S in serum samples were more than 96%
and the relative standard deviations were less than 1.58% [42].

Zhang et al. developed a luminescent MOF film through postfunctionaliza-
tion of MIL-100(In) with linker 1,3,5-benzenetricarboxylic acid (H;BTC). As
shown in Fig. 9.7A and B (top, left), Eu®* and Cu®* ions can be simultaneously
postfunctionalized on the extra carboxylate acid of MIL-100(In) film. Cu®* ions
have been found to be able to quench the emission of Eu’* ions. As a result, the
emission of Eu" ions in this film is at the off state. However, Cu®* ions may
drop from the coordination site with the presence of S*~ because of the strong
affinity between them, resulting in the fluorescence “Turn-On” of Eu’* ions
(Fig. 9.7B; top, left). They found that the reaction of Cu®* and H,S could also
take place in the absence of water and, therefore, with the presence of gaseous
H,S, the characteristic emission of Eu®* ions in MIL-100(In)@Eu’*/Cu**
would be enhanced with the recovery of the antenna effect (Fig. 9.7C; top, left).
As shown in Fig. 9.7 (top, right), H,S gas induces a large increase in the fluo-
rescence intensity of Eu’* emission, which effectively differentiates H,S from
other gases. As shown in Fig. 9.7A (bottom), when the concentration of H,S
increased from 3 to 115 ppm, the fluorescence intensity of MIL-100(In)@
Eu**/Cu®* film was gradually enhanced. In Fig. 9.7B (bottom), the enhancing
curve at lower H,S concentrations displays a good linear relationship with
R? = 0.99945, suggesting that H,S can be detected quantitatively using this
film. The LOD of MIL-100(In)@Eu>*/Cu** film to H,S is calculated to be
0.535 ppm [45].

Ammonia (NH3) is an important and extensively used industrial material,
but it is also an extremely toxic chemical even at low concentrations. Ammonia
has a higher over-standard rate and is the most significant indoor air pollutant. It
is a colorless, volatile and corrosive gas with a pungent odor and is harmful to
human health. It irritates the eyes, nose, throat, respiratory tract and skin, which
can lead to vomiting, headaches, pneumonedema, respiratory disease, perma-
nent blindness, and even death [47-50]. Some research has been reported on
the luminescence sensing of NH; using rare earth MOF hybrid material as
probes [51-54].

Wang et al. selected ({[Eu,(L)s3-(H,0O),-(DMF),]-16H,0},, (Eu-MOF,
H,L = 1,4-bis (5-carboxy-1H- benzimidazole-2-yl) benzene)) to further
explore the function derived from the chemical analyte as a recyclable “On-
Off-On” vapo-luminescent sensor for HCl and NH;. As shown in Fig. 9.8 (left,
top), under irradiation of 365-nm UV light, the red luminescence of Eu-MOF
visually disappears when exposed to HCI vapors, and eventually turns to blue
luminescence after 5 min; the HCl-treated sample can also be drifted back to red
luminescence after 2 min with exposure to NH; vapors. In consideration of
reversibility, the spectral changes at 618 nm were monitored upon alternating
exposure to HCI and NH; vapors over several HCI-NHj; cycles (Fig. 9.8; right).
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FIG.9.8 (Left, Top) Luminescence pictures of UV-light irradiation of 365 nm for a recyclable On-
Off-On luminescent response. (Left, Middle) Control experiment of powder sample of free ligand.
(Left, Bottom) Control experiment of mixture sample of the ligand and Eu(NO3)s. (Right) Cycle tests
for recyclable On-Off-On luminescent response. (Reproduced with permission from D. Wang, J. Liu,
Z. Liu, A chemically stable europium metal-organic framework for bifunctional chemical sensor and
recyclable on-off-on vapor response. J. Solid State Chem. 251 (2017) 243-247. Copyright 2017
Elsevier.)

The luminescent colors of the sample changed from chartreuse to blue after
exposure to HCI vapors and further became bright green after exposure to
NH; vapors (Fig. 9.8; left, middle). Then, the ligand and Eu(NO;3); were
mechanically mixed and ground evenly; after that the obtained sample was
selected for vapo-luminescent sensing experiments using the same procedure
(Fig. 9.8; left, bottom) The results showed that the luminescent color of the
sample changed from chartreuse to blue after exposure to HCI vapors and fur-
ther became chartreuse after exposure to NH; vapors. Eu®* dissociates from
Eu-MOF in the acid conditions caused by HCI, while the coordination of
Eu** with carboxyl is re-formed to its basic condition caused by NH; [53].

Currently, removal of NO, in industrial settings is handled through an
energy-intensive, catalyst-driven process. Among the most common pollutants,
nitrogen dioxide (NO,) is a toxic gas that is generated by combustion processes
at high temperatures and can cause inflammation of the airways and even death
at high concentrations. It also plays a pivotal role in the formation of smog and
acid rain and is central to the formation of ground level ozone, all being asso-
ciated with adverse health effects. The standard way to measure NO, in almost
all air quality studies has been to use surface-conversion techniques to convert
NO, to NO and to subsequently detect the NO by chemiluminescence. Never-
theless, for low-concentration measurements, this methodology is still affected
by interference and is costly or difficult to implement in the field [55-58]. A few
works have been reported on rare earth MOF hybrid materials as probes for
sensing NO, [59-61].

Gamonal et al. demonstrated a gas-sensing mechanism exploiting RE**
luminescence modulation upon NO, adsorption [60]. The transfer of energy
from the organic ligands to RE** is strongly dependent on the presence of
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NO,, resulting in an unprecedented photoluminescent sensing scheme.
Thereby, NO, exposition triggers either a reversible enhancement or a decrease
in the luminescence intensity, depending on the RE** (Eu or Tb). The results for
both RE-MOFs of 2-amino-1,4-benzene dicarboxylic acid (H,N-BDC) are plot-
ted in panels a and b of Fig. 9.9. The exposure of Tb-MOF to 5 ppm of
NO, results in a decrease in the luminescent intensity of ~20% monitored at
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FIG. 9.9 Evolution of PL spectra in (A) Tb-MOF and (B) Eu-MOF during three NO,/PSA cycles.
Luminescent intensity (C) at 543 nm for Tb-MOF and (D) at 615 nm for Eu-MOF as a function of
time (the NO, exposition is denoted by the shaded areas). Single-cycle sensing evolution illustrating
the divergent behavior of (E) Tb-MOF and (F) Eu-MOF. (Reproduced with permission from
A. Gamonal, C. Sun, A. L. Mariano, E. Fernandez-Bartolome, E. Guerrero-SanVicente,
B. Vlaisavljevich, J.R Castells-Gil, C. Marti-Gastaldo, R. Poloni, R. Wannemacher,
J. Cabanillas-Gonzalez, J. S. Costa, Divergent adsorption-dependent luminescence of amino-
functionalized lanthanide metal — organic frameworks for highly sensitive NO2 sensors. J. Phys.
Chem. Lett. 11 (2020) 3362-3368. Copyright 2020 American Chemical Society.)



298 PART | IV Luminescence responsive chemical sensing of molecular analytes

the emission peak (543 nm) and reaching a plateau after 2 min. Subsequent
exposure of Tb-MOF to PSA leads to recovery of the emission intensity within
a similar time frame. Contrary to the behavior of Tb-MOF, exposure of Eu-
MOF to 5 ppm of NO, leads to an increase in luminescence of ~20% during
90 s until it reaches a plateau. Replacement of the NO, flux by PSA leads to
a return of the emission intensity to the original level. The lowest sensed
NO, concentrations with this set-up are 0.5 ppm for Tb-MOF (LOD of
1.8 ppm) and 1 ppm for Eu-MOF (LOD of 2.2 ppm). The reversible change
in the luminescence intensity of Tb-MOF and Eu-MOF must be associated with
the interaction of NO, with the RE-MOF. Panels A and B of Fig. 9.9 show no
noticeable spectral shifts or changes in the crystal field splitting in the emission
lines upon gas absorption. There are also no changes in the relative intensity
between the specific transitions upon NO, uptake [60].

Sulfur dioxide (SO,) is an air pollutant and has been studied extensively in
toxicology; it is mainly generated from volcanic eruptions and the combustion
of fossil fuels and is a noticeable component of the atmosphere. Excessive inha-
lation of SO, can cause respiratory and allergic reactions. In the human body,
SO, has been found to be able to dilate blood vessels and lower blood pressure,
so it is increasingly considered as a gasotransmitter. The benefits of SO, gas in
the atmosphere may influence the habitat suitability for plant communities and
animal life. Excessive intake of SO, for human beings can cause acute symp-
toms and severe adverse effects, such as lung cancer, respiratory diseases, neu-
rological disorders, and cardiovascular disease [62—64]. There are few reports
of rare earth MOF hybrid materials for luminescent sensing on SO, [64-66].

Wang et al. reported a specially designed bimetallic lanthanide MOF mate-
rial as a luminescent sensor of sulfite and sulfur dioxide, composed of reactive
Ce** ion, fluorescent Tb>* ion, and m-phthalic acid (m-PA) as a bridging ligand
and also an antenna molecule for the luminescence of the Tb>* ion. The use of
the Ce** ion was inspired by the Ce**-based chemiluminescence system in flow
injection analysis (FIA), in which the chemiluminescence reaction sensitizes
the emission of some added fluorescent reagents. This led to the idea of using
the reaction of Ce** to sensitize Tb>* to emit light by assembling Ce** and Tb**
together to form an ingenious integrated lanthanide sensor [64].

Zhang et al. fabricated an Eu(III)-MOF film on common glass for fluores-
cence sensing of gaseous SO,, whose strong characteristic Eu®* emissions can
be fast and remarkably quenched by SO, gas [66]. As shown in Fig. 9.10 (top,
left), most gases show limited quenching effect on the fluorescence intensity of
the film. In contrast, SO, gas induced a large and instant decrease of the fluo-
rescence intensity of Eu®* emissions (quenching 98.33%). The fluorescence
responses of Eu-MOF film were further investigated in different concentrations
of SO, three times. As shown in Fig. 9.9 (top, right), a good relationship
(R* = 0.998) of the fluorescent intensity with the concentration of SO, can
be established in the range of 0-200 ppm. Additionally, in the range of
0-25 ppm, the plots of fluorescence intensity versus the concentration of
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FIG. 9.10 (Top, Left) The intensity of the Dy — 'F, transition of Eu*" of the Eu-MOF film
towards various gases (1% v/v diluted with N,) after 5 min of gas calibration. (Top, Right) Concen-
tration dependence of the fluorescence intensity. The inset is the fluorescence intensity in the con-
centration of 0-25 ppm. (Bottom) (A) Reversible luminescence quenching of the Eu-MOF film upon
alternating exposure to 1% SO, and N,; (B) The response and recovery time of the Eu-MOF film.
(Reproduced with permission from J. Zhang, T. Xia, D. Zhao, Y. Cui, Y. Yang, G. Qian, In situ sec-
ondary growth of Eu(Ill)-organic framework film for fluorescence sensing of sulfur dioxide. Sens.
Actuators B 260 (2018) 63—69. Copyright 2018 Elsevier.)

SO, can follow an excellent linear relationship (R*> = 0.994) and the LOD is
estimated as 0.65 ppm. Fig. 9.10A (bottom) exhibits the recyclability of the
Eu-MOF film, whose luminescence intensity exhibits an excellent quenching
effect to 1% (v/v) SO, and a recovery ability in N in at least 10 cycles. The
fluorescence intensity of the Eu-MOF film can recover to 88.2% of the initial
intensity in N after 10 cycles. It is worth noting that the response time of this
film to 1% SO, is as short as 6 s (Fig. 9.10B; bottom). The significant aspect of
the charge transfer process is that the presence of the electron withdrawing mol-
ecules causes the charge transfer from the ligand to these molecules and thus
dissipates the energy. As a result, the absorbed energy of the ligand will be dis-
sipated by SO, instead of sensitizing the Eu®* ion, leading to the quenching of
the luminescence [66].
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9.2 Rare earth metal-organic framework for luminescence
responsive chemical sensing of general organic molecules

As the main sources of atmospheric pollution, general organic molecules, or
known volatile organic compounds (VOCs), have posed various threats to
homeland security as well as human health risks. They are present in indoor/out-
door air, as a consequence of the release from chemical industries, cosmetics,
building blocks, and other sources. Therefore effective detection of VOCs is of
great importance for both environmental and health issues. Although a number
of luminescent MOFs show great promise in sensing VOC:s in solution, fluores-
cence sensing of trace solvent vapors is still challenging due to their low vapor
pressures at room temperature. Thus the luminescence detection in the vapor
phase is much more difficult than in the liquid form [67-69]. Acetone is a highly
volative and flammable VOC, which is easy for humans to absorb, such as
through breath and skin exposure. Absorbed acetone can be distributed over
the body, which can lead to metabolism disorders, diabetes, and other serious
health effects. Several methods have been proposed to detect acetone [70,71].
For rare earth MOF hybrid materials, the reports on luminescence sensing of
acetone are the most extensive [72-88].

Wang et al. prepared a hybrid luminescent coating of Tb>*@MOF-5/ZnO
and developed it as a highly selective luminescent probe targeting acetone.
The luminescence response of the Tb** @ MOF-5/ZnO to the various organic
molecules is displayed in Fig. 9.11 (top, left), and it was found that the lumi-
nescence intensity of D, — 'Fs transition of Tb** was largely dependent on
organic molecules. The luminescence intensity of the Tb*>*@MOF-5/ZnO sig-
nificantly quenches only in acetone. It was found that the luminescence inten-
sity gradually decreased as the concentration of acetone increased, as shown in
Fig. 9.11 (top, right) and (bottom, left). The luminescence intensity was almost
undetectable when the acetone content reached 6 vol%. As shown in Fig. 9.11
(top, right) at low concentrations of acetone (up to 0.14 M, 1 vol%), a linear
increase in (/o/I) was observed (K, = 6.7 Mfl). With increasing concentration
of acetone, the S-V plots diverge from linearity and begin to bend upwards in
acetone (Fig. 9.11; top, right and bottom, left). The LOD is about 0.08 M. The
titration experiments indicate high sensitivity of the Tb**@MOF-5/ZnO
towards acetone, making it an excellent candidate for the detection of acetone.
Tb*@MOF-5/Zn0O was immersed in the solution containing acetone and a
series of other analytes. As shown in Fig. 9.11 (bottom, right), when Tb>*
@MOF-5/Zn0O is immersed in the mixed analytes (6 vol% other analyte
+6 vol% acetone), the measurement of the luminescence intensity shows that
the luminescence is quenched completely, indicating that the selectivity for ace-
tone is not interfered with by the existence of other analytes. Acetone absorbs
most of the energy and only a small fraction of energy is transferred through the
ligand to the Tb** ions, which illustrates the decreased or fully quenched lumi-
nescence intensity of Tb** @MOF-5/Zn0O upon addition of acetone [77].
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FIG.9.11 (Top, Left) Diagrams of the D, — ’Fj transition intensities of the Tb**@MOF-5/Zn0O
at 546 nm in various small organic molecules (1.x = 299 nm). (Top Right) Plot of Iy/I of the Tb*
@MOF-5/Zn0 (at 546 nm) vs. concentration of acetone in lower concentration ranges (0—1 vol%)
of acetone (up to 0.14 M, 1 vol%). (Bottom, Left) Plot of Io/I of the Tb>* @MOF-5/Zn0O (at 546 nm)
vs. concentration of acetone in higher concentration ranges of acetone (1-8 vol%). (Bottom, Right)
The D4 — Fs transition intensities of the Tb**@MOF-5/Zn0O upon the addition of different ana-
lytes (blue) and subsequent addition of acetone (red) (dex = 299 nm). (Reproduced with permission
fromY. Wang, F. Zhang, Z. Fang, M. Yu, Y. Yang, K Wong, Tb(Ill) postsynthetic functional coor-
dination polymer coatings on ZnO micronanoarrays and their application in small molecule sens-
ing. J. Mater. Chem. C 4 (2016) 8466-8472. Copyright 2016 Royal Chemical Society.)

Zhang et al. obtained five RE-MOFs formulated as [RE4(pg-L),(p-HCOO)
(p3-OH)3(p3 — O)(DMF),(H,0)4],, {RE = Tb, Eu, Gd, Dy, and Er} with 2-(6-
carboxypyridin-3-yl)terephthalic acid (H3L) ligand, which revealed a unique
capability of Tb-MOF for sensing acetone with high efficiency and selectivity.
The emission spectra of Tb-MOF (after being dispersed in organic solvents)
showed typical bands for Tb>* ions (Fig. 9.12A; left). However, the intensity
of the main transition (°D, — ’Fs) was significantly affected by solvent, espe-
cially for acetone, which provoked a strong luminescence quenching. Further-
more, the effect of the acetone amount on the luminescence quenching of
Tb-MOF was investigated in DMF-acetone suspensions (Fig. 9.12; right).
The emitted visible green light of the suspension of Tb-MOF in DMF
faded upon an addition of acetone, followed by a gradual decrease of the
D, — "Fs transition intensity. Analysis of the emission and absorption spectra
suggests that there is an energy transfer between L>~ and acetone, indicating a

()
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FIG.9.12 (Top) Luminescence spectra (A) and intensities of the D, — "Fs transition (B) for Tb-
MOF dispersed in various organic solvents (2 mL, 2 mg Tb-MOF). (Bottom) (A) Luminescence
spectra of Tb-MOF dispersed in DMF-acetone solution (2 mL total volume; 2 mg Tb-MOF) with
different volume content of acetone; inset shows color of DMF (left) and acetone (right) solutions
under UV light. (B) Luminescence intensities of the D, — ’Fs transition (544 nm) of Tb-MOF with
an increasing volume content of acetone in DMF-acetone solution. (Reproduced with permission
from Q. Zhang, J. Wang, A. M. Kirillov, W. Dou, C. Xu, C. Xu, L. Yang, R. Fang, W. Liu, Multi-
functional Ln—MOF luminescent probe for efficient sensing of Fe3 +, Ce3 +, and acetone. ACS
Appl. Mater. Interfaces 10 (2018) 23976-23986. Copyright 2018 American Chemical Society.)

sort of competitiveness between the compound excitation and the acetone
absorption [81].

Hao et al. prepared Eu-based MOF (MIL-121, Al(OH)(Hbtec)-H,O,
H,btec = pyromellitic acid) crystals (Eu**@MIL-121) and utilized them as a
fluorescence probe for organic small molecule pollutants. Fig. 9.13 (left) shows
the emission spectra of Eu** @MIL-121 treated by different solvents, including
chloroform and acetone, which exhibited the most noticeable enhancing and
quenching effects, respectively. It is noticeable that the luminescent intensity
of the suspension of Eu**@MIL-121 increased with the addition of chloroform,
as shown in Fig. 9.13A (right), and the enhancement was nearly proportional to
the content of chloroform (inset of Fig. 9.13A; right). Conversely, addition of
acetone into the standard suspension of Eu’*@MIL-121 led to a significant
decrease of the fluorescence intensity, which almost disappeared at an acetone
content of 8 vol% (Fig. 9.13B; right). This decreasing trend of the largest lumi-
nescent intensities of Eu** at 615 nm versus the volume ratio of acetone can be
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FIG. 9.13 (Left) (A) Luminescent spectra and (B) the 5Dy — 'F, transition intensities of Eu**
@MIL-121 dispersed into various pure solvents when excited at 315 nm. (Right) The emission spec-
tra of Eu>* @MIL-121 DMF suspension in the presence of various content of (A) chloroform and
(B) acetone solvent, respectively (excited at 315 nm). The insets in (A) and (B) show the
Dy — "F, transition intensity of Eu** for DMF suspension of Eu** @MIL-121 as a function of chlo-
roform and acetone content, respectively. (Reproduced with permission from J. Hao, B. Yan, Ln3 +
post-functionalized metal-organic frameworks for color tunable emission and highly sensitive sens-
ing of toxic anions and small molecules. New J. Chem. 40 (2016) 4654—4661. Copyright 2016 Royal
Chemical Society.)

well fitted with a first-order exponential decay (inset of Fig. 9.13B; right),
implying that luminescence quenching of Eu**@MIL-121 by acetone is diffu-
sion controlled. The absorption band of H,btec within the hybrid partially over-
laps with the absorption band of acetone, whose competitive absorption
between acetone and Hybtec in the range of 250 to 350 nm affects the absorption
of Hybtec, reducing the efficiency of LMET to cause the energy transfer
between ligands and acetone. The influence of chloroform on LMET is impor-
tant, as energy absorbed by chloroform is transferred to ligands to increase the
efficiency of LMET and enhance the luminescence of Eu**@MIL-121 [89].
Wang et al. assembled a Eu-MOF with 2,2',3,3'-oxidiphthalic acids
(H4ODA) as efficient sensitizing units, which showed a unique luminescent
response to methanol, in contrast to n-propanol and ethanol. The luminescent
spectra of Eu-MOF were largely changed when subjected to the different sol-
vent molecules, particularly for methanol and acetone, for which the most
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FIG. 9.14 (Top) (A) Fluorescence spectra of Eu-MOF (60 pM) dichloromethane emulsion as a
function of the methanol concentration (from bottom: 0.0, 0.06, 0.23, 0.46, 0.83, 1.31, 1.96, and
2.60 vol%). (B) Fluorescence responses of Eu-MOF at 614 nm to the addition of alcohols (2.60
vol%) when excited at 305 nm. (Bottom) (A) The °Do — ’F, transition intensities of Eu-MOF when
immersed into various pure solvents with excitation at 305 nm. (B) Family of luminescence spectra
of Eu-MOF (60 pM) upon adding acetone. The inset picture exhibits the PL intensity of the Eu-MOF
emulsion with the change of acetone content. (Reproduced with permission from J. Wang, M. Jiang,
L.Yan,R. Peng, M. Huangfu, X. Guo, Y. Li, P. Wu, Multifunctional luminescent Eu(Ill)-based metal-
organic framework for sensing methanol and detection and adsorption of Fe(Ill) ions in aqueous
solution. Inorg. Chem. 55 (2016) 12660—12668. Copyright 2016 American Chemical Society.)

remarkable enhancement and quenching effects were found, respectively
(Fig. 9.14A; bottom). As shown in Fig. 9.14A (top), the addition of methanol
led to a gradual increase of the luminescence intensity of Eu-MOF at
614 nm up to 3.1 times the enhanced efficiency. Such Turn-On luminescence
switching initiated by methanol molecules is probably due to hydrogen-bonding
interactions with the terminal water molecules in the framework, alleviating the
O-H high energy vibrations to lead to an increase in emission intensities. The
presence of n-propanol leaves the fluorescence intensity almost unchanged
under the same experimental conditions (Fig. 9.14B; top). Considering that
the pore size (4.1 A) of Eu-MOF is bigger than that of methanol (kinetic diam-
eter 3.8 nm) but smaller than that of ethanol and n-propanol, the remarkable size
selectivity for the sensing of alcohols mainly depends on the size constraint
effect of the host pore and the guest analytes. In addition, the fluorescence inten-
sities of the Eu-MOF/dichloromethane standard emulsion are gradually reduced
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by the gradual increase of the acetone content and almost disappear when the
acetone content is up to 0.35 vol% (Fig. 9.14B; bottom). Acetone shows a wide
absorption overlaying the absorbing band of H,ODA, whose competitive
adsorption weakens the energy transfer from the HODA® ™~ sensitizer to Eu**
to bring about a reduction of the luminescence intensity.

Zheng et al. prepared a series of Eu**-functionalized MOF materials (Eu-
MOF) based on the PSM of the parent MOF (UMCM-NH,) (ligands of 2-
amino-1,4-benzenedicarboxylate (NH,-BDC) and 4,4’,4"-benzene-1,3,5-triyl-
tribenzoic acid (H;BTB) and 2,3-pyrazinedicarboxylic anhydride for covalent
PSM), which showed an extremely selective and rapid response to THF com-
pared to the other sensing organic molecules and could be easily distinguished
by the naked eye under UV-light irradiation [90]. As shown in Fig. 9.15 (top),
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FIG. 9.15 (Top) (A) Emission spectra of Eu-MOF dispersed in different organic molecules
(2.5 mg/3 mL) (excited at 328 nm). The inset is the corresponding photographs under UV-light irra-
diation at 365 nm. (B) The luminescence intensity ratio (/;/lg,) of Eu-MOF with the different
organic molecules. (Bottom) (A) The luminescence spectra of Eu-MOF dispersed in DMF with
increasing THF content; (B) the changes of I} /I, with increasing THF content. The insets show
the linearity between /Iy /I, and the THF content (0%—21%). (Reproduced with permission from
H. Zheng, X. Lian, S. Qin, B. Yan, Lanthanide hybrids of covalently-coordination cooperative
post-functionalized metal-organic frameworks for luminescence tuning and highly selectively sens-
ing of tetrahydrofuran. Dalton Trans. 47 (2018) 6210-6217. Copyright 2018 Royal Chemical
Society.)
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the luminescence intensities of Eu*>* °Dy — F,) of Eu-MOF immersed in var-
ious solvents are almost quenched to a different extent compared to the solid
state. On the other hand, it is worth mentioning that the emission bands of
the linkers within the Eu-MOF are extremely enhanced when THF is added.
The luminescence intensity ratio (/ /Ig,) of THF-induced emission is calculated
as 12.44, which is much higher than the other organic molecule-induced lumi-
nescence intensity ratios. As shown in the inset of Fig. 9.15A (top), these dark
colors of the solvents serve as foils to that of THF, which displays a bright cyan-
blue color under UV-light irradiation. As shown in Fig. 9.15A (bottom), the
emission spectra of the system changed very obviously with the increment of
THF content. As expected, the intensity ratio of ligands and Eu®* (I /lg,)
increased with the proportion of THF added, and when the volume fraction
of THF increased to 50%, the values of I;/Ig, were almost constant
(Fig. 9.15B; bottom). The linearity can be fitted with the correlation coefficient
(R?) calculated as 0.9871 and the LOD for THF is calculated as 0.76% from the
slope of the linear relationship in the inset of Fig. 9.15B (bottom). This result is
due to the existence of the lone pair of electrons in the O that belongs to the
furan ring and unmodified free NH,, which can form a hydrogen bond and cause
the enhancement effects [90].

Wu et al. synthesized highly fluorescent In-MOF (In(OH)bpydc,
H,bpydc = biphenyl-5,5'-dicarboxylic acid)) imparting additional luminescent
Eu’" ions for sensing organic molecules, especially chloroform with a signifi-
cant spectral response. The dual-emitting MOF hybrid exhibited a distinctly dif-
ferent response to CHCl3, one of which was almost unchanged, while the other
intrinsic broad emission had a remarkable enhancement, leading to an obvious
change in color. The luminescent responses of In-MOF-Eu towards small mol-
ecules of various organics are recorded in Fig. 9.16 (left) at A.x = 360 nm. The
change of emission of In-MOF-Eu can be divided into two main parts: charac-
teristic emission of Eu* and ligand central emission. As shown in the inset of
Fig. 9.16 (left), these dark colors of organics serve as foils to that of chloroform,
leading to the notable distinction by the naked eye. As depicted in the time-
response emission spectra and curves within 35 min of Fig. 9.16 (right), just
for 5 min, the luminescence intensity at 490 nm of In-MOF-Eu reached a con-
stant value and after that, the height was raised just a little. As time passed, the
luminescence intensity at 490 nm of In-MOF-Eu rose sharply in 5 min, before a
slow increase for the remaining 30 min (as shown in the inset of Fig. 9.16B;
right). Only the ligand-central emission became stronger, indicating that
CHCI; has the only effect on the ligand. The effects of luminescent enhance-
ment of In-MOF-Eu are caused by hydrogen-bonding interaction, whose N
atom as a hydrogen-bonding donor can decrease the electron deficiency by
bonding to hydrogen bonding-accepting analytes.

Lian et al. synthesized a rare earth functionalized material based on MIL-
125(Ti)-NH, (ligands of 2-amino-1,4-benzenedicarboxylate (NH,-BDC) and
2,3-pyrazinedicarboxylic anhydride for covalent PSM) by the covalent
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FIG. 9.16 (Left) Luminescence intensity of the In-MOF-Eu dispersed into different organic molecule solvents (3 mg/3 mL) (excitation monitored at 360 nm). The
inset is the corresponding photographs under UV-light irradiation at 365 nm. (Right) Variation of fluorescence intensity of In-MOF-Eu with different immersion time
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postsynthetic modification and it showed photocatalytic oxidation properties of
a-phenethyl alcohol. The luminescence of MIL-125(Ti)-AM-Eu becomes weak
and even is quenched in the presence of acetophenone and this process can be
used as a new fluorescence sensor for detecting a-phenethyl based on photoca-
talytic oxidation. Towards expanding the application of MIL-125(Ti)-AM-Eu
in the detection of organic small molecules, the group proposed to design a
Turn-On/Turn-Off luminescent sensor for a-phenethyl alcohol combined with
the catalytic performance and fluorescence spectrum of MIL125(Ti)-AM-Eu
(Fig. 9.17; left). Fig. 9.17 (right) shows the fluorescence response of MIL-
125(Ti)-AM-Eu immersed in a-phenethyl alcohol for different times, and the
reaction system is exposed to UV irradiation. The fluorescence signal gradually
becomes weaker with time. This phenomenon is similar to the fluorescence
quenching, and as shown in the inset of Fig. 9.17 (right), it can be easily distin-
guished by the naked eye. When a-phenethyl alcohol is adsorbed inside the
channels of MIL-125(Ti)-AM-Eu, a fast photocatalytic effect occurs upon
UV irradiation. The hydroxyl groups will be oxidized with the photocatalytic
effect impelled by MIL-125(Ti)-AM-Eu, yielding the photooxidation products
of alcohols [91].

Chen et al. presented a Tb-MOF material of linker 4,4’-oxybis(benzoic acid)
(H,oba) with 3-amino1,2,4-triazole (Hatz) as the directing reagent, which could
realize fast recognition of p-xylene (PX) vapor and nitrobenzene (NB) vapor. A
homemade setup was fabricated by placing a MOF-coated thin paper into the
cuvette, followed by adding one drop of organic compound into the cuvette
(Fig. 9.18A). As shown in Fig. 9.18B, the time-dependent emission spectrum

D, F, Eo”

Relative Intensity (a.u.)

Owin Fmin 10 win 15 min 20 win 25 mio 30 min

FIG. 9.17 (Left) Schematic of synthesis of MIL-125(Ti)-AM-Eu as a Turn-On/Off fluorescent
sensor for a-phenethyl alcohol. The solvent molecules (including DMF and H,O) and counterions
that could coordinate with Eu** are omitted for simplicity. (Right) The 5Dy — 'F, transition inten-
sity ratios from the emission spectra of MIL-125(Ti)-AM-Eu introduced into a-phenethyl alcohol
after UV radiation for different times. (Reproduced with permission from X. Lian, B. Yan, A post-
synthetic modified MOF hybrid as heterogeneous photocatalyst for a-phenethyl alcohol and reus-
able fluorescence sensor. Inorg. Chem. 55 (2016) 11831-11838. Copyright 2016 American
Chemical Society.)
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showed that the response rate of the Tb-MOF for PX vapor was 5 s with a 40%
fluorescence enhancement, and the increased fluorescence intensity was stable
within 5 min without an obvious change. This may be attributed to the photo-
induced donor-acceptor electron transfer between the antenna ligand and ana-
lyte molecules adsorbed on the surface of the MOF particles. The energy levels
of the antenna ligand Hyoba were calculated using the DFT theory, and the
results are shown in Fig. 9.18D, which indicates that PX has a higher LUMO
energy level than that of the H,oba ligand. PX has a high-lying n*-type LUMO
orbital that is above the singlet state energy of the ligand, so the excited elec-
trons of PX are easily transferred to the LUMO of the ligand, resulting in fluo-
rescence enhancement [92].

Wu et al. investigated a Eu’*-functionalized In-MOF (In(OH)bpydc,
H,bpydc = 2,2-bipyridine-5,5'- dicarboxylic acid) hybrid system (In-
MOF-Eu) with dual emission for fluorescence sensing of benzene homologues
(BTEX) in both vapor and liquid phases. A fluorescence test paper and a 2D-
decoded map were designed to provide the potential for the convenient distinc-
tion of BTEX. The images in Fig. 9.19B (left) show the different luminescence
colors produced. The luminescence color of most BTEX compounds is either
blue or green. However, one of them is quite unique: Br-benzene shows dark
red light. The CIE chromaticity diagram and related values are obtained when
the compounds are excited at 360 nm (as shown in Fig. 9.19C and D; left), and
various BTEX compounds locate in two main color regions of green and blue.
Only the emission of the Br-benzene is near the white-yellow area, with the
colors being the same as those in the images (Fig. 9.19B; left). Images of filter
text paper shown in Fig. 9.19 (right, top) indicate that under the irradiation of
UV light of 365 nm, the fluorescence of the test paper of alkyl benzene changes
from dark blue to bright green, whereas the fluorescence of the test paper of
halogenated benzenes changes from dark blue to red. The potential application
of In-MOF-Eu for detecting BTEX volatiles has been investigated. All samples
were placed under a vapor atmosphere of BTEX for around 1 h, and the final
results are shown in Fig. 9.19 (right, bottom) [93].

Zhao et al. assembled a luminescent Tb-MOF ([Tbs(L),(HCOO)(H,0)s]-
DMF-4H,0 (H,L = 4,4'-(pyridine-3,5-diyl)diisophthalic acid), whose lumines-
cence was nearly entirely quenched in a N,N-dimethylformamide (DMF) solution
and biological system. In addition, Tb-MOF still had high detection for the trace
content of nitromethane with 70 ppm. As shown in Fig. 9.20 (left), the intensities
of the emission peaks largely depend on the solvent molecules, especially nitro-
methane, which shows a significant quenching effect. A batch of emulsions of
Tb-MOF in DMF with gradually increasing nitromethane concentrations were
prepared to monitor emissive responses. It was found that the luminescent inten-
sity of the suspension of T-MOF decreased with the addition of nitromethane,
which almost disappeared at the content of 70 ppm (Fig. 9.20A and B; right).
The fluorescence decrease was nearly proportional to the nitromethane concen-
tration. The effect of guest organic small molecules on LMET plays a key role for
its emission efficiency determines the luminescent intensity [94].
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FIG. 9.20 (Left) (A) Luminescence spectra and (B) the 5D, — "Fs transition intensities of Tb-
MOF in various organic pure solvents when excited at 327 nm. (Right) (A) Luminescence spectra
of Tb-MOF at different nitromethane concentrations in DMF (excited at 327 nm).
(B) Corresponding emission intensities of the *Dy — ’Fs transition with color change. (Reproduced
with permission from J. Zhao, Y. Wang, W. Dong, Y. Wu, D. Li, Q. Zhang, A robust luminescent Th
(II1)-MOF with Lewis basic pyridyl sites for the highly sensitive detection of metal ions and small
molecules. Inorg. Chem. 55 (2016) 3265-3271. Copyright 2016 American Chemical Society.)

9.3 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of general
organic pollutant molecules

Besides the general organic solvents or vapor molecules, with industrial devel-
opment and population increases, the discharge of organic effluents and other
chemical wastes has increased tremendously, becoming one of the greatest con-
cerns for environmental protection and health hazard issues. Many gas phase
hazardous chemicals still exist, such as the aldehydes or amines, among others,
which are widely present both in outdoor and indoor air and are considered to be
an important group of air pollutants due to its short- or long-term adverse health
effects on human beings. Considering this, determining the level of pollutant
gases in vehicles under exposure conditions is crucial for public health
[95-99]. There are extensive reports on the luminescence responsive sensing
of these pollutants using rare earth MOF hybrid materials as probes
[100-128]. Here only a few examples are described.

()



Luminescence responsive chemical sensing of general molecules Chapter | 9 313

Min et al. selected a La-centered MOF ({[La(hisp)(Hhisp)(H,0),]-2H,0},,
La-MOF, Hyhisp = 5-hydroxyisophthalic acid) as the matrix for functionaliza-
tion by PSM to construct a hybrid Tb@La-MOF for small organic molecule
sensing. It displays particularly high selectivity and sensitivity for acetalde-
hyde. Fixing the excitation wavelength at 333 nm, the related emission spectra
of Tb@La-MOF in diverse solvents were collected in Fig. 9.21A (top).
Fig. 9.21B (top) was obtained by picking out the emission peak intensity stem-
ming from the representative 5 D, — 7F5 transition of Tb>*. In Fig. 9.21 (top),
it’s very easy to distinguish the “wall” and “bar” of acetaldehyde from other
molecules. Simply by using a UV lamp, the inset of Fig. 9.21B (top) clearly
shows that acetaldehyde can be sorted out from some small organic molecules
by the naked eye. As shown in Fig. 9.21 (right), the emission of Tb@La-MOF in
ethanol with acetaldehyde differs a bit from the situation in the acetaldehyde
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FIG. 9.21 (Top) (A) Emission spectra of Tb@La-MOF (3 mg) suspended in different solvents
(3 mL) at an excitation wavelength of 333 nm; (B) Corresponding emission intensity histogram
selected from the peak arising from D4 — ’Fs transition of Tb**. (Inset) The photograph of
Tb@La-MOF in a series of different small molecular solvents under 310 nm UV light. (Bottom)
(A) Emission spectra of Tb@La-MOF dispersed in ethanol with different volume fractions of acet-
aldehyde (dex = 334 nm); (B) Variation of the luminescence intensity of Tb@La-MOF with acet-
aldehyde content at 545 nm; the inset shows the corresponding linear relationship in the low
concentration range (0%—-2.70%). (Reproduced with permission from J. Min, X. Qu, B. Yan, Tb
post-functionalized La (I11) metal organic framework hybrid probe for simple and highly sensitive
detection of acetaldehyde. Sens. Actuators B 300 (2019) 126985. Copyright 2019 Elsevier.)
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aqueous solution. The linear relation expression between the content of acetal-
dehyde and the luminescence of Tb@La-MOF can be fitted by the equation,
with R? of 0.9801 and the LOD of the acetaldehyde in ethanol calculated as
0.66% (volume fraction). The energy absorbed by the ligand is reduced, thereby
further weakening the antenna effect, resulting in a reduction in the amount of
energy transfer from the ligand to Tb**. In addition, hydrogen bonding interac-
tion between free hydroxyl groups in Tb@La-MOF and the aldehyde group in
acetaldehyde is another major factor, which might lead to the decreasing effi-
ciency of ligand-to-metal energy transfer to a weakening of fluorescence
intensity [102].

Li et al. synthesized a dual-emitting hetero-MOF and its incorporation of
Eu’* (Eu/Zr-MOF with linker of 2-aminoterephthalic acid). Under excitation
of 365 nm, the fluorescence images and CIE chromaticity coordinate values
for Eu/Zr-MOF in organic small molecule solvents are shown in Fig. 9.22
(top). Formaldehyde exhibits a prominent enhancing effect on 465-nm emission
of Eu/Zr-MOF, leading to a conspicuous alteration of fluorescent color upon
other small molecules. As shown in Fig. 9.22 (bottom), for two concentration
series of formaldehyde (0—10 and 0—160 ppm), the ratio of fluorescent intensity
at 465 and 615 nm is nearly linearly proportional to the amount of formalde-
hyde. This is because with formaldehyde added, the emission intensity of the
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FIG.9.22 (Top) Fluorescence image of Eu/Zr-MOF in organic small molecule solvent (from left:
benzene, acetone, dichloromethane, cyclohexane, formaldehyde, acetonitrile, ethyl acetate, 4-
butylbenzaldehyde tert-butylbenzaldehyde, DMF and deionized water, respectively). (Bottom)
The intensity ratio of two emitting bands for Eu/Zr-MOF dependent on formaldehyde concentration.
(Reproduced with permission from C. Li, J. Huang, H. Zhu, L. Liu, Y. Feng, G. Hu, X. Yu, Dual-
emitting fluorescence of EulZr-MOF for ratiometric sensing formaldehyde. Sens. Actuators B
253 (2017) 275-282. Copyright 2017 Elsevier.)
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ligand-centered charger transfer band is drastically enhanced, while the trend of
characteristic 5D(, — 7F2 emission of Eu®* at 615 nm increases slowly. The
LOD of formaldehyde is 0.2 ppm. Formaldehyde is absorbed into the micro-
pores of Eu/Zr-MOF, and part of them are involved in the reaction with amino
groups in the structure of Eu/Zr-MOF. Under the photoexcitation, an adding
electron transfer from the amino group containing lone pair electrons in
2-aminoterephthalate to the positively charged formaldehyde may lead to the
fluorescence enhancement at 465 nm [104].

Shi et al. reported two unique 3D isostructural luminescent MOFs,
[RE(H,DMPhIDC); (H;DMPhIDC)], (RE =Eu, Tb; H3;DMPhIDC = 2-
(3,4-dimethylphenyl)-1H-imidazole-4,5-dicarboxylic acid), which show high
sensitivity and quick response towards the presence of trace amounts of benz-
aldehyde. As shown in Fig. 9.23 (top, left), the luminescent intensity of the
5D0 — 7F2 transition for the Eu®* ion or of the 5D4 — 7F5 transition for the
Tb** ion in the suspensions heavily depends on the type of solvent: there is
almost no characteristic emission of Eu** ion for benzaldehyde. As shown in
Fig. 9.23 (top, right), it can be clearly seen that the fluorescence intensity grad-
ually decreases with increasing benzaldehyde content, which indicates that both
Eu-MOF and Tb-MOF are promising fluorescent probe for detecting benzalde-
hyde. In addition, they investigated the fluorescent quenching properties of
other aromatic aldehydes. The emission spectra (Fig. 9.23; bottom, left) showed
that the three aromatic aldehydes can also efficiently quench the fluorescence.
Upon the addition of benzaldehyde, close contact may occur between Eu-MOF
and benzaldehyde. It is most likely that the antenna effect in Eu-MOF is weak-
ened by benzaldehyde through O—H --- O hydrogen bonds between the imidaz-
ole dicarboxylate ligands and benzaldehyde molecules, leading to the energy
transformation to reduce the LMET efficiency, leading to the quenching effect
on the luminescent intensity (Fig. 9.23; bottom, right) [106].

Ma et al. synthesized RE-MOFs, {[RE,(L),(H,0),]-5H,O-6DMAC},,
[RE = Eu, Tb; H;L = 4,4’-(((5-carboxy-1,3-phenylene)bis(azanediyl))bis(car-
bonyl))dibenzoic acid, DMAC = N,N'-dimethylacetamide], both of which
exhibited a luminescence sensing response to 4-nitrophenol (4-NP). Taking
the effect of nitro aromatic compounds on Eu-MOF as an example, it is found
that 4-NP can significantly quench Eu-MOF. As the 4-NP (0.1-10.0 mM) con-
tent gradually increases, the luminescence intensity of Eu-MOF at 619 nm grad-
ually decreases, which shows a good linear correlation between the amount of
4-NP and the relative fluorescence intensity in a low linear range of 0—1.0 mM
(R* = 0.9819) with an LOD of 7.6 x 10> M and K, of 5352 M~ (Fig. 9.24).
By comparing the UV-visible absorption spectra of 4-NP with the excitation
spectra of Eu-MOF and Tb-MOF, it is found that there is a significant overlap
between the absorption peaks and the excitation peaks, whose quenching
effect on the two MOFs may be attributed to their energy competitive
absorption [123].



316 PART | IV Luminescence responsive chemical sensing of molecular analytes

i

Ermvinion tveatyA )
B & B B

Emission InfensiytA )
S AAARARARLRAR,

(b)  eca

Ertmsion insensty(A U.)
benzaldehydelacotone(%)
i

|

’C
-~
~/
FA
y
7
o8
v}
A
7 -
C
-
]
Ly

FIG. 9.23 (Top, Left) (A) Photoluminescence intensity of the SDO — F, transition of Eu-MOF
dispersed in different solvents, excited at 345 nm. (B) The D, — 'Fs transition intensity of
Tb-MOF dispersed in different solvents, excited at 332 nm. (Top, Right) (A) Emissive response
spectra of Eu-MOF for benzaldehyde in acetone solution with different benzaldehyde volume con-
centrations (inset is a graph of the fluorescence intensity of Eu-MOF, acetone as a function of benz-
aldehyde content). (B) Emissive response spectra of Tb-MOF for benzaldehyde in acetone solution
with different benzaldehyde volume concentrations (inset is a graph of the fluorescence intensity of
Tb-MOF, acetone as a function of benzaldehyde content). (Bottom, Left) View of the fluorescence
intensity of Eu-MOF and Tb-MOF with four different aromatic analytes. (Bottom, Right) Lumines-
cence quenching effect of Eu-MOF induced by benzaldehyde through a reduction of the antenna
efficiency inside Eu-MOF, which may be due to the H-bond interactions between benzaldehyde
and the organic ligands. (Reproduced with permission from B. Shi, Y. Zhong, L. Guo, G. Li, Two
dimethylphenyl imidazole dicarboxylate-based lanthanide metal-organic frameworks for lumines-
cence sensing of benzaldehyde. Dalton Trans. 44 (2015) 4362—4369. Copyright 2015 Royal Chem-
ical Society.)
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FIG. 9.24 (A) Luminescence intensity at 619 nm of Eu-MOF dispersed in aqueous solutions of
different nitro aromatic compounds, when excited at 394 nm. (B) Nitro aromatic compound selec-
tivity of Eu-MOF (/y/I) in H,O. (C) Luminescence responses of Eu-MOF towards different concen-
trations of 4-NP (0—1.0 mM) in H,O (4ex = 394 nm). (D) Stern-Volmer plot of /o/I versus increasing
concentrations of 4-NP. (Reproduced with permission from J. Ma, W. Liu, Effective luminescence
sensing of Fe3 +, Cr2072 —, MnO4 — and 4-nitrophenol by lanthanide metal—organic frameworks
with a new topology type. Dalton Trans. 48 (2019) 12287—12295. Copyright 2019 Royal Chemical

Society.)
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Chapter 10

Rare earth metal-organic
framework hybrid materials
for luminescence responsive
chemical sensing of special
molecule species

10.1 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of biomolecular
species

Common biomolecular species include amino acids, proteins, and nucleic acids,
among others. Amino acids, as essential ingredients of proteins needed by living
organisms, are crucially involved in the health of the human body. Many amino
acids are involved in almost all physiological activities in vivo and the proper
balance of various amino acids is a precondition for human health. Lack of any
amino acid will affect the immune system and other normal functions. In recent
years, the content of various amino acids in serum has become an important
indicator for disease screening. Sensing of certain amino acids is important
in nutritional analysis and diagnosis of diseases [1,2].

Aspartic acid (Asp) is widely used in medicine, food, and chemicals. In par-
ticular, the L-Asp form becomes a part of proteins used in the human body, and
is also involved in the synthesis of essential amino acids. It can be used as a
carrier to deliver electrolytes to the myocardium, improving the myocardial sys-
tolic function. In clinical therapy, it can also be used for treating hypertension,
heart disease, and other disorders.

Both tyrosine (Tyr) and tryptophan (Trp) are nutritional amino acids, which
are closely related to metabolism, growth, and development of humans and ani-
mals. Tyr is widely used in the food, feed, medical, and chemical industries.
Excessive or insufficient Tyr may cause depression, uric aciduria, albinism,
Parkinson’s disease, and other diseases. Trp is an important raw material to pre-
pare the neurotransmitter serotonin.

L-Cysteine (Cys) is one of the basic amino acids in vivo with many physi-
ological effects, such as relieving the degree of poisoning from toxic substances

Rare Earth Metal-Organic Framework Hybrid Materials for Luminescence Responsive Chemical Sensors
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or drugs, promoting hair growth, and protecting humans from radiation. More-
over, excessive Cys in vivo is often related to some diseases. Therefore the
detection of Cys is important for human health.

Lysine (Lys), as a precursor of carnitine biosynthesis, has a key effect on the
B-oxidation of fatty acids. Lys is also considered to be involved in decomposi-
tion and metabolism and then results in irreversible a-aminoadipate formation
via a saccharopine pathway. Superfluous lysine may also lead to congenital
metabolic disorders such as ascystinuria or hyperlysinemia in plasma and urine
[3-10].

Thus the detection of amino acids in fields such as nutritional analysis and
disease diagnosis is particularly important. Luminescent probes possess com-
paratively high sensitivity, good selectivity, and recyclability, making them a
good choice for detecting different amino acids [11-16]. Notably, Cys is a typ-
ical amino acid with an active sulthydryl group (—SH) that has strong affinity for
some heavy metal ions. Therefore heavy metal ion-containing probes with high
sensitivity and selectivity are needed for Cys sensing. Sun et al. designed and
synthesized two anionic Ln-K-MOFs, namely {[RE,K(bpda)s(C,HsOH)]-
(H30)-(H,0),}, (RE =Eu, Tb; H,bpda = 2,2'-bipyridine-6,6’-dicarboxylic
acid), where K* was utilized to link the subunits and for further constructing
of the anionic framework. Additionally, the introduction of K* in the structure
also resulted in long RE-RE distances (8.15-13.24 A) and limited the energy
transfer between RE®" ions. Fe**@Eu-K-bpda achieved sensitive detection
of the emission spectra of Cys (Fig. 10.1A). The emission at 615 nm gradually
recovered with the Cys concentration and reached a maximum at about 100 mM
of Cys. The recovery of the red emission could also be easily observed by the
naked eye (Fig. 10.1B). Luminescent intensities corresponding to a series of
Cys concentrations can be fitted to a linear relationship in a wide concentration
range of 0-50 mM with an R* of 0.9976 and an LOD of 0.149 mM. In addition,
the luminescence response of Cu®*@Eu-K-bpda was also investigated and the
emission intensities corresponding to increased concentrations of Cys are listed
in Fig. 10.1C. A well-fitted linear relationship was also obtained for quantitative
Cys detection (Fig. 10.1D), which displays a slightly worse sensitivity
(LOD = 0.301 mM) but over a broader concentration range (0~ 100 mM) [13].

Liu et al. synthesized a Ni-MOF {[Ni,(odip)(H,0)4(DMF)]-DMF-2H,0}
with a 5,5'-oxidiisophthalic acid (Hsodip) ligand, whose functionalized Eu’
*@Ni-MOF hybrid exhibited good fluorescence selectivity, sensitivity, and
recyclability for Asp within 10 types of common amino acids (L-aspartic acid
(Asp), L-leucine (Leu), L-isoleucine (Ile), L-histidine (His), L-cysteine (Cys), L-
tyrosine (Tyr), L-threonine (Thr), L-valine (Val), phenylalanine (Phe), and L-
proline (Pro)). Most amino acids exhibited negligible influences except for
Asp (Fig. 10.2A; left), which showed a significant quenching behavior as dem-
onstrated in Fig. 10.2B (left). The fluorescence intensity of Eu**@Ni-MOF
decreased gradually as the Asp concentration increased (Fig. 10.2C; left).
The plot of Io/l vs. Asp concentration [C] (mmol/L) can be well fitted by an
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FIG. 10.1 (A) Emission spectra of probe Fe’* @Eu-K-bpda with different L-cysteine (Cys) con-
centrations. (B) The linear relationship between Ig;5 and Cys concentrations in the range of 0—
50 mM; inset shows the corresponding photograph under a UV lamp. (C) Emission spectra of probe
Cuz+@Eu—K—bpda with different Cys concentrations. (D) The linear relationship between /g5 and
Cys concentrations in the range of 0-100 mM. (Reproduced with permission from T. Sun, R. Fan,
R. Xiao, T. Xing, M. Qin, Y .Liu, S. Hao, W. Chen, Y. Yang, Anionic Ln-MOF with tunable emission
for heavy metal ion capture and L-cysteine sensing in serum. J. Mater. Chem. A 8 (2020) 5587-5594.

Copyright 2020 Royal Chemical Society.)

exponential function relationship (Fig. 10.2D; left), indicating the coincidence
of dynamic and static quenching processes. At low concentrations, the quench-
ing constant Ky, was calculated to be 1.565 x 10 L/mol in the range of 0—
1.136 mmol/L. The detection limit (LOD) was calculated to be 2.51 mmol/L.
As shown in Fig. 10.2A (right), when excited at 332 nm, there was an intense
luminescent spectrum at 615 nm, but the luminescence was quenched visibly
once aspartic acid (0.03 mmol) was added. Meanwhile, multiple cycles of
the sensing experiment of Asp were performed (Fig. 10.2B; right). After being
recycled five times, Eu>*@Ni-MOF still mostly maintained its luminescent
intensity after washing. The result illustrates that the luminescence of Eu’
*@Ni-MOF is almost totally quenched after 150 s (Figs. 10.2C and D; right).
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FIG. 10.2 (Top) (A) Luminescent spectrum of Eu**@Ni-MOF; (B) luminescent intensity at
615 nm; (C) luminescent spectra with different aspartic acid concentrations; (D) and the correlation
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UV light). (Reproduced with permission from Y. Liu, Y. Lu, B. Zhang, L. Hou, Y. Wang, Post-
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Under ultraviolet light irradiation of 254 nm, the red luminescence of the test
papers faded gradually. The interactions between Asp and Eu’*@Ni-MOF
caused the energy loss resulting in luminescence quenching [14].

Li et al. synthesized a Tb-MOF based on 4-(pyridin-3-yloxy)-phthalic acid
(Hyppda) and 1,4-naphthalene -dicarboxylic acid (Hpnbdc), namely, [Tb(ppda)
(npdc)p 5(H»0),],,, which acted as a luminescent sensor for amino acids with high
selectivity and sensitivity that discerned tyrosine (Tyr) and tryptophan (Trp) with
the characteristic emission of Tb>* ions and ligand luminescence in aqueous solu-
tion, respectively. With the same concentrations (1.0 x 10~> M), different natu-
ral amino acids show different influences on the luminescence intensities of
Tb-MOF (Fig. 10.3; top). Tyr quenched the fluorescence of Tb-MOF to a certain
extent, with a quenching efficiency of 56.76%, while Trp had little variation in the
emission at 545 nm caused by the >D, — ’Fs transition of Tb**, but the emission
at 465 nm induced by the ligands was significantly enhanced. As shown in
Fig. 10.3A and C (bottom), the luminescence of Tb-MOF differed greatly when
it was immersed in concentrations of Tyr. It was found that the emission intensity
of Tb** located at 545 nm decreased regularly. And with the addition of Trp at
different concentrations, the Honpdc emission at 465 nm gradually increased with
the continuous increase of Trp concentration. The relationship between the
quenching effect and the Tyr or Trp concentration was further examined through
the Stern-Volmer equation, linearly fitted with the values of K, and the LOD for
Tyr and Trp of 4.01 x 10°M~" and 1.43 x 107> M, and 2.60 x 10° M~! and
6.99 x 107> M, respectively (Fig. 10.3B and D; bottom). It can be deduced that
the luminescence quenching of compound Tb-MOF induced by Trp or Tyr may
be attributed to the interactions of competitive absorption of energy [16].

DNA is a very important biomacromolecule, containing the biological
instructions that make each species unique. So, sensitive, rapid, and cost-
effective detection of specific DNA is of great importance to gene expression
analysis, clinical diagnostics, environmental monitoring, and antibioterrorism
[17-19]. Fortunately, MOFs have recently been demonstrated to be a sensing
platform for fluorescent detection of DNA and proteins. Compared with con-
ventional nanomaterial-based fluorescent sensing platforms, MOFs not only
possess simpler preparation procedures, but also exhibit higher quenching effi-
ciency and discriminating ability of single-base mismatch. However, the con-
struction of DNA sensors based on luminescent rare earth MOF hybrid
materials remains to be further exploited [20-22].

Tang et al. explored the application of a luminescent Eu-MOF of
1,3,5-benzenetricarboxylic acid (H;BTC) for sensitive detection of DNA.
Because of the wt-rich structure of BTC for providing a conjugated n-electron sys-
tem and the intrinsic fluorescence quenching ability of the metal cations of
MOCPs, the Eu-MOF is reasonably able to absorb single-stranded DNA (ssDNA)
and quench its labeled fluorescence of 6-carboxyfluorescein (FAM) (Fig. 10.4;
right, top). Upon the introduction of complementary target DNA (tDNA), how-
ever, the FAM labeled ssDNA (FAM-DNA) will be released from the Eu-MOF
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FIG.10.3 (Top) (A) Fluorescence response of Tb-MOF in various amino acids and (B) quenching
efficiency of Tb-MOF for detecting different amino acids. (Bottom) (A) Luminescent spectra of Tb-
MOF dispersed in the presence of various amounts of Tyr. (B) Nonlinear Stern-Volmer plot of Tyr;
inset: the linear Stern-Volmer plot of Tyr. (C) Luminescent spectra of Tb-MOF dispersed in the
presence of various amounts of Trp. (D) Nonlinear Stern-Volmer plot of Trp, inset: the linear
Stern-Volmer curves of Trp. (Reproduced with permission fromZ. Li, Z. Zhan, M. Hu, A luminescent
terbium coordination polymer as a multifunctional water-stable sensor for detection of Pb2 + ions,
PO43 — ions, Cr2072 — ions, and some amino acids. CrstEngComm 22 (2020) 6727-6737. Copy-
right 2020 Royal Chemical Society.)

surface to form a double-stranded DNA (dsDNA), leading to the recovery of the
labeled FAM fluorescence. Nevertheless, the red fluorescence of Eu-MOF itself
remains unchanged during the interaction process (binding and releasing) of the
FAM-DNA probe with the Eu-MOF. As shown in Fig. 10.4A (left), the fluores-
cence of the Eu-MOF/FAM-DNA hybrid is highly sensitive to tDNA and is

&)
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FIG. 10.4 (Left) (A) Emission spectra of the Eu-MOF/FAM-DNA complex in the presence of
tDNA with different concentrations (from 0 to 400 nM). Inset is the plot of fluorescent intensity
at 520 nm of FAM-DNA as a function of the tDNA concentration. (B) Visual fluorescence color
changes of Eu-MOF/FAM-DNA complex upon the addition of different concentrations of tDNA
(from left to right: 0, 10, 20, 50, 100, 200, 500 nM). (Right, Top) Schematic illustration of
(A) fabrication process of Eu-MOF and (B) sensing principle and corresponding changes in emis-
sion spectra and color for the DNA fluorescent assay. (Right, Bottom) Fluorescent responses of the
Eu-MOF/FAM-DNA complex to complementary target (T, tDNA), single-base mismatched target
(T,), two-base mismatched target (T3), and noncomplementary target (Ty4). (Reproduced with per-
mission from G. Tang, J. Gao, C. Wang, H. Tan, Luminescent lanthanide coordination polymer as a
platform for DNA colorimetric detection. Sens. Actuators B 244 (2017) 571-576. Copyright 2017
Elsevier.)

gradually enhanced with the increase of tDNA concentration. The gradually
enhanced fluorescent intensity also suggests that the Eu-MOF/FAM-DNA hybrid
is appropriate for the quantification of tDNA. The inset of Fig. 10.4A (left) out-
lines the relationship between the fluorescent intensity of the Eu-MOF/
FAM-DNA hybrid complex at 520 nm and the concentration of tDNA. A good
linear relationship is seen (R = 0.9975) between the fluorescent intensity at
520 nm and the concentration of tDNA in the range of 0.5~40 nM. The LOD
of the sensor is calculated to be 0.09 nM. Additionally, due to the unchanged fluo-
rescence of Eu-MOF, the tDNA-induced fluorescence changes can be easily
observed under a UV lamp. From Fig. 10.4B (left), the color of the Eu-MOF/
FAM-DNA hybrid solution gradually turned from red to yellow-green upon
the titration with tDNA, which enabled the tDNA to be detected by the naked
eye. As shown in Fig. 10.4 (right, bottom), compared with the Eu-MOF/
FAM-DNA hybrid alone, the fluorescent intensity of FAM-DNA at 520 nm per-
formed remarkable enhancement for the complementary target T, (tDNA). In
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addition, almost no changes in the fluorescence of the Eu-MOF/FAM-DNA
hybrid were observed after the addition of a noncomplementary target T4. These
results indicate that the hybrid-based sensor has a high selectivity for targeting
DNA, and even single-base mismatched nucleotides can be distinguished [21].

Thiamines are also called vitamin B;. It is an important small biomolecule,
and when an organism lacks thiamines, the following responses can appear in
turn: dry beriberi, wet beriberi, Wernicke encephalopathy, Korsakoff syn-
drome, among others. In view of the close relationship of thiamines with human
health, their effective detection is significant. Wang et al. presented the synthe-
sis and structure of rare earth MOFs and the sensing behavior of the Tb-MOF,
which exhibited highly selective and sensitive detection of thiamines at very
low concentration due to the strong intermolecular force between Tb-MOF
and thiamines [23]. Ascorbic acid (AA, vitamin C) also exhibits multiple func-
tions as an antioxidant and enzyme cofactor. AA as an antioxidant is widely
used in food, animal feed, beverages, and pharmaceutical formulations. How-
ever, its abnormal expression also induces several diseases [24-26]. The lumi-
nescence sensing of AA by RE-MOF hybrid materials has been lightly explored
[27,28].

Zeng et al. reported a Tb-MOF, {[Tb(Cmdcp)(H,0);],(NO3),-5H,0}, by a
zwitterionic carboxylate ligand N-carboxymethyl-(3,5-dicarboxyl)pyridinium
bromide (H;CmdcpBr), as a luminescent probe for sensing AA through a lumi-
nescence “Off-On” mechanism. The sensing process could be directly observed
with the naked eye, and was transferable to urine and serum samples with a sat-
isfactory near-quantitative recovery, yielding a potent sensor of Tb-MOF for
AA in biological media. The Fe’*@Tb-MOF sensor exhibits a fast response
for AA in aqueous solution even at a lower concentration. With 0.05 mM
AA, the luminescence intensity of Fe**@Tb-MOF increased to saturation in
2 min, as shown in Fig. 10.5A (top). As demonstrated in Fig. 10.5B (top),
the emission intensity of Fe**@Tb-MOF increases linearly with the increase
of the AA concentration in the range of 0-1.25 mM (inset of Fig. 10.5B;
top), giving rise to a detection limit of 5.9 pM for AA [28].

Alkaline phosphatase (ALP) is one of the most widely distributed enzymes
in the human body, and it is mainly involved in the regulation of the cell-
signaling network by removing phosphate groups from biomolecules such as
nucleotides and proteins. However, the abnormal expression of ALP is often
associated with serious diseases including prostate cancer, bone disease, and
liver diseases. In addition, ALP is crucial to adjusting the level of pyrophos-
phate ion (PPi) by hydrolyzing PPi to phosphate ion (Pi), which facilitates min-
eral precipitation and growth and prevents excess vascular calcification
[29-31]. Therefore, it is highly desirable to develop a convenient and sensitive
method for ALP detection in order to accurately evaluate the role of ALP in
physiological and pathological processes [32,33].

Wang et al. developed red-emitting Tb-GMP-Eu nanohybrids to detect the
activity of alkaline phosphatase by utilizing GMP as the bridge ligand to self-
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FIG.10.5 (Top)(A) The luminescence intensity at 545 nm of Fe>*@Tb-MOF treated with 10 mM
of various interfering substances (H,O,, Gly, GABA, Leu, Ile, Glu, Pro, Thr, AA) upon excitation at
380 nm. Inset: The luminescence of Fe**@Tb-MOF seen with the naked eye under the existence of
different substances when irradiated under UV light (365 nm). (B) The luminescence intensity at
545 nm of Fe** @ Tb-MOF upon the addition of an equal concentration of other interferential sub-
stances and AA under excitation at 380 nm. (Bottom) (A) The emission intensity of Fe**@Tb-MOF
with AA (0.05 mM) with different immersion times (4., = 380 nm, Ao, = 545 nm). (B) The fluo-
rescence spectra of Fe>*@Tb-MOF treated with incremental AA concentration (ex = 380 nm).
(Reproduced with permission from K. Wu, L. Qin, C. Fan, S. Cai, T. Zhang, W. Chen, X. Tang,
J. Chen, Sequential and recyclable sensing of Fe3 + and ascorbic acid in water with a terbium
(Ill)-based metal-organic framework. Dalton Trans. 48 (2019) 8911-8919. Copyright 2019 Royal
Chemical Society.)

Wavelength (nm)

assemble with Tb®" and Eu®* in Tris-HCI buffer solution. As shown in
Fig. 10.6A (top), the fluorescence intensity of Tb-GMP-Eu gradually decreased
with the increase of ALP concentration, and a good linear relationship between
the fluorescence intensity and ALP concentration was obtained over the range
from 0.05 to 20 UL (inset of Fig. 10.6B; top). The fitting regression
equation can be expressed with R? =0.9973 and an LOD of 0.004 UL™".
The proposed fluorescence-sensing method was also applied to evaluate the
inhibitory effect of the ALP inhibitor. When the activity of ALP was inhibited
by Na;VO,4, GMP could not be dephosphorylated any longer, and the fluores-
cence quenching effect was hindered accordingly. As shown in Fig. 10.6B (bot-
tom), the fluorescence quenching was limited in proportion to the amount of
Na3;VO, added in the reaction system. The regression equation has
R?=10.9982, and an LOD of 0.027 nM for Na3;VO,. With the addition of
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FIG.10.6 (Top) (A) Fluorescence emission spectra of Tb-GMP-Eu CPNs (0.12 mg mL™!) in the
presence of different concentrations of ALP from 0 to 50 U L™" in Tris-HCI buffer solution (10 mM,
pH 7.4). (B) Plot of F/F, versus the concentration of ALP from 0.05 to 20 U L~! (where Fy and
F refer to the fluorescence intensities of Tb-GMP-Eu CPNs before and after addition of ALP, respec-
tively). Inset: The calibration curve with a linear relationship from 0.05 to 20 U L. Aex =290 nm
and Aen, = 618 nm. (Bottom) (A) The fluorescence intensity ratio (F/Fy) in response to tested sub-
stances including lysozyme, glucose oxidase (GOX), trypsin, bovine serum albumin (BSA), and
ALP, where F and F, are the fluorescence intensities at 618 nm in the presence and absence of
the tested substances, respectively. The concentration was 40 U L' for ALP and 0.25 mg mL ™"
for other targets. (B) Plot of enzyme inhibition efficiency (I%) in the presence of different concen-
trations of NazVO, from 0 to 1.5 mM. Inset: The linear regression curve with a linear relationship
from 0 to 0.8 mM. (Reproduced with permission from F. Wang, X. Hu, J. Hu, Q. Peng, B. Zheng,
J.Du, D. Xiao, Fluorescence assay for alkaline phosphatase activity based on energy transfer from
terbium to europium in lanthanide coordination polymer nanoparticles. J. Mater. Chem. B 6
(2018) 6008-6015. Copyright 2019 Royal Chemical Society.)

ALP in the sensing system, the phosphate group in the GMP ligand is cleaved,
resulting in interruption of energy transfer from Tb>* to Eu’*, leading to the
quenching of Tb-GMP-Eu to show the characteristic red emission of Eu* [32].

Cui et al. synthesized Eu-MOF hollow spheres with Eu®* as the metal node
and H,BBDC (5-boronobenzene-1,3-dicarboxylic acid) as ligand, which exhib-
ited dual emission at 370 and 623 nm, respectively, similar to the corresponding
emission from BBDC and Eu* ions. Since glucose can be catalyzed to produce
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H,O, by glucose oxidase (GOXx), it is also an appropriate probe for glucose
detection. In the presence of GOx, when glucose concentration increased, the
emission at 354 nm was enhanced, while the emission at 623 nm decreased, cor-
responding to the emissions from BBDC and Eu’*, respectively (Fig. 10.7A). A
good linear correlation was obtained between the intensity ratio and glucose
concentration in the range from 0.1 to 4 pM, with a coefficient of determination
of R*>=0.9824 (Fig. 10.7C) and an LOD of 0.0643 pM. As illustrated in
Fig. 10.7D, when the concentration of glucose increased, strong red fluores-
cence diminished and gradually changed to blue. The dual fluorescence probe
was easily differentiated by the naked eye and showed a high tolerance of con-
centration interference. CIE chromaticity coordination confirmed the color
changes (Fig. 10.7B). Under the identical conditions, no significant changes
of the fluorescence intensity in the presence of saccharides and amino acids
were found, except for glucose (Fig. 10.7E) because of the high selective catal-
ysis of glucose with GOx. It is obvious that other materials have little interfer-
ence with the reaction of Eu-MOF and glucose (Fig. 10.7F) [34].

Folic acid (FA), known as a water-soluble chemical compound in the
vitamin B group, is widely distributed in fresh fruits, vegetables, meat, and other
foods. FA plays an essential role in the synthesis of proteins and nucleic acids
and is involved in amino acid metabolism, which is helpful to the production
and maintenance of new cells for preventing cancer. FA deficiency can cause
megaloblastic anemia, leucopenia, and other signs and symptoms, and it dis-
turbs the synthesis of DNA and cell division, which affects the hematopoietic
cells and neoplasms. Adequate FA in pregnant women can prevent some birth
defects such as low body weight, infant cleft palate, and congenital malforma-
tion. FA detection with high sensitivity and selectivity is urgently required and
significant in preventing diseases related to FA deficiency [35,36].

Dong et al. obtained a single-phase white-light-emitting mixed rare earth
MOF [Euo()6Tb0()4Gd09(HDPNC)15 (HzO)(DMF)]ZHQO (EuTbGd-MOF,
H3DPNC = 5-(3',5'—dicarboxylphenyl) nicotinic acid) under 365-nm excita-
tion by adjusting the molar ratio of RE** and different excitation wavelengths,
with the CIE coordinates of (0.3328, 0.3296). The fluorescence intensity of
EuTbGd-MOF was gradually enhanced with the incremental addition of FA
(Fig. 10.8B). Taking the emission intensity at 462 nm as a reference, a good
linear correlation (R? = 0.9983) exists between the emission intensity ratios
(I/Iy) and the concentration of FA, as shown in Fig. 10.8C, which can be quan-
titatively explained in the range of 0—18 mM with the LOD of 0.0883 mM. It is
interesting to note that the fluorescence response of EuTbGd-MOF toward FA is
almost undisturbed by the addition of other interferential substances
(Fig. 10.8D), indicating its high sensitivity toward FA in the aqueous system.
Moreover, the recycling capability and stability of a sensor is important and
meaningful for practical application in fluorescence sensing for FA
(Fig. 10.8E). The well-scattered FA molecules in the aqueous solutions may
be adsorbed on the surface of the MOFs, promoting possible host-guest
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(6) glucose+proline, (7) glucose+leucine, (8) glucose. (Reproduced with permission from
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right 2019 Elsevier.)
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FIG. 10.8 (B) The emission spectra of EugoeIbp04sGdoo-MOF in aqueous solution
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plots of I/, for FA with different concentrations; insets show the corresponding photographs under
irradiation of 365-nm UV light. (D) The fluorescence intensity at 462 nm of Eug s Tbg 04Gdo.o-MOF
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(E) The intensity of /I, during five consecutive enhancement and regeneration cycles. (Reproduced
with permission fromZ. Dong, F. Zhao, L. Zhang, Z. Liu, Y. Wang, A white-light-emitting lanthanide
metal-organic framework for luminescence turn-off sensing of MnO4 — and turn-on sensing of folic
acid and construction of a “turn-on plus” system. New J. Chem. 44 (2020) 10239—-10249. Copyright
2019 Royal Chemical Society.)

interactions. The mechanism of Turn-On fluorescence may be explained based
on the donor-acceptor electron-transfer mechanism.

Liu et al. prepared a Cu-BTC/Tb MOF hybrid (BTC = 1,3,5-benzenetricar-
boxylate) for Turn-On fluorescence detection of Ap1-40. When Tb** was intro-
duced into the Cu-BTC MOF by the PSM method, the formed Cu-BTC/Tb was
very weakly emissive due to the quenching effect of Cu®* to Tb>*. Interestingly,
the subsequent addition of AB1-40 induced a strong emission to an originally
nonemitting Cu-BTC/Tb, owing to the specific interaction between Cu®* and
AP1-40. By combining the characteristics of long-lived luminescence of Tb**
ions, the quenching behavior of Cu?*, and the specific binding between Cu?*
and AP1-40, a sensor platform with high sensitivity for AB1-40 was achieved
[37]. Tian et al. established a label-free, selective, and sensitive luminescent sens-
ing platform for tyrosinase (TYR) activity monitoring and its inhibitor screening
using an AMP-Tb/Ag* MOFs nanoparticle. By taking advantage of the specific
binding and redox properties of Ag” incorporated into the AMP-Tb network and
dopamine (DA) as the product of the model substrate tyramine, the enzymatic
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reaction and the signal change of the sensing platform were effectively linked.
The cooperative effect of a weakened energy transfer from AMP to Tb*" by alter-
ing the electronic structure of Ag* and an efficient photoinduced election transfer
(PET) process caused by dopaquinone facilitated the luminescence quenching of
Tb>*. Thus this luminescent sensing platform can be employed for quantitative
evaluation of TYR activity, showing a good linear range for TYR activity from
0.08 t0 0.20 U mL ™" with a low LOD of 0.004 U mL~". This sensing platform is
very promising in clinical diagnosis and drug screening for TYR-associated dis-
eases [38]. Wu et al. prepared a water-stable MOF of {[Tb(Cmdcp)
(H;0)3],(NOs),-5H,0},,  (H3CmdcpBr = N-carboxymethyl-(3,5-dicarboxyl)
pyridinium bromide), which functions as an effective fluorescent sensor for
the label-free detection of dopamine (DA) with an LOD of 0.41 uM. Under
the optimum condition of 80°C, pH 9 for 80 min in Tris-HCI with natural ambient
oxygen, DA polymerizes to give polydopamine (pDA), which adheres to the sur-
face of this MOF and quenches its green luminescence thoroughly. The sensing
process is visible to the naked eye under 365-nm UV light irradiation due to the
partial overlap of its excitation spectrum with the absorption spectrum of pDA.
The sensing process is also adaptable in biological fluids of serum and urine, with
satisfactory recoveries ranging from 96.14% to 104.32% [39].

10.2 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of antibiotics
and drugs

Antibiotics are widely applied drugs for treating human and animal diseases as
well as bacterial infections in the aquaculture and agriculture fields. However,
their widespread application has resulted in increased antibiotic residues
appearing in grains, animals, and even in drinking water. Long-term intakes
of the contaminated foods could result in severe disorders, such as immunity
decline, allergic reactions, hereditary genetic defects, and various types of can-
cers. Overuse of antibiotics has led to serious antibiotic residues in both aquatic
products and domestic water, which are having detrimental impacts on environ-
mental safety and human health. Most antibiotics cannot easily degrade natu-
rally, and thus they pose serious ecological and health risks. High levels of
antibiotic residues resulting from abuse and mismanagement have already been
monitored in the ecological water environment [40—42]. Many efforts have been
made in this area to find a convenient and efficient method using rare earth
MOF hybrid materials for detecting residual antibiotics [43—-68].

Yuet al. designed and fabricated an excitation wavelength-independent che-
mosensor to detect antibiotics in water. An anionic framework of [Me,NH,]
[Tbs(dcpept);(HCOO)]-DMF-15H,0 (Tb-MOF, Hzdcpept = 3-(3,5-dicarbox-
ylphenyl)-5-(4-carboxylphenl)-1H-1,2,4-triazole, DMF = N,N’-dimethylfor-
mamide) and a cationic dye of rhodamine B (RhB) were selected to prepare
the RhB@Tb-MOF hybrid by the ion-exchange process. According to
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Fig. 10.10A (top), nitrofuran antibiotics (NZF and NFT) presented obvious
luminescent quenching of the sensor, while others exhibited low or even a smal-
ler quenching effect. The alternation of excitation wavelength had little influ-
ence on the value of quenching efficiencies by monitoring the luminescent
intensity at 545 nm (Fig. 10.9B; top). In order to assess the detection sensitivity
of RhB@Tb-MOF toward NZF and NFT, quantitative luminescent titration
experiments were carried out. As shown in Fig. 10.9C and D (top), the emission
intensity of the sensor decreased dramatically when the nitrofuran concentra-
tion increased from O to 0.10 mM, featuring heavy dependence on the concen-
tration of nitrofuran antibiotic. A detailed S-V analysis further revealed that
near-linear correlation exists between the quenching efficiency and the amount
of nitrofuran antibiotic, indicating that either a static or dynamic mechanism
exists in the quenching process (Fig. 10.9C; top). By monitoring at 545 nm,
the LOD toward NZF and NFT is as low as 0.502 pM (99 ppb) and
0.448 pM (106 ppb), respectively. The luminescence intensity of RhB@Tb-
MOF shows slight changes in the presence of excesses of other antibiotics
(Fig. 10.9E and F; top). For the detection of quinolone antibiotics, remarkably,
RhB @Tb-MOF presents an obvious luminescent color-changing process from
yellow to blue after adding quinolones such as CPFX and NFX, while other anti-
biotics exhibit yellow light emission (Fig. 10.9A; bottom); like those in detect-
ing nitrofurans, quantitative titration experiments of RhB@Tb-MOF toward
CPFX and NFX were performed. According to Fig. 10.9B-D (bottom), the
luminescent color of the samples obviously turned from yellow to white, and
then to blue. With the increase of CPFX and NFX concentrations, the intensities
of the Tb** and RhB components decreased rapidly, but the ligand component
remained the same for NFX and even increased for CPFX (Fig. 10.9B and D;
bottom). Therefore, the blue light emission gradually dominated the emission
with continuous addition of CPFX and NFX, resulting in a luminescent
color-changing process from yellow to white to blue. According to
Fig. 10.10F (bottom), the luminescent color of the samples turned to white when
the CPFX or NFX concentration was 4 mM and turned to blue when the con-
centration was 7 mM. In addition, the plots of relative intensities (/441/5g3) ver-
sus the concentration of quinolone antibiotics revealed a good linear
relationship (R* = 0.99878 for CPEX and 0.99306 for NFX). The LODs were
estimated to be 0.21 pM (69 ppb) and 0.17 pM (53 ppb) for CPFX and NFX,
respectively. One possible sensing mechanism toward nitrofuran and quinolone
antibiotics could be the PET from the sensor to the LUMO of the analytes.
Another possible mechanism is the energy allocation and transfer inner filter
effect (IFE), which decides the sensitivity of RhB@Tb-MOF to the two kinds
of antibiotics [45].

Dong et al. designed and synthesized a series of Eu;_ ,Tb,-MOFs using a
flexible ligand HyL (5,5'-(propane-1,3-diylbis(oxy))di-isophthalic acid). A sub-
micrometer bimetallic Euy3Tby7;-MOF with homogeneous morphology was
achieved and the group further fabricated a MOF-based membrane combined
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with polymer materials, which can act as a self-calibrating luminescent probe
for efficiently sensing different antibiotics within a certain concentration range
through 2D readouts based on the emission intensity ratio. Additionally, they
introduced these bimetallic Eu;_ , Tb,-MOFs to monitor the concentration of
ornidazole (ODZ) as a prototype system. The luminescent emission spectra
of Eu;_,Tb,-MOFs (x =0, 1.0, 0.35, and 0.60) in various concentrations of
ODZ are shown in Fig. 10.10A-D. The luminescence intensities of Eu®* and
Tb>* in Eu,_,Tb,-MOFs (x = 0, 1.0, 0.35, and 0.60) gradually decreased along
with increasing concentration of ODZ, and the photograph of liquid samples
shows that a 365-nm UV lamp displays the color change of these Eu;_,Tb,-
MOFs before and after the reaction. The K, values for these Eu;_ ,Tb,-MOFs
were calculated to be 0.06, 0.06, 0.04, and 0.03 L/mol, respectively, revealing a
high quenching efficiency of ODZ in the emission of these Eu;_ , Tb,-MOFs.
Moreover, variable spectra of the Eug 3Tbg ,-MOF membrane in different con-
centrations of ODZ are shown in Fig. 10.10E. The LOD of the Euy 3Tb 7-MOF-
10 h membrane as a luminescent probe for detecting ODZ can reach 2 ppm from
the fluorescence quenching curve. The emission color changed from saffron
yellow to colorless with ultraviolet light at 365 nm (the inset in Fig. 10.10E).
As shown in Fig. 10.10F, the results are in keeping with the original ones after
the experiment was repeated six times, indicating that the Eug3Tbg;-MOF
membrane as an antibiotic probe can be reused effectively. The reduced lumi-
nescent intensity is caused by the adsorption of ODZ in the UV-Vis region, as
well as the collision interaction between structures and free ODZ energy con-
sumption. They applied Eug 3Tby 7,-MOF membranes to monitor the ODZ solu-
tion using as-prepared lake water, proving the viability of this promising
application in real samples.

Yang et al. employed the difunctional 2-(4-pyridyl)-terephthalic acid (H,pta)
as an organic linker with RE** ions to construct two series of RE-MOFs ([RE

FIG. 10.9, CONT’D, (C) effect on the emission spectra of 1 g/L. RhB@Tb-MOF well dispersed in
water with different concentrations of NZF at room temperature; and (D) effect on the emission
spectra of 1 g/ RhB@Tb-MOF well dispersed in water with different concentrations of NFT at
room temperature. (E) Luminescence quenching efficiency of RhB@Tb-MOF with 1 mM antibiotic
aqueous solution upon adding different concentrations of NZF. (F) Luminescence quenching effi-
ciency of RhB@Tb-MOF with 1 mM antibiotic aqueous solution upon adding different concentra-
tions of NFT. The inset spectra are SV plots. (Bottom) (A) Effect on the luminescence color of 1 g/
RhB@Tb-MOF well dispersed in water with isovolumetric 0.01 M antibiotic aqueous solution;
(B) effect on the emission spectra of 1 g/ RhB@Tb-MOF well dispersed in water with different
concentrations of NFX; (C) the luminescence color of RhB @Tb-MOF with different concentrations
of NFX and CPFX; (D) effect on the emission spectra of 1 g/ RhB@Tb-MOF well dispersed in
water with different concentrations of CPFX. The inset spectra are CIE diagrams. The inset photo-
graphs are RhB@Tb-MOF under a 365-nm UV lamp after adding quinolone antibiotic at a certain
concentration. (Reproduced with permission from M. Yu, Y. Xie, X. Wang, Y. Li, G. Li, Highly water-
stable dye@In-MOFs for sensitive and selective detection toward antibiotics in water. ACS Appl.
Mater. Interfaces 11 (2019) 21201-21210. Copyright 2019 American Chemical Society.)
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FIG. 10.11 (A) The luminescence intensity (546 nm) of Tb-MOF treated with 0.01 M concentra-
tions of various different antibiotics in DMF; (B) the luminescence intensity (546 nm) of Tb-MOF
dispersed in DMF with the addition of different antibiotics (0.01 M) (PCL, MH, SDM, SMM, SCP,
SMZ) and NIF-incorporated systems (0.01 M); (C) the luminescence spectra of Tb-MOF in DMF
solution with NIF at different concentrations; and (D) a plot of the relative luminescence intensity
versus NIF concentration. (Reproduced with permission from L. Duan, C. Zhang, P. Cen, X. Jin,
C. Liang, J. Yang, X. Liu, Stable In-MOF's as multi-responsive photoluminescence sensors for
the sensitive sensing of Fe3 +, Cr2072—, and nitrofuran. CrstEngComm 22 (2020) 1695-1704.
Copyright 2020 Royal Chemical Society.)

(pta)s(Hpta)(H,O)4]-xH,O (RE=Eu, Gd) and RE(Hpta)(C,04)]-3H,0
(RE = Tb, Dy, Er, Ho). Furthermore, the Tb-MOF can also be used for quanti-
tatively detecting the concentrations of nitrofuran (NIF) in DMF solution. For the
Tb-MOF, most antibiotics displayed a relatively small influence on the emissions,
or a gradual change in the luminescent intensity (Fig. 10.11A). NIF, however,
presented a drastic quenching effect of 96% on the luminescence. Subsequently,
fluorescence titration experiments were performed to check the detection sensi-
tivity of Tb-MOF toward NIF (Fig. 10.11C). From the linear fitting of the S-V
plots, the calculated K, value for NIF was 1.1 x 10*M! (Fig. 10.11D). The
calculated LOD for NIF was 8.1 x 10> M. As shown in Fig. 10.11B, in the pres-
ence of other interfering antibiotics, the luminescence quenching effect of Tb-
MOF caused by NIF was hardly influenced at all, illustrating that Tb-MOF
can effectively detect NIF with an exceptional antiinterference ability. NIF can
drastically absorb the energy of the excitation light from Tb-MOF, reducing



346 PART | IV Luminescence responsive chemical sensing of molecular analytes

the efficiency of the energy transformation from the ligand to the Tb>* ions,
which definitely induces the luminescence quenching effect. The adsorption of
NIF in the UV-Vis region, as well as the collision interaction between the struc-
tures and free NIF, consumes the energy and suppresses the intensity [56].
Tetracycline antibiotics (TCs) are a commonly used type of antibiotic for
treating infections; however, the overuse of TCs has adversely affected human
health and the ecosystem. Thus detection of TCs in water is important, but chal-
lenging. Li et al. developed a luminescent [Tb(HL)L(H,0)], (Tb-MOF,
H,L = salicylic acid) for immediate detection of oxytetracycline (OTC) and tet-
racycline (TC). As shown in Fig. 10.12 (top), the time-dependent emission spec-
tra show a significant decrease in the luminescence of Tb-MOF after its reaction
with OTC and TC for 1 min. The rapid sensing results imply that Tb-MOF can be
used to monitor OTC and TC in real time and in situ. As shown in Fig. 10.12A
(top), after the reacting of 0.2 mM ™~ suspension with OTC and TC for 1 min, the
luminescence is quenched significantly; the color changes from green to colorless
under 365-nm UV light (Fig. 10.12B; top) can be distinguished by the naked eye.
Further investigation found that anions (Fig. 10.12C and D; top) and cations
(Fig. 10.12E and F; top) have little effect on the luminescence of Tb-MOF. Thus,
among the 27 tested species of antibiotics, anions, and cations, only OTC and TC
quenched the luminescence of Tb-MOF (Fig. 10.12G; top). As shown in
Fig. 10.12A and C (bottom), the luminescence of Tb-MOF suspension decreased
gradually with the OTC/TC concentration increasing. Meanwhile, the color of the
suspension changed from green to colorless under irradiation of a UV lamp (insets
of Fig. 10.12A and C). The linearity relationship between the luminescence and
OTC/TC concentration is quantitatively illustrated in Fig. 10.12B and D (bot-
tom), which shows the linear correlation coefficients (R%) of OTC and TC are
0991 and 0.986, respectively. The K, values are calculated as
2.18 x 10*M ™! for OTC and 1.39 x 10* M for TC. Meanwhile, the LOD
of Tb-MOF toward OTC and TC are estimated to be 1.95 and 2.77 nM, respec-
tively. The UV light cannot reach the sensor and excite Tb-MOF through the
antenna effect, which can be ascribed to the strong inner filter effect (IFE) [61].
Qin et al. synthesized ultrathin Cd-MOF/Tb>* fluorescent nanosheets by a
reaction between Cd** and 2,3-PDC (2,3-pyridinedicarboxylate) ions, whose
strong fluorescence can be very sensitively quenched by Cefixime antibiotic
in aqueous solution. Fig. 10.13A (top) depicts the emission spectra of the
Cd-MOF/Tb* nanosheet suspension after adding various antibiotics with the
same concentration. Only CFX strongly quenches the fluorescence.
Fig. 10.13B (top) exhibits the histograms of the emission intensity at 546 nm
after introducing various antibiotics with the concentration of 10 uM into the
Cd-MOF/Tb’* nanosheets suspension. Fig. 10.13C (top) investigates the fluo-
rescence changes of the system with interfering antibiotics before and after
introducing CFX antibiotic. Fig. 10.13D (top) displays the correlation between
the relative fluorescence intensity of the system after adding 10 pM CFX and
the duration. Within the initial 20 s, the value of I/I, dramatically falls; and after
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FIG. 10.12 (Top) 3D luminescence monitoring of 0.2 mM Tb-MOF reacting with various TCs
(A), anions (C), and cations (e) for 1 min; photographs showing the solutions of Tb-MOF reacting
with TCs (B), anions (D), and cations (F) under 365-nm UV light; (G) column diagram of lumines-
cence comparison (at 542 nm) while Tb-MOF reacts with various species. (Bottom) The emission
spectra of Tb-MOF suspension reacting with various concentrations of OTC (A) and TC (C); S-V
plot for the luminescence quenching of Tb-MOF by OTC (B) and TC (D) at room temperature. Insets
show changes of luminescence under UV light (365 nm) after adding OTC and TC. (Reproduced
with permission from C. Li, C. Zeng, Z. Chen, Y. Jiang, H. Yao, Y. Yang, W. Wong, Luminescent
lanthanide metal-organic framework test strip for immediate detection of tetracycline antibiotics
in water. J. Hazard. Mater. 384 (2020) 121498. Copyright 2020 Elsevier.)
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FIG. 10.13 (Top) (A) Effect on the emission spectra of 50 pg mL ™' Cd-MOF/T| b>* nanosheets
colloidal suspension with isovolumetric 10 pM antibiotics aqueous solution; (B) fluorescence
quenching efficiency of various antibiotics for Cd-MOF/T! b>* nanosheets at room temperature;
(C) the interfering tests of other antibiotics to CFX; (D) the fluorescence intensity changes of
the present probe with the duration after introducing 10 pM CEX. (Bottom) (A) The emission spectra
of Cd-MOF/Tb** nanosheets suspension after adding CEX with various concentrations under UV
excitation of 294 nm; (B) The linear relationships between the Io/I value of Cd-MOF/Tb>* sample
before (the inset) and after exfoliation and concentrations of CFX in the low concentration range.
(Reproduced with permission from G. Qin, J. Wang, L. Li, F. Yuan, Q. Zha, W. Bai, Y. Ni, A highly
water-stable cd-MOF/Tb3 + ultrathin fluorescence nanosheets for ultrasensitive and selective
detection of Cefixime. Talanta 221 (2021) 121421. Copyright 2021 Elsevier.)

450 s, the value of I/l slowly declines. Fig. 10.13A (bottom) depicts the emis-
sion spectra of the Cd-MOF/Tb** nanosheets suspension after introducing CFX
with various concentrations. With the concentration increase of CFX in the sys-
tem, the emission intensity of the system gradually decreases. At the low con-
centration region, a nearly linear correlation is visible (Fig. 10.13B; bottom),
from which the Cd-MOF/Tb** samples before and after exfoliation have the
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highest K, value of 6.16 x 10* and 8.7 x 10° M~ toward CFX, respectively.
The LOD of Cd-MOF/Tb’" samples before and after exfoliation toward CEX
are separately calculated as 559 and 26.7 nM. The PET and the IFE effects
simultaneously exist between Cd-MOF/Tb*>* nanosheets and CFX, leading to
high sensibility and selectivity for detection of CFX [63].

Liu et al. described a sensitive luminescent probe based on a 3D chiral Cd-
MOF, [(CH3),NH,][Cd(bpdc), 5s]-2DMA (H,bpdc = 4,4'-biphenyldicarboxylate
acid), for the enantioselective recognition and determination of quinine and quin-
idine. Additional chiral binding sites were introduced into the pores of the frame-
work of Cd-MOF via exchanging dimethylamine cations with the
N-benzylquininium cations to prepare the compound Cd-MOF-C, and Eu’* ions
are then introduced into the host as the luminescent center. In view of the multiple
chiral centers in the channels and the excellent fluorescence properties of the
hybrid Cd-MOF-C-Eu, it was designed to be a luminescent probe for the enan-
tioselective recognition of the enantiomers quinine and quinidine. As is illustrated
in Fig. 10.14, the fluorescence of suspensions is obviously quenched with the
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FIG. 10.14 The emission spectra of Cd-MOF-C-Eu dispersed in DMA solutions of (A) quinine and
(B) quinidine at different concentrations ranging from 0 to 0.24 mg mL ™! (Aex = 313 nm). The fitting
curve of Io/I versus concentration of quinine and quinidine (C) at full range concentrations and (D) at
lower concentrations. The insert picture is the photograph of Cd-MOF-C-Eu dispersed in blank DMA
solutions, DMA solutions of quinine and quinidine (0.2 mg mL™"). (Reproduced with permission from
T. Liu, X. Qu, B. Yan, A sensitive metal-organic frameworks nanosensor with cation-introduced chi-
rality for enantioselective recognition and determination of quinine and quinidine in human urine.
J. Mater. Chem. C 8 (2020) 14579-14586. Copyright 2020 Royal Chemical Society.)
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gradual addition of quinine and quinidine. In fact, with more enantiomers added,
the difference between fluorescence intensities of the suspensions can even be
detected by the naked eye (Fig. 10.14 inset picture). When the concentrations
of the analytes ranged from 0 to 0.24 mg-mL ™", the quantitative relationships
between I/l and the concentrations of the analytes could be fitted to the equations
in Fig. 10.14C, with the K, value for quinine being 4522 M ! and for quinidine
3937 M~!, respectively. The S-V plots of the probe obtained by the linear fitting
of I/l and [C] are indicated in Fig. 10.14D with a good correlation (R* = 0.9865
and 0.9861, respectively). The K, values for quinine and quinidine are 5890 and
4920 M, respectively. It is calculated that the LOD of Cd-MOF-C-Eu for qui-
nine and quinidine are 19.12 and 23.91 pug L™, respectively. That means the sen-
sor Cd-MOF-C-Eu can be used as an effective quantitative fluorescent probe for
the determination of quinine and quinidine at low concentrations ranging from 0
t0 0.086 mg mL~'. Multiple quenching mechanisms are responsible for the lumi-
nescence quenching effects of Cd-MOF-C-Eu toward the analytes [65].

Sha et al. designed a fluorescence resonance energy transfer (FRET) apta-
sensor for quantitative detection of 17b-estradiol (E2), an important endocrine-
disrupting compound [66]. Streptavidin was immobilized on the synthesized
MIL-53-NH, by covalent bonding, and further linked with the biotin-modified
E2 aptamer (apt) through specific bonding between avidin and biotin to obtain
the FRET donor probe (MIL-53-apt). Meanwhile, complementary DNA
(cDNA) modified Ru(bpy)?’—doped silica nanoparticles (RuSiO,-cDNA) were
prepared through covalent bonding. They act as the FRET acceptor probe, since
its absorption spectrum shows a large overlap with the emission spectrum of
MIL-53-apt. In the presence of E2, aptamer-modified donor probes tend to bind
with E2, owing to their higher selectivity and affinity. The hybridization of
MIL-53-apt and RuSiO,-cDNA is through complementary base pairing, which
shortens the distance between the two probes to lead to FRET. Subsequently,
when different concentrations of E2 are present in the system, the strong spe-
cific recognition between E2 aptamer and E2 destroys the energy transfer pro-
cess to varying extents. This causes the recovery of the fluorescence of MIL-53-
apt and the fluorescence of RuSiO,-cDNA is quenched, as shown in Fig. 10.15A
(top). The calibration curve with a satisfying linear correlation coefficient
(R*> = 0.99573) was acquired between the fluorescence intensity ratio (I4og/
Is0g) and concentration logarithm of E2, in the range between 0.5 and
1000 nM. Moreover, the corresponding linear regression equation of the sensor
estimates the LOD to be 0.2 nM in Fig. 10.15B (top). The proposed sensing
strategy based on FRET shows good sensitivity for detection of E2. Some prop-
erties of the biosensor affecting its application in real samples have been
explored in Fig. 10.15 (bottom). Considering the possible interference of sub-
stances in serum, NaCl, CaCl,, MgCl,, L-histidine, urea, glucose, estriol, pro-
gesterone, and their mixture (all substances interfering with E2) were selected
to replace the detection target E2 for fluorescence detection in Fig. 10.15A (bot-
tom), suggesting high selectivity of the sensor for 17b-estradiol. Moreover,
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FIG.10.15 (Top) (A) Fluorescence spectrum of this aptasensor with the presence of different con-
centrations of E2 (0.5-1000 nM) in pH = 8.0 TE buffer (A.x = 329 nm). (B) The corresponding cal-
ibration curves. Error bars were calculated based on the results of three experiments. (Bottom)
(A) The selectivity of the constructed FRET aptasensor in the presence of different interfering sub-
stances (including: 1-NaCl, 2-CaCl,, 3-MgCl,, 4-L-Histidine, 5-urea, 6-glucose, 7-estriol,
8-progesterone, 9-mixture and 10-E2). Error bars were calculated based on the results of three exper-
iments. (B) The reproducibility of three time tests for different E2 concentrations. (Reproduced with
permission from H. Sha, B. Yan, Design of a ratiometric fluorescence sensor based on metal organic
frameworks and Ru(bpy)32 +-doped silica composites for 173-Estradiol detection. https://www.ru.
nllsciencelanalyticalchemistry/ J. Colloid Interface Sci. 583 (2021) 50-57. Copyright 2021
Elsevier.)

three times repeated detection of different E2 concentrations, with relative stan-
dard deviation (RSD) from 1.5% to 4.1%, as shown in Fig. 10.15B (bottom),
indicates that the sensor had satisfactory reproducibility for the determination
of E2 [66].

Liu et al. selected an ionic MOF, [(Me)4N],[PbgK¢(m-BDC)o(OH),]-H,O
(PbK-MOF) for further functionalization to a series of hybrids,
RE**@PbK-MOF (RE = Eu, Tb, Sm and Dy) via cation exchange of RE**
ion. The hybrid Eu** @PbK-MOF could be developed as a “Turn-On” fluores-
cent probe of fleroxacin in human serum and urine with high sensitivity and
selectivity. As depicted in Fig. 10.16 (left), Eu** @PbK-MOF had different
degrees of fluorescence response to the quinolone drugs, and the ratios between
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FIG. 10.16 (Left) (A) Emission spectra of the Eu** @PbK-MOF aqueous suspensions containing
different quinolone drugs; (B) emission intensities of the main peak at 612 nm assigned to
"Dy — 'F, transition of Eu** (1., =377 nm). The insert shows the photograph of the
Eu**@PbK-MOF aqueous suspensions containing different quinolone drugs under 365-nm UV
light; the order is the same as that in (B). (Right) (A) Emission spectra of the Eu**@PbK-MOF dis-
persed in aqueous solutions with different concentrations of fleroxacin, (B) The fitting curve of the
emission intensity (613 nm) of Eu®*@PbK-MOF vs. fleroxacin concentration. (Reproduced with
permission from T. Liu, X. Qu, B. Yan, A highly sensitive and selective “turn-on” fluorescent probe
of fleroxacin in human serum and urine based on Eu3 + functionalized metal-organic framework.
Dalton Trans. 48 (2019) 17945—-17952. Copyright 2019 Royal Chemical Society.)

the fluorescence response intensity of fleroxacin and that of others at 612 nm
are marked in the figure. As is observed in Fig. 10.16 (right), the intensities
of the fluorescence responses increased gradually with the concentration of
the fleroxacin solution. Furthermore, it is encouraging that an obvious linear
relationship (correlation coefficient R* = 0.99541) is present between the emis-
sion intensity of solutions at 613 nm and the concentrations of fleroxacin in
the experimental range. The LOD of Eu®*@PbK-MOF toward fleroxacin is cal-
culated to be 43.91 ng/mL. The mechanism of fluorescence enhancement can
be easily attributed to the self-assembly of Eu®* ions with B-diketonate. As
far as the sensitivity of fleroxacin to the fluorescence of Eu**@PbK-MOF is
concerned, a high concentration of fleroxacin coordinated to Eu’" in the frame-
work replaces the coordination H,O molecules, and then enhances the charac-
teristic emission of Eu®* ions [68].

)



Luminescence responsive chemical sensing of special molecule Chapter | 10 353

10.3 Rare earth metal-organic framework hybrid materials
for luminescence sensing of nitroaromatic explosives (NAE)
and other special dangerous species

Organophosphorus chemical warfare agents (OPCWAs) are organophosphorus
esters or acids with high toxicity applied in warfare, terrorism, and pesticides.
Due to their volatility and lack of color and odor, they can cause contamination
of ground, air, surface, and water and rapid absorption and action through inha-
lation. OPCWAs are extremely insidious and dangerous to effectively inhibit
acetylcholine esterase, shutting down pulmonary muscle control and causing
death by oxygen deprivation within minutes. Therefore, detection and neutral-
ization of OPCWAs have received anticipated attention given the recent con-
flict and subsequent ISIS terrorist organization. The fast, sensitive, and
selective detection of OPCWAs is therefore critical to minimize exposure for
both humans and the environment [69—71]. Some works have been reported
on the luminesence sensing of OPCWAs using rare earth MOF hybrid probes
[72-76].

Lian et al. chose dense Hf, cluster MOFs as a subject to synthesize a lumi-
nescent sensor (Eu@Hf-MOF). The reactivity of the Hf |, cluster and the excel-
lent luminescence of Eu®* encouraged exploration of the sensing performance
of Eu@Hf-MOF for OPCW As. The methanephosphonic acid (MPA) induced a
prominent fluorescence quenching effect, and an exciplex mechanism was pre-
sented after detailed confirmation. This detection method was further verified in
domestic wastewater and a satisfactory outcome was obtained. As shown in
Fig. 10.17B (top), in MPA-containing suspension, the emission of Eu** has
dropped markedly and quickly; the difference of Dy — 'F, emission (AI)
between blank and testing samples is several times that of others. This change
can also be observed by the naked eye (Fig. 10.17C; top). Fig. 10.16A (bottom)
shows that when Eu@Hf-MOF was added into the solution of MPA of 1074,
1073, 107> M with excesses of other chemicals, the intensity change at
614 nm displayed a similar pattern to that with MPA only. To explore the sen-
sitivity of Eu@Hf-MOF to detect a trace quantity of MPA in wastewater, a
batch of Eu@Hf-MOF suspensions in wastewater with different concentrations
of MPA (10~ =10~ M) was prepared and their emission spectra are recorded in
Fig. 10.17B (bottom). As the concentration of MPA gradually increased, the
emission intensity of Eu’* progressively decreased. The curve of emission
intensity of Eu@Hf-MOF vs. the MPA concentration is plotted in
Fig. 10.17C (bottom), and a good linear relationship between them is observed
within the concentration of MPA from 10~7 M to 10> M. This linear correla-
tion can be fitted with a correlation coefficient (Rz) of 0.9757 and an LOD of
0.4 ppm [73].

Xu et al. described a noninvasive approach that uses a glove sensor for rapid
on-site detection of OPs by a ratiometric fluorescence method, which gives a
clear color change. The new single-use wearable “lab-on-a-glove” device that
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FIG.10.17 (Top) (A) Photoluminescent spectra of Eu@Hf-MOF in solid state; (B) the histogram
of °Dy — "F, emission of Eu@Hf-MOF in various solutions of OPCWAs; (C) photographs of
Eu@Hf{-MOF in suspensions with various OPCWAs. (Bottom) (A) Intensity of the luminescence
of Eu@Hf-MOF in various appendices solutions (NH}, NO3, SOE’, Glu, DIMP, and CEES) with
different MPA concentrations (10’4 M, 1073 M, and 1072 M); (B) emission spectra of Eu@Hf-
MOF suspensions in wastewater with different concentrations of MPA; (C) fitting curve of
I/I vs. concentration of MPA. (Reproduced with permission from X. Lian, B. Yan, Trace detecting
OPCWATs in wastewater and plant by a luminescent Uio-67(Hf) and evaluation bioaccumulation of
OPCWAs. ACS Appl. Mater. Interfaces 10 (2018) 14869—14876. Copyright 2018 American Chem-
ical Society.)

can withstand mechanical deformations includes CMC aerogel containing two
fluorescent materials (Eu-MOFs and CDs) fabricated on a stretchable and flex-
ible nitrile glove. Eu-MOFs with bright red emission act as a working fluores-
cence center, and their fluorescence can be quenched by target OP (CP) due to
the competitive absorption effect. Blue mission CDs that have no response to
CP serve as a reference fluorescence center. The glove-based fluorescent mea-
surements required swipe sampling (collector) and fluorescent analysis (sensor)
on the same finger, as illustrated in Fig. 10.18A (right, top). Dynamic mechan-
ical deformation and bending studies demonstrated resilience against
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FIG. 10.18 (Left) Wearable glove sensor for CP detection on the surfaces of different agricultural products: apple, pear, green pepper, and tomato. (A) The swiping pictures for the
glove sensor on different agricultural product surfaces for sampling; fluorescence emission spectra of the sensing glove on different agricultural product surfaces contaminated by CP (B),
EtOH (C), and DM (D), Aex = 365 nm; insets of (B), (C), and (D) are the corresponding photographs under UV-light irradiation of 365 nm. (Right, Top) (A) Simple schematic illustration

of the wearable CP monitoring device containing MOF loading, CMC hydrogel freeze-drying, and swipe process; (B) pictures of dynamic mechanical deformation of the CMC aerogel.
(Right, Bottom) (A) Concentration-dependent emission spectra of the glove sensor upon different concentrations of CP from 5 to 40 pm; the inset is the emission intensity of CDs at

445 nm (Fcps) and Eu-MOFs at 614 nm (Fg,) in different concentrations of CP (4., = 365 nm); (B) the linear fitted curve showing Fcp/Fg, versus CP contention (1ex = 365 nm); insets

are the corresponding photographs of the glove sensor treated by different concentrations of CP under 365-nm UV-light irradiation. (Reproduced with permission from X. Xu, B. Yan, ;-
X. Lian, Wearable glove sensor for non-invasive organophosphorus pesticide detection based on a double-signal fluorescence strategy. Nanoscale 10 (2018) 13722—-13729. Copyright{_ .-i'J
2018 Royal Chemical Society.)
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mechanical deformations, as expected in real-life applications of the new chem-
ical sensing glove (Fig. 10.18; right, top). Then, they tested the potential of the
glove sensor for CP detection on different agricultural products (fruits and veg-
etables). Fig. 10.18A (left) shows the photographs of the glove sensor after
swiping the skin surface of apple (A), pear (P), green pepper (G), and tomato
(T) with 100 pM of CP. The optical images of this glove sensor for different
samples under the irradiation of a UV lamp are recorded. As shown in
Fig. 10.18B (left), a blue color is observed for glove-based swiping and sensing
of CP on these agricultural products. In contrast, no color change occurred in the
blank experiments involving the same sample surfaces but without CP
(Fig. 10.18C; left). Similarly, a red color was observed in control experiments
using DM (100 pM) contaminated surface (Fig. 10.18D; left). As expected, the
presence of CP (100 pM) triggered an apparent quench of the Eu**-based emis-
sion of the glove sensor, as shown in Fig. 10.18B (left). The intensity ratios of
Fcps and Fg, show 45.5-, 47.8-, 46.6- and 45.7-fold increase for apple, pear,
green pepper and tomato, respectively. However, no clear intensity change in
CDs or Eu**-based emission is found in the blank (Fig. 10.18C; left) and control
experiments (Fig. 10.18D; left). Considering that our main goal is to obtain
quantitative information for the presence of OP, concentration-dependent stud-
ies on the luminescent properties of the sensing glove were carried out. As
exhibited in Fig. 10.18A (right, bottom), the emission intensity of Eu’*
decreases gradually as the contaminated CP concentration increases from 5
to 40 pM, whereas that of CDs is nearly constant. Meanwhile, the relative
PL intensities (Fcps/FEy) also increased as the CP concentration increased.
Fig. 10.18B (right, bottom) presents the relative luminescent intensities
(Fcps/FEy) versus the concentration of CP. A good linear correlation
(R* = 0.99529) is observed over the 5-40 pM concentration range, and the
LOD is determined to be 89 nM. As shown in the inset of Fig. 10.18B (right,
bottom), the colors of the sensor changed from brilliant orange-red to dark pur-
ple and faint blue as the concentration of CP increased from 5 to 40 pM; these
observations can be clearly seen. The concentration-induced color change or
double-readout assay of the glove sensor is reliable for real samples [74].
Nitroaromatic compounds (NACs) are highly volatile in nature, which
makes them an important class of explosives. When a conventional explosive
detonates, relatively unstable chemical bonds convert into more stable bonds,
which produces kinetic energy in the form of thermal energy and blast. The
transformation from less stable bonds to more stable bonds is exothermic.
The NACs in the biosphere are mostly industrial chemicals such as explosives,
dyes, polyurethane foams, herbicides, insecticides, and solvents. Various NAC
explosives, including trinitrotoluene (TNT), tetryl, and picric acid (PA), are
known. TNT is a constituent in many explosive compositions and is quite
heavily used in civilian and military applications. However, the illicit use of
NAC : is also prevalent these days. As well as being explosive in nature, NACs
are toxic and are environmental pollutants that can cause serious health
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problems like skin diseases, and eye, liver, and neurological damage. The detec-
tion of explosives is immensely important due to the constant intimidation from
terrorist attacks worldwide. In addition, explosives need to be handled at
manufacturing sites and mining locations. NACs are electron-deficient in nature
and can easily form charge-transfer complexes with electron-rich moieties. An
ideal chemosensor for NACs would be an ensemble involving a n-electron-rich
fluorophore [76-84]. Extensive research has been carried out on the lumines-
cence sensing of NACs by rare earth MOF hybrid materials [48,85—-130].
Zhang et al. synthesized five Cd(II)-RE(IIl) hetero-MOFs [CdCI(L)
Eu,Tb,(H,0)(DMA)](NOs)-3DMA (IFMC-36-Eu,Tb,, H;L = 4,4',4"-((2,2',2"-
(nitrilotris(methylene))tris (1H-benzo[d]-imidazole-2,1-diyl)) tris(methylene))
tribenzoic acid). The solvent-dependent luminescent behavior of IFMC-36-Eu
showed a potential application in detection of the small molecule pollutant nitro-
benze (NB) by significant fluorescence quenching. The luminescence spectrum
of the IFMC-36-Eu sample dispersed in DMA is shown in Fig. 10.19A (left). To
examine the potential of [FMC-36-Eu toward sensing of small molecules, the
luminescence properties of IFMC-36-Eu in different solvent emulsions were
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FIG. 10.19 (Left) (A) Emission spectra and (B) the 5Dy — F, transition intensities of IFMC-36-Eu
introduced into various pure solvents when excited at 367 nm. (Right) (A) Emission spectra and (B) the
5Dy — F, transition intensities of IFMC-36-Eu introduced into different concentrations of nitroben-
zene in DMA (excited at 367 nm). (Reproduced with permission from S. Zhang, D. Du, J. Qin, S. Li,
W.He,Y.Lan,Z.Su,2D Cd(Il)—Lanthanide(Ill) heterometallic — organic frameworks based on metal-
loligands for tunable luminescence and highly selective, sensitive, and recyclable detection of nitro-
benzene. Inorg. Chem. 53 (2014) 8105-8113. Copyright 2014 American Chemical Society.)
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investigated (Fig. 10.19A; left). The most intriguing feature was that the lumines-
cent intensity of the °D, — ’F, transition at 617 nm of Eu®* was largely depen-
dent on the solvent molecules (Fig. 10.19B; left), and the physical interaction
between the solute and solvent played a vital role. Notably, the emission intensity
exhibited significant quenching behaviors, especially in the case of NB. As shown
in Fig. 10.19A (right), the luminescence intensity of the IFMC-36-Eu suspension
significantly decreased into 55.7% at an NB concentration of only 50 ppm, and
was almost completely quenched at 120 ppm (Fig. 10.19B; bottom). The excel-
lent fluorescence quenching response to NB can be attributed to the PET mech-
anism. The finely ground powder of IFMC-36-Eu can be dispersed well in the
solution, enabling NB to be closely adhered to the surface of the MOF particles
and facilitate possible host-guest interactions. The electron transfer from the
electron-donating framework with rich m-electrons to the highly electron-
deficient NB molecule adsorbed on the surface of the MOF particles can take
place upon excitation, resulting in fluorescence quenching [85].

Wang et al. selected HyL (5,5'-(pyridine-2,5-diyl)-isophthalic acid) as the
n-conjugated ligands to get a [Eug(L)3(HL),(H>0);0]-10H,O - x(solvent) (Eu-
MOF) that exhibits a combination of uncoordinated Lewis-base sites and termi-
nally coordinated aqua ligands, which exhibit high sensitivity and selectivity
toward o-, m-, and p-NP (NP = nitrophenol). As shown in Fig. 10.20 (top, left),
o0-, m-, and p-NP can almost completely quench the emission of Eu-MOF. The
fluorescence intensity decreased continuously upon incremental addition of an
ethanol o-, m-, and p-NP solution into a standard Eu-MOF emulsion in ethanol
(Fig. 10.20; top, right and bottom). The fluorescence quenching by o-, m- and
p-NP can be detected at very low concentrations (0.33,0.67,and 0.17 mM, respec-
tively) with extremely high sensitivity. The relative luminescent intensity (/o/])
versus the o-, m-, and p-NP concentrations are shown in insets of Fig. 10.20
(top, right) and (bottom) to further quantify the quenching efficiency. Notably,
the Io/I versus the o-, m-, and p-NP concentration plots bend upwards rather than
being the typically linear plots, which may be due to the presence of simultaneous
static and dynamic quenching. There are no interactions between o-, m-, and p-NP
and the Eu’" ions and changes in emission intensity are related to the interactions
between them and the ligands L*~. The quenching mechanism may be attributed to
the following: (i) electron transfer upon excitation from the conduction band (CB)
of MOFs to the LUMOs of analytes; (ii) competitive absorption between MPFs
and analytes; (iii) the electrostatic interactions between the hydroxyl groups of
the analytes and the free Lewis-base sites of pyridine rings in Eu-MOF [86].

Wang et al. prepared an Eu-MOF, [Eu,(L),(DMAC),]-nH,O (H4L. = 5-(bis
(4-carboxybenzyl) amino)-isophthalic acid, DMAC = N,N'-dimethylaceta-
mide), which exhibited an excellent luminescent sensing of TNP. To obtain
a stable suspension, the crystal samples of Eu-MOF were finely ground and
immersed in DMAC by ultrasonication treatment for 30 min. Then the maxi-
mum luminescent intensity of Eu-MOF was reduced by 22.27%, 25.88%,
28.03%, 28.78%, and 75.08%, respectively, when the content of nitroaromatic
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FIG. 10.20 (Top, Left) Luminescence intensity of 1 dispersed in ethanol on the addition of dif-
ferent analytes (0.1 M). RC (resorcinol), 3-AP (3-aminophenol), 4-AP (4-aminophenol), m-DTB
(m-dinitrobenzene), p-NT (p-n nitrotoluene), NB (nitrobenzene), p-NP (p-nitrophenol), m-NP
(m-nitrophenol), and 0-NP (o-nitrophenol). Emission intensity at 616 nm was selected. Effect on
the emission spectra of 1 dispersed in ethanol upon incremental addition of an NP ethanol solution
(Aex = 358 nm). Inset: Stern-Volmer plot of Io/I versus the NP concentration: (Top, Right) for m-NP
and (Bottom) for o-NP and p-NP. (Reproduced with permission from Y. Wang, Q. Tan, H. Liu,
W.Sun, Z. Liu, A luminescent europium MOF containing Lewis basic pyridyl site for highly selective
sensing of o-, m- and p-nitrophenol. RSC Adv. 5 (2015) 86614-86619. Copyright 2015 Royal Chem-
ical Society.)

compounds was 120 pL (10 mM, in DMAC solution) (Fig. 10.21A). This sug-
gests that the quenching efficiencies of Eu-MOF follow the sequence of
TNP > 2,6-DNT > 2,4-DNT > NB > m-DNB (Fig. 10.21B). The quenching
efficiency can be quantitatively explained by the S-V equation with K, esti-
mated as 139 x 10°M~" for NB, 1.9x10°M™' for m-DNB,
233 x10°M™"  for 24-DNT, 24x10°M~' for 2,6-DNT, and
3.58 x 10* M~! for TNP, respectively. For Eu-MOF, TNP is the most efficient
quencher with an LOD of 4.66 x 10~* mM, suggesting its extremely high
detection sensitivity toward TNP. In addition, the luminescent intensity and
quenching ability of Eu-MOF exhibited negligible changes after being used
for four repeated cycles (Fig. 10.21D). Generally, the CB of a MOF lies at a
higher energy than the lowest LUMOs energy of nitroaromatic compounds,
and leads to a luminescent quenching. It was found that the LUMOs energies
are in good agreement with the maximum quenching efficiency observed for
TNP. In addition, there may be another luminescent quenching mechanism
in this work, such as FRET.
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FIG. 10.21 (A) Quenching efficiency of Eu-MOF for various nitroaromatic compounds. (B) The
relationships between emission intensities and nitroaromatic compounds. (C) Emission spectra of
Eu-MOF dispersed in DMAC upon incremental addition of TNP solution in DMAC.
(D) Reproducibility of Eu-MOF dispersed in DMAC with TNP solution of 120 pL. (Reproduced
with permission from X. Wang, P. Yan, Y. Li, G. An, X. Yao, G. Li, Highly efficient white-light emis-
sion and UV-visible/NIR luminescence sensing of lanthanide metal — organic framework. Cryst.
Growth Des. 17 (2017) 2178-2185. Copyright 2017 American Chemical Society.)

Wang et al. constructed a luminescent Tb-MOF, [Tby(L)s(H,0)g] (H,L = 4-
{bis(4-benzoic) amino}-4H-1,2,4-triazole) that exhibited multiresponsive
behavior toward nitromethane, while also being able to detect trace amounts
of NACs with a rapid response in both liquid and vapor phases. The sensing
behavior of Tb-MOF toward other NACs such as nitrobenzene (NB),
1,4-dinitrobenzene (1,4-DNB), 2-nitrotoluene (2-NT), 2,4-dinitrotoluene
(2,4-DNT), 1,3-dinitrotoluene (1,3-DNB), and 2,4,6-trinitrophenol (TNP) in
aqueous solution was also investigated (Fig. 10.22A and B; top). With the addi-
tion of 70 ppm of TNP, the emission could be quenched by 98.5%, showing a
high selectivity and sensitivity toward TNP in aqueous solution. The time-
dependent emission spectra showed the different luminescence responses to
the vaporized analytes, especially for NB and 2-NT (94% and 85%). The
diffusion-controlled process was responsible for explaining the identically fast
and remarkable fluorescence quenching response for NB and 2-NT (Fig. 10.22;
bottom). The energy of the excited light can be strongly absorbed by TNPN
either in the aqueous or vapor phase, t, which reduces the probability of energy
transfer from the H,L ligand to Tb>*, and ultimately results in luminescence
quenching. Once the TNP molecules are captured onto the surface of the
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FIG. 10.22 (Top) Fluorescence titration of Tb-MOF dispersed in aqueous solution with the grad-
ual addition of NB (A) and TNP (B). (Bottom) (A) The homemade setup for the NACs vapor detec-
tion. (B) The calculated energy levels of the H,L ligand and the selected NACs. Time-dependent
emission spectrum of Tb-MOF in NB vapor (C) and 2-NT vapor (D). (Reproduced with permission
fromX.Wang,J.Li,C.Jiang, P. Hu,B. Li, T. Zhang. H. Zhou, An efficient strategy for improving the
luminescent sensing performance of a terbium(Ill) metal-organic framework towards multiple sub-
stances. Chem. Commun. 54 (2018) 13271-13274. Copyright 2018 Royal Chemical Society.)

Tb-MOF, the luminescence quenching can be attributed to the competition of
the absorption of light source energy and PET [105].

Mukherjee et al. synthesized two RE-MOFs, [{Dy(2N;-TPA),(H,O)
(CH3;0H) }](Dy-NMOF1) and [{Dy4(5N;-IPA)¢s(DMF)3;(H,0),}(DMF)
(H,0),] (Dy-NMOF2) from two carboxylate ligands (2-azidoterephthalate
(2N3-TPA) and 5-azidoterephthalate (SN3-IPA)), with immobilized azide
functionalities oriented toward the pore surfaces, which were exploited as
fluorescent probes for the detection of various nitro analytes such as nitroto-
luene (NT), nitrobenzene (NB), 2,6-dinitrotoluene (DNT), 4-nitrobenzoic
acid (4-NBA), picric acid (PA), etc. The fluorescence titration profile of
PA (Fig. 10.23; top) clearly indicates that complete attenuation of intensity

)
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FIG.10.23 (Top) Effect on the emission spectrum of aqueous suspensions of (A) Dy-NMOF1 and
(B) Dy-NNMOF2 upon incremental addition of PA. The insets show visual color changes of (A) Dy-
NMOF1 and (B) Dy-NNMOF?2 before and after titrating with PA under UV radiation. (Middle) SV
plot of PA in water suspensions of (A) Dy-NMOF1 and (B) Dy-NNMOF2. Insets: linear fitting
within the lower concentration region with R? values of 0.97 for (A) and 0.98 for (B). (Botrom)
(A) Aqueous solution of PA exposed to solid Dy-NMOF11. (B) Optical images of a solid sample
under UV light at various time intervals. (Reproduced with permission from S. Mukherjee,
S. Ganguly, A. Chakraborty, A. Mandal, D. Das, Green synthesis of self assembled nanospherical
dysprosium MOFs: selective and efficient detection of picric acid in aqueous and gas phase. ACS
Sustain. Chem. Eng. 7 (2019) 819-830. Copyright 2018 American Chemical Society.)
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occurs upon addition of 24 and 80 pL of a 0.5 mM solution of PA in Dy-
NMOF1(2). The naked eye blue emission of both NMOFs under UV radiation
becomes completely dark upon addition of the requisite amount of PA in the
respective NMOF suspensions. Evidently, the quenching efficiencies of the
nitro analytes fall in the order PA > DN > NBA > NB > NT, which agrees
well with the order of their & acidity. As depicted in Fig. 10.23 (middle)
(S-V plot for PA), it is quite clear that the nature of the plot remains linear
in the lower concentration region, while at higher concentration it deviates
from linearity considerably, presumably due to the concurrent presence of
static and dynamic quenching processes, self-absorption, and/or certain kinds
of FRET pathways between the PA and the NMOFs. K, values for PA detec-
tionare 1.0 x 10°and 2.8 x 10° M~ " using Dy-NMOF1(2). The LODs for PA
sensing are 0.04 pM and 0.125 pM for Dy-NMOF1(2) for the high sensitivity.
These data clearly demonstrate that a FRET process is operative between PA
and NMOFs, whereas for other nitro analytes fluorescence quenching is
merely due to a PET mechanism. So, due to the combined effect of two pro-
cesses (PET and RRET), the high quenching constants for PA sensing are
encountered. The researchers selected Dy-NMOF]1 to study detection phe-
nomena in the vapor phase; arapid decrease in the fluorescence intensity could
be observed by the naked eye within 4h of exposure (Fig. 10.23;
bottom) [112].

Wu et al. reported a Tb-MOF based on H;MDIA (5,5 -methylene-
diisophthalic acid): [Tb(HMDIA)(H,O);]-H,O, which allowed naked-eye
detection of explosives in ethanol. The luminescence responses of Tb-MOF
to various aromatic compounds were investigated by the addition of PA, NB,
DNT, aniline (A), TNT, toluene (T), and benzene (B) at concentrations of
0.33 mM in ethanol [122]. As shown in Fig. 10.24B, the fluorescence intensity
of a Tb-MOF suspension hardly changes with the addition of A, T, and
B. However, a significant quenching of the emission intensity is observed in
the presence of PA, TNT, DNT, and NB, with the quenching efficiency decreas-
ing in the following order: PA > TNT > DNT > NB. In this case, the fluores-
cence quenching of Tb-MOF originated from PET from its excited state to the
NAC. When up to 0.33 mM PA was added to an ethanol suspension of Tb-
MDIA (0.33 g/L), the quenching efficiency reached >98% (Fig. 10.24A).
The LOD for PA is approximately 5 x 10~’ M, indicating that Tb-MDIA
has good sensitivity for PA as a Turn-Off luminescent sensory material. Fitting
the data to the linear S-V equation gives a K, = 63,708 M. The visible green
light from the original Tb-MOF disappears after the addition of PA under UV
radiation. The Tb-MOF framework exhibits different detection performances
for PA and TNT, whose different quenching mechanisms for TNT and PA
may originate from supramolecular interactions (e.g., hydrogen bonding)
between the Tb-MOF framework and hydroxyl groups in the PA molecules.
The quenching effect for p-NP is almost the same as that for PA, different from
m-NP and o-NP. These results indicate that only NPs with suitable
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FIG.10.24 (A)Luminescent emission spectra of Tb-MOF in ethanol (0.33 g/L) with added PA (0.33 mM). The inset shows that the visible green light emitted from
the original Tb-MOF complex disappeared after PA (0.33 mM) incorporation under 365-nm UV radiation. (B) Fluorescence responses of Tb-MOF to different
selected analytes (0.33 mM). The inset shows the molecular structures of the analytes. Excitation is at 305 nm. (Reproduced with permission from P. Wu,
L. Xia, M. Huangfu, F. Fu, M. Wang, B. Wen, Z. Yang, J. Wang, Lanthanide-based metal — organic frameworks containing “V-shaped” tetracarboxylate ligands:
synthesis, crystal structures, “naked-eye” luminescent detection, and catalytic properties. Inorg. Chem. 59 (2020) 264-273. Copyright 2020 American Chemical
Society.)
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FIG. 10.25 (A) Fluorescence spectra of Tb-MOF (2 mL, 10 pM) in DMF with 1 equiv. of NACs
(Aex = 350 nm, slit width: 5,5) (Inset: the photographs of fluorescence colors of Tb-MOF with
nitroaromatic compounds.l: Tb-MOF, 2: MB, 3: DMB, 4: 3-NP, 5: 4-NP, 6: 2, 4-DNP, 7:
2,4-DNT, 8: 1,3-DNT, 9: NT); (B) Luminescence titration spectra of Tb-MOF (2 mL, 10 pM) with
2,4-DNP (0-72 pM) in DMF (Inset: the luminescence emission increasing at 408 nm with the addi-
tion of 2,4-DNP). (Reproduced with permission from Z. Xu, X. He, Y. He, X. Zhao, M. Batmunkh,
H.Li,Y.Wang,J. Cao,T. Ma, A luminescent terbium coordination complex as multifunctional sens-
ing platform. Talanta 208 (2020) 120363. Copyright 2020 Elsevier.)

configurations facilitate the formation of hydrogen bonds between the hydroxyl
groups and framework. The selective detection of PA is based on the combined
effects of hydrogen-bonding interactions, electron transfer, and size
matching [122].

Xu et al. designed and synthesized a Tb-MOF, Tb(HL)
(EtOH),(NO3), (H,L = 2,6-bis-(5-pyridin-4-yl-1H-[1,2,4]triazol-3-yl)-pyridine),
with the ability to sense 2,4-DNP compound by “Turn-Off” fluorescence. It should
be noted that the emission intensity peak of Tb-MOF was highly quenched and a
weak emission centered at 408 nm was generated after addition of 2,4-DNP, as com-
pared to the minor effect of other competing nitro compounds (Fig. 10.25A). As
shown in Fig. 10.25B, after incremental addition of 2,4-DNP, the sequential fluores-
cence quenching can be clearly observed. The limit of detection from the linear
regression curve plot of 2, 4-DNP is found to be 1.69 pM. When 2,4-DNP is added
into the solution of Tb-MOF, accompanied by the quenching of the luminescence of
Tb-MOF, the weak emission at 408 nm being generated means the H,L is released,
which can also confirm the decomposition of the Tb-MOF (Fig. 10.25B). The result
shows that the sensing mechanism of 2, 4-DNP is the coordination of 2,4-DNP with
the Tb>* cation to lead to the decomposition of the Tb-MOF [127].
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Chapter 11

Rare earth metal-organic
framework hybrid materials

for luminescence responsive
chemical sensing of biomarkers

11.1 Biomarkers and their chemical sensing

Biomonitoring means monitoring the contents of chemicals and their metabo-
lites from biomaterials (blood, urine, gases, etc.) in the human body, and the
produced nonharmful biological effect level. The comparison between the
determined value and the standard one is utilized to evaluate the extent of bodily
exposure to a chemical substance and its potential influence on health. There-
fore it provides an important value for evaluating the dangerous factors in occu-
pational health monitoring and the effect of environmental hygiene in
production. Environmental monitoring alone cannot reflect the total amount
of noxious substances to which different paths (respiratory tract, digestive tract,
and skin, among others) are exposed, as the level of noxious substances in the
environment is not the same as that of such substances touching and being
absorbed into a human body and it cannot effectively reflect the distinction
of individual differences. Biological monitoring can provide the internal dosage
and any harmless effects of the human body touching noxious chemical sub-
stances and can reveal the implications of contact with pollutants for bodily
health. This information can be utilized to assess and determine the touching
issue between the individual or crowd and the special substance in order to pro-
vide the relationship between external contact and internal dose. Subsequently,
biological monitoring is an effective supplement to environmental monitoring
and has practical value in risk assessment of environmental health, and may not
only aid in carrying out effective health protection but also provide a method to
assess the efficiency of controls and precautions. Proper selection of biomarkers
that represent health and disease states is vital for disease diagnosis and treat-
ment by detecting disease before it manifests [1-5].

Biomarkers are the indicator of biological monitoring. The National
Research Council (NRC) describes a biomarker as an indicator to reflect the
state of a biological system or condition, which can be considered as a tool
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to investigate the relationship between the touching external chemicals and
health lesion. The working group of the National Institutes of Health defines
a biomarker as a characteristic that is objectively measured and evaluated as
an indicator of normal biological processes, pathogenic processes, or pharma-
cological responses to a therapeutic intervention. The International Programme
on Chemical Safety put forward the generalized definition of biomarker as a
determined index to reflect the interaction between a biological system and
external chemical, physical, and biological factors. As the incipient biological
signals to indicate the toxicological effect of pollutants, a biomarker has been
developed and applied in the research of the metabolic process and pathological
mechanism. A biomarker is designated as a substance or activity that can be
objectively measured and evaluated as an indicator for a normal biological pro-
cess, pathogenic process, or pharmacological responses to a therapeutic inter-
vention. In medicine, a biomarker is a metric characteristic to reflect the
severity or presence of some disease state. More generally, a biomarker is any-
thing that can be used as an indicator of a particular disease state or some other
physiological state of an organism. Biomarkers include genes, proteins, genetic
variations, and differences in metabolic expression from different sources such
as body fluids or tissues. A biomarker can be a substance that is introduced into
an organism as a means to examine organ function or other aspects of health. It
can be a substance whose detection indicates a particular disease state. More
specifically, a biomarker indicates a change in the expression or state of a pro-
tein that correlates with the risk for or progression of a disease or with the sus-
ceptibility of the disease to a given treatment [1-5].

Biomarkers can be classified based on different parameters, including their
characteristics, such as imaging biomarkers or molecular biomarkers. Molecu-
lar biomarkers can be used to refer to nonimaging biomarkers that have bio-
physical properties, which allow them to be measured in biological samples
and include nucleic acid-based biomarkers such as gene mutations or polymor-
phisms and quantitative gene expression analysis, peptides, proteins, lipids
metabolites, and other small molecules. Biomarkers can also be classified based
on their application, such as diagnostic biomarkers, staging of disease bio-
markers, disease prognosis biomarkers (cancer biomarkers), and biomarkers
for monitoring the clinical response to an intervention. Another category of bio-
markers includes those used in decision making during early drug development.
For instance, pharmacodynamic biomarkers are markers of a certain pharmaco-
logical response and are of special interest in dose optimization studies. (a)
Molecular biomarkers. They can be discovered using basic and acceptable
platforms such as genomics and proteomics. (b) Metabolomics approach. This
approach is introduced to refer specifically to the analysis of metabolic
responses to drugs or diseases, which becomes a major area of research as
the study of complex biological systems used to identify biomarkers for various
diseases. (c¢) Lipidomics approach. (d) Tissue-based biomarkers. A cancer
biomarker usually refers to a substance or process that is indicative of the
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presence of cancer in the body, whose biomarker may be a molecule secreted by
a tumor or a specific response of the body to the presence of cancer. Ideally,
such biomarkers can be assayed in noninvasively collected biofluids such as
blood or serum. (e) Imaging biomarkers. These are usually noninvasive,
and produce intuitive, multidimensional results. When combined with other
sources of information, they can be very useful to clinicians seeking to make
a diagnosis; they can also help monitor or trace substances in vivo and identify
their metabolites or remains in the body as a pharmacokinetics assay [2,6].

In fact, for chemists, the special molecule species are convenient for consid-
eration as biomarkers to realize the application for diagnosing and monitoring
diseases. Currently, many types of chemical markers (proteins, metabolites,
small molecules, volatile organic compounds (VOCs), pH value, etc.) in all
kinds of biological fluids (blood, urine, sweat, breath, saliva, interstitial fluid,
seminal fluid, nipple aspirate fluid, tears, stool, and cerebrospinal fluid) can be
indicative in disease diagnosis and monitoring. Fig. 11.1 displays the main body
fluids containing disease-related chemical markers. The sources of chemical
markers, categorized into noninvasive and invasive groups, are presented in
the following subsections [1,7-10].

Interstitial fluid

\ ¢

wu
Semmal fluid e

FIG. 11.1 Schematic description for main sources of disease-related chemical markers in body
fluid systems. (Reproduced with permission from Y. Y. Broza, X. Zhou, M. Yuan, D. Qu,
Y. Zheng, R. Vishinkin, M. Khatib, W. Wu, H. Haick, Disease detection with molecular biomarkers:
from chemistry of body fluids to nature-inspired chemical sensors. Chem. Rev. 119 (2019) 11761—
11817. Copyright 2019 American Chemical Society.)
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11.2 Rare earth metal-organic framework materials
for luminescence responsive chemical sensing of biomarkers

Pure MOF materials utilized for sensing of biomarkers are few and mainly
employ rare earth MOF hybrid materials using photoactive Eu®* or Tb>* as cen-
tral framework metal ions. The early works were focused on the anthrax bio-
marker DPA (dipicolinic acid) as a convenient biomarker for Bacillus
anthracis [11-20]. Anthrax is one of the acute infectious diseases that infects
both animals and humans. B. anthracis has been reported as a potential bioter-
rorism agent since the anthrax attack in the United States in 2001, and still
attracts broad attention throughout the world. A number of attempts have been
made to detect bacillus spores using bacteriology, serology/immunoassays, and
polymerase chain reactions (PCR). Rapid, sensitive, and straightforward detec-
tion of bacillus spores is crucial for disease and bioterrorism prevention.
Recently, optical techniques for DPA (a unique biomarker and major constitu-
ent of bacterial spores) detection have attracted wide attention due to their low
cost, fast response, and easy portability [11-22]. Tan et al. employed a hydro-
philic lanthanide/nucleotide coordination polymer constructed by spontaneous
self-assembling of Tb** and adenosine monophosphate (AMP) as a receptor
platform for direct detection of DPA in aqueous solution [11]. Due to the coor-
dination of DPA with Tb** on the surface of the AMP/Tb, significant enhance-
ment in the fluorescent intensity of AMP/Tb was obtained and the enhanced
fluorescence intensity of AMP/Tb displayed a good linear response to DPA con-
centrations in the range from 20 nM to 20 pM with a detection of limit (LOD) of
10 nM. The presented receptor platform has the advantage of allowing simple,
direct analysis for DPA without requiring complicated preparation processes or
extra steps of surface modification. They also synthesized another Tb-based
MOF, [Tb(BTC)(H,O)4], in aqueous medium to conveniently and reliably
quantify DPA. The mixing of the Tb-MOF fluorescence probe with DPA led
to a fairly quick reduction in the photoluminescence signal. The PL-quenching
signal maintained a highly linear relationship with increasing DPA concentra-
tions in the range of 1 nM to 5 mM with a very low LOD (0.04 nM) [12]. Gao
et al. reported a facile and novel strategy for detection of the anthrax biomarker
DPA in aqueous solution using heterobinuclear (Tb>* and Eu®*) rare earth coor-
dination polymer NPs with one type of nucleotide (guanosine 5'-
monophosphate (GMP)) as the smart ratiometric luminescent probe [13]. This
construction was based on the use of GMP as the bidendate ligand to assemble
with Tb>*/Eu>* ions to form a GMP-Tb/Eu network, in which the N atoms in the
guanosine subunit and the phosphate groups of GMP could be coordinated with
Tb** and Eu’*. Interestingly, GMP can effectively sensitize Tb** luminescence
but can hardly switch on Eu®* luminescence. Fortunately, weak luminescence
from Eu’* can be improved by energy transfer from Tb>* to Eu®*, which essen-
tially constitutes a simple and smart dual-emission nanoprobe. Moreover, upon
exposure to the anthrax biomarker DPA, Tb>* luminescence is largely enhanced
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while Eu** luminescence is gradually decreased, producing a sensitive ratio-
metric response presenting apparent visual luminescence color changes. This
technique can be applied to visual real-time monitoring of the release of
DPA during the germination of B. subtilis spores, harmless simulants of B.
anthracis. Zhang et al. demonstrated a ratiometric luminescent sensor of
DPA based on a dual-emissive MOF hybrid by encapsulation of Tb>* cations
into an anionic MOF through a cation exchange process. The Tb>*@MOF
hybrid well inherited the intrinsic ligand emission of the host framework and
the Tb** emission. The Tb** emission within the MOF hybrid was significantly
enhanced in the presence of DPA molecules owing to the occurrence of antenna
sensitization upon the formation of the Tb-DPA complex, while the ligand
emission was insensitive to DPA [14]. Chen et al. constructed a ratiometric fluo-
rescent composite system for DPA optical sensing, denoted as RB-Eu-BTC,
using a thodamine-derived molecule as sensing probe (RB) and luminescent
MOF Eu-BTC as supporting substrate, respectively. RB-Eu-BTC was supposed
to depict ratiometric sensing behavior toward DPA along with good selectivity
and precision. Its Eu** emission section showed an emission Turn-Off effect
toward DPA, while its rhodamine emission section showed an emission
Turn-On effect toward DPA. Both sensing channels showed linear response
and good selectivity toward DPA [15]. Similarly, Shi et al. reported an optical
sensing hybrid with two sensing channels of both colorimetric sensing and
ratiometric fluorescent sensing for the detection of DPA, which was constructed
using luminescent MOF as the supporting substrate and arhodamine-like dye as
the sensing probe. LOD (limit of detection) value was low, at 4.5 pM, with good
selectivity. Its Eu®* emission component was quenchable by DPA, contrary to
the rhodamine emission. The sensing mechanism was revealed as the combina-
tion of a rhodamine structural transformation initiated by DPA-released protons
and an emission quenching caused by energy transfer from Eu(BTC) to DPA
(pyridine ring) [16].

Zhang et al. presented a direct and rapid strategy for colorimetric detection
of the Bacillus anthracis biomarker DPA using Tb>*/Eu’* codoped hybrid (Tb/
Eu@bio-MOF-1). Three different Tb**/Eu** molar ratios Tb/Eu@bio-MOF-1
were prepared to study the effect of Tb>* ion concentration on sensor perfor-
mance, whose DPA sensing spectra are shown in Fig. 11.2. For the MOF with
Tb**/Eu** molar ratio of 2.55 (Fig. 11.2A), after adding DPA, Tb>* emission
was gradually increased, while Eu®* emission was first weakened and then
enhanced at high DPA concentration. For the MOF with Tb>*/Eu’* molar ratio
of 9.5 (Fig. 11.2B), the Tb>* emission was almost unchanged; while the Eu**
emission was weakened with the increase of DPA concentration. In the case
of MOF with Tb>*/Eu”* molar ratio of 5.89 (Fig. 11.2C), with DPA addition,
Tb** emission at 545 nm was gradually enhanced while the Eu** emission at
615 nm was significantly weakened. More interestingly, this Tb/Eu@bio-
MOF-1 with moderate Tb/Eu ratio exhibited visual colorimetric sensing: its
fluorescent color changed from orange-red to green after different
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FIG.11.2 DPA sensing spectra of the Tb/Eu@bio-MOF-1 with the final molar ratios of Tb**/Eu**
as (A)2.55,(B) 9.5, and (C) 5.89. (D) Plots of the relationship between the integrated intensity (/s4s/
Is15) of Tb/Eu@bio-MOF-1 (Tb*>*/Eu** = 5.89) and DPA concentrations from 50 nM to 1 pM.
Inset: visible color changes of Tb/Eu@bio-MOEF-1 under 254 nm UV light. (Reproduced with per-
missionfromY.Zhang,B.Li,H. Ma, L. Zhang,Y. Zheng, Rapid and facile ratiometric detection of an
anthrax biomarker by regulating energy transfer process in bio-metal-organic framework. Biosens.
Bioelectron. 85 (2016) 287-293. Copyright 2015 Elsevier.)

concentrations of DPA were added, recognizable with the naked eye under UV
light (Fig. 11.2D). When introducing different concentrations of DPA, the
intensity values at 545 nm and 615 nm show opposite changes and the intensity
ratio Is4s/l615 increases exponentially; the intensity ratio Is4s/ls;5 is fitted well
with a single exponential and an R of 99.87%. The LOD for DPA is calculated to
be 34 nM. DPA chelates with Tb>* ions and forms a ligand-to-metal energy
transfer (LMET). Then the reversible energy transfer tendency between Tb™*
and Eu’* enhances their response signal [17].

Wu et al. used NH,BTC (2-amino-1,3,5-benzenetricarboxylate) with a dual
functional group to construct a rare earth-based MOF, NH,-MOF-76(Eu) (Eu-
MOF1), which is a rare nonluminescent. Interestingly, the luminescence prop-
erties of Eu-MOF]1 can be selectively restored by DPA solution with ~10°-fold
“Turn-On” enhancement, even in the presence of other potentially disturbing
aromatic compounds. Moreover, the interaction between DPA and Eu-MOF
results in the structural transformation (single-crystal to single-crystal phase
transition) from Eu-MOF1 to Eu-MOF2. As shown in Fig. 11.3A (top), the fluo-
rescence intensity of the peak at 614 nm gradually increases in the DPA
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Eu-MOF1 in EtOH solution under DPA (60 mM) and interferents (100 mM) existing at the
same time. (Reproduced with permission from D. Wu, Z. Zhang, X. Chen, L. Meng, C. Li, G. Li,
X. Chen, Z. Shi, S. Feng, A non-luminescent Eu-MOF-based “turn-on” sensor towards an anthrax
biomarker through single-crystal to single-crystal phase transition. Chem. Commun. 55
(2019) 14918—14921. Copyright 2019 Royal Chemical Society.)

concentration range of 0~ 100 mM. The linear response between the fluores-
cence intensity at 614nm and the DPA concentration fits well with
R? = 0.9993 (Fig. 11.3B; top). As can be seen in Fig. 11.3A (bottom), except
for DPA, the fluorescence intensity of Eu-MOF1 shows a negligible lumines-
cent response, indicating the “Turn-On” fluorescence recovery for highly selec-
tive detection of DPA. Changes in the luminescence spectra of Eu-MOF1 to
DPA with and without such interfering agents are nearly indistinguishable from
each other (Fig. 11.3B; bottom). Fluorescent paper based with Eu-MOF1 was
prepared for real-scenario tests. The blue-emitting test strip turned red imme-
diately toward DPA under a UV lamp at 254 nm (inset of Fig. 11.3A; bottom).
The “Turn-On” luminescence recovery was ascribed to DPA, as the “antenna”
molecule transferring energy to Eu®* ions [18].
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In addition, biomarkers for the polycyclic aromatic hydrocarbon (PAH) 1-
hydroxypyrene (1-HP) detection have been reported. Sun et al. synthesized a
new sulfonylcalix[4]arene-based dinuclear terbium molecular container and
utilized it as a fluorescence probe for the detection of 1-HP. The sulfonylca-
lix[4]arene ligand can serve not only as an efficient antenna ligand to promote
the LMET, but also can provide a suitable cavity to accommodate 1-HP. Prom-
ising fluorescence-quenching effects are due to the enhancement in the host-
guest intermolecular charge transfer and the decrease in the LMET after the
formation of the stable host-guest complex [23]. Zhou et al. demonstrated a
robust microcrystalline MOF (NU-1000) of Zr(/V)ions and tetraethyl
4.4’ 4" 4" -(pyrene-1,3,6,8-tetrayl) tetrabenzoic acid (TBAPy) ligands with a
highly fluorescent pyrene core, which exhibited sensitive luminescence detec-
tion of urinary 1-HP. The pyrene core within NU-1000 behaves as the signal
converter, whose luminescence is significantly quenched by 1-HP owing to
its efficient m-m charge transfer interactions with pyrene cores. The pore con-
finement effect of the molecular-sized channel of NU-1000 facilitates the
preconcentration of 1-HP within NU-1000, which makes 1-HP contact with
NU-1000 more sufficient, therefore enhancing the detection efficiency [24].

Asthma is a common chronic disorder, and decreased hydrogen sulfide
(H,S) production in the lungs has been considered as an early detection bio-
marker for asthma. However, the detection of H,S in biological systems
remains a challenge, because it requires the designed sensors to have the follow-
ing features: nanoscale size, good biocompatibility, real-time detection, high
selectivity/sensitivity, and good water stability. Zhang et al. suggested the
potential of using the nanoscale fluorescent MOF hybrids Eu’*/Ag*@UiO-
66-(COOH); as a logic platform for tentative diagnosis of asthma by detecting
the biomarker H,S. This INHIBIT logic gate based on Eu®*@UiO-66-
(COOH), can be produced by choosing Ag" and H,S as inputs and by monitor-
ing the fluorescent signal (/s;5) as an output. The fluorescent studies indicated
that the Eu3+/Ag+@UiO-66-(COOH)2 exhibited excellent selectivity, extreme
sensitivity (LOD: 23.53 pM), and real-time in-situ detection of H,S. Further,
MTT analysis in PC1, cells showed that the EAUC possesses low cytotoxicity
and favorable biocompatibility that are suitable for the detection of the bio-
marker H,S in vivo, as demonstrated by the successful detection of spiked
H,S in the diluted serum samples. This work thus presents the possibility of
using a MOF-based logic platform for tentative diagnosis of asthma in clinical
medicine [25].

Cheng and Shi’s group have carried out research using rare earth MOFs for
fluorescence chemical sensing on biomarkers [26,27]. They demonstrated a judi-
cious selection of luminescent RE** centers and ligands to form SBUs to construct
a family of RE-ZMOFs with zeolitic topology and formula
[RE45(NO3)45(bpdc)ys]-G, (RE =Tb, Eu; G = guest; H,bpdc = 2,2'-bipyri-
dine-6,6'-dicarboxylic acid) together with the mixed-crystal variants Eu, Tb,_ -
ZMOF [26]. One of these mixed crystals, MZMOF-3, exhibited fluorescence
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detection of lysophosphatidic acid (LPA) as a biomarker for ovarian cancer and
other gynecologic cancers. Linear correlation between the integrated fluorescence
intensity and the concentration of LPA was observed, enabling quantitative
analysis of LPA in physiologically relevant ranges (1.4—43.3 pM). Physiological
concentrations of LPA in plasma typically vary from 0.1 to 6.3 uM, whereas danger
levels for ovarian cancer are indicated by concentrations on the order of 43.1 pM.
There was a linear relationship with a slope of 0.05010 % 0.00179, indicating
that MZMOF-3 is a self-referencing sensor and requires no additional calibration
of luminescence intensity (Fig. 11.4). The increased intensity of Eu®* transitions
and the decreased intensity of Tb™" transitions induced by energy transfer from
Tb>* to Eu’* ions are significantly enhanced in the presence of LPA [26].

More recently, the researchers synthesized Eu-MOF with mixed ligands, { [Eu
(TDA)(H,BTEC) 5(H,0)5]-H,0},,(H,TDA = thiazolidine 2,4-dicaboxylic acid,
Hbtec = 1,2,4,5-benzenetetracarboxylic acid), applied for qualitative and quan-
titative recognition of serotonin (5-hydroxytryptamine, HT), a neurotransmitter,
and its main metabolite 5-hydroxyindole-3-acetic acid (HIAA) as biomarkers
for carcinoid tumors [27]. Highly luminescent quenching of Eu-MOF occurs upon
the incremental addition of HT and HIAA. The LODs were calculated to be 0.66
and 0.54 x 10~° m for HT and HIAA, respectively, lower than danger levels for
carcinoid tumors. So Eu-MOF can quantitatively detect HT and HIAA in
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FIG. 11.4 Integrated luminescence intensity changes of MZMOF-3 suspended in MeOH toward

0.03, 0.10, and 0.13 mM LPA. (Reproduced with permission from S. Zhang, W. Shi, P. Cheng, M. J.

Zaworotko, A mixed-crystal lanthanide zeolite-like metal-organic framework as a fluorescent indi-

cator for lysophosphatidic acid, a cancer biomarker. J. Am. Chem. Soc. 137 (2015) 12203-12206.

Copyright 2015 American Chemical Society.)
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physiologically relevant ranges lower than danger levels for carcinoid patients. For
HT, as shown in Fig. 11.5A and B, negligible changes of emissions were observed
when the system was treated with other blood plasma components except for HT.
With regard to HIAA, urine components also have no obvious influence on Eu-
MOF’s emission (Fig. 11.5A and B). As aresult, only HT and HIAA induce a vis-
ible color change of Eu-MOF 1 from red to colorless under UV light, which can be
easily distinguished with the naked eye (Fig. 1 1.5A and B). Fig. 11.5A and B show
that the decrease in the emission intensity at 616 nm induced by HT and HIAA is
not affected in the background of other blood plasma and urine ingredients, dem-
onstrating a high antijamming capability and superior selectivity of Eu-MOF. The
calculation using the DFT method shows that the LUMO’s energy level of the
ligands (donor) is obviously lower than that of the analytes (acceptor), indicating
the absence of the photo-induced electron transfer (PET) process around the lumi-
nescent quenching of HT and HIAA by Eu-MOF [27].

Zhao et al. demonstrated that Cu-based metal-organic gel (Cu-MOG) can
serve as an amplification platform for fluorescence anisotropy (FA) assay for
its sensitive detection of a common cancer biomarker, prostate specific antigen
(PSA) [28]. The dye-labeled probe aptamer (PA) product was adsorbed onto the
benzimidazole derivative-containing Cu-MOG via electrostatic incorporation
and strong n-w stacking interactions, which significantly increases the FA value
due to the enlargement of the molecular volume of the PA/Cu-MOG complex.
With the introduction of target PSA, the FA value was obviously decreased on
account of the specific recognition between PSA and PA, which resulted in the
detachment of PA from the surface of MOG. The linear range was from 0.5—
8 ng mL™', with an LOD of 0.33 ng mL~". This tactic could also be extended
to other tumor marker detections simply by changing the corresponding apta-
mer [28]. Du et al. reported the synthesis of a fluorescent material UiO-66-
PSM based on the covalent attachment of MOFs (UiO-66-NH,) and
2,3,4-trihydroxybenzaldehyde (THBA) via a postsynthetic modification
(PSM) strategy. It could detect free bilirubin sensitively and selectively. The
interaction between free bilirubin and UiO-66-PSM may contribute to the
change of the fluorescence behaviors, resulting in an efficient fluorescence res-
onance energy transfer (FRET). The method was validated by the detection of
free bilirubin in human serum samples, a key biomarker for jaundice [29].
Wu et al. synthesized three isostructural MOFs with different rare earth centers
solvothermally, which displayed strong regulated emissions by adjustable
metal-organic coordination interactions. Among them, Ho(III)-MOF could
quantitatively detect phenylglyoxylic acid (PGA, a biomarker of ethylbenzene
and styrene (EB/S) representing the internal dose of EB/S exposure) with the
highest sensitivity in physiologically relevant ranges. The mechanism study
of luminescent responses toward PGA further explained its excellent sensitivity
and selectivity for sensing PGA. The facile, accurate, fast, and recyclable
sensing system relying on LCP materials provides a convenient approach for
developing sensing platforms with adjustable emissions for assessment of the
intoxication level of EB/S [30].
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FIG. 11.5 (A) Luminescence spectra and (B) intensities of Eu-MOF suspensions with various
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(D) Luminescence responses of Eu-MOF toward (fop) HT and (right) HIAA in the presence of back-
ground of other various urine components. (Reproduced with permission from S. Wu, Y. Lin, J. Liu,
W.Shi, G.Yang, P. Cheng, Rapid detection of the biomarkers for carcinoid tumors by a water stable
luminescent lanthanide metal—organic framework sensor. Adv. Funct. Mater. 28 (2018) 1707169.
Copyright 2018 Wiley.)

Qu et al. prepared a Tb-MOF with a three-dimensional (3D) anhydrous
framework, whose asymmetric unit comprised one Tb(III) ion, one pddb
(Hppddb = 4,4’-(pyridine-2,6-diyl)dibenzoic acid), a half of ox>~ anions, and
one phen [31]. The coordinative free double N-sites of pddb ligands directly
into the rectangular pores, suggesting that there can be some interactions

()



386 PART | IV Luminescence responsive chemical sensing of molecular analytes

between these sites and acidic analytes. The fluorescence sensing can be a con-
venient and effective way of detecting 2-thiazolidinethione-4-carboxylic acid
(TTCA, as a biomarker of CS,) in urine. The emission spectrum of the Tb-
MOF aqueous suspension was entirely quenched only by TTCA
(Fig. 11.6A). Under UV-lamp irradiation, only TTCA could induce a visible
color change from light green to colorless and the differences in the effects
of different urine chemicals on the Tb-MOF emission could be easily distin-
guished by the naked eye (Fig. 11.6A; inset). Under illumination with a UV
lamp, Tb-MOF test papers showed distinct color changing from bright green
to blue, which could be observed readily by the naked eye after immersion treat-
ment of Tb-MOF test paper (Fig. 11.6B). Within the full range concentrations of
TTCA from 0 to 0.6 mg mL™", the corresponding relationship curve is non-
linear, but in the range of low content of TTCA, from 0 to 0.2 mg mLfl, the
luminescence quenching efficiency can be quantitatively expressed by a linear
S-V curve (R* =0.98); Ky, is calculated as 13.57 mL mg~', with LOD of
0.001 mg mL~" [31].

As an important neurotransmitter of the central nervous system, 5-hydroxy
tryptamine (HT) remains constant in blood plasma of healthy human bodies.
Oversecretion of HT by carcinoid cells can bring an inevitably high risk of
malignant tumors, resulting simultaneously in the gathering of 5-hydroxyin-
dole-3-acetic acid (HIAA) in the urine due to the metabolite of HT. Therefore,
both HT and HIAA are regarded as the most important biomarkers of carcinoid
cells in patients, and the monitoring of HT and HIAA in urine and/or blood

m

IFF TCEfIIIE

FIG. 11.6  (A) The main peak at 545 nm assigned to the D, — "Fs transition of Tb(III) in Tb-
MOF dispersed into aqueous solutions of common urinary chemicals. Inset, the photographs of
Tb-MOF aqueous solutions containing various urine chemicals under a 365-nm UV light.
(B) Optical images of test paper under UV light irradiation. (Reproduced with permission from
X. Qu, B. Yan, A highly stable Th(Ill)-based metal-organic framework: structure, photolumines-
cence and chemical sensing of 2-thiazolidinethione-4-carboxylic acid as a biomarker of CS2. Inorg.
Chem. 58 (2019) 524-534. Copyright 2019 American Chemical Society.)
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plasma is thus strongly significant for the early diagnosis and early cure of car-
cinoids. Yang et al. synthesized a Tb-MOF formulated as {[Tb(H,O)(TPA)
(0x)]-0.5H,0},, via employing 6-(1H-1,2,4- triazol-1-yl)pyridine-2-carboxylate
(TPA) and oxalate (ox) as antenna and bridging ligands. Furthermore, the Tb-
MOF showed fast and effective responses toward the biomarkers of carcinoid
cells with a strong S-V quenching constant (Kgy) and LOD of 8.95 x 10> M ™!
and 0.72 pM for HT as well as 1.18 x 10* M ™" and 0.95 pM for HIAA. To
quantitatively evaluate the sensing ability of neurotransmitters, luminescent
titration experiments were performed by stepwise addition of HT and HIAA
into the homogeneous suspension of Tb-MOF, and the emission phenomena
of the hybrid were monitored. Severe luminescent quenching of Tb-MOF
appeared to be caused by the introduction of HT and HIAA (Fig. 11.7A). When
HT and HIAA increased up to 9 x 10~* mol L™, the ] 542 of Tb-MOF decreased
by 94.4% and 95.6%. Apart from the decreased /545, both analytes could decol-
orize the green Tb-MOF suspension to colorless through a UV-lamp irradiation
of 254 nm (inset of Fig. 11.7A), suggesting a naked eye-detectable recognition
by Tb-MOF of HT or HIAA. The fluorescence quenching of Tb-MOF was
closely related to the concentration of HT and HIAA, whose decay curves of
1o/l at 542 nm accord with a first-order exponential equation at low concentra-
tions of HT and HIAA, indicating a diffusion-dominated quenching mechanism
(Fig. 11.7B). Quantitative regression of the linear portions of /y/I versus [HT]
and [HIAA] affords a correlation coefficient R? = (.9982 at a low concentration
range (Fig. 11.7E), signifying intrinsically powerful discrimination of Tb- on
HT or HIAA that is imperceptibly disturbed by excess interfering substances.
Regeneration and recyclability of the Tb-MOF sensor were also evaluated.
As shown in Fig. 11.7F, after five continuous recycles, both the /54, and quench-
ing percentage of the recycled Tb-MOF changed insignificantly as compared to
the initial sample. The UV-Vis absorption spectra indicate that both HT and
HIAA superimpose well with the excitation data of Tb-MOF, so both Tb-CP
and HIAA or HT can absorb the photoexcitation energy effectively, but com-
petitively. The fluorescent quenching of Tb-MOF by HT or HIAA is attributed
to the synergistic effect of more favorable absorption toward the excitation light
energy and the sensor-analyte interaction, both of which cut off the energy
transfer from TPA ™ to the Tb>* ion [32].

11.3 Rare earth functionalized metal-organic framework
hybrid materials for luminescence responsive chemical sensing
of biomarkers

Urine hippuric acid (HA) is the ultimate and major metabolite of toluene and is
considered a biological indicators of toluene exposure. Approximately 80% of
inhaled toluene is excreted in urine as HA, whose concentration is proportional
to the level of toluene exposure. Hao et al. developed an Eu®* -functionalized
MOF (Eu3+@A1-MOF, with linker of 1,2,4,5-benzenetetracarboxylic acid
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FIG. 11.7 (A) Luminescence spectra of Tb-MOF in the presence of different concentrations of HT. (B) Stern-Volmer equation of HT at room temperature (Inset:
luminescence change after adding HT under UV-light irradiation of 254 nm). (C) Emission spectra of Tb-MOF dispersed in water in the absence and presence of
various substances in the blood plasma and urine. (D) Emission intensity of 542 nm for Tb-MOF in the presence of various substances in the blood plasma and urine.
(E) Fluorescence response of Tb-MOF toward HT and HIAA in the presence of one of the other competing substances. (F) Recyclability of Tb-MOF implemented
with HT or HIAA. (Reproduced with permission from H. Yang, P. Xu, B. Ding, X. Wang, Z. Liu, H. Zhao, X. Zhao, E. Yang, Isostructural lanthanide coordination
polymers with high photoluminescent quantum yields by effective ligand combination: crystal structures, photophysical characterizations, biologically relevant
molecular sensing, and anti-counterfeiting ink application. Cryst. Growth Des. 20 (2020) 7615-7625. Copyright 2020 American Chemical Society.)
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(Hybtec)) with extremely high water toleration as a fluorescent probe for HA
in urine. The suspension-state luminescent measurements (Fig. 11.8A) show
that only HA induces a remarkable reduction of luminescence intensity of
Eu’*@AI-MOF at 614 nm. In accordance with the changes in fluorescence
spectra, under the irradiation of a UV lamp, only HA incorporated Eu**@Al-
MOF showed a significantly darker luminescence than that from the original
one, distinguished easily by the naked eye (inset of Fig. 11.8A). To evaluate
the sensitivity of Eu>*@ AI-MOF toward HA, fluorescence titration experi-
ments were carried out (Fig. 11.8B). A good linear relationship (R = 0.997)
was found between the emission intensity ratios (Io/l — 1) and the logarithm
of HA concentration over the range from 0.05 to 8 mg mL~'. The LOD was
determined as 9 pg mL ™", sufficient for detection of millimolar concentrations
of HA in urine. The regenerable performance for a sensor is shown in
Fig. 11.8C. With five runs performed by sequential addition of HA and
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FIG. 11.8 (A) The relative intensities of Dy — F, at 614 nm for Eu**@AI-MOF dispersed in
various metal ion aqueous solutions (10 mM) (ex = 315 nm). (B) The luminescence spectra of
Eu*@AI-MOF in the presence of different concentrations of HA aqueous solutions
(4ex = 315 nm), and the plot of Io/l — 1 versus the logarithm of the concentration of HA; Inset in
(B): the corresponding photographs under 254-nm UV-light irradiation; (C) The luminescence
intensity of Eu**@AI-MOF at 614 nm after five recycles. (dex = 315 nm); and (D) Optical images
under 254-nm UV-light irradiation of the test paper after immersing into urines with different con-
centrations (mg mL ") of spiked HA for 1 min. (Reproduced with permission from J. Hao, B. Yan,
Recyclable lanthanide-functionalized MOF hybrids to determine hippuric acid in urine as biolog-
ical indices of toluene exposure. Chem. Commun. 51 (2015) 14509—14512. Copyright 2015 Royal
Society of Chemistry.)
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ultrasonic washing, the luminescent intensity of the recycled Eu**@Al-MOF
was well consistent with that of the original one, suggesting that Eu**@ Al-
MOF can be reused to detect HA. Under the irradiation of UV light of 254 nm,
the fluorescent colors of the test paper changed from bright red to dark red, faint
red, and finally black when soaked in 0.5, 1.0, 2.0, 3.0, and 5.0 mg mL ™! of HA
spiked urines (Fig. 11.8D). To the naked eye, the colors of different intensities
could be distinguished, thus allowing the degree of toluene intoxication to be
judged [33]. Furthermore, Qin et al. tried a more extensive sensing system with
functionalized MOF (Gay(OH)4(CyOgHy, Ga-MOF, with linker 1,2,4-
benzenetetracarboxylic acid (H;btc)) hybrid Ga-MOF@Eu** by coordination
postsynthetic modification Eu** cations, which exhibited the strong luminescence
of the Eu*" ion and could extensively sense the biological metabolites of benzene
derivatives (toluene, xylene, and ethylbenzene) in urine [34].

Hao et al. fabricated an Eu** PSM-functionalized MOF hybrid Eu**@Ga-
MOF with nanosize and intense luminescence [35]. It could both detect ammo-
nia gas among various indoor air pollutants and simultaneously detect a
biological metabolite of ammonia in the human body (urinary urea). The joint
determination of indoor environmental ammonia and the urinary urea in the
human body can comprehensively reflect real ammonia exposure and intoxica-
tion of humans. As shown in Fig. 11.9A, only urea induced a twofold enhance-
ment in the emission intensity of Eu>*@Ga-MOF at 614 nm, while nearly no
fluorescence intensity change was observed in the presence of others. This indi-
cates Eu** @Ga-MOF can selectively recognize urea in aqueous solutions. The
emission intensity enhancement induced by urea was not affected by the coex-
isting components (Fig. 11.9B), further confirming that Eu®>*@Ga-MOF is a
highly selective probe for urea. As illustrated in Fig. 11.9C, it was observed that
the fluorescence intensity of Eu** @Ga-MOF at 614 nm increased linearly with
the concentration of urea in the range of 0.6-50 mg mL~'. Urea could be
directly detected at concentrations as low as 0.6 mg mLfl, sufficient for detec-
tion of millimolar concentrations of urea in urine. They tested the response
rate and regenerated ability of the Eu>*@Ga-MOF sensor for urea. After five
consecutive cycles of enhancing and recovery, the luminescent intensity of
Eu**@Ga-MOF in water was comparable to the initial state (Fig. 11.9D) [35].

Lian et al. synthesized a phosphonate AI-MOF (MIL-91(Al: Eu)) and mod-
ified it to a hybrid material to detect uric acid [36]. The nonblooming hybrid
Cu**@AI-MOF(AL: Eu) can be used for detecting uric acid due to the rebound
of luminescence in the presence of uric acid [36]. It provides a novel method for
the convenient and nimble diagnosis of hyperuricuria (Fig. 11.10; left). The
luminescence intensity of Cu®*@AI-MOF(Al: Eu) at 612nm gradually
increased with increasing uric acid concentration. They fit a linear relationship
between the fluorescence intensity (612 nm) of Cu2+@A1-MOF(A1: Eu) vs. the
content of uric acid, and found a good linear relationship (R = 0.991) between
the intensity ratios of 5Dy — F; transition (Io/I) and the logarithm of uric acid
concentration over the range from 10 to 1200 pmolL ™' with LOD of 1.6
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614 nm (inset of A) for Eu**@Ga-MOF dispersed in various urine chemicals (1072 M,
Aex = 338 nm); (B) Luminescence responses of Eu**@Ga-MOF (1 mg mL™h upon the addition
of urea (0.01 M) in the presence of a background of various urine chemicals (0.02 M) in aqueous
solution (4ex = 338 nm); (C) Luminescence spectra of Eu**@Ga-MOF under different concentra-
tions of urea aqueous solution (d.x = 338 nm); and (D) the regeneration cycles of Eu**@Ga-MOF
sensor used in detecting urea. (Reproduced with permission from J. Hao, B. Yan, Simultaneous
determination of indoor ammonia pollution and its biological metabolite in human body by use
of a recyclable nanocrystalline lanthanide functionalized MOF. Nanoscale 8 (2016) 2881-886.
Copyright 2016 RSC Society of Chemistry.)

pmolL " (Fig. 11.10A; right). Real urine samples from normal people were col-
lected and about 420 pmolL.™ 1of uric acid was added. The concentration of uric
acid using Cu?* @ AI-MOF(ALl: Eu) suspended solution was determined as 429
umolL ', very close to the actual value. Moreover, the test paper was infiltrated
in real urine with various concentrations of uric acid (200 and 1000 pmol Lfl)
and then exposed to air for drying. With the naked eye, the colors of the test
papers could be distinguished, thus allowing a determination as to whether
or not the subject suffered from hyperuricuria (Fig. 11.10B and C; right) [36].

Hao et al. designed a luminescent Eu-MOF hybrid for qualitative and quan-
titative analysis of urinary 1-HP. [37] As shown in Fig. 11.11A, upon addition of
1-HP (1 mg mLfl) to the suspension of Eu’*@Ga-MOF (MIL-61, with linker
1,2,4,5-benzenetetracarboxylic acid (Hybtec)), a significant decrease (77%) in
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FIG.11.10 (Top) Scheme for the Cu** @ Al-MOF(ALI: Eu) hybrid as Off-On fluorescent sensor for
detecting purine metabolite uric acid and diagnose hyperuricuria; (Bottom) The histogram on the
basis of the intensity of 5Dy — "F, transition of Eu*" in Cu**@AI-MOF(AI: Eu) toward various
urine chemicals; (A) The luminescence spectra of Cu**@AI-MOF(Al: Eu) in the presence of dif-
ferent concentrations of uric acid aqueous solution, and the plot of Iy/l versus the logarithm of
the concentration of uric acid; (B) and (C) are the test papers under light and UV irradiation. (Repro-
duced with permission from X. Lian, B. Yan, Phosphonate MOF's composite as off-on fluorescent
sensor for detecting purine metabolite uric acid and diagnose hyperuricuria. Inorg. Chem. 56
(2017) 6802-6808. Copyright 2017 American Chemical Society.)

the luminescence intensity of Eu®* at 614 nm could be observed, leading to its
emission color changing from red to colorless as seen by the naked eye under a
UV lamp (inset of Fig. 11.11B). Moreover, a 1-HP urine test paper was devel-
oped and the optical images under the irradiation of UV light of 254 nm were
recorded. As shown in Fig. 11.11C, the emission colors of the test papers
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FIG. 11.11 (A) Suspension-state luminescence spectra of Eu** @Ga-MOF before and after being
treated by 1-HP (1 mg mL™ 1, Insetin (A): the changes in the emission intensity (614 nm) and lumi-
nescence colors of Eu**@Ga-MOF induced by the addition of 1-HP; (B) Intensities (the
Dy — F, transition) of Eu**@Ga-MOF suspensions with various urine components. Inset in
(B): the corresponding photographs under a UV lamp (254 nm); (C) Optical images of test paper
under 254-nm UV light irradiation after immersing into urine spiked with different amounts of
1-HP. Simplified schematic diagram of LMET and FRET process in Eu’*@Ga-MOF with 1-HP;
and (D) The schematic illustration of the mechanism of 1-HP sensing by Eu** @Ga-MOF. (Repro-
duced with permission from J. Hao, B. Yan, Determination of urinary 1-hydroxypyrene for biomo-
nitoring of human exposure to polycyclic aromatic hydrocarbons carcinogens by a lanthanide-
functionalized metal-organic framework sensor. Adv. Funct. Mater. 27 (2017) 1603856. Copyright
2017 Wiley.)

changed from brilliant red to dark red, faint red, and finally colorless with
increasing concentration of 1-HP from 0 to 1 mg mL~". These different colors
could be easily distinguished by the naked eye allowing simple evaluation of the
intoxication degree of PAHs. The luminescence quenching is typically attrib-
uted to a FRET mechanism. In the presence of 1-HP, the FRET process between
the ligands and 1-HP competes with the LMET process through suppressing or
blocking the energy transfer from the ligands to Eu**. So the emission of Eu®
*@Ga-MOF is restricted or quenched, and thus 1-HP is detected (Fig. 11.11D)
[37]. In addition, He et al. chose an anionic 3D MOF of JXNU-4 as a parent



394 PART | IV Luminescence responsive chemical sensing of molecular analytes

compound to host Eu* cations by uncoordinated carboxylate oxygen atoms in
its pores, which was also developed as a fluorescent probe for urine 1-HP. In the
presence of 1-HP, Eu”* @JXNU-4 exhibited 1-HP- and Eu’* -based dual emis-
sion. The intensity of the 1-HP emission increased with the concentration of 1-
HP increasing, while the Eu’* emission receded in the meantime. The ratio
value of 1-HP emission at 502 nm (Isg) and Eu>* emission at 616 nm (g;) ver-
sus the concentration of 1-HP revealed a good linear relationship. This provides
a ratiometric fluorescence sensor with high sensitivity to 1-HP in urine [38].

VCM (vinyl chloride monomer) exposure can result in angiosarcoma and
hepatocellular cancer. TDGA (urinary thiodiglycolic acid), a detectable metab-
olite of VCM in human urine, is considered to be a sensitive biomarker of VCM
and reflects the internal dose of human exposure to VCM. Hao et al. designed a
hybrid material (Cu**/Eu**-Zr**-MOF, with linker H,btec) as a luminescent
sensor to detect TDGA [39]. The design principle of probing TDGA was to
introduce the reactive site (Cu®*) for TDGA into the framework as the
TDGA-responding site. Cu>* has been found to be able to quench Eu***s lumi-
nescence. TDGA has a strong affinity for Cu®* and can weaken the quenching
effect of Cu®* on the emission of Eu’*. Thereby, in the presence of TDGA, the
enhanced luminescence of Cu**/Eu”*-Zr**-MOF can be observed. In contrast to
TDGA, the additions of these components only cause negligible changes in the
luminescence spectra (Fig. 11.12A), which induces a visible color change from
colorless to red to be distinguished by the naked eye. Fig. 11.12B reveals that
the TDGA-induced fluorescence enhancement response is unaffected in the
background of other coexisting urine ingredients, demonstrating the good anti-
interference performance and high selectivity of Cu**/Eu**-Zr**-MOF for
TDGA. The LOD is 89 ng mL ™! for TDGA, more than 200 times lower than
the threshold value of 20 mg L' for a healthy person, which fulfills the critical
requirement of tracing the urinary TDGA levels for early diagnosis of VCM
poisoning. The colors of the Cu**/Eu**-Zr**-MOF powders change from bril-
liant blue to light blue, and finally are almost colorless, with the increasing con-
centration of TDGA from 0 to 700 mg/L, i.e., TDGA’s addition bleaches the
blue color of the powders out (Fig. 11.12C), in good agreement with the actual
TDGA amount. The luminescent colors of the test stripes changed from dark to
dark red, faint red, purplish red, and finally bright red when soaked in urine sam-
ples with increasing TDGA content (seen from the optical images in
Fig. 11.12D). To the naked eye, the colors of different intensities can be distin-
guished so as to easily evaluate the intoxication degree of human exposure to
VCM [39].

Lian et al. provided an unreported Turn-On fluorescence switch for indepen-
dent detecting of phenylglyoxylic acid (PGA) in serum and urine with high
selectivity, based on the luminescent Eu@Sc-MOF hybrid with MIL-53 type
configuration (linkers terephthalic acid (H,BDC) replaced with isophthalic acid
(H,IPA)) [40]. The on-site monitoring of PGA in urine by a paper-based fluo-
rescent probe integrated with smartphone was also proposed (Fig. 11.13A).
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FIG. 11.12 (A) Suspension-state luminescence intensities (the 5Dy — "F, transition, 614 nm) of
Cu?*/Eu**-Zr**-MOF toward various urine components (dex = 310 nm). Inset in (B): the corre-
sponding photographs under a UV lamp (254 nm). Luminescence responses of Cu**/Eu**-Zr*-
MOF toward TDGA in the presence of background of other various urine components
(Aex = 310 nm); (B) Luminescence responses of Cu**/Eu**-Zr**-MOF toward TDGA in the pres-
ence of background of other various urine components (4.x = 310 nm); (C) Photographs showing
the color changes of the Cu**/Eu*"-Zr*-MOF sample after treated by different concentrations of
TDGA and (D) Optical images of test paper under 254-nm UV light irradiation after immersing into
urine spiked with different concentrations of TDGA (mg/L). (Reproduced with permission from
J. Hao, X. Xu, X. Lian, C. Zhang, B. Yan, A luminescent 3d-4f-4d MOF nanoprobe as a diagnosis
platform for human occupational exposure to vinyl chloride carcinogen”, Inorg. Chem. 56
(2017) 11176-11183. Copyright 2017 American Chemical Society.)

They further investigated the time-response characteristic of the Eu@Sc-MOF
sensor toward PGA; pictures of the fluorescence changes over time were
recorded by successive photographs. As demonstrated in Fig. 11.13B, the
PGA-caused fluorescence enhancement phenomenon was very fast. Such a
macroscopic phenomenon can be seen in 5 s, indicating that Eu@Sc-MOF
can be used as a convenient and fast sensor for PGA. The calculated LOD value
is 4.16 ppb. In addition, the LOD experiment in real urine with the addition of
MA (0.01 M) and HA (0.01 M) was conducted again. The Eu@Sc-MOF sensor
exhibited excellent potential as before (linear range: 0.02~0.4 mgmL ™",
R =0.9925, LOD = 10.8 ppb). The LOD is much lower than the critical value
of 0.25 mg mL ™" of PGA, which is proposed by the American Conference of
Governmental Industrial Hygienists (ACGIH). A paper-based probe for rapid
and on-site detection of PGA was developed, which undergoes an obvious fluo-
rescence color switch from navy to red under a 356-nm UV lamp, which can be
readily observed (Fig. 11.13C). The LOD is approximately 0.197 mg mL ™",
less than the benchmark value recommended by ACGIH (0.25 mg mL_l) [40].
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FIG.11.13 (A) The schematic diagram of the turn-on fluorescence switch for on-site detecting of urinary PGA; (B) Successive photographs of the Eu**@Sc-MOF
with addition of PGA solution for different times (0~5 s); and (C) Optical images under 365-nm UV light irradiation of the test paper after immersing into urine
spiked with different concentrations (0, 0.02,0.05, 0.1, 0.2, 0.25,0.4,and 0.5 mg mL™~ l, the test paper labeled as 1-8, respectively). (Reproduced with permission from
X.Lian,T.Miao, X. Xu, C. Zhang, B. Yan, Eu3 + functionalized Sc-MOFs: turn-on fluorescent switch for ppb-level biomarker of plastic pollutant polystyrene in serum
and urine and on-site detection by smartphone. Biosens. Bioelectron. 97 (2017) 299-304. Copyright 2017 Elsevier.)



Luminescence responsive chemical sensing of biomarkers Chapter | 11 397

“# Experiment s |

o === Linear of fit
R?=0.97 /
.
/

0 5 1 15 20
t+-MA / pg-mL""

0 50 100 150 200
t+-MA / pg-mL""

FIG. 11.14 (A) Emission spectra of Tb>*@MOF-SO 3~ dispersed in aqueous solutions with dif-
ferent concentrations of ##-MA (ex = 291 nm). (B) Optical images of test paper under 254-nm UV
light irradiation after immersing into aqueous solutions with different concentrations of f+-MA.
(C) The S-V curve of /[ —1 versus concentration of t#-MA. (Reproduced with permission from
X. Qu, B. Yan, Ln(lll)-functionalized metal-organic frameworks hybrid system: luminescence prop-
erties and sensor for trans, trans-muconic acid as a biomarker of benzene. Inorg. Chem. 57
(2018) 7815-7824. Copyright 2018 American Chemical Society.)

Urinary trans, trans-muconic acid (t#--MA) is widely used, usually as a ben-
zene metabolite, as a biological biomarker of environmental and occupational
exposure to this xenobiotic. Qu et al. presented an alternative approach to pre-
paring a highly luminescent hybrid Tb(II[)@MOF-SO3 (main linker of 2-
sulfonylterephthalate (2-H,stp)) [41]. As shown in Fig. 11.14A, gradual
decreases of the fluorescence emissions of ligands and typical Tb>* ions were
observed in Tb** @MOF-SO 3~ aqueous suspensions as the #-MA concentra-
tion increased from 0 to 200 pg-mL~'. When the concentration of 1--MA was
5 ug mL™", nearly half the intensity of the typical Tb>* emission at 544 nm
was quenched, with a quenching efficiency of 49%, while there were almost
no conspicuous emissions of both detected when the #-MA concentration
was 200 pg-mL~'. Under irradiation with a UV lamp, Tb** @ MOF-SO 3~ test
papers showed visible luminous variation from light green to nattier blue after
soaking in various concentrations of #-MA aqueous solutions (from 0 to
100 pg mL_l) (Fig. 11.14B). However, in the range of low concentrations of
1--MA from 0 to 20 pg mL ™", the S-V equation shows a certain linear relation-
ship (R* =0.97), and yield a linear curve by which K, can be calculated as
0.27932 mL-pg ' (Fig. 11.14C) [41].

Carbaryl is the most frequently used carbamate pesticide in the agriculture
field and is associated with a series of potentially adverse health impacts,

)
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including neurological disorders and cancer. 1-Naphthol (1-N), a metabolite of
the insecticide carbaryl, is an established human biomarker used for assessing
food intake and environmental exposure. Qin et al. utilized a hybrid material
Eu**@MOF-253 as a highly efficient recyclable luminescent probe for the
detection of biomarker 1-N of exposure to carbaryl with excellent sensitivity
and rapid response time [42]. An extensive fluorescence quenching was pre-
sented by the 1-N, and the fluorescence color turned from red to green in the
fluorescence photographs and could be visualized with the naked eye. The
LOD was determined to be 7 pg mL ™", far below the maximum permissible
intake standard 0.008 mgkg ' as reported by the ACGIH. Indicator
boxes were made increasingly mobile to better characterize concentrations in
humans through mobile monitors. The simulated diagram and photograph are
presented in Fig. 11.15A and B. The sensor device consists mainly of three
parts, which are the sensory unit, the colorimetric card, and the UV lamp.
The sensory unit consists of a test paper and measuring jug. The main function
of this unit is to react with the urinary sample. The colorimetric assays devel-
oped for fluorescence of the results can be distinguished by the naked eye.
N-methylformamide (NMF), the major metabolite of the DMF in the human
body, is regarded as a biomarker of DMF intoxication and represents the inter-
nal dose of DMF exposure in the human body. Sun et al. developed a feasible
method for NMF detection with a luminescent Eu**-functionalized MOF hybrid
[43]. The luminescence of the hybrid material could be significantly increased
only by NMF even though in the presence of other chemical components
of urine. Moreover, a portable test card was also made for immediate detection.
Qin et al. designed a ratiometric fluorescence hybrid probe Eu**/CDs@MIL-53
by encapsulating luminescent carbon dots (CDs) and Eu®* into the MIL-53 host

/“] colourimetric card
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FIG.11.15 (A) Simulated diagram of the indicator box. (a) colorimetric card; (b) ultraviolet lamp;
(c) measuring jug; (d) dropper; (e) test paper. (B) Photograph of the indicator box. Inset: the photo of
test paper under UV lamp. (Reproduced with permission from S. Qin, B. Yan, A facile indicator
box based on Eu3 + functionalized MOF hybrid for the determination of 1-naphthol, a biomarker
for carbaryl in urine. Sens. Actuators B 259 (2018) 125-132. Copyright 2018 Elsevier.)
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to yield the dual-emitting center [44]. The prepared fluorescent probe is a prom-
ising dual-functional sensor with high selectivity and sensitivity for the detec-
tion and recognition of diaminotoluene (TDA), a metabolite of toluene
diisocyanates (TDI) that has been associated with an increased risk of occupa-
tional asthma. The ratio of (/c_gois/[gu) increases with increased TDA concen-
trations. Phenylamine has been recognized as one of the most important
industrially relevant ingredients and a crucial intermediate in chemical prod-
ucts. However, its internal exposure detection in humans remains largely elu-
sive due to the lack of a potent monitoring method. Qin et al. also achieved
a probe based on Tb>* functionalized hybrid Th@MOF-253 through post-
synthetically modified MOFs [45]. The synthesized Tb** @ MOF-253 exhibited
a strong luminescence of Tb* originated from efficient energy transfer from the
ligand, which could sense the biological metabolite p-aminophenol (PAP) of the
phenylamine in human urine. Linear correlation between the integrated fluores-
cence intensity and the concentration of PAP enables the quantitative analysis
of PAP in physiological ranges (0.005-5mgmL~') with low LOD
(5 pg mL™ ). Furthermore, a simple and rapid smartphone-based medical por-
table test paper was developed.

Sweat components provide plentiful potential biomarkers to indicate the
health state of a subject. Xu et al. demonstrated a novel, wearable device that
uses fluorescence detection technology to noninvasively monitor C1™ in sweat.
The wearable C1~ monitoring platform integrates a flexible host material (cot-
ton piece) and two fluorescent materials (Tb-MOFs (DUT-101) and Ag*/Eu3
*@Ui0-67) by simple ultrasonic loading. Instead of using a large circuit board,
this device is comfortable for human body contact and can be worn routinely.
Here Ag*/Eu’* @Ui0-67 is the working fluorescence center and DUT-101 is the
reference fluorescence center. After characterizing the performance, flexibility,
and stability of the sensing device, quantitative Cl~ measurements were per-
formed with high selectivity and sensitivity [46]. Sun et al. designed a lumines-
cent probe based on Tb**/Cu?* heterometallic MOFs for beamed monitoring of
urinary sarcosine, a differential metabolite that can indicate the progression of
prostate cancer (PCa). The fluorescence probe presented high selectivity toward
sarcosine in the urine. It also displayed good sensitivity with a comparatively
low detection limit and fast response to sarcosine within 5 min [47]. Homova-
nillic acid (HVA) is one of the major metabolites of catecholamine in humans.
An elevated level of HVA in urine and blood has been associated with many
diseases, including catecholamine-secreting tumors. Consequently, detection
of the biomarker HVA in urine is an effective strategy to detect cancer precur-
sors and early stage cancers. Qin et al. fabricated a fluorescence probe by inte-
grating RE** with MOFs, which showed a good response toward HVA and
exhibited ratiometric detection of HVA, rendering it an excellent candidate
for sensing devices. Thus they designed a logic gate operation integrating the
probe with logical operations for the intelligent sensing of HVA [48]. Wang
et al. designed a microporous luminescent probe based on a fluorescein (FS)
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dianion dye functionalized zinc MOF, FS @Zn-MOF, to effectively detect tri-
chloroacetic acid (TCA) in human urine, which is a biomarker or biometabolite
of trichloroethylene (TCE). This study showed that the luminescence intensity
ratio of the peaks at 518 nm and 411 nm correlated well linearly to the concen-
tration of TCA with a rapid response time of less than 30 s while disregarding
the interference of other coexisting species in urine. It also exhibited excellent
sensitivity with a detection limit of 1.22 ppm/7.46 pmol L™" [49]. The detection
of 4-aminophenol (4-AP), which is a biomarker of aniline and represents the
internal dose of aniline exposure in the human body, has attracted much atten-
tion in recent years. Jin et al. prepared a bifunctionalized luminescent MOF,
Eu@MOF-253-CH, through encapsulating the methyl groups and the Eu’* cat-
ions into MOF-253. This study showed that the bifunctionalized Eu@MOF-
253-CH; could specifically recognize 4-AP upon luminescence quenching,
while refraining from the interference of other coexisting species in urine.
The Eu@MOF-253-CH; hybrid as a 4-AP sensor also displayed excellent per-
formance, including high water tolerance, good pH-independent stability, fast
response, great selectivity, and elevated sensitivity (0.5 pg-mL~"), attributed to
the N-viologenized ligand. These results suggest that the bifunctionalized
Eu@MOF-253-CH; can act as a promising sensor to practically monitor
4-AP concentration in the human urine system, and then to realize the screening
and prediagnosis of human health [50]. By means of PSM treatment of the UiO-
66 derivative with -SOsH, Min et al. prepared a luminescent hybrid material,
Tb** @Ui0-66-SOsH, which was further developed as a fluorescent probe
for the sensing of trans, trans-muconic acid (#>-MA, a biomarker of benzene),
being closely related to human health. Notably, Tb**@UiO-66-SOsH could
realize highly sensitive and selective detection of #-MA (detection limit,
0.58 pM, 0.083 ppm) [51]. Yan has summarized the progress on this topic in
his review [52].

Wang et al. prepared a unique Y-MOF, which can be utilized to combine
FAM-labeled NH-ssDNA to construct the rarely reported but excellent hybrid
FAM-labeled NH-ssDNA/Y-MOF sensing platform for CRP Ab (C-reactive
protein autoantibody) in human serum solution, which provides an effective
method for detecting biomarkers of ALA (amoeba liver abscess) [53]. The
protein-aptamer binding strategy was used: (1) the aptamer for CRP Ab,
namely, ssDNA, is a DNA sequence with specific binding with CRP Ab;
(2) 5-carboxyfluorescein (FAM) was modified by aptamer, which can be inves-
tigated on a fluorescent spectrum; (3) to further improve the sensitivity of the
CRP Ab detection process, the amino group was modified by 3’-ssDNA to fab-
ricate NH-ssDNA, which easily strengthens hydrogen-bonding interactions
with Y-MOF and CRP; (4) Y-MOF was utilized as a highly sensitive sensing
platform, which attracts CRP, CRP Ab, and NH-ssDNA through hydrogen-
bonding interactions (Fig. 11.16; top, left). Different from other proteins, only
NH-ssDNA'’s fluorescent intensity can be influenced dramatically by CRP Ab
(Fig. 11.16; top, right). Therefore Y-MOF/NH-ssDNA is a rarely reported
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FIG.11.16 (Top, Left) Schematic description for the illustration of the CRP Ab detection process
by the hybrid FAM-labeled NH-ssDNA/Y-MOF sensing platform. (Top, Right) Fluorescent inten-
sity variable values (I — 1) when Y-MOF is added to different CRP Ab and some analogue proteins
of CRP Ab (/; and ] represent the fluorescent intensity of Y-MOF before and after adding CRP Ab
and some analogue proteins of CRP Ab). (Bottom) (A) Fluorescent spectrum of NH-ssDNA after
adding different concentrations of CRP Ab in 2.5 nM CRP; (B) fluorescent ratio of NH-ssDNA after
adding different concentrations of CRP Ab in 2.5 nM CRP. (Reproduced with permission from
X. Wang, X. Mao, Z. Zhang, R. Guo, Y. Zhang, N. Zhu, K. Wang, P. Sun, J. Huo, X. Wang,
B. Ding, Solvothermal and ultrasonic preparation of two unique cluster-based coordination mate-
rials: metal-organic framework-based ratiometric fluorescent biosensor for an ornidazole and roni-
dazole and sensing platform for a biomarker of amoeba liver abscess. Inorg. Chem. 59 (2020) 2910—
2922. Copyright 2020 American Chemical Society.)

hybrid MOF-based sensing platform that behaves with high selectivity for CRP
Ab. Although FAM-labeled NH-ssDNA has an emission peak located at
525 nm, when different concentrations of CRP Ab are directly added into the
solutions only containing FAM-labeled NH-ssDNA, FAM-labeled NH-
ssDNA’s fluorescent intensity gradually decreases. After CRP Ab is added into
the mixture solution of Y-MOF and 0.5 mM CRP solution, a new excellent lin-
ear relationship between CRP Ab concentration and NH-ssDNA fluorescent
ratio is obtained, with R* of 0.99401 and a Ksv value of 3.4661 x 10° [M ']
(Fig. 11.16; bottom). Therefore the result also reveals that, through the
protein-aptamer binding strategy, the Y-MOF sensing platform’s sensitivity
for CRP Ab was improved. The sensing performance improvement by

)
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Y-MOF and CRP could be because CRP may have specific protein-aptamer
binding with CRP Ab, which can lead to a further quenching effect through
the strength of the hydrogen-bond interactions [53].

Quetal. used 3,5-di(2,4-dicarboxylphenyl)pyridine (H4pdda) and 1H-tetrazole
(HTz) to synthesize a MOF, {[NH,(CHj3),]4-[Cd¢(pdda),(HTz); s(H>O)s]-3/
4DMF-7/2H,0},, (Cd-MOF) ([NH,(CHj3),]" = dimethyl ammonium cation),
which showed a single-crystal to single-crystal (SC-SC) phase transition in pure
water. Moreover, Tb>*-functionalized Cd-MOF hybrids, Tb(III) @ Cd-MOF, were
fabricated by straightforward cation-exchange modification to replace
[NH,(CH;),]" ions in channels of Cd-MOF with Tb>* ions, which is proven as
a promising sensor with the potential of practical detection of biomarker dichlor-
oanilines (3,4-DCA and 3,5-DCA) (urinary dichloroanilines) through fluorescence
spectrometry [54]. Theresults clearly show that the emission spectra and intensities
in Tb(II)@Cd-MOF suspensions containing 3,4-DCA and 3,5-DCA contrast
sharply with that in Tb(IIT) @ Cd-MOF suspensions containing other urine com-
pounds (Fig. 11.17; top). Under UV-lamp irradiation, 3,4-DCA and 3,5-DCA
can induce a visible color change from green to colorless and the differences
in the effect of different urine chemicals on Tb(III) @ Cd-MOF emission can be
easily distinguished with the naked eye (Fig. 11.17; top). These indicate Tb
(IIM)@Cd-MOF can serve as a chemosensor for selective recognition of
3,4-DCA and 3,5-DCA in DMF. As shown in Fig. 11.17A and C (bottom), a grad-
ual decrease in the fluorescence emissions of the Tb(III)@Cd-MOF sensor
was observed upon the increasing concentrations of 3,4-DCA and 3,5-DCA from
0 to 02314 mgmL~'. Within the full range of concentrations from 0 to
0.2314 mg mL ™", the corresponding relationship curves of both are nonlinear
and match with a first-order exponential equation, suggesting diffusion-controlled
quenching processes. Nonetheless, in the range of low content, from 0 to
0.0266 mg mL ™", the S-V plot of Tb(II[)@Cd-MOF exhibits a good linear corre-
lation (R2 =0.99) as the concentration of 3,4-DCA and 3,5-DCA increases
(Fig. 11.17B and D). The Ksv values for Tb(IIl)@Cd-MOF toward 3,4-DCA
and 3,5-DCA are 25.11 and 30.21 mL mg ™", respectively. The LODs are calcu-
lated to be 0.0033 mg mL ™" (3.3 ppm) and 0.0026 mg mL ™" (2.6 ppm), respec-
tively. When the concentrations of 3,4-DCA and 3,5-DCA are in the low range,
the fluorescence quenching mechanism is mainly based on the internal filter effect
(IFE). But when the concentrations continue to increase, the quenching mecha-
nisms are transformed into dynamic and static quenching [54].

Qu et al. selected an appropriate semirigid polycarboxylate, 2,5-bis(3',5'-
dicarboxylphenyl)benzoic acid (Hsbdba) to synthesize an anionic framework,
{ [NH>(CH3),],:[Cd3 s(bdba)(Hbdba)(H,0), 5]}, (Cd-MOF) with accessible
uncoordinated —COOH groups on Hbdba pointing toward the rhombus chan-
nels. In addition, Tb(III)-functionalized hybrids Tb(III) @Cd-MOF were ini-
tially prepared by coordinated PSM to incorporate luminescent Tb(III) ions
into the structure and this was further developed as a highly sensitive and selec-
tive luminescent probe for detection of the biomarker diphenyl phosphate
(DPP) based on multiquenching effects [55]. The results exhibited that the
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FIG.11.17 (Top) The (A) emission spectra and (B) emission intensities at 545 nm of Tb(III) @Cd-
MOF suspensions containing various urine chemicals: Inset, the photographs of Tb(III)@Cd-MOF
suspensions under a 365-nm UV light. (Bottom) The emission spectra of Tb(III)@Cd-MOF dis-
persed in DMF with different concentrations of 3,4-DCA (A) and 3,5-DCA (C). S-V curve of I/
I—1 versus concentration of 3,4-DCA (B) and 3,5-DCA (D). (Reproduced with permission from
X. Qu, B. Yan, Zn(Il)/Cd(1l)-based metal-organic frameworks: crystal structures, Ln(III)-
functionalized luminescence and chemical sensing of dichloroaniline as pesticide biomarker.
J. Mater. Chem. C 8 (2020) 9427-9439. Copyright 2020 Royal Chemical Society.)

emission spectra and intensities related to Tb>*@Cd-MOF/methanol suspen-
sions in the presence of DPP contrasted sharply with those of other urine che-
micals (Fig. 11.18; top). Under irradiation of a UV device, DPP can exclusively
lead to an obvious color difference from bright-green to colorless, which can be
readily caught by the naked eye (Fig. 11.18; top, inset). To examine the capacity
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FIG. 11.18 (Top) (A) Emission spectra and (B) emission intensities related to the
D, — "Fs transition of Tb**@Cd-MOF/methanol suspensions treated by different urine chemicals.
Inset: Corresponding photographs of different suspensions under 365-nm UV light. (Bottom)
(A) Emission spectra of Tb** @Cd-MOF/methanol suspensions with different concentrations of
DPP and (B) S-V curve of 1o/l — 1 versus content of DPP. (C) Emission spectra of Tb(IIl) @Cd-
MOF scattered in methanol-reconstituted urine samples with different concentrations of DPP and
(D) S-V curve of Iy/l — 1 versus content of DPP. (Reproduced with permission from X. Qu,
B. Yan, A cd-based MOF containing uncoordinated carbonyl groups as lanthanide post-synthetic
modification sites and chemical sensing of diphenyl phosphate as flame retardant biomarker. Inorg.
Chem. 59 (2020) 15088—15100. Copyright 2020 American Chemical Society.)

of Tb**@Cd-MOF to detect trace amounts of DPP, luminescence titration
experiments were implemented through the drop-by-drop addition of DPP to
the Tb**@Cd-MOF/methanol suspension. As shown in Fig. 11.18A (bottom),
a gradual depression in the characteristic emissions of Tb>*@Cd-MOF/
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methanol suspensions was observed as the concentrations of DPP increased
from 0 to 0.5226 mg mL~'. Within the whole range of concentrations, the cor-
responding curve fit exhibited a good linear correlation (R* = 0.98) when the
content of DPP increased gradually (Fig. 11.18B; bottom). The Ksv values
for Tb**@Cd-MOF toward DPP and the LOD can be calculated as
11.61 mL mg ™' and 0.022 mg mL ™" according to the equation 3Sb/k, 86, which
shows that Tb>*@Cd-MOF has good sensitivity to DPP molecules in methanol
for the realization of quantifiable sensing. In addition, dynamic quenching
occurs based on the collision effect between the excited-stated host and the
guest quencher, while static quenching arises upon generation of nonemissive
intermediates. In addition, the static quenching effect usually originates from
the strong interaction between the luminophor and quenching analyte, which
is responsible for the direct change of the excitation energy. These demonstrate
that more than one quenching mechanism is at work in the DPP sensing
process [55].
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Chapter 12

Rare earth metal-organic
framework hybrid materials

for luminescence responsive
chemical sensing of temperature
and pH value

12.1 Rare earth metal-organic framework hybrid materials
for luminescence sensing of temperature

Temperature is a fundamental physical parameter whose measurement is cru-
cial in both scientific investigations and technological developments [1]. The
luminescence thermometry method exploits the relationship between tempera-
ture and luminescence behaviors to realize temperature sensing and mapping
from the spectral and spatial analysis of the luminescence generated from the
object [2]. Temperature-dependent luminescent behaviors include the variation
of spectral positions and shape, the changes in luminescence intensity or decay
lifetime, and the changes in anisotropy. Based on these variable parameters,
luminescence thermometry is commonly classified into intensity-based,
lifetime-based, wavelength-based, and ratiometric methods [1,3]. (1)
Intensity-based luminescence thermometry. Temperature sensing is
achieved through the analysis of luminescence intensity. Temperature-induced
changes in the luminescence intensity are generally caused by the thermal acti-
vation of nonradiative deactivation pathways [3—6]. Changes in luminescence
intensity caused by temperature are easy to detect, but the process is often sus-
ceptible to errors due to changes in probe concentration, excitation power, or
detection efficiency. Indeed, even if all the experimental conditions, such as
concentration of luminescence centers, excitation wavelength, and light source
power, are kept constant during the measurements, the absorption and scatter
cross-section may vary from sample to sample. These drawbacks reduce the
accuracy and thus make this method inappropriate for precise temperature sens-
ing. (2) Lifetime-based luminescence thermometry. This method is based on
the temperature dependence of the lifetime [3,4,7]. Unlike the luminescence
intensity, the lifetime value is independent of the concentration, size, or
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geometry of probes. Additionally, it is not affected by light scattering, reflec-
tion, or the intensity fluctuation of the excitation source. However, lifetime
determination requires a more sophisticated read-out and a time-consuming
computational treatment. Moreover, this method is less available for large-area
gradient temperature sensing and cannot be used to realize dynamic measure-
ments in which temperature variations occur at time intervals shorter than or
equal to the lifetime of the luminescence. (3) Wavelength-based luminescence
thermometry. The wavelength or frequency shift of luminescence spectra can
be correlated with the temperature values [3,4]. Although this method may be
sufficiently sensitive for practical temperature detection, its broad emission
band introduces some difficulties in accurately identifying the maximum lumi-
nescence wavelength. (4) Ratiometric luminescence thermometry. This
method exploits the intensity ratio of two independent transitions from the same
materials whose luminescence spectra consist of several bands to detect temper-
ature [1,3-6]. In ratiometric thermometry, the temperature sensing is indepen-
dent of the concentration and inhomogeneity of luminescent centers as well as
the optoelectronic drifts of excitation source and detectors, and thus overcomes
the main drawbacks of intensity-based measurements of only one transition [8].
This self-referenced thermometry method can guarantee a precise and absolute
temperature measurement without the need for calibration. Therefore ratio-
metric luminescence thermometry is a preferred method for temperature
sensing.

Thermographic phosphor thermometry is a noninvasive spectroscopic tech-
nique for temperature measurement based on phosphor emission temperature
dependence. In the last decade, many RE** -based thermometers have been
reported, covering a wide temperature range, from cryogenic (7' < 100 K) to
physiological (298-323 K) values. Among MOF-based materials and their multi-
functional heater-thermometer nanoplatforms are employed. The mixed rare earth
(RE, RE') approach is generally based on the dual-emission of Tb>* and Eu®*
within MOFs to construct ratiometric thermometers. Such materials involve three
energy transfer processes: Tb>* -to-Eu>*, ligand-to-Eu®*, and ligand-to-Tb**, and
display the characteristic transition emission of Eu®>* and Tb** ions. Although
most research on this MOF-based hybrid thermometry is based on the Tb>*/
Eu’* emission ratio, a few papers explore the emission of an organic chromophore
(usually involving an excited triplet state) and RE**. The implementation of these
rare-earth MOF hybrid materials as ratiometric thermometers in diverse applica-
tions has been extensively revised in the past decade [9-38].

Cui et al. realized a luminescent mixed rare earth MOF approach to explore
luminescent thermometers, whose targeted self-referencing luminescent ther-
mometer Eug oogoTbo.o93;1-DMBDC (DMBDC = 2,5-dimethoxy-1,4-benzene-
dicarboxylate) based on two emissions of Tb** at 545nm and Eu’* at
613 nm with high sensitivity at a wide range from 10 to 300 K. The temperature
dependence of the emission spectra of Tb-DMBDC, Eu-DMBDC, and
Eug 0069 Tbo.993;-DMBDC from 10 to 300 K is illustrated in Fig. 12.1A-C



Luminescence responsive chemical sensing of temperature and pH value Chapter | 12 413

- (b} _—
5 2
= 3
£ £
] £
7} 2
E E
~ ":\
. had AN
e s =
400 450 s S50 600 680 q00 450 00 550 60 650 &‘dt‘
Wavelength (nm) s Wavelength (nm)
3
s (d) i T,
o g —a
£ z |y S
z “ ql= =— Ec-DMBDC =3
- g i +— Th-DMBDC
E E 2 Tompertiire (K) -
- - emperature -
3 T
N 5 If—a—g
a@' £ %‘“t_..
S 3 s
7z o i
0 L : i i i i
Wavelength (nm) 0 50 100 150 200 250 300
Temperature (K)
= Ettg 00T o3, "DMBDC
10f=  *® s Th-DMBDC 11.0
y . z
= 4 g 7
=E LY 5
_'l- -—— b A E
E T Tl /7
= 05F o i . 105§
- “-\__H_‘ ;
E - 55 L] “
= 3 . .
2 . .. 1 5
o " z
uTch::rlh.:z IKi]n
0.0 - ' (.0

0 50 100 lfl‘;ﬂ IIIJO 2.%0 300
Temperature (K)

FIG. 12.1 (Top) Emission spectra of (A) Tb-DMBDC, (B) Eu-DMBDC, (C) Eug 0069Tbo.9931-
DMBDC recorded between 10 and 300 K (excited at 355 nm from the third harmonic of a Nd:
YAG laser), and (D) temperature dependence of integrated intensities of the
D, — "Fs (534-562 nm) and *Dy — 'F, (605633 nm) transitions for Eug o0 Tbo.0031-DMBDC.
(Inset) Temperature-dependent integrated intensity of the *D, — ’Fs transition of Tb-DMBDC
and °Dy — ’F, transition of Eu-DMBDCEF. (Bottom, Left) Temperature dependence of the integrated
intensity ratio of Tb** (545 nm) to Eu* (613 nm) for Eug, 9050 Tbo 9931-DMBDC (black squares), and
temperature dependence of integrated intensity of Tb>* (545 nm) for Tb-DMBDC (red triangles).
(Inset) Fitted curves of the integrated intensity ratio for Eug 0o Tbo.9931-DMBDC from 50 to 200 K.
(Bottom, Right) CIE chromaticity diagram showing the luminescence color of Euggos9Tbg 9931~
DMBDC at different temperatures. (Reproduced with permission from Y. Cui, H. Xu, Y. Yue,
Z. Guo, J. Yu, Z. Chen, J. Gao, Y. Yang, G. Qian, B. Chen, A luminescent mixed-lanthanide
metal-organic framework thermometer. J. Am. Chem. Soc. 134 (2012) 3979-3982. Copyright
2012 American Chemical Society.)
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(top), and the integrated intensities of the Sp, — 7F5 (Tb3+, 545 nm) and
SDO — 7F2 (Eu3+, 613 nm) transitions are shown in Fig. 12.1D (top). The lumi-
nescent intensity of both Tb>* and Eu®* in Tb-DMBDC and Eu-DMBDC
decreased gradually as the temperature increased, which is normal due to the
thermal activation of nonradiative-decay pathways. The emission intensity of
the Tb>" ions in Eugos0Tbo.9e3;-DMBDC decreased, while that of the Eu®*
increased with the temperature. Such temperature-dependent emission spectra
are repeatable and reversible. As shown in Fig. 12.1 (bottom, left), the temper-
ature can be readily correlated to the emission intensity ratio of the
D, — "Fs (Tb>*, 545 nm) to Dy — 'F, (Eu>*, 613 nm) transition (Irp/ly),
which does not require any additional calibration of luminescence intensity.
The fact that the temperature can be linearly related to It/Ig, indicates that
Eug 0069 Tbo.0931-DMBDC is an excellent luminescent thermometer at this tem-
perature range (Fig. 12.1; bottom, left, inset). Because Tb** and Eu** within
Eug.0069Tbo.9931-DMBDC emit different colors of green at 545 nm and red at
613 nm, respectively, direct visualization of the temperature change, instantly
and straightforwardly, is possible. As shown in Fig. 12.1 (bottom, right), the
temperature-dependent luminescence colors of Eug gogoTbg 993;-DMBDC are
systematically tuned from the green-yellow to red from 10 to 300 K, which
can be clearly and directly observed even by the naked eye or a camera. This
phenomenon is attributed to the temperature-dependent energy transfer proba-
bility from the Tb>* to Eu®" ions controlled by the phonon-assisted Forster
transfer mechanism [9].

Zhou et al. developed a MIL-type MOF, In(OH)(bpydc) (bpydc = 2,2"-bipyr-
idine-5,5'-dicarboxylic acid) for fabricating highly sensitive ratiometric lumi-
nescent nanothermometers through straightforward PSM strategy, which
highlights the ability of a broad range of nanosized MOFs to construct
nanothermometers. The temperature-dependent luminescent behavior of Eu**
and Tb>* in the Eu**/Tb** @In-MOF was significantly different from those in
the single Eu®* @In-MOF and Tb** @In-MOF (Fig. 12.2A; left). When the tem-
perature increased from 10°C to 60°C, the Tb>* emission exhibited a much
greater decrease of 60%, as compared to 33% for Tb** @In-MOF (Fig. 12.2B;
left). Simultaneously, the Eu** emission in Eu**/Tb** @In-MOF was enhanced,
which is contrary to that in Eu’*@In-MOF. The ratiometric and thermometric
parameters of Eu’*/Tb’*@In-MOF can be defined as the intensity ratio of
D, — "Fs (Tb*, 545 nm) and °Dy — 'F, (Eu>*, 613 nm) transitions (Irp/I5y,)-
Fig. 12.2C (left) plots the dependence of I1y/Ig, on temperature, which reveals
a good linear relationship between it and temperature within the range of 10 to
60°C with a correlation coefficient (Rz) 0f 0.9961. The precision of this thermal
probe is 0.48°C, a value limited by the error (0.024) of I/, determined from
the data in Fig. 12.2C (left). The temperature-dependent emission spectra of
Eu**/Tb** @In-MOF excited at 488 nm of the 'Fg — D, transition of Tb>* dis-
played a gradually enhanced Eu** emission, confirming that the Tb** to Eu®*
energy transfer occurred and was enhanced with the increase in temperature
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(Fig. 12.2; right). The thermal activation of nonradiative relaxation included the
energy transfer from Tb** to Eu** and energy back transfer (Bg, ) from the emit-
ting level of Tb>* to the excited triplet state of the H,bpydc ligand. Another indi-
cation provided by Fig. 12.2 (right) is that Eu®*/Tb>*@In-MOF can also be
developed as ratiometric optical thermometers when the excitation wavelength
is fixed at 487 nm. Nevertheless, the 487-nm excitation is much less cytotoxic
than 320 nm, and thus it is preferred in biotechnology [13].

Zhao et al. synthesized a series of RE-MOFs: ({[RE(L),(COO)
(H,0),-H,0},, (RE = Eu, Gd, Tb, Dy, Tm, Yb, Y) and codoped RE-MOFs:
Eu,Tb;_,L (x =0.1-0.9) with 1,3-bis(4-carboxyphenyl)imidazolium (H,L).
The temperature-dependent luminescent properties of Eug,Tbg gL allows for
the design of a thermometer with an excellent linear response to temperature
over a wide range from 40 to 300 K. The temperature-dependent emission spec-
tra of codoped MOF Euy ,Tb gL from 40 to 300 K are shown in Fig. 12.3A. The
integrated intensities of Dy — 'Fs (Tb>*, 543 nm) and Dy — 'F, (Eu’*,
616 nm) are portrayed in Fig. 12.3B. The codoped MOF Eu ,Tby gL exhibited
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FIG. 12.3 (A) Emission spectra of Eup,TbggL recorded between 40 and 300 K (excited at
322 nm); (B) temperature-dependent intensity of the D, — Fs and °Dy — F, transition for
Eup,TbogL; (C) temperature-dependent intensity ratio of Tb>* (543 nm) to Eu** (615 nm);
(D) temperature dependence of the *Dy lifetime for TbL and *Dj lifetime for EuL. Decay curves
are monitored at 543 and 615 nm, respectively, and excited at 322 nm. (Reproduced with permission
fromS. Zhao, L. Li, X. Song, M. Zhu, Z. Hao, X. Meng, L. Wu, J. Feng, S. Song, C. Wang, H. Zhang,
Lanthanide ion codoped emitters for tailoring emission trajectory and temperature sensing. Adv.
Funct. Mater. 25 (2015) 1463-1469. Copyright 2015 Wiley.)

Temperature (K)



Luminescence responsive chemical sensing of temperature and pHvalue Chapter | 12 417

a significantly different temperature-dependent luminescent behavior with
respect to the emissions of Tb** ions at 543 nm and Eu®* ions at 615 nm.
The emission intensity of the Tb>* ions decreased as the temperature increased,
while that of the Eu®* ions iU. As depicted in Fig. 12.3C, the good linear rela-
tionship between the It/ ratio and temperature from 40 to 300 K can be fitted
as a function with a correlation coefficient of 0.9932. The remarkable
temperature-dependent emissions may be explained by the probability of
temperature-dependent energy transfer from the Tb>* to Eu’* ions. The lifetime
of 5DO in Bug,Tby gL increases by approximately 13%, (Fig. 12.3D) indicating
that energy transfer from the Tb** to Eu’* ions does occur [16].

Yang et al. reported direct growth of mixed Tb/Eu-BTC MOF films on large
quartz substrates (4 x 4 cm). Fig. 12.4A shows the emission spectra of the
Tbg.980/Eug.020-BTC film as a function of temperature under 296-nm excitation.
By contrast, the emission intensity of Eu®* at 617 nm was appreciably enhanced
with increasing temperature from 298 to 359 K. The Tb>* -to-Eu’* energy trans-
fer is controlled by a phonon-assisted Forster transfer mechanism. The emission
intensity of Tb>* at 549 nm displays a steady decline as the temperature increases
(Fig. 12.4B). The researchers estimated the efficiency of the Tb>* -to-Eu>*
energy transfer, and the plot of 5 against temperature in Fig. 12.4C confirms
the enhancing of the energy transfer with increasing temperature from 298 to
373 K. The thermometric parameter A (the emission intensity ratio of
Tb** °D4 — "Fs) and Eu®* Dy — 'F.)), is plotted in Fig. 12.4D. The plot of
the relative sensitivity against temperature in Fig. 12.4E reveals maximum rel-
ative sensitivity of 16.14% K" at 359 K. Notably, a high relative selectivity (Sr)
of 9.01% K~ ' at 353 K was also attained over the physiological temperature
range (293-353 K), which outperforms existing luminescence thermometers
in this temperature range. The repeatability of the Tbg gg0/Eug 020-BTC film
was also assessed by cycling the temperature between 298 and 383 K
(Fig. 12.4F); the calculated value was larger than 93.25%, which indicates that
the maximum experimental deviation during the thermal cycling experiment was
lower than 6.75%. The variation of thermal sensitivity on the different temper-
ature cycles can be partly attributed to the release and reabsorption of free solvent
that may disturb the local structure of the luminescent RE** jons.

Zhao et al. use 6-(4-carboxyphenyl)nicotinic acid (H,cpna) and [2,2-bipyr-
idine]-5,5’-dicarboxylic acid (H,bpydc) with carboxylate and pyridine moieties
as linkers to fabricate the REMOFs with Tb>* and Eu’* ions, Tbg.95Eug gscpna
and TbggsEuggsbpydc, whose ratiometric parameters feature an excellent
S-shaped response to temperature in the range of 25-300 K, with favorable rel-
ative sensitivities and low temperature uncertainties. As illustrated in panels a
and b of Fig. 12.5 (top), both of them exhibit significantly different temperature-
dependent luminescence behavior with respect to the emission peaks of Tb** at
544 nm and Eu’" at 612 nm. From the emission spectrum of Tbg ¢osEug gscpna
(Fig. 12.5A; top), the peak intensity of Tb>* decreased by 0.45% K ' with an
increase in temperature from 25 to 150 K, while the emission of Eu* was
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significantly enhanced. Similar behavior was observed in the isostructural
Tbg.9sEugosbpyde, but it exhibited different extents of change in the
corresponding emissions (Fig. 12.5B; top). As shown in Fig. 12.5A (middle),
the experimental values of the intensity ratio A for TbggsEuggscpna and
Tbg 95Eug osbpydc are well fitted, with R? values for the experimental data
points of TbgosEugoscpna and TbgosEug osbpydc of 0.9997 and 0.9989,
respectively. As shown in Fig. 12.5B (middle), the maximum relative sensitiv-
ity of Tbg 9sEug oscpna was determined to be 2.55% K~ 'at 131 K, while that of
Tbg.95sEug osbpyde was 2.59% K~ at 179 K. The temperature uncertainty O is
another index for assessing the thermometer performance and the minimum
temperature uncertainties of Tbg 9sEug gscpna and Tbg 9sEug osbpydc were esti-
mated to be 0.02 K (at 131 K) and 0.01 K (at 179 K), respectively (Fig. 12.5C;
middle). In addition, they are sensitive luminescent colorimetric probes; the
emission color change of these two MOFs with an increase in temperature is
depicted on the CIE color diagram in Fig. 12.5 (bottom). The emission colors
of both the two probes changed from green (25 K) to red (300K) upon heating,
which can be easily observed by digital cameras and the naked eye.

Yang et al. synthesized ternary codoped REMOFs, Eu,Tb,Gd;_,_,L
(H4L = 2,6-di(2',4' —dicarboxyl phenyl) pyridine) and utilized them as ratio-
metric temperature sensors. The Gd>* ion was introduced to achieve ternary
mixed rare earth MOF Eu,Tb,Gd,_,_,L due to its biological interest, silence
in f-f emissions, and relatively low price. The ternary mixed rare earth MOFs
presented Gd** -to-Eu®*, Gd™ -to-Tb>*, and Tb>* -to-Eu’* energy transfer,
which may provide some new opportunities for designing novel ratiometric
luminescent thermometers. Two ternary mixed RE-MOFs, Eu, Tb,Gd,_,_,L
(x=0.013, y=0.060; x =0.033, y =0.085) were obtained. As shown in
Fig. 12.6, both of them showed similar temperature-dependent luminescent
behaviors. The two materials exhibited good linear relationships between the
temperature and Ity/[g,, which could be fitted with R?=0.989 (77-250 K)
and R* = 0.990 (77-280 K), respectively. The Eugg13Tbg0s0Gdoo27L and
Eug 033Tbg.0s5Gdg gL had a maximum relative sensitivity of 6.11% K ! at
430K and 3.62% K~ ' at 400 K, respectively. This is an unprecedented case
of ternary M’RE-MOF ratiometric luminescent thermometers based on energy
transfer of different RE** ions. The Gd** ions here are considered to play a main

FIG. 12.5—CONT’D, fit of the experimental values. (B) Relative sensitivity of Tbg 9sEug oscpna
and Tbg.osEug gsbpydc in the range of 25-300 K. (C) Corresponding temperature uncertainty of
Tbp9sEugpscpna and TbgosEugosbpydc. (Bottom) CIE chromaticity diagram presenting the
temperature-dependent color of (A) Tbg¢sEuggscpna and (B) TbgosEug¢sbpydc changing from
green at 25 K to red at 300 K. (Reproduced with permission from D. Zhao, D. Yue, K. Jiang,
L. Zhang, C. Li, G. Qian, Isostructural Tb3 +/Eu3 + co-doped metal-organic framework based
on pyridine-containing dicarboxylate ligands for ratiometric luminescence temperature sensing.
Inorg. Chem. 58 (2019) 2637-2644. Copyright 2019 American Chemical Society.)
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FIG. 12.6 (A) Solid-state emission spectra of Eug o13Tbg 050Gdp.927L recorded between 77 K and
450 K excited at 335 nm. (B) Temperature-dependent normalized emission intensity of the
5D, — "Fs and °Dy — 'F, transitions of Eug 013Tbo 066Gdo 927L. (C) Temperature-dependent inten-
sity ratio of Tb>* (542 nm) to Eu** (612 nm) for ternary mixed Eug 13Tbg 060Gdo.027L at different
temperatures from 77 K to 450 K. (D) CIE-1931 chromaticity diagram showing the luminescent
colors of the ternary mixed Eug o13Tbg.060Gdo.027L. (Reproduced with permission from Y. Yang,
L. Chen, F.Jiang, M. Yu, X. Wan, B. Zhang, M. Hong, A family of doped lanthanide metal-organic
frameworks for wide-range temperature sensing and tunable white light emission. J. Mater.
Chem. C 5 (2017) 1981-1989. Copyright 2017 Royal Chemical Society.)

role in acting as a matrix and diluting Eu®* and Tb>*, thereby reducing the
quenching effect from concentration [38].

Liet al. fabricated a dual-function ratiometric luminescence sensor based on
an EugppDyg15-MOF of 5-(bis(4-carboxybenzyl)amino)-isophthalic acid
(H,L), in which the two RE** and ligand (H4L) formed three luminescence cen-
ters and had different sensitivity to temperature. Using the luminescence inten-
sity ratio of Eu** (°Dy — "F,, 614 nm) transition to Dy** (*Fo;, — °H,3/,
573 nm) transition, the MOF could also sense temperature in the range of
293 to 373 K and 150 to 290 K with high accuracy, excellent linear relationship,
reversibility, and recyclability. As shown in Fig. 12.7A (top), the emission
intensity of both Eu** and Dy** decreased as the temperature increased from
293 to 373 K, and the emission intensity of Dy>* decreased much more slowly
than that of Eu®". The relative intensity A (A = Ig14/573) and temperature have a
good linear relationship, which can be fitted with a correction coefficient of
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0.992 (Fig. 12.7B; top). After five cycles, the relative luminescence intensity
remained stable (Fig. 12.7D; top). Moreover, with heating and cooling the
MOF during 150 and 290 K, the emission intensity of both Eu®* and Dy**
had the same change tendency (Fig. 12.7; bottom) with that at 293 and
373 K. The relationship between the relative intensity A (A = I414/I573) and tem-
perature could be fitted with a correction coefficient of 0.97 (Fig. 12.7A and B;
bottom). Good recyclability was also obtained (Fig. 12.7D; bottom). With rais-
ing the temperature from 150 to 290 K and 293 to 373 K, both the emission
intensities of Eu®* and Dy3+ in the Eug 0;Dyg.18-MOF were quenched due to
the thermal activation of nonradiative decay pathways. However, the intensity
of Eu* declined faster than that of Dy>* [39].

Zhao et al. developed a near-infrared (NIR) luminescent mixed rare earth
MOF, NdjggsYbg.134BTB (H3BTB = 1,3,5-benzenetrisbenzoic acid), as a
self-calibrated thermometer in the physiological range. The temperature depen-
dence of its emission spectra was investigated and is presented in Fig. 12.8A and
B. At 303 K, the luminescence intensities of Yb>* (980 nm, 2Fs n— 2F7/2) and
Nd** (1060 nm, 4F3/2 — 411 1,2) are comparable; they then increase at different
rates with temperature, whereas at 333 K, the intensity of Yb**is more than two
times that of Nd**. A remarkable intensity enhancement for Yb** of
Nd.g66 Ybo.134BTB with temperature can be attributed to the efficient energy
transfer from Nd** to Yb** ions through the thermal driven phonon-assisted
energy transfer mechanism. Fig. 12.8C shows a good linear relationship
between the intensity ratio A and temperature 7. The calibrated curve follows
a linear-fit function with a correlation coefficient R* = 0.968, suggesting it is an
excellent luminescent thermometer from 303 to 333 K. As shown in Fig. 12.8D,
the sensitivity range of Nd ge6 Ybo.134BTB is from 2.090% to 4.755% K~ [40].

Zhao et al. presented a type of RE-MOF having NIR absorption and emis-
sion features based on efficient Nd** -to-Yb* energy transfer at 808-nm pho-
toexcitation. The ratiometric parameter of Ndy5Yby sTPTC
(TPTC = 1,1":4',1"-terphenyl]-3,3",5,5"-tetracarboxylic acid) could deliver
good exponential-type luminescence response to temperature in the physiolog-
ical regime (293-328 K). As shown in Fig. 12.9A, Nd( 5Ybo sTPTC presents the
different temperature dependence of the luminescence behavior with respect to
the characteristic emissions of Nd** and Yb" ions. Fig. 12.9B, which presents
the normalized intensity of the *Fs, — *I;;, (1062 nm, Nd**) and the
*Fs, — “F775 (1026 nm, Yb’™) transition in Ndy s Ybo sTPTC, displays the tem-
perature dependence. In Fig. 12.9A, one can see that at 293 K, the luminescence
intensity of Nd*>* at 1062 nm is much stronger than that of Yb>* at 1026 nm.
With the rise in temperature, the emission of Nd** decreased by 1.15% K!
in the range of 293 to 313 K, whereas the peak intensity of Yb** was signifi-
cantly increased by a very high rate of 13.14% K~ '. At 328 K, the emission
intensity of Yb>* was enhanced by 4.6-fold, which is nearly 2.5 times as com-
pared with the emission of Nd**. As depicted in Fig. 12.9C, the experimental
data for NdysYbysTPTC were fitted with a correlation coefficient of
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FIG. 12.8 (A) Emission spectra of NdggesYbo.134BTB recorded between 303 and 333 K.
Temperature-dependent (B) normalized intensity of the corresponding transitions and
(C) intensity ratio of Nd>* (1060 nm) to Yb>* (980 nm) and the fitted curve and (D) relative sensi-
tivity for NdggesYbo.134BTB (excited at 808 nm). (Reproduced with permission from D. Zhao,
J. Zhang, D. Yue, X. Lian, Y. Cui, Y. Yang, G. Qian, A highly sensitive near-infrared luminescent
metal-organic framework thermometer in the physiological range. Chem. Commun. 52
(2016) 8259-8262. Copyright 2016 Royal Chemical Society.)

R*=0.989. Such an energy difference was matched with the energy gap
between the Nd** “F5,, and Yb™* 2Fs), levels, which can be considered as
the premise of the efficient energy transfer from Nd** to Yb** ions [41].

Li et al. presented (Me,NH;);[RE;(FDC)4(NO3)4]-4H,0 (RE-MOF,
RE = Eu, Gd; H,FDC = 9-fluorenone-2,7-dicarboxylic acid), which is a single
RE-MOF ratiometric luminescent thermometer based on ion-to-ligand back
energy transfer (AE = 553 cm™'). The temperature-dependent emission spec-
tra of Eu-MOF and Gd-MOF in the 12-320 K range are shown in Fig. 12.10.
The ligand and Eu®* emission intensities of Eu-MOF (Fig. 12.10C) present a
very distinct temperature dependence. Whereas the FDC emission is essentially
constant over the low temperature range, decreasing only ~ 16% up to 150 K
and 23% up to 230 K, the Eu** emission shows a strong temperature quenching,
decreasing = 95% up to 150 K and 99% up to 230 K. The intensity decrease of
the FDC emission is much more relevant over the high temperature range,
reaching 65% for Eu-MOF at 320 K (Fig. 12.10C). For 365-nm excitation
(Fig. 12.10A) the Igpc and I, are determined integrating the emission spectra,
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FIG. 12.9 (A) Emission spectra of Ndo 5Ybo sTPTC recorded in the range of 293 to 328 K (exci-
tation wavelength 808 nm). (B) The normalized intensity of Yb** (2F5/2 — 2F7/2, 1026 nm) and
Nd** (4F3,2 -1, 12 1062 nm) for Ndy 5Yb sTPTC. (C) Red circular symbols present the values
of the experimental parameter (4 = Iyy/Ing) of Nd Ndg sYbg sTPTC, and the solid red line depicts
the best fit of the experimental values. (D) Relative sensitivity (Sr) of Ndo5YbosTPTC. (Repro-
duced with permission from D. Zhao, X. Han, S. Wang, J. Liu, Y. Lu, C. Li, 808nm-Light-excited
near-infrared luminescent lanthanide metal-organic frameworks for highly sensitive physiological
temperature sensing. Chem. A Eur. J. 26 (2020) 3145-3151. Copyright 2020 Wiley.)

respectively, between 450 and 575 nm and 605 and 640 nm. A direct energy
transfer occurs from the DSB T state to the °P;/, level of Gd**, occupying
the higher energy region. From the 6P7/2 level, further energy transfer takes
place between Gd** and Eu®*, resulting in a fairly independent Eu®*
emission [42].

Xia et al. described the first example of a Dy**-MOF, Dycpia (Hscpia = 5-
(4-carboxyphenoxy)isophthalic acid), for self-referenced temperature sensing
in the range from 298 to 473 K with high sensitivity. Fig. 12.11A (left) shows
the normalized spectra in the 435-515-nm wavelength range, and a blue shift
in the 4F9/2 — °H, 5,2 transition can be observed. As shown in Fig. 12.11B (left),
the self-calibration thermometric parameter A of calcined Dycpia increases
exponentially with temperature (where A =1,/I,, which are the integrated
intensities of the 4115/2 — 6H15/2 emission in the 441-462 nm range and the
4F9/2 — 6H15/2 emission in the 462-500 nm range, respectively). To judge
and compare the performance of different fluorescence thermometers, relative

()
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FIG.12.10 (A) Emission spectra of Eu-MOF recorded between 12 and 423 K (excited at 365 nm).
The inset shows a magnification of the FDC ligand emission in the 400 ~ 575 nm region. (B) Digital
photographs of Eu-MOF under 365 nm excitation recorded at different temperatures. (C) Integrated
areas of the 5Do —"F, (Eu™, red circles) and of the FDC ligand emission (blue squares). The error
bars result from the uncertainty on the integration of the peaks. (D) Emission spectra of Gd-MOF
recorded between 12 and 423 K (excited at 365 nm). (Reproduced with permission from L. Li,
Y. Zhu, X. Zhou, C. D. S. Brites, D. Ananias, Z. Lin, F. A. A. Paz, J. Rocha, W. Huang, L. D.
Visible-light excited luminescent thermometer based on single lanthanide organic frameworks.
Adv. Funct. Mater. 26 (2016) 8677-8684. Copyright 2016 Wiley.)

sensitivity (Sr) is commonly used and the relative sensitivity Sr of calcined Dyc-
pia steadily increased in the 298—400 K temperature range, and then slowly
increased to a stable value at higher temperature (Fig. 12.11A; right). The
repeatability of the luminescent thermometer was evaluated by heating-cooling
cycles between 298 and 473 K. As shown in Fig. 12.11B (bottom), the calcined
Dycpia exhibited a reversible luminescence response under thermal cycling and
no noticeable hysteresis was induced by the temperature change [43].

Feng et al. prepared two dual-emitting MOFs with integrated RE** and
luminescent ligand in a UiO-66-type structure, called RE@UiO-66-hybrid

)
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FIG. 12.11 (Left) (A) Temperature-dependent normalized spectra of calcined Dycpia excited at
324 nm. (B) Temperature-dependent integrated intensity ratio of the e 50— 6H15/2 to 4F9/2 — SH, 5/
» transition and the fitting curve for calcined Dycpia. (Right) (A) Temperature-dependent relative
sensitivity (Sr) of calcined Dycpia. (B) The reversible emission intensity ratio of the e sp— 6H15,2
transition to 4F9,2 — °H, s, transition between 298 and 473 K. (Reproduced with permission from
T.Xia,Y.Cui,Y.Yang, G. Qian, A luminescent ratiometric thermometer based on thermally coupled
levels of a Dy-MOF. J. Mater. Chem. C 5 (2017) 5044-5047. Copyright 2017 Royal Chemical
Society.)

(RE = Eu, Tb), via the combination of postsynthetic modification and postsyn-
thetic exchange methods. Subsequently, the as-synthesized MOFs were depos-
ited onto fluorine tin oxide substrates through electrophoretic deposition by
taking advantage of the charges from the unmodified carboxylic groups of
the MOFs. The as-prepared Tb@UiO-66-hybrid and Eu@UiO-66-hybrid films
were applied to detect temperature changes. As shown in the emission spectra of
the Eu@UiO-66-hybrid film shown in Fig. 12.12 (left), the intensity at 430 nm
gradually decreased with increasing temperature. In addition, the film exhibited
fluorescence with colors ranging from pale pink to red with temperature
increasing from 303 to 403 K, which indicates that the temperature change
could be observed by the naked eye. Moreover, there is a good function rela-
tionship between the intensity ratio (¥) of 616430 nm and T in the temperature
range of 303—403 K, which could be fitted with a correlation coefficient of
0.9954. As shown in Fig. 12.12 (bottom), the intensity at 430 nm decreased
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FIG.12.12 (Left) (A) Emission spectra of the Eu@UiO-66-hybrid film recorded in the temperature range of 273-403 K excited at 330 nm (inset: the corresponding
CIE picture of Eu@UiO-66-hybrid film); (B) emission intensity at 430 and 613 nm in the temperature range of 303—403 K; and (C) emission intensity ratio of the
Eu@UiO-66-hybrid film as a function of temperature with the fitting curve (red line, R* = 0.9954). (Right) (A) Emission spectra of the Tb@UiO-66-hybrid film
recorded in the temperature range of 303—353 K excited at 330 nm (inset: the corresponding CIE picture of Tb@UiO-66-hybrid film); (B) emission intensity at 430
and 544 nm in the temperature range of 303—-353 K; and (C) emission intensity ratio of the Tb@UiO-66-hybrid film as a function of temperature with the fitting curve
(red line, R?>= 0.99) and the relative sensitivity curve. (Reproduced with permission from J. Feng, S. Gao, T. Liu, J. Shi, R. Cao, Preparation of dual-emitting
In@UiO-66-hybrid films via electrophoretic deposition for ratiometric temperature sensing. ACS Appl. Mater. Interfaces 10 (2018) 6014-6023. Copyright 2018
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in quantity with increasing temperature. Similarly, there is a good linear rela-
tionship between the ratio (Y) of the intensity at 544—430 nm and temperature in
the range of 303-353 K fitted with a correlation coefficient of 0.99. The lumi-
nescent lifetimes of the two kinds of hybrid films clearly indicate that energy
transfer occurred from the luminescent ligand to the Eu®* or Tb>* ions. The
films have a superior temperature-sensing performance as compared to
powders [44].

Yan et al. designed and synthesized a smart all-in-one thermometer-heater
nanoprobe (THA @Eu-NMOF@Fe/TA), which could achieve precise tempera-
ture sensing during PTT under single-beam 808-nm NIR light excitation
(TA = trimesic  acid, HTHA = (4,44-trifluoro-1-(9-hexylcarbazol-3-yl)-
1,3-butanedione). HTHA was introduced to sensitize Eu3+, which can absorb
808-nm NIR light excitation to reduce light-induced damage to tissues and
increase the depth of light penetrating tissue. Particularly, the long emission
lifetime and ultrasensitive transition of the Eu®>* endowed the THA @ Eu-NMOF
probe with the ability to sense temperature. In order to explore the potential effi-
ciency as a molecular thermometer of THA @Eu-NMOF@Fe/TA, the intensity
ratio Ig;5/Is00 Was used as the thermometric parameter. The dependence of /¢;5/
I599 on temperature is plotted in Fig. 12.13A, which reveals a good linear rela-
tionship between I¢;5/Is00 and temperature within the range of 20°C to 60°C
(biological range). The linear relationship can be fitted with a correlation coef-
ficient (R?) of 0.993. As shown in Fig. 12.13B, the maximal sensitivity of the
THA @Eu-NMOF@Fe/T A nanoprobe is 0.59% at 60°C. Fig. 12.13C shows the
influence of temperature on the lifetime of Eu** in the nanoprobe THA @Eu-
NMOF@Fe/TA, showing that as the temperature increases from 20°C to
60°C, the average lifetime drops rapidly. Fig. 12.13D displays the maximum
temperature sensitivity as 0.23% at 60°C (from 20°C to 60°C). Therefore it
is more suitable for temperature monitoring in biological systems, which pos-
sess the complex biological background interferences [45].

Cui et al. incorporated an organic dye perylene into a porous rare earth MOF
ZJU-88 ([Eun,(QPTCA)(NO3),(DMF),]-(CH3CH,OH)3) of 1,1:47,17:471""-
quaterphenyl-3,3'",5,5"-tetracarboxylic acid (H4QPTCA) to form the ZJU-
88 D perylene hybrid, and make use of the dual-emitting from organic dyes
and Eu* ions within such a hybrid to realize ratiometric temperature sensing
in a physiological temperature range. To assess the potential of ZJU-
88 D perylene as a ratiometric thermometer, the temperature-dependent photo-
luminescent properties were investigated (Fig. 12.14A). With the increase of
temperature from 20°C to 80°C, the luminescence intensity at 473 nm of per-
ylene dye in ZJU-88 D perylene substantially decreased due to the thermal acti-
vation of nonradiative-decay pathways, while the intensity of the
5D0 — 7F2 transition of Eu®* at 615 nm increased. The significant luminescence
decreases of perylene as well as the enhancement in emission of Eu®* in ZJU-
88 D perylene may be attributed to the energy transfer from perylene molecules
to Eu** ions. Such an energy transfer behavior has been further confirmed by the
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dure: heat for 5 min, keep for 10 min) to collect fluorescence or lifetime signals per 5°C. (Repro-
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lifetime measurements. Fig. 12.14B plots the ratio of the luminescence intensity
at 615 nm (Eu3+) and 473 nm (perylene) versus temperature, normalized to this
intensity ratio at 20°C. There is a very good linear relationship between the
intensity ratio and temperature, which can be fitted with a correlation coeffi-
cient of 0.998 [46].

Liu et al. prepared a dual-emissive CsPbBr; QD encapsulated Eu-MOF
material with expected FIR self-calibrated temperature-sensing activities.
Accordingly, the thermo-response luminescence intensity ratio of
CsPbBr’ QDs to Eu’* emitters showed an exponential function versus temper-
ature changes, which can effectively serve as a self-calibrating temperature sen-
sor. As shown in Fig. 12.15A, the characteristic green emission of CsPbBr; QDs
centered at around 528 nm decreased gradually as the temperature increased,
while the CsPbBr; QDs do not show any change in emission peak position.
In contrast, the emission intensity of Eu’" ions at 618 nm increased as the tem-
perature increased. Such a significant temperature response of Eu’* ions in
CsPbBr; @Eu-BTC may be related to the high luminescence efficiency of
the encapsulated guest CsPbBr; QD phase and the host skeleton limiting effect
of the Eu-BTC matrix. The opposite temperature-sensing behaviors of
CsPbBr; QDs, and skeleton Eu®* ions will benefit the application of an optical
nanothermometer based on the FIR of Eu>* ions (618 nm) to CsPbBr; (528 nm).
Fig. 12.15A (inset) illustrates the chromaticity diagram of CsPbBr; @Eu-BTC
at different temperatures. It can be found that with an increase in temperature,
the emissive colors evolved from green (0.275, 0.674) to orange (0.536, 0.423).
Fig. 12.15B illustrates the relative luminescent intensity ratio of Eu®* ions
(618 nm) to CsPbBr; (528 nm) versus temperature [47].
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FIG.12.15 (A) Temperature-dependent luminescent spectra of CsPbBr; @ Eu-BTC in the temper-
ature range of 20—-100°C excited at 339 nm (inset: the CIE (x, y) coordinate diagram of emission
colors at various temperatures). (B) Integrated emission intensities of CsPbBr; QDs and Eu’*:
5Dy — 'F, versus various temperatures. (Reproduced with permission from J. Liu, Y. Zhao,
X. Li, J. Wu, Y. Han, X. Zhang, Y. Xu, Dual-emissive CsPbBr3@Eu-BTC composite for self-
calibrating temperature sensing application. Cryst. Growth Des. 20 (2020) 454—459. Copyright
2015 American Chemical Society.)
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There are some examples of temperature sensing by single luminescence
rare earth ion centers. Li et al. synthesized heterometallic 3D Tb**-K* sulfate
and oxalate MOFs via the in-situ generation of sulfate anions, whose tunable
luminescence was observed by changing the temperature. This may have poten-
tial applications in temperature sensing [48]. Sun et al. designed an Nd-complex
from an ESIPT ligand; efficient energy transfer occurred from the triplet keto-
state T;(K*) of the ligand to the Nd>* centers, resulting in sensitized NIR emis-
sion, and it could be substantially modulated by outer interferences related to
ESIPT processes. Uniquely, anomalous temperature-enhanced NIR emission
was observed in this Nd-complex from 77 to 300 K for the first time, due to
the thermally activated triplet states of the unique four energy level attributes
in ESIPT ligands. The Nd-complex was further coupled with an optical fiber
device to achieve the remote and in-situ detection of temperature over a long
range [49]. Kitagawa et al. proposed a design for an effective molecular lumi-
nescent thermometer based on long-range electronic coupling in RE-MOFs.
The zig-zag orientation of the single polymer chains induced the formation
of packed coordination structures containing multiple sites for CH-F intermo-
lecular interactions, resulting in thermal stability above 350°C. The electronic
coupling was controlled by changing the concentration of the Gd** ion in the
Eu’* -Gd** polymer. The emission quantum yield and the maximum relative
temperature sensitivity (Sm) of emission lifetimes for the Eu**-Gd**-MOF
(Bu: Gd = 1:1, @ = 52%, Sm =3.73% K ') were higher than those for
the pure Eu**-MOF (Dior = 36%, Sm =2.70% K_l), respectively. The
enhanced temperature-sensing properties are caused by control of long-range
electronic coupling based on phosphine oxide with a chrysene framework [50].

12.2 Rare earth metal-organic framework hybrid materials
for luminescence responsive chemical sensing of pH value

Another important sensing application is focused on the pH value of aqueous
media and further utilization. Solution pH is a pivotal target parameter in a
broad range of applications from environmental to industrial to
biomedical. A slight pH fluctuation can devastate the lives of plants and ani-
mals. The study of pH changes in living cells is important for revealing the
mechanism of cell metabolism and different physiological and pathological
processes, as well as the intracellular drug delivery process [51-53]. There-
fore monitoring the changes and values of pH is highly valuable for explor-
ing and better understanding cellular functions. Also, pH detection is very
important and interesting in luminescence sensing research; however, there
are few reports of MOF materials as fluorescent pH sensors because most
MOFs cannot resist harsh acid and alkali solutions. Among them, MOFs with
pH-dependent fluorescent ligands or pH sensitive fluorescent dyes can be
used as pH sensors. Some rare earth MOFs have been reported for sensing
of pH value, whose luminescence intensity responds to the alternation of pH
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value. These facts are strongly correlated to the protonation level of linkers
and the ionization constant [54—62].

Han et al. constructed [Eu,(p-cam)(Himdc),(H,O),] (Eu-MOF) with mixed
ligands of D-H,cam (p-camphoric acid) and 4,5-imidazole dicarboxylic acid
(Hszimdc). The imidazole moiety in this Eu-carboxylate system can act as a
buffer solution, which is readily protonated/deprotonated without destroying
the framework structure. Thus this Eu-MOF is highly stable under a wide pH
range and in several boiling solvents and can be used as a pH sensor over a wide
pH range from 2 to 11. More significantly, it also shows a highly sensitive and
linear pH response in the range of 6.8—8.0 for biological fluids. From Fig. 12.16
(left), the emission intensity of Eu-MOF is correlated with pH values in the
whole experimental pH range (2—1), particularly in the range of 5-9. As shown
in Fig. 12.16 (right), the luminescent intensity of Eu-MOF increased with
increasing pH value and had a linear response to the pH values in the range from
6.8 to 8.0, which is required for working with biological fluids such as blood and
culture cell media (Fig. 12.16; right, inset). High sensitivity of up to 1.325% was
observed for the Eu-MOF, which makes it potentially useful for designing new
miniaturized physiological pH sensor prototypes. In high acidity, the abundance
of hydrogen bonds in the Eu-MOF will be destroyed piecemeal, thereby result-
ing in the decrease of luminescent intensity. However, in alkaline solutions,
deprotonation of the imidazole ring in Himdc?~ occurs, leading to the more aro-
matic imidazole ring that favors the energy transfer from ligand to Eu** ions and
hence increases the luminescent intensity [54].

Lu et al. prepared a MOF-253-Eu-TTA hybrid using a PSM, in which Eu**
ions were introduced into MOF-253 first (recorded as MOF-253-Eu), and
deprotonated TTA (TTA = 2-thenoyltrifluoroacetone) was used to further
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FIG.12.16 (Left) The normalized intensity of the emission spectra of Eu-MOF in different pH (2—
11) solutions. (Right) The emission spectra of Eu-MOF after immersion in 1 M HEPES aqueous
solution with various pH values from 6.8 to 8.0. Inset: linear correlation between the fluorescent
response of Eu-MOF and pH. (Reproduced with permission from Y. Han, C. Tian, Q. Li, S. Du,
Highly chemical and thermally stable luminescent EuxTbl-xMOF materials for broad-range pH
and temperature sensors. J. Mater. Chem. C 2 (2014) 8065-8070. Copyright 2014 Royal Chemical
Society.)
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sensitize the Eu®" jons. The deprotonated TTA could construct a six-membered
chelate ring with Eu** ions. In the PSM, the amount of Eu®* ions was four times
that of TTA (according to the feed ratio) for building two different coordination
environments of Eu®* ions, one of them only linked by bipyridine, denoted as
Eu,, and the other one having two ligands (bipyridine and TTA), denoted as
Eu,. So, MOF-253-Eu-TTA requires no calibration because only one of the
two types of Eu" is affected by the pH variation in the range from 5 to 7.2.
The emission intensity of Eu; (lex = 330 nm) remained almost unchanged in
different pH solutions (Fig. 12.17A; top). Meanwhile, the emission intensity
of Eu, (Aex = 375 nm) weakened with a decrease of the pH value for the pro-
tonation of the a-proton of TTA (Fig. 12.17B; top). The change in the emission
intensity corresponds to the results of the excitation spectra, which are obtained
by monitoring the emission wavelength at 614 nm (Fig. 12.17C; top). By fol-
lowing the 5DO — 7F2 emission intensity ratio (/) of the two Eu’* types
(Euy/Eu,), the pH of the solution could be determined. In the pH range of
5.0-7.2, the relationship between the Dy — 'F, emission intensity ratio (/)
and the pH value presented good linearity (R = 0.9991) (Fig. 12.17D; top).
For the single Eu** complex with TTA, the free TTA disappeared into the solu-
tion after the six-membered chelate ring was broken. However, when the Eu**
complex is assembled into MOFs, some differences will occur. The free TTA
would still be present in the pore after the six-membered chelate ring is broken,
because MOFs have the adsorption capacity to hold these molecules (TTA). As
a consequence, the sensitization from TTA will still exist, but the effect will be
lessened. More importantly, the weakened sensitization can maintain the exci-
tation wavelength of Eu, at 375 nm and it does not change to 330 nm, even if the
six-membered chelate ring is broken (Fig. 12.17; bottom). To further prove the
presence of free TTA in the pore, triethylamine was used to recover the lumi-
nescence intensity (1., = 375 nm) of MOF-253-Eu-TTA, which was soaked in
an aqueous solution of pH 5 (Fig. 12.17; bottom) [55].

Xia et al. presented mixed-RE-MOFs, Eu, Tb;_ Hdpda (x = 0.097, 0.205,
0.303, Hudpda = 4-(3,5-dicar- boxyphenyl)pyridine-2,6-dicarboxylic acid)
for self-referencing and colorimetric luminescent pH sensing in a biological
pH value range using a single excitation mode. The resultant mixed-rare earth
MOFs showed high stability and contained uncoordinated carboxyl groups to
interact with H" or OH ™. The protonation-deprotonation of uncoordinated car-
boxyl groups enables these mixed-RE-MOFs’ high pH-dependent luminescent
emission and significant pH-dependent color change for self-referencing and
colorimetric luminescent pH sensors in biotechnology and biomedicine. The
emission intensity of Tb>" increased gradually while that of Eu** almost did
not change when increasing the pH from 3.90 to 7.50 (Fig. 12.18; left).
Fig. 12.18B (left) plots the ratios of two emission intensities of
Dy — 'F, (Eu*, 616 nm) and "D, — 'Fs (Tb>*, 543 nm) versus pH values,
normalized to the intensity ratio at pH 3.90, which decreases exponentially with
pH increase. The pH-dependent luminescence colors of Eug,5Tbg79sHdpda
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FIG. 12.17 (Top) The emission spectra of MOF-253-Eu-TTA in different pH aqueous solutions,
Aex = 330 nm for (A) and A.x = 375 nm for (B); (C) the excitation spectra of MOF-253-Eu-TTA in
different pH aqueous solutions (Aem = 614 nm); (D) the linear variation of the Dy — ’F, emission
intensity ratio (/;) of two Eu** types with different excitation wavelengths, Eu; (Aex = 330 nm)/Eus, (-
Jex = 375 nm). (Bottom) Schematic representation of the pH sensor based on MOF-253; H protons
cabd impair the sensitization of TTA to Eu®* by breaking the six-membered chelate ring, and triethy-
lamine can recover the sensitization; the insets show the photographs of MOF-253-Eu-TTA in pH 5
aqueous solution (right) and in pH 7.2 aqueous solution (left) (Aex = 375 nm). (Reproduced with
permission from Y. Lu, B. Yan, A ratiometric fluorescent pH sensor based on nanoscale metal-
organic frameworks (MOFs) modified by europium(lll) complexes. Chem. Commun. 50
(2014) 13323—13326. Copyright 2014 Royal Chemical Society.)

change from orange to green when the pH varies from 3.90 to 7.50, which can be
directly observed by a camera or the naked eye (insert in Fig. 12.18B; right).
The corresponding CIE coordinates change from (0.465, 0.465) at pH 3.90 to
(0.295, 0.597) at pH7.50 (Fig. 12.18A; right), indicating that
Eug205Tbg79sHdpda can act as a promising colorimetric pH sensor for in-situ
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FIG.12.18 (Left) (A) The pH-dependent emission spectra of Eug 05Tbg 79sHdpda in PBS with pH
ranging from 3.90 to 7.50. (B) pH-dependent intensity ratios of the °Dy— 'F, and
5D, — "Fs transition for Eug205Tbp 79sHdpda and related fitting curve between Ig,/It, and pH.
(Right) (A) CIE chromaticity diagram of luminescence color of Eug,¢sTbg79sHdpda at different
pH values. (B) Reversible luminescence response to pH of four consecutive cycles (Insert: lumines-
cence images of Eug»sTbg 79sHdpda at pH of 3.90 and 7.50 excited at 365 nm). (Reproduced with
permission from T. Xia, Y. Cui, Y. Yang, G. Qian, Highly stable mixed-lanthanide metal—-orgnic
frameworks for self-referencing and colorimetric luminescent pH sensing. ChemNanoMat 3
(2017) 51-57. Copyright 2017 Wiley.)

pH monitoring and imaging. To evaluate the reversibility of
Eug,05Tbo79sHdpda, the pH-dependent luminescence spectra are recorded
between pH 3.90 and 7.50 for four consecutive cycles (Fig. 12.18B; right) [56].

Huang et al. designed a MOF-base probe (Tb/GMP/Ag) for pH sensing in
undiluted human serum combining Tb>*, water-soluble biomolecules of guano-
sine monophosphate (GMP), and Ag”. Tb/GMP/Ag possesses strong lumines-
cence and high quantum yield due to the sensitization by Ag® and the
fluorescence resonance energy transfer (FRET) from GMP to Tb**. In alkaline
solutions, the luminescence of Tb/Ag/GMP is quenched distinctively because
of the strong affinity between OH™ and Ag*, which results in the extraction
of the sensitizer of Ag* and the formation of Ag,0 precipitation. Fig. 12.19
(left) depicts the variation in fluorescence of Tb-GMP/Ag in response to differ-
ent pH in water solutions. The fluorescence intensity of Tb/GMP/Ag reduces
linearly with an increase in pH from 7.5 to 13.0. Based on the advantage of

)
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time-resolved fluorescence, the group investigated the achievement of a Tb/
GMP/Ag probe for sensing pH in biosamples of human serum (Fig. 12.19;
right). In addition, only several hundred microliter samples can be easily
detected by the current probe. Therefore, compared with a pH meter, their assay
has more practical application value in trace determination [57].

Zhang et al. selected a robust UiO type framework, Zrg(p3-O)4(OH)4(b-
pydc)» (known as UiO-67-bpydc, bpydc = 2,2'-bipyridine-5,5'-dicarboxylic
acid), which was chosen as a platform to encapsulate Eu**, and the Eu’* incor-
porated sample (Eu’*@UiO-67-bpydc) was developed as a pH sensor.
Fig. 12.20 (top, left) shows the fluorescence intensity and the emission spectra
of Eu’*@Ui0-67-bpydc in aqueous solution at various pH values. Signifi-
cantly, the intensity almost rises along with pH increasing in the whole exper-
imental range, which gives several linear relationships between pH value and
fluorescence intensity (Fig. 12.20; top, left). Quantitatively, this phenomenon
can be rationalized with an excellent correlation (R* = 0.9989) to the pH from
1.06-10.99. With a pH value of 1.94 for the solution, Eu>*@UiO-67-bpydc
exhibited the same degree of fluorescence quenching after each cycle, and
the fluorescence intensity recovered to a similar level when the pH value of
the solution was changed to 7.60 (Fig. 12.20; top, right). The protonation
and deprotonation of the ligands affects the energy transfer efficiency from
the ligands to the Eu®" ions, because the luminescence intensity of Eu** depends
on the efficiency of the ligand-to-Eu energy transfer (Fig. 12.20A; bottom). The
protonation of nitrogen atoms in the ligands affects the energy transfer effi-
ciency from the ligands to the Eu’* ions, because the luminescence intensity
of Eu®* depends on the efficiency of the ligand-to-Eu®* energy transfer, which
results in significant fluorescence quenching of Eu** ions (Fig. 12.20; top, left).
The fluorescence enhancements in the basic solution are assumed to arise from
the efficient energy transfer from the ligand to Eu due to deprotonation of the
imino group of bipyridine involved in the Eu**@UiO-67-bpydc framework
(Fig. 12.20; bottom). The sensing mechanism of Eu’*@UiO-67-bpydc for
pH is based on protonation and deprotonation of the ligands, which changes
the excited state energy level of the ligands and affects the ligand-to-Eu**
energy transfer efficiency, leading to different luminescent emissions [59].

Wang et al. designed and prepared RE-MOF nanoplates using yttrium (Y>*)
ions as RE>* metal centers and TCCP (4,4,4,4-(Porphine-5,10,15,20-tetrayl)tet-
rakis(benzoic acid)) as the porphyrin-based planar ligand. Customarily, TCCP
exhibits a bright red fluorescence at 645 nm. After the formation of the Y-MOF
nanoplates (YTMNs), the fluorescence was quenched via the PET effect.
YTMNs exhibited fluorescence recovery under an alkaline medium
(pH > 7). These two processes were involved in two different pH ranges. Thus
YTMNSs was exploited as a fluorescence nanoprobe for pH sensing. Addition-
ally, YTMNs were further cross-linked on paper strips for visual detection. The
YTNMs nanoprobe exhibited pH-dependent fluorescence in an alkaline
medium, which can be applied for pH sensing. As shown in Fig. 12.21A, no
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FIG. 12.21 The fluorescence spectrum (A) of YTMNs nanoprobe and corresponding calibration
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before (C) and after (D) addition of the detection samples. The photograph (E) of YTMNs strip after
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fluorescence signal can be observed at the pH of 5. The protonation process
destroys the z-electron conjugated state, resulting in the fluorescence quench-
ing of TCCP. In contrast, when the pH is higher than 7, the fluorescence inten-
sity of the YTNMs nanoprobe at 645 nm increases gradually, which results from
the imino deprotonation of the TCCP skeleton in YTNMs under an alkaline
medium. In the pH range from 7 to 12.5, the response in AF exhibits a linear
relationship toward the pH value (Fig. 12.21B). The calibration curve obeys
with the linear coefficient of 0.994. Customarily, the YTNMs strip had no fluo-
rescence under ultraviolet radiation (Fig. 12.21C). After the addition of differ-
ent pH samples, the YTNMs strip presented a bright red color (Fig. 12.21D and
E). The standard images (Fig. 12.2IF and G) and final ARGB map
(Fig. 12.21H) before and after pH response are automatically achieved using
an Intelligent Identification System for Visual Chip. As shown in
Fig. 12.21E, the red fluorescent color of the YTNMs strip gradually gets
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brighter with the increasing pH values, which is in accordance with the gradu-
ally apparent color change of the final RGB difference map (Fig. 12.21H). It
realizes the visual monitoring of pH. The calibration curve obeys with R? of
0.9708, realizing the digital output for pH sensing. To further estimate practi-
cability of YTNMs for pH sensing, river water, tap water and deionized water
are applied to prepare the real sample solutions with different pH values. The
fluorescence of YTNMs solutions gradually increased with the growing pH
values. No obvious fluorescence differences in three real samples were
observed at the same pH value. In addition, the fluorescence response also
exhibited a linear relation toward the pH change [60].

Liu et al. prepared a broad-range pH sensor with exceptional stability based
on the robust framework of UiO-67-bpy, using PSM methods. After the incor-
poration of Eu® ions onto UiO-67-bpy, the p-diketonate ligand BTA
(BTA = benzoyltrifluoroacetone) was coordinated with the unsaturated Eu’*
ions to construct a six-membered chelate ring. Eu®* ions with a new coordina-
tion environment displayed a broad-range luminescence response to the aque-
ous solution pH value (ranging from 1.05 to 9.85). As is illustrated in
Fig. 12.22A (left), the emission spectra of UiO-67-bpy-Eu-BTA in aqueous
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FIG. 12.22 (Left) (A) Emission spectra of UiO-67-bpy-Eu-BTA in solutions with pH ranging
from 1.05 to 11.89 (Aex = 363 nm). (B) Photograph of UiO-67-bpy-Eu-BTA in solutions with pH
ranging from 1.05 to 11.89 under a 365-nm UV light. (Right, Top) Relationship between the fluo-
rescence intensity of UiO-67-bpy-Eu-BTA (at 612 nm) and pH values ranging from 1.05 to 9.85.
(Right, Bottom) Luminescence intensity of UiO-67-bpy-Eu-BTA at 612 nm after four recycles
(Aex = 363 nm). (Reproduced with permission from T. Liu, B. Yan, A stable broad-range fluorescent
pH sensor based on Eu3 + post-synthetic modification of metal-organic framework. Ind. Eng. Chem.
Res. 59 (2020) 1764—1771. Copyright 2020 American Chemical Society.)
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solutions at different pH values indicate that the fluorescence intensity of the
solution (°Dy — "Fy, J = 0—4) is positively correlated with pH values ranging
from 1.05 to 9.85. Fig. 12.22B (left) shows that the changing trend of fluores-
cence intensity is visible to the naked eye. Such a quantitative relationship can
be fitted well, with R? 0f 0.9899. The fitting curve is shown in Fig. 12.22 (right,
top). The quenching effect at pH above 9.85 can be ascribed to partial hydrolysis
of zirconium ions, and the structure of the framework is ruined in aqueous solu-
tions with a pH value over 11.49. These results are sufficient to indicate the
potential applications of UiO-67-bpy-Eu-BTA in broad-range pH sensing of
aqueous solutions. As exhibited in Fig. 12.22 (right, bottom), even after the four
sequential cycles, the probe can still emit the characteristic luminescence of Eu®
* and the fluorescence intensity is basically recoverable [61].
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Chapter 13

Molecular logic gate operations
of rare earth metal-organic
framework hybrid materials

for luminescence responsive
chemical sensing

13.1 Molecular Boolean logic gates

Rapid growth in the diversity of luminescent chemosensors has laid the ground-
work for the emergence of molecule-based logic gates. The modulation of
different types of luminescent response processes provides clear “Off-On” or
“On-Off” switching characteristics, color changes in absorbance or emission,
which typically accompany internal charge transfer or related processes. This
increases the chances of signal generation dramatically. The first explicit
utilization of a color change in molecular logic design demonstrated that mul-
tiple logic behaviors can be extracted from a single system by changing the
wavelength of excitation and/or detection. With the recruitment of new photo-
physical processes, the hunt for chemical equivalents of all 16 Boolean logic
operators began. More complicated digital designs will soon follow. Simple
molecular Boolean logic gates can be integrated to obtain more complicated
combinational molecular gates, allowing a single molecule to process complex
operations [1-7].

Zhang et al. constructed a Boolean logical library based on MOFs (MIL-61,
Ga-MOF, with linker 1,2,4,5-benzenetetracarboxylic acid (Hybtec)). In this
library, MIL-61 and its postsynthesis product (Eu’*@MIL-61) are employed
as a signal transducer that exhibits a luminescence change visible to the naked
eye under UV lamp. The library embodies some basic logic gates (NOT,
NAND, INHIBIT, XNOR), a two-output combinational logic gate, and a cas-
caded logic gate. Moreover, they also constructed an encoder (to convert data
to code), and a parity checker (to distinguish even numbers and odd numbers),
which can perform nonarithmetic tasks for further application. The new route
for the design of a molecular logic gate library based on RE-MOFs proposed a
new possibility for its application. More importantly, this attempt can further
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close the gap between RE-MOFs and electrical circuitries and expanded the
application of RE-MOFs in the field of molecular logic gates.

13.1.1 Basic molecular Boolean logic gate operation

In terms of this theoretical analysis, a few basic logic gate (NOT, NAND,
INHIBIT, XNOR) designs are shown. In this Boolean logical library, the fluo-
rescence of MIL-61 (1375,,,) and Eu**@MIL-61 (A615nm) Was used as the output
with a threshold of 0.5. (1) The realization of NOT logic gate. Of all basic
logic gates, the NOT logic gate is the simplest to implement using only one
input. But it is an important member of the basic logic gate family, and many
complex logic calculations must rely on simple logic gates like it. In NOT logic,
the output is the opposite of the input. Considering that Fe* is a fluorescence
quencher of many MOFs in the literature, the researchers used Fe®* as the input
to construct a NOT gate based on Eu**@MIL-61 while its fluorescence inten-
sity was used as output. As a result, the fluorescence of Eu>*@MIL-61 is
quenched as shown in Fig. 13.1B (left). Inspired by this, they designed a
NOT logic gate using Agisnm as the output and Fe** as input. The presence
and absence of Fe>* are denoted as 1 and 0, respectively, with a threshold value
of 0.5. When Fe®" is added to the system, the input can be denoted as 1, the
fluorescence of Eu**@MIL-61 is quenched, and the output is 0. The switch
effect of Fe®* on the fluorescence intensity is in line with the principle of the
NOT gate. The electronic equivalent circuitry and truth table of the NOT gate
are also depicted in Fig. 13.1 (left). (2) The realization of NAND logic gate.
Since the digital NAND logic gate is the inverse of an AND gate, the output
signal is O only if all inputs are 1. Using this concept, the group constructed
a NAND logic gate based on MIL-61. In this NAND logic gate, H*, Fe*",
and S,04>" are employed as three inputs and the fluorescence of MIL-61
(4375nm) 1S the output with a threshold of 1. As can be ascertained from
Fig. 13.1C (right), only when all these three ions are added in the MIL-61 sys-
tem, that is the input is (1/1/1), is the fluorescence quenched, resulting in the
output of 0. Upon the addition of S,04>~ and H* in the solution of MIL-61 con-
taining Fe>, Fe?* can be oxidized to Fe>*. Fe®™ has a quenching effect on the
fluorescence, as mentioned previously, so the fluorescence is weak in the pres-
ence of these three inputs. It can be seen that only when the three of them coexist
does the fluorescence intensity of the MOF change and result in the output 0, so
the effect of these three ions is in line with the design principles of NAND logic
gates. The truth table is shown in Fig. 13.1D (right). (3) The realization of
INHIBIT logic gate. Fig. 13.2A (left) shows the design of an INHIBIT gate
by using Eu’*@MIL-61 as a signal transducer with output of Ag;sum. An
INHIBIT gate is a special case of the AND gate, the difference being that in
the INHIBIT gate one of the two input lines has an inversion system (NOT
gate). Ag* and cysteine were designed as the two inputs to construct the
INHIBIT gate because of the Ag-thiols interaction. As can be seen from the



b b
—(0,0,0)

—© : — (001
—q) 3 (0,0,1)

5 RY

K H

2 c

= ]

g £

£ 2

e &

2 °

2 2

E

‘\J | A\ 360 380 400 420 440
Wavelength/nm

500 55‘0 660 65;0 7(;0 750
Wavelength/nm

Fe** H' S,0¢" Aa95nm
“m ] - - : 1
J 0 1 1

0

0.5 rwnce P s s e Fed* Moo B2l B N B 7 e © 1
i 0 1

1 o 0o o 1 1

o 1 1

. 0 1 ('0.0,0)(0.1,0)(1,o,o)(1,1.0)(0,0.1)(0.1,1)(1.0,1)(1,1,1) 1 0 1 1

& & N — 1 1 0

FIG.13.1 (Left) (A) The scheme and electronic equivalent circuitry of NOT logic gate. (B) Luminescent spectra of the NOT gate with the input of Fe**. (C) Column
diagram of the fluorescence intensity: the dashed line shows the threshold. (D) The truth table of the NOT gate. (Right) (A) The scheme and electronic equivalent
circuitry of NAND logic gate. (B) Luminescent spectra of the NAND gate with the inputs of H*, Fe?*, and S,03 . (C) Column diagram of the fluorescence intensity:
the dashed line shows the threshold. (D) The truth table of the NAND gate. (Reproduced with permission from Y. Zhang, B. Yan, MIL-61 and Eu3 + @MIL-61 as signal
transducers to construct an intelligent Boolean logical library based on visualized luminescent metal organic frameworks. ACS Appl. Mater. Interfaces 11
(2019) 20125-20133. Copyright 2019 American Chemical Society.)



5 Agh §,cysteine 5 Agt 4
o ine¥ — (0,0
°‘cyste|ne o
. — (1,00 X
=] 3
8 — (1.1 s
2 2
] ]
c c
2 2
£ £
2 2
s 5
[ Q
4 4
2l
INHIBIT 500 ’ 5%0 e(l)o eéo 750 750 500 550 600 650 700 750
Wavelength/nm XNOR Wavelength/nm
c d c d
] “m
4
cysteine Ag*
Sl 1 PH=2  PH=12  Mesmm
4
L 0 v 054 . oo ] 1 0 0
(1T [Ty ——— .
1 1 0 1 1 1
] 0 0 0 | 0 0 1
| 0 1 1 1 —‘ 0 1 0
. - . i I [:==] L o
(0,0) (0,1) (1,0) (1,1) (0,0) (1,0) (0,1) (1,1)

FIG.13.2 (Left) (A) The scheme and electronic equivalent circuitry of INHIBIT logic gate. (B) Luminescent spectra of the INHIBIT gate with the inputs of Ag* and
cysteine. (C) Column diagram of the fluorescence intensity: the dashed line shows the threshold. (D) The truth table of the INHIBIT gate. (Right) (A) The scheme and
electronic equivalent circuitry of XNOR logic gate. (B) Luminescent spectra of the XNOR gate with the inputs of pH 2 and pH 12. (C) Column diagram of the
fluorescence intensity: the dashed line shows the threshold. (D) The truth table of the XNOR gate. (Reproduced with permission from Y. Zhang, B. Yan, MIL-61
and Eu3 + @MIL-61 as signal transducers to construct an intelligent Boolean logical library based on visualized luminescent metal organic frameworks. ACS Appl.
Mater. Interfaces 11 (2019) 20125-20133. Copyright 2019 American Chemical Society.)



Molecular logic gate operations Chapter | 13 449

histogram in Fig. 13.2C (left), only the presence of Ag* caused the fluorescence
to increase greatly. This is because the presence of Ag* (0/1) can induce more
efficient energy transfer from the ligand to the Eu’" ions, which can result in a
great enhancement of fluorescence. As is known, there is an Ag-thiols interac-
tion between Ag* and cysteine, so the presence of both Ag™ and cysteine (1/1)
can destroy the induction of Ag" and quench the fluorescence. As for the inputs
of (0/0) and (1/0), although the fluorescence is not quenched, the intensity of the
fluorescence cannot reach the threshold, so the output remains 0. Therefore the
interaction between Ag” ions and cysteine, which can affect the fluorescence
intensity of the MOF, is in accordance with the design principles of INHIBIT
logic gates. (4) The realization of XNOR logic gate. XNOR can be seen as an
exclusive NOR gate. In a XNOR gate, the output is “true” if the inputs are the
same and the output is “false” if the inputs are different. This means that the
output is 1 only if all of the inputs are either present or absent. Fig. 13.2A (right)
depicts the construction of the XNOR logic gate. It can be concluded from the
luminescent spectra in Fig. 13.2B (right) that both the lower pH (2) and higher
pH (12) can weaken the fluorescence of Eu>*@MIL-61, so an XNOR logic gate
can be constructed based on this. When the deionized water (0/0) and equimolar
solutions of pH 2 and pH 12 (1/1) are added, the fluorescence of Eu**@MIL-61
is not affected, because the equal amount of acid and base mix makes the solu-
tion neutral. The effect of pH 2 and pH 12 is also in line with the design prin-
ciples of XNOR logic gates. When Eu**@MIL-61 is exposed to a strong acid or
a strong base with inputs (1/0) or (0/1), they speculated that strong acidity and
alkalinity can disrupt the energy transfer between Eu®* and the ligand, so the
fluorescence is quenched.

13.1.2 Implementation of a two-output combinational logic gate

Basic logic gates tend to be incapable of accepting a high volume of information
and thus are unsuitable for constructing more complex circuits, so the implemen-
tation of combinational logic gates is urgently needed. Zhang et al. experimen-
tally realized a combinational logic gate composed of a NOT gate and a NAND
gate. In this two-output combinational logic gate, Fe** and EDTA were used as
inputs while the fluorescence of MIL-61 (1375,,) and Eu**@MIL-61 (Ag150m)
was used as two outputs. From Fig. 13.3B (left), it can be found that Fe** can
quench the fluorescence of both MIL-61 (4375,m) and Eu**@MIL-61 (A6150m)
while EDTA can only quench the fluorescence at 615 nm. So if the Fe** is present
(the inputs are 1/1 and 0/1), both the two outputs are (0/0). Another situation
occurs if the Fe®* is not present but EDTA is (the input is 1/0): because of
the chelation of Eu®* by EDTA, the fluorescence at 615 nm is quenched while
at 395 nm it still exists, and so the output is (1/0). When neither Fe** nor EDTA
exists, neither the fluorescence of MIL-61 (A375,,) nor that of Eu**@MIL-61
(A615nm) 18 affected, so the output is (1/1). The effect of EDTA and Fe** on the
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FIG. 13.3 (Left) (A) The scheme and electronic equivalent circuitry of the two-output combinational logic gate (NOT+XAND). (B) Luminescent spectra of the
combinational logic gate. (C) Column diagram of the fluorescence intensity: the dashed line shows the threshold (the blue column represents the fluorescence of
395 nm while the green column represents the fluorescence of 615 nm). (D) The truth table of the two-output combinational logic gate. (Right) (A) The
scheme and electronic equivalent circuitry of the cascaded logic gate (INHIBIT+AND). (B) Luminescent spectra of the cascaded logic gate. (C) Column diagram
of the fluorescence intensity: the dashed line shows the threshold. (D) The truth table of the cascaded logic gate. (Reproduced with permission fromY. Zhang, B. Yan,
MIL-61 and Eu3 + @MIL-61 as signal transducers to construct an intelligent Boolean logical library based on visualized luminescent metal organic frameworks. ACS
Appl. Mater. Interfaces 11 (2019) 20125-20133. Copyright 2019 American Chemical Society.)
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fluorescence intensity of the MOF is in line with the design principles of the com-
bination of NOT and XAND.

13.1.3 Implementation of a cascaded logic gate

The cascaded logic gate is another complex logic gate that is necessary for mul-
tilevel integrated circuits. In order to achieve the integrity of this logic gate
library, a cascaded logic gate composed of an INHIBIT gate and an AND gate
was constructed in this work. In the operation of the combinatorial gate, Ag*,
Fe’*, and Na* were chosen as input 1, input 2, and input 3, respectively. The
enhancement of fluorescence by Ag* and the quenching effect of Fe®* on fluo-
rescence have been mentioned before, and it can be seen from the luminescent
spectra in Fig. 13.3B (right) that sodium ions have little effect on the fluores-
cence at 615 nm. It can clearly be seen through the truth table (Fig. 13.3D; right)
that only when the inputs are (0/0/1, 0/1/1), the output is 1, whereas when the
inputs are other than that case, the output is 0.

13.1.4 Implementation of logic devices (4-to-2 encoder and parity
checker)

One of the most important applications of molecular logic gates is to perform
nonarithmetic information processing. From this perspective, a 4-to-2 encoder
and a parity checker based on this system were also implemented. An encoder is
a device that processes signals or data into signals that can be used for commu-
nication, transmission, and storage. Zhang et al. constructed a 4-to-2 encoder
based on MIL-61 and Eu>*@MIL-61 that could convert four inputs into
two outputs. In this encoder, the four inputs consisted of Fe3+, EDTA, furazol-
idone, and Na* while the outputs were the fluorescence of MIL-61 (A375nm)
or Eu**@MIL-61 (Ag;50m). The effect of Fe>*, EDTA, and Na* on the fluores-
cence at 395 nm and 615 nm has been mentioned previously. In addition, it was
found that furazolidone could quench the light at 395 nm and only slightly
weaken the light at 615 nm. It can be concluded from the truth table in
Fig. 13.4D (left) that this encoder can encode four inputs (1/0/0/0, 0/1/0/0, 0/
0/1/0, 0/0/0/1) into four outputs (0/0, 1/0, 0/1, 1/1), respectively.

As for a parity checker, it can be used as a device to detect the presence of
erroneous programs in data processing in addition to the simple application of
identifying even numbers and odd numbers. In this parity checker, 10 decimal
numbers are transformed into corresponding binary numbers, and then K*, Na™,
AI**, and Ag" are used as four inputs and act as four bits in the meantime. From
the truth table in Fig. 13.4D (right), it can be seen that the inputs 0/0/0/1, 0/0/1/1,
0/1/0/1, 0/1/1/1, and 1/0/0/1 are encoded into the output 1 with bright fluores-
cence, while the inputs 0/0/0/0, 0/0/1/1, 0/1/0/0, 0/1/1/0, and 1/0/0/0 are
encoded into the output 0 with weak luminescence. From the photoluminescent
spectra in Fig. 13.4B (right), it can be intuitively seen that all the odd numbers
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correspond to strong luminescence intensity, and all even numbers correspond
to weak luminescence intensity, so this parity checker is a logical device that
can distinguish odd and even numbers conveniently and quickly. What’s more,
this logical device can be applied to all natural number ranges because the parity
of a natural number is determined by its single digit number.

13.2 Luminescence responsive sensing of rare earth metal-
organic framework hybrid materials on luminescence
for Boolean logic gates

Zhang et al. developed a general strategy for sensing of H,S utilizing postsyn-
thetic modification of a nano MOF UiO-66-(COOH), with Eu®* and Cu*" ions.
The constitution of Eu’*@Ui0-66-(COOH), and Eu’*/Cu**@UiO-66-
(COOH), were also verified by studying the spectra in HEPES buffer (pH
7.4) (Fig. 13.5). In the inclusion of Cu”", the fluorescence intensity of Eu®*
in Eu®*/Cu®*@Ui0-66-(COOH), is remarkably suppressed and the ligand-
centered (LC) emission is obviously enhanced (Fig. 13.5A). The emission spec-
trum of the Eu**/Cu** @ UiO-66-(COOH), suspension allows the observation of
two types of luminescence: one is the sharp characteristic emissions of Eu** and
the other is the broad LC emission at 393 nm. The presence of the characteristic
emissions of Eu®* in the fluorescence emission spectra validate an energy trans-
fer (ET) from the Hybtec ligands to Eu®*, yet the strong LC emission in the fluo-
rescence emission spectra suggests that the ET efficiency is low (the intensity
ratio I¢15/l593 Of the 5DO H7F2 line at 615 nm to that of LC emission at 393 nm is
0.45). In comparison, in the presence of sulfide, the enhanced Eu’* lumines-
cence and the decreased LC emission of Eu’*/Cu’**@UiO-66-
(COOH), demonstrated the more effective ET (lg15/[303=4.16). Moreover,
with the two inputs Cu®* (Input 1) and NaHS (Input 2), the emission properties
of Eu** @Ui0-66-(COOH), are explained as the IMPLICATION type of logic
gate. In this system, the presence and absence of the two chemical inputs Cu**
and NaHS can be defined as 1 and O states, and the fluorescence intensity ratio
of I15/1393 as the output for the logic gate. Fig. 13.5A and B shows the lumi-
nescence features of the Eu3+@UiO—66—(COOH)2 in the presence of the four
possible input combinations (Input 1, Input 2), which are (0, 0), (1, 0), (0, 1),

FIG. 13.4, CONT'D, (Left) (A) The scheme and electronic equivalent circuitry of the 4-to-2
encoder. (B) Luminescent spectra of the 4-to-2 encoder. (C) Column diagram of the fluorescence
intensity: the dashed line shows the threshold (the blue column represents the fluorescence of
395 nm while the green column represents the fluorescence of 615 nm). (D) The truth table of
the 4-to-2 encoder. (Right) (A) The scheme and logic system of the parity checker.
(B) Luminescent spectra of the parity checker. (C) Column diagram of the fluorescence intensity:
the dashed line shows the threshold. (D) The truth table of the parity checker. (Reproduced with
permission from Y. Zhang, B. Yan, MIL-61 and Eu3 + @MIL-61 as signal transducers to construct
an intelligent Boolean logical library based on visualized luminescent metal organic frameworks.
ACS Appl. Mater. Interfaces 11 (2019) 20125-20133. Copyright 2019 American Chemical Society.)
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Cu?* and NaHS are inputs to the system; fluorescence intensity ratio /¢, s//303 is the output signal of
Eu** @Ui0-66-(COOH),. (Reproduced with permission from X. Zhang, Q. Hu, T. Xia, J. Zhang,
Y.Yang, Y. Cui, B. Chen, G. Qian, Turn-on and ratiometric luminescent sensing of hydrogen sulfide
based on metal-organic frameworks. ACS Appl. Mater. Interfaces 8 (2016) 32259 —32265. Copy-
right 2016 American Chemical Society.)

and (1, 1). The fluorescence intensity ratio of I¢;5/I393 is greatly reduced only in
the presence of Cu?* (1, 0) due to the ET process. However, the fluorescence
intensity ratio of Ig15/I395 above the threshold level (1, I;5/393) is observed in
the absence (0, 0) and presence of both the inputs (1, 1) and also NaHS alone
(0, 1). Therefore monitoring the fluorescence intensity ratio of /415/l393 and with
the two inputs as Cu”* and NaHS, an IMPLICATION-type logic gate can be
constructed. The equivalent combinatorial logic circuit and truth table for the
IMPLICATION logic gate are shown in Fig. 13.5C and D [8].

Xu et al. demonstrated and applied Eu(Ill) functionalized UiO(bpdc)
(Eu**@UMOFs) dual-emission (Bsso and R4) fluorescence material for recog-
nizing and connecting polluting ions (Hg**, Ag*, and $*7) in water. The mecha-
nisms for multicomponent recognition can be attributed to the facts that (1) Hg**
can enhance Rg;4 by promoting ligand-to-Eu energy transfer; (2) Ag" can quench
Gs30 and Rg 4 by ligand-to-Eu energy transfer; (3) S can trigger B,gs by produc-
ing anew complex. Taking these polluting ions in water as input events, elementary
logic operations (NOR, INH, and IMP) and integrative logic operations
(OR +INH) are implemented by observing the change in three fluorescence emis-
sion bands (Bygs, Gs39, and Rg14). Compared to traditional single-output logic
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circuits, the multiple outputs in this system can produce different logic operation by
same-ions input, which can increase the information content in the logic library
and further improve the ability of information processing. In the logic operations,
Eu’*@UMOFs serves as gates, while the polluting ions (Hg**, Ag*, or S*7) and
emission change at 485 nm (By,gs), 530 nm (Gs3(), and 614 nm (Rg;4) are used
as chemical inputs and outputs, respectively. As demonstrated in Fig. 13.6 (top,
left), the Eu>*@UMOFs system only exhibits emission at 530 nm (Gssp) in the
absence of Hg2+, Ag*, and S2~. But an obvious fluorescence Turn-Off response
occurs for all the other input combinations, correlating well with the proper exe-
cution of NOR logic operation. Similarly, an identical NOR logic operation can be
implemented by employing emission at 614 nm (Rg,4) as the output, while Ag*and
S$?” function as double inputs (Fig. 13.6C; top, left). A binary INH logic operation,
which is represented by a situation in which the output is 1 only if one particular
input is present and the other is absent, can be implemented as well as using emis-
sion at 485 nm (Bg5) as output and Hg2+ and S*~ (Fig. 13.6B; top, left) as double
inputs. These INH logic operations rely on the injection of S?~. Only the addition of
S>~ (input=0/1) can trigger the B,gs Turn-On response (output=1) due to the
destruction of the crystal framework and the formation of new complexes. On
the basis of the fact that Ag>* can also interact with S*~, the INH logic operation
was implemented by taking Ag* and S~ as double inputs (Fig. 13.6C; top, left).
They also constructed an IMP logic operation by defining an R4, emission change
as output. From the logic gate functions, the Turn-Off of Rg14 (output=0) is
observed only in the presence of one particular input and under other circum-
stances, output 1 will be observed. Eu’*@UMOFs alone (input=0/0) have Rg4
emission (output=1), but the addition of Ag" only (input=0/1) triggers the
fluorescence Turn-Off response (output=0). However, the Rg4 intensity of
Eu’*@UMOFs shows significant fluorescence enhancement by binding to
Hg?*, which leads to the output 1 (Fig. 13.6A; top, left). When the Eu** @ UMOFs
is injected into the solution of two metal ions (input=1/1), there is competition
between fluorescence quenching by Ag” and enhancing by Hg**. And the strong
fluorescence intensity of Rg14 (output=1) as shown in Fig. 13.6A (top, left) indi-
cates that the enhancing effect is much stronger than the quenching effect. Simi-
larly, by combining the two input signals Hg**and S*~ in accordance with the truth
table (Fig. 13.6B; top, left), only if S~ is present, the R4 produces a fluorescence
Turn-Off response, resulting in an IMP logic operation. With multiple inputs, the
gate can accept and produce a high volume of information. Then it can serve as a
basic and versatile building block for constructing more complex circuits. As dem-
onstrated in Fig. 13.6A (top, right), the input state (1/1/1) displays the output: B4gs,
0; Gs30, 0; and Rg 14, 1, whichis in accordance with the proper execution of the NOR
logic gate for Gs3( with a threshold value of 1.62. The gate produces all of the false
outputs 0 with different combinations of the inputs reliably. Moreover, the first cas-
caded gate is constructed by combining an INH gate with an OR gate using R¢14 as
output signal (Fig. 13.6B; top, right). The integration of a three-input (Hg**, Ag",
and $*7) and three-output (B4gs, Gs3o, and Rg14) complex logic evolution network
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FIG. 13.6 (Top, Left) The corresponding electronic equivalent circuitry, truth table, and column
diagram of fluorescence intensities of B,gs, Gs30, and Rg4: the black dashed lines show the thresh-
olds (Bugs: 2; Gs3o: 2.2, and Rgy4: 2.8) of the Boolean logic gates containing two input signals:
(A) Hg?* and S$*; (B) Hg** and S*  and (C) Ag" and S*". The concentration of every ion is
0.01 M. (Top, Right) (A) Column diagram of fluorescence intensities of Bygs, Gszo, and Rg4: the
black dashed lines show the thresholds (Rg;4: 1.8), truth table, and electronic equivalent circuitry
of the Boolean logic gates containing three input signals; (B) Symbol of compound logic circuits
with three inputs and two output fluorescence (red shadow represents the fluorescence signal of
Re14 and blue shadow represents the fluorescence signal of Bygs). (Bottom) (A) Column diagram
of fluorescence intensities of Bygs, Gs30, and Rg4: the dashed lines show the thresholds (red:
2.25 and blue: 0.5) and (B) the keypad-lock security system with different input sequences. 6, 7
and 8 represent Hg*, Ag*, and S*~, respectively. (Reproduced with permission from X. Xu,
B. Yan, Intelligent molecular searcher from logic computing network based on Eu(Ill) functiona-
lized UMOFs for environmental monitoring. Adv. Funct. Mater. 27 (2017) 1700247. Copyright
2017 Wiley.)

is revealed in Fig. 13.6B (top, right), which suggests the powerful molecular rec-
ognition function of the Eu**@UMOFs fluorescence system. As shown in
Fig. 13.6A (bottom), the Rq,4 is output 1 only when the input sequence is Hg**-
Ag+-527. They constructed a keypad-lock security system that can be opened
only in the case of knowing the exact password. In addition, multiple outputs of
Eu** @UMOF:s can successfully improve the effectiveness of the security system.
As illustrated in Fig. 13.6A (bottom), the emission of Bsgs (Th=0.5) can be
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observed only when the input S>~ is added first, which can be easily set to alarm
emission. Except for closing the lock, the alarm will be triggered after inputting S*~
first. Based on this, unauthorized access defined by the input sequence can
have limited effectiveness. To visualize the sequence-dependent system directly,
Hg2+, Ag*, and S~ ions have been designated as specific numbers 6, 7, and 8§,
respectively, and constructed as a password for the security system (Fig. 13.6B;
bottom). The keypad-lock can be opened when the combination of inputs gives
the password “678.” On inverting, the other sequence will be negative to open
the lock and the alarm can be triggered if one inputs the wrong password “786”
or “768.” [9]

Zheng et al. constructed a fluorescence system based on an Eu®*@Cu-MOF
to recognize and connect multiple components (AA/H,O,, H,S, and Fe*) for
developing dual-emissive (B4gs and Rg¢) ratiometric fluorescent sensing and
integrating Boolean logic operations. In the logic operations, Eu**@Cu-MOF
served as gates, while different analytes (AA/H,O,, H,S, and Fe>*) and fluores-
cence responses at 485 nm (B4gs) and 616 nm (Rg;4) were used as chemical
inputs and outputs, respectively. The output value was defined as 1 (higher)
or 0 (lower) by comparing it with the normalized fluorescence signals, with
a set threshold value (Bugs: 0.6 and Rg4: 4.0). Subsequently, OR, NOR,
AND, XOR, IMP, and INH logic operations were constructed, driven by the
two analytes inputs. When H,O,/AA and H,S served as the input, the output
of 485 nm was PASS 1 (Fig. 13.7A), which can be seen as a combination of
OR and NOR logic gates (Fig. 13.7C). These results are consistent with the
proper execution of the combined logic gate. On the other hand, the input states
of (1,0) and (1,1) yielded the True output [ 1] when using the emission at 616 nm
(Re16) as the output. This can be regarded as the combination of INH and AND
logic gates (Fig. 13.2C), consistent with the truth table for the circuit. In partic-
ular, in the presence of both inputs (input=1/1), the output value is different
from the output value of H,S alone (input=0/1), but similar to the output value
of H,O,/AA alone (input=1/0), which showed the same fluorescence intensity
(Fig. 13.2B and D). Secondly, a multiple logic circuit was constructed to dem-
onstrate the gate networking necessary for the complex multilevel integrated
circuits when H,O,/AA and Fe>" served as the input. According to the defined
threshold value (B4gs: 0.6), the True output [ 1] is observed when the input states
are (0/0) and (1,0), while the other input states displayed a False output [0]
(Fig. 13.7E), which is consistent with the proper execution of the combination
of NOR and INH logic operations (Fig. 13.7G). Meanwhile, the binary XOR
logic operation that has the Turn-On output only in the presence of one input
could also be implemented by using the fluorescence emission at 616 nm
(Rg16) as the output (Fig. 13.7). Both H,O,/AA and Fe?* showed a Turn-On
fluorescence effect on the probe Eu® *@Cu-COOH, which did not match well
with the output value (0/0) in the truth table (Fig. 13.7E). It is assumed here that
Fe?* ions can be oxidized by excess H,O, to generate Fe**, which may have a
quenching effect on the nanocomposite Eu**@Cu-MOF: 2Fe**+2H*+2°0H
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— 2Fe**+2H,0. Based on the fluorescence properties of Eu**@Cu-MOF, they
constructed another subnetwork by connecting an IMP gate and an INH gate in
parallel. An IMP logic operation produces an output of 0 only in the presence of
one particular input, which can be implemented by employing the fluorescence
emission at 485 nm (B,gs) as the output, while H,S and Fe?* functioned as dou-
ble inputs (Fig. 13.8). As shown in Fig. 13.71, the turn-off of B,gs (output=0) is
observed only in the presence of Fe>* and under other circumstances the output
1 will be observed. In other words, Eu’*@Cu-COOH alone (input=0/0) has
Bugs emission, but the addition of Fe** (input=0/1) triggers the fluorescence
Turn-Off response (output=0) (Fig. 13.7L). At the same time, an INH logic
operation that has the Turn-On output only in the presence of one particular
input can also be implemented by employing the fluorescence emission at
616 nm (Rg6) as the output. These INH logic operations rely on the injection
of Fe*. Only the addition of Fe** (input=0/1) triggers the fluorescence Turn-
On response (output=0). As a result, when the nanocomposite Eu>*@Cu-MOF
is introduced to the solution of H,S and Fe?* ions (input=1/1), Fe?* can interact
with H,S to diminish the interactions between H,S and Eu’*@Cu-COOH. After
reacting with each other to form FeS for a short time, the remaining Fe** ions
are reactive, but H,S ions live in silence. The corresponding fluorescence emis-
sion spectra for every logic gate are given in Fig. 13.7L. The aforementioned
two-input processes show that the nanocomposite Eu®*@Cu-MOF, H,0,/
AA, H,S, and Fe?* in solution phase can self-assemble, oxidize, and connect
with each other.

Then, they introduce a third analyte as an input to the recognition system, for
which the emission spectra can be observed in Fig. 13.8D. With multiple inputs,
the gate can accept and produce a high volume of information, and then it can
serve as a basic and versatile building block for constructing more complex cir-
cuits. As shown in Fig. 13.8A, the input state (1/1/1) displays the output (1/1)
with a threshold value (Bygs: 0.6 and Rg;6: 4.0). Inspired by this interesting fact,
a combinatorial gate connecting XOR, INH and OR in series is achieved by
using the fluorescence emission at 616 nm (Rg;¢) as the output (Fig. 13.8C).
In this logic operation, H,O,/AA and Fe** are input to construct the first
XOR gate, which is then integrated with the second INH gate into the
next OR gate. The second INH gate is constructed by the introduced H,S
and Fe?*. According to the defined threshold value (B4gs: 0.6; and Rgy6: 4.0),
the True output [1] is observed when the input state is (1/0/0, 0/0/1, 1/1/0, 1/
1/1), while the other input states (0/0/0, 0/1/0, 1/0/1, 0/1/1) display a False out-
put [0], which is in accordance with the proper execution of the XOR(INH)-OR
operation. The integration of three inputs (H,O,/AA, H,S and Fe®*) and two
outputs (B4gs and Rg6) in the complex logic evolution network are revealed in
Fig. 13.8E, suggesting the molecular recognition function of the hybrid system.

Zhang et al. developed and established a fluorescent MOF-based logic plat-
form Eu**/Ag*@Ui0-66-(COOH), (EAUC), and realized its potential for a
detection of asthma biomarker H,S in biological samples. The key point of this
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emissive nanocomposites based on Eu(lll) functionalized Cu(l)-coordination polymer for ratio-
metric fluorescent sensing and integrating Boolean logic operations. J. Mater. Chem. C 6
(2018) 6229 —06239. Copyright 2018 Royal Chemical Society.)
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platform is to introduce the active metal centers (Ag") to the Eu’*@UiO-66-
(COOH), (EUC) as the Eu**-luminescence sensitizer and H,S-responding site.
As a result, the INHIBIT logic gate based on EUC can use Ag" and H,S as two
inputs and the fluorescence intensity of EUC as the output signal. It is possible
to use a MOF-based logic platform for detecting H,S in biological samples,
offering a potential method for a conveniently tentative diagnosis of asthma.
In the presence of H,S, the fluorescence of EAUC can be quenched strongly
(Fig. 13.9B and C; top). This is because sulfide has a strong affinity toward
Ag" ions, which can destroy the sensitization of Ag" ions. EUC can serve as
an INHIBIT logic gate since the intensity of the emission at 615 nm is respon-
sive to the presence or absence of Ag" and H,S. Thus the logic gate properties of
EUC can be established by using two input signals of Ag" (Input 1) and H,S
(Input 2), respectively. The presence and absence of two inputs Ag, and H,S
can be defined as 1 and O states. As shown in Fig. 13.9B and C (top), the fluo-
rescence intensity /415 (output) of the EUC is distinctly high (output=1) only
when (Input 1, Input 2) is (1, 0). In contrast, the fluorescence intensity /45 holds
a low level (output=0) when (Input 1, Input 2) is (0, 0), (0, 1), or (1, 1), respec-
tively. The pictorial representation and the truth table for the corresponding
INHIBIT are given in Fig. 13.9D and E (top). The serum level of H,S decreases
from 75.2413.0 pM in healthy subjects to 55.8 +13.6 pM in patients with sta-
ble asthma, 57.8 £6.3 pM in patients with mild or acute exacerbation asthma,
40.8£5.1 pM in patients with moderate or acute exacerbation asthma, and
31.3+£29puM in patients with severe acute exacerbation of asthma.
(Fig. 13.9; bottom). The content of H,S can be calculated by the fluorescence
intensity output of the logic platform to determine whether the patient is suffer-
ing from asthma. This luminescent INHIBIT logic platform thus offers a new
opportunity for tentative diagnosis of asthma disease associated with H,S detec-
tion in clinical medicine (Fig. 13.9; bottom) [10].

Sun et al. constructed a fluorescent platform based on a novel microscale
heterometallic RE-MOF, Eu0_059Tb0.051Gd0.89-DPON (H3DPON: 5-
(3,4-dicarboxylphenoxy)nicotic acid) for effective combination of molecular/
ionic recognition and logic computing. The tri-emission RE-MOF exhibited
notable fingerprint correlation between various solvent molecules/cations and
the emission intensity ratio of ligands, Tb3+, and Eu’*, It realized multicompo-
nent analysis (Fe3+, VO437, and Szf) in water via construction of a Boolean
logic system and had a password lock security system by sequential logic oper-
ation. In the Boolean logic operation, Eug s59Tbg ¢51Gdg.g9-DPON served as a
gate, while the analyzed substances (Fe3+, VO43_, and SZ_) and fluorescence
emission intensities at 415 nm (By4;s), 544 nm (Gsy4), and 616 nm (Rg;6) were
set as inputs and outputs, respectively. The output was defined by comparing
with a threshold value (B4is: 0.5, Gsqq: 1 and Rg6: 1.5), which depends on
the fluorescence intensities of different emission centers, higher than the thresh-
old value outputs 1, with lower outputs O (Fig. 13.10B). As demonstrated in
Fig. 13.10B, E, and H, the fluorescence intensities at 544 nm exceeded the
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FIG. 13.10 Truth tables of the double input Boolean logic gates (A) Fe**+V0,>~, (D) Fe**+S8>",
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(F) Fe**+$*~ and (I) VO,* +S"; the dashed lines represent the thresholds (By;s: 0.5, Gsas: 1
and Rgp6: 1.5). The concentration of each input is 1 mM. (Reproduced with permission from
T.Sun, P.Wang,R. Fan,W. Chen, S. Hao, Y. Yang, Functional microscale single-phase white emis-
sion lanthanide MOF for tunable fluorescent sensing and water quality monitoring. J. Mater.
Chem. C 7 (2019) 3598 —3606. Copyright 2019 Royal Chemical Society.)

threshold (Gsa4: 1) only in the absence of Fe*, VO43_ and S?~; otherwise the
output was (. Similarly, identical NOR logic operation can also be implemented
on the B4;5 output of Fe3++VO437 double input logic gate and the Rg¢ output of
Fe**+S%™ logic gate (Fig. 13.10B and E). The Rg;¢ output of Fe**+VO,’~ dou-
ble input logic gate belongs to the binary IMP logic operation, which produces 0

FIG. 13.9, CONT’D, (Top) (A) Synthetic scheme and representative crystalline structure: the tet-
rahedral cage of UC, EAUC, and EUC. (B) Fluorescence spectra of EUC in the presence of four
input modes: (red) no input; (green) 5 mM H,S; (blue) 1 mM Ag*; (pink) 5 mM H,S+1 mM
Ag*. (C) Fluorescence intensity changes at 615 nm in the form of a bar representation, with a thresh-
old of /515 =0.3 (normalized fluorescence intensity) for output 1 or 0. (D) INHIBIT logic gate repre-
sented using a conventional gate notation. (E) Truth table for the INHIBIT logic gate; Ag* and H,S
are inputs to the system; fluorescence intensity /g;5 is the output signal of EUC. (Bottom) (A) The
principle of the initial diagnosis of asthma. (B) The relationship between asthma and the concen-
tration of H,S. (C) INHIBIT logic gate represented using a conventional gate notation; an active
output signal is obtained when Ag*=1 and H,S=0. (D) Truth table for the INHIBIT logic gate.
(Reproduced with permission from X. Zhang, L. Fang, K. Jiang, H. He, Y. Yang, Y. Cui, B. Li,
G. Qian, Nanoscale fluorescent metal-organic framework composites as a logic platform for poten-
tial diagnosis of asthma. Biosens. Bioelectron. 130 (2019) 65-72. Copyright 2019 Elsevier.)
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output only at one particular input (1/0). As shown in Fig. 13.10H, the IMP logic
operation can also be implemented on By, output when VO,>~+8>~ acts as a
double input. This is because of the framework collapse mechanism of S*~,
which makes the VO,>~ live in silence when added together. NOT logic oper-
ation also exists in the VO,° +S?~ logic gate. With the addition of $*~, the
characteristic emission of Eu** disappears and, thus, Rg¢ outputs 0. The
aforementioned double input logic gate shows that Eug 059Tbg 051Gdg go-DPON,
Fe’*, VO43 ~, and S*~ can self-dassemble and interact with each other in aque-
ous solution.

As seen in Fig. 13.11B, when By is used as the output signal, the first INH
gate is constructed with VO, and S*~ double input and its output is integrated
with the Fe** to form the new input for the second NOR gate. The Gs,4 input
still belongs to the NOR logic operation, since due to the identical quenching
effect of three ions, only the 0/0/0 input can produce a 1 input. As for emission at
616 nm (R¢;6), after the NOT logic operation, the Fe* input is integrated into
the next XOR logic operation with S*~ input. Moreover, in the presence of all
three inputs (1/1/1), Fe** loses its function through excess connection with
VO43 ~ and S?7, while the remaining VO43 ~ and S?~ have their own effects
on Eug o59Tbg.051Gd.g9-DPON, resulting in the 1/0/1 output. The integration
of a complex logic evolution network with three inputs (Fe’*, VO,°~, and
$%7) and three outputs (B4ys, Gsa4, and Rgqg) is revealed in Fig. 13.11D. It
exhibits the powerful molecular recognition ability of an
Eug 059Tbg.051Gdg go-DPON fluorescence system. As shown in Fig. 13.11E,
the emission at 415 nm outputs 1 in A (Fe3+), B (VO437), C (Szf) and B,
A, C sequences. Only the A, C, B sequence produces the Turn-On output of
Re6 since the connection of Fe** and S*~ retains the complete framework.
The sequence-dependent output characteristics inspired development of the
logic operation into a simple password lock (Fig. 13.11F). Blue (B4;5) and
red (Rg16) emissions are defined as alarm and unlock, respectively, while the
0/0/0 output represents the lock. Obviously, in addition to the correct password
(A, C, B), other passwords cannot open the lock, and some wrong passwords (A,
B, C and B, A, C) will trigger an alarm, which greatly enhances the security of
the password lock [11].

Feng et al. constructed Tb-MOFs with a TMA (trimesic acid) ligand, which
can be used as a highly selective luminescent sensor for styrene solution and
vapor, showing promise for tracing VOCs. They designed the sensor as a logic
gate for further logic application. A logic gate consisting of an INHIBIT gate,
AND gate, and OR gate was constructed in this study. There were three inputs,
consisting of UV, styrene, and heat, respectively, while the output was the emis-
sion intensity of Tb** at 544 nm (Fig. 13.12A). As shown in Fig. 13.12B, it can
be concluded that the prerequisite for the fluorescence of Tb-MOF is the exis-
tence of UV. As can be seen from the bar graph in Fig. 13.12C, the relative
intensity of /544 below and above 0.05 nm can be defined as the threshold value,
which relies on the fluorescence intensities of emission centers. As the intensity
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FIG. 13.11 (A) Column diagram of fluorescence intensities of B4;s, Gsa4, and Rg¢: the dashed
lines show the thresholds (By4is: 0.5, Gsgq: 1 and Rg16: 2). (B) Electronic equivalent circuitry of the
three input Boolean logic gate. (C) Truth table of the three input Boolean logic gate. (D) Compound
logic circuit with three input and two output fluorescence signal (blue shadow represents the
fluorescence of B, s and red shadow represents the fluorescence of Rgj¢). (E) Column diagram
of fluorescence intensities of By;s, Gs44, and Rg6: the dashed lines show the thresholds (Rg;¢: 2
and By;s: 0.5). (F) The password lock security system with different input sequences (A, B
and C represent Fe**+VOj~, and S*°, respectively). (Reproduced with permission from T. Sun,
P. Wang, R. Fan, W. Chen, S. Hao, Y. Yang, Functional microscale single-phase white emission
lanthanide MOF for tunable fluorescent sensing and water quality monitoring. J. Mater.
Chem. C 7 (2019) 3598 —3606. Copyright 2019 Royal Chemical Society.)

is higher than the threshold value, the outputs are 1, whereas if it is lower than
the threshold value, then the outputs are 0. We can clearly see through the truth
table (Fig. 13.12D) that only when the inputs are (1/0/0, 1/0/1, 1/1/1), the output
is 1, whereas when the inputs are other than this case, the output is 0. If the out-
put is O, it implies that the luminescence of Tb-MOF is quenched. The analysis
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FIG.13.12 (A) Scheme and electronic equivalent circuitry of the logic gate; (B) Emission spectra
of the logic gates; (C) Relative emission intensity changes at 544 nm in the form of a bar represen-
tation, with a threshold of 0.05; (D) The truth table of the logic gate; UV, styrene and heat are inputs
to the system; emission intensity /s44 is the output signal of Tb-MOF. (Reproduced with permission
from L. Feng, C. Dong, M. Li, L. Li, X. Jiang, R. Gao, R. Wang, L. Zhang, Z. Ning, D. Gao, J. Bi,
Terbium-based metal-organic frameworks: highly selective and fast respond sensor for styrene
detection and construction of molecular logic gate.J. Hazard. Mater. 388 (2020) 121816. Copyright
2020 Elsevier.)

of these changes according to the logic operation provides direct detection for
styrene and the reusability of Tb-MOF after heating. It is the first report towards
the design of a Boolean logic gate system for sensing styrene [12].

Dong et al. prepared a single-phase white light-emitting microscale Eu-
MOF, [EugosTbg04Gdyo(HDPNC), 5(H,O)(DMF)]-2H,0 (H3;DPNC=5-
(3',5'-dicarboxylphenyl) nicotinic acid) (EugsTbg04Gdgo-DPNC) under
365-nm excitation, by adjusting the molar ratio of Eu** and different excitation
wavelengths, with the CIE coordinates of (0.3328, 0.3296). Additionally, a
Boolean logic system was also constructed based on dual-component analysis
(MnO,4~ and folic acid (FA)) of EugggTbgsGdyo-DPNC in water.
Eug 06Tbg.04Gdpo-DPNC served as a gate, while the analytes (MnO,  and
FA) were set as inputs, and relative fluorescence emission intensities at
462 nm (B4gp), 544 nm (Gsyg4), and 613 nm (Rg;3) were set as outputs. The
absence and presence of the inputs MnO,~ and FA were defined as 0 and 1,
respectively. A result higher than the threshold value gives the output as 1; oth-
erwise the output is 0, compared to a threshold value (B4g,: 3.0, Gsaq: 3.3, and
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FIG. 13.13 (A) Truth tables of the double input Boolean logic gates. (B) Column diagrams of the
fluorescence intensities of Bgp, Gsaq, and Rz in the double inputs of Boolean logic gates; the
dashed lines represent the thresholds (B,g,: 3.0, Gsaq: 3.3 and Rg;3: 3.6). (C) Electronic equivalent
circuitries of the double input Boolean logic gates. (Reproduced with permission from Z. Dong,
F. Zhao, L. Zhang, Z. Liu, Y. Wang, A white-light-emitting lanthanide metal-organic framework
for luminescence turn-off sensing of MnO4 — and turn-on sensing of folic acid and construction
of a “turn-on plus” system. New J. Chem. 44 (2020) 10239 — 10249. Copyright 2020 Royal Chem-
ical Society.)

Re13: 3.6, relative intensity), which depends on the fluorescence intensities of
different emission centers. The truth table of the logic gates and the correspond-
ing combinatorial logic circuits are shown in Fig. 13.13A and C. Hence, the
binary IMP logic operations can be implemented on both the B4g, and Gsy4 out-
puts when MnO,~ and FA act as a double input, which produces 0 output only at
one particular input (1/0). When MnO,~ is added alone, it exhibits a strong
quenching effect on the emission at 462 and 544 nm, while upon the addition
of FA (input: 1/1), a NOT logic operation exists in the R¢;3 output logic gate.
With the addition of FA, the characteristic emission of Eu** disappears; thus
Re13 outputs 0. The corresponding column diagrams of the fluorescence inten-
sities of Bygs, Gs44, and Rg3 and electronic equivalent circuitries in the double
inputs of Boolean logic gates are shown in Fig. 13.13B and C.

13.3 Luminescence responsive chemical sensing of rare earth
metal-organic framework hybrid materials for intelligent
molecular searcher applications

It is crucial for environmental protection and monitoring to determine the type
and content of polluting ions. Using a Boolean logic operation, as described in
the previous section, chemical ions in water can be connected for developing a
self-organized logic operation. The logic gates have the peculiarity of manip-
ulating only precise, objective knowledge, i.e., statements that are true
(1) and false (0). However, it is not always possible to store accurate informa-
tion in the chemical process. A certain degree of uncertainty and imprecision
appears quite often, especially when there is the nonlinear (sigmoidal) response
between the input and output. Therefore it is necessary to adopt soft computing
based on a fuzzy logic approach to process the uncertain information. Fuzzy
logic has been introduced as a means to deal with inaccuracies and uncertain
information through the formulation of fuzzy logic systems (FLSs). A fuzzy
variable is a variable that takes on fuzzy sets as values.
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Xu et al. took the concentration C of ions and fluorescence F of Eu**@UMOFs
ata given wavelength as the linguistic variable. As illustrated in Fig. 13.14 (left), the
Ca input variable has been decomposed in three fuzzy sets labeled (1) low, with a
uF(x) defined by an asymmetrical polynomial curve (whose symbol is zmf, [0.001,
0.1]); (2) medium, with 4 F'(x) defined by a triangular shaped curve (whose symbol is
trimf, [0.005, 0.5, 1.5]); (3) high, with 4F(x) defined by an asymmetrical polynomial
curve (whose symbol is smf).The next step required to implement Mamdani’s FLS
entails formulating fuzzy rules: IF-THEN, wherein the IF is called the antecedent
and the THEN is called the consequence. The inference engine has been running
to map input fuzzy sets into output fuzzy sets in Fig. 13.14 (left), whereas the defuz-
zifier maps output fuzzy sets produced by the inference engine into crisp numbers. In
our case, the crisp number corresponds to the fluorescence intensity of 614 (Rg4).
According to the aforementioned logic operation, we can explain the nonlinear cor-
relation between the concentration of ions and the fluorescence signal by FLS. Then
the ion recognition engine can be constructed by a similar FLS function that takes the
fluorescence signal as input variable and concentration as output variable. In the
three-input logic operation, they obtained an INH gate for R¢;4 (Fig. 13.14; right).
The self-organizing compiler can perform a Boolean logic function to determine
whether Hg?* is present in the solution-based library. If Hg* is present, the fluores-
cence of Eu>* @UMOFs at 614 nm is turned on. Fluorescence variable (Rg;4) has
been decomposed in three fuzzy sets (Fig. 13.14; right): (1) low (zmf py,,, [0.82,
2.13]); (2) medium (trimf peqim [1.45, 1.85, 2.26]); (3) high (smf g, [2.13,
3.24]). The inference engine maps F(Rgy4) fuzzy sets into C%{; fuzzy sets
(Fig. 13.14; right). It handles the way in which rules are combined. Finally, the
defuzzifier maps Ciyy fuzzy sets into crisp Crig.

On the basis of Boolean logic and fuzzy logic, Xu et al. realized an intelli-
gent molecular searcher by taking chemical events (Hg>*, Ag*, and $*7) as pro-
grammable words and chemical interactions as syntax (Fig. 13.15). Considering
the particularity of all the input ions, the approach is helpful in developing an
advanced logic program based on Eu**@UMOFs for application in environ-
mental monitoring. Sensors (MR @Eu-MOF) were created by covalently mod-
ifying MR into an -NH,-rich Eu-MOF, which has a high quantum yield
(48%). A double stimuli-responsive fluorescence center was produced via
energy transfer from the ligands to Eu®* and MR. Portable sensory hydrogels
were obtained by dispersing and solidifying MR @Eu-MOF in water-phase
CMC-Na. The hydrogels exhibited a color transition upon “smelling” HI vapor.
This transition and shift in the MR-based emission peak are closely related to
the HI concentration. Using HI concentration as the input signal and the two
fluorescence emissions as output signals, an advanced analytical device based
on a one-to-two logic gate was constructed. The four output combinations, NOT
0, 1), YES (1,0), PASS 1 (1, 1), and PASS 0 (0, 0), allow the direct analysis of
HI levels, which can be used for real-time food freshness evaluations. The novel
strategy suggested here may be a new application for a molecular logic system
in a sensing field.
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FIG. 13.14 (Left) Scheme of fuzzy relation based on fuzzy inference rules mapping input CXg to output F (Rg14). Fuzzy variable of F(Rg4) is decomposed in three
fuzzy sets: (1) low (zmf py,,, [1, 3.5]); (2) medium (trimf f,,,0qium [3, 4.1, 5.31); (3) high (smf g, [5.1, 71). (Right) (A) Scheme of fuzzy relation based on fuzzy
inference rules mapping input Cﬁ; to output F(Rg4). Fuzzy variable of C%{; is decomposed in three fuzzy sets: (1) low (zmf plow [0.1, 0.5]); (2) medium (trimf
pmedium [0.05, 0.1, 1]); (3) high (smf phigh [0.5, 10]). The dashed box gives inference rules. (Reproduced with permission from X. Xu, B. Yan, Intelligent molecular
searcher from logic computing network based on Eu(Ill) functionalized UMOF's for environmental monitoring. Adv. Funct. Mater. 27 (2017) 1700247. Copyright
2017 Wiley.)
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FIG.13.15 (A) Column diagram of the normalized fluorescence intensity of Fyig and Fg, towards
HI (250 pM); (B) truth table of the one-to-two decoder logic gate; (C) column diagram of the nor-
malized fluorescence intensity of Fyjr and Fg, towards different concentrations of HI ranging from 0
to 100 uM; (D) truth table of the logic analytical device for HI monitoring. (Reproduced with per-
mission from X. Xu, X. Lian, J. Hao, C. Zhang, B. Yan, Double stimuli-responsive fluorescent center
for food spoilage monitoring based on dye covalent modified EuMOF's: from sensory hydrogel to
logic device. Adv. Mater. 29 (2017) 1702298. Copyright 2017 Wiley.)

Qin et al. developed highly luminescent, bimetallic MOFs as luminescent
sensors for NMF, with a focus on Eu’* and Tb** complexes as visible emitters
with red and green emission. Furthermore, this sensing system was also inte-
grated with AND logic gates using NMF and 300 nm as inputs for intelligent
NMF sensing. The simple chemical species NMF was chosen to be the input
signal. The fluorescence of /544 and /514 was the output signal, which is visible
and easily detected. According to the defined threshold value of 0.5, the normal-
ized intensity values at 544 nm and 614 nm were defined as the OFF (0) and ON
(1) states. The truth table for the logic operation is shown in Fig. 13.16D. As
revealed by Fig. 13.16B, each percentage of NMF from O to 1 exhibits a corre-
sponding color, which could enable real-time analysis of NMF levels based on
the decode procedure. According to the direct color visualization with the naked
eye, the percentage of NMF can be readily estimated by comparison with the
concentration-dependent CIE chromaticity diagram, thus providing a useful
tool for determining NMF distribution. Motivated by the results, an “AND”
logic gate was created using similar design strategies (Fig. 13.16E and F).
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FIG.13.16 (A)Diagram of the operational design of the sensor. (B) Corresponding color for every
NMF volume ratio from O to 1. (C) Column diagram of the normalized fluorescence intensities of
I14 and I544 toward NMF. (D) Truth table of the 1-to-2 logic gate. (E) The design of the AND gate,
column diagram of the fluorescence intensities in different states; (F) Truth table of the AND gate.
(Reproduced with permission from S. Qin, X. Qu, B. Yan, A self-calibrating bimetallic lanthanide
metal-organic luminescent sensor integrated with logic gate operation for detecting N-
methylformamide. Inorg. Chem. Front. 5 (2018) 2971-2977. Copyright 2018 Royal Chemical
Society.)
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The system performs the “AND” logic function, and the output signal (the green
light at 544 nm) is generated (true value 1) only if the system is subjected to both
inputs simultaneously. In the absence of any inputs (0, 0) or in the presence of
either input (1, 0; 0, 1), no green light at 544 nm would be observed and the
output reading would be 0.21. The visible nature of the response signal allows
observation of “OFF” and “ON” of the system by the naked eye. This Boolean
logic gate can provide an effective systematic pathway and a powerful program-
ming language for monitoring NMF [13].

Zhang et al. proposed an L-MOF-enzyme composite (GOy-Eu®* @ UMOF)
that could drive a reaction cascade to generate H>O, and for further detecting of
Glu. This will open a new opportunity for the design of an intelligent POC diag-
nostics molecular logic detector based on the L-MOF-enzyme composite.
Based on the superexcellent properties of GOx-Eu** @ UMOF mentioned ear-
lier, a portable, point-of-care (POC) diagnostics logic detector that can realize
the self-diagnosis of glucose in urine was designed, shown in Fig. 13.17. There-
fore the concentrations of Glu and A, were used as the two inputs of the POC
diagnostics logic detector and the fluorescent intensity of Eu* (A614nm) as the
output, and the first combinational logic gate named Gate 1 was designed. It can
be seen that only if both Cg;, >0.1 pM and 1., are presented, the outputl is 1,
resulting in the Gate 1 open. Considering that they have fixed the excitation into
the logic detector, it will not be described in the future. So the function of the
first gate is to examine if the concentration of Glu is greater than 0.1 pM but less
than 10 pM. If not, the signal can’t go through Gate 1, so there is no warning
light, and the screen of the logic detector displays “UL (ultra low)” and three
green lights. On the other hand, when the first red warning light is on, the screen
of the logic detector displays “L (low)” and a bright red light, which is visible
with the naked eye. To examine if the concentration of Glu exceeds 10 pM and
is less than 10 mM, Gate 2 was designed. In the truth table of Gate 2, it can be
seen that if Cgy, > 10 pM and the Output 1 is 1, then the Output 2 is 1, producing
two red warning lights on, a “M (medium)” on the screen, and a dark red light
that is visible to the naked eye. If the concentration of Glu exceeds 10 pM, the
tandem logic gates come to Gate 3 to examine if the concentration is greater
than 10 mM. When the concentration of Glu is greater than 10 mM as well
as the Output 2 is 1, the three red warning lights are all on. Meanwhile, the
screen of the logic detector displays a dark light that is visible with the naked
eye and an “H (high)” on it. The sensing process of this logic detector is simply
and intuitively presented in Fig. 13.17C [14].

Zhang et al. constructed a luminescent MOF (Eu** @Bio-MOF-1) to detect
FA in water and food. Experiments showed that the two luminescent centers of
Eu** @Bio-MOF-1 have completely different responses to FA that can offer a
reference for each other, so it can be designed as a precise self-calibrating lumi-
nescent detector for FA. Based on this, a portable self-calibrating luminescent
logic detector capable of gradient detection of FA was designed. The three dif-
ferent outputs of this logic detector were L (low), H (high), VH (very high),
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FIG.13.17 (A) Column diagram of the fluorescence intensity: the dashed line shows the threshold
(the inset is the corresponding photographs from Edinburgh FLS920 spectrophotometer with the
excitation of 337 nm); (B) The electronic equivalent circuitry of the combinational logic gate system
in the logic detector; (C) Simple scheme for the sensing process of the logic detector. (Reproduced
with permission from Y. Zhang, B. Yan, A point-of-care diagnostics logic detector based on glucose
oxidase immobilized lanthanide functionalized metal-organic frameworks. Nanoscale 11
(2019) 22946-22953. Copyright 2019 Royal Chemical Society.)

corresponding to three different inputs (<6 ppm, 6~ 10 ppm, >10 ppm). More
importantly, the color differences can be easily distinguished by the naked eye
under UV light, which makes a significant contribution toward outputting the
concentration of FA more intuitively in daily life. As shown in Fig. 13.18B,
using the concentrations of FA and . as the double inputs and the intensities
of I} /Ig, as the output, the first logic gate, named Gate 1, was designed. In the
truth table of Gate 1 in Fig. 13.18E, only if both FA and A. are present, the
outputl is 1. It can be clearly concluded that the main function of the first Gate
1 is to detect the presence of FA. If there is no FA, the tandem logic gates are
broken. If FA exists, the outputl is 1; as a result the logic detector outputs “L
(low)” and a red light visible to the naked eye. Next, the output of Gate 1, the
concentrations of FA and Ay, are used as the three inputs of Gate 2 to detect
whether the concentration of FA exceeds 6 ppm. In the histogram for I /Ig,
in Fig. 13.18A, the threshold of Gate 2 is labeled as 1. In that way the output2
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FIG. 13.18 (A) Column diagram of the fluorescence intensity: the dashed line shows the thresh-
old; (B) The electronic equivalent circuitry of the combinational logic gate system in the logic detec-
tor; (C) Corresponding color, lights, and FA level for different concentrations of FA on the screen of
the logic detector; (D) Simple scheme for the sensing process of the logic detector. (E) The truth
table of Gate 1, Gate 2, and Gate 3. (Reproduced with permission from Y. Zhang, B. Yan, A portable
self-calibrating logic detector for gradient detecting formaldehyde based on luminescent metal
organic frameworks hybrids. J. Mater. Chem. C 7 (2019) 5652-5657. Copyright 2019 Royal Chem-
ical Society.)

is definitely 1, which can be observed in the truth table of Gate 2 in Fig. 13.18E.
Consequently a purple light and “H (high)” can be seen presented by the logic
detector. If the concentration of FA is over 10 ppm, it goes to Gate 3. With the
Gate 2 outputs of 1, the output of Gate 3 is 1 in the presence of the excitation.
Hence the logic detector outputs “VH (very high)” and a blue light, which is
visible to the naked eye, reminding us that the concentration of FA is at a rel-
atively high value. The process of gradient sensing of FA described here is also
vividly and intuitively represented in Fig. 13.18C and D [15].
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Lian et al. described a new strategy for the fabrication of an enantio-
selective membrane (Eu@Zn-MOF@ZnO) for logic circuit devices. This mem-
brane exhibits a preferential sensing performance to R-penicillamine (R-Pen)
over S-penicillamine (S-Pen), with a ratiometric luminescence response. They
also showed that the enantio-selective response membrane can be used as a
logic-gate strategy to be applied in an enantiomer monitor, circulating control
electrocircuit and ROM arrays. At first, a logic gate circuit (GC-1) as a half-
adder (Fig. 13.19A; top, left), was designed based on the emission change of
the Eu@Zn-MOF@ZnO membrane. In consideration of the inputs, the presence
and absence of R-Pen are defined as 1 and 0, respectively. Ultraviolet excitation
is a necessary condition for producing fluorescence, which can be regarded as
constant input 1 in logic statements. In the absence of R-Pen, Emy,,. and Em,.q4
keep their original states, generating the output (0, 1). After exposure into
R-Pen, Emyy,. intensity increased and Em,.q intensity decreased, generating
the output (1, 0). The truth table for the half-adder decoder logic gate is given
in Fig. 13.19B (top, left). A more sophisticated detecting strategy was proposed
subsequently: the content (e.e.%) of R-Pen replaced the input value O or 1, and
the fluorescence intensity at 0% enantiomeric excess (e.e.) was chosen as the
threshold (Fig. 13.19C; top, left). The analysis of these changes according to
the logic operation provided direct detection for R-Pen levels in the enantiomer
mixture, whereafter a reverse gate circuit with input “Emy,,.” and “Em,.4” and
output “e.e.%” was also designed and actualized. As shown in Fig. 13.19A (top,
right), a gate circuit (GC-2) composed of a three-state gate and NAND gate can
output three signals: 0, 1, and Z (high impedance). By selecting the same thresh-
old as GC-1, GC-2 could output signal 1 in the presence of Emyy,. only. In the
presence of Em,.4 input only, the GC-2 will output the signal 0, which indicates
the negative value of e.e.%. The signal Z is a special output of the three-state
gate, which means that the circuit is in the open circuit state at this time. The
signal Z is output only when the input signal is (1,1), indicating that the detected
mixture is a raceme (e.e.%=0%). The truth table for this logic gate is given in
Fig. 13.19B (top, right). Interestingly, the input and output of GC-1 and GC-2
have exactly one-to-one correspondence, and they can make up a reversible
cycle circuit. The cycle circuit GC-3 is exhibited in Fig. 13.19A (bottom);
the red and blue dotted boxes are GC-1 and GC-2, respectively, and they form
a closed loop together. As a steerable electronic component, the LED is super-
vised by the output value of the circuit. After the first cycle, the output of GC-3
will be changed to 0 causing the LED to turn off. Consequently, O and 1 will be
output by the GC-3 alternated and uninterrupted (Fig. 13.19B; bottom), and the
intelligent control of LED that uninterrupted scintillation between “ON” and
“OFF” is achieved. Furthermore, the transformative circuit of GC-3 is applied
in ROM arrays. ROM is a common information memory in a computer using
binary encoding to achieve huge information storage. As the chart shows
(Fig. 13.19C; bottom), the output of GC-1 is used as a ROM decode, and a
set of algorithms for decoding and writing information is designed. For
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example, when the signal (0, 1) is input into the ROM matrix, the “AND” logic
gate code is calculated as (Wy, Wy, W5, W3=0, 1, 0, 0), and a string (D, D1, D>,
D3;=1,1,0, 1) is written and stored in the ROM (Fig. 13.19D; bottom). By con-
trolling the e.e.% of R-Pen of the solution, and further controlling the intensity
of the blue and red emission, the function of information storage is realized. By
designing logic circuits and algorithms, the MOFs membrane can integrate
ROM and store binary information [16].

Min et al. prepared a fluorescent and electron-deficient hybrid,
N-methylated [Eu(pddb)phen(ox)ps], (Eu-MOF-Me) via PSM, which was
developed as a visualized fluorescent probe. In this system, Eu-MOF-Me served
as the gate; by taking F~, I~ and S$?~ as the inputs and fluorescence emission
bands (UV3gg, B437, and Rg;5) as the outputs, some primary logic gates (NOR,
IMP, YES, NOT) and the combination of them were realized. For further appli-
cation, a molecular computing keypad-lock security system was obtained. The
aforementioned Boolean logic gates are basically employing a combination of
different anions as the inputs, and the outputs haven’t been correlated with the
adding order of the anions utilized. For the purpose of taking full advantage of
the Eu-MOF-Me system in molecular logic gates, its potential in sequential
logic was explored, in which the outputs were linked to the sequence of the input
signals. Therefore Eu-MOF-Me was able to construct a sequential logic with
memory function. Inspired by this important feature, a molecular keypad-lock
system based upon Eu-MOF-Me was fabricated. In this system, as shown in
Fig. 13.20A, UV;g0 and Rg, are defined as the outputs with a threshold value
of 0.2, 1.2, respectively. To simplify and visualize the description of these
sequence-dependent phenomena, as Fig. 13.20C suggests, the input anions
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FIG. 13.20 (A) Column diagram of fluorescence intensities at 380 and 614 nm: the dashed lines
show the thresholds (black one for UV3gg: 0.2 and red one for Rg;,: 1.2); (B) the table showing the
adding sequence of anions (C) the keypad-lock security system with different input sequences. Y, E,
and P represent 1™, F~, and >~ respectively. (Reproduced with permission from J. Min, X. Qu,
B. Yan, Post-modified Eu (Ill) metal-organic framework as an intelligent molecular logic gate
forvisual monitoring important anions. Microchim. Acta 187 (2020) 434. Copyright 2020 Springer.)
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1, Sz_, and F~ were designated as specific letters “Y”, “E”, “P” separately.
This keypad-lock can be opened only when the correct word “YEP”
is generated, which means the adding order of these three anions must be
I"—S?> —F". All other sequences are invalid and an alarm will be touched
off if S*~ is selected as the first input anion. Additionally, the keypad-lock sys-
tem is reusable, since fluorescence responses occur without destroying the
structure of the Eu-MOF-Me [17].

Wang et al. selected Ga-MOF (Ga(OH)(btec)-0.5H,0), a complex 3D
hybrid framework whose two noncoordinated carboxyl groups make it possible
to introduce RE>* ions by PSM. With addition of CIP, a distinct luminescence
enhancement can be observed from the compound. A logic gate strategy was
also introduced to the probe to rapidly and conveniently monitor CIP. They
defined the normalized logarithm of the fluorescence intensity of them as the
threshold value to judge OFF (0) or ON (1) states, as shown in Fig. 13.21A.
Fig. 13.21B presents the electronic equivalent circuitry of the Boolean logic
gates, Gate 1 and Gate 2. For Gate 1, they chose the concentration of CIP
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FIG. 13.21 (A) Column diagram of the normalized fluorescence intensities and the setting of the
threshold; (B) Specific circuitry of the logic gate operation; (C) Corresponding fluorescence, level
for the concentrations of CIP; (D) Truth table of the 2-to-1 logic gate Gate 1; (E) Truth table of the 3-
to-1 logic gate Gate 2. (Reproduced with permission from B. Wang, B. Yan, A turn-on fluorescent
probe Eu3 + functionalized Ga-MOF integrated with logic gate operation for detecting ppm-level
Ciprofloxacin (CIP) in urine. Talanta 208 (2020) 120438. Copyright 2020 Elsevier.)
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and 370-nm excitation wavelength as the double input. The logarithm of the
fluorescence intensity of Eu** at 614 nm was taken as the single output. Differ-
ent inputs lead to disparate results. The truth table of the 2-to-1 logic gate Gate 1
suggests that only if the system is subjected to both inputs simultaneously is the
output signal generated (true value 1). For Gate 2, they used a similar design
strategy to create the 3-to-1 logic gate. It is worth mentioning that the output
of Gate 1 was the newly added input of Gate 2. If all of the three inputs are sat-
isfied, the tandem logic gate system continues to operate and produce the output
signal (true value 1). The corresponding possibilities of Gate 2 are displayed in
Fig. 13.21E. While the input of Gate 1 is (0, 1), which means the input of C(.p is
below 25 ppm at the excitation wavelength of 370 nm, the result of the detection
of CIP is “LOW”. When the input of Gate 2 is (0, 1, 1), the result of the detection
of CIP is “NORMAL”, meaning the concentration of the CIP in urine is between
25 ppm to 76 ppm. If the input of Gate 2 is (1, 1, 1), the result of the detection of
CIP is “HIGH”, meaning the concentration of the CIP in urine exceeds 76 ppm.
Also, the level of the CIP concentration in urine can be readily estimated by
comparison with the concentration-dependent picture, according to the change
of the fluorescence (Fig. 13.21C) [18].
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Chapter 14

Rare earth metal-organic
framework hybrid materials
for luminescence responsive
chemical sensing imaging

Fluorescence imaging techniques have become powerful tools for noninvasive
visualization of biological processes inside living systems in real time with high
spatial resolution [ 1-20]. Compared with methods such as nuclear magnetic res-
onance (NMR) and microelectrodes, fluorimetry provides a better understand-
ing of cellular internalization pathways and pathogenic processes because of its
noninvasive, real-time imaging as well as high spatiotemporal resolution [7].
Fluorescence microscopy is a rapidly developing optical imaging technique
ideal for analyzing biological samples at high resolution such that individual
cells can be imaged. Diffraction limited microscopy has an image resolution
of ca. 200~ 250 nm, but further developments in hardware and software have
facilitated superresolved fluorescence microscopy at ca. 20~ 100-nm image
resolution, rendering subcellular components in remarkable detail. For lumines-
cent molecules, the absorption and emission wavelengths, observed lifetime,
and quantum yield are key physical parameters that describe the luminescence.
Typically, the emitted photon possesses a lower energy than the absorbed pho-
ton and this difference in wavelengths is defined as Stokes shift. Consideration
of these parameters is critical to the application of luminescent molecules in
biological imaging. However, there are significant photophysical and biological
advantages to the use of f~metal ion coordination compounds in such applica-
tions. In particular, the exciting opportunities are afforded by luminescent
RE’*-based systems (large Stokes shifts; long luminescent lifetimes) [5].
Confocal fluorescence microscopy (CFM) is a powerful optical technique
that makes use of luminescence to generate the image. It is possible to obtain
confocal fluorescence microscopes with a range of different light excitation
sources, which, together with suitable optics, can deliver a monochromated
wavelength to the sample. The use of near-infrared (NIR) light allows better
light penetration and improved imaging depth. Multiphoton excitation sources
are now also available, potentially allowing low-energy (e.g., NIR) irradiation
of samples. The magnitudes of two- and three-photon cross sections thus
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determine the required light intensity for excitation and may constrain bioap-
plicability of a given probe; typical TPA values for organic chromophores
are 10~ 100 GM, but higher TPA cross sections facilitate lower irradiating light
intensities. Significant progress has been made in recent years with the utility of
RE** complexes and optimized cross sections [5-9]. Fluorescence lifetime
imaging microscopy (FLIM) is a more advanced form of the technique and cre-
ates the image based on the emission lifetime rather than the intensity of the
signal. A pulsed light source is required and FLIM commonly employs time-
correlated single-photon counting (TCSPC); modern microscopes can have
picosecond resolution. The principal advantage of FLIM is that it can deliver
quantitative information, since the lifetime of the probe is independent of its
concentration, providing measurement of dynamic events and an ability to mon-
itor cellular compartments with good spatial resolution. The equivalent
approach that makes explicit use of phosphorescent probes, such as relevant
metal complexes, is termed PLIM. In a subtle variation, gated microscopy
allows the luminescence signal to be collected after a prescribed time delay,
which is particularly useful for removing short-lived fluorescence (to 20 ns)
from endogenous (biological) fluorophores [5].

Medical imaging refers to technologies that create visual representations of
the inside of a human body to provide precise positional and morphologic infor-
mation for clinical diagnosis. It allows identification of abnormalities according
to a database of normal anatomy and physiology. Traditional diagnostic imag-
ing technologies capture images and report qualities such as water content and
density of specific areas. Molecular imaging has emerged as a modern imaging
technology, which focuses on tracking biomarkers, collecting information on
their surroundings, and giving fundamental molecular pathways and functions
in cells, tissues, organs, and organisms. While traditional diagnostic imaging
directly visualizes pathological tissues, molecular imaging allows early diagno-
sis at the molecular and cellular level before tissue damage occurs or typical
symptoms of a disease are observed. The major modalities of molecular imag-
ing for clinical diagnosis include positron emission tomography, single photon
emission computed tomography (SPECT), magnetic resonance imaging (MRI),
and medical optical imaging, each of which has its own strengths and weak-
nesses in regard to spatial resolution, temporal resolution, sensitivity, and cost.
For example, positron emission tomography using radioactive isotopes as
tracers has very high sensitivity, but expensive cyclotrons are needed to produce
radionuclides. SPECT is significantly less expensive than positron emission
tomography, but the spatial resolution is reduced because of less radiation event
localization information analyzed. Luminescence imaging has attracted fast-
growing interest owing to its high sensitivity and specificity. The rapid devel-
opment of luminescence imaging microscopes and availability of a variety
of emissive probes and labels has facilitated visualization of physiological
and pathophysiological processes at cellular, subcellular, and molecular
levels. Luminescence bioimaging offers a unique approach for visualizing
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morphological details of tissues with subcellular resolution and has become a
powerful tool for manipulation as a chemosensor [15].

Foucault-Collet et al. have created unique NIR-emitting nanoscale MOFs
(NMOFs) incorporating a high density of Yb>* cations and sensitizers derived
from phenylene. They have established that these NMOFs can be incorporated
into living cells for NIR imaging. Despite its relatively low quantum yield,
nano-Yb-PVDC-3 emits a sufficient number of photons per unit volume to serve
as an NIR-emitting reporter for imaging living HeLa and NIH 3T3 cells. NIR
microscopy allows for highly efficient discrimination between the NMOF emis-
sion signal and the cellular autofluorescence arising from biological material.
To confirm that the detected signal observed with confocal microscopy is aris-
ing from PVDC emission, they conducted spectral fluorescence microscopy
analysis on cells after 24 h of incubation with nano-Yb-PVDC-3. At each indi-
vidual point of the image (step size=3 pm), an emission spectrum was
recorded. Intensity value averaging between 400 and 600 nm was then used
to create an intensity map of the cell (Fig. 14.1; left). This spectral fluorescence
microscopy experiment permits the discrimination of nano-Yb-PVDC-3 emis-
sion from cellular autofluorescence. Spectra obtained from treated cells result
from the overlay of autofluorescence emission and PVDC emission signals
(dem =455 nm). The ability to use nano-Yb-PVDC-3 as an NIR Yb**-based
imaging agent was tested in an NIR microscopy experimental setup. HeLa
and NIH 3T3 cells were incubated with 30 pg mL~"' nano-Yb-PVDC-3 for
24 h. In the NIR microscopy mode, the specific Yb*>* emission signal was col-
lected with good sensitivity as the result of a high signal-to-noise ratio. In par-
allel, switching to visible detection mode, the specific fluorescence arising from
the PVDC was observed in addition to the cellular autofluorescence, and the
resulting images were used as a comparison. The images presented in
Fig. 14.1 (right) report on NIR microscopy experiments obtained with a rare
earth compound in living cells using a conventional excitation source [21].

Suresh et al. synthesized luminescent NMOFs of {[Gd(OPE)(NO3)(H,0),]-
H,0} (NCP-1, OPE=oligo-(p-phenyleneethynylene)dicarboxylate) by
coordination-driven self-assembly of OPE and Gd*" in polar solvent under
refluxing conditions. NCP-1 forms a stable colloid in DMF, and no precipitation
is observed for several months, suggesting the significant solution processabil-
ity of NCP-1 colloids. Similarly to OPEA, ethanol dispersion of NCP-1 shows a
strong linker-based blue emission (., =445 nm) on 330-nm excitation and
intense cyan emission (de;, =463 nm, A.x =390 nm) in solid state (Fig. 14.2;
left). They further studied the internalization of these nanostructures into mam-
malian cells for bioimaging applications. Before doing optical imaging studies,
NCP-1 was tested for its hydrolytic stability under physiological conditions.
Incubation of nanorods of NCP-1 in PBS buffer for 12 h showed no consider-
able changes in emission properties (dey, =453 nm, Aex =390 nm, only L in PBS
emitted at 473 on 390-nm excitation) suggesting the stability of NMOFs in
physiological conditions (Fig. 14.2B; left). Due to its self-fluorescence, they
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FIG.14.1 (Left) Spectral microscopy of nano-Yb-PVDC-3 in the visible region. (A) Fluorescence intensity map of NIH 3T3 cells after incubation with 30 pg mL ™" nano-Yb-
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FIG. 14.2 Fluorescence microscope images of HEK 293T cells (A) before and (B) after treating with nanoparticles of NCP-1 showing its nontoxicity. The blue color
represents nucleus (DAPI staining), and the cyan color represents NCP-1. (C), (D) confocal microscope images of H1299 cells before and after treating with nanoparticles
of NCP-1, respectively. The green color represents the cell cytoskeleton (tubulin staining), and the cyan color represents NCP-1. Inverted microscopic images of H1299
cells (E) before and (F) after treatment with NCP-1. Arrows indicates the nanoparticles. (Reproduced with permission from V. M. Suresh, S. Chatterjee, R. Modak,
V. Tiwari, A. B. Patel, T. K. Kundu, T. K. Maji, Oligo(p-phenyleneethynylene)-derived porous luminescent nanoscale coordination polymer of Gdlll: bimodal imaging
and nitroaromatic sensing. J. Phys. Chem. C 118 (2014) 12241 —12249. Copyright 2014 American Chemical Society.)
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studied the distribution of NCP-1 in the previously mentioned cell lines and
observed appreciable distribution of NCP-1 throughout 293T cells evidenced
through onfocal imaging (Fig. 14.2A and B; right). Inmunofluorescence using
antitubulin antibody also suggests the internalization of NCP-1 within the cyto-
plasm of H1299 cells, further strengthening its potential to cross cell mem-
branes (Fig. 14.2C and D; right). It is thought that the nanorods enter the cell
line longitudinally due to their nanoscale dimension of width (50~ 100 nm).
Interestingly, no floating or dead cells were observed even after 24 h of treat-
ment, signifying the nontoxic effect of NCP-1 upon cellular internalization
(Fig. 14.2E and F; right). These results suggest that the highly stable, less toxic
nanostructures of NCP-1 can be internalized into cells for bioimaging applica-
tions under physiological conditions [22].

Wang et al. designed an adenosine-5'-triphosphate (ATP) -aptamer/MOF-RE
nanosheet complex, to monitor ATP activity in living cells, where ATP aptamers
labeled with FAM and TAMRA are used to assemble multiple dye-aptamer/
MOF-RE nanosheets. Dye-labeled ATP aptamers on MOF-La nanosheets are
used for intracellular two-color fluorescent imaging of ATP. In the presence
of the target ATP, the specific binding of Dye-P2 with ATP induced the formation
of arigid structure. Similar to dSDNA, the affinity of this rigid ATP aptamer con-
formation for the surface of MOF-La nanosheets was very weak. This ATP sens-
ing was based on the Turn-On of the fluorescence of TAMRA and the Turn-Off of
the fluorescence of FAM, upon addition of target ATP. Therefore the dye-P2+
MOF-La biosensor can be used for intracellular adenosine probing in MCF-7
human breast cancer cells using confocal microscopy. After MCF-7 cells were
incubated with dye-P2+MOF-La, the intracellular adenosine molecules inter-
acted with the dye-P2 (Fig. 14.3A; top). By irradiation with 488-nm light, a dis-
tinguishable fluorescence change was observed corresponding to FAM at
500~ 550 nm (green) and TAMRA at 550~ 650 nm (red). These findings indi-
cate that the dye-P2 targeted adenosines to form a duplex configuration, resulting
in the detachment of the dye molecules from the surface of the MOF-La
nanosheets and subsequent fluorescence recovery. Adenosine activity in single
cells was also monitored by the dye-P2+MOF-La biosensor. As shown in
Fig. 14.3B (top), after incubating for 4 h, the fluorescence color in different cells
changed from green to red; this difference in color emission was also monitored
in single cells (Fig. 14.3C-E; top). Adenosine activity was clearly observed in
different cells and different regions of a single cell. By calculating the ratio of
FTAMRA/F'FAM, the adenosine concentration in living cells was semideter-
mined (data indicated in Fig. 14.3; top). The concentration of adenosines in living
cells, incubated with the dye-P2 + MOF-La biosensor for 2 or 4 h, could be mon-
itored from 0.5 to 15 nM. When the incubation time was more than 6 h, the ratios
of FTAMRA/F'FAM were beyond the linear range of the method using the pre-
pared dye-P2+MOF-La biosensor. For detecting high concentrations of adeno-
sines (415 nM), more FAM-P2 and TAMRA-P2 should be incubated with the
MOF-La nanosheets during the preparation of the dye-P2+MOF-La complex.
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Considering that cellular ATP is predominantly produced in the mitochondria
during aerobic respiration, the distribution of adenosines and mitochondriain liv-
ing cells are monitored together. As shown in Fig. 14.3A—C (bottom), after the
dye-P2+MOF-La and FMD were contained in MCF-7 cells, some of the aden-
osines were monitored around mitochondria. As adenosines generally exist in the
mitochondria and cytosol, the distribution of adenosines does not overlap well
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FIG. 14.3 (Top) Intracellular fluorescent imaging of adenosines. (A) Schematic illustration of
intracellular adenosine probing in living cells using dye-P2+MOF-La. (B) Monitoring of adenosine
in living cells. (Bottom) (C—E) Confocal images of intracellular visualization for adenosines
with an incubation time of 2 to 6 h and quantification of adenosines by two-color fluorescence.
Scale bars: B, 25 pm; C, 30 pm; D, E, 10 pm. Fig. 7 Confocal fluorescence images of MCF-7
cells incubated with dye-P2+MOF-La and FMD. (A-C) Single cells incubated with dye-P2
+MOF-La and FMD for 4 h. Scale bars: 10 pm. (Reproduced with permission from H. Wang,
J. Li, J. Li, K. Wang, Y. Ding, X. Xia, Lanthanide-based metal-organic framework nanosheets
with unique fluorescence quenching properties for two-color intracellular adenosine imaging in
living cells. NPG Asia Mater. 9 (2017) e354. Copyright 2017 Springer Nature.)

(Continued)
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Merged image of
Fluorescence of TAMRA Fluorescence of FAM FAM and TAMRA Fluorescence of FMD

FIG. 14.3—CONT'D

with that of mitochondria (white colorin Fig. 14.3 (bottom), A, =644 nm). In the
control experiment, FAM-P3 (a FAM-labeled random DNA P3) and
TAMRA-P3 (a TAMRA-labeled random DNA P3) are mixed with the
MOF-La nanosheets to prepare a dye-P3+MOF-La complex, which is similar
to the dye-P2+MOF-La complex. The dye-P2+MOF-La complex can be used
as a selective sensing probe for detecting biomolecules in living cells [23].
Fan et al. designed and synthesized a porous and luminescent Tb-MOF
(H;TATB =44’ 4" -striazine- 2,4,6- triyl-tribenzoic acid), which shows enhanced
luminescence originating from Tb** in the presence of Zn*. This Turn-On pattern
was utilized for sensing Zn*. It has fairly acceptable biocompatibility, which has
been fully verified by cytotoxicity testing. The optical microscopy imaging was
used to monitor the living state of cells and luminescence of Tb-MOF both in
the bright field and luminescent field excited with 365-nm UV light. As shown
in Fig. 14.4, the PC12 cells attached closely to the substrate and showed abundant
growth of axons and dendrites in the absence of both Tb-MOF and Zn**
(Fig. 14.4A). There was a slight influence on both morphology and amount of
PC12 cells on the addition of Zn** with a concentration of 10> M (Fig. 14.4B).
Afterwards, on the basis of the MTT results, 50 pg mL ™! was chosen as the con-
centration for the imaging experiment. In the case of 50 pg mL~' Tb-MOF, the
PC12 cells showed a desirable appearance of neurites emitting compared with
the control cells. What’s more, Tb-MOF exhibited visible green light under
365-nm UV light excited at the cell atmosphere (Fig. 14.4C). Many MOF clusters
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FIG. 14.4 Optical microscopy images of PC12 cells (A) without treatment, (B) incubated with
10~* M Zn**, (C) incubated with 50 mg mL~" Tb-MOF, and (D) subsequent addition of 10~> M
Zn**. Optical bright field microscopy image for al, b1, c1, and d1, optical luminescent field micros-
copy image illuminated with 365-nm light for a3, b3, c¢3, and d3, overlapped for a2, b2, c2, and d2.
(Reproduced with permission from T. Fan, T. Xia, Q. Zhang, Y. Cui, Y. Yang, G. Qian, A porous
and luminescent metal-organic framework containing triazine group for sensing and imaging of
Zn2 +. Microp. Mesop. Mater. 266 (2018) 1-6. Copyright 2018 Elsevier.)

were observed as green dots and accumulated around the cells. The colocalized
luminescence signals indicated that there were no appreciable changes in the state,
morphology, and long stretching microtubular of PC12 cells after the introduction
of Tb-MOF, demonstrating the good biocompatibility of Tb-MOF even at a rela-
tively high concentration. Subsequent addition of Zn** gave rise to a brightness
enhancement without affecting the living state of the PC12 cells (Fig. 14.4D).
The Turn-On effect in the cell environments agreed well with the phenomenon that
was discovered in the luminescence study. The results indicated that Tb-MOF is
biocompatible among neuron survival and neurite outgrowth owing to the enriched

&)
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neurites. Meanwhile, Tb-MOF exhibits coincident luminescence properties with
the spectra study [24].

Zhang et al. fabricated a fluorescent pH sensor based on postsynthetically mod-
ified nanoscale UiO-67-bpydc with Eu®* incorporated (Eu**@UiO-67-bpydc),
which was developed as a pH sensor. The MTT analysis showed that Eu**
@Ui0O-67-bpydc possesses favorable biocompatibility. Furthermore, optical
microscopy graphs were used to validate the nontoxic natures of Eu**@ UiO-67-
bpydc and cell imaging. PC12 cells were chosen for their enriched neuritis and
adherence to the culture plate, which can reflect the state of the cells and can be easily
observed under microscopy. PC12 cells were cultured with different concentrations
(0, 10, 30, and 50 g mL ") of Eu** @ UiO-67-bpydc for 24 h and their morphology
was analyzed by optical microscopy. In some cells, MOFs were enriched in the
growth cone of neurites. Regardless of incubation with Eu**@UiO-67-bpydc, the
appreciable neuritis extension of PC12 cells convincingly indicated good biocom-
patibility and negligible cytotoxicity Eu**@UiO-67-bpydc. As shown in Fig. 14.5,
PC12 cells loaded with 10 mg mL ™" of Eu**@UiO-67-bpydc showed extremely
weak red emission with an excitation of 330 nm. However, a significant increase
of fluorescence intensity was observed in the cells coincubated with 30 mg mL ™"
of Eu**@UiO-67-bpydc. This suggests probe Eu’*@UiO-67-bpydc is suitable
for application in fluorescent pH sensing in living cells [25].

Rosario et al. reported the ability of common flamentous fungi to accu-
mulate RE-MOFs over their cell walls, thereby forming new classes of lumi-
nescent biohybrid cells. When microorganisms are cultivated in solutions

FIG. 14.5 (A) Fluorescent images of PC12 cells incubated with 10 mg mL™"' (A, B, and C) and
30 mg mL~! (D, E, and F) Eu3+@UiO—67—bpydc for 24 h. (A, D) Bright-field images; (B, E) Fluo-
rescent images; (C, F) Merge of bright-field images and fluorescent images. The wavelength for
excitation is 330 nm. Scale bar=50 pm. (Reproduced with permission from X. Zhang, K. Jiang,
H. He, D. Yue, D. Zhao, Y. Cui, Yu Yang, G. Qian, A stable lanthanide-functionalized nanoscale
metal-organic framework as a fluorescent probe for pH. Sens. Actuators B Chem. 254 (2018)
1069-1077. Copyright 2018 Elsevier.)
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containing a carbon source and discrete particulate RE-MOFs, they deposit
these nonbiological objects over mycelia during the physiological process,
forming a robust layer on the cellular wall of the fungi. RE-MOFs possess
excellent properties that can be useful for in-vivo fungal images, as they
do not require any surface modification to be biologically compatible and
possess intense photoemission that permits easy discrimination between
the target and the background emissions. Biohybrid fungi/RE-MOFs were
examined under a conventional fluorescent microscope to display their lumi-
nescent properties. In Fig. 14.6A and B, the luminescence is definitely
observable, due to the thick layer of green emitter attached to the fungal sur-
face. Although both RE-MOFs presented similar emission intensities for
dried biohybrids, a low intensity of the red light can be observed when

FIG. 14.6 Fungal species labeled with RE-MOFs. Fluorescence images of (A,B) P. macrosporus/
Tb-MOF, and (C) Trichoderma sp./Eu-MOF. Vacuolar system of the Trichoderma sp./Tb-MOF bio-
hybrids in (D) bright field, (E) fluorescence, and (F) composite images. The false colors are red and
green for Eu-MOF and Tb-MOF, respectively. Confocal scanning laser images of A. niger/Tb-MOF:
(G) fluorescently labeled organelles and (H) processed image emphasizing the colocalization of the
organelles in the hyphal compartment. 3D cell reconstruction of CLSM images in a (I) longitudinal
view and an (J) axial view, highlighting the inner localization of the luminescent organelles in the
hyphae. (Reproduced with permission from J. Rosdrio, L. L. da Luz, R. Geris,J. G.S. Ramalho,A. F.
da Silva, S. A. Junior, M. Malta, Photoluminescent organisms: how to make fungi glow through
biointegration with lanthanide metal-organic frameworks. Sci. Rep. 9 (2019) 7302. Copyright
2019 Springer Nature.)
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analyzing living fungi/Eu-MOF investigated under the microscope, which
results from the efficient nonradiative deactivation of luminescence through
coupling between the hydroxyl group of water (O-H strength) and the
f electronic levels of the Eu" ions. Therefore, despite the presence of chro-
mophore species deposited on the fungal surface, the photoluminescence sig-
nal is quite low for living fungus/Eu-MOFs in aqueous environments. The
group was intrigued by some results of fluorescent microscopy of the
fungi/Eu-MOF, where it was possible to observe bright red spheres located
along the hyphae (see Fig. 14.6C). RE-MOFs can concentrate at organellar
lumen in the inner fungal cells, evidencing luminescence even for Eu-
MOF. By selecting arbitrary regions at the periphery of the fungal biohybrid
mycelia, the uptake of Tb-MOF improved the visualization of spherical and
tubular organelles within cells (Fig. 14.6D and F). In order to confirm that the
fluorescent signal arises from internalized RE-MOFs stored in the fungal
organelles, additional experiments were performed using confocal scanning
laser microscopy (CSLM, Fig. 14.6G-J). Since UV light is known to be prej-
udicial to the microorganisms, an excitation source was substituted in the
experiments by using a low-energy microscope with a wavelength at
405 nm to study these biosystems. Specifically, Fig. 14.6G emphasizes the
fluorescent vacuoles of the A. niger/Tb-MOF, while Fig. 14.6H shows a rep-
resentative processed image also considered to be the fungal autofluores-
cence. Thereby, based on analysis of 3D cell reconstruction (Fig. 14.6H-
J), it is confirmed that the fluorescence emission of RE-MOFs originates
from organelles within the hyphal compartment [26].

Wangetal. developed new multifunctional water-soluble NaREF, @ MOF-RE
nanocomposites with dual-mode luminescence, which is based on Stokes lumines-
cent mesoporous RE-MOFs (MOFS-YZEH3+) and anti-Stokes luminescent NaYF,:
Tm>*/Yb>* nanoparticles. YF,:Tm>*/Yb**@MOF-Y:Eu** nanocomposites’ low
concentration in a shorter incubation time results in high-intensity brightness on
labeled cells. Therefore, as a fluorescent probe, anti-Stokes luminescent nanoma-
terials are suitable as a new and potential monitoring tool for early-stage tumor
diagnosis. They incubated the supernatant of YF4Tm®*/Yb>*@MOF-Y:Eu™*
nanocomposites and an aqueous solution with HeLa cells for 4 h for cell imaging.
The use of a fluorescence microscope with a 980-nm source to obtain a fluorescent
labeling image is shown in Fig. 14.7. It can be observed that the light-emitting cell
turnover labeling on the cell and the YF,:Tm>*/Yb>*@MOF-Y:Eu®* nanocompo-
site under a bright field coincide. This result indicates that HeLa is efficiently
labeled by YF,: Tm**/Yb** @ MOF-Y:Eu** nanocomposites and it is found mainly
in the cytoplasm and nanoparticles perinuclear region, as shownin Fig. 14.7B, D, F,
and H. Compared to NaGdF,:Tm**/Yb**@MOF-Gd:Eu** nanocomposites
(Fig. 14.71-L), YE4Tm>*/Yb*@MOF-Y:Eu®* nanocomposites have higher
brightness and can label cancer cells more completely. This indicates that cellular
uptake of YF,:Tm>*/Yb>* @MOF-Y:Eu** nanocomposites may be performed
by energy-dependent endocytosis [27].
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FIG. 14.7 HeLa cells are incubated with (A-D) NaYF,:Tm>*/Yb** @ MOF-Y:Eu" supernatant,
(E-H) NaYF;:Tm>*/Yb™ @MOF-Y:Eu’" solution, and (I-L) NaGdFyTm™"/Yb’*@MOF-Gd:
Eu** solution; the fluorescence microscopy images are irradiated with a laser at 980 nm. (Repro-
duced with permission from D. Wang, C. Zhao, G. Gao, L. Xu, G. Wang, P. Zhu, Multifunctional
NaLnF4@MOF-Ln nanocomposites with dual-mode luminescence for drug delivery and cell imag-
ing. Nanomaterials 9 (2019) 1274. Copyright 2019 MDPI.)

Sun et al. reported on two MOFs, MOF-1114(Yb) and MOF-1140(Yb), con-
sisting of 2-aminoterephthalate (NH, — BDC) organic linkers and Yb>*-based
inorganic secondary building units (SBUs) with nanoscale porosity that were
postsynthetically modified by coupling methyl propiolate (MP) with the
linker-bound amine to obtain a high density of short n-systems (2~4 conju-
gated m-bonds) confined in MOF pores. They demonstrated that the resulting
modified MOFs exhibited longer wavelength absorption and photosensitization
(up to 800 nm) of Yb>* NIR emission (4. =980 nm). With respect to optical
bioimaging applications, they demonstrated that the modified MOFs main-
tained their structure and emissive properties in aqueous biological conditions

)
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of living cells. Corresponding NIR emission and excitation spectra obtained
from these particles showed that they maintained their optical properties with
the observation of the characteristic Yb** NIR emission signal located at
980 nm (Fig. 14.8A, B). These well-dispersed and miniaturized MOFs were
incubated with living RAW 264.7 macrophage cells for 18 h. The collected
NIR epifluorescence images (Aex=482 nm) show the Yb>* emission signal
(Fig. 14.8C—E). These results are highly promising, as they reveal that these
miniaturized MOFs can sustain the biological conditions of cell culture through
the incubation process in the presence of living cells by continuing to generate
bright emissions. Such a signal would have been lost had the MOFs dissociated.
In addition, Fig. 14.8C —E shows that some of the miniaturized MOFs have
been concentrated on or around the macrophages. Notably, MOF fragments
observed in Fig. 14.8E are not uniformly bright, which can be explained by
the fact that not all organic linkers have been modified by MP during this
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FIG. 14.8 (A) Yb** emission spectra of miniaturized MOF-1114(Yb) in H,O with 0.5% Tween-
20 under Aoy =380-nm and A =>500-nm excitation; (B) Yb>" excitation spectra of miniaturized
MOF at A, =980 nm in H,O with 0.5% Tween-20; (C — E) Microscopy images of RAW 264.7 cells
incubated with miniaturized MOF in water with Tween-20 0.5%. Objective 40 x, scale
bars=20 pm: (C) Bright-field imaging; (D) NIR epifluorescence imaging; (E) Merged bright-field
and NIR epifluorescence imaging. (Reproduced with permission from C. Sun, H. Lin, X. Gong,
Z.Yang, Y. Mo, X. Chen, J. Gao, DOTA-branched organic frameworks as giant and potent metal
chelators. J. Am. Chem. Soc. 142 (2020) 198 —206. Copyright 2020 American Chemical Society.)
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PSM reaction and the distribution of unmodified linkers throughout an intact
crystal is unknown [28].

Muldoon et al. built a series of DOTA-branched MOFs with multiple che-
lating holes by organizing DOTA layer by layer with DOTA (1,4,7,10-tetraa-
zacyclododecane-1,4,7,10-tetraacetic acid) as both a functioning unit and a
constructing junction. Their corresponding polynuclear complex containing
Tb** showed superior imaging properties, excellent feasibility for peripheral
modification, and unusual kinetic stability. To further demonstrate the versatil-
ity of DBOF, Tb-MOF was prepared for the fluorescence imaging application,
whose characterization results are shown in Fig. 14.9A and B. The emission
fluorescence spectra of Tb-MOF feature typical Tb>*-based peaks, which orig-
inate from electron transitions between the 5D4 state and the 'F 7 (J=3-06)
ground states (Fig. 14.9C). Tb>* complexes are widely explored as fluorescence
probes for cell imaging. However, most of the reported probes are small Tb-
MOFs that are quickly excreted from cells. Tb-G2 — G4 was found to localize
in lysosomes. Among them, Tb-G2 had the highest colocalization degree
(Fig. 14.9D). Upon continuous irradiation, the fluorescence of Lysotracker
Green faded away within 20 min, while the fluorescence of Tb-G2 was sus-
tained even after 50 min (Fig. 14.9E), which indicates that Tb-G2 could stay
in living cells for a relatively long time. Tb-DBOF Tb-MOF complexes are
promising potential fluorescence probes for long-time live cell imaging and
lysosome Tb-MOF tracking [29].

Neufeld et al. described the X-ray luminescent properties of two rare earth-
NMOFs and their potential as novel platforms for optical molecular imaging
techniques such as X-ray excited radioluminescence (RL) imaging. Upon
X-ray irradiation, the NMOFs displayed sharp tunable emission peaks that
spanned the visible to NIR spectral region (400 ~ 700 nm) based on the identity
of the metal (Eu, Tb, or Eu/Tb). Following PEGylation, preliminary toxicity of
the NMOFs was assessed toward murine fibroblast (3T3 NIH) and human liver
carcinoma (HepG?2) cells at both 24 and 72 h, under varying concentrations,
with a maximum concentration of 500 pg mL~'. Both particles displayed
dose-dependent and time-dependent toxicity with murine epithelial cells dis-
playing increased toxicity compared to human liver cells (Fig. 14.10A and
B; top). As seen in Fig. 14.10B (top), Eu-NOMF-PEG and Tb-NOMF-PEG
demonstrated minimal cytotoxicity toward HepG2 cells at concentrations rang-
ing from 1.9 to 125 pg mL ™', with cell viability only dropping below 80% at
500 pg mL~'. Murine fibroblasts displayed similar results, except for the sig-
nificant drop in cell viability at 500 pg mL ™" (Fig. 14.10A; top). Furthermore,
biological compatibility was qualitatively assessed by live/dead fluorescence to
visually evaluate the viability and morphology of HepG2 and 3T3 cells follow-
ing 24 h exposure to the RE-NMOFs at concentrations of 250 pg mL ™" and
125 pg mL ™" (Fig. 14.10C; top). As expected, comparison to the untreated con-
trols revealed no significant changes to cell proliferation (blue), cell apoptosis
(green), or cell morphology in either cell line when treated with
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for both probes. (E) Comparison of photostabilities of Tb-G2 and Lysotracker Green in live HeLa cells. (Reproduced with permission from P. F. Muldoon, G. Collet,
S. V. Eliseeva, T. Luo, S. Petoud, N. L. Rosi, Ship-in-a-bottle preparation of long wavelength molecular antennae in lanthanide metal — organic frameworks for
biological imaging. J. Am. Chem. Soc. 142 (2020) 8776 —8781. Copyright 2020 American Chemical Society.)
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FIG. 14.10 (Top) Cell viability of (A) NIH 3T3 and (B) HepG2 cells incubated at various con-
centrations of Eu-NOMF-PEG and Tb-NOMEF-PEG for 24 h. Dotted lines correspond to 80% cell
viability. (C) Live/dead fluorescence viability images (blue, alive; green, dead) for NIH 3T3 and
HepG2 cells incubated with 250 pg mL~" of Eu-NOMF-PEG and Tb-NOMF-PEG for 24 h. All
scale bars correspond to 400 pm. (D) Ex vivo hemolysis activity of Eu-NOMF-PEG and Tb-
NOMF-PEG at various concentrations. All blood data are compared to the positive (PBS) and neg-
ative (Triton-X) control. (Bottom) Luminescence cell imaging of RE-NMOF. (A) Confocal images
of the CT26 cells incubated with Eu-NOMF-PEG and Tb-NOMF-PEG for 3 h. Green and red fluo-
rescence represents the emission from Tb** and Eu** of the PEGylated NMOFs, respectively. Scale
bars correspond to 50 pm. (B) In vitro RLI of CT26 cell pellets under X-ray excitation of (i) blank
cells and cells incubated with (ii) Eu-NOMF-PEG, (iii) Tb-NOMF-PEG, and (iv) Eu,Tb,-
NOMF-PEG for 24 h. (Reproduced with permission from M. J. Neufeld, H. Winter, M. R. Landry,
A. M. Goforth, S. Khan, G. Pratx, C. Sun, Lanthanide metal-organic frameworks for multispectral
radioluminescent imaging. ACS Appl. Mater. Interfaces 12 (2020) 26943 —26954. Copyright 2020
American Chemical Society.)

EuBDC-PEG 2

Camera counts

TbBDC-PEG

Eu-NOMF-PEG or Tb-NOMF-PEG, thus corresponding well with the cell via-
bility experiments. Qualitative fluorescence imaging demonstrated efficient
cell uptake for 24 h incubation, indicating the successful uptake of the PEGy-
lated RE-NMOFs. Following an initial 3 h incubation period at an 18 pg mL ™"
concentration, NMOF uptake was visualized with green and red fluorescence
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emissions from Tb>* and Eu3+, respectively (Fig. 14.10A; bottom). Taken
together, these data support the utility of these NMOFs as imaging platforms
by demonstrating that emission from these luminescent NMOFs is preserved
and obtainable following incubation at relatively low NMOF concentration.
Further assessment of the efficacy of RE-NMOFs as radioluminescent cell-
labeling probes was carried out using an in-vitro X-ray excited RL experiment
on CT26 cancer cell pellets, to ensure the retention of X-ray centered lumines-
cent properties. As seen in Fig. 14.10B (bottom), following X-ray irradiation,
cell pellets containing Eu-NOMF-PEG, TbBDCPEG, Eu,Tb,-NOMF-PEG,
or EuxTbx-NOMF-PEG displayed relatively high X-ray scintillation light out-
put corresponding to the cells incubated with the PEGylated RE-NMOFs. These
discoveries imply that these NMOF materials are promising candidates for
X-ray imaging platforms that merit continued investigation in vivo [30].
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Chapter 15

Summary and prospects

15.1 Postsynthetic modification to construct rare earth
metal-organic framework hybrid materials

Although there are many new and exciting structures discovered for rare earth
MOFs materials with rare earth ions as metal centers, postsynthetic modifica-
tion (PSM) will always be an indispensable tool to tune rare earth MOFs prop-
erties and pave the way for practical uses, especially for constructing versatile
rare earth MOFs hybrid materials. In addition, through the PSM path, other
MOFs without rare earth ions as centers can also have RE** ions introduced
to embody their luminescent features. So PSM provides a universal strategy
to assemble all kinds of rare earth functionalized MOFs hybrid materials, which
may cover different structural properties, for instance the metal species in pore
systems, framework composition, or crystal morphology. PSM is an important
approach for functionalizing MOFs with a wide range of groups that can
enhance the chemical and physical properties of the framework. Through cova-
lent and coordinate covalent PSM, various combinations of metal ions and
organic components can be added to create frameworks of great complexity.
PSM is a highly versatile method and allows for control over the number
and type of functional groups introduced into a single framework, which is dif-
ficult to achieve through a direct synthetic route. Moreover, PSM has proven to
be more than just a functionalization strategy, but also a tool to manipulate the
physical properties of the MOFs, providing a clear indication of the opportuni-
ties presented from using PSM to functionalize these hybrid materials and
improve upon their usefulness in both fundamental and applied studies. PAM
approaches to the modification and functionalization of MOFs have become
a vibrant area of chemical research and dozens of different chemical reactions
have been reported on MOFs, including both organic transformations and inor-
ganic reactions (ligand or metal addition/exchange). The resulting hybrid mate-
rials have been shown to engender MOFs with new properties relevant to
practical applications. Finally, PSM will lead to MOFs of unprecedented com-
plexity and function that are certain to be important in realizing the full potential
of MOFs in a variety of technological applications. PSM has rapidly grown
from an area of exploratory chemistry to a mainstream tool within the MOFs
community [[1—14].
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Nevertheless, challenges remain for the field, particularly in the develop-
ment of PSM methods that allow for precise spatial control over new function-
ality within the MOFs. Compared to direct molecular synthesis, PSM methods
are approaching the wide range of chemical functionality accessible in the
realm of small molecules. PSM is first evidenced as a guest exchange process,
with encapsulated solvents, counterions, and the like being transported in and
out of the open space within these frameworks. Currently, it can have the ability
to chemically modify the framework itself, at either the organic struts or the
metal ion nodes, becoming a prominent topic in MOFs chemistry. The role
of PSM in MOFs, particularly those involving chemical modification of the
organic linkers, has recently grown substantially, with the demonstrated ability
to incorporate more than one functional modification onto a single MOFs, via a
tandem modification approach. Ultimately, covalent PSM of MOFs will pro-
vide access to an otherwise inaccessible class of MOFs materials, anticipated
to have a prominent and lasting impact on the future of these important com-
pounds. The emergence of PSM brings new inspiration to the limited MOFs
in-situ synthesis, and the combination of PSM and MOFs is a great idea. MOFs
via PSM not only can obtain a large number of new structures, but also produce
some satisfactory property changes of MOFs themselves, such as enhancing the
hydrothermal stability, chemical stability, and luminescence stability of MOFs.
In addition, PSM will show luminescence changes when contacting with targets
so that the purpose of detection can be achieved. Compared with organic lumi-
nescent dyes, MOFs can avoid the luminescence quenching caused by aggrega-
tion to the greatest extent and can show good photochemical stability. In
addition, MOF sensors exhibit high selectivity and sensitivity toward various
targets such as inorganic ions, which is more conducive to luminescence sens-
ing applications. The modification of MOFs has undergone a transition process
from prefunctionalization to PSM, and from single PSM to tandem PSM. The
modification methods have become diversified, and the properties of the syn-
thesized materials have become more efficient, and are more suitable for sens-
ing applications [1-14].

For rare earth MOFs hybrid materials, in addition to the pure rare earth
MOFs through molecular design and assembly, rare earth functionalized
MOF hybrid materials are constructed using the PSM strategy, which mainly
involves the following four aspects.

(1) Linker covalent PSM and its subsequent coordination PSM. All kinds
of organic ligands behave as linkers in the MOF frameworks, which is the
core determining the structure, activity, and luminescent properties of the
final MOFs. The abundant composition, functional group of these linkers
provide the MOFs the versatile PSM possibility. Considering that the main
path for introduction of RE>* into MOFs host is coordination interaction,
the coordinated groups for these linkers are important and necessary.
Except for some MOFs with free uncoordinated sites of linkers such as
multicarboxylate or bipydine derivatives, most of the linkers need to be
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further covalently modified to produce the coordinated groups for coordi-
nation PSM. The functionalization of linkers has an influence on both reac-
tivity and photophysical properties. In principle, almost all the linkers can
be functionalized with covalent modifications, which provide great poten-
tial for PSM of MOFs. If the linker possesses the active groups, it is easy to
realize the covalent modification and generally keep the whole MOFs sys-
tem stable. Actually, covalent PSM of MOFs is relatively structurally sta-
ble, but the further coordination PSM of RE** often destroys the MOFs
frameworks, for the common covalent modified groups cannot withstand
the attack of RE®* as a hard base. Therefore it is still a challenge to solve
the problem of how to construct the stable MOFs hybrid materials by the
dative modification of covalent-coordination PSM.

Exchange or substitution reaction for PSM of MOFs units. For rare
earth MOFs hybrid materials, the exchange or substitution reaction is a
common PSM path for MOF units of both metal ions and linkers. These
exchange or substitution reactions for PSM of MOFs can easily maintain
the stability of the whole MOFs framework structure. Rare earth ion
exchange often appears in the PSM of anionic MOFs with a simple cation
(dimethyl amine cation) to balance the charge of the whole system. Gener-
ally, rare earth ion exchange of rare earth MOFs themselves or other triva-
lent metal cation MOFs are called substitution reactions. So the rare earth
ion exchange or substitution reaction for PSM of MOFs is limited to special
ones, such as anionic or trivalent metal cation MOFs, including RE-MOFs.
Here the linker exchange or substitution reaction for PSM of MOFs should
be emphasized, for it is suitable for all the MOFs. Naturally, the linker
exchange or substitution reaction requires the similarity of functional
groups or coordination performance. The exchanged or substituted linkers
may have a special active group for further coordination PSM of RE**. It is
obvious that the exchange of metal ions or ligands in MOFs will be a prom-
ising strategy for the desired MOFs that are not accessible by a direct one-
pot self-assembly approach, enriching the family of isoreticular MOFs.
Multiple PSM assembly. As mentioned earlier, the dative reaction of
covalent PSM and coordination PSM belongs to the multiple PSM assem-
bly method for rare earth functionalized MOFs hybrid materials. There are
many additional examples. For a rare earth MOF with special free uncoor-
dinated groups, both substitution and coordination PSM can be employed
for constructing hybrid materials. For anionic rare earth MOFs, both ionic
substitution and ionic exchange can be engaged in the MOFs hybrid mate-
rials. On the other hand, the encapsulation or host-guest assembly of spe-
cial guest molecules can be combined with MOFs together with these PSM
methods already discussed, to realize multicomponent composition of
hybrid materials. At the basis of this PSM of MOFs, the MOFs can be fur-
ther composed of other units such as polymer, silica, and so on, resulting in
a complicated hybrid material system.
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(4) Thin-film devices and other submicro-/nanoconstruction-based MOFs
composites or hybrids. Thin films of MOFs deposited on suitable sub-
strates clearly carry a lot of potential with regard to a realization of highly
complex, multifunctional interfaces with ultimately switchable properties.
The ability to load the MOFs after their synthesis with functional mole-
cules or accomplish their PSM functionalization further extends the num-
ber of options offered by these molecular frameworks. Certainly, rare earth
MOFs hybrid thin films offer the promise of further practical device appli-
cations. The hybrid thin films deposited on a conducting substrate are well
suited for the application of standard surface science methods. The pres-
ence of a homogeneous, flat substrate with defined optical properties opens
up a number of optical applications, which is very important for further
devices based on rare earth MOFs hybrid thin films. Employing the sub-
strate as an electrode opens up a path for electrical and electrochemical
applications, which can be combined and integrated with luminescent
responsive sensors. Using some unique fabricating methods such as
layer-by-layer processing, the flexibility of MOFs is expected to be
extended even further, to produce superlattices consisting of different types
of MOFs layers stacked in an arbitrary sequence.

15.2 Luminescence responsive mode and chemical
sensing mechanism for rare earth metal-organic
framework hybrid materials

For rational fabrication of rare earth MOFs hybrid materials and their applica-
tion as practical sensors, four major factors are structure, signal, response, and
mechanism, whose communication can be useful for identification of relation-
ships between structural features of rare earth MOFs hybrid materials and
requirements for other applications. These sensing parameters should be dis-
cussed deeply, because there are many common misunderstandings about some
topics, including luminescence resonance energy transfer and competitive
absorption mechanisms, response and sensitivity and the relationship between
the Stern-Volmer constant, response and recovery time, and the dynamic or
static nature of the mechanism. With regard to luminescence response chemical
sensing research, the general contents involve the following aspects:
(i) evaluation of structural stability in aquatic media using characterization
techniques; (ii) evaluation of photostability and origination of signal transduc-
tion based on charge transfer or energy transfer processes; (iii) examination of
selective and sensitive response toward specific analytes using photophysical
methods along with determination and definition of response and response time,
sensitivity, Stern-Volmer parameters, detection limit, and recovery time; (iv)
investigation of selective response toward target analytes in the presence of
other interferents; (v) examination of structural stability of the framework in

-
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the presence of target analytes and whether the detection mechanism is based on
structural collapse or not; (vi) investigation of the overlap mechanism through
combination of the absorption band of target analytes and the excitation and
emission band of probes; (vii) investigation of the cation-exchange mechanism
using elemental analyses before and after exposing to target analytes; (viii)
checking the possible interactive functional groups with target analytes; (ix)
assessment of the static or dynamic process in the detection mechanism using
luminescence lifetime decay spectroscopy; and (x) theological calculation and
analysis of the luminescent response sensing mechanism.

Luminescence is the key feature of rare earth MOFs hybrid materials that
facilitates the tuning of chromaticity and efficiency as well as making possible
applications for lighting, displaying, and sensing. These materials not only pro-
vide a hybrid character of inorganic and organic components that can be ben-
eficially used both for the luminescence that is MOFs’ natural feature, but also
to provide special advantages for the introduction of rare earth ions to exhibit
the abundant luminescence performance complementary to the MOFs host.
Accordingly, the latter is driven by processes on the ligand side and on the metal
ion side (especially on the rare earth ion side), their electronic interaction or
energy transfer is another source of improved luminescence compared to the
properties of the single components and even non-rare earth MOFs systems.
It is essential that the interaction of the MOFs framework with these analytes
can be accompanied by changes in the luminescence of both rare earth ions
or linkers, whose changes can be either characterized as “Turn-Off” or
“Turn-On” (including the Turn-(On)-Off-On) depending on quenching or on
sensitization of a luminescence process of the MOFs. In addition, reversible
sensing and irreversible detection must be distinguished, both of which can
achieve a luminescence change of potential use for applications, depending
on whether the MOFs hybrid is supposed to be used repeatedly. Even the intrin-
sic cost of otherwise costly rare earth ions thereby proves a lesser hindrance
compared to other materials, as most sensors will require only a small amount
of material. Probes or chemosensors that exhibit luminescence changes in
response to different analytes are more convenient than other types of sensors,
as the optical signals can be recognized easily either by fluorimeters or by the
naked eye. It has been well established that rare earth MOFs hybrid materials
make excellent sensors due to their inherent advantages, such as crystallinity,
permanent porosity, structural and functional diversity, and tunable lumines-
cence, as well as multiple luminescence [15-24].

Various MOFs-based sensors with different luminescence responses for
sensing and detecting mechanisms have been achieved through rational design.
For rare earth MOF hybrid material sensors, they keep the MOF’s luminescence
response character and protrude the rare earth ions’ luminescence response fea-
ture. In the majority of these hybrids, especially pure rare earth MOFs materials,
rare earth ions belong to the main luminescence center and the MOFs or their
linkers behave as the energy sensitizer to RE** through the “antenna effect.” In
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this condition, the luminescence responses of rare earth ions involve Turn-(On)-
Off and Turn-(On)-On or even Turn-(On)-Off-On modes. Here “Turn-On”
means the sensitized luminescence of RE** by the energy transfer from linkers
of the MOFs host. For Turn-(On)-Off mode, the “Turn-(On)” process is effec-
tive and then the further luminescence quenching occurs (Turn-Off). For Turn-
(On)-On mode, the “Turn-(On)” process is not effective enough and so the
analytes may lead to luminescence enhancement (Turn-On). The latter
“Turn-(On)-On” mode often can be realized by the “Turn-(On)-Off-On” pro-
cess using a special quencher to decrease the luminescence of the RE®* ion.
If such a quencher is also an analyte, it can perform a universal probe for prac-
tical applications. For rare earth ion functionalized MOFs hybrid materials, the
actual content of luminescent rare earth ions is relatively limited, which pre-
sents the possibility of exhibiting the luminescence of both rare earth ions
and linkers of MOFs. The dual emissive center is useful for ratiometric or
self-calibration sensing, whose different emissive centers may be expected to
have abundant luminescence responses. This luminescence responsive perfor-
mance seems to be complicated but has great potential in practical detection of
analytes. Certainly, other guest species can be encapsulated or functionalized to
rare earth MOFs hybrid materials, which can also integrate multiple lumines-
cence responses. In a minority of rare earth MOFs hybrids with weak lumines-
cence or nonemissivity for inert rare earth ions, they are identical to the non-rare
earth MOFs materials and here the MOFs luminescence response behavior
mainly originates from linkers of their own [15-24].

Turn-Off responsive modes are commonly developed when detecting elec-
tron acceptors, where luminescence is quenched through sensor-guest electron
transfer accompanied with energy transfer. To increase the sensitivity and selec-
tivity, the Turn-On detection mode has also been implemented into MOFs
hybrid sensors, which generally leads to luminescent enhancement or wave-
length shifts. Moreover, functional sites have been successfully utilized to
detect target compounds. In addition, the embedding of multiluminescent
motifs onto the frameworks can produce more than one signal transition, which
not only can expand the sensing scale but also can impart self-calibration to
MOFs sensors. The majority of rare earth MOFs hybrid sensors operate by
the Turn-Off mechanism of luminescent quenching, and many fewer reports
are based on the Turn-On mechanism, including the luminescent enhancement
or shift of the emission (color change). The Turn-On detection is more sensitive
at lower detection limits, because the naked eye can quickly recognize the
strong emission and color change in the visible range from a previously dark
background or originally low-emitting or nonemitting rare earth MOFs hybrids.
In addition, this mechanism also exhibits better selectivity because the shift of
the emission peak is frequently specific towards target guest molecules based on
guest-host chemistry. More sensors can be fabricated for the Turn-On mecha-
nism by designing a host material with stronger interactions towards a particular
analyte. It needs to be stressed that the “Turn-(On)-Off-On” is an effective
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strategy for “Turn-On” mode despite the fact that it only happens in some spe-
cial hybrid systems. Electron and energy transfer between the analyte molecule
and related MOFs frameworks is the major contribution for luminescent and
electronic responses. Theoretical calculations can effectively predict host-guest
interactions and improve the design of the structure of rare earth MOFs hybrid
materials. The deep analysis of the sensing mechanism is the most fundamental
thing to achieve controllable syntheses of rare earth MOF hybrid sensors with
high selectivity for target analytes. Some relationships between structure and
luminescent behavior have been revealed through theoretical methods. Based
on theoretical results, the direction of charge/energy transfer between MOFs
and analyte can be confirmed, so it will be feasible to realize controlled lumi-
nescent changes through adjusting the electronic structure with specific func-
tional groups and further achieve MOFs sensor materials through rational
design and control of the energy transfer between linkers and RE**. This is a
very important yet challenging issue because of the difficulty in forming target
products, because these are affected by various factors. In addition, some issues
during practical applications still need to be improved, including the stabilities
of recycling, the cost of materials, and portability.

When analytes meet a rare earth MOFs hybrid materials probe, the MOFs
host’s porous periodic structures consisting of regular arrays of chromophores
display additional advantages such as pores and channels of uniform sizes and
shapes, ease of synthesis and functionalization, and the ability to introduce
luminescence properties in a variety of ways, including the use of luminescent
organic linkers, luminescent rare earth ions, and photoactive guest species. The
production of a sensing signal must necessarily be triggered by a rare earth
MOFs hybrid/analyte association process, which brings the targeted species
within the interaction distance with the chromophores of the material. Conse-
quently, the observed spectral changes that are not initiated by rare earth MOFs
hybrid/analyte interaction, such as radiative energy transfer, also known as the
inner filter effect (IFE), cannot be deemed as true sensing. In addition, care must
be taken to ensure that other trivial phenomena like material decomposition do
not contribute to the observed spectral changes. In addition, it is desirable that
future efforts be directed towards the challenging synthesis of rare earth meso-
porous MOFs hybrids to be suitable for the rapid detection of gas phase ana-
lytes. One more important future direction is to control the synthesis of the
development of composite nanoscale rare earth MOFs hybrid materials exter-
nally functionalized in order to form stable colloidal suspensions in sample
media, to allow the entry of targeted guests within their pores, which is also
adapted to be applied in life science fields. For the rare earth ion luminescence
responsive sensing mechanism, its direct interaction with analytes can be attrib-
uted to the following aspects: (i) direct coordination interaction between RE**
and analytes with coordination sites; (ii) direct substitution of RE** by some
metal ion analytes. More extensive is the indirect effect on rare earth ion lumi-
nescence, which relays on the intramolecular energy transfer from MOFs hosts
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(their linkers) to RE>*. Here the analyte sensing is employed by the lumines-
cence response of MOFs or their linkers and it is similar to the small molecule
sensing mechanism. It mainly includes three extensive aspects: (a) the fluores-
cent resonant energy transfer (FRET) or photo-induced electron transfer
(PET)), depending on the energy levels between analytes and linkers; (b) the
spectral overlap between the MOFs (linkers) emission spectra and the analytes
absorption one; (c) the other special interaction leading to the change of MOFs
(linkers) from analytes, involving the hydrogen bonding interaction between
molecule analytes and MOFs (linkers), ion substitution interaction between
some ion analytes (especially metal cations), and the framework ion of MOFs.
These interactions strongly affect the MOFs (linkers) and further change their
energy transfer to RE>*. For multiple luminescence responsive centers in rare
earth hybrid materials, the possible three general luminescence characters cor-
respond to RE®*, MOFs (linkers), and guest species, respectively. The analytes
may have different responses to different luminescent centers, but the following
sensing mechanisms are still not beyond the previously mentioned range.

15.3 Luminescence responsive chemical sensing of analytes
for rare earth metal-organic framework hybrid materials

Luminescent probes with simple and clear signal changes are more convenient
than some other sensors. The generated optical signals can be obtained readily
using a fluorimeter, and the color changes can be detected with the naked eye in
the range of visible light. Rare earth MOFs hybrid materials as potential lumi-
nescent sensors have some unique advantages, including crystallinity, porosity,
and structural and functional diversity. So far, numerous rare earth MOFs
hybrid materials have been reported as luminescent probes to detect heavy ions
(live or harmful metal ions, and both simple and complicated oxysalt anions),
molecules (general small inorganic and organic molecules; organic solvents and
vapor, environmental pollutants, biological molecules, drugs or antibiotics,
nitro explosives, pesticides, and biomarkers or biometabolites) as well as tem-
perature and pH value. Although these luminescent hybrid MOFs-based mate-
rials have shown a lot of promise, more work is still needed to improve the
sensing performance in terms of sensitivity, selectivity, stability, and reusability
for all kinds of analytes. (i) The function of rare earth MOFs hybrid materials in
each sensing platform should be better understood to fully utilize the advantages
of MOFs and to assist with sensor design and performance optimization. In par-
ticular, the exact role of the special crystalline and porous structure of MOFs
should be evaluated and demonstrated fully. (ii) It is worthwhile to further
broaden the MOFs host category with new useful properties for the rare earth
MOFs hybrid materials, such as optical/electrical, thermochromic, sensing
catalysis, and sensing absorption properties. This will provide more opportuni-
ties in sensor design and integration, even creating some multifunctional plat-
forms. (iii) The new PSM or surface functionalization methods are needed to

-



Summary and prospects Chapter | 15 511

better tune the MOF host structure of rare earth MOFs hybrid materials and
enhance its sensing activity and stability. The stability of MOFs-based hybrid
sensing materials needs to be improved, especially for sensors that work under
aqueous and/or acid environments. (iv) Most of the sensor demonstrations are
conducted using laboratory-prepared samples. Therefore the sensor perfor-
mance in a complex environmental media, such as real water and special work-
ing position, needs to be evaluated and the sensor selectivity and reliability
should be improved, as they are the two major critical requirements for practical
use of the sensors. (v) Most reported rare earth MOFs hybrid-based sensors are
sensitive to a family of guests, whereas selective detection of a specific species
is difficult, especially when the analytes have similar chemical structures. More
effort in developing general strategies to design such hybrid sensors with Turn-
On mechanisms is still needed. The structure-luminescence relationships as
well as host-guest interactions have yet to be explored computationally in great
detail [9,25-34].

Rare earth MOFs hybrid materials have been extensively utilized in the
luminescence responsive sensing of ion analytes, but the reports focus on a
few types of ions, such as Fe(II) cation or Cr(VI) oxysalt anion. (1) The rare
earth MOFs hybrid materials for luminescence responsive sensing of cations
(metal ions) are more extensive than for anions. Metal ion analytes have abun-
dant interactions with MOFs, including the coordination reaction to linkers of
MOFs and substitution or exchange with the framework metal ions of MOFs
hosts or functionalized RE** within MOFs hybrids. While anion analytes can
only produce a limited interaction with MOFs, which often appears the cationic
MOFs to exchange simple balance anions in the porous frameworks of MOFs.
(2) For common biologically essential metal ions such as Fe’*/Fe*, Cu®*, and
Zn**, the reports are mainly focused on Fe** ions using rare earth MOFs hybrid
materials as luminescence responsive probes, as they are a universal cation
quencher for luminescence of rare earth MOFs hybrid materials. Additional
efforts must be made for the exploration of these hybrid probes for chemical
sensing of the other three ions, especially Fe** and Zn>*. Currently, the reports
on Zn>* are very few and those on Fe?* are also rare. (3) For metal ions other
than these four essential cations, including the common harmful heavy metal
ions (Hg**, Cd**, Pb>*), the reports are not extensive for rare earth MOFs hybrid
materials as luminescence responsive sensing probes. Thus research in this field
needs to be done to develop some new probe systems. Particularly, luminescent
responsive sensing of the uranyl ion UO3* should be strengthened, to develop an
effective probe from these hybrids, for it is a typical harmful species in the envi-
ronmental field. (4) For simple anions such as halogen ion or pseudohalogen
ions, the reports mainly focus on the F~ ion using rare earth MOFs hybrid mate-
rials as luminescence responsive probes, while other anions are rarely reported.
It is worth pointing out that the luminescent responsive sensing of CN™ should be
strengthened to develop an effective probe with these hybrids, for it is another
typical harmful species in the environmental field. (5) For complicated oxysalt



512 PART | VI Summary and prospect for rare earth MOFs

anions, the reports mainly focus on the Cr(IV) anion (CrOf{ and CrZO%') using
rare earth MOFs hybrid materials as luminescence responsive probes, while
reports on other anions are relatively few.

Rare earth MOFs hybrid materials have been extensively utilized in lumi-
nescence responsive sensing of molecular analytes, much more than in ion spe-
cies. (1) The number of inorganic molecules is not many, involving O,, H,O,
H,0,, H,S, HCI, NH;, NO,, SO,, etc. Nowadays, the luminescence responsive
sensing of these inorganic molecules has been reported using rare earth MOFs
hybrid materials as probes. Comparatively, the number of relevant reports on
0,, H,0, H,0,, H,S, and NHj; is greater than for other analytes. Therefore
the attempt should be made to discover some rare earth MOF hybrid probe sys-
tems for sensing important polluting inorganic gas molecules, such as NO,,
SO,, CO,, and CO, whose detection can be combined with other processing
of removal and conversion. (2) Organic molecule solvents and their vapors
are common in chemical research and industry. In fact, most of these molecules
are pollutants, being harmful to the environment and to human health. Cur-
rently, the luminescence responsive sensing of these organic compounds con-
centrates on acetone or benzene series. The highly selective sensing of
structural derivatives, whose trace amounts in aqueous solutions are important
in daily life, is still very difficult. In addition, much interest centers on organic
amines and aldehydes, which are common pollutant gases in particular places.
(3) Nitroaromatic explosives (NAEs) are harmful compounds whose lumines-
cence responsive chemical sensing is very extensive. The pure rare earth MOFs
have been largely tried for detection of the NAEs, but rare earth functionalized
MOFs hybrid materials are rarely used. On the other hand, pesticides and chem-
ical warfare reagents are both common hazardous materials, which attracts the
interest of researchers to promote their luminescence responsive sensing using
rare earth MOFs hybrids. (4) There are many research works on the lumines-
cence responsive chemical sensing of biomolecules using rare earth MOF
hybrid materials as probes, among which amino acid is relatively more common
than other biomolecules, such as nucleic acid, etc. It is expected that the lumi-
nescence responsive chemical sensing of special biomolecules of nucleotides or
special proteins and enzymes will be realized. (5) Drugs and antibiotics enter
the environment and become pollutants, which involves luminescent responsive
detection. In addition, the pharmacological mechanisms of drugs and antibiotics
are very important for practical medical treatment and health, and luminescence
responsive sensing is a useful approach to understand this information. (6) Bio-
markers or biometabolites are very useful tools to discover the metabolic path-
ways in organisms, including the human body. The luminescent response
chemical sensing of rare earth MOFs hybrid material probes provides a power-
ful method to detect biomarkers or biometabolites, for they respond easily to
special simplified compounds such as biomarkers or biometabolites. The spec-
ificity (high selectivity) of sensing of biomarkers is necessary to achieve the
ideal luminescence responsive probes of rare earth MOFs hybrid materials.
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15.4 Luminescence responsive chemical sensing application
for rare earth metal-organic framework hybrid materials

Among the bottlenecks, the ability to process MOFs into workable devices is a
prominent challenge involved in taking the features to the level of practical
implementation. While the parameters governing sensitivity and selectivity
are being explored at the experimental stages, it remains an area that needs sig-
nificant advancement to achieve the level of performance of real applications.
This includes comprehensive evaluation of the response under real-time condi-
tions (temperature, pressure, and mechanical stress) at varying concentrations
of both the analytes and the interfering species. In addition to addressing the
practicality-focused bottlenecks that have so far limited the widespread adop-
tion of rare earth MOFs hybrid sensor materials, new avenues of research have
begun to open up as the field matures. In vivo sensing and the development of
rare earth MOFs hybrid-based biomedical devices have recently begun to accel-
erate. Industrial applications calling for combined absorbance and detection of a
specific species, especially when the mechanism of that detection is a colori-
metric shift visible to the naked eye, have pushed research in that direction.
Combining rare earth MOF hybrid materials with other advanced materials,
such as quantum dots, allows researchers to leverage the best qualities of both
and create new high-performance devices. As researchers’ ability to rationally
design these sensors for targeted applications continues to improve, these new
avenues of research are expected to yield exciting results. Although excellent
sensing performance has been achieved for some rare earth MOFs hybrid mate-
rials, many challenges for commercial applications remain to be overcome.
(1) The employment of other signal transduction methods has provided access
to nonluminescent MOFs, which otherwise display no observable sensing sig-
nal. Interferometry, colloidal crystals, and microcantilever devices can be
applied to any MOFs material without concern for the properties or structure
of specific MOFs materials, which holds great promise for the development
of miniaturized, portable sensors. (2) A prominent challenge is to fabricate rare
earth MOF hybrid-based sensing materials into workable devices. The develop-
ment of hybrid membranes and thin films has come closer to practical applica-
tions, especially for quantitative sensing of gas-phase analytes. The recent
proliferation of MOFs thin-film growth techniques has been essential in
enabling the fabrication of these devices. (3) The stability of rare earth MOFs
hybrids in different environments (humidity, temperature, acidic or basic con-
ditions, pressure, etc.) is always a key issue to consider for real-time applica-
tions. Continued efforts are necessary to design robust MOFs sensors
capable of retaining high performance over multiple cycles. (4) Although the
sensing performance of rare earth MOFs hybrids has been constantly improved
under laboratory conditions, further development is required to make them suit-
able for real-world commercial applications; enabling their integration in
microelectronic, microfluidic, and lab-on-a-chip systems will be a crucial step.

-
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(5) The high cost of large-scale production of rare earth MOFs hybrids has sub-
stantially hampered their widespread practical applications. In spite of their
excellent performance in laboratory conditions, extensive research and devel-
opment are still needed in order to see this technology being commercialized.
(6) Wearable devices for personalized and preventive medicine and the devel-
opment of these devices is driving a renaissance in sensor technology. Usually,
wearable sensors are capable of real-time, on-body monitoring, which can yield
significant, additional insights into the overall health state and performance of
individuals. Wearable devices focus on the measurement of physical character-
istics, but sensors have been developed for the capture and biochemical analysis
of body fluids, offering a high clinical value. Rare earth MOFs hybrid materials
can be prepared for use in wearable healthcare devices for luminescence respon-
sive chemical sensing [9,25-34].

The thin-film fabrication of rare earth MOFs hybrid materials for practical
luminescence responsive chemical sensors is a fundamental approach for all
kinds of new devices and real applications. (1) When new techniques are imple-
mented to grow MOFs material structures on substrates, this technique will not
only be able to access different length scales of MOF structures, but also will
create good interfaces between MOFs and support surfaces. In certain cases,
clever design tricks may be used to install sophisticated recognition elements
into MOFs. In principle, each analyte interacts with the series differently to pro-
duce a unique fingerprint. In practice, the effectiveness of the approach is some-
what limited, because the ‘“unique fingerprint” changes with analyte
concentration. Additionally, the array or nose addresses only the problem of
identification, and not the problem of signals from interferents. Widespread
implementation of high throughput screening of MOFs for highly specific ana-
lyte adsorption, therefore, will likely become practical only when significantly
greater computational power becomes routinely available and/or when reliable
approximate methods for handling more complex molecule/MOF interactions
have been devised and validated. Subsequently, it may be possible to identify
MOFs capable of discriminating between relatively similar molecules. (2) Rare
earth MOFs hybrid materials have the potential to move beyond the pore exclu-
sion approach to develop new sensing devices. Recent advancements in the
photophysics of these hybrid materials foreshadow that light harvesting and
energy transfer are facets that can be implemented towards the rational con-
struction of a novel platform with unrevealed sensing benefits. The natural pho-
tosystem can be utilized as a model to integrate the mentioned photophysical
processes inside a single rare earth MOFs hybrid-based material, creating a
“three-in-one” sensing platform. Since light harvesting is the first step in the
development of novel rare earth MOFs hybrid-based sensors of this kind, it
is essential for these scaffolds to possess wide absorption profiles achieved
through efficient coupling of multiple chromophores. In addition to tunability
and high surface area, the main advantage to developing energy transfer-based
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sensors using MOFs hybrid is framework crystallinity, which allows for the pre-
cise determination of the distances and angles between self-assembled organic
linkers. (3) MOFs hybrids can be viewed as the next generation of “smart mate-
rials,” whose sensing ability is controlled as a function of the external stimuli,
including excitation wavelength, heat, pressure, or pH. Due to porosity and
structural modularity, MOFs can also be employed as tunable nanoreactors,
with the potential to act as a “sensor flask.” Integration of all the discussed
aspects inside one material, along with integration into a sensing device, is still
an inexhaustible challenge [9,15-34].

The multiple luminescence responses of rare earth MOFs hybrid materials,
when used as sensing probes, provide some advantages, such as abundant color
change for visualization and complicated responsive detection. These materials
are thus expected to be suitable for applications in logic gate operation and
device stimulation. The origins and rapid growth of this field can in part be
attributed to pioneering research on chemosensors and logic gates. The progress
of molecular logic gates is already impressive, but the coming era of molecular
logic devices, whether they are based on rare earth MOFs hybrid materials or
not, will have a transformative impact on modern science. It is expected to see a
rise of information processing molecular devices with “disruptive” potential,
such as autonomous therapeutic applications. (1) The wide sensing applications
of rare earth MOFs hybrid materials have caused them to become an important
member in the club of “smart materials.” Making up of DNA-based circuits
effectively, rare earth MOF hybrids have well-defined structures in which a
large number of chromophoric sensitizers and rare earth cations can be incor-
porated, whose host framework-guest interactions (such as coordination bonds,
n-w interactions and hydrogen bonding) give rise to their high sensing sensitiv-
ity. Assembly of rare earth MOFs hybrids is achieved by the facile PSM
method, which is a more cost-effective and less complicated operational process
than DNA modification. So, rare earth MOFs hybrid materials can be consid-
ered and proven to be a special molecular system that has promising candidates
for the construction of logical devices. (2) Boolean logical library containing
basic logic gates (NOT, NAND, INHIBIT, XNOR) and combinational gates
have been easily constructed, even can be realized with the same MOFs host
through the different functionalization of RE** and other functional species.
This verifies that the rare earth MOFs hybrid materials are candidates for cre-
ating logic gate operations. Through the different units, the different lumines-
cence centers, the different luminescence responses, and the different analytes
and their concentrations, all kinds of molecular logic gate operation and stim-
ulators can be designed, resulting in the boolean logical library. (3) For further
application of luminescence responsive chemical sensing based on rare earth
MOFs hybrid materials, some complicated logic devices have been designed
and constructed, including a computing keypad-lock security system using
sequential logic operation, fuzzy logic computing, molecular searcher, circuit



516 PART | VI Summary and prospect for rare earth MOFs

controller, and information memorizer. This provides more opportunities for
the development of artificial intelligence in environmental monitoring.
(4) On the basis of the Boolean logical operation, it can be expected to further
establish some platform using luminescence responsive rare earth MOFs hybrid
material sensors, such as intelligent logic detector point-of-care diagnostics,
food spoilage logic detector, artificial neural networks, and visual molecular
robots. A future effort should be made to develop these stimulated logic gate
operation as the real workable device or platform to engage in practical fields
of commerce and industry.

Rare earth nano-metal-organic framework (NMOF) hybrid materials have
stable pores in their assembly, which is a potential concern in optical imaging
for biomedical applications, involving bioimaging and cellular imaging. They
have become a powerful imaging modality due to the capability of noninva-
sively distinguishing between healthy tissues and tumors or other contaminated
tissues centered on the differential dye accumulations. (1) Considering the bio-
medical applications, rare earth nano-metal-organic framework hybrid mate-
rials should be synthesized with nanoscale of MOFs host particles.
Nowadays, a particle size of MOFs hybrids can be achieved of 50~ 100 nm
through the adjusting of the synthesis reaction condition parameters of the
MOFs host. (2) Rare earth MOFs hybrid materials contain heavy metal ele-
ments, which usually show certain toxicity to cells. Thus it is necessary to
decrease the rare earth ion content in the hybrid material probes. Certainly,
rare earth ion functionalized MOFs with special kinds of central metal ions
(e.g., Zn2+) are an effective method due to the low content of RE**. (3) The
focus of probe design will be put on the maximization of the luminescence life-
time response to the analyte, to benefit from the time-resolved photolumines-
cence measurement and imaging. Multiple luminescence responsive probes
with different luminescence lifetimes can be used simultaneously, which can
be distinguished via time-resolved photoluminescence techniques, even if they
emit with similar intensity at the same wavelength. (4) There are limited exam-
ples of long-lived emissive probes used for in-vivo time-resolved photolumi-
nescence imaging due to a lack of long-lived near-infrared (NIR) emissive
probes and imaging techniques. Thus development of NIR emissive probes
based on some rare earth (Yb>*, Nd**, and Er**) MOFs hybrid materials with
long lifetime and time-resolved photoluminescence techniques suitable for live
animal models will broaden the scope of time-resolved photoluminescence
applications in vivo. (5) Combination of time-resolved detection with modern
imaging techniques, such as stimulated emission depletion microscopy, tera-
hertz imaging, and fluorescence anisotropy imaging, will open up new direc-
tions in the development of imaging techniques. The future development of
new rare earth MOFs hybrid systems for biomedical imaging, together with
the advancement of new imaging techniques, will undoubtedly see rare earth
ions continue to play a pivotal role in the design of next-generation imaging
and therapeutic agents [35-38].
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