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Luminescent metal—organic frameworks (LMOFs)
as potential probes for the recognition of cationic
water pollutants
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Metal-organic frameworks (MOFs) are a unique class of crystalline extended networks with a tuneable
architecture. Accordingly, due to their tuneable pores and high surface area, MOFs have gained increasing
interest in the last two decades. Luminescent MOF (LMOF)-based sensory materials have provided an
excellent platform for the detection of a wide range of toxic, hazardous and biologically important
species. Furthermore, the increasing environmental pollution has become an imminent threat to life on
Earth. However, the detection of pollutants even at very low levels is still a challenge in the scientific com-
munity. Thus, several MOF-based probes have been developed for the sensing of toxic and hazardous
species in recent years. Herein, we summarize the MOF-based sensing of cationic organic and inorganic
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1. Introduction

Global urbanization and growing industries are an integral
part of development worldwide. However, such worldwide
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water pollutants based on the recent reports.

urbanization and development have led to the adverse effect of
increasing environmental pollution." In addition, the global
environment has a direct impact on human life and other
living organisms. Consequently, the gradual increase in the
environmental pollution has affected the life of humans and
has become a huge threat to every living system. Among the
various types of environmental pollution, water pollution
has been considered as one of the life-threatening and
lethal issues in recent years.”> According to the World Health
Organisation (WHO), contaminated drinking water has been
found to cause almost 485000 diarrhoeal deaths each year.?
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Furthermore, it has been observed that a large number of the
population (at least 2 billion) regularly use drinking water
from contaminated sources. In addition, this scenario is
expected to be even worse in coming years.* Due to the pol-
lution of surface water and groundwater, the amount of fresh
drinking water has become limited. It has been estimated that
half of the total population of world will be living in water
stressed areas by 2025.% There are different types of sources of
water pollution, where among them, chemical sources are con-
sidered as one of the most toxic and hazardous way of water
contamination. Chemical sources can be classified into two
major categories, inorganic pollutants and organic pollutants.
On the other hand, depending on their electronic charge,
chemical pollutants can be categorized into neutral, anionic
and cationic pollutants. Inorganic metal cations (such as
heavy metal cations and transition metal cations) and several
organic cations have become a concern due to the heavy water
pollution caused by them and their ill-effects. Especially, water
pollution due to heavy metal ions (Hg>*, Pb>*, Cd*", etc.) has
attracted tremendous attention in recent years because of their
very high toxicity and acute poisoning.” It has been observed
that the aforementioned heavy metal ions cause severe health
hazards even when they are present at the parts per billion
(ppb) level in water bodies.® The most toxic heavy metal, Hg()
ion, can damage several body parts, including the brain,
kidney, spinal cord, liver, etc. together with cognitive and
motion disorders.”® Furthermore, Hg(i) ions can lead to the
lethal Minamata disease. Likewise, lead (Pb) poisoning has
been found to cause several diseases, including anemia and
epileptic seizures, and can also lead to a coma or often death.’
Besides heavy metal ions, some transition metal ions (such as
Fe**, and Cu®") in excess of the permissible limit have also
been considered as toxic water pollutants. On the other hand,
several organic cationic compounds (such as paraquat and
diquat) have been identified as highly toxic and hazardous
water contaminants.'® Often these organic compounds are
used as herbicides in different farms, which eventually pollute
various water effluents or sewage. This type of organic con-

Writakshi ~ Mandal  obtained
her B.Sc. (Chemistry) from the
University of Calcutta in 2014
and received her M.Sc. Degree
from Banaras Hindu University
in 2016. She joined the Indian
Institute of Science Education
and Research (IISER), Pune in
2017 as a PhD student under the
supervision of Dr Sujit K. Ghosh.
Her research area focuses on the
synthesis and functional studies
of porous organic materials
for sensing and sorption-based
applications.

Writakshi Mandal

1802 | /norg. Chem. Front., 2020, 7, 1801-1821

View Article Online

Inorganic Chemistry Frontiers

taminant has been observed to be highly fatal and can lead to
damage of the kidney, eye, lung, heart, liver, etc., and even
death. It has been estimated that paraquat toxicity causes
almost 5000 deaths in China alone each year.'' Thus, under-
standing the conditions and consequences of this type of
water pollution and monitoring of these water contaminants
become an urgent issue worldwide.

Consequently, the detection of metal cations has been con-
sidered essential, not only for tackling environmental issues
but also in monitoring the concentration of different metal
cations in the human body. Metal ions such as Fe®*, Fe®",
Ccu?', Na', and K" are also useful elements for humans, but
they should only be present in the human body at a certain
concentration.>"? Accordingly, it has been observed that tran-
sition metals (such as Fe®*, Fe®*, and Cu”") can also cause
several issues in the human body when they are present in
excess of their respective permissible limits. Moreover, devi-
ation from the respective particular concentration ranges of
metal ions can result in serious diseases. Consequently, the
detection of metal cations with high accuracy and at very low
concentration levels is very important.

To date, several techniques have been employed for the
detection of cationic pollutants, which include photo-
luminescence spectroscopy, inductively coupled plasma mass
spectrometry (ICPMS), chromatography, X-ray absorption spec-
troscopy, colorimetric detection, and anodic stripping voltam-
metry." Among them, photoluminescence (PL) spectroscopy
has been found to be an excellent platform for the detection of
cationic water pollutants (Fig. 1). This is due to its advan-
tageous features such as high sensitivity, quick response,
ability to detect a trace amount of analyte, simple operation,
and cost-effectiveness. Additionally, by employing photo-
luminescence spectroscopy, different types of materials have
been reported in the literature for the detection of inorganic
and organic cationic species.">'® Recent years have witnessed
the emergence of porous materials as suitable candidates as
sensory probes.’” In the family of porous materials, metal-
organic frameworks (MOFs) have gained paramount interest in
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Fig. 1 Schematic representation of the various metal—organic frame-
work (MOF)-based sensing methods.

last two decades. Since they are constructed using organic
linkers and metal nodes through non-covalent interactions,
crystalline MOFs can serve as a suitable platform for a wide
range of applications."®* Owing to their high surface area,
tuneable porosity, tuneable pore surface, etc., MOFs have
attracted  significant  attention from  researchers.’*>’
Additionally, the crystalline nature of MOFs provides suitable
structure property correlation, which has proven to be essential
for the modification of materials according to the targeted
application. MOFs have been explored in the fields of gas
capture, gas and solvent separation, drug delivery, fuel cell
applications, sensing, electrochemical applications, etc.>®™**
On account of their porosity and tuneable pore surface, MOFs
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have been considered strong candidates as sensory materials.
The porosity of MOFs provides a pre-concentration effect,
which can lead to the enhancement of the sensitivity of probes
toward analytes.*”> Thus, MOFs have been employed as sensory
probes for various analytes, which include cationic, anionic
and neutral species.””® Additionally, often bulk MOFs can be
downsized to the nanometer s to attain nanoscale MOFs that
offer advantages over bulk MOF crystals. Furthermore, nano-
scale MOFs exhibit versatility in composition, structure and
have greater dispersity in water, which make them attractive
materials for sensing applications.””° Alternatively, LMOFs
have also been used to accommodate functional advanced
materials, e.g., quantum dots to fabricate composite materials.
Utilization of these compounds allows the advantages of
both materials working in synergy to be harnessed to achieve
superior performances in chemical sensing applications.®® >
To date, a few review articles have been reported, summarizing
the sensing applications of MOFs in recent years."”™°
However, a significant number of MOFs have been explored
for sensing applications in recent years, thus it is difficult to
summarize most of the studies in a single review article.
Furthermore, despite the aforementioned reviews on MOF-
based sensing, we believe a focused review on the sensing of
cationic species (both organic and inorganic) with MOFs will
be a good addition to the literature. Thus, herein, our effort
has been devoted to summarizing the sensing of cationic in-
organic and organic species with the luminescent metal-
organic frameworks reported in recent years.

2. Luminescent metal—organic
frameworks (LMOFs)

MOFs have emerged as excellent materials for the fabrication
of sensory probes in recent years. Luminescent MOFs (LMOFs)
have been considered as an important class of MOFs, which have
been utilized as sensory materials in various photonic studies,
optoelectronics applications, etc. Functionalized LMOFs can be
fabricated via both pre-synthetic and post-synthetic approaches,
and can further be employed for sensing applications through
the “turn-on” as well as “turn-off” phenomenon (Fig. 2).
Moreover, the following origins of luminescence have been con-
sidered to play a fundamental role in MOFs (Fig. 3).%*

2.1 Organic ligand-based emission

Organic linkers have been found to play a crucial role in the
photoluminescence behaviour of LMOFs. Especially, it has
been observed that n-electron-rich organic linkers contribute
significantly in the emission profile of LMOFs in most cases.
The reasoning behind the importance of n-electron-rich
linkers has been found to be the ability of their organic struts
to absorb light for excitation. Specifically, =-electron-rich
organic moieties are known to absorb light, which later leads
to radiative transition via fluorescence or phosphorescence.
Furthermore, in many cases the = — xn* transition, n — n*
transition or both transitions have been considered as the

Inorg. Chem. Front., 2020, 7,1801-1821 | 1803
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Fig. 2 Schematic representation of the development of luminescent
metal-organic frameworks (LMOFs) for sensing applications via the
“turn-on” and “turn-off” process.
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Fig. 3 Schematic representation of the plausible origin of lumine-
scence in LMOFs.

origin of luminescence, where organic linkers have been
found to play the key role. On the other hand, the metal nodes
together with the linkers can contribute to the emission pro-
perties through different charge transitions. In this case, the
luminescence property of LMOFs has been found to be gov-
erned by metal-to-ligand charge transfer (MLCT), ligand-to-
metal charge transfer (LMCT), inter-ligand charge transfer
(ILCT), etc. Generally, MOFs based on metal ions with vacant
outer d-orbitals (e.g. Zr(iv)) or completely occupied d-orbitals
(zn(u), Cd(u) etc.), have been observed to illustrate these
phenomena.

2.2 Metal ion/cluster-based emission

Besides organic linker-based emission in LMOFs, metal ion- or
metal cluster-based emission has been considered to be
another important factor in LMOFs. In the case of metal node-
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centered luminescence in LMOFs, lanthanide-based MOFs are
well known in the literature. Due to the forbidden f-f tran-
sition according to the Laporte selection rule, generally,
lanthanides offer very weak excitation together with very low
quantum yield. Thus, to overcome this problem, there is a
need for complexation between lanthanide metal ions and a
sensitizer, which can absorb light and further transfer energy.
In LMOFs, organic linkers have been found to act as efficient
sensitizers, and this effect is termed the “antenna effect”.
Additionally, in case of lanthanides, the transitions occur from
the f-orbitals, that are shielded by the 5s-orbitals and 5p-orbi-
tals. As a result of this shielding, sharp and narrow emission
profiles have been observed for lanthanides based LMOFs
(since the f-orbitals remains undisturbed from the outer elec-
tronic environments). Besides this lanthanide metal node-
based emission, metal clusters in LMOFs have also led to
excellent emissive features. In a recent report, Huang et al.
reported a luminescent silver chalcogenide/chalcogenolate
cluster-based MOF (viz., [(Ag12(S‘Bu)e(CF3CO0)s(CH;CN)g]-
CH;CN) with a quantum yield of 12.1% for the detection of
oxygen and ethanol.®

2.3 Guest or adsorbed lumophore-based emission

Inclusion of luminescent guests or lumophores inside the net-
works of MOFs to fabricate luminescent MOFs is another
excellent strategy explored in recent years. In this regard,
various luminescent dye molecules, highly conjugated polyaro-
matic organic compounds, and various lanthanide metal ions
have utilized as guests to fabricate LMOFs. These lumophores
have been incorporated inside MOFs either via the adsorption
technique or ion exchange technique. This strategy has been
found to be an exciting path for the fabrication of desirable
luminescent MOFs toward targeted applications.

2.4 Exciplex formation-based emission

The short lived homomeric and heteromeric species formed in
the excited state are known as excimers or exciplex, respect-
ively. Generally these species are very short lived and are
known to dissociate in the ground state. Furthermore, exci-
mers are the homomeric species formed in the excited state,
while, exciplex are the heteromeric species formed in the
excited state. For LMOFs, these species can be formed inside
MOFs between organic linkers depending on their orientations
in the excited state. On the other hand, adsorbed guest mole-
cules can also contribute to the formation of this type of
complex. Adsorbed guest molecules can form excimers or exci-
plex either via the interactions between the guests and organic
linkers of MOFs or through the interactions between the
absorbed guest molecules themselves. A detailed discussion
regarding the origin of the luminescence in MOFs and lumi-
nescent MOFs has been documented in some recent reviews.
Tremendous efforts have been devoted in recent years to the
design and synthesis of functionalized LMOF-based sensors
for the selective and sensitive detection of various toxic and
hazardous cationic pollutants. Here, in the following sections

This journal is © the Partner Organisations 2020
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we focused on summarizing the recent reports on the detec-
tion of cationic inorganic and organic species by MOFs.

3. Recognition of cationic pollutants
with MOFs

3.1 Recognition of inorganic cationic pollutants

3.1.1 Sensing of heavy metals with MOFs. There is no
widely accepted definition of a heavy metal, and thus it varies
in the fields of physics, chemistry and biology. Chemists
mainly classify heavy metals according to their density and
properties. The heavy metals considered as toxic water pollu-
tants are Hg>", Pb®>", Pd**, and Cd**. The major sources of
heavy metal water contamination are industrialisation and
urbanisation. The presence of trace amounts of heavy metals
in water bodies can cause serious health problems in humans
and pose a threat to other ecosystems. The high solubility of
these metal contaminants cause them to be widely distributed
in various water bodies. Further, the adsorption of these metal
contaminants by different living systems can lead to bioaccu-
mulation in the food chain, and subsequently lethal conse-
quences in humans. Cd**, Hg*", As**, and Pd*" have strong
affinity for sulphur, and thus they usually bind with the -SH
group of enzymes responsible for controlling the rate of meta-
bolic reactions in the human body. Heavy metal poisoning can
lead to several diseases, and some are extremely lethal to
humans. Consequently, the United States (US) Environmental
Protection Agency (EPA) has added heavy metals such as
mercury, lead, cadmium, arsenic, and chromium to the pri-
ority pollutant list.®> Therefore, the detection of heavy metals
is essential. Accordingly, MOF-based luminescent sensors have
shown tremendous potential in the detection of these cation
heavy metal pollutants in recent past years. Both MOFs and
MOF-based composite materials have been employed for the
selective sensing of heavy metal ions in the aqueous phase. In
the following sections, a few representative literature reports
are reviewed.

3.1.1a Mercury (Hg) sensing. Among the metal contaminants,
mercury (Hg) is considered as one of the most toxic and hazar-
dous elements. Pollution due to mercury ions (Hg*") has been
found to be widespread. In addition, several natural and
anthropogenic sources have been considered as the cause of
mercury contamination in different water bodies, soil, etc.
Furthermore, the bioaccumulation of mercury in various food
chains has been found to be facilitated by the conversion the
inorganic Hg>" ion to methylmercury (MeHg") by different bac-
teria. This type of bioaccumulation of mercury in the food
chain has led to several fatal diseases in humans. Thus,
because of these ill effects, the US EPA has set the permissible
level of Hg”" ions in water to as low as 2 ppb.°® Several MOF-
based sensory probes have been used for the detection of this
toxic water pollutant. In a recent study, our group reported an
efficient chemosensor for Hg®" ions in water medium based
on a functionalized MOF, viz. UiO-66@butyne (isoreticular
with UiO-66), featuring an active butyne functionality

This journal is © the Partner Organisations 2020
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Fig. 4 (a) Fluorescence quenching of UiO-66@butyne upon the
addition of Hg?* ion solution in water. (b) Schematic representation for
the plausible mechanism of Hg?* ion sensing with UiO-66@butyne.
Reproduced with permission from ref. 66. Copyright 2018, American
Chemical Society.

(Fig. 4a).%° Interestingly, the luminescence quenching process
involved an oxymercuration reaction-based chemodosimetric
pathway with high sensitivity (LOD = 10.9 nm) and good
selectivity in the presence of interfering metal cations
(Fig. 4b). The reaction-based mechanism was also validated
thorough a control experiment. In another report, Chen and
co-workers were able to develop for the first time a lanthanide
coordination polymer nanoparticle (CPNP) containing adenine
as a co-linker together with dipicolinic acid (DPA) connected
through Tb*>" metal nodes (Ad/Tb/DPA CPNPs).®” The pristine
CPNP behaved as a weakly fluorescent material, which can be
enhanced significantly with the introduction of Hg>" ions. The
authors stated that the suppressed fluorescence was a conse-
quence of the photoinduced electron transfer (PET) from the
adenine nucleobase to the DPA co-linker, which is largely
inhibited in presence of Hg>" ions by virtue of the coordi-
nation between adenine and Hg”" ions. The “turn-on”
response was found to be very selective and sensitive (LOD =
0.2 nM). It is worth mentioning that this work represents the
first example of a coordination polymer-based Hg>" sensor
operating via the PET mechanism.

Moreover, Yang and co-workers contributed by developing a
strongly fluorescent LnMOF film, enabling convenient sensing
of Hg>" ions in DMF.®® The thin films were fabricated via elec-
trodeposition followed by a solvothermal procedure using a
luminescent LnMOF, {[Eu,(bqdc);(H,0)(DMF);]-0.5DMF-H,0},,

Inorg. Chem. Front., 2020, 7,1801-1821 | 1805
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(1, bgdc: 2,2"-biquinoline-4,4" dicarboxylate). The LnMOF thin
film was found to be extremely sensitive for the detection of
Hg>" (1 x 10~® M) via luminescence quenching, while a porta-
ble sensor device was also fabricated for the convenient detec-
tion of Hg>" ions. Recently, Wen and co-workers reported two
new MOFs with decorated amine functionality, viz. [Zn(2-
NH,bdc)(bibp)], [1; 2-NH,bdc: 2-amino-1,4-benzenedicar-
boxylic acid and bibp: 4,4"-bis(imidazol-1-ylmethyl)-biphenyl]
and [Cd(2-NH,bdc)(tib)-4H,0-0.5DMA],, [2; tib: 1,3,5-tris(1-imi-
dazolyl)benzene and DMA: dimethylacetamide], acting as a
“turn-off” fluorescent sensor for Hg(u) and Cr(vi).*” Both MOFs
were efficient sensors for Hg2+ with 1 having a K, value of
4550 M, while 2 exhibited an LOD value of 4.2 x 107® M in
aqueous solution. Additionally, a complexation-driven quench-
ing mechanism was also proposed as the sensing mechanism.

Similarly, Wang and co-workers documented a new Cd-
MOF, {[Cd; 5(C1sH10010)]:(H30)(H,0)s}, (Cd-EDDA) (EDDA:
[ethane-1,2 diylbis(oxy)]diisophthalic acid), for sensing Hg>*
ions in water.”® Cd-EDDA was found to detect Hg>" ions selec-
tively (Ky, = 4.3 x 10> M™") in the presence of competing ana-
lytes with acceptable sensitivity (LOD = 2 nM) in a highly pre-
ferable ratiometric manner.

Notably, this work illustrated the first ratiometric Hg>"
sensor in water. The sensing was reported to proceed via
Hg**-induced framework collapse. Recently, Li and co-workers
reported a series of LMOFs, namely Zn,(ofdc),(tppe)
(LMOF-261), Zn,(hfdc),(tppe) (LMOF-262), Zn,(dbtdcO,),(tppe)
(LMOF-263) (ofdc: 9-oxo-9H-fluorene-2,7-dicarboxylic acid,
hfdc: 9H-fluorene-2,7-dicarboxylic acid, and dbtdcO,: dibenzo
[b,d]thiophene-3,7-dicarboxylic ~ acid-5,5-dioxide), = among
which, LMOF-263 exhibited remarkable potential for the sim-
ultaneous detection and scavenging of heavy metal ions (Hg>"
and Pb*") in water medium (Fig. 5a).”" Equipped with a func-
tional thio unit, LMOF-263 behaved as an exceptional chemo-
sensor for Hg”>* ions via fluorescence quenching with a high
K, value (459 446 M™') and low LOD (3.3 ppb). Furthermore,
the probe was found to be reusable, and the interaction of
Hg>" ions with the sulfone unit was established as the mecha-
nism for luminescence quenching (Fig. 5b).

3.1.1D Palladium (Pd) sensing. Palladium (Pd) is a rare tran-
sition element and it has wide range of applications in diverse
fields. It has been widely used as a heterogeneous catalyst,
also in electronics, dental materials, jewellery, etc. However, a
very low amount of Pd has adverse effects on human health.
Pd*" can bind with DNA, RNA, amino acids and other macro-
molecules such as vitamin B6, resulting in several problems.
Also it causes cytotoxicity and allergies in the human body.
Thus, to manage this hazard, environment agencies have
specified the intake limit of Pd**, where the maximum dietary
intake of palladium per day per person is limited to less than
1.5-15 pg and the threshold in drugs is 5-10 ppm. In one of
the early reports, Xu and co-workers presented a stand out
example of Pd(u) detection in single crystals with a newly syn-
thesized MOF, ASMOF-5 [Zn,O-(L);-(DEF),-(H,0),] (L: 2,5-
dithioalloxyterephthalic acid) (Fig. 6a).”> The as-synthesized
MOF bearing both alkene and thioether functionality was
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Fig. 5 (a) Quenching of the luminescence profile of LMOF-263 after
the incremental addition of an Hg?* ion solution. (b) Interaction of Hg?*
jons with the sulfone functional group. Reproduced with permission
from ref. 71. Copyright 2016, American Chemical Society.

found to be isoreticular with MOF-5 and displayed a selective
colorimetric response (light yellow to orange/brick red)
through a wide range of Pd concentrations (5-1500 ppm)
(Fig. 6b). Notably, other noble metal ions and transition
metals did not induce any color change at a lower concen-
tration range (50 ppm), while at higher concentrations
(>1000 ppm) the brownish-grey color generated by other
metals could be easily discriminated from the orange-red color
induced by Pd*" ions. In addition, an equimolar mixture of
interfering metal ions did not influence the colorimetric
response (except Ru(m)). Finally, to verify the role of the alkene
group in ASMOF-5, the authors investigated the detection of
Pd>" using the reported SESMOF-5 (with a linker side chain of
CH3SCH,CH,S™) and MOF-5 (non-functionalized), and
observed an unnoticeable color change for SESMOF-5, while
MOF-5 did not show any color change, highlighting the role of
the alkene functionality in ASMOF-5.

Furthermore, Konar and co-workers reported a new
luminescent MOF, {[Zn(C34H1505)0.5(C20N2H16)0.5]:[0.5
(C20N3H16)-2H 0]}, (1), built from a conjugated, rigid bpeb
linker (bpeb: 1,4-bis[2-(4-pyridyl)ethenyl]benzene) combined
with the r-electron-rich H,tcpb (1,2,4,5-tetrakis(4-carboxyphe-
nyl)benzene) for the selective detection of Pd>" ions and picric
acid.”® The crystal structure of 1 revealed the presence of the
bpeb linker-bearing alkene moiety both inside the pores and
on the pore walls, which was further employed for the detec-
tion of Pd*" in DMF solution. The high efficiency of Pd** detec-
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Fig. 6 (a) Single-crystal structure of ASMOF-5. (b) Images of ASMOF-5
crystals under UV-radiation (1 = 365 nm) (top) and under normal light
(bottom) before and after immersion in Pd(CH3zCN),Cl, solution in
CH,Cl, at various concentrations at 80 °C with a duration of immersion
of: 1 h (top) and 4 h (bottom). Reproduced with permission from ref. 72.
Copyright 2013, American Chemical Society.

tion was also supported by its high K, value of 3.6 x 10* M~
and low limit of detection (0.03 ppm). Additionally, an inter-
action-based mechanism between the alkene moiety and Pd>*
ions was suggested for the luminescence quenching. In
another contribution, Suresh and co-workers demonstrated
the potential of LMOFs toward Pd>" sensing in aqueous
medium by synthesizing two 3D isostructural MOFs having the
general formula of {{M(ATA)(L)]-xH,O}, (M = Zn for LMOF1
and Cd for LMOF2).”* The two MOFs, composed via a mixed
ligand strategy using 4-pyridyl carboxaldehyde isonicotinoylhy-
drazone (L) and 2-aminoterephthalic acid (H,ATA), were able
to detect Pd>" (also Fe’) via luminescence quenching. The
efficacy of both probes was very good, as evident from their
high K, values (4.182 x 10* M~ for LMOF1 and 7.872 x 10*
M~ for LMOF2) and impressive LOD (35 ppb for LMOF1 and
18 ppb for LMOF2). Furthermore, a donor-acceptor based
mechanism was proposed, involving the amine and amide
functionality of the linkers. Notably, this was the first report
illustrating the aqueous phase recognition of Pd>" ions
employing LMOFs.

Helal and co-workers reported an LnMOF, namely
KFUPM-3, constructed from Eu®" metal nodes and a 2,5-bis
(allyloxy)terephthalic acid (H,BAT) linker as a competent
chemosensor for Pd*>" ions in water (Fig. 7a).”> KFUPM-3 was
found to selectively sense Pd*" ions even in the presence of
interfering metal cations, which had a high Kj, value of 7.8 x
10* and very low LOD of 44 ppb (Fig. 7b). Also, this chemo-
sensor was reusable for at least 4 cycles, and a coordinative
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Fig. 7 (a) Changes in the luminescence profile of KFUPM-3 upon the
incremental addition of PdCl, in water (inset: mechanism of sensing and
fluorescence quenching upon the addition of Pd?*). (b) Selectivity study
of the probe for Pd?* ions. Reproduced with permission from ref. 75.
Copyright 2019, American Chemical Society.

interaction-based mechanism between the functional allyloxy
unit and Pd>" ions was proposed for the luminescence quench-
ing. Recently, Hmadeh and co-workers developed 2D layered
MOF nanosheets (AUBM-6-NS) based on Cu®** and an easily
available isonicotinic acid (INA) linker as an effective “turn-
off” sensor toward Pd>" ions.”® Few-layer AUBM-6-NS was
obtained via the liquid-assisted exfoliation of the synthesized
2D layered AUBM-6 MOF. Further, AUBM-6-NS displayed
efficient Pd>" detection with high selectivity (Kg, = 1.6 x 10"
M™") and sensitivity (LOD = 0.02 ppm).

3.1.1c Lead (Pb) sensing. Besides mercury, lead is another
well-recognized hazardous heavy metal, which is known for its
high toxicity to living systems. Lead poisoning can lead to gas-
trointestinal tract alterations, hemotoxic effects, reproductive
dysfunction, nephropathies, etc. Furthermore, acute poising of
lead can cause diarrhea, weight loss, inflammation of the
brain, etc. Especially, for children, lead poisoning is very
dangerous as it can cause slower neurological and decrease
in intelligence even at a level as low as 10 ppb lead.””
Consequently, the detection of lead in aqueous medium has
emerged as one of the very important topics of research in
recent years. Liu and co-workers reported a new 2D green lumi-
nescent Ln-MOF, [Tb(L)(H,O)s), solvent (Tb-MOF, H,L: 3,5-
dicarboxyphenol anion ligand), for the effective sensing of
toxic Pb>" ions in water. The MOF showed outstanding
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efficiency toward the detection of Pb>" in the presence of other
metal cations with great selectivity (K, = 1.75 x 10* M™") and
appreciable sensitivity (LOD = 10~ M).”® Additionally, the
authors probed the mechanism of the luminescence quench-
ing, and a crystal film was also fabricated through pressing
technology aimed at the practical applicability of the sensor.
Besides this photoluminescence-based sensing of Pb>" ions, a
few electrochemical sensors have also been explored based on
MOFs.””™®!

3.1.1d Cadmium (Cd) sensing. Cadmium is considered as one
of the most toxic and hazardous elements among the heavy
metals. Even at a very low concentration, it can lead to various
health disorders. Cadmium poisoning can lead to lethal dis-
eases such as cancer, diabetes, kidney and liver failure,
and several heart diseases. Also, itai-itai disease is one of the
well-known diseases caused by exposure to cadmium.
Consequently, the United States (US) EPA has set the permiss-
ible level of Cd in water to 5 ppb.®> On the other hand, accord-
ing to the World Health Organization (WHO), the lower limit
of cadmium in water should be 3 ppb. Thus, the sensing of
Cd*" ions in water has become essential. However, although a
few MOF-based electrochemical sensors have been reported
for Cd** ions, MOF-based photoluminescent sensors are very
rare.’>® Recently, Yan and co-workers adopted a post-syn-
thetic modification strategy to anchor Eu*" cations in UiO-66
(Zr)-(COOH), to act as a “turn-on” sensor toward Cd*" ions in
water (Fig. 8a).%* The well-known UiO-66(Zr)-(COOH), was syn-
thesized using Zr(iv) and Hybtec as the linker with a molecular
formula of [ZrsO,(OH)4(H,btec)s] (where, H,btec: 1,2,4,5-ben-
zenetetracarboxylic acid). The post-synthetic modification was
carried out by keeping the MOF in an aqueous solution of
EuCl; to incorporate Eu®” ions. After the incorporation of Eu**
inside UiO-66(Zr)-(COOH),, a red emission was observed from
the MOF-composite. Additionally, five emission peaks for the
material were observed at 578 nm, 591 nm, 614 nm, 650 nm
and 695 nm, corresponding to the °Dy — "Fy, Dy — "Fy, °Dy —
’F,, °Dy — 'F3 and °D, — ’F, transitions, respectively. This
modified MOF showed a long lifetime of 341.7 ps together
with a high quantum yield of 20.5%. Further, this MOF was
employed for sensing Cd** in aqueous medium. An enhance-
ment in fluorescence (8-fold) was observed exclusively for Cd**
ions, while concurrently in the presence of other metal ions,
the MOF was observed to be inactive, which indicated the
selectivity of the probe. Moreover, the detection limit of the
probe was determined to be 0.06 pM toward the analyte
(Fig. 8b). Also, the proposed mechanism is based on Cd**
interacting with the Lewis basic -COOH group, which in turn
facilitates the energy transfer from the ligand to Eu®" cations.

3.1.1e Chromium (Cr) sensing. Chromium is well known for
its highly carcinogenic and mutagenic nature. Although a trace
amount of Cr(i) is required in the human body, its excess can
lead to mutations and malignant cells.*” Recently Gu, Liu and
co-workers reported an Zn-based MOF (namely, NH,-Zn-MOF)
with the molecular formula of [Zn,(TPOM)(NH,-BDC),]-4H,0
for the sensing of Cr** ions.*® An increment in the emission
profile of the MOF together with a red shift was observed with

1808 | /norg. Chem. Front., 2020, 7, 1801-1821

View Article Online

Inorganic Chemistry Frontiers

EuCly

[
”é(:l,blec
Uio-66(Zr)-(COOH), (1) Ev @1
b)  80000-
80000 R=0.99885
— () UM -
— 10 uM b
. 60000 i - u * 60000
= i g
< 100uM | /Y £ 40000
~ —200 M =
2 40000 =300 uM R
o= 20000
7] — 400 uM p— .
b5y 500 uM 0 .IQO 200 300 400 500
= Cd” concentration / uM
— 20000+

550 600 650 700 750
Wavelength / nm

Fig. 8 (a) Synthetic representative structure of Eu**@MOF. (b)
Fluorescence intensity change of Eu®**@1 upon the addition of Cd** ions
(inset: linear relationship of the fluorescence intensity of the probe
enhanced by Cd?* ions). Reproduced with permission from ref. 84.
Copyright 2015, Royal Society of Chemistry.

the incremental addition of Cr** ions. This probe was found to
be highly selective and its limit of detection was calculated to
be 4.9 uM. This enhancement in the photoluminescence
profile was explained in terms of the chelation of Cr** ions by
the oxygen atom of the carboxylate group and nitrogen atom of
the amine group, leading to a hexatomic ring, which further
led to rigidity in the structure and more conjugation. This
probe was further employed for the sensing of Fe*' ions.
Another Zn-MOF with the formula of [Zn(L)(H,O)]-H,O (H,L:
5-(2-methylpyridin-4-yl)isophthalic acid) was employed by
Wang and co-workers for the sensing of Cr** ions.’” An emis-
sion peak at 426 nm was observed for the MOF when it was
excited at 346 nm in water medium. Furthermore, this MOF
was found to be stable in the pH range of 2-11 and its lumine-
scence remained unchanged in various pH media. A drastic
quenching in the luminescence profile of the MOF was
obtained upon the addition of Cr** ions. This rapid quenching
was also reflected in the quenching constant, where a high K,
of 2.03 x 10* M™" was observed for the probe. In addition to
the high quenching constant, the low detection limit of the
probe (2.44 pM) also depicted the efficiency of the compound.
The reversibility of the MOF was further checked, and it was
found that even after four cycles, the efficiency of the probe
remained unaltered.

Furthermore, Liu and co-workers reported a red emissive
Eu-MOF for the quantitative sensing of Cr** ijons in
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Fig. 9 (a) Crystal structure of the MOF. (b) Bar diagram and images
representing the selectivity of the probe for Cr®* ions. Reproduced with
permission from ref. 88. Copyright 2017, American Chemical Society.

aqueous medium. This MOF with the formula of
[Eu,(tpbpc),-CO3-4H,0]-DMF-solvent  (Htpbpe: 4'-[4,2';6',4"]-
terpyridin-4’-yl-biphenyl-4-carboxylic acid) was synthesized
under solvothermal conditions.*® The one-dimensional chains
of the metal-linker complex were found to form a three dimen-
sional supramolecular structure via hydrogen bonding
(Fig. 9a). This compound was observed to be stable in water
medium and at various pH. Moreover, a rapid quenching of
the red emission of the Eu-MOF was observed upon the
addition of Cr** ions. The detection limit of the probe for the
targeted analyte was calculated to be 3.64 ppm with a quench-
ing constant of 5.14 x 10> M~'. Additionally, this probe was
found to be very selective for the Cr** ions over other con-
current metal cations (Fig. 9b). Also, besides these aforemen-
tioned reports, there are few other reports on the sensing of
Cr** ions with MOFs.%7%*

3.1.2 Sensing of other metals with MOFs

3.1.2a Iron (Fe) sensing. It is well recognized that iron (Fe),
apart from being the highest prevailing transition metal in
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humans (3-5 g for average adult human), is an indispensable
and ubiquitous metal in biological organisms. It is responsible
for crucial biological processes such as metabolism, electron
and oxygen transport and the synthesis of DNA. Both
insufficient and excess iron disrupts the regulation of iron
and can cause serious health disorders including Alzheimer’s
disease, anemia, diabetes, and  hemochromatosis.
Additionally, the permissible limit for iron determined by the
World Health Organization (WHO) is 1-3 ppm for drinking
anaerobic well water.”> Hence, it is imperative to develop com-
petent sensors for the detection of Fe’" and Fe®" in trace
amounts. Accordingly, a considerable amount of research has
performed toward the development of new optical sensors fea-
turing superior sensitivity, rapid response and improved
selectivity. In this direction, luminescent MOFs (LMOFs) have
shown remarkable potential for the fabrication of convenient,
cost-effective and efficient probes. In this section, some of the
important and recent results are discussed.

Recently, Zang and co-workers reported a new porous 3D
lanthanide MOF, {[Tb,(OH),(DSOA),(H,0)s]:(H,O)s}, (Tb-
DSOA), built from a sulfonate-carboxylate-based linker, which
can selectively detect Fe** ions.® The tetranuclear Tb clusters
sensitized by the ligand contributed to the characteristic green
luminescence of the Tb(m) ions, while the uncoordinated
oxygen atoms from the sulfonate groups served as basic func-
tional sites for the selective sensing of Fe*" ions via lumine-
scence quenching. Additionally, the Tb-DSOA MOF showed a
selective “turn-off” response toward Fe®" even in the presence
of several interfering metal cations with a K, value of 3543
M. The authors also studied the probable working mecha-
nism and suggested that the interaction between Fe’" ions
with the basic site within the pores is responsible for the
luminescence quenching.

Broadening the scope of LMOFs in Fe’" sensing Qian, Cui
and co-workers reported the first few-layer 2D MOF
nanosheets, NTU-9-NS Ti,(HDOBDC),(H,DOBDC) (H,DOBDC:
2,5-dihydroxyterephthalic acid; NTU: Nanyang Technological
University), crafted via a top-down delamination approach.’”
The exfoliated highly dispersive 2D nanosheets in synergy with
greater accessible active sites exhibited exceptional lumines-
cent sensing of Fe*" ions with an ultrafast response time and
outstanding detection limit (0.45 pM) and high selectivity. In
another report, Zheng and co-workers took advantage of the
highly luminescent nature of lanthanide MOFs (Ln-MOFs) and
synthesized two isostructural MOFs, namely {[Eu(L)
(BPDC);/»,(NO3)]-H30}, (1) and {[Tb(L) (BPDC),/,(NO;)]-H;0},
(2), which were further employed for the detection of in Fe®*.”
The as-synthesized 3D MOFs featured a 2-fold interpenetration
with a free basic pyridine moiety available for the selective and
sensitive recognition of Fe** ions in DMF medium. Moreover,
both MOFs had good K, values (5.16 x 10* M~ for 1 and 4.30
x 10* M™" for 2) with Fe** and the probable mechanism
for fluorescence quenching was also discussed. Furthermore,
Mandal and co-workers extended the library of Ln-MOF
sensors by  reporting a new Eu-based MOF,
{Eu,L;(DMF)}-2DMF  (L:  (6-[1-(4-carboxyphenyl)-1H-1,2,3-
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triazol-4-yl|nicotinic acid), which was employed for the selec-
tive sensing of Fe’.”® The sensitivity was found to be quite
good (LOD = 6.62 pM) and a Ky, value of as high as 4 x 10* M™*
was calculated.

Very recently, Xie and co-workers reported two highly stable
and strongly fluorescent MOFs, [ZrsO4(OH)s(H,0)4(L"),]
(BUT-14) and [ZrO4(OH)s(H,0)4(L%),] (BUT-15), crafted from
two new organic linkers (Fig. 10a).'°® These isostructural
robust MOFs displayed exclusive luminescence quenching for
Fe®* ions in water. Both MOFs were found to show excellent
selectivity with interfering ions and good recyclability (6
cycles) towards Fe®* sensing (Fig. 10b). Additionally, a very low
limit of detection (212 ppb for BUT-14 and 16 ppb for BUT-15)
was calculated for both MOFs, and BUT-15 showed unaltered
efficiency for Fe** sensing in simulated biological conditions.
Another new carbazole functionalized Zr(iv) MOF-based Fe**
sensor, [ZrsO4(OH)4(2,7-CDC)s]-19H,0-2DMF (1), with the
UiO-67 topology was reported by Biswas and co-workers.'"!
The probe displayed efficient Fe** sensing with a K, value of
5.5 x 10* M™" and good reusability towards Fe®" sensing. The
same group further extended their study by reporting a new Hf
(v)-based MOF possessing a UiO-66 topology, which could
selectively recognize Fe®" ions in water using 3-methyl-4-phe-
nylthieno[2,3-b]thiophene-2,5-dicarboxylic acid (H,MPTDC) as
the organic linker and a [Hfs04(OH),]'*" SBU.'"”> A good
quenching efficiency (K, = 8.22 x 10> M) together with the
detection limit of 2.7 x 10”7 M was calculated for Fe**
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Fig. 10 (a) Framework structure of BUT-14 showing quadrangular and
pear-like channels. (b) Plot showing % fluorescence quenching in
BUT-15 with 1 mM various metal ions at 320 nm excitation in water
medium (inset, images of BUT-15 and BUT-15-Fe*" in water under
365 nm UV light, and images of them as a solid). Reproduced with per-
mission from ref. 100. Copyright 2017, American Chemical Society.
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In another report Cheng, Yang and co-workers introduced a
novel and convenient Fe®* colorimetric sensor in aqueous
medium by utilizing ultra-small zero-dimensional Zn-MOF-74
[Zn,(DOBDC), DOBDC: 2,5-dihydroxyterephthalic acid] nano-
dots.'® The prepared nanodots combined with their very high
dispersity in water and great surface-to-volume ratio illustrated
enhanced sensitivity towards the detection of Fe** originating
from their close interaction with the target analyte. A very low
LOD (1.04 puM) was calculated for the Zn-MOF-74 nanodots
and the sensing could be easily monitored via naked eye
colour changes. Additionally, the sensing mechanism based
on framework collapse and blue Fe-DOBDC salt complex for-
mation was also demonstrated. To overcome the impediment
associated with processability in MOFs Du, Fang and co-
workers came up with a unique strategy of loading an amino-
functionalized mesoporous MOF (453-MOF) in a polymer
matrix following an in situ co-polymerization technique.'®*
The prepared MOF-polymer composite was easily processable
and behaved as a fluorescent detector for Fe’" ions with
improved selectivity compared to the pristine MOF.

Adding to the sensing literature, our group recently
reported a MOF@Dye composite aimed at Fe’" sensing in
water medium.'®®> A water stable anionic MOF, viz. Bio-MOF-1
[Zng(ad),(BPDC)s0-2Me,NH,]-G (G: DMF and water, BPDC:
biphenyl dicarboxylic acid), was chosen as a host to strategi-
cally encapsulate the fluorescent cationic dye Rhodamine B
(RhB) with accessible free carboxylic acid for strongly interact-
ing with the target analyte (Fig. 11a). The MOF@Dye compo-
site was tested for Fe** sensing in water and exhibited remark-
able selectivity (K 5.5 x 10* M™") with several high concen-
tration interfering cations as well as high sensitivity (LOD =
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Fig. 11 (a) Representative schematic view of encapsulating Rhodamine
B (RhB) dye inside Bio-MOF-1. (b) Photoluminescence intensity change
in Bio-MOF-1@RhB upon the gradual addition of Fe(m) ions in water
under excitation at 540 nm. (c) Extent of fluorescent quenching
response of Bio-MOF-1@RhB in the presence of different metal ions in
water at 540 nm excitation. Reproduced with permission from ref. 105.
Copyright 2020 Elsevier.
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1.1 ppm) (Fig. 11b). Furthermore, the fluorescent probe was
found to be reusable towards Fe** sensing for up to 4 cycles.
Following this work, our group also reported another efficient
Fe* sensor via the utilization of the basic pyridyl functionality
in UiO-66@N MOF built from 2,5-pyridine dicarboxylic acid."*®
The N-containing MOF exhibited excellent selective Fe*"
sensing (K 6.65 x 10° M™') and appreciably low detection
limit (LOD = 0.69 ppm) together with reusability. Also, there
are various other reports in the literature dedicated towards
Fe®* sensing using MOFs,'*7'1°

Moreover, Yan and co-workers disclosed an otherwise
difficult sensing of ferrous (Fe>*) ions over fetric ions (Fe**) by
employing a previously reported fluorescent MOF, viz.
nMOF-253s (Al(OH)(bpydc)-2.6DMF, bpydc: 2,2"-bipyridine-5,5'-
dicarboxylic acid).""' Three types of nanoscale MOFs
(nMOF-253s) were synthesized with varying particle sizes (300
to 50 nm), and it was found that MOF-253 (y) with a particle
size of exhibited a luminescence quenching response in water
exclusively for Fe® ions. The authors also demonstrated intra-
cellular Fe** detection by incorporating MOF-253 (y) inside
HeLa cells and suggested that a PET-based mechanism may be
responsible for the selective Fe** sensing over Fe** and other
metal ions.

3.1.2b Copper (Cu) sensing. Besides iron (Fe), copper (Cu) is
also a fundamental metal in biological applications owing to
its crucial enzymatic behavior in living organisms at a low con-
centration. Besides, the emergence of discrepancy in copper
concentration especially in excess can cause explicit neurode-
generative disorders such as Parkinson’s disease and Wilson’s
disease, thus necessitating the need for the development of
potent optical sensors.*''? Chi and co-workers developed a
new strongly fluorescent MOF-based Cu** sensor via an encap-
sulation strategy and fabricated a composite material by
embedding branched poly-(ethylenimine)-capped carbon
quantum dots (BPEI-CQDs) inside the porous ZIF-8 scaffold."**
The as-synthesized blue fluorescent composite was then
probed for Cu®* sensing via luminescence quenching and was
found to illustrate good potency with a broad range response
(2-1000 nM) together with a very low LOD (80 pM). Further,
the BPEI-CQDs/ZIF-8 composite demonstrated satisfactory
Cu*" detection in real water samples accompanied by appreci-
able selectivity amongst competing ions. Furthermore, ion-
exchange based Cu®" sensing via fluorescence quenching was
reported by Maji and co-workers in a new anionic MOF
{{Mg;(ndc), 5(HCO,),(H,0)][NH,Me,]-2H,O0-DMF} (ndc: 1,4-
naphthalenedicarboxylate).'™® This compound exhibited a sig-
nificant “turn-off” response toward Cu®* ions (1.986 x
103 M) and the static quenching was explained based on the
complexation of Cu®* with the carboxylate oxygens
accompanied by structural reorganization.

Recently Jiang and co-workers developed a unique strategy
to detect Cu®>* ions with a more preferable “turn-on” response
in a strategically chosen Zr-MOF, viz. PCN-222, crafted from
Zr"" metal nodes connected with a tetrakis(4-carboxyphenyl)
porphyrin (H,TCPP) organic linker."'® The free base porphyrin
was then utilized to immobilize Pd** cations to yield PCN-222-
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Pd(u), which illustrated selective fluorescence enhancement
via a “turn-on” response in aqueous medium (Fig. 12a). The
observed enhancement was credited to the strong affinity of
Cu** ions toward the porphyrin N-atoms, leading to the dis-
charge of an equivalent amount of palladium nanoparticles
stabilized by the framework scaffold (Fig. 12b). The as-formed
Pd-NPs then act as a potent catalyst for the Heck reaction in
transforming non-fluorescent-substituted aniline substrates to
fluorescent indole molecules to serve as a read-out signal. An
acceptable limit of detection (50 nm) was obtained, which was
lower than the limit set by the Environmental Protection
Agency (EPA) in drinking water. Liu and co-workers explored
another  porphyrin-based = MOF, namely = MOF-525
Zrs04(OH),(TCPP-H,); (TCPP: meso-tetra(4-carboxyphenyl)por-
phyrin), as a fast responsive fluorescence probe for Cu**
ions."™” The porphyrin moiety decorated with four N atoms
presented an excellent recognition site for a selective and sen-
sitive response toward Cu®* ions. MOF-525 exhibited a very
small “turn-off” response time of 40 s together with a high K,
value of 4.5 x 10° M~" and low LOD of 67 nM. Furthermore,
the fluorescence quenching was constant for only Cu®>" and
not for other interfering metal cations. The selectivity was
attributed to the higher affinity of the porphyrin core toward
Cu** compared to other metal ions, while a dynamic mecha-
nism was suggested to be operational via Cu(u)-porphyrin
complex formation, as supported by lifetime measurements.
Chen and co-workers demonstrated for the first time,
naked-eye Cu®" detection in a SC-SC manner in a Cd-MOF
{NH,(CHj3),-Cd, 5(L)»(H,0)-(H,0)},, (1; HsL: tricarboxytriphenyl-
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Fig. 12 (a) Schematic representation of the preparation of PCN-222-Pd
() and finally PD NPs/PCN-222-Pd(i)/Cu(n). (b) Luminescence enhance-
ment of the probe upon addition of Cu?" ions (inset: images of the solu-
tion before and after the catalytic reaction under UV light). (c) Linear
relationship of fluorescence intensity enhancement as a function of time
at different concentrations of Cu" ions. Reproduced with permission
from ref. 116. Copyright, 2016 American Chemical Society.
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amine). An instant yellow to dark green colour change was
observed with a remarkable response time of 9 s for 1 with a
Cu*" concentration of 107" mol L™, as validated by in situ
microcalorimetry.""® Additionally, this response was exclusive
for Cu** ions since other metal cations yielded no significant
colour change, and amorphization was also observed. It is also
noteworthy that this MOF-based chemosensor provides an
advantage over other probes in response time and usability in
water medium. Recently, Wang and co-workers fabricated a
highly fluorescent carbon dot@MOF composite for the specific
recognition of Cu®** by ratiometric fluorescent sensing.'*® The
synthesized ball-flower-like nanostructures of CDs@Eu-DPA
(DPA: 2,6-pyridinedicarboxylic acid) displayed two character-
istic emissions at 615 nm and 425 nm when excited at 275 nm.
Upon the addition of an aqueous solution of Cu**, the peak
maximum at 615 nm showed a gradual decrease, while the
peak at 425 nm remained unaltered, thus leading to a ratio-
metric fluorescence response. Also, the selectivity was further
validated with insignificant interference on F425/F415 by com-
peting metal ions together with a very low LOD of 26.3 nM.
Besides the aforementioned reports, a few more articles have
been reported on the detection of Cu®" with MOFs.'?°>3

3.1.2¢ Aluminium (Al) sensing. It is well known that alu-
minium is one of the most abundant metal elements in the
Earth’s crust.'* Aluminium metal contamination has also
attracted much attention because of its toxicity to living
systems. Although a trace amount of aluminium is required in
the human body, when it accumulates in high quantity it can
cause severe health diseases. Among the diseases caused by
aluminium toxicity, Alzheimer’s disease and Parkinson’s
disease are well known.'* Thus, these adverse effects of
aluminium has led to the search for sensors that can detect
AI’* ions selectively and rapidly. Sun and co-workers intro-
duced a luminescent anionic Ln-MOF, [H,N(CHj;),]
[Eu(H,0),(BTMIPA)]-2H,0 (1) (H,BTMIPA: 5,5-methylenebis
(2,4,6-trimethylisophthalic acid)), for the selective detection of
AP’* and Fe*.'™ The tubular channels housing the [H,N
(CH;),]" ions presented an opportunity to study the ion-
exchange-based luminescence behaviour. The authors noted
that most of the tested metal ions had different extents of
quenching response (highest for Fe®*), while there was a
luminescence enhancement in the case of AlI** ions in DMF
solution. Further, test plates were constructed to make the
sensing process more convenient, and the mechanism of fluo-
rescence enhancement for AlI>* was also discussed.

Extending the potential of Ln-MOFs toward cation sensing,
Zang and co-workers synthesized a hydrolytically stable honey-
comb-type MOF, viz. {{Tb(L1), 5(H,O)]-3H,0}, (Tb-MOF) (2-(2-
hydroxy-propionylamino)-terephthalic acid), for the detection
of AI’" ions in aqueous solution."®® The sensing of Al** ions
involved a unique fluorescence enhancement in the ligand. An
intensification in luminescence was observed only for AI**
ions, while the mechanism was suggested to be attributed to
framework collapse.

Recently Bu, Hu and co-workers reported a “turn-on” A
sensor based on a  Zn-MOF, {[Zn,(O-BTC)(4,4"

l3+
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BPY), 5(H,0)5]-(H,0); 5 (DMA) 5}, (NUM-2) (O-BTC: 2-hydroxy-
benzene-1,3,5-tricarboxylic acid, BPY: 4,4-bipyridine), crafted
on a mixed-ligand strategy.">®* NUM-2 exhibited enhanced
luminescence exclusively for AI** ions in ethanol medium even
in the presence of competing analytes with good sensitivity
(LOD = 0.10 ppm). Additionally, the plausible mechanism was
also proposed.

Earlier this year, Morsali and co-workers came up with an
inventive strategy for the detection and quantification of AI**
ions both in aqueous and non-aqueous media.'*” The reported
unique sacrificial MOF, (TMU-60: [Zn(OBA)(L*)]-DMF (L*: 5,6-
dipyridin-4-yl-1,2,3,4-tetrahydropyrazine, OBA: 4,4-oxybisben-
zoic acid) displayed unique interactions with Al**, which
trigger framework degradation in a quantitative manner fol-
lowed by a naked-eye detectable swift color change (colorless
to red) in the solvent. Further, this unique response was
observed only for AI’*, even in presence of other metal ions,
with a fast response time (<3 min) and also minute AI** con-
centration (>500 ppb). Additionally, this convenient naked-eye-
enabled sensor had a good LOD of 100 ppb, while the mecha-
nism of the “turn-on” response for AlI>* was also discussed.

3.1.2e Uranyl (UO,”) sensing. Th sensing of radioactive
uranium (***U and **®U) has gained paramount interest in

Intensity (a.u.)

550

400 450 500
Wavelength (nm)

Fig. 13 (a) Ball-and-stick representation of the single structure of MOF.
(b) Emission profile of the MOF dispersed in a DMF : water solution (v/v
25:1) upon the incremental addition of UO,>* ions (1 mM). Reproduced
with permission from ref. 128. Copyright 2017 Royal Society of
Chemistry.
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recent years because of its toxicity towards living systems
together with its high half-life (half-life for ***U and ***U are 7
x 10% years and 4.5 x 10° years, respectively). Sun and co-
workers reported a 3D MOF-bearing pcu network namely
[Co,(dmimpym)(nda),],, (1; dmimpym: 4,6-di(2-methyl-imida-
zol-1-yl)-pyrimidine, H,nda: 1,4-naphthalenedicarboxylic acid)
with an accessible basic pyrimidyl moiety for recognizing
environmentally hazardous UO,>" in DMF:water (v:v =
25:1)."*® An efficient “turn-off” response was observed with a
high K, value (1.1 x 10* M), while the interaction between
UO,>" and the pyrimidyl sites was mentioned as the probable
reason for the luminescence quenching (Fig. 13).

3.1.2d Silver (Ag) sensing. Apart from the aforementioned
sensing applications of MOFs and MOF-based materials, Ag"
ions sensing with MOFs has also been reported recently. Yan
and co-workers adopted a PSM strategy to fabricate new types
of Ln-MOFs (Ln = Sm, Dy, Nd, Yb, and Er) through the encap-
sulation of Ln** cations in a reported MOF, MIL-121, (Al(OH)
(H,btec)-H,O, Hybtec: pyromellitic acid) to function as a poten-
tial Ag® sensor.* The authors found that Sm**@MIL-121
could detect Ag" via fluorescence enhancement, while other
metal ions barely showed any noticeable fluorescence

g
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Fig. 14 (a) 3D framework of the MOF along the a-axis. (b)
Concentration-dependent emission spectra of the probe with paraquat
in aqueous solution. Reproduced with permission from ref. 109.
Copyright 2019 John Wiley & Sons.

This journal is © the Partner Organisations 2020

View Article Online

Review

response, demonstrating the excellent selectivity of the probe.
The LOD of Sm**@MIL-121 was found to be 0.09 pM for Ag™.

3.2 Recognition of organic cationic pollutants

Apart from the aforementioned inorganic cationic pollutants,
some organic cationic water pollutants are also known as very
toxic and hazardous species. Especially, organic herbicides
such as paraquat (PQ) and diquat (DQ) have been found to be
very toxic in nature and can cause several diseases. Being ionic
in nature, both PQ and DQ are known to be highly soluble in
water. Paraquat was synthesized for the first time in 1882, and
it is recognized as the most commonly used herbicide to date.
Owing to their high solubility in water, these compounds can
pollute different water bodies through the release of sewages
from various farms. In addition, the half-life of paraquat can
be up to 20 years. Furthermore, paraquat toxicity has been
observed to cause Parkinson’s disease and can also lead to
death."®® Consequently, the detection of these toxic cationic
organic pollutants is very essential.

In a recent report, Chen et al. reported the detection of
paraquat with a luminescent Zn-MOF, namely, [Zn,(cptpy)(btc)
(H,0)],.."°° This MOF was synthesized through a mixed-linker
strategy with Zn(u) ions, where, Heptpy and H;zbtc were used as
the organic ligands (Hcptpy: 4-(4-carboxyphenyl)-2,2":4',4"-ter-
pyridine and Hsbte: 1,3,5-benzenetricarboxylic acid). This

a’ |l —1@mv* (10°m)
“ || =——1@MV* (10"M)
& — 1@MV** (10°M)
e 'y —1@MV** (10°~10°M)
2 200“ Tv
£ 4
0

500 600
Wavelength / nm

Fig. 15 (a) Coordination environment of the Tb** ions and the coordi-
nation model of the TATAT®" ligands in the three-dimensional structure
of the MOF. (b) Solid-state emission spectra of the MOF and soaked
samples of the MOF in MV2* aqueous solutions with different concen-
trations. Reproduced with permission from ref. 131. Copyright 2018
Royal Society of Chemistry.
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MOF was found to be three-dimensional with one-dimensional pH-11. An emission band at 400 nm was obtained from the

channels inside it (Fig. 14a). Furthermore, this MOF was MOF upon excitation at 340 nm, which was speculated to be
observed to be stable in water and in the pH range of pH-3 to  generated from the intra-ligand emission state of n* — n and/

Table 1 List of some MOFs showing a response in the presence of cationic species

MOF Analyte Limit of detection (LOD) Ref.
ASMOF-5 pd** N.A. 72
{[Zn(C34H1508)0.5(C20N2H16)0.5]-[0.5(CooNHye)-2H, 01}, pd>* 0.03 ppm 73
LMOF1 pd*" 35 ppl; 74
LMOF2 18 pp

KFUPM-3 pd** 44 ppb 75
AUBM-6-NS pd** 0.02 ppm 76
UiO-66@Butyne Hg>" 2.18 ppb 66
Ad/Tb/DPA CPNPs Hg™" 0.2 nM 67
{[Euy(bgdc);(H,0)(DMF);]-0.5DMF-H,0}, Hg™ 1x10°°M 68
[Cd(2-NH,bdc)(tib)-4H,0-0.5DMA], Hg>" 42x107%M 69
{[Cd;.5(C15H1¢010)]-(H30)(H,0)3}, Hg>" 2 nM 70
LMOF-263 Hg>" 3.3 ppb 71
[Tb(L)(H,0)s], pb** 107’ M 78
Ui0-66(Zr)-(COOH), cd* 0.06 pM 84
[Zn,(TPOM)(NH,-BDC),]-4H,0 cr 4.9 M 86
[zn(L)(H,0)]-H,O cr’t 2.44 pM 87
[Eu,(tpbpc)4-CO;-4H,0]-DMF-solvent crt 3.64 ppm 88
Th-DSOA Fe** N.A. 96
NTU-9-NS Fe*" 0.45 pM 97
{[Eu(L) (BPDC),»,(NO;)]-H;0}, Fe** N.A. 98
{[Tb(L) (BPDC)/,(NO3)]-H;0}, N.A.

{Eu,L;(DMF)}-2DMF Fe** 6.62 tM 99
BUT-14 Fe?* 212 ppb 100
BUT-15 16 ppb

[Z1604(OH),4(2,7-CDC)s]-19H,0-2DMF Fe*" N.A. 101
Hf-MOF Fe** 2.7%x107M 102
Zn-MOF-74 nanodots Fe3* 1.04 pM 103
453-MOF polymer composite Fe** N.A. 104
FJU-13-Eu Fe* 1.41 yM 107
FJU-13-Tb 1.01 pM

F}I—CB Fe?* 0.023}3 mM 108
[Zn,(cptpy)(btc)(H,0)]. Fe** 4.33x10"°mol L™* 109
[Zn,(bptc),(NMP);(DMF)(H,0),], Fe*" N.A. 110

[Cd4(bptc),(NMP); (DMF),(H,0),],
{[Zn,(bptc)(DMA)(H,0),]-(DMA),-H,0},

Bio-MOF-1@RhB Fe** 1.1 ppm 105
UiO-66@N Fe* 0.69 ppm 106
nMOF-253s Fe** 0.5 UM 111
[H,N(CH3),][Eu(H,0),(BTMIPA)]-2H,0 Fe*" N.A. 124
3+
Al N.A.

BPEI-CQD-encapsulated ZIF-8 cu** 80 pM 114
[NH,(CH3),][Zn,(BTA)(BTC),(H,0)]-4DMAC-3H,0 cu™* N.A. 120
[NH,(CHj),],[Cd;3(BTA)(BTC),(H,0)],-7DMAC-8H,0

Eu(FBPT)(H,0)(DMF) cu™* N.A. 121
Th(FBPT)(H,O)(DMF)

[H,N(Me),|[Eus(L),(HCOO),(DMF),(H,0)] cu®* N.A. 122
{Mg;(ndc),.5(HCO,),(H,0)|[NH,Me,]-2H,0-DMF} cu®* N.A. 115
[Cd,(PAM),(dpe),(H,0),]-0.5(dpe) cu** N.A. 123
PCN-222-Pd(u) cu™* 50 nm 116
MOF-525 cu* 67 nm 117
{NHZ(CHS)Z‘Cdz.s(L)z(Hzo)'(Hzo)}n cu** N.A. 118
CDs@Eu-DPA cu*" 26.3 nM 119
{[Tb(L1), 5(H,0)]-3H,0}, AP N.A. 125
NUM-2 AP 0.10 ppm 126
TMU-60 AP 100 ppb 127
[Coy(dmimpym)(nda),], U0, N.A. 128
Sm* @MIL-121 Ag' 0.09 pM 129
[Zn,(cptpy)(btc)(H,0)], Paraquat 9.73x10"° mol L™* 109
[(CH;),NH, ]o-{Tbe(n°-TATAT),(H,0);,}-3Cl-DMA-7H,0 Paraquat N.A. 131
AUBM-2(La) Paraquat N.A. 132
AUBM-2(Ce) Paraquat N.A. 132

N.A. = information not available.
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or m* — 7 transition. This MOF showed sensitivity towards Fe**
ions in water medium. Further, the detection of paraquat with
the MOF was carried out in water medium also. The photo-
luminescence profile of the MOF was found to be quenched
upon the incremental addition of paraquat, and with
1.296 mmol L™ of the analyte, almost 96.2% quenching was
obtained (Fig. 14b). The Stern-Volmer constant (K,) was calcu-
lated to check the quenching efficiency of the probe, which
was found to be 1.038 x 103 L mol ™. In addition, the detection
limit of paraquat with the sensory material was calculated to
be 9.73 x 10-6 mol L™'. The reusability of the probe was con-
firmed by the recycle experiment, where the MOF showed com-
parable quenching efficiency in the presence of paraquat even
up to three cycles.

In another report, Du et al. demonstrated Th-MOF, with a
molecular formula of [(CHj),NH,]o-{Tbe(n°TATAT),(H,0),.}-
3CI-DMA-7H,0 (where, HTATAT: 5,5',5"-(1,3,5-triazine-2,4,6-
triyltriimino)tri-1,3-benzenedicarboxylic acid), for the detec-
tion of paraquat. The MOF was found to consist of an anionic
framework, where the residual charge was balanced by a
dimethyl ammonium cation [(CH;),NH,"] inside (Fig. 15a)."*"
This Tb-MOF consisted of one large closed hexagonal window
with dimensions of ~19.4 x 19.4 A% and two small square open
windows with dimensions of ~11.6 x 11.6 A% and ~7.8 x 7.8 A?,
respectively. In addition, a large cavity of 31.0 x 31.0 x 31.0 A®
was observed to be present inside the Tb-MOF. The MOF was
found to produce nice green emission under 365 nm UV-light.
The emission peaks of the compound were observed at 489,
544, 583 and 621 nm upon excitation at 346 nm in the solid
state. These respective emission peaks were corroborated with
the D, — "F; (where, J = 6-3) transitions and the origin of the
luminescence was speculated to be from the Tb*" ion. Owing
to the presence of the extra framework cation (dimethyl
ammonium cation) inside the network, paraquat was incorpor-
ated via cation exchange, where colour change was obtained.
Thereafter, solid-state luminescence was measured with the
paraquat-incorporated phase of the Tb-MOF, where quenching
of the luminescence was observed. Then for detailed studies,
Th-MOF was soaked in different concentrations of paraquat
solution (1072, 1073, 107*, 107>, 107°%, 1077, and 10~* M) for
10 min. The rapid quenching was monitored via solid-state
fluorescence spectroscopy upon the incorporation of the para-
quat inside the framework. A noticeable quenching was
observed even with 10™® M concentration of paraquat,
whereas, the luminescence of Tb-MOF was found to be
quenched almost completely with 1077 M of the analyte
(Fig. 15b).

In addition, Hmadeh and co-workers reported another type
of lanthanide-based MOF for the detection of metal ions and
paraquat recently.*” In their report, two sets of MOFs were
synthesized with two lanthanide cations (La** and Ce’")
together with two organic linkers, namely NP (2,6-naphthale-
nedicarboxylic acid) and DNP (1,5-dihydroxy-2,6-naphthalene-
dicarboxylic acid). As a combination of these two, a total of
four MOFs were synthesized in this work, viz., AUBM-2 (Ce)
and AUBM-2(La) for NP linker and AUBM-3(Ce) and AUBM-3
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(La) for DNP linker. After thorough characterisation, the four
MOFs were employed for the sensing of heavy metal ions
(Hg**, cd*', Pb*", Cr*", As’", etc.). Furthermore, these com-
pounds were used for the sensing of paraquat in the solution
phase. Upon the addition of paraquat, the fluorescence emis-
sion profiles for both AUBM-2(La) and AUBM-2(Ce) were com-
pletely quenched. Especially, quenching was found to be very
rapid for AUBM-2(La) compared to that of AUBM-2(Ce). In
addition, the quenching constants from the Stern-Volmer plot
(Ksy) for AUBM-2(La) and AUBM-2(Ce) were calculated to be 21
M~' and 9 M}, respectively. On the other hand, AUBM-3(La)
was also found to exhibit similar properties to AUBM-2(La)
with s similar Ky, value of ~21 M. It was speculated that the
charge transfer between the electron rich linkers of the MOFs
and electron-deficient paraquat result in the quenching
phenomenon. Furthermore, it was observed that at a low con-
centration, dynamic quenching behaviour was exhibited, while
at a higher concentration of the analyte, both dynamic and
static quenching behaviour was observed.

Furthermore, in an earlier report, Bu and co-workers
demonstrated the capture of paraquat (PQ) and diquat (DQ)
with an anionic framework-based Zn-MOF, namely, NKU-101,
with the molecular formula of [(CH3;CH,),NH,];,[Zn
(BTC)y/3(PyC)y/4)-solvent (where, NKU: Nankai University;
H,PyC: 4-pyrazolecarboxylic acid and H3;BTC: 1,3,5-benzenetri-
carboxylic acid)."*® Efficient removal of both PQ and DQ was
obtained with NKU-101 with a capacity of 160 and 200 mg g™/,
respectively.

4. Conclusions and future outlooks

In this review, we presented a brief overview summarizing the
current status of metal organic frameworks (MOFs) towards
cation sensing. Recent years have seen a remarkable upsurge
in the augmentation of MOF-based chemosensors. Numerous
luminescent metal organic frameworks (LMOFs) have been
reported in the literature with remarkable performances to
serve as competent sensors targeted toward several analytes
such as water contaminants, heavy metal ions, biologically
relevant cations and hazardous organic cations (Table 1).
Moreover, some of the developed MOF-based sensors have
excelled in detecting toxic and hazardous environmental pollu-
tants with more convenient and viable approaches. Although
there is comprehensive documentation of MOF-based sensory
probes based on preceding reviews, here we have updated the
database with recent literature reports.

Sensory probes exhibiting fluorogenic and colorimetric
responses to distinct analytes provide an advantage over
alternative sensors since the generated read out signal can be
recognized readily using a fluorescence instrument or simply
by the naked eyes. Although the research on developing extre-
mely capable MOF-based luminescent chemosensors still
remains in the nascent stage, the potential of LMOFs in
analyte detection has been established strongly. In addition,
LMOFs feature unique advantages, including porosity, periodic
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structure, functionality and structural versatility and tunable
fluorescence. Also, several MOF-sensory probes have been con-
structed to detect analytes via diverse sensing mechanisms
based on design rationale. The chemosensors operating on a
“turn-off” response via fluorescence quenching are the most
dominant for the detection of electron acceptors, where the
suppression of luminescence is a consequence of the probe to
analyte electron transfer, succeeded by energy transfer. On the
other hand, the more preferential and convenient “turn-on”
mechanism has also been realized in MOFs with guest-trig-
gered luminescence enhancement or associated shift in wave-
length, but the number of reports are very few and offers a
scope for improvement. Other ways including tethering task-
specific functionality aimed at targeted analytes or integrating
luminescent guests to construct multi-luminescent scaffolds
featuring a dual fluorescence response not only improves the
sensor quality but also helps in developing self-calibrating
MOF-sensors.

Based on the reported literature, MOF-based sensors also
present bottlenecks in terms of low selectivity, sensitivity,
response time, reusability and stability. Consequently, the
factors dictating the selectivity or sensitivity of a probe have
been explored experimentally, but necessitates greater develop-
ment toward real-time applicability, which include detailed
assessment of probe response in real-time environments. Also,
humidity/water stability and durability in biological conditions
are crucial desirable features for of LMOFs, which impede the
utilization of these materials under optimal real-time con-
ditions. However, it is noteworthy to mention that striking
research efforts have been dedicated to address these con-
cerns, although more advancements are still required in devel-
oping potent sensors without performance decay over multiple
cycles of sensing. Additionally, the large-scale synthesis of
LMOFs with milder synthetic conditions and cheap starting
materials is another area with wide scope for improvement.
Hence, achieving eco-friendly synthetic protocols and exploit-
ing cheaper precursors in crafting functionalized LMOFs with
uncompromised features have attracted considerable research
attention to implement practical applicability. On the other
hand, LMOFs have also been able to contribute to the field by
offering new avenues of research. With the augmentation of
in vivo sensing and LMOF-based biomedical devices as well as
the colorimetric detection of target analytes recognizable to
the naked eye, LMOFs have made appreciable progress.

Although the current stats of LMOFs toward cation sensing
presents plentiful innovative concepts and design principles,
there is a definite window of opportunity for advancement.
Several reports lack detailed studies or necessary experimental
support, while various studies are not based on strategy, and
rather serendipity plays a key role in the sensing of analytes.
This indeed necessitates the in-depth exploration of sensor-
analyte luminescence correlation aided by computational
studies. Therefore, it is imperative to direct the focus of future
research by developing MOF-based optical sensors in a sys-
tematic approach, taking the deign principle of the sensors as
the cornerstone. Finally, the fabrication of as-synthesized
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MOF-based sensors in more portable and convenient forms
(e.g- thin films, device fabrication, and membrane preparation)
and expanding the proof-of-concept from the lab scale to com-
mercialized technology demand a substantial amount of
research and development.
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