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Metal-organic framework (MOF)-based
fluorescence "“turn-on’ sensors

Tapan K. Pal

Metal-organic frameworks (MOFs) are a novel category of hybrid porous multifunctional materials with
excellent qualitative features. These properties can be fine-tuned via the judicial choice of organic
ligands and metal ions and by changing the synthetic reaction conditions. Among the various excellent
applications exhibited by MOFs, the photoluminescence behaviour is very appealing and originates from
their metal ions, linker, or entrapped guest molecules in their cavity. Thus, due to the tuneable
luminescent properties of MOFs, they can act as sensors, enabling the selective and sensitive detection
of a diverse range of analytes. In general, the sensing of analytes by MOFs can be accomplished either
through a fluorescence "turn-on” (fluorescence intensity increases) or “turn-off” (fluorescence intensity
decreases) process. Between them, the former is more important and significant in terms of real-time
applications. This is because the “turn-on” emission occurs with the signal lighting (increases the
fluorescence intensity) against a dark background. Therefore, this review summarizes the recent
advances in MOFs as “turn-on” sensors for the recognition of a wide range of analytes (hazardous
compounds, volatile organic molecules, cations, biomolecule, anions, etc.) and their sensing mechanism.

1. Introduction

MOFs are an emerging class of coordination polymers that
consist of voids with micro/mesoporous channels and a highly
crystalline network." Over the last few decades, MOFs have
attracted attention from scientists, especially in the fields of
materials science, industrial engineering, and chemistry. MOFs
possess unique and fascinating structural chemistry such as
inorganic-organic hybrid network,” high surface area,® controlla-
ble pore size,* flexibility,” easy functionalization,® smooth tuning
of their host-guest interaction’” and good stability.® All these
qualitative features of MOFs make them suitable for several
potential applications such as sensing,”™ catalysis,”>** CO,
sequestration,'>'® magnetism,"”” gas adsorption,'®'® separ-
ation,*** bio-imaging,”® drug delivery,”* energy storage,” and
proton conductance.”® Interestingly, MOFs can potentially act as
luminescent sensors and this application has been flourishing
significantly.”” ¢

Generally, the main components of any sensor are a trans-
ducer and receptor, which passes a signal through several
pathways. Among the various sensing pathways, the lumines-
cence sensing process is straightforward, friendly, can be
quantified by the naked eye and has great flexibility.>* The
crystalline MOF network is synthesized through the self-
assembly of an organic linker consisting of multiple binding
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sites and a single metal ion or metal ion clusters (metal node or
SBU).>*** Generally, the organic ligand possesses an aromatic
surface area with free movement of m electrons, giving rise to
luminescence activity upon excitation at a particular wave-
length. In addition, the role of metal ions is crucial to the
photoluminescence property. Particularly, the d10 transition
metal ions or clusters and lanthanide ions are fascinating.>*3*
Specifically, the permutation and combination of organic
ligands and metal ions can be adjusted to modulate the sensing
property of MOFs. In comparison to the contemporary sensory
polymeric materials, MOFs demonstrate various potential ben-
efits, as follows: (a) the direct visualization of the crystalline
network, which helps to establish their structural-property
correlation, (b) atomistic location of the guest interaction site,
which makes easier to confirm the sensing mechanism, (c)
their porous nature allows the smooth transfer of the analytes
through their voids, i.e., a larger concentration of the analyte in
their pores, which brings the analytes in close proximity to the
guest interaction site, resulting in a very low limit of detection,
and (d) highly luminescent MOFs offer ultra-selectivity, ultra-
sensitivity, and rapid response time. Additionally, MOFs show a
colorimetric response, which enables the naked eye recognition
of the desired analytes. Thus, MOFs as luminescence sensors
have excelled in diverse sensing fields (Fig. 1).

In principle, the recognition of analytes can be read out
according to the changes in the emission wavelength of MOFs
either by a decrease/increase in their emission intensity and/or
shift in their emission wavelength peak. However, depending
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Fig. 1 (a) Various sensing applications using MOFs and (b) “turn-on” sensor application by MOFs for the recognition of diverse analytes (source:
SciFinder, accession date: 31st August 2022 and keyword: MOF as “turn-on” sensor).

on the electronic nature of the analyte, MOFs can show either
quenching of their emission intensity (turn-off response) or the
enhancement in their emission intensity (turn-on
response).’®?” The “turn-on” sensing event is an interesting
research motif in terms of sensitivity and real-time applicabil-
ity, given that the response signal can be denoted as an optical
indicator by illuminating light in a dark environment. Alter-
natively, the “turn-off” sensing event reduces the optical colori-
metric response against a bright background. Typically, most of
the sensing by MOFs is based on the quenching of lumines-
cence intensity, whereas sensing through “turn-on” by MOFs is
very scarce and challenging. A SciFinder survey revealed that
the number of MOF-based “turn-on”’ sensors developed for the
detection of various analytes has gradually increased from 2015
to 2022 (Fig. 1, accession date 31st August 2022 and searched
using the term MOF as ‘‘turn-on’’ sensor).

Most of the published reviews are focused on MOF-based
luminescence sensors®**™*! for all types of analytes, regardless of
the sensing event or mechanism. However, although each review
article has its own importance and purpose, the approach of this
current review is different. Also, a timely review with updated
research developments can forecast the past realization, present
growth, and further improvement in any research field. Thus, in
this review article, attention is devoted to the recent developments
for the fluorescence “turn-on” detection of all types of analytes
using MOF-based sensors. Various analytes including (a) neutral
molecules (biological active molecules/biomarkers, toxic com-
pounds, and volatile organic molecules), (b) cations and (c) anions
that induce a luminescence “turn-on” event are discussed thor-
oughly. Before we summarize the research progress on “turn-on”
sensing using MOFs, initially, the fundamental features of lumi-
nescence in MOFs are briefly discussed.

2. Luminescence in MOFs

The luminescence process involves the emission of light upon
irradiation with a certain wavelength, which can be classed as
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two types, ie., fluorescence and phosphorescence. Upon the
absorption of incident light, the molecule jumps from the
ground state to excited state, and then come down to the
ground state either by fluorescence or phosphorescence, i.e.,
radiative transition. The fluorescence is a very fast process
(107" s) and occurs among energy levels of equal spin multi-
plicity (S; — Sp). Alternatively, phosphorescence is a delay
luminescence process, generally taking microsecond to sec-
onds, and the emission wavelength occurs between the energy
states of different spin multiplicity (T; — S,). Besides this
radiative transition, some non-radiative processes are also
associated with the luminescence process such as vibrational
relaxation, internal conversion and intersystem crossing. This
non-radiative process can be clearly comprehended using the
well-known Jablonski diagram.*>

The luminescence process of a fluorophore can be assessed
using various factors, as follows: (a) the changes in its lumines-
cence spectrum (or emission wavelength), i.e., either a change
in intensity or shift in the peak position, (b) quantum yield,
which can be described as the number of photons emitted with
respect to the number of quanta absorbed, and (c) average
lifetime of the excited state, which indicates the time the
fluorophore molecule spends in the excited state before emit-
ting and depends on the rate constant of the non-radiative (k)
and radiative process (k) according to the following equation:*?

1
F Tt o )
Based on the investigation of numerous luminescent MOFs, the
luminescence can originate from different sources such as the
ligand alone (mostly m conjugated organic ligands), metal-
based emission (mostly noticed from lanthanide metal ions
by feature of antenna effect) and due to several types of charge
transfer (MMCT, LMCT, MMCT and LLCT).** Moreover, the
presence of fluorophore molecules in the empty space of MOFs
can generate luminescence in MOFs. Each luminescence
source are explained in the following sections.
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2.1. Emission from ligand

According to the design perspective of the ligands for the
construction of MOFs, ligands possessing a large n conjugated
aromatic surface area (i.e., rigid backbone) functionalized with
carboxylic moieties or heterocyclic groups for coordination to
metal ions are generally preferred. This type of organic linker
provides stability to the network. In addition, the presence of
free n electrons, which freely move throughout the MOF net-
work, reduces the HOMO-LUMO energy gap and delivers
interesting photophysical properties to the system. Generally,
the emission of free ligands and their solution-based lumines-
cence behaviour are the emission of electrons from the lower-
most singlet excited level to the singlet ground level, where the
transitions involved are n*— n and/or t* — w. However, the
emission behaviour of the ligand in MOFs with respect to the
free organic ligand is very different in terms of emission peak
shift, emission peak intensity, lifetime and quantum yield. This
is because the binding site of the ligand strongly holds the
metal ion to form a coordinated network. Therefore, due to the
lack of flexibility of the ligand in the MOF, the excited state is
stabilised, and hence the non-radiative decay rate is reduced. In
addition, the MOF network allows the various MOF-forming
components to be in close proximity, making intramolecular or
intermolecular interactions between them feasible, which
results in changes in the emission intensity, peak shifting
and broadening of the emission peak. Moreover, exposure to
external stimuli will also affect the ligand emission. Therefore,
it is vital to monitor these various interactions and external
stimuli for tuning the emission properties of MOFs. The
utilization of these strategies to fine-tune the luminescence
properties of MOFs has been nicely demonstrated in the following
examples. Ma and coworkers synthesized highly luminescent
porous 3D zinc-based MOFs, [Zn,(TPPE),(SO,>"),|(DMF-H,0)
and [Zn,(TPPE);,(NO; )(OH )(H,0)](DMF-2H,0), which dis-
played strong emission peaks at 497 and 510 nm, respectively,
upon excitation at 420 nm.**> The emission spectrum of the free
ligand TPPE showed a peak at 480 nm under the same excitation
wavelength. The emission peak of these two MOFs is almost close
to the emission peak of the ligand, which may be due to the intra
or inter ligand charge transfer transition. Neogi and co-workers
synthesized a 3D porous, highly stable nickel-based MOF,
CSMCRI-3 under solvothermal conditions.*® The electronic-rich
linker tpim and H,azdc contain potential binding sites for nickel
ions. Consequently, a blue-shift of 17 nm and red-shift of 5 nm for
the free linkers Hazdc (Aex = 331 nm) and tpim (4 = 309 nm)
were observed compared to the emission of the MOF (lex =
314 nm), respectively. Importantly, in water dispersed medium,
the MOF CSMCRI-3 exhibited an emission peak at 395 nm under
excitation at 314 nm and the maximum emission peak of the MOF
is close to that of the free linker. This is owing to the n-n* and n—
n* transition in the electronic-rich ligands in CSMCRI-3. Allendorf
and co-workers showed that the ligand-based emission is affected
by the local environment in the MOF."” They reported the
preparation of two porous zinc-based MOFs, ie., one is a 2D
MOF and the other is a 3D MOF. Obviously, the ligand environ-
ment in these two MOFs was very different, which influenced
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Fig.2 H,DHT ligand and its three-dimensional MOF network
Mg(DHT)(DMF), (inset: solution colour of MOF dispersed in different
solvents).

their emission property. The 3D and 2D MOFs under UV light
showed purple/blue and blue emission, respectively.

Also, alterations in the luminescence of the ligand may
occur due to changes in the excitation level of the linker. Two
significant process are excited-state proton transfer (ESPT) and
excited-state electron transfer (ESET). In the former process, the
proton is attached or leaves the molecule in the excited state,
whereas in the latter case, the relocation of the electron occurs
from the electron-rich ligand to the electron-deficient ligand.
Maji and co-workers used the H,DHT ligand to construct a
magnesium-based MOF, Mg(DHT)(DMF),, which showed a
prominent intramolecular ESPT process (Fig. 2).** The free
linker H,DHT showed a UV absorption peak at around
360 nm and its emission peaks appeared at different positions
depending on the polarity of the solvent molecules. For
instance, the ligand showed blue emission (at 440 nm) in
ethanol solvent (polar protic) and green emission (at 510 nm)
in DMSO/DMF solvent (polar aprotic). This is ascribed to the
keto-enol tautomerism of H,DHT. Interestingly, given that the
H,DHT ligand can show fluorescence changes due to ESIPT,
the MOF also exhibited luminescence changes with a variation
in the solvent polarity. The MOF showed blue emission at 429
and 404 nm in ethanol, while in DMSO, these peaks were red-
shifted and appeared at 508 nm. Also, in water the emission
peak was strongly red-shifted and the maximum emission was
observed at 532 nm. Remarkably, in the presence of TFA, the
emission peak of MOF was blue-shifted, which is due to the
formation of intermolecular hydrogen bonding between
H,DHT and TFA, effectively stopping the ESIPT mechanism.
Canivet and co-workers synthesized an Al-MIL-101-NH, MOF
for the “turn-on” detection of H,S.*’ They first post-
synthetically converted the -NH, group of the linker (NH,-
BDC) in AI-MIL-101-NH, to an -Nj group for the construction
of Al-MIL-101-N;. Consequently, the luminescence intensity of
the daughter MOF was significantly reduced. In the presence of
H,S, the azide group was converted to an amino group, and
hence the fluorescence intensity of the MOF was recovered.
Thus, the emission peak and its intensity during the sensing
process is entirely ligand based.
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2.2. Emission from metal

Besides the role of the ligand in tuning the luminescence
properties of MOFs, the involvement of metal ions (nodes) or
clusters in their luminescence properties is crucial and has
been investigated thoroughly. The construction of MOFs is
possible using ligands and a variety of metal ions such as s/p
block elements,”® d block metals®® and lanthanide metal
ions.”> MOFs synthesized using d block elements particularly
d10 metal ions play a vital role in the photoluminescent
properties.>®** The d10 metal ions contain a closed shell
electronic configuration, and thus the d-d electronic transition
is very difficult. The network formed from the d10 metal ion
shows high luminescent intensity. This can be attributed to the
chelation of the metal ion by the ligand, which successfully
enhances the rigidity of the ligand and diminishes the non-
radiative decay.’® Generally, to obtain MOFs with significant
luminescent properties, zinc and cadmium transition metal
ions are widely used. For example, Tai and co-worker synthe-
sized zinc- and cadmium-based MOFs under solvothermal
conditions using the H;L and 2,2-bipy ligands.’® The free H;L
ligand displayed an emission peak at 448 nm upon excitation at
330 nm. In contrast, the two d10-based MOFs exhibited an
emission peak at 528 nm (zinc-based MOF, A = 335 nm) and
532 nm (cadmium-based MOF, /. = 330), which are red-shifted
by 80 and 84 nm with respect to the emission of the free ligand,
respectively. Interestingly, the luminescence intensity of both
MOFs was superior with respect to the emission intensity of the
free ligand.

Besides, d10 transition metal ions, lanthanide metal ions
and/or their clusters are the main contributors to the metal-
based emission in MOFs. In the periodic table, the lanthanide
metal ions are identified by the regular filling of electrons in
the 4f orbitals, from 4f° (for La*") to 4f'* (for Lu**) with the
general electronic configuration [Xe]4f" (n = 0-14). This electro-
nic configuration produces various well-defined energy levels,
leading to interesting luminescent properties.’”’ > The 4f orbi-
tals are well shielded by 5s and 5d shells, and thus the electron
in the 4f orbital is less sensitive to the outer electronic environ-
ment. Moreover, the f-f transition is forbidden, offering sharp,
narrow and signature emission peaks. Most of the lanthanide
metal ions except Lu** and La®* show characteristic emission
colours. The Tb*", Tm**, Eu®*" and Sm®" lanthanide metal ions
produce green, blue, red and orange emissive colour, respec-
tively. In contrast, the Nd**, Yb** and Er’" lanthanide metal
ions emit in the near-infrared region.

Considering that the f-f transition in lanthanides metal ions
is forbidden, their molar absorption coefficients are very low.
The direct electronic transition in lanthanide metal ions is very
inefficient, which can sometimes be achieved using a high
power laser source. However, this difficulty can be overcome
using a foreign compound that can transfer energy to the
lanthanide metal ions, where this process is widely known as
the antenna effect or sensitization.®®"®> This antenna effect
generally occurs in three steps. In the first step, upon light
irradiation the organic ligand present in the lanthanide
complex or MOF gets excited. In the second step,
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Fig. 3 Schematic presentation of the absorption, emission and sensitiza-
tion process occurring in lanthanide-based MOFs (So = ground singlet
level, S; = ground excited level, and T, = triplet singlet level).

intramolecular energy relocation is accomplished from the
excited level of the ligand to the lanthanide ions. The final
step involves the occurrence of emission from the lanthanide
metal ions. This movement of energy in the antenna or sensi-
tization process can be clearly understood according to the
following path: the initial migration of energy is the spin-
allowed ligand-based transition, and then the spin-forbidden
energy relocation from the excited singlet level (S;) to the
excited triplet level (T,), followed by the transfer of energy from
the excited triplet state T, to the lanthanide metal ion. Finally,
the metal-based emission occurs (Fig. 3). Another way of energy
relocation is the direct allocation of energy from the excited
singlet level of the linker to the excited energy level of the
lanthanide metal, where the metal-entered emission occurs
(Fig. 3). This direct transfer of energy generally observed for
Tb*" and Eu®*.*®® If the energy transfer from the ligand to the
lanthanide metal ion is very efficient, then phosphorescence
and fluorescence from the ligand may not occur. If the energy
relocation is occurs partially, then the both the ligand-based
and metal-based (lanthanide) emission will be observed. In this
context, the energy relocation from the ligand to lanthanide
metal ions usually occurs at higher energy levels than the
emission level for the metal-based emission, otherwise the
back transfer of energy will occur.

Therefore, to achieve lanthanide-based emission in MOFs,
the role of the organic linkers is crucial. In addition, the triplet
energy state of the linker should be energetically equal or
higher than the resonance energy state of the lanthanide metal
ion, and thus the linker can maximize the energy transfer and
decrease the back-transfer. Therefore, the design of the organic
ligand is crucial to generate the luminescent lanthanide-based
MOFs.®!

Another important transition shown by lanthanide metal
ions is the “hypersensitive transition”, in which the intensity of
the transition is influenced by the local symmetry and
environment.®® Although, the f-f transition is less intense,
when lanthanide metal ions are introduced in a new chemical
environment, the non-centrosymmetric interaction enables the
mixing of the different parity wave functions. This results in
“hypersensitive transitions.®® Various Eu®" ion-based lantha-
nide MOFs show hypersensitive transitions and based on these

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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transitions, the coordination environment and symmetry
of the chemical environment around the metal ion can be
understood.®”%®

The quantum yield is a very significant parameter to assess
the luminescence quality of MOFs. The quantum yield can be
defined as the ratio of the number of photons released to the
number of photon absorbed. The quantum yield of lanthanide
MOFs sometimes decreases due to the vibration of the environ-
mental ligands, and particularly, the high energy vibration of
carbon-hydrogen, nitrogen-hydrogen and oxygen-hydrogen
bonds.* Significant progress has been made in the reduction
of non-radiative transitions. The replacement of the high-
energy O-H bond vibration by the low energy O-D bond
vibration results the shrinkage of the vibronic de-excitation
process.”® This indicates that if we remove this high energy
bond vibration, then the luminescent properties of lanthanide
MOFs can be significantly improved. For example, Tb**, Eu®",
and Tb*" metal ions have been complexed with macrocyclic
polyamine ligands, and then the complex used to construct
MOFs.”! In this case, the coordination environment of the
lanthanides are fulfilled, and hence the vibration effect from
the environmental water molecules is blocked. Consequently,
the MOFs show highly luminescence features in the visible and
NIR regions. Therefore, the aforementioned discussion clearly
reveals that the judicial design and proper understanding of
the energy transfer in lanthanide-based MOFs are key features
to develop lanthanide-based luminescent MOFs.

2.3. Emission due to charge transfer

The emission of a molecule is due to charge transfer, which
generally occurs by the transfer of charge from the higher
excited state to the ground state. This type of emission usually
gives a high-intensity band and is an internal redox process.
Four types of charge transfer transitions are observed including
LMCT, MLCT, MMCT and LLCT. LMCT involves the transfer of
charge from the linker-centered orbital to metal-localized orbi-
tal. Alternatively, MLCT represents the transfer of charge from

(a) y - m*  (b)
MLCT
do*(e,)
LLCT LF
A dn(tZg)
LMCT
LMCT

s

Where, m; and m* are ligand bonding and
antibonding © orbital respectively, metal t,, and e,

orbitals (g 1s gerade)

View Article Online
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the metal-localized orbital to the linker-centered orbital. Simi-
larly, MMCT and LLCT are the transfer of charge from the
metal to metal centered orbital and ligand to ligand localized
orbital, respectively. A generalized schematic diagram is pre-
sented in Fig. 4a, which shows the various mode of charge
transfer occurring in the complex, where t,, and e, indicate the
HOMO and LUMO of the metal ion in the complex and m;, and
np* represent the bonding and antibonding n orbitals of the
ligand, respectively.

Commonly, the intense colour of complexes can be easily
explained by these transitions. For example, the pink colour of
KMnO, and orange colour of K,Cr,0; can be attributed to the
LMCT process, where the charge relocation occurs from the
oxygen (2p orbital) ion to the vacant d orbital on Mn”* and Cr®",
respectively. Similarly, with the help of MLCT, the colour of a
tris(bipyridyl)iron(u) complex can be explained by the charge
transfer occurring from the iron metal centre to the n*-orbital
of bipyridyl.”> The deep-blue colour of a Prussian blue complex
can be explain by MMCT.”® LLCT is also observed in a variety of
coordination compounds.”

In the case of MOFs, their network is developed through
strong bonds between their ligand and metal ion. However, not
all metal-ligand bonds are very strong, and the labile nature
between them sometimes produces new important chemistry.
Occasionally, the flexible nature of the ligand can endow
flexibility to the MOF system. As discussed, the tuneable porous
nature of MOFs can enable several fluorophore molecules to be
embedded inside their cavity (Fig. 4b). These features enable
the design of the desired MOF with interesting luminescent
properties. In MOFs, the above-mentioned charge transfer
process may occur very smoothly (Fig. 4b). Here, a few examples
are presented where the involvement of these charge transfer
processes was obviously observed.

Pei and co-workers reported an interesting work, where they
demonstrated that an alternation in LMCT led to fluoro-
switching in an MOF.”®> By using an AlE-inactive fluorophore
as the linker, they synthesized two MOFs, Gd-ETTC and Cu-

LLCT

ﬁ Metal based emission

uest Myduced emission

MLCT

nd based emission

LMCT= Ligand to metal charge transfer
MLCT= Metal to ligand charge transfer
LLCT= Ligand to ligand charge transfer

Fig. 4 (a) Diverse charge transfer in metal ligand complex (octahedral) and (b) operation of various types of charge transfer in MOFs.
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ETTC (Fig. 5). Specifically, Gd-ETTC was fluorescent in nature
with a high intense emission band at 455 nm, whereas the Cu-
ETTC is non-fluorescent. The XPS analysis revealed that due to
the efficient LMCT process in Cu-ETTC, a redox reaction
occurred, which led to changes in the oxidation state of copper
from +2 to +1. This process triggered a matrix coordination-
induced quenching process,”® which caused luminescence
quenching of Cu-ETTC. In the presence of GSH (electron donor
moiety), the reduction of the Cu®" to Cu" state occurred, which
stops the LMCT process effectively. Therefore, the fluorescence
property of Cu-ETTC was recovered.

Xu and co-workers synthesized two d10-based MOFs, ie.,
[2n(2,3-pydc)(bpp)(H20)]-2.5H,0 and [Cd(2,3-pydc)(bpp)(H.0)]
3H,0, under solvothermal conditions.”” The cadmium- and
zinc-based MOFs exhibited emission peaks at 438 and 436 nm
upon excitation at 370 and 372 nm, respectively. The free ligand
2,3-pydcH, showed a very feeble emission peak upon excitation at
370 nm. Therefore, the origin of the high-intensity fluorescence
peak in these two MOFs is due to the LMCT process. Furthermore,
the strong chelation ability of the linker to the metal node reduced
the ligand flexibility, and thus the luminescence intensity of the
MOFs was significantly enhanced.

Zhu and co-workers synthesized two new d10 metal ion
MOFs, [Zn(Ly)(bpy)o.s]-(H20)o2s and  [Cd4(Ls)s(bpy).](H-0),
under solvothermal conditions for the detection of H,S.”® The
solid-state luminescence spectra of both complexes exhibited
the maximum emission peak at 560 nm under excitation at
466 nm. With respect to the free ligand (/ey, = 518 nm), the
emission peak of the complexes was red-shifted by about
42 nm. This is ascribed to the MLCT or cluster to ligand charge
transfer. Guo and co-workers reported the preparation of two
MOFs, ie., a copper-based Cuj(L,),-3H,O and mixed-metal
CuAg;(L,), MOF.”® The emission spectra of the free ligand L,
and CuAg,(L,), MOF showed a green luminescence peak at
526 nm and 515 nm under excitation at 365 nm and 358 nm,
respectively. In contrast, the copper-based Cuj;(L,),-3H,0 MOF
displayed blue luminescence at 478 and 398 nm under excita-
tion at 333 nm. This MOF exhibited a large blue shift of 48 and
59 nm with respect to the emission peak of the ligand,
respectively, whereas the mixed MOF only showed an 11 nm
blue shift in its emission peak. Therefore, the origin of
the luminescence in Cus(L,),-3H,0 is the MLCT and the source
of the emission in CuAg,(L), is the «t- - -n* electronic transition
of L,.

y A Cu?*
Cm——
Y 4 DMF

Cu-ETTC
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2.4. Guest-induced emission

As mentioned previously (vide supra), the porous nature, high
stability, and tunable pore size of MOFs make them an impor-
tant rigid/flexible podium for the inclusion of luminescence
guest molecules. Generally, guest molecules such as carbon
dots,® dyes,®! luminescent organic/inorganic complexes®> and
lanthanide metal ions® can be easily incorporated in the
porous cavity of MOFs. Consequently, the quantum yield of
the MOF material is augmented.

The inclusion of a lanthanide metal ion either by the de-
novo or PSM method is an interesting strategy to induce
luminescent properties in the daughter MOF. For example,
Qian and co-workers described the preparation of a
zirconium-based MOF, UiO-66-(COOH),, using ZrCl, and
H,btec under solvothermal reaction conditions. This MOF
contained free carboxylic acids, which act as guest interaction
sites to facilitate the post-synthetic incorporation of Eu** and
Cu”" to deliver Eu*'/Cu**@Ui0O-66-(COOH),.>* The emission
spectrum of the composite displayed the ligand-centered emis-
sion at 393 nm and metal-centred emission of Eu*" at 615 nm.
Due to the strong antenna effect of H,btec, Eu®' demonstrated
a strong peak at 615 nm. In the presence of Cu®*, the antenna
effect of Hybtec decreased, i.e., the degree of charge transfer
from the ligand to Eu®" significantly declined given that Cu®*
(d°) is an electron-deficient system, which withdraws more
energy from the ligand. Thus, in the composite, the emission
intensity at 615 nm decreased. Interestingly, the composite
showed the very fast recognition of H,S (Fig. 6) with an LOD
value of 5.45 pM. The soft sulphide ion interacted strongly with
the soft Cu** ion, and thereby reduced the energy transfer from
the linker to Cu®**. Therefore, the energy transfer increased

Ui0-66-(COOH), Eu'"/Cu* @Ui0-66-(COOH), Eu"@Ui0-66-(COOH),

Fig. 6 Post-synthetic incorporation of Eu®* and Cu®* in UiO-66-
(COOH); to from Eu**/Cu?*@UiO-66-(COOH),, followed by the detec-
tion of H,S. Reproduced with permission from ref. 84, the American
Chemical Society, Copyright 2016.
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Fig. 5 Synthetic scheme for Cu-ETTC and Gd-ETTC with the occurrence of LMCT in the former from the ligand to copper centre, while in the latter

case, there is no LMCT, which aids to the illumination of the ligand.
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Fig. 7 Doping of Tb®*, Sm>*, and Eu®" in bio-MOF-1 and the respective
colour of the doped MOFs. Reproduced with permission from ref. 85, the
American Chemical Society, Copyright 2019.

from the ligand to Eu®". Consequently, the emission of Eu®*
sharply increased.

In an early report, Rosi and co-workers reported the synth-
esis of lanthanide-based luminescent MOFs, Ln**@bio-MOF-1,
by doping lanthanide metal ions (Ln**" = Tb**, Sm®*, and Eu®")
via post-synthetic cation exchange in bio-MOF-1 (Fig. 7).%° All
the doped MOFs showed a distinct colour upon excitation at
365 nm. Specifically, Eu’>*@bio-MOF-1, Sm**@bio-MOF-1 and
Tb**@bio-MOF-1 emitted red, orange-pink and green color,
respectively which could be clearly observed by the bare eye.
Importantly, all these doped MOFs showed characteristic emis-
sion wavelengths, where Eu**@bio-MOF-1, Sm**@bio-MOF-1
and Tb**@bio-MOF-1 produced an emission at 614, 640 and
545 nm, respectively. Simultaneously, all these complexes
exhibited a common peak at 340 nm, indicating that the energy
transfer occurs from the same electronic state situated in the
doped lanthanide complexes. Importantly, the lanthanide-
doped MOFs were found to be highly luminescent in water
solvent, despite the strong quenching effect of the aqua mole-
cules. This illustrates that bio-MOF-1 efficiently sensitized the
guest lanthanide ion. In addition, all the lanthanide metal ions
nicely fitted inside the pore, which resulted in a high quantum
yield for these doped MOFs.

Carbon dots (CDs) are well-known fluorophore compounds,
which can be nicely incorporated in the cavity of MOFs to
generate new fluorescence MOF entities.*® Chi and coworkers
reported the inclusion of BPEI-CQDs in ZIF-8 and the new MOF
composite (BPEI-CQDs/ZIF-8) showed a high quantum yield.
The composite exhibited strong blue emission at 440 nm upon
excitation at 385 nm and it could detect copper ions.?” Simi-
lalrly, Wang and co-worker used the ZIF-8 framework to encap-
sulate CDs in its cavity to form CDs@ZIF-8 for the recognition
of quercetin.*® The luminescence intensity of CDs@ZIF-8
appeared at 480 nm upon excitation at 365 nm. The ZIF-8 did
not show any peak at 480 nm, indicating that the emission
originated from the CD moiety. Besides CDs, the inclusion of
dye and luminescent organic molecules in the MOF cavity, the
luminescence properties of the MOF composite could be tuned.
Li and co-workers incorporated three different dyes (fluorescein
(green), rhodamine B (red) and coumarin C-151 (blue)) mole-
cules in the cavity of ZIF-8 (Fig. 8).*° The judicial tuning of the
ratio of these dyes caused the MOF composite (model 3) to
show white light emission upon excitation at 365 nm. The
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increase in the quantum yield of dye@ZIF-8 is due to the
reduction in the aggregation-caused quenching process.

Su and co-workers described the construction of a highly
luminescent MOF composite (Rh6@NENU-519) via the post-
synthetic encapsulation of dye molecules (Rhodamine 6G and
Rh6) in the cavity of the anionic MOF, NENU-519.° Under
excitation at 350 nm, the Rh6@NENU-519 material exhibited
emission peaks at 406 nm and 565 nm, which correspond to the
emission from NENU-519 and Rh6 molecule, respectively. By
comparing the emission intensity ratio at 565 nm and 406 nm
of Rh6@NENU-519 in the presence of various analytes, it was
found that the composite was selective for the recognition of
para, meta and ortho-xylene. The differences in the intensity
ratio of Rh6@NENU-519 is owing the diverse amount of charge
transfer between the composite and the organic analytes.

The inclusion of organic molecules or inorganic complexes
in MOF composites enables the creation of a fluorophore
entity. In this regard, Wang and co-worker described the
encapsulation of Ru(bpy);>" in UiO-66-NH,.”" The MOF compo-
site demonstrated two peaks at 437 nm and 604 nm, which
correspond to the emission of UiO-66-NH, and Ru(bpy);>",
respectively. However, by comparing the emission intensity
ratio of the composite in the presence of various analytes, the
composite could recognize Hg”>* ions. Importantly, the authors
also demonstrated the formation of a hydrogel composite,
where the luminescence intensity of the network remained
intact. Although the gel composite contained the maximum
percentage of water and despite the resilient quenching influ-
ence of the aqua molecule, the MOF-based gel composite
showed luminescence activity. This indicates that the MOF
composite could sufficiently protect the guest molecule
Ru(bpy);**, causing it to show luminescence behaviour. Inter-
estingly, the gel composite also enabled the colorimetric detec-
tion of mercury ions. Recently, Chen and co-workers published
an important work in which the fluorescence property of the
encapsulated fluorophore molecule could be tuned (photo-
switchable phenomena) in the presence external stimuli
(light).”> They synthesized a photo-switchable Eu®*-based
MOF by capturing diarylethene (DAE) moiety in its porous
cavity. In the presence of light, the DAE unit underwent a
ring-closing reaction. Thus, the ring-opening and ring-closing
form of DAE displayed distinct colours. This colour-changing
phenomena is also reversible, and this technique is used to
demonstrate reversible data storage application.

3. Turn-on sensing by MOFs

It is clear that MOF can detect the target analyte either by a
fluorescence “turn-on” or “‘turn-off”’ process. In the ‘“turn-on”
method, a luminescence enhancement occurs in the MOF,
whereas in the case of a “turn-off” event, the fluorescence
intensity of the MOF declines. Remarkably, the former is
superior for real-time sensing application. In the case of
luminescence enhancement, the illumination occurs against
a dark background and is easier to monitor than the quenching
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Fig. 8 (a) Cavity size of ZIF-8 and the dimensions of C-151, fluorescein and rhodamine B and (b) synthetic methodologies for dye-encapsulated ZIF-8.
Reproduced with permission from ref. 89, the American Chemical Society, Copyright 2019.

(turn-off) event. Additionally, the ‘“turn-off” event can be
caused by interfering analytes instead of the target analyte,
which often leads to the wrong prediction and is the main
obstacle for real-time application. Furthermore, in biological
systems, the “turn-on’” process is very desirable, given that a
luminescence enhancement is required in the dark back-
ground. This results in the facile monitoring of the analyte
detection through the emission enhancement. In contrast, this
positive information is absent in the “turn-off”’ event.”® The
following sections present the use of MOFs as fluorescence
“turn-on” probes for the detection of various analytes.

3.1. Turn-on sensing of organic molecules including solvents

As previously mentioned, MOFs and their composites have
exceled as fluorescence ‘“turn-on” probes for the recognition
of several pollutants. The volatile organic molecules including
organic solvent molecules have a high vapor pressure and are
very hazardous to human health.’* Therefore, the recognition
of these molecules is extremely important. In this regard,
Zhang and co-workers performed an excellent study on the
multi-colored “turn-on” detection of a variety of VOCs using a
silver-chalcogenolate cluster-based MOF, Ag;,bpy.>® In the pre-
sent study, the silver(r) chalcogenide cluster (Agi,) was very
unstable and contained coordinated acetonitrile molecules.
When the cluster was reacted with bpy, it replaced the acetoni-
trile molecules to form the highly stable Ag;,bpy, in which the
Ag,, cluster transformed into quasi-isomers. Firstly, Ag;,bpy
showed a “‘turn-off”’ luminescence response in the presence of
molecular oxygen, which was intercalated inside the pores of
the MOF. Interestingly, in the presence of VOCs, a ‘“turn-on”
luminescence response was observed. The ultra-fast ‘“turn-on”
luminescence response by Ag;,bpy can be attributed to the
following reasons. Firstly, the easy ingression of the VOCs in
the microporous pores of the framework, while maintaining
their structural integrity, which maximized the host-guest
interaction. Secondly, the chromophores were nicely organized

412 | Mater. Chem. Front., 2023, 7, 405-441

inside the framework. According to the solvatofluorochromism
study, it was revealed that Ag,;,bpy possesses a large dipole
moment. All the VOCs gathered around the linker and the high
dipole movement of the framework established a strong host-
guest interaction with the VOCs, imparting diverse emission
colors. The precise location of the VOCs in the porous network
was also confirmed from the single crystal diffraction data.

Lantham and co-workers showed the detection of electron-
rich aromatic VOCs through a “turn-on” process using a zinc-
based MOF, (Zn,Cl,Py-TPE)-4(TCE).*® As is known, molecular
networks containing TPE derivatives can show AIE in highly
concentrated solution or in the solid state. In these states, the
motion or rotation of the central phenyl ring is generally
blocked, which stops the intramolecular rotation, and hence
inhibition of the non-radiative decay of the excited state
occurs.”” Based on this concept, the synthesized zinc MOF
showed luminescence property. However, its fluorescence emis-
sion intensity was further enhanced in the presence of aromatic
VOCs (Fig. 9) together with the red shifting of its emission
peak. The shifting in the emission peak and the ‘“turn-on”
luminescence response illustrate that the analytes gradually
locked the rotation/vibration of the central phenyl ring, which
led to an increase in the fluorescence intensity. Fig. 9 indicates
that with an increase in the methyl substituent on the benzene
ring, the emission intensity of the MOF was gradually reduced.
For instance, the luminescence intensity of the MOF was
greater with benzene than with mesitylene. The size of mesity-
lene is larger than the benzene ring, and thus the latter can
smoothly enter the pores of the framework and block the
rotation of the TPE moiety, whereas the diffusion of mesitylene
is not favorable.

Similar to the detection of VOCs, another important class of
compounds is organic amines, which are widely used in several
industries such as pesticides, pharmaceuticals and tobacco.®®
However, the environmental and public health hazards caused
by organic amines cannot be overlooked. This concern is one of
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Fig. 9 Emission intensity of Zn,Cl4Py-TPE in the presence of a variety of
aromatic VOCs. Reproduced with permission from ref. 96, the American
Chemical Society, Copyright 2016.
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the frontier research fields in the scientific community. Huang
and co-workers strategically developed an AIE luminogen-active
linker, TPPE, for the construction of Cul-based MOFs towards
the “turn-on” detection of ammonia.”” In this network, the
ligand TPPE acts as a receptor rather than transducer. The
emission of the MOF is a linker-based emission and when
the MOF was exposed to ammonia vapor, its emission peak was
red-shifted. This illustrates that the ammonia vapor interacted
with TPPE. The mechanism of sensing was established with the
help of GCMC and DFT study. The suitable supramolecular
interaction between the receptor and analyte restricted the
free rotation of the AIEgen component. This reduced the non-
radiative decay of the MOFs, resulting in the “turn-on”
emission.

Xing and co-workers reported the synthesis of a triazine-
based porous copper-based MOF, Cu-TBDA, for the detection of
o-phenylenediamine (OPD)."* Interestingly, the MOF showed a
concentration-dependent luminescence “turn-on” and ‘turn-
off” response for OPD. The Cu-TBDA MOF showed an emission
peak at 430 nm under excitation at 345 nm. Upon screening of
the fluorescence intensity with various aromatic amines, it
displayed the highest luminescence intensity for OPD (Fig. 10).

Given that the sensitivity of Cu-TBDA is concentration
dependent, the authors carefully examined the effect of the
concentration of OPD on the luminescent intensity of Cu-
TBDA. It was revealed that the addition of 0-200 uL of OPD
caused the luminescence intensity of OPD to remarkably
increase. Interestingly, the emission peak in this case appeared
at 550 nm in place of 430 nm. This illustrates the existence of
effective interaction between OPD and Cu-TBDA. According to
the linear relation between the lower concentration of OPD and
the luminescence intensity, the calculated LOD was found to be
5.00 uM. Remarkably, after the addition of more than 200 pL
OPD, fluorescence intensity diminished. The detection of OPD
was also achieved through a colorimetric response. A paper
strip was coated with Cu-TBDA, and then different concentra-
tions of OPD were added. The color of the strip paper gradually
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Fig. 10 (a) FL intensity of Cu-TBDA with a variety of amines and (b)
recognition of OPD by Cu-TBDA coated on a strip paper, and then
different concentrations of OPD were added under UV light 365 nm.
Reproduced with permission from ref. 100, the American Chemical
Society, Copyright 2021.

became brighter (Fig. 11). The bathochromic shift in the
emission peak in the presence of OPD indicates that the porous
network plays an important role. This was further confirmed by
the addition of OPD to the free ligand, where the fluorescence
intensity of the ligand did not change. Thus, the porous net-
work enabled effective interactions between OPD and the MOF.
OPD is electron rich and the Cu®*" metal ion in MOF is d°, i.e.,
electron-deficient moiety. Therefore, the smooth PET process
occurs by the transfer of electrons from OPD to the vacant d
orbital on the Cu®" ion. Simultaneously, the strong interaction
between OPD and the MOF inhibits the free rotation of the
-NH, group, developing a stable planar network and enhancing
the extent of conjugation. Therefore, upon the addition of OPD,
the luminescence intensity of Cu-TBDA is largely augmented.
Although some MOF-based sensors employed the paper
strip methodology for the detection of analytes, the fabrication
of MOFs as membranes for the recognition of particular
analytes is also an exciting approach in the field of MOF-
based sensors. In this regard, Fan and co-workers published
an interesting work, where they developed two copper-based
MOFs with two different oxidation states of metal ions.'"'
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Fig. 11 (a) Fabrication of Cu(n)-tpt-on-Cu()-tpt and (b) adsorption of
Cr,0,%~ followed by the recognition of p-arsanilic acid. Reproduced with
permission from [101], the American Chemical Society, Copyright 2020.
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Interestingly, the MOF membrane showed the “turn-on” detec-
tion of p-arsanilic acid. The Cu(u)-tpt-on-Cu(i)-tpt membrane
was fabricated via a layer-by-layer method. Firstly, by using a
one-pot methodology, the Cu(i)-tpt layer was developed on a
Cu,0 nanostructure, and then with the help of the liquid-phase
epitaxy method, a second layer of Cu(u)-tpt layer was developed
on the Cu(i)-tpt layer (Fig. 11). Actually, the Cu(u)-tpt-on-Cu(1)-
tpt membrane was luminescent in nature, and when it
adsorbed the poisonous Cr,0,%7, it typically induced the
fluorescence quenching of the membrane. Afterwards, in the
presence of p-arsanilic acid, the membrane displayed a “turn-
on” luminescent response. Therefore, the adsorption of
Cr,0,>" led to the highly sensitive recognition of p-arsanilic
acid with an LOD of 0.0566 pg L™

The mechanism of sensing is very interesting and the role of
Cr,0,%” is very important. The Cu(u) ion in Cu(u)-tpt-on-Cu(i)-
tpt is electro-positive and can adsorb Cr,0,>~ in the rhombic
channel of the Cu(u)-tpt layer. Then, Cu(1)-tpt participates in the
sensing. After the adsorption of Cr,0,>”, the membrane
showed the luminescence quenching phenomenon. This is
because the excitation spectrum of Cu(i)-tpt perfectly over-
lapped with the absorption spectrum of Cr,0,>~. Thus, Cr,0,>~
captured all the light in the solution and there was no oppor-
tunity for the excitation of Cu(i)-tpt. In presence of p-arsanilic
acid, an oxidation-reduction reduction occurred, where the
reduction of Cr,0,2 to Cr’" is attributed to the electron-
donating power of the amino group of p-arsanilic acid.
Concomitantly, the oxidation of the benzenoid amine (-NH,)
of p-arsanilic acid to quinoid imine (-N=") occurred. Conse-
quently, the membrane showed a luminescence enhancement.
This sensing mechanism was further supported by the XPS
analysis, which demonstrated the existence of a Cr** ion (peaks
at 576.9 eV and 587.3 eV) and quinoid imine (-N=", N1s peak
at 401.3 eV) during the sensing mechanism. The presence of
the amino group of p-arsanilic acid is crucial for the “turn-on”
recognition of p-arsanilic acid.

The utilization of chiral molecule is very significant in
several fields including the chemical, pharmaceutical, food
additive, agrochemical, and biomedical industries. The enan-
tiomers from the same molecule act in different ways, and
surprisingly a specific isomer may have a negative impact on
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the living body. For instance, i-lactic acid is used as a
food additive, whereas the p-lactic acid has adverse effects on
humans.'®® Therefore, the detection of enantiomers is vital.
Zhang and co-workers synthesized homochiral MOF
nanosheets (HMOF-3-NS) for the “turn-on” detection of hydro-
xyl carboxylic enantiomers.'® Initially, they synthesized a
homochiral 2D MOF (HMOF-3) from the chiral ligand R,R-
CHCAIP, bpy and zinc salt. Then, the exfoliation of HMOF-3
though a solvent-assisted sonication process afforded HMOF-3-
NS. The free ligand R,R-CHCAIP and HMOF-3-NS in acetonitrile
showed an emission wavelength at 430 and 435 nm, respec-
tively, upon excitation at 325 nm. The luminescence in HMOF-
3-NS is due to the n — n* transition. Interestingly, the lumi-
nescence intensity of HMOF-3-NS in acetonitrile was signifi-
cantly enhanced in presence of R and S-mandelic acid. The
fluorescence augmentation caused by R-mandelic acid was less
than that by S-mandelic acid in comparison to the initial
intensity of HMOF-3-NS (Fig. 12).

With the help of Benesi-Hildebrand plots, the calculated
Kgy value of HMOF-3 with R- and S-mandelic acids was found
to be 3.7 x 10" M™" and 9.9 x 10" M, respectively. These
values strongly suggest the efficient interaction between the
MOF networks with the analytes. The luminescence enhance-
ment of HMOF-3-NS due to the decomposition of the frame-
work was ruled out based on the well-matched PXRD peak
pattern of the recovered HMOF-3-NS after sensing with the
pristine HMOF-3-NS. Thus, the only possibility is the existence
of strong host-guest interaction during the sensing event. The
surface of HMOF-3-NS is exposed with numerous interaction
sites such as pyridine N from bpy, carboxylic acid and acyla-
mino group of the main ligand, and coordinated water mole-
cules to the zinc metal ions. These interaction sites can induce
supramolecular interaction (hydrogen bonding) with the ana-
Iytes (Fig. 13). Consequently, HMOF-3-NS and the analyte come
in close proximity for the PET effect to occur very smoothly.
HMOF-3-NS acts as an electron acceptor and o-hydroxyl car-
boxylic behaves as an electron donor. Thus, the PET effect
occurs from the LUMO of the analyte to the LUMO of HMOF-3-
NS, resulting in the “turn-on” luminescence enhancement of
HMOF-3-NS. This mechanism was further justified by DFT.
The versatile sensing capability of HMOF-3-NS towards other
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Fig. 12 Luminescence spectra of HMOF-3-NS with R-mandelic (a) and S-mandelic (b) in acetonitrile solvent. Reproduced with permission from ref. 103,

the American Chemical Society, Copyright 2021.
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Fig. 13 Geometrical optimization of the structures between HMOF-3-NS
R-mandelic acid (a) and S-mandelic acid (b). Reproduced with permission
from ref. 103, the American Chemical Society, Copyright 2021.

hydroxyl carboxylic enantiomers was also demonstrated by the
sensitive detection of p/t-lactic acid and b/i-tartaric acid.
Remarkably, HMOF-3-NS could also detect p/t-tryptophan and
p/t-alanine.

Organic solvent molecules are also considered a subclass of
VOCs. The rapid industrial development globally, particularly
in the chemical, pharmaceutical, and drug industry, has
resulted in a significant increase in the use of solvents. In this
case, although the outmost care is taken in handling the toxic
solvent molecules, the safety issues and negative health effects
of these solvent molecules are still a major concern. Some
solvents have a low boiling point and easily evaporate into the
atmosphere. During inhalation, humans are negatively affected
by these solvent molecules, where direct and even indirect
contact with these solvents molecules can cause several adverse
health effects. Thus, their monitoring is critical. In this regard,
MOFs are very effective, where their “turn-on” detection is
essential for their practical application.'**'

For example, formaldehyde (HCHO) is a very simple alde-
hyde molecule and widely used in several chemical reactions.
However, despite its many advantages, formaldehyde is very
toxic to human health. Banerjee and co-workers showed the
“turn-on” detection of HCHO in solution and the vapour phase
using a Cd-based MOF, CMERI-1."°® Moreover, for its real-time
application, its detection applicability for HCHO was also
demonstrated in a food sample. The CMERI-1 MOF showed a
weak emission at 430 nm upon excitation at 350 nm. The
reason for the weak emission is possible owing to the intra-
ligand charge transfer in the MOF network. Fluorescence titra-
tion of CMERI-1 with HCHO demonstrated that its emission
peak at 430 nm regularly increased with the bathochromic
shift. The enhancement in fluorescence is due to the formation
of an imine bond (-C=N-) between dangling -NH, moiety in
the framework and HCHO. Consequently, the inhibition of the
PET effect occurred, resulting in the restoration of fluores-
cence. Subsequently, to detect the HCHO in the vapour phase,
a hydrogel MOF composite membrane was developed using
PVA and CMERI-1, which showed the detection of HCHO
within a minute (Fig. 14). The LOD value for the detection of
HCHO was found to be 0.62 uM (0.019 ppm).
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Fig. 14 (a) Gel composite kept inside the experimental set up (inside
circle), (b) gel composite inside formaldehyde vapour, (c) luminescence of
gel appeared in the presence of formaldehyde vapour and (d) after 30
minute exposure of the gel composite to formaldehyde vapour. Repro-
duced with permission from ref. 106, the American Chemical Society,
Copyright 2021.

Recently, Mandal and co-workers synthesized {[Zn,(oxdz),-
(tpbn)]-14H,0}n (1) for the “turn-on” detection of acetyl acet-
one and water solvent molecules.'®” The emission spectrum of
the MOF revealed the maximum peak at 390 nm under excita-
tion at 310 nm. This is due to the n-n* and n-n* transitions.
Further the MOF showed diverse luminescence intensities in
polar protic and polar aprotic solvents. When this MOF was
treated with a variety of ketone molecules, it was found that its
luminescence intensity was significantly enhanced with acetyl-
acetone and the emission peak at 390 nm progressively
increased upon the addition of acetylacetone with a blue shift
(Fig. 15). Interestingly, this MOF also displayed the detection of
water in a variety of organic solvents. The strong affinity
between the pores in its walls (carboxylate oxygen) and the
water molecules established a strong hydrogen bonding inter-
action, and thereby the energy transfer from the MOF to O-H
bond oscillators decreased. Subsequently, the fluorescence
intensity of the MOF improved. The sharp selectivity and high
sensitivity of this MOF towards acetylacetone was well-justified
by calculating the binding constant between the analyte and
MOF with the help of the Benesi-Hildebrand plot. The Ky was
determined to be 1.131 x 10" M, signifying the resilient
interaction between the analyte and MOF. Further, the DFT
experiment disclosed the operation of the PET effect from the
LUMO of acetyl acetone to the LUMO of H,0xdz, resulting in the
enhancement of the fluorescence intensity.

Wu and co-workers synthesized Eu-HODA for the selective
and sensitive ‘“turn-on” recognition of methanol in the
presence other polar protic solvents (Fig. 16)."°® When this
MOF was excited at 305 nm, the emission peak was dominant at
614 nm (°Dy, — 'F,) due the electrical dipole of Eu-HODA. This
luminescence intensity largely changed in the presence of a
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Fig. 15 (a) Emission spectra of the MOF after the gradual addition of acetyl acetone and (b) plot of intensity against concentration of 1 in the presence of
a variety of ketones. Reproduced with permission from ref. 107, the American Chemical Society, Copyright 2022.
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Fig. 16 (a) Emission of Eu-HODA gradual increased upon the addition of methanol and (b) comparison of the luminescent intensity of Eu-HODA in
methanol with respect to other solvents. Reproduced with permission from ref. 108, the American Chemical Society, Copyright 2016.

variety of solvents and a significant enhancement was observed
for methanol solvent (3.1-fold increment). Table 1 illustrates
the various MOF-based ‘‘turn-on’” probes for the recognition of
a variety of neutral molecules including solvents.

3.2. Turn-on sensing of bio-markers and biological molecules

Biomarkers are measurable biochemical pointers that can
illustrate the states of subcellular structure or functioning
condition of living bodies. Therefore, the recognition of bio-
markers is imperative for the primary analysis and cure of
human diseases."® Gossypol (Gsp) is a poisonous substance
present in cotton seeds, posing a severe threat to human
health. Cottonseeds are widely used in the food industry, and
thus the monitoring of Gsp in cottonseeds is very important.
Rosi and co-worker demonstrated the selective “turn-on” detec-
tion of Gsp using Yb-NH,-TPDC (Fig. 17)."'° Under excitation at
300-475 nm, Yb-NH,-TPDC showed the signature emission
peaks of Yb** in the NIR region in the range of 940-1060 nm,
which is due to the ?F5,, — *F,, transition. This illustrates that
the ligand (NH,-TPDC) sensitized the Yb*" ion through the
antenna effect. With respect to the free ligand, the excitation
peak of the MOF was red-shifted. Further, the excitation
band of Yb** in Yb-NH,-TPDC appeared at 475 nm, and

416 | Mater. Chem. Front., 2023, 7, 405-441

when the MOF was treated with Gsp, the excitation band of
Yb** red-shifted to 550 nm. It was revealed that upon the
excitation of Yb-NH,-TPDC at 475-550 nm, the luminescence
intensity of Yb** was switched from the non-luminescence state
to highly luminescence state in the presence of Gsp.

The simulation study showed that the hydroxyl group of Gsp
forms strong intermolecular hydrogen bonding with the frame-
work, which brings them in close proximity. Consequently, Gsp
sensitizes (antenna effect) the Yb®* ion through a sequential
charge transfers process, i.e., from the singlet state of Gsp to
the triplet level of NH,-TPDC, and then to the triplet level of
Gsp, followed by the transfer of energy to Yb**. The LOD for Gsp
by Yb-NH,-TPDC was calculated to be 25 ug mL ™.

Amino acids are the basic building blocks for proteins in
the living body."'""'** In the food industry, arginine tends to
release urea by fermentation. However, if the arginine content
is high, then a high amount of urea will be released, which
reacts with ethanol to produce urethane, posing carcinogenic
threat to human health.™*® Thus, for the detection of arginine,
Zheng and co-workers synthesized uranyl-based MOFs,
(UO,)(nip)(2,2"-bpy) (MOF 1) and (H,bpp)-[(UO,),-(nip);]-H,O
(MOF-2), under solvothermal reaction conditions."** When
MOF-1 and MOF-2 were treated with several amino acids, it

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Table1 Diverse MOFs with their excitation, emission wavelength and respective LOD values for the recognition of various analytes (neutral molecules,
solvent molecules, biomarkers, biomolecules, hazardous compounds, and high-energy molecules)

The metal in  Aeycitation

MOFs node/SBU (nm) Aemission (M) Nature of analyte LOD Ref.
IRMOF-3(-N3) n 395 430 H,S 28.3 uM 140
UiO-66@NO, Zr 334 436 H,S 188 uM 141
CAU-10-N, Al 330 405 H,S 2.65 UM, 142
Tb**@Cu-MOF Tb 280 489, 544, 585 and 620 H,S 1.20 pM 143
Fe''"MIL-88-NH,, Fe 333 H,S 10 uM 144
DUT-52-(NO2), Zr 390 474 H,S 20 pM 145
Zr(TBAPy);(TCPP) Zr 365 H,S gas and its deriva- 1 ppb 146
tives S>~
Al-MIL-53-NO, MMMs Al 396 466 H,S 92.31 uM 147
MOF-5-NH, Zn 365 SO, gas 0.168 ppm 148
Al-MIL-53-NO, Al 339 H,S 69.3 UM 149
Sm-MOF@Fe>" Sm 300 562, 595, 643 and 706 TBHQ 5.6 ng mL™* 150
UiO-66-MA Zr H,S 3.3 nM 151
RhB/UiO-66-N; Zr 302 425 and 575 H,S 29.9 UM 152
Eu*'/Cu** @Znpda Zn 408 614 and 386 H,S 1.45 pM 153
3 [Ce (Im);ImH]- ImH Ce 366 422 H,0, 0,, and CH,Cl, 154
[Smy(abtc), 5(H,0)3(DMA)]-H,O-DMA Sm 400 612 Benzyl alcohol and 155
benzaldehyde
[Me,NH,][EuL(H,0)]-1.5H,0 Eu 324 591, 613, 649 and 697 Methanol 156
SB1, SB2, SB3 and SB4 Cd 365 Water 157
Zn(hpi,cf)(DMF)(H,0) Zn 365 463 and 493 Water <0.05% v/v 158
(ZnO-based film)
QG-loaded MOF Zn 424 nm Water in ethanol and  0.015% and 0.030% 159
DMF
SXU-4 Ccd 365 430 DMSO 160
{[Yo.oTbo.1Mn; 5(PDA); Y and Mn 280 315,491, 545, 586 and  Trace water in EtOH, 1.12% (v/v), 0.47% 161
(H,0);]-3.5H,0} 623 CH;OH, CH;CN, THF  (v/v), 0.04% (v/v),
and n-heptane 0.13% (v/v) and
0.53% (V/v)
[(UO,)(H,DTATC)] (HNU-39) U 373 430 162
Tb**@Ag-BTC Ag 365 494, 547, 587 and 622 HCHO 1.9 mM 163
[In(BDC-NH,)(OH)],, In 350 429 H,0, 0.42 uM 164
Zr-UiO-66-B(OH), Zr 328 425 H,0, 165
PSM-1 and PSM-2 Cd 335 ~435 and ~430 1,4-Dioxane 1.079 ppm and 166
2.487 ppm
MIL-100(In)@Eu®*/Cu®* In 285 594, 619, and 699 H,S 0.535 ppm 167
Fe-MIL-88 Fe 326 445 GSH, Cys and Hcy 30 nM, 40 nM, and 168
40 nM
Fe-MIL-88-H,0,-0-phenylenedia-mine Fe 433 576 Dopamine 46 nm 169
[Cu(mal) (bpy)]-2H,O Cu 480 518 Glycine and serine 0.81 yg mL ' and 170
1.51 g mL
[Cd(ps-abtz)-21]}, cd 242 350 Dopamine 57 nM 171
Ag@Au nanoprism-MOF Zn 532 550 Glucose 0.038 mM 172
CD-MONT-2 Pb 330 526 Uric acid 4.3 uyM 173
Cu-BTC/Tb Cu 238 488, 545, 583, and 621 Amyloid B-peptide (AB1- 0.3 nM 174
40)
RhB@Cu-BTC Cu 365 575 L-Cysteine 0.702 pmol L™* 175
Zr-MOF; UiO-68-An/Ma Zr 375 420 Biothiols (Cys, Hcy, and Low concentration 176
GSH) of 50 pmol L™*
ZJU-108 Zn 323 419 Tryptophan 42.9 nM 177
NH,-MOF-76(Eu) Eu 385 400 Dipicolinic acid 3.8 mM 178
Cr0,*~ @Cd-MOFs cd 358 414 Ascorbic acid 7.27 ppm 179
ZIF-67 Co 540 585 Biothiols 31 nM 180
Eu**@Ga-MOF(MIL-61) Ga 370 614 Ciprofloxacin 2.4 ug mL™* 181
RSPh@EuBTC Eu 306 546, 592, 615 and 692 DPA 0.52 uM 182
Eu*' @[(Me)4N],[PbeKs(m-BDC)o(OH),]-  Pb and K 377 612 Fleroxacin 43.91 ng mL™* 183
H,0
UiO-67-sbdc 340 465 Glutathione (GSH) 107.2 pyM 184
Eu®'/Cu®'@Ui0-67-bpydc Zr 372 592, 615, 651 and 700 GSH 54.3 nM 185
Cu(HBTC)-1 nanosheets Cu 518 Oxytetracycline 0.40 ug L* 186
[(CH3),NH,]5[(In;CL,)(bpdc)s]- In 340 410 Cysteine and 1- 571 x 10" M and 187
(H,0)5(DMF), 5 butanethiol 438 x 10°*M
[Tby.43Eu, 5,(1,4-phda);(H,0)] (H20), Tb and Eu 260 544 and 614 Dipicolinic acid 5.9 nM 188
FCS-3 Zn 400 450 Fluoroquinolone 0.52 uM 189
UiO-HQCA-Al Zr 339 438 Creatinine 4.7 nM 190
Eu-in-BTEC Eu 365 526 and 617 Doxycycline 47 nM 191
Tb-MOF Tb 394 506 Dicarboxylic acid 2.4 yM 192
Eu@ZIF-90-PA Zn 463 579 Flumequine 0.24 ppm 193
This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023 Mater. Chem. Front., 2023, 7, 405-441 | 417
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was revealed that the fluorescence intensity of both MOFs
showed a fluorescence “turn-on” enhancement in the presence
of arginine (Fig. 18). The LOD values for arginine by these two
MOFs were found to be 1.06 x 107® mol L' and 6.42 x
107% mol L%, respectively. The calculations were based on
the linear relation between the lower concentrations of the
analytes with the emission peak at 515 nm of the MOFs.

The shape of the emission spectra of the MOFs changed in
the presence of arginine during the sensing process. This
indicates that there was an obvious interaction between the
MOFs and arginine. Arginine is a basic amino acid, which
contains a guanidine part. This moiety can be protonated, and
resulting ionic species can establish an electrostatic interaction
with the MOF. This interaction is responsible for the “turn-on”
effect on the luminescence intensity. Furthermore, this postu-
lation was proven upon the interaction between guanidine
carbonate solutions and the MOFs. Interestingly, the emission
peak of both MOFs was considerable enhanced. Therefore, the

interaction between the guanidine part of arginine and the
MOFs was the responsible for the sensing of arginine.

An abnormal concentration of histidine in the human body
hampers several neurological activities. However, the recogni-
tion of histidine especially in the complex biological system is
challenging. Liu and co-workers synthesised a highly lumines-
cent Eu’* ion-based MOF composite (Eu/Bi-MOF) via the post-
synthetic insertion of Eu®" in the pore of Bi-MOF.'"® This new
Eu/Bi-MOF composite could selectively detect histidine via the
luminescence “turn-on” process among several other amino
acids. Interestingly, Eu/Bi-MOF showed strong red fluorescence
due to the strong sensitization of Eu*" by the ligand through
the antenna effect. However, in water, the transfer of energy
from the linker to Eu®" in Eu/Bi-MOF was significantly hin-
dered. Consequently, the composite became non-luminescent.
When the luminescence titration of the composite was carried
out with histidine in water, the fluorescence intensity of the
composite recovered. In the presence of histidine, the aromatic
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Fig. 18 (a) Fluorescence intensity of MOF-1 with various amino acid and (b) fluorescence intensity of MOF-2 with various amino acids. Reproduced with

permission from ref. 114, the American Chemical Society, Copyright 2020.
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surface area of histidine forms a =---m interaction with the
aromatic surface area of the ligand. Consequently, the transfer
of energy from the linker to Eu** in Eu/Bi-MOF is rejuvenated,
which results in the fluorescence “turn-on” response of the
composite. Besides the fluorometric response, the detection of
histidine by Eu/Bi-MOF was also observed by a colorimetric
response. The LOD for histidine was found to be 0.18 uM.

Besides the detection of basic amino acids, MOF sensors
have been used significantly for the detection of acidic amino
acids."*®'"” Similar to other amino acids, aspartic acid (Asp)
plays a great role in the living organisms such as myocardial
function and metabolism in mammals.**® Thus, an abnormal
concentration of Asp poses a threat to human health such as
stroke and hepatic problems.’"® Liu and co-workers post-
synthetically incorporated Cu®>" and Tb*" ions in a Zn-MOF to
deliver Cu/Tb@Zn-MOF, which displayed the selective and
sensitive “turn-on” recognition of Asp."*° The incorporation
of the Tb*" ion in the Zn-MOF resulted in the characteristic
emission peak of the Th*" ion due to the antenna effect. When
the Cu®>" ion was embedded in Tb@Zn-MOF, the Cu/Tb@Zn-
MOF composite showed the quenching of fluorescence. This
was due to the effective LMCT process from the ligand to Cu>*
ion (strong coordination between Cu”" ion and S site of ligand),
which reduced the charge transfer from the ligand to the Tbh**
ion. This Cu®" ion and the size effect of the pore acted as a
strong interaction site for Asp, resulting in the selective and
sensitive detection of Asp. Given that the Cu®* ion interacted
with Asp, the LMCT process from the ligand to Cu®' ion
decreased. Simultaneously, the antenna effect from the ligand
to Tb®" ion was revived, leading to a “turn-on” luminescence
response. The interaction between the Cu®>" ion and Asp was
confirmed by the XPS analysis. The composite material showed
the Cu 2p1 peak at 953.87 eV, and after treatment with Asp, this
peak appeared at 953.03 eV. This shifting of the Cu 2p1 peak to
a lower energy illustrates the weak interaction between Cu**
and Asp.

MOFs have also been used for the detection of antibiotic
1217123 with the increase in the population globally,
the intake of antibiotics has significantly increased, which has
a negative effect on the environment."** Also, the side effects
associated with antibiotics negatively impact human health
and cause several diseases.'>>"*® More importantly, taking
antibiotics a for longer time will result in the development of
antibiotic resistance in the body, which is fatal. In this regard,
Neogi and co-workers strategically devised a highly luminescent
porous zinc-based framework, CSMCRI-2, possessing free basic
amino groups.'”” The activated MOF network could detect the
antibiotics sulfadiazine (SDZ) and adenosine monophosphate
(AMP) through a luminescence “turn-on” fashion with an
increase in fluorescence intensity by almost 30 and 13.8 fold,
respectively. The LOD values for SDZ and AMP were calculated
to be 65 nM and 10 nM, respectively. The detection of these
analytes was also realized through a colorimetric response.
Besides the experimental evidence, the mechanism of sensing
was established by deep theoretical investigation. The LUMO of
SDZ is energetically higher than that of the MOF. Therefore, the

molecules.
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transfer of electrons occurs from the LUMO of SDZ to the
LUMO of the MOF, causing a luminescence enhancement in
the MOF. The presence of free amino linkers in the MOF
network resulted in intermolecular hydrogen bonding inter-
action with the analytes, which bring them in close proximity.
Thus, the charge or transfer of electrons is possible between the
MOF and analyte.

The recognition of antibiotic residue in food samples is
imperative for real-time application. In this regard, Ghasemi
and co-workers deliberately prepared a zirconium-based lumi-
nescent MOF coated with MIP polymer as a guest recognition
site for the “turn-on” detection of chloramphenicol (CAP)
antibiotic residue in food samples (honey and milk)."*® The
porous structure and creation of a specific binding site in the
composite resulted in the selective sensing of CAP. The LOD
value for CAP was 0.013 pg L™ ". The mechanism of sensing for
the detection of CAP is as follows: the coated MIP on ZrMOF
interacts strongly with the CAP analyte. ZrMOF shows an
emission peak at 440 nm and the linker ATA in the free state
displays an emission peak at 436 nm. This indicates that the
emission of the MOF is a ligand-based emission. Interestingly,
the emission of ATA in the free state is almost 2.5-times higher
than that of the MOF. This is due to the LMCT from the ligand
ATA to the Zr-O clusters in the MOF. When CAP was added to
the system, it prohibited the LMCT from the ligand to metal
clusters, resulting in an enhancement in the emission intensity
of ATA. The IR analysis was helpful to justify the sensing
mechanism. In the presence of CAP, the carbonyl group of
CAP forms a stronger interaction with the Zr*" ion in the Zr-O
clusters than with ATA. Consequently, the interaction between
the Zr-O clusters and ATA declines, and hence the LMCT
process almost stops. Therefore, the fluorescence intensity of
ATA in ZrMOF is augmented. The diverse MOFs with their
crucial features towards the ‘“‘turn-on” recognition of several
types of biomarkers and biomolecules are presented in Table 1.

3.3. Turn-on sensing of hazardous entities and high-energy
compounds

The sensing of hazardous and toxic compounds is critical given
that they have a very bad environmental effect and negative
human health impact.’****' Generally, nitrogen-rich organic
compounds, nerve agents and NACs belong to the category of
hazardous/toxic compounds.”?*'** Thus, researchers are
devoted on the development of sophisticated detection techni-
ques for the sensing of these lethal entities. Luminescent MOFs
are considered potential candidates in this regard. The quali-
tative structural features and controllable electronic properties
of MOFs make them suitable sensors for the recognition of
explosives and nitrogen-rich energetic organic compounds.
Furthermore, with the help of crystal engineering, their selec-
tivity and sensitivity can be tuned efficiently.

Zhou and co-workers reported an excellent work for the
“turn-on” recognition of nitrogen-rich heterocyclic compounds
(NRHCs) using a cobalt-based MOF (Co-TCPE), which was
derived from the AlE-active ligand H,TCPE."** Although this
MOF contained highly conjugated linkers, it was almost non-
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Fig. 19 (a) Intensity ratio of Co-TCPE in the presence of a variety of nitrogen-rich organic compounds (compound numbers 1 to 19 in the x-axis are
given in the abbreviations list) and (b) illustration of competitive coordination of Co-TCPE with NRHCs. Reproduced with permission from ref. 134, the

American Chemical Society, Copyright 2022.

fluorescent (signal off) because of the presence of the Co3
scaffold, which acted as a quencher (LMCT) for the emission
of AIE-MOF. The Co-TCPE MOF showed an emission peak at
515 nm upon excitation at 375 nm, which remained unchanged
over a wide pH range (3 to 12). This indicates that the MOF has
the potential to act as an efficient sensor under different
conditions. Interestingly, when Co-TCPE was titrated with
NRHCs such as NTO (single ring) and DNBT (dual ring), the
luminescence intensity of the MOF was significantly enhanced
(Fig. 19). In contrast, polyamines and non-energetic heterocyc-
lic molecules did not affect the fluorescence intensity of the
MOF much (Fig. 19).

Additionally, the increase in fluorescence intensity caused
by the double-ring NRHCs was much greater than that by the
single-ring NRHCs. The mechanism for fluorescence the “turn-
on” phenomenon by NRHCs was explained based on PXRD,
TEM, mass and NMR studies. The PXRD pattern of the recov-
ered Co-TCPE showed the absence of the signature peak at
7.56°, indicating that the framework collapsed. Further, the
NMR and mass spectrometry study revealed the formation of a
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complex between the linker H,TCPE and DNBT (dual-ring
NRHCs). Therefore, all these experimental evidence suggested
that upon the addition of NRHCs, the deformation or
collapse of the MOF occurred through the competitive coordi-
nation substitution. Consequently, the H,TCPE linker was
released from the MOF network and became self-aggregated
(restricted intramolecular motion) in the water medium, which
caused aggregation-induced emission. The detection of NRHCs
was also realized through colorimetric changes to yellow
(Fig. 19Db).

Li and co-workers published an excellent work based on the
“turn-on” detection of explosive molecules (aliphatic nitro-
organics) with the help of the dye@bio-MOF-1 composite.*
The aperture channels of the MOF were decorated with free
amine functional moieties, which induced non-covalent bond-
ing with the incoming (guest) molecules. This facilitated the
encapsulation of nitro explosive molecules (Fig. 20).

The composite showed a “turn-off” luminescence response
for aromatic nitro explosive molecules. On the contrary, the

framework demonstrated the luminescence ‘“turn-on”
&“'? Target analytes:
“Turn off”
OH OH
NO; ON. NO;  ON NO,
'OH
NO, NO, NO,
TNT DNT TNR TNP
“Turn on”
/No,
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Fig. 20 Dye@bio-MOF-1 showing luminescence “turn-on” detection for aliphatic nitro compounds. Reproduced with permission from ref. 135, the

American Chemical Society, Copyright 2022.
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phenomenon with aliphatic nitro explosive molecules. After the
inclusion of dye molecules inside the MOF cavity, very limited
space was available in the MOF. Thus, it was difficult for the
aromatic nitro compounds to enter the pores of the composite,
whereas the smaller aliphatic nitro compounds could easily
enter the cavity and occupied the available space to induce
host-guest interactions. Due to this space confinement, the
vibrations and torsions of the dye molecules were restricted,
and consequently the nonradiative decay decreased. Thus, an
increment in fluorescence (confinement-induced enhance-
ment) was observed.

With the increasing world population, the demand for the
food has significantly increased. Thus, the farmers are focused
on increasing the productivity from cultivation. In this case,
large amounts of pesticides are utilized in the agro field.
Although pesticides are important to enhance the crop produc-
tivity, they profoundly affect human health."*® Thus, smart
sensors are necessary for the monitoring of pesticide mole-
cules. Neogi and co-workers detected the pesticides DEP and
IPT by using de-solvated CSMCRI-8 through the fluorescence
“turn-on” mechanism with the LOD values of 79.8 nM and
226 nM, respectively.'®”

Moorthy and co-workers synthesized a bisimidazole-
based tetracarboxylic acid ligand (H,ANTBI) having anthracene
in its core, and using this ligand, they constructed a cadmium-
based MOF, Cd-ANTBI. This MOF showed the sensitive ‘“turn-
on” detection of toxic nerve agent mimics."*® Due to the self-
quenching of the MOF in the crystalline state, the fluorescence
intensity of the MOF significantly diminished. The solvent
aided the exfoliation of the MOF, affording 2D MOF nanosheets
(MOFNS), which exhibited a significant enhancement in
fluorescence intensity. Interestingly, MOFNS displayed the
“turn-on” recognition of nerve agent mimics (diethyl chloro-
phosphate, DCP) with an LOD of 0.52 ppm.

View Article Online
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The mechanism of “turn-on” emission in the presence of
DCP is presented in Fig. 21. The protonation reaction between
the imidazolium moiety of the linker and the DCP, followed by
nucleophilic attack leads to the structural modification of the
linker in MOFNS. This ligand structural orientation induces
rigidification of the overall framework by inhibiting the tor-
sional motions of the benzene ring. Consequently, the deacti-
vation pathways are block, and a hence fluorescence
enhancement is observed. With an increase in the concen-
tration of DCP in the experimental solution, the luminescence
intensity proportionally increased because the rigidification
was enhanced in the linker.

Hydrazine is also another hazardous compound that is
widely used in several fields such organic synthesis, pharma-
ceuticals, and catalysts. Because of its large enthalpy value, it is
used as a fuel in space craft and rockets. However, although it
has lots of potential value-added qualities, it is regarded as
carcinogenic and toxic. Thus, the detection of hydrazine is
essential. Biswas and co-workers reported the selective and
sensitive detection of hydrazine through the “turn-on” lumi-
nescence process using a zirconium-based MOF, Zr-UiO-66-
(OCOCHj,),."*° They judiciously used the H,BDC-(OCOCHj;),
ligand to introduce the acetoxy functionality as a guest reaction
site in the zirconium framework. The detection of hydrazine
was also visualized through the naked eye.

The sensing mechanism is presented in Fig. 22. The nucleo-
philic attack by the hydrazine occurs on the acetoxy function-
ality, which is then converted to a hydroxyl moiety. Therefore,
the H,BDC-(OCOCH3;), linker is transformed to H,BDC-(OH),.
The enhancement in the luminescence of the MOF is due to the
formation of H,BDC-(OH),. The generation of the hydroxyl
group was also further supported by the IR and 'H NMR
analysis. Table 1 presents different MOFs for the ‘turn-on”
detection of hazardous entities and high-energy compounds.

é $ é $ - é $ -
- d w Cd w d
J}d\o o~ f\o o~ <L ;\o o~
_@d ﬁﬂ | |
— = =
HN _NH B Ru LN NH BN NH
oo\ 1] 1]
o7¢° Q Qo
OO0 —— 0 =-— 0
o) o}
HNZONH -2HCI N7 N—»Q, HN \ﬁ——;’*f,
_ —/ A"R —/ 1”R
(I)a;o o'\(l) CI) a;o o’\(l) (I) a;o o'\cl)
C Yy Ncd Cd C Cd
«3" [(2DLayers] 4% 3 A “3 R
®_H o2 H
\@ A H* exchange L (ljl/ \@ fl/ @ Deprotonation i@ ﬁ
HN"SN—H + ——— NN AN N e HNN- {OR HN"SN—Puior

il
e I s N
! RO

Nucleophilic attack

Fig. 21 Turn-on mechanism for the detection of DCP. Reproduced with permission from ref. 138, the American Chemical Society, Copyright 2021.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Mater. Chem. Front., 2023, 7, 405-441 | 421


https://doi.org/10.1039/d2qm01070d

Published on 09 December 2022. Downloaded on 1/16/2026 5:01:50 PM.

Review
%r %r
0.0

0 N NHANH, o

chJLo 0 Aq. medium A

Zr Ir NH,-NH,

H;C” YO
=0 )

View Article Online

Materials Chemistry Frontiers

Zr Zr ** *e Zr Zr
o8 [ NHANH, 56

O CH; OH
0 Aq. medium o

0”0

Z Ir

=9
Zr Zr

Fig. 22 Probable sensing mechanism for hydrazine by Zr-UiO-66-(OCOCHs3),.

3.4. Turn on sensing of cations

In recent years, luminescent MOFs have been developed to
recognize several cationic species with high selectivity and
ultra-sensitivity. The detection limit in some cases is very low,
and sometimes in real field studies, the MOFs can detect ions
at much lower concentrations than the optimized concen-
tration fixed by the EPA and WHO. The efficient supramolecu-
lar host-guest interaction is one of the strongest reason for this
high detection efficiency. Furhtmoer, the supramolecular inter-
action, and hence the selectivity and sensitivity can be con-
trolled by introducing several functional moieties.'®'® This
has been witnessed in the following examples.

Das and coworkers reported the preparation of a 3D porous
anionic stable cobalt-based MOF, {{Me,NH,], s[Co(DATRz) 5-
(NH,BDC)]-Gx},, for the discriminating “turn-on’” recognition
of AI** ion."®® The MOF network was nicely oriented with free
-NH, groups (Fig. 23), which interact efficiently with the guest
metal ions.

The MOF displayed the maximum emission peak at 430 nm
(blue emission) upon excitation at 340 nm, which is due to the
intra and inter LLCT occurring in its framework. Upon screen-
ing the luminescence intensity of this MOF with various metal
ions, it was observed that its emission intensity at 430 nm
sharply increased in the presence of Al** ions. This illustrates
that the MOF showed unique selectivity and sensitivity for AI**
ions with an LOD of 17.5 ppb. The rectangular large cavity of
the MOF consists of a dimethyl ammonium cation (Me,NH,"),
iLe., an ionic environment, which allows the facile transfer of
metal ions through the cavity and forms a strong host-guest
interaction. The mechanism for the sensing of AI** was
explained based on the absorbance-caused fluorescence
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Fig. 23 (a) Three-dimensional packing of MOF, which contains Me,NH,"
in its rectangular cavity and (b) decoration of guest interaction—NH sites
in the framework.
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increment. The AI** ion embedded entity (AI>* @MOF) absorbs
more excitation light than the free MOF and gets excited. From
the excited level, the AI** @MOF reaches the ground level by
releasing a large amount of energy (wavelength), showing a
“turn-on”” luminescence response. The AI** @MOF unit releases
a larger amount of energy than the free MOF in the emission
process. Further, the authors exhibited the detection of AI**
using the paper strip method to make the sensing approach
portable, convenient and economic.

Guo and co-workers synthesized a cadmium-based highly
stable MOF, [Cd(3-NH,-pba),],-8DMF, under solvothermal con-
ditions for the selective and sensitive “turn-on” detection of
silver metal ions.'”” The crystallographic investigation dis-
closed that the framework is decorated with basic amine
functional moieties. The emission spectrum of the MOF
revealed the maximum emission at 470 nm (blue emission)
upon excitation at 322 nm. This emission is due to the n-n*
transition in the organic ligand. The luminescence intensity of
the MOF was quenched in water, thus it acted as a water sensor
in ethanol solvent. Interestingly, when this MOF was treated
with several metal ions in water medium, its emission intensity
at 479 nm considerably increased (almost 50 times) in the
presence of silver metal ions (Fig. 24).

The interaction between the amino group and Ag" ion was
confirmed by IR and XPS analysis. The IR spectrum showed the
signature peaks for the amino group at 3230 and 1673 cm™*,
which are vanished for Ag'@MOF. According to the XPS data,
the N1s binding energy of the -NH, group shifted from 399.2 eV
for the MOF to 399.4 eV for Ag"@MOF. Further, the lifetime
decay measurement indicated an increase in the lifetime of the
excited state of Ag'@MOF (5.877 ns) compared to the simple
MOF (3.803 ns). This study illustrated that the interaction
between -NH, and the Ag" ion is very strong to overcome the
luminescence quenching induced by the O-H oscillators of the
water molecule. Besides the fluorometric method, the detection
of silver ions was also investigated through a colorimetric
response (Fig. 26).

Hong and co-workers described the synthesis of zinc-based
porous 3D MOF, [Zn;(Ls),(bpy)], for the discriminating “turn-
on” recognition of Cd*" ions.’®® Interestingly, the diffusion of
Cd*" ions into the pores of the MOF was directly visualized by
two-photon confocal microscopy. Among a pool of several
metal ions, the Cd** ion significantly enhanced the lumines-
cence intensity (60 fold) of the framework compared to the free
MOF. The mechanism of sensing was confirmed with the help

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 24 (a) Fluorescence intensity of MOF in the presence of different metal ions in aqueous medium and (b) significant enhancement in the luminescent
intensity of the MOF in the presence of silver metal ions (inset: colorimetric response of the MOF with silver ions). Reproduced with permission from ref.

197, the American Chemical Society, Copyright 2021.

of XPS. The L; and bpy linkers contain nitrogen atoms in their
backbone. The nitrogen atom of bpy is sterically congested
given that it is linked with the metal ion (Zn** ion) to form the
MOF network. The N1s peak position of the nitrogen atom of
the L; linker in the MOF slightly shifted to 398.63 eV
(Cd**@MOF) from 398.34 eV (MOF), indicating the interaction
between the nitrogen atoms of the L, linker with the Cd*" ion.
The XPS analysis of the O atoms (O1s peak) of the methoxy and
carboxylate groups of the L; linker in the free MOF and in the
MOF in the presence of Cd*>" ions did not show any obvious
change, which ruled out the interaction between the O atoms
and Cd** ions.

Duan and co-workers synthesized an Eu**-based MOF,
[Eu,(Ly);(DMF);] 2DMF-5H,0, for the detection of Cr** ions
through luminescence recovery of the MOF material.'*® In the
MOF network, the anthracene moiety of the ligand stacked
nicely, as confirmed by SCXRD, which reduced the emission
intensity of the MOF.?°° The H,L, linker and MOF exhibited an
emission peak at 460 and 475 nm under excitation at 365 nm,
respectively. The emission intensity of the MOF indicated that
is almost non-fluorescent in nature and its luminescence under
a UV lamp was also not visible. The characteristic emission
peak of the lanthanide ion in the MOF was not observed, which
may be due to the presence of an anthracene moiety in the
ligand of the MOF, acting as s triplet-state quencher (triplet-
triplet annihilation). Consequently, the metal based lumines-
cence was significantly reduced.”**°*> Also, this MOF showed
an extremely low ligand-based emission due to the self-
absorption process, i.e., the absorption band of the MOF over-
laps with its emission band. When the MOF was treated with
various metal ions in aqueous medium, its luminescence
intensity at 450 nm significantly increased for Cr’" ions.
Furthermore, the detection ability for Cr** ions remained
unaffected in the presence of other metal ions with the LOD
for Cr** ions of 7.52 x 10~® M. The mechanism of sensing was
well-established with the assistance of IR, SEM, XPS and UV
visible analysis. The appearance of the free MOF and Cr(NO3);-
embedded MOF was the same in the SEM images. The atomic
mapping of Cr(NO;);@MOF showed the presence of five

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

elements (carbon, nitrogen, oxygen, europium and chromium).
This suggests that the Cr** metal ion was incorporated in
its framework. The IR stretching vibration peak appeared at
1287 cm™ ', which is the signature peak of NO,. This illustrated
the successful encapsulation of the nitrate anion in the MOF to
counter the charge balance of the chromium ion. Further, the
interaction of the Cr*" ion within the framework was confirmed
by XPS. The UV-visible spectrum showed that in presence of
Cr’" ions, the self-absorption effect of Cr(NO;3);@MOF was
greatly reduced compared to the free MOF, which indicates
its strong luminescence response for Cr’’. Alternatively, its
emission spectrum was red-shifted during the recognition
process, signifying that apart from the reduction of the self-
absorption effect, the ICT between the different aryl groups
and/or the changes in the excitation-state energy levels largely
contributed to the enhancement of the luminescent intensity of
the MOF in presence of Cr*".

Mercury is a lethal pollutant to the human body, which is
present in the ecosystem through various anthropogenic activ-
ities and natural sources. Although the Hg”" ion, as the
inorganic form of mercury, is very dangerous, its organic form
the methylmercury ion (CH;Hg") is fatal. These two ions are
generally accumulated in the human body through the food
chain, causing serious health issues including cardiovascular,
nerve, and kidney failure.®® Therefore, the selective and sensi-
tive detection of these toxic species are very important, and
particularly on-site cost-effective methods are desirable. Qu and
co-workers synthesized a boric acid (BA)-functionalized Eu®*
ion-based MOF (BA-Eu-MOF) for the ultra-sensitive ‘‘turn-on”
recognition of CH;Hg" and Hg>*.>** Upon excitation at 275 nm,
the BA-Eu-MOF displayed signature emission peaks at 620
(°Dy — 7F,) and 595 nm (°D, — ’F,), which illustrate the
occurrence of the antenna effect. However, the red emission of
the complex was very weak in water medium, which is attrib-
uted to the electron-withdrawing nature of BA, deactivating the
antenna effect. Upon the addition CH;Hg" and Hg*" ions, the
C-B bond of BA is destroyed and the formation of a C-Hg bond
occurs, ie., transmetalation reaction occurs (Fig. 25). There-
fore, the electron-withdrawing nature of BA is completely lost,

Mater. Chem. Front., 2023, 7, 405-441 | 423
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Fig. 25 Synthesis of BA-Eu-MOF and schematic presentation for the sensing of CHsHg* and Hg?* through the transmetalation reaction, i.e., C—B bond
of BA is ruptured and the formation of a C—Hg bond occurs. Reproduced with permission from ref. 204, the American Chemical Society, Copyright 2020.

and concomitantly the antenna effect of the ligand is revived,
which boost the red emission.

Although the Fe®" ion is a very important element in living
organisms,”**°® its excess leads to harmful health effects such
cardiac arrest and Alzheimer’s disease.?”2°® Hence, the detection
and on-site monitoring of Fe*" ions are critical. Zhang and co-
workers used an AlE-active ligand (Ls) for the construction of a
stable cadmium-based luminescent MOF, [Cd(NDA)(Ls)(H20)x]n,
for the discriminating sensitive recognition of Fe** ions in water
medium through the fluorescence “turn-on” process.””® The
emission peak of the MOF appeared at 440 nm upon excitation
at 324 nm. When the MOF was treated with a large number of
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metal ions (Fig. 26), its emission intensity was considerably
enhanced in the presence of Fe*" ions with an LOD of 2.06 x
10 mM.

The PXRD pattern of the recovered MOF after the sensing of
Fe’" ion was exactly the same as that of the pristine MOF, which
ruled out the degradation of the framework. XPS analysis of
Fe*"@MOF showed two peaks at 726.4 eV and 713.9 eV, which
are ascribed to the Fe 2p1/2 and Fe 2p3/2 configurations,
respectively. This study directly suggests the presence of Fe**
cation in the framework. The SCXRD data of the MOF revealed
the existence of a m---m interaction (3.613 A) between the
parallel aryl moiety of the ligand. The authors suggested that

YN N g N e Yo oy ¥ Xy Y
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Fig. 26 (a) Network of MOF showing =- - - interaction between the parallel fluorene moiety and (b) selective detection turn-on detection of Fe** ions in

aqueous medium.
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the Fe®" ion forms a - - -cation- - -n-type interaction within the
framework, which helps to transport electrons and enhances
the emission intensity of the MOF.

Similar to other metal ions, the Mg** ion plays a significant
role in the human body in several physiological processes, cell
proliferation, activating membrane proteins and influencing
biochemical processes.”’*'" Consequently, an imbalance in
Mg”" ions can lead to several diseases including osteoporosis,
diabetes, and coronary heart problems.?*>*'* Thus, the mon-
itoring of the Mg®" ion concentration is very important. In this
regard, Han and co-workers reported the synthesis of a dye-
entrapped magnetically active MOF, Fe;0,/RhB@AI-MOF, for
the discriminating sensitive “turn-on” recognition of Mg>*
ions.>'* This composite showed two emission peaks at
610 nm (from RhB) and 440 nm (AI-MOF) upon excitation at
330 nm. When the MOF composite was treated with a variety of
metal ions, it selectively detected Mg”* ions. Consequently, its
emission peak at 440 nm increased, while the peak at 610 nm
remained constant. The composite displayed an initial recogni-
tion time of about 90 s for Mg** ions and almost 5-fold
enhancement in luminescence intensity with an LOD value
for Mg”" ions of 8 x 10~7 M. Further, the detection of Mg>" ions
was also exhibited in biosystems (HL-7702 and A375 cells). The
mechanism of sensing was corroborated by the XPS analysis.
The emission peak at 440 nm sharply increased, which
indicates that Mg>" efficiently interacts with the nitrogen

Table 2 Diverse MOFs with their excitation, emission wavelength and LOD
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element of the -NH, group of the 2-ATA linker in the Al-MOF.
This interaction permits facile energy transfer and enhances
the ligand-based emission. According to the XPS data, the N1s
peak of the 2-ATA linker in Fe;O,/RhB@AI-MOF appeared at
402.25 eV, which illustrates the coordination of Mg®* with N of
the -NH, group. A list of the various MOFs and their vital
features for the “turn-on” recognition of different types of
cations is presented in Table 2.

3.5. Turn-on sensing of anions

The aforementioned discussion clearly illustrates that MOFs
are potential candidates for the recognition of several analytes
(vide supra). However, interestingly, MOFs also have the ability
to recognize anionic species.’*>*! The detection of anionic
species is very important because of their biological signifi-
cance and lethal effects on the environment. In recent years,
MOFs have shown potential for the detection of a variety of
toxic anions and rapid development has been witnessed regard-
ing this. As is well-known, the cyanide ion (CN") is a very lethal
among the list of anionic species and has been listed as a toxic
compound by both the EPA and WHO. CN™ has the ability to
link with cytochrome oxidase and prevent the utilization of
oxygen. Consequently, due to the lack of oxygen, the cells will
die. Thus, the development of CN~ sensors is essential*** but
the detection of CN™ using MOFs as sensory materials has
rarely been reported.”*® In this regard, Zhou and co-workers

values for the recognition of various cations

Metal ion in

MOFs node/SBU Jexcitation (NM)  Aemission (M) Nature of analyte detects LOD Ref.
[Co(OBA)- Co 283 407 AP 57.5 ppb 215
(DATZ)o 5(H,0)]
PCN-222-Pd(n) Zr 275 351 Cu(n) 50 nM 216
UPC-17 Ba 330 546 Fe’* 217
[Cd;L,(n-H,0)(H,0)]- Cd 369 484 Mg>* 0.021 pM 218
3DMF-5H,0
NUM-2 Zn 324 377 AP 0.10 ppm 219
Ui0-66-N—CH, Zr 342 468 cd** 0.336 mM 220
CTGU-1 Tb 595, 619, 654 and 703 Eu®*/Dy*" 5x 10 %and 1 x 10°* M 221
1and 2 Zn(1) and 364 for 1 478 and 514 nm for AI’* and Cr*" for 1, AI** and 222
cd(2) 372 nm for 2 both 1 and 2 Cr** and Pb** for 2
IRMOF-3 Zn 379 450 cr*t, A*Y, Ga** and In** 0.293 ppm, 0.267 ppm, 0.598 223
ppm and 0.616 ppm
Gold nanoclusters/ Zn 410 570 Zn* 6 nM 224
Zn-MOF
Mg-TPP-DHBDC Mg 367 505 AP 28 nM 225
JXUST-1 cd 354 404 AP 0.048 ppm 226
Cd-TCHO cd 350 450 AP 0.54 ppb 227
JXUST-2 Co 394 530 Fe*’, Cr’*, and AI** 0.13 uM, 0.10 pM and 0.10 UM 228
Zn,(BDC),(DABCO)  Zn 360 436 Zn** 0.7 UM 229
Zn(NH,-bdc)(4,4’-  Zn 365 426 AP 30 nM 230
bpy)]
UiO-(OH),@RhB Zr 420 583 AP 10 nM 231
[Cd4(NDC);(4- cd 325 400 cr’t 0.164 pM 232
Hptz),(H,0),]-H,O
[Zn(bimpy)(1,4-ndc)]- Zn 370 422 Fe’* 8.82 x 107’ M 233
H,0
Tb-TCPP Tb 428 652 AP, cr**, and Fe** 7.79 nM, 9.94 nM and 16.4 nM 234
Cu-HBIBA Cu 337 460 Bi®" and Fe** 43 nM and 0.16 mM 235
Zn-DHNDC MOF 7Zn 350 367 AP** and Fe** 95 nM, 33 nM 236
JXUST-5 Zn 365 420 AP** and Ga** 0.17 and 0.69 ppm 237
JXUST-6 cd 452 499 AP** and Ga** 0.081 and 0.047 ppm 238

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 27 Installation of the fluorophore and the recognition site in the MOF for the selective sensing of CN™.

systematically developed a CN™ sensor by sequentially modify-
ing PCN-700.>** The fluorophore anthracene moiety and selec-
tive binding site (hemicyanine) for CN™ ions were installed on
the network of PCN-700. After screening with several anions,
the fluorescence intensity of the MOF was significantly
enhanced with CN™ and the detection limit was found to be
0.05 um. In the pristine MOF, the energy transfer between the
anthracene and hemicyanine moieties quenches the lumines-
cence of the anthracene part. Alternatively, in the presence of
CN7, the electron-deficient nature of the hemicyanine part is
greatly reduced, and hence the charge transfer from the
anthracene to hemicyanine stops. Consequently, the lumines-
cence intensity of the anthracene is regained (Fig. 27).
Perborate is essential in daily life, which is present in
detergent materials, cosmetics, and bleaching agents.>*® Due
to its low cost and oxidising property, it is widely used in
industry and considered as an alternative to H,0,.**® Thus,
because of the large use of perborate, it has become a common
pollutant in drinking water and the environment. Biswas and
co-workers synthesized an acetoxy-functionalized Al-based
MOF, CAU-10-OCOCHj3;, for the selective and sensitive ‘“turn-
on” detection of perborate anions in aqueous medium.>**’
Upon the treatment of the MOF with several anions, in the
case of perborate, its fluorescence intensity at 402 nm drama-
tically increased by 65 fold (Fig. 28). The “turn-on” detection of
perborate by CAU-10-OCOCH; remained unaffected in the
presence of various competitive anions present in the sample
solution. The selective and sensitive detection of perborate is

59

49

39

(I-1o)/1,

29

19

-1

Analytes

Fig. 28 Selective "turn-on” enhancement of CAU-10-OCOCHsz for
NaBOs.
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due to the conversion of the acetoxy functional group on the
linker in the MOF to the auxo-chromic moiety ~-OH group (5-
hydroxy isophthalic acid), leading to the fluorescence enhance-
ment in the system. This functionality conversion was con-
firmed by IR and "H NMR analysis. The LOD for perborate was
found to be 1.19 uM. Further, the MOF showed detection ability
for perborate in various environmental samples.

The same group further reported the “turn-on” detection of
the ROS superoxide using a Zr-based MOF.**® Here, the new
zirconium-based MOF UiO-66-NH-SO,-Ph-NO, was synthesized
using BDC-NH-SO,-Ph-NO, ligand under solvothermal reaction
conditions. The MOF and linker displayed an emission peak
422 and 436 nm, respectively, upon excitation at 350 nm in
methanol solvent. After the injection of 350 uL of 1 mM super-
oxide (0,°7) in a dispersed solution of the MOF, the fluores-
cence intensity of the MOF was significantly enhanced by
almost 10 fold with a shift in its emission peak by 14 nm to
the blue region. This shifting in its emission peak is due to the
elimination of the coordinated linker from the MOF. However,
the luminescence intensity of the MOF remained unaffected in
the presence of other ROS. The mechanism of sensing was
established with the help of PXRD, IR and mass analysis. The
PXRD study indicated that the after first sensing process, the
MOF was not recoverable, illustrating the collapse of the MOF
network. The IR study revealed that the intensity of the carbox-
ylate stretching vibrations of the ligand in the MOF gradually
declined upon the steady addition of O,*". Finally, the IR peak
was almost similar to that of the free ligand. This again
confirmed the collapse of the MOF. Further, the release of
the ligand from the MOF was confirmed by the mass analysis
with the appearance of a sharp peak at 365.1619. All these
studies vividly elaborated that the framework collapsed in the
presence of O,*" and the BDC-NH-SO,-Ph-NO, linker became
free in the methanol solution, resulting in a “turn-on” fluores-
cence emission.

Dong and co-workers reported the sensing of the reactive
oxygen species HCIO using an MOF-based fluorescent mixed
matrix membrane composed of UiO-68-PT and poly(vinyl alco-
hol) (PVA).**® This detection was very sensitive with a colori-
metric response, and importantly the sensing was reversible
when triggered by Vitamin C (VC) (Fig. 29 and 30). Among
several cationic and anionic analytes, UiO-68-PT showed an
enhancement in its emission peak at 392 nm upon excitation at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023
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Fig. 29 Colour change in UiO-68-PT (and its membrane) during the sensing of HCIO and the conversion of the MOF to UiO-68-PTO (and its
membrane) upon treatment with VC. Reproduced with permission from ref. 249, the American Chemical Society, Copyright 2020.
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Fig. 30 (a) Mechanism of sensing during the recognition of HCIO and (b) colorimetric response of UiO-68-PT with HCIO. Reproduced with permission

from ref. 249, the American Chemical Society, Copyright 2020.

323 nm in the presence of the CIO™ anion. The detection limit
for the CIO™ anion was 0.28 puM.

The pristine MOF UiO-68-PT was almost non-fluorescent in
nature. This is because the electron-donating ability of phe-
nothiazine to benzimidazole through the PET process reduced
its luminescence intensity. When CIO™ anion was added to the
system, it converted the phenothiazine moiety to phenothiazine
sulfoxide (UiO-68-PTO). Consequently, the PET effect was com-
pletely inhibited from the phenothiazine sulfoxide to benzimi-
dazole moiety, and thus the fluorescence property of the latter
was significantly amplified. The IR spectrum of UiO-68-PTO

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

showed a peak at 1045 cm ™", which corresponds to the signa-

ture peak for the S0 bond. Interestingly, upon the addition of
VC, the phenothiazine sulfoxide reverted to phenothiazine, and
consequently the emission intensity was quenched. This rever-
sible redox conversion was also observed through a visual
colour change.

Pyrophosphate (PPi) plays an essential role in physiological
functions and it acts as a crucial character in DNA
sequencing.”®® Thus, its concentration is very important and
its monitoring in living cells imperative. Hu and co-workers
reported the synthesis of MOF-5-NH, for the selective detection

Mater. Chem. Front., 2023, 7, 405-441 | 427
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Fig. 31 Synthesis of MOF-NH, followed by its complexation with Cu®*/Pb?* ions for the sensing of PPi.

of pyrophosphate (PPi) through the turn-on process.”>" This
framework showed an emission peak at 431 nm upon excitation
at 325 nm. Actually, the MOF acts as a dual-type sensor, i.e., it
detects two varieties of analytes. Firstly, the MOF recognises
metal ions (Cu®" and Pb*") through the “turn-off” process.
Interestingly, in the presence of PPi, the non-luminescent entity
Cu** @MOF-5-NH,/Pb> @MOF-5-NH, displayed the fluores-
cence “turn-on” phenomenon (Fig. 31).

The overall sensing mechanism was established with the
help of the host-guest interaction. The luminescence of MOF-5-
NH, is primarily due to its amino-based linker. In the presence
of Cu*'/Pb*", the excited electrons on the ligand of the MOF are
donated to the vacant orbital on Cu** (3d orbital) and Pb** (6p
orbital). This leads to a reduction in the fluorescence intensity
of MOF-5-NH,. However, when PPi is added to the system, it
pulls out the Cu®*/Pb>* metal ion from the system. Thereby, the
inhibition of electron transfer between MOF-5-NH, and Cu®'/
Pb*" occurs. Thus, the fluorescence of MOF-5-NH, is rejuve-
nated. Further, this mechanism of sensing was supported by
excited lifetime decay study, zeta potential measurement and
FRET analysis.

Ghosh and co-workers strategically designed an MOF as a
scaffold for the selective “turn-on” detection of the bisulfite
anion (HSO; ) in aqueous solution.>®> They used the well-
known MOF NH,-MIL-68(In) for the PSM process of -NH,
groups in the MOF with glyoxal to enable -CHO interaction

Glyoxal
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N
F

H
H

(o]

site for the guest molecules (Fig. 32). Interestingly, upon the
formation of the Schiff base, the MOF sensor lost its fluores-
cence intensity with respect to the pristine MOF. When the
post-synthetic-modified MOF was treated with a variety of
anions, it was found that it regained its florescence intensity
with HSO;™ anions. Accordingly, the emission peak at 437 nm
was significantly enhanced upon excitation at 320 nm. The LOD
value in this case was 0.047 ppm. The sensitivity and selectivity
of the post-synthetic-modified MOF for HSO;  anions
remained unaffected in the presence of several other competi-
tive anions. The mechanism of the sensing process was vali-
dated using IR spectroscopy. The IR spectrum of the MOF
treated with HSO;~ anions showed a stretching peak at
~1130 ¢cm™ ', correspong to the S=O bond of the HSO;~
anions.

The detection of fluoride ions is very important given that
they play various important roles in biological and environ-
mental systems.>>® The recognition and quantification of fluor-
ide ions are necessary, and in this context, MOFs are very
efficient. Yan and co-workers post-synthetically incorporated
the Tb*" ion in a Zr-MOF to form Tb*'@Zr-MOF for the
discriminating sensitive “turn-on’’ recognition of fluoride ions
in aqueous medium.*®* In the solid state, the luminescence
spectrum (L, = 302 nm) of Tb**@Zr-MOF showed the signature
peaks for the Tb*" ion at 620, 584, 544 and 488 nm, which
correspond to the °D, — ’F, transition where, J = 3, 4, 5 and 6,

N\)k
Ny
NaHSO,

——)

Fig. 32 PSM process of NH,-MIL-68(In) with glyoxal to produce the final probe and its sensing mechanism for the HSO3™ anion.
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Fig. 33 Emission peak pattern of Tb*"@Zr-MOF with diverse anions (inset: colorimetric response of Tb**@Zr-MOF with F~ ion) and (b) highest
increment of fluorescence intensity of Tb**@Zr-MOF with F~ ion among a variety of competitive anions. Reproduced with permission from ref. 254, the

American Chemical Society, Copyright 2018.

Table 3 Diverse MOFs with their excitation, emission wavelength and LOD values corresponding to the recognition of various anions

The metal ion  Aeycitation  “emission Nature of analyte
MOFs in node/SBU (nm) (nm) detects LOD Ref.
1 Zr 310 465 CN™ 0.14 uM 256
UiO-66-NH, Zr 360 470 82 x10"Mand 7.3 x 107’ M 257
ZIF-90-BA Zn 475 544 ocCl™ 6.25 uM 258
Zr-Ui0-66-N,H, Zr 360 430 PO~ 0.196 uM 259
NHZ—MIL—101(A1] Al 490 520 F 0.05 pmol Lt 260
Zr-Ui0-66-NH-CH,-Py Zr 330 430 0, 0.21 pM 261
PDA/Eu/PDA—UiO—66—NH2(X) Zr 280 591, 614, 650 and 698 ClO™ 0.10 uM 262

respectively. This indicates that the ligand effectively sensitized
(antenna) Tb*" in the luminescence process. However, when the
luminescence spectrum (Lo = 302 nm) of Tb**@Zr-MOF was
recorded in water medium, the ligand-centred emission at
398 nm appeared, whereas the intensity of the Tb** emission
decreased. This reduction is owing to the stretching vibration
of the O-H bond of the water molecule. On screening the
luminescence intensity of Th**@Zr-MOF in water medium with
several anions (Fig. 33), its fluorescence intensity sharply
increased with F~ ions. Under UV light in the presence of F~,
the MOF also showed a colorimetric response with bright green
color, which corresponds to the major peak at 544 nm (°D, —
’Fs5) (Fig. 33, inset). The detection limit for F~ ion was found to
be 0.35 ppm.

The PXRD pattern of the recovered MOF after the first
sensing process ruled out the degradation of the framework.
Interestingly, the MOF having imperfect bonds indicates that
the coordination number around Zr** remained vacant, which
acts as a Lewis acid and furnished the guest interaction site.>>*
In water, the intensity ratio value of Is;s/I305 Was 1.5, which
significantly increased to 29 upon the interaction of Tb**@Zzr-
MOF with F~ ions. The F~ ion is a Lewis base, and thus strongly
interacts with the Lewis acid Zr*' ion, causing the energy
transfer from the ligand to Zr** to considerably decline.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023

Concomitantly, the energy transfer was enhanced from the
ligand to Tb**. Thus, the luminescence intensity of Th** @Zr-
MOF increased. The MOF-based ‘turn-on” probes for the
recognition of diverse anions are listed in Table 3.

4. Conclusion and outlook

This review article furnished a summary and classification of
various luminescent MOF materials with their fabrication
strategies and the “turn-on” sensing application towards a
variety of organic and inorganic analytes such as cations,
anions, VOCs, biomolecules, biomarkers and environmental
pollutants. The tunable structural features of MOFs make them
suitable luminescence sensors and their emission can be
increased depending on the presence of highly conjugated
organic linkers, metal ions and/or suitable luminescence guest
moieties in their framework. Compared with the ‘“turn-off”
(signal-off) sensing process, the “turn-on” signalling event is
very important and has more practical applicability. Thus, the
optical response associated with ‘“turn-on” sensing is a signifi-
cant research motif. “Turn-on” MOF sensors with a low LOD
are very appealing given that they enable the visual detection of
analytes. The host-guest interaction and the transfer of energy/
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electrons between them are the prime contributors to the signal
transduction in the sensing process. However, although sig-
nificant developments have been achieved, there is an ample
chance for further advancement in this research field.

The MOF-based “turn-on” sensing phenomenon can be
explored for device-based sensors or OLED devices, which is
in its infancy. Similarly, MOF-based membrane or thin film
sensors need to be considered, and many aspects can evolve
from this methodology in terms of sensitivity, selectivity,
response time and recyclability. Nanoscale luminescent MOFs
have potential application in tissue and cell imaging, i.e., in vivo
sensing. In this regard, hydrolytic stability and robustness in
the biological environment are crucial. The aqua solvent has
the ability to coordinate with metal ions and there is a chance
of the collapse of the MOF network. However, currently, there
are ample MOFs that are very water stable. Nevertheless, we
have to look at other parameters for diverse applications in the
line with “turn-on” sensing. For example, the cytotoxicity of
MOFs should be properly investigated for biological sensing
and considerably absent in this case. Moreover, multidisciplin-
ary collaboration between bioengineers, materials scientist and
biomedical scientists will enable the execution of luminescence
MOFs for practical biological applications.

Abbreviations

TPPE 1,1,2,2-Tetrakis(4-(pyridin-4-
yl)phenyl)ethane

DMA N,N-Dimethylacetamide

CSMCRI-3 [Ni,(p,-OH)(azdc)(tpim)](NO;)-6DMA.-
6MeOH

tpim 4,4’ 4"-(1H-Imidazole-2,4,5-
triyl)tripyridine

H,azdc azobenzene-4,4'-dicarboxylic acid

H,DHT 2,5-Dihydroxyterephthalic acid

TFA Trifluoroacetic acid

LLCT Ligand to ligand charge transfer

H,;L 4,4’ ,4"-Nitrilotribenzoic acid

ETTC 4,4,4,4-(Ethane-1,1,2,2-
tetrayl)tetrabiphenyl-4-carboxylic acid

XPS X-Ray photoelectron spectroscopy

H,L, 4,4'-Dicarboxy-4"-nitrotriphenylamine

L, 4-Hydroxypyridine-2,6-dicarboxylate

2,3-pydcH, Pyridine-2,3- dicarboxylic acid

Bpp 1,3-Bis(4-pyridyl)propane)

HiL, 4’4" 4" -Nitrilotris(3-methoxy-[1,1'-
biphenyl]-4-carboxylic acid

H,L, 5-[(Anthracen-9-ylmethyl)-amino]-
isophthalic acid

Ls 4,4'-((9H-Fluoren-9-ylidene)-
methylene)dipyridine

bpy 4,4'-Bipyridine

SCXRD Single crystal X-ray diffraction

3-NH,-Hpba 3-Amino-4-(pyridin-4-yl)benzoic acid

MMCT Metal to metal charge transfer
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Rhodamine B

3,5-Diamino-1,2,4-triazole
2-Amino-1,4-benzenedicarboxylic acid
Guest molecule
Christian-Albrechts-University
University of Oslo

Reactive oxygen species
3,3”-Diamino-1,1":4’,1"-terphenyl-4,4"-
dicarboxylic acid

2,2'-Bipyridine
4,4'-Trimethylenedipyridine
5-Nitroisophthalic acid

Near infrared

Ligand to metal charge transfer
[(Ag15(StBu)s(CF5CO0)s(CH;CN),]-CH;CN
Tetrapyridine-tetraphenylethene
Aggregation enhanced emission
5-[4(1H-1,2,4-Triazol-1-yl)[phenyl-2H-
tetrazole)

5,5'-((1R,2R)-Cyclohexane dicarbonyl bis-
(azanediyl)) diisophthalic acid

Nitro aromatic compounds

Metal to ligand charge transfer
Tetrakis[4-(4-
carboxyphenyl)phenyljethane

Diethyl chlorophosphate
2,5-Diacetoxy-1,4-benzenedicarboxylic
acid

2,5-Dihydroxyterephthalic acid
3-(Diethylamino)phenol

Isoproturon

Poly(vinyl alcohol)

Nitrogen-rich heterocyclic dicarboxylate
linker

2,2/,3,3’-Oxidiphthalic acids

Molecularly imprinted polymer

Polymer mixed-matrix membranes
1,10-Phenanthroline-2,9-dicarboxylic acid
3,5-Diamino-1,2,4-triazole
2,6-Pyridinedicarboxylic acid
5,5’-(9,10-Dihydroxy-4a,9,9a,10-
tetrahydroanthracene-9,10-diyl)-
diisophthalic acid
(5-(2-(5-Fluoro-2-hydroxyphenyl)-4,5-bis(4-
fluorophenyl)-1H-imidazol-1-
yl)isophthalic acid)

DNBT (dual-ring NRHC)

H;jbta (bis(1H-tetrazol-5-yl) amine)

NTO (single-ring NRHC)
5H-tetrazol-5-amine

3-Nitro-1Hpyrazole
1-Methyl-1H-tetrazol-5-amine
4H-1,2,4-Triazol-4-amine

DABT (3,3'-diamino-5,5'-bis(1H-1,2,4-triazole))
Pyrazole

4H-1,2,4-Triazole
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HMX (1,3,5,7-Tetranitro-1,3,5,7-tetrazocane)
RDX (1,3,5-Trinitroperhydro-1,3,5-triazine)
TNT (Trinitrotoluene)

FOX-7 (1,1-diamino-2,2-dinitroethylene)
4,4'-Bipyridine

2,2’-Biimidazole

2,2'-Bipyrimidine
1,4,7-Triazacyclononane
Tris(2-aminoethyl)amine
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