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Efficient chemosensors for toxic pollutants
based on photoluminescent Zn(II) and Cd(II)
metal–organic networks

Luis D. Rosales-Vázquez, a Alejandro Dorazco-González *a and
Victor Sánchez-Mendieta *b

Optical sensors with high sensitivity and selectivity, as important analytical tools for chemical and environ-

mental research, can be realized by straightforward synthesis of luminescent one-, two- and three-

dimensional Zn(II) and Cd(II) crystalline coordination arrays (CPs and MOFs). In these materials with emis-

sion centers typically based on charge transfer and intraligand emissions, the quantitative detection of

specific analytes, as pesticides or anions, is probed by monitoring real-time changes in their photo-

luminescence and color emission properties. Pesticides/herbicides have extensive uses in agriculture and

household applications. Also, a large amount of metal salts of cyanide is widely used in several industrial

processes such as mining and plastic manufacturing. Acute or chronic exposure to these compounds can

produce high levels of toxicity in humans, animals and plants. Due to environmental concerns associated

with the accumulation of these noxious species in food products and water supplies, there is an urgent

and growing need to develop direct, fast, accurate and low-cost sensing methodologies. In this critical

frontier, we discuss the effective strategies, chemical stability, luminescence properties, sensitivity and

selectivity of recently developed hybrid Zn(II)/Cd(II)–organic materials with analytical applications in the

direct sensing of pesticides, herbicides and cyanide ions in the aqueous phase and organic solvents.

Introduction

Coordination polymers (CPs) have attracted the attention of
the scientific community for several decades.1–3 Originally
from the structural–property relationship point of view, and
more recently, from the perspective of developing novel appli-
cations, CPs have risen in the past twenty-five years as one of
the top functional materials to be studied, MOFs being the
superstars.4–7 The relatively easy chemical structural tuning of
CPs, based on archetypal coordination chemistry, allowed the
appearance, development and enhancement of their properties
such as magnetism,8 catalysis,9 adsorption10 and separation,11

and luminescence;12 it is the main reason for the increasing
relevance of these interesting compounds. CPs having d-block
metal ions are amongst the most prolific hybrid materials,
including those containing Zn(II) and Cd(II) as metal centres,
which are usually assembled using di-, tri-and tetra-carboxylate
compounds or/and nitrogen compounds as bridging

ligands.13–15 These CPs are commonly exposed in a fascinating
structural diversity due to their inherent metal-linker joining
in the current and on-going, well-documented, secondary
building units (SBUs).16,17 Regardless of the substantial
number of Zn and Cd based coordination frameworks structu-
rally characterized, thorough studies in relation to their fluo-
rescence properties, and their use as chemosensors for diverse
analytes, remain an open challenge.18,19 Hence, growing inter-
est in their applications towards the recognition and detection
of environmental hazardous species has been reflected in
freshly day-to-day emerging literature and, consequently, in
cutting-edge and excellent reviews.4,19–21 Special attention in
this line has been focused on toxic compounds, such as ener-
getic materials (explosives), cations and anions.4,19,20 Even
though the detection of those compounds is important and,
therefore, further studies should continue, in the last years
there has been a bullish awareness for the sensing of pesti-
cides and herbicides, which, at some level, had been an over-
shadowed issue in detection studies of hazardous pollutants
by luminescent CPs and MOFs. Taking into consideration the
crucial role that farming activities play in our lives, at least
one-third of the global agricultural production is highly depen-
dent on pesticides and herbicides.22 Some of the biggest pro-
blems of these anthropogenic pollutants are their high tox-
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icity, along with their poor selectivity to differentiate between
target and non-target populations. This indiscriminate usage
has been exposed in studies where only 1% (sometimes even
lower23) of the sprayed pesticides actually reaches the targeted
species. The remaining 99% of the applied pesticides tends to
bio-accumulate in the food chain and drift in the environment
via rivers, lakes or other bodies of water causing irreparable
damage to the flora and fauna, and also to humans in the
form of numerous health-related issues.22–26 Although some
political measures have been addressed in order to reduce the
negative impact of pesticides and herbicides (programs like
ECOPHYTO by the French government),23 there is still a long
road ahead to lessen this trouble. In addition, to the best of
our knowledge, the extremely lethal cyanide ion represents
another example of an overlooked toxic pollutant not often
mentioned in the up-to-date literature of luminescent
CPs.20,27,28 Despite its inherent danger, curiously, the cyanide
ion is repeatedly ignored in the research of anionic contami-
nants detected using coordination frameworks.4,15,19,27–29

Bearing this in mind, we decided to integrate this interesting
yet dangerous anion to the discussion in order to raise aware-
ness for further related investigations.

This Frontier article highlights selected examples and
current advances in the effectiveness of luminescent Zn and
Cd CPs and MOFs as highly sensitive, selective, and relatively
low-cost fluorescent sensors for the real-time detection of pes-
ticides, herbicides and the cyanide ion, believing that these
versatile hybrid materials would eventually contribute to the
monitoring and control of the excessive use of hazardous pol-
lutants, minimizing their effects on the environment.

General design outline of luminescent
Zn(II)/Cd(II) coordination polymers for
pesticide/herbicide sensing

From a synthetic point of view, the straightforward combi-
nation of d10 metal centers (Zn(II) or Cd(II)) and appropriate
organic polytopic linkers, such as aromatic multicarboxylates
or N-donor ligands, can be used to obtain CPs with appealing
structural diversity,30 exhibiting a large number of photo-
luminescence processes.12,19,31–33

The effective interaction between diamagnetic d10 transition-
metal centers and this type of ligand enhances the fluorescence
emission due to the increase of the rigidity of the aromatic
ligand inside the final crystal arrangement, which reduces the
loss of energy through non-radiative processes.31,34

The rational design of efficient Zn(II)/Cd(II) CPs for lumine-
scence sensing of pesticides and anions must include
materials with the following features: (1) chemical stability,
specifically under the desired sensing conditions (aqueous
media, physiological environments, real samples with multiple
interferents), (2) a stable luminescence source, and (3) specific
sites of recognition for the target analyte capable of generating
a selective optical response (Scheme 1).

Chemical stability of Zn(II)/Cd(II) CPs and MOFs in water

Luminescent Zn(II)/Cd(II) CPs and MOFs have been widely
used as chemosensors for direct optical detection of anions
(halides, pseudohalides and carboxylates),35–37 transition-
metal ions (Cu(II), Zn(II), Hg(II) Cr(III), Cr(VI), Fe(III)),29,34,38–42

amino acids (e.g., histidine and aspartic acid),28,43 nitroaro-
matic explosives,44–47 volatile organic compounds (VOCs),48–50

organoamines,51 and pollutant gases,27 as pH-sensors,35 and
in lesser use for antibiotics52–55 and biomarkers of carcinoid
tumors.56

Although the literature shows very recent examples (made
post 2014) of sensors based on Zn(II)/Cd(II) CPs for pesticides
(Schemes 2–4) such as parathion,23,57,58 paraoxon,57 feni-
trothion,57 glyphosate,25 azinphos-methyl,59,60 chlorpyrifos,61

2,6-dichloro-4-nitroaniline, (DCN);24,29,37,62,63 trifluralin,
(TFL);24 nitenpyran,64 simazine,65,66 2,4,6-trichloroanisole,
(TCA);65 diquat, (DQ);67 and paraquat (PQ),68 some analytical
aspects such as selectivity, efficient optical response, function-
ality in complex or real samples, and chemical stability in
aqueous media persist as central drawbacks in these reported
systems.

On the other hand, cyanide sensing by luminescent Zn(II)/
Cd(II) CPs in pure water still remains largely unexplored,
despite the fact that the examples reported in the literature
(only three studies) show efficient analytical responses with
very low detection limits (<10−6 M), selectivity over common
interfering anions and structural advantages compared to con-
ventional organic luminophores.69–71 In general, the develop-
ment of d10 metal CP/MOF-based sensors has been largely
restricted to non-aqueous media which seriously limits their
applications.24,57,62,65,66,72,73

The chemical stability of CPs and MOFs in the presence of
water is a critical property and prerequisite when considering

Scheme 1 Schematic overview of the design of a potential transition-
metal CP/MOF for real world sensing applications considering the
importance of chemical stability in water and specific binding sites.
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these materials for luminescence sensing applications in real-
world samples.

A hydrostable CP/MOF is a material that can be handled in
aqueous solutions and is expected to maintain its chemical
structure. Experimentally, this stability can be inferred
through exposure of the sample (CP) to aqueous conditions
and subsequent comparison of the sample’s structural pro-

perties before and after water exposure via methods such as
fluorescence spectroscopy, IR-spectroscopy and powder X-ray
diffraction.74 For luminescent CPs/MOFs, the simplest and
most common method to study the chemical stability in
aqueous media is to record the emission spectra of aqueous
suspensions or solutions as a function of time and to compare
them with the initial spectrum of the starting material.71 This
method works well as a first-pass evaluation of hydrolytic stabi-
lity, but a sample with small changes in its emission intensity,
even without displacements of its emission maxima, can
undergo changes in its chemical structure, for example, a
dynamic solvent exchange by water molecules.75

In thermodynamic terms, hydrostable CPs include a combi-
nation of inert metal nodes (mononuclear or cluster) and
ligands which makes energetically unfavourable the irrevers-
ible hydrolysis reaction (1).

ΔGhyd ¼ ΔGprodðCPþ nH2OÞ þ ΔGreact ðCPþ nH2OÞ ð1Þ

where ΔGprod is the free energy of the aqua coordination
polymer formed between the CP and the water molecules after
the hydrolysis reaction takes place and ΔGreact is the free
energy of the CP and the water molecules before the hydrolysis
occurs.

In these materials, the strength of metal−ligand coordi-
nation bonds can be a strong indicator of their hydrolytic
stability. As a weak point in these synthetic structures,
usually, the metal–ligand bond strength is less compared to
that of natural hydrostable materials such as zeolites. In
principle, the hydrolytic stability of these CPS and MOFs
requires sufficient metal–ligand binding free energy to over-
come the high hydration energies of Zn(II)/Cd(II) ions (ΔG =
−2043 and −1843 kJ mol−1 for Zn(II) and Cd(II),
respectively).76

Because Zn(II)/Cd(II) CPs are governed by Lewis acid−base
coordination chemistry, the pKa of the coordinating atom on
the ligand can be used as a first approximation of the
metal−ligand bond strength. This correlation was previously

Scheme 2 Chemical structures of the main organophosphate
pesticides.

Scheme 3 Chemical structures of the main organochlorine pesticides.

Scheme 4 Chemical structures of the main herbicides.
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studied by Long and used as a strategy for the preparation of a
series of highly hydrostable Co(II), Zn(II), Ni(II), and Cu(II)
based MOFs containing the pyrazolate ligand.77

As the hydrolysis reaction of Zn(II)/Cd(II)-based CPs can only
proceed if the water molecule comes sufficiently close to the
metal to allow the interaction between the electron orbitals on
the electrophilic metal and nucleophilic water molecule, the
introduction of hydrophobic fragments in the ligands is a
common approach to improve the hydrostability and decrease
the degree of hydration of the metallic nodes without compro-
mising the chemical structure of Zn(II)/Cd(II)-CP based
sensors.50,74

Luminescence of Zn(II)/Cd(II) CPs and MOFs

The luminescence of Zn(II)/Cd(II)-CPs containing aromatic
multicarboxylates or N-donor ligands stems from several pro-
cesses such as ligand-centered emission (LC), metal-centered
emission (MC), ligand-to-metal charge transfer (LMCT), metal-
to-ligand charge transfer (MLCT) and ligand-to-ligand charge
transfer (LLCT) and even analyte-induced luminescence as
depicted in Scheme 1. Among these kinds of emissions, the
most commonly reported ones for CPs and MOFs containing
Zn(II)/Cd(II) are LC, LLCT and LMCT, the latter is observed
especially when CPs and MOFs have Zn(II)/Cd(II) clusters as
nodes.19,78

In this context, organic carboxylate ligands included in the
most common CPs and MOFs contain π-conjugated backbones
which have little spin–orbit coupling, so the emission is deter-
mined basically by the excited states of the ligand with the
electronic transition π–π* or n–π* and the symmetry of the
singlet ground state.79 Thus, the emission is typically from the
lowest excited singlet state to the singlet ground state (fluo-
rescence). LMCT-based emission has been reported in a wide
range of Zn(II) and Cd(II) CPs/MOFs, which involve electronic
transitions from an organic linker localized orbital to a metal-
centred orbital; this mechanism occurs primarily in structures
containing benzene-multicarboxylates as linkers and N-donors
as auxiliary ligands.79 Usually, these materials display intense
blue and green emissions in the range of 380 nm–500 nm.79–81

For recent examples see: [Cd1.5(dpb)(2,2′-bpy)],
32 [Zn(dbpy)-

(DMF)],44 [Cd(tptc)0.5(2,2′-bipy)],
82 [Cd3(dtba)3(bbp)3]

83 and
[Cd3(tma)2(iQ)3(DMF)]84 (Hdpb = 3-(2′,3′-dicarboxylphenoxy)-
benzoic acid; H2dbpy = 2,2′-bipyridine-4,4′-dicarboxylate,
H4tptc=(1,1′:4′,1″-terphenyl)-2′,3,3″,5′-tetracarboxylic acid,
H2dtba = 2,2′-dithiobisbenzoic acid, bpp = 1,3-bis(4-pyridyl)-
propane, H3tma = trimesic acid and iQ = isoquinoline), where
the trinuclear Cd-MOFs display room temperature blue
luminescence at ∼435 nm with a lifetime in the nanosecond
range attributed to a combination of intraligand emission
and LMCT. Generally, these types of metal–organic networks
containing Zn(II)/Cd(II) ions with benzene-multicarboxylate
and aromatic N-donors exhibit enhanced blue emission
peaks at 400–500 nm in comparison to free ligands,
which can be attributed primarily to a combination of
metal perturbed intra-ligand emissions (LC and LLCT) and
LMCT.5,24,29,37,47,57,58,79,86

The possible electronic states involved in the luminescence
phenomenon of Zn(II)/Cd(II)-based MOFs are listed in
Scheme 1. To understand the nature and general aspects of
this luminescence concept, the readers should refer to specific
reviews on the subject.12,78,81

Frequent photophysical approaches, based on lumine-
scence signal changes, for the detection of heavy-atom
anions, cyanide ions and pesticides in Zn/Cd metal–organic
networks, include (1) photoinduced electron transfer
(PET),5,24,37,62,67,68,86,103 (2) Förster resonance energy transfer
(FRET)5,19,27,36,52,63,79 and (3) charge transfer.79

For toxic pollutant and cyanide sensing, the PET mecha-
nism is the most popular, and has been used to develop many
“turn-off” fluorescent chemosensors.5,24,37,62,67,68,86,103 PET-
based electron donor–acceptor metal–organic networks can be
understood in the light of frontier molecular orbital theory. In
the presence of the analyte, the HOMO of the donor (anion or
analyte) lies higher in energy than the acceptor (luminescent
chemosensor), which results in an electron transfer to the
acceptor′s HOMO immediately after excitation and before
emission, thereby quenching luminescence.5

Selectivity towards pesticides/herbicides

The use of commercial pesticides with life-threatening health
effects (e.g., neurotoxicity, genotoxicity and cancer)85 and
serious adverse environmental impacts22 forces the develop-
ment of efficient real-time quantification sensing systems,
with high sensitivity and selectivity. While the need for
efficient and highly selective optical chemosensors for pesti-
cides is evident, to date, very few sensory systems capable of
operating in 100% water and real samples have been
described, which is highly desirable for practical application.

For CPs/MOFs with one type of emission source, the change
in the monochromatic luminescence signal in the presence of a
pesticide is good and enough for the quantitative analysis;
however, the selectivity is still not comparable to those of HPLC
techniques and mass spectrometry (GC-MS); furthermore, most
reports lack studies on complex or real samples (Table 1).

In contrast, remarkable progress in the development of
systems with very high sensitivity and low detection limits, in
the nanomolar range (<10−7 M), for several pesticides has been
achieved using high-dimensional porous d10-based MOFs
such as [Zn4(TCPP)2(TCPB)2],

23 [Cd3(PDA)(tz)3Cl(H2O)4],
59

[Cd2(tib)(btb)(H2O)2],
64 and ZnPO-MOF86 and Zn(II)-coordination

polymers such as Zn-NDC-MI63 (see Table 1 for abbreviations).
Owing to the toxicity of these pollutants, the World Health

Organization (WHO) is under a strong vigilance of their per-
missible limits in drinkable water (glyphosate: 4.14 × 10−6 M;
chlorpyrifos: 8.57 × 10−8 M; trifluralin 5.96 × 10−8 M; simazine
1.98 × 10−8 M; atrazine 1.39 × 10−8 M and DQ 1.08 × 10−7 M),
keeping also close monitoring of several other pesticides and
herbicides in accord to their impact on human health.94

Additionally, the Food and Agriculture Organization (FAO)
from the United Nations has also established rigorous
maximum residue limits (MRL) for each pesticide and herbi-
cide varying according to the type of fruit, vegetable or seed.95
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In this context, luminescent Zn(II) and Cd(II) crystalline
metal–organic networks have gained extensive attention as
optical sensors for pesticides because of their straightforward
synthesis, fast response, high selectivity and sensitivity, and
recyclability. A notable example is the 2D nano-sheets of
MOF-Calix25 (Table 1) which showed excellent sensing per-
formance of glyphosate, which is the most frequently used her-
bicide worldwide, with a low limit of detection of 2.25 × 10−6

M with a luminescence “turn-on” response. This limit of detec-
tion is below the maximum permissible limit of the WHO in
drinking water (4.1 × 10−6 M).25,94

Although great advances have been made in the develop-
ment of chemosensors based on metal–organic materials for
the detection of pesticides, most reports lack studies on
complex or real samples. Some notable examples are the com-
pounds [Zn4(TCPP)2(TCPB)2]n

23 and ZnPO-MOF,86 which were
used in the determination of parathion and methyl-parathion
directly in irrigation water with detection limits in the nano-
molar concentration range (Table 1) with excellent recovery
rates. These detection values are much lower than the
maximum residual limits in the European Pesticides databases
(e.g., 1.7 × 10−6 M for parathion)23

On the other hand, the literature shows a very few examples
of these types of chemosensors for pesticides in fruits and veg-
etables. Water-stable trinuclear MOFs [Cd3(PDA)(tz)3Cl
(H2O)4]·3H2O

59 and [Zn3(DDB)(DPE)]·H2O
37 (Table 1) are able

to detect azinphos-methyl and 2,6-dichloro-4-nitroaniline
(DCN), respectively, in apples, fruit extracts and tomatoes with
the detection limit in the nanomolar concentration range.
These detection limits meet the maximum residue limits
established by the Food and Agriculture Organization (FAO) of
the United Nations (e.g., MRL = 3.15 × 10−6 M for azinphos-
methyl in tomatoes).37,59

CP/MOF-based sensors have immense possibilities for the
functionalization of specific binding sites, the activation of
pendant groups, pore size modulation, suitable signal trans-
duction and post-synthetic modification.22 Despite the signifi-
cant advances that have been made in luminescence sensing
systems for pesticides, the selectivity is a current unsolved
challenge.22

Regarding biological receptors, the substrate molecules
selectively bind to a specific site typically with multiple con-
verged and complementary host–guest interactions.87 To
date, the pore size modulation of MOFs and the electron-
donating property modulation of the ligands have been an
important strategy to provide close interactions between the
metal–organic frameworks and analytes (pesticides), thus
generating selective systems. Some notable examples are
Zn(II)-MOFs [Zn4(TCPP)2(TCPB)2]n and ZnPO-MOF where the
selectivity towards parathion and methyl parathion over
several organophosphate derivatives is attributed to the
strong electron transfer from the electron-donating ligands to
the highly electron-withdrawing nitroaromatic group in the
pesticides.23,86 These materials were used in the determi-
nation of methyl parathion in irrigation water with satisfac-
tory results.

Previously mentioned MOF-Calix is a selective sensor
designed with the concept of host–guest chemistry, where the
MOF binds to glyphosate by multiple hydrogen bonding and
π⋯π stacking interactions.25 The selectivity of the three-dimen-
sional MOF [Cd3(PDA)(tz)3Cl(H2O)4]·3H2O is attributed by the
authors to the integration of various convergent interactions
such as hydrogen bonding and π…π stacking between the MOF
and the pesticides, whilst the selectivity of [Cd2.5(PDA)(tz)3]n is
the result of the combination of π⋯π interactions between the
aromatic part of azinphos-methyl and the aromatic panel of
the MOF together with a strong coordination bond (Cd⋯SvP)
between the terminal S atom of azinphos-methyl and the Cd(II)
atom.

Selectivity towards cyanide

Nowadays, a large amount of metal salts of cyanide is widely
used in several industrial processes (∼1 400 000 tons per
year)88 such as gold mining, and plastic manufacturing.89

Cyanide waste causes serious pollution in the environment,
especially in natural water sources. Compared with very toxic
heavy-metal ions, CN− can lead to the death of humans and
aquatic species in minutes.90 For this reason, the development
of sensitive and selective CN− sensors capable of operating in
the aqueous phase has been a subject of intense research
during the last few decades.91

The literature shows very few examples of cyanide sensing
by metal–organic materials.69–71 Ghost and coworkers reported
the first two examples of post-synthetically modified MOF-
based chemical sensors for CN− in the aqueous phase.69,70

Post-synthetic modification was employed to incorporate a
specific recognition site for CN− (reactive free aldehyde groups
aligned within the pores) with selectivity over halides, oxoa-
nions and pseudohalides.

Recently, Sánchez-Mendieta and co-workers reported a
series of hydrolytically stable zinc-1,4-cyclohexanedicarboxylato
coordination polymers, with blue emission, capable of selec-
tively quantifying cyanide ions with a detection limit of 9 ×
10−8 M.71 The selectivity was attributed by the authors to the
coordination of the cyanide anion with the metallic centre,
which resulted in the formation of the salt Zn(CN)2 with the
simultaneous release of the ligands. The nucleophilicity of the
cyanide anion together with the high hydration energies of
other anions such as halides and oxoanions makes these poly-
mers efficient to function as cyanide-selective fluorescent che-
modosimeters over a wide pH range.

Interestingly, Zn(II)-metal–organic materials designed for
cyanide sensing have detection limits (∼ 10−8 M) considerably
lower than the maximum level of CN− recommended by the
WHO in drinking water (2.7 × 10−6 M).69–71

CPs and MOFs as fluorescent sensors
of pesticides

In one of the earliest instances, the well-known MOF-5 has
been applied by Kumar’s group in the luminescence detection
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of organophosphate pesticides (OPPs) such as parathion,
methylparathion, paroxon (an initial degradation product of
parathion) and fenitrothion (Scheme 2).57

Usually, most of the OPPs are potent nerve agents that can
irreversibly inhibit the activity of the acetylcholinesterase
enzyme (AChE), which is responsible for the proper function-
ing of the nervous system by hydrolysing the neurotransmitter
acetylcholine (ACh). Since ACh is an important neuro-
transmitter, the over-accumulation of ACh eventually leads to
respiratory paralysis and death.23,59 Although no selectivity
over any of the OPPs mentioned was shown for MOF-5,
Kumar’s group continued their investigations into the reco-
gnition of OPPs with NMOF1, a cadmium and 2-aminoter-
ephthalic acid based 3D MOF, with the particular character-
istic of a non-coordinative –COOH group, which was post-syn-
thetically converted into an amide by the reaction with EDC
(1-ethyl-3-(3-dimethyl aminopropyl) carbodiimide), enhancing
in the MOF the capacity of bioconjugation with a selective anti-
body against parathion (NMOF1/anti-parathion) (Fig. 1). The
sensitivity of the system was increased up to 5-fold in compari-
son to that of MOF-5 and the analysis was proceeded in an
aqueous medium with a quenching response.58

Likewise, the fluorescence recognition of methylparathion
has been achieved using ZnPO-MOF, a 3D microporous MOF
constituted of a metalloporphyrin (Zn-(5,15-dipyridyl-10,20-
bis(pentafluorophenyl))porphyrin) and a tetracaboxylate
linker (1,2,4,5-tetrakis(4-carboxyphenyl)benzene) assembled
together through the typical Zn-paddlewheel SBU.86 The MOF
experienced a significant change in its fluorescence signals
with a selective turn-off response for methyl-parathion, which
was attributed to the PET mechanism.86 Importantly, methyl-
parathion detection can be carried out in competition with
several OPPs and other nitroaromatic compounds, and it has
confirmed its efficacy in real irrigation samples from a
lake.86

Furthermore, in an on-going process, glyphosate, the active
ingredient in most Roundup® brand pesticides and other
weed-control products of the same producing company, has
been in the spotlight for recent carcinogenic allegations. With
the growing importance of the rapid detection of glyphosate,
Yu’s group has designed a specific glyphosate fluorescent
sensor.25 Their synthetic strategy relies on the incorporation of
a predesigned tetra-pyridyl-functionalized calix[4]arene ligand
(25,26,27,28-tetra-[(4-pyridylmethyl)oxy]calix[4]arene) which
reacted with 5-nitro-1,3-benzenedicarboxylic acid (5-NO2-BDC)
and Cd(NO3)2·4H2O, producing a 2D functionalized cup-
shaped feature structure attributable to the calix[4]arene
ligands, where those layers are connected into a 3D architec-
ture, denoted as MOF-Calix (Fig. 2).25 MOF-Calix crystallizes in
the triclinic space group P1̄ and shows two crystallographic
independent Cd atoms. The Cd1 atom adopts an octahedral
coordination geometry and is six-coordinated by four O atoms
of the carboxylate groups from 5-NO2-BDC and two N atoms
from the calix[4]arene ligand. The Cd2 atom also takes an octa-
hedral coordination geometry, coordinated by four O atoms of
the carboxylate groups from 5-NO2-BDC, one O atom from
MeOH and one N atom from one calix[4]arene ligand, leaving
in the 2D layer an uncoordinated N atom of the pyridine group
from tetra-pyridyl-functionalized calix[4]arene. Since the 3D
bulk material is integrated by the 2D layer array, the authors
transformed MOF-Calix through a simple and easy exfoliation
process where the 2D layers are separated into ultrathin single
(2.20 nm) or double-layer (3.73 nm) 2D MOF-Calix nanosheets.
Apparently, taking advantage of the host–guest interaction pro-

Fig. 1 Mechanism for parathion detection using NMOF1. Modified with
permission from ref. 58 copyright (2020) Elsevier.

Fig. 2 (a) View of the coordination environment of the Cd centers in
MOF-Calix. (b) View of the 2D structure in MOF-Calix extending along
the bc plane. (c) Schematic illustration of the fabrication of 2D
MOF-Calix nanosheets and sensitive detection of pesticides through
host–guest chemistry. (d) The fluorescence response of the MOF-Calix
nanosheets towards various organic acids and PO4

3− (45 μM for each).
Adapted with permission from ref. 25 copyright (2020) Elsevier.
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vided by calix[4]arene, the cavities were able to self-adjust to
better incorporate glyphosate molecules by varying their size
and shape as the pyridine group from calix[4]arene could
freely rotate via the methylene groups. As the glyphosate mole-
cules were immobilized in the host of calix[4]arene by the
host–guest interaction, the rigidity of the backbone was ampli-
fied, facilitating the electron transfer through a radiative decay
process after the photoexcitation process, increasing the fluo-
rescence intensity.25 The selectivity of MOF-Calix was explored
by competition of plenty inorganic ions as well of additional
carboxylic and phosphonic acid compounds (formic acid,
acetic acid, benzoic acid, ethanedioic acid, phenylphosphonic
acid (PPA), (amino-methyl)phosphonic acid (AMPA) and
PO4

3−). Under the same experimental conditions, no notice-
able interference nor fluorescence variation was observed for
these analytes. To find out whether the guest size played a
decisive role in the selective sensing or not, the fluorescence
intensity of MOF-Calix nanosheets was determined in the pres-
ence of organic molecules with a similar size to glyphosate:
glutaric acid and iminodiacetic acid. After adding a solution of
45 μM glutaric acid and iminodiacetic acid independently, the
fluorescence intensity increased by 6.3% and 10.9% respect-
ively, while for glyphosate 240% fluorescence enhancement
was observed emphasizing its selectivity for glyphosate with a
detection limit of 2.25 × 10−6 M.25

Moreover, azinphos-methyl, a widely employed OPP to
control many insect pests on a variety of fruits, vegetables,
nuts, grapes, apples, crop fields and shade trees, and a key
ingredient in the preparation of several commercially available
pesticides, was analyzed in real samples from the extract of
apples59,60 and tomatoes59 by Singha’s group. Two different
compounds derived from the same metal ion (Cd(II)) and
ligand (1,4-phenylenediacetic acid (PDA) and 1,2,4-triazol (tz))
were studied.59,60 [Cd2.5(PDA)(tz)3]n was the product from the
solvothermal reaction,60 whilst [Cd3(PDA)(tz)3Cl(H2O)4]·3H2O
was obtained from the reaction at room temperature with
minor solvent changes.59 The first one is a 3D MOF with an
asymmetric unit integrated by one PDA, three tz and two and a
half crystallographically independent Cd(II) ions. The coordi-
nation environment of Cd1 plays an important role in the reco-
gnition as this central ion has an unsaturated coordination
vacancy in a distorted trigonal bipyramidal geometry. The
authors suggest that the π⋯π interactions along with this
vacancy are both responsible for the detection of azinphos-
methyl (Fig. 3).60 On the other hand, although [Cd3(PDA)
(tz)3Cl(H2O)4]·3H2O is also a 3D MOF, its asymmetric unit con-
sists of one PDA, three tz, one chloride ion, four coordinated
water molecules, three lattice water molecules and three crys-
tallographically independent Cd(II) ions, where all the Cd(II)
ions have a distorted octahedral geometry. As a consequence,
the interaction with the OPPs is limited by the π⋯π inter-
actions solely.59 Both of the coordination frameworks exhibi-
ted a turn-off response for the azinphos-methyl pesticide. The
evaluation of the interference and competition with other
OPPs were carried out with the simultaneous existence of para-
thion, chlorpyrifos, diazinon, endosulfan, malathion and

dichlorvos in water, resulting in an exclusive quenching for
azinphos-methyl by [Cd2.5(PDA)(tz)3]n; meanwhile, the solvo-
thermal product showed 90%, 52%, and 49% luminescence
quenching for azinphos-methyl, chlorpyrifos, and parathion
respectively.60 Probably, this phenomenon was caused by the
absence of unsaturated coordination sites in the network, even
though no further explication was given. Additionally, the LOD
of the room temperature product is lower than that of the
solvothermal product (25 × 10−9 M and 5 × 10−5 M).59,60 As
both systems show the same emission band (derived from the
PDA ligand) and both detect azinphos-methyl, the quenching
mechanism has been attributed to the absorption of the exci-
tation light from the MOF to the azinphos-methyl molecule in
a resonance energy transfer process which is in congruence
with the UV-spectra of the sensors and target molecule.59

Besides OPPs, organochlorine pesticides (OCPs) constitute
another significant division of hazardous pollutants in anthro-
pogenic activities (Scheme 3). 2,6-Dichloro-4-nitroaniline
(DCN) is found to be one of the most important and widely
used pesticides for protecting crops from various diseases
such as fruit trees, cotton rotten bells and wheat powdery
mildew.24,37,63 Nevertheless, its high toxicity, slow degradation
rate and insoluble properties cause severe damage to living
organisms, and it can enter the human body through the skin
and lungs. Also, its absorption through the gut wall affects the
central nervous system leading to convulsions, hyper-reflexia,
ataxia and tremor, and it is even suspected to be a

Fig. 3 (a) Schematic of five coordinated Cd(II) ions (Cd1-Orange) and
the proposed coordination interaction of azinphos-methyl through the
S atom inside the cage. (b) Emission spectra of 1 dispersed in water
upon incremental addition of the acetonitrile solution of azinphos-
methyl (λex = 225 nm). Adapted with permission from ref. 60 copyright
(2020) Wiley Online Library.
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carcinogen.24,37,63 Hence, Zhang’s group has developed an
interesting enantiomeric chiral pair of CPs based on the chiral
ligand (1R,2R/1S,2S)-2,2′-((5-carboxy-1,3-phenylene)bis(oxy))
dipropionic acid ((1R,2R/1S,2S)-Hcpba), phenantroline (phen)
and cadmium (Fig. 4).62 Obviously, since the enantiomeric
pair is isomorphic, only [Cd2((1S,2S)-Hcpba)2(phen)2]n was
described.62 The crystalline compound belongs to the P21
space group, and the asymmetric unit contains two Cd(II) ions,
two (1S,2S)-Hcpba and two phen as ligands. The metallic ion
is located at the center of a twisted octahedron defined by four
O atoms from three different (1S,2S)-Hcpba, and two chelating
N atoms from the phen molecule.62 As has been observed, the
use of 2,2′-bipyridine type ligands80 is usually limited in
coordination polymers with low dimensionality (1D). Yet,
attention-grabbing properties like circular dichroism (with a
negative Cotton effect at 275 nm) and the luminescence reco-
gnition of pesticides, antibiotics and chiral nitroaromatic ana-
lytes were studied. The most remarkable achievement for the
pesticide detection was the selective quenching response for
DCN (LOD = 3.79 × 10−7 M) with negligible interference from
glufosinate, glyphosate, 2,4-dichlorophenol and atrazine in
DMF.62 The turn-off behavior was explained by the combi-
nation of PET and FRET mechanisms supported by electro-
chemical data and UV-vis spectra. Nonetheless, the enantio-
meric recognition by the pair of chiral CPs in chiral nitroaro-
matic molecules was unsuccessful, as both the CPs could not
discriminate between the nitroaromatic enantiomers.12,62

Similarly, the 3D MOF (H3O)[Zn2L(H2O)]·3NMP·6H2O (L =
2,5-(6-(4-carboxyphenylamino)-1,3,5-triazine-2,4-diyldiimino)
diterephthalic acid) is also capable of detecting DCN.24 This
particular MOF crystallized in the space group P212121 with a
4-connected 3D framework. The negative charge of the frame-
work was balanced with H3O

+. Two crystallographically inde-
pendent zinc ions are part of the asymmetric unit and both

metallic ions adopted a distorted tetrahedral geometry with
four atoms of oxygen provided by three carboxylate ligands
constructing a relatable Zn paddlewheel SBU in the network
(Fig. 5).24 Curiously, (H3O)[Zn2L(H2O)]·3NMP·6H2O shows a
distinctive luminescence performance against some pesticides.
Strong quenching is shown in the presence of DCN and triflur-
alin (TFL); however, its selectivity was achieved through a
unique bathochromic shift of 43 nm after the addition of TFL
that can even be appreciated under naked-eyed conditions.
Still, a higher sensitivity for DCN was achieved with a lower
detection limit (4.76 × 10−9 M). The quenching mechanism
considers the electron-withdrawing nature of the –NO2 and

Fig. 4 (a) Stick−ball representation of the structural unit of
[Cd2((1S,2S)-Hcpba)2(phen)2]n. (b) 1D-chain structural representation
along the c axis. (c) Luminescence spectra and the SV plots with DCN
(10 mM, 10 mL addition each time). Adapted with permission from ref.
62 copyright (2020) The Royal Society of Chemistry.

Fig. 5 (a) The coordination environment of the binuclear Zn(II) centers
of (H3O)[Zn2L(H2O)]·3NMP·6H2O. (b) The 3D framework observed along
the a axis. (c) Fluorescence variation of (H3O)[Zn2L(H2O)]·3NMP·6H2O
with trace addition of pesticides under 365 nm UV light. (d)
Concentration-dependent fluorescence responses of (H3O)[Zn2L
(H2O)]·3NMP·6H2O at different concentrations of DCN (λex = 365 nm)
inset: luminescence quenching efficiency (QE) versus addition concen-
tration of DCN. (e) Fluorescence variations with step-by-step addition of
DCN (mmol) under 365 nm UV light. Adapted with permission from ref.
24 copyright (2020) The Royal Society of Chemistry.
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–CF3 groups in the energy level calculations by density func-
tional theory, converging in the synergistic effect of the PET
and FRET processes.24

Correspondingly, DCN has been detected in real samples as
well. The 3D MOF [Zn3(DDB)(DPE)]·H2O (DDB = 3,5-di(2′,4′-
dicarboxylphenyl)benzoic acid and DPE = 1,2-di(4-pyridyl)
ethylene) has accomplished the fluorescence recognition of
DCN in extracts from carrots, nectarines and grapes.37 The
analysis of the crystal structure reveals that the framework crys-
tallizes in the P21/c space group. Its asymmetric unit contains
three Zn(II) ions, one μ3-OH− ion, one DPE and one DDB
ligand. Three Zn(II) ions are connected by one μ3-OH− ion and
four carboxylate groups to form a trinuclear [Zn3(OH)(COO)4]
cluster. Then, two trinuclear clusters are linked by two carboxy-
late groups to form a six-nuclear [Zn6(OH)2(COO)10] cluster
constructing a 4,12-connected net (Fig. 6).37 Thus, the DCN
fluorescence sensing was explored among other eight OCPs.37

Non-significant changes except for the notorious quenching
from DCN were revealed. The quenching efficiency in the DCN
detection scales up to 93.5% with a limit of detection equal to
2.7 × 10−7 M in water. These favorable results allowed the
determination of DCN by the MOF in the above-mentioned
fruits and vegetables. It is worth noting that the turn-off
mechanism was studied with the assistance of computational
chemistry concluding in a PET process caused by the electron-
withdrawing –NO2 group.

37

In an interesting methodology for the luminescence reco-
gnition of Nitenpyram, Yang et al.64 have incorporated fluo-

rescent guest molecules in the [Cd2(tib)(btb)
(H2O)2]·NO3·2.5DMF92 MOF with the intention to create a
dual-emitting platform system. Rhodamine B (Rho B) and
Rhodamine 6G (Rho 6G) were the guest molecules selected.64

X-Ray crystallographic analysis revealed that the MOF crystal-
lized in the space group P212121. The asymmetric unit consists
of two Cd(II) ions, one tib ligand, one btb ligand, two coordi-
nation water molecules, one NO3

− and two and a half DMF
molecules. Each Cd(II) ion has a diverse coordination environ-
ment. Cd1 is seven-coordinated by five O atoms from three btb
ligands, one O atom from one coordination H2O molecule and
one N atom from one tib ligand, whereas Cd2 has a distorted
octahedral geometry integrated by three O atoms from three
different btb ligands, one O atom from one coordinated H2O
molecule and two N atoms. A binuclear {Cd2} unit is formed
through the carboxylate groups of btb ligands, and sub-
sequently, these binuclear units are connected by the tib
ligand constructing a 3D network with empty one dimensional
channels, having an effective pore volume of 53% (3417 Å3) per
unit cell (6514 Å3) calculated by the PLATON program.92 The
loaded MOF with the guest molecules shows two main emis-
sions at 370 nm and approximately 600 nm, respectively. The
emission at 370 nm originated from the MLCT, while the emis-
sion at approximately 600 nm comes directly from the dye
molecules of rhodamine B or 6G.64 Both the dual-emitting
systems have been applied in the sensing of nitenpyram, thia-
methoxam, cypermethrin, carbaryl and rotenone. Changes in
the fluorescence intensity were observed with the following
quenching efficiency: nitenpyram > thiamethoxam > cyperme-
thrin ≈ carbaryl > rotenone. This tendency is equally valid for
both systems independent of the type of rhodamine guest in
the MOF. For Rho B@MOF the detection limit was estimated
to be 4.8 × 10−10 M, while 3 × 10−9 M was the corresponding
value for Rho 6G@MOF. Remarkably, each system has distinc-
tive dual emission behavior (Fig. 7). The extinguishing of the
fluorescence properties was explained by computing the
HOMO and LUMO energies of the five pollutants by applying
density functional theory agreeing in a PET process.64

CPs and MOFs as fluorescent sensors
of herbicides and the cyanide ion

Simazine is a frequently used general-purpose herbicide
considered as a toxic contaminant with potential endocrinal
disrupting activity (Scheme 4).65 Vasylevskyi’s group
has employed the 2D coordination polymer {[Cd(μ2-
BA)2(ClO4)2]·n(DCM)}n (BA = bis-9,10-(pyridine-4-yl)-anthra-
cene) as a fluorescent sensor for the detection of simazine.65

{[Cd(μ2-BA)2(ClO4)2]·n(DCM)}n is one of the series of Zn and
Cd CPs connected through the BA ligand. Structural differ-
ences in those coordination polymers (beside the metallic ions
and crystallization solvent molecules) arise according to the
counter-ion responsible for the charge balance. However,
among all the anions that lead to the synthesis of the CPs, the
use of ClO4

− as a counter-ion directed the construction to the

Fig. 6 (a) SBU in [Zn3(DDB)(DPE)]·H2O MOF (b) Linkage mode of the
DPE and DDB ligands. (c) Simplified representation of the network in
[Zn3(DDB)(DPE)]·H2O along the b axis. (d) Fluorescence spectra of the
MOF at different concentrations of DCN in aqueous solution including
100 μL carrot extract. (e) Stern–Volmer plot for the detection of DCN in
aqueous solution including 100 μL carrot extract. Inset: linear fitting
part. Adapted with permission from ref. 37 copyright (2020) The Royal
Society of Chemistry.
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most porous framework with potential host–guest interaction
(cages of 11.2 × 11.2 Å). The cadmium CP crystallizes in the
monoclinic space group C2/c. The central ion has a distorted
coordination geometry occupied by four N-atoms from the BA
ligand in the equatorial positions. Axial positions are fulfilled
by the ClO4

− ions. The BA ligand acts a bridge assembling the
two-dimensional net. The interaction of simazine with {[Cd(μ2-
BA)2(ClO4)2]·n(DCM)}n in MeCN provides a turn-off response
in the luminescence properties (LOD = 4.783 × 10−7 M).65

Thus, an exclusive selectivity could not be achieved since the
CP also exhibited strong quenching for 2,4,6-trichloroanisole
(TCA) (and for other nitrocompounds) under the same con-
ditions.65 Nevertheless, TCA is a secondary product from the
microbial action on trichlorophenol used as a fungicide;
although it has not been considered particularly toxic for
humans, it is responsible for the appearance of corked wine
fault in wines. The detection limit for TCA was as well calcu-
lated to be up to 6.13 × 10−8 M.65

Beyond organochlorine herbicides, “quats” have gained tre-
mendous attention as nonselective and quick-acting weed
killers.67 The term quat comes from dicationic molecules con-
taining a diquaternary bipyridyl motif, e.g. 1,1′-Dimethyl-4,4′-
bipyridinium ((PQ) or paraquat), 6,7-dihydrodipyrido[1,2-a2′,1′-
c]pyrazinediium ((DQ) or diquat), 1,1′-di-methyl-2,2′-bipyridi-
nium (OQ), (Scheme 4) and 1,1′-bis(3,5-di-tert-butyl-benzyl)-

4,4′-bipyridinium (TBPQ).67 Its mechanism of action involves
the quat species as an electron acceptor available from the
plant photosynthetic system I (PSI), leading to the generation
of radicals, which in turn react with molecular oxygen disrupt-
ing the photosynthetic process. In the case of humans, it is
known that the direct exposure to PQ results in dangerous
health consequences, which may include pulmonary fibrosis,
pulmonary edema, erythema, dermatitis, mouth ulceration,
kidney failure and brain damage.67 In general, quats are con-
siderably toxic and do not have a specific antidote.68

Conveniently, Mukhopadhyay’s group has designed a selective
fluorescent “Zn-DBC” MOF capable of distinguishing between
the dicationic bipyridinium salts, accordingly to its size and
redox properties (Fig. 8).67 The [Zn1.5(DBC)·(H2O)·(DMF)·
Me2NH2]n crystals belong to the Pbcn space group. The asym-
metric unit was found to contain 1.5 Zn(II) ions, one DBC
linker, H2O and DMF as crystallization molecules and one di-
methylammonium (DMA) cation as a counter-ion for the
charge balance in the anionic framework. This special feature
allowed the 3D MOF to undergo a post-synthetic cation
exchange with the dicationic quats. For this purpose, PQ, DQ,
OQ, and TBPQ were investigated.67 It is important to mention
that the exchange process as well the luminescence studies
occurred in water solution. A gradual decrease in the fluo-
rescence intensity was observed for all the bipyridyl dications;
however, DQ stood out from the rest. The authors justify the
selectivity for diquat through the calculation of the reduction
potential for all the series against the saturated calomel elec-
trode (SCE) reference. The tendency goes as: OQ(−0.60 V) < PQ

Fig. 7 (a) Photograph of the changes in solution colors under UV light
(365 nm) according to the concentration in the “(b) plot” for Rho
B@MOF in DMF. (b) Emission spectra of Rho B@MOF in DMF. (c)
Fluorescence intensity of Rho B@MOF with different pesticides at 50 mg
kg−1. (d) Photograph of the changes in solution colors under UV light
(365 nm) according to the concentration in the (“e) plot” for Rho
6G@MOF in DMF. (e) Emission spectra of Rho 6G@MOF in DMF. (c)
Fluorescence intensity of Rho 6G@MOF with different pesticides at
50 mg kg−1. Adapted with permission from ref. 102 copyright (2020)
Elsevier.

Fig. 8 (a) The coordination modes of the carboxylate groups of DBC
and (b) the tetrahedral coordination environment of Zn(II) in Zn-DBC. (c)
Crystal packing diagram of Zn-DBC down the c axis; note that Zn, O,
and N atoms are represented in cyan, red, and blue, respectively. (d)
Quenching of the fluorescence intensity of Zn-DBC with increasing
concentration of DQ(PF6)2 in water (λex = 350 nm) at rt. Note the
changes in the fluorescence images (insets) of the aqueous dispersion
of the MOF before and after quenching titration. (e) Corresponding
Stern−Volmer quenching plot with increasing concentration of DQ.
Adapted with permission from ref. 67 copyright (2020) American
Chemical Society.
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(−0.45 V) < TBPQ(−0.37 V) < DQ(−0.35 V). Unsurprisingly, DQ
showed the lowest fluorescence intensity (according to the PET
mechanism), as PQ and OQ followed the expected behaviour.
TBPQ, on the other hand, showed almost no turn-off effect in
the luminescent material. Here is where the size comes to
place. Due to the highly hindered tert-butyl groups of TBPQ,
its transportation to the accessible voids in the crystal was
more difficult minimizing its interaction with the MOF, high-
lighting its size-selective character. The LOD for diquat was
estimated to be 1.52 × 10−5 M.67 An honorific mention corres-
ponds to the NKU-101 93 MOF, where, in an almost identical
manner, this anionic framework suffered from the post-syn-
thetic cation exchange of diethylammonium with PQ.
Nonetheless, the PQ determination was only carried out by the
UV-Vis technique.93

Quats fluorescence recognition is not limited exclusively to
anionic frameworks, neutral frameworks such as [Zn2(cptpy)
(btc)(H2O)]n (cptpy = 4-(4-carboxyphenyl)-2,2′:4′,4″-terpyridine;
btc = 1,3,5-benzenetricarboxylic acid) has proved its compe-
tence as well.68 The Zn-MOF crystallized in the P21/c space
group. Two crystallographically independent Zn(II) ions, one
coordinated water molecule, one cptpy ligand and one btc
ligand integrated the asymmetric unit. The two Zn(II) ions
showed different coordination geometries. Zn1 shows a tetra-
hedral environment, whilst the geometry of Zn2 is defined as a
pentacoordinate square pyramid. One-dimensional chains are
generated by adjacent Zn1 and Zn2 atoms alternately con-
nected through btc ligands. At the same time, the neighboring
Zn1 and Zn2 atoms were bridged by cptpy ligands to form 2D
layers. As a result, the 1D chains and 2D layers were inter-con-
nected with each other to produce a 3D framework with 1D
channels in all three directions.68 The luminescence intensity
of [Zn2(cptpy)(btc)(H2O)]n weakened almost completely after
the addition of PQ in water solution. Unfortunately, no further
herbicide or pesticide was analyzed to appreciate the complete
discriminatory potential against these pollutants. The quench-
ing mechanism could have occurred by a PET process since
the UV-Vis absorption spectra of PQ show a large overlap with
the excitation spectrum of the MOF. Moreover, the authors
suggested that hydrogen bonds and interactions could also be
responsible for quenching.68

Alongside pesticides and herbicides, it is one of our
deepest interest to enrich the luminescence detection of
environmental hazardous compounds by complementing the
ion sensing reported previously in the relevant literature20,27,28

with the scarcely mentioned cyanide ion. Compared to the very
toxic heavy-metal ions, CN− can lead to the death of humans
and aquatic life in minutes. The lethal effect of cyanide in
physiological systems lies in the inhibition of respiration in
the mitochondrial respiratory chain, occasioned by the
cyanide binding to the Fe3+ ion of cytochrome oxidase,
affecting the normal functioning of the lungs and brain.69,70

Nowadays, the luminescence recognition of the CN− ion by
applying coordination framework materials is still very rare.35

Nevertheless, recent achievements have come to light in three
distinctive compounds based on Zn(II) ions. The first one is a

one-dimensional CP with the formula {[Zn2(H2O)2(e,a-cis-1,4-
chdc)2(4,4′-dtbb)2]·7H2O}n, 1,4-chdc = 1,4-cyclohexanedicar-
boxylato, 4,4′-dtbb = 4,4′-di-tert-butyl-2,2′-bipyridine, which
crystallizes in the Pn space group with two Zn(II) ions, two e,a-
cis 1,4-chdc, two 4,4′-dtbb, two aqua ligands, and seven lattice
water molecules in its asymmetric unit. The two crystallogra-
phically different Zn(II) ions have a distorted octahedral con-
figuration with a similar coordination environment sur-
rounded by four oxygen atoms from two different 1,4-chdc
ligands and the aqua ligand, and two nitrogen atoms from one
4,4′-dtbb. Each 1D polymer chain is formed as a result of the
combined monodentate η1 and chelate bidentate η2 coordi-
nation modes of 1,4-chdc, along with the e,a-cis conformation
of its carboxylate groups connecting the metal centers in a
characteristically V-shaped fashion (Fig. 9). Simultaneously,
both 1D chains are attached together by several hydrogen
bonds from the lattice water molecules. The presence of com-
peting anions (F−, Cl−, Br−, I−, AcO−, NO3

−, NO2
−, H2PO4

−,
H3P2O7

−, HCO3
−, H2AsO4

− and SO4
2−) displays almost an

exclusive prominent turn-off response for the cyanide ion in
pure water at different pH values (LOD = 9 × 10−8 M in pH =
7.0). The explanation behind this quenching behavior was
attributed to the displacement of the ligands in the CP for the
cyanide ion to form Zn(CN)2, which was demonstrated by IR
and SEM techniques with the solid residue, while in the
aqueous phase the presence of the ligands was verified by 1H
NMR and MS-ESI(+) methods.71

Alternatively, Ghosh et al. have focused on the post-syntheti-
cally modifications of ZIF-90 and bio-MOF-1 for the cyanide

Fig. 9 (a) Supramolecular dinuclear repeating unit of {[Zn2(H2O)2(e,a-
cis-1,4-chdc)2(4,4’-dtbb)2]·7H2O}n (ellipsoids shown at 60% probability);
hydrogens are omitted for clarity. (b) 1D V-shaped dual-polymer chain
of {[Zn2(H2O)2(e,a-cis-1,4-chdc)2(4,4’-dtbb)2]·7H2O}n; hydrogens and
4,4’-dtbb ligands are omitted for clarity. (c) Photoluminescence spectral
changes of the CP upon addition of 10 equiv. of different anions. The
inset shows a picture taken under irradiation with 365 nm UV light in the
absence and presence of CN−. Adapted with permission from ref. 71
copyright (2020) The Royal Society of Chemistry.
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sensing.35,69,70 In the particular case of ZIF-90 (Fig. 10),69 as
the structure possesses an aldehyde group aligned within the
pores of the extended 3D sodalite framework, the ZIF under-
goes a Knoevenagel reaction with malononitrile, transforming
the aldehyde group into a dicyanovinyl group with the reten-
tion of crystallinity (M-ZIF-90).69 Herein, the dicyanovinyl
group undergoes a nucleophilic addition of cyanide, resulting
in a significant quenching effect, justified by the loss of conju-
gation in the dicyanovinyl group and also supported by the
electronic potential maps of the LUMO and HOMO energy
states of the ligand. Furthermore, no interference from other
anions was observed as F−, Cl−, Br−, N3

−, SCN−, NO3
− and

NO2
− were analysed in DMSO–H2O (1 : 1) medium.69 A

different strategy was followed for the corresponding bio-
MOF-1. Due to its inherent 3D anionic porous architecture,
successive cation exchange between dimethylammonium, 3,6-
diaminoacridinium (DAAC) and tetrabutylammonium (TBA)
was successfully attempted. In the first stage, the original
counter-ion in bio-MOF-1 (DMA) was switched by the cationic
dye DAAC. Once loaded in the MOF, DAAC is susceptible to
attack by the nucleophilic cyanide ion of the TBACN salt, via
Michael type addition, rendering a neutral dye and once again
exchanging the counter-ion DAAC for TBA. The release of the
neutral cyanide containing dye promotes the turn-on response
in the fluorescence with great selectivity, and even in vitro
studies could be performed with human breast cancer cell

lines (MCF-7), monitoring the trace of cyanide inside the cyto-
plasm with a limit of detection equal to 1.9 × 10−8 M.35

Significantly, other luminescent coordination frameworks
have turned their focus on the recognition of pesticides, herbi-
cides and the cyanide ion and those valuable contributions are
listed in Table 1.

Conclusions

At times where the vulnerability of humans due to dangerous
biomolecules or chemical substances is evident, it is of the
upmost necessity to continue developing functional com-
pounds and materials with synergy among their chemical,
structural and optical properties to become sensitive instant
probes aimed at the detection of these unwanted com-
pounds. Hence, Zn(II) and Cd(II) CPs and MOFs are at the
forefront as luminescent sensors due, mainly, to their
straightforward synthesis, and also due to their crystalline
and modifiable structures, which by simply tuning the
ligands’ chemical nature, can favour optical and textural (i.e.,
porosity) properties effective in chemosensing through host–
guest interactions.

Moreover, many luminescent Zn and Cd coordination
arrays have been demonstrated to be stable enough for con-
venient, affordable, sensitive, and sometimes selective and reu-
sable, immediate sensing of divergent analytes both in water
and organic solvent media. Although new substitute less-toxic
chemicals can be developed and stricter environmental regu-
lations can be implemented, without doubt, poisonous chemi-
cals such as pesticides, herbicides and cyanide, will be around
us for some time, demanding, at least, facile, rapid and low-
cost detection of those substances. Therefore, the advance-
ment in the design of novel luminescent Zn and Cd coordi-
nation arrays that can be stable predominantly in the aqueous
environment is gaining relevance since water sources around
the world are frequently, and increasingly, polluted with these
types of hazardous and toxic compounds.

Finally, it is also significant to be aware of those opening
areas of research that this topic offers, among them perhaps
the more appealing are the following: thorough studies of the
mechanisms behind the photoluminescence sensing phenom-
ena, using in cooperation empirical and theoretical
approaches; the creation of new Zn and Cd coordination net-
works with the capability of high sensitivity and, most impor-
tantly, selectivity towards a certain substance or analyte.

In a nutshell, the development of sensitive, selective and
reusable Zn and Cd luminescent chemosensors can provide
new directions toward real-time detection and quantification
of industrially and environmentally relevant molecules with
real-life applications.
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Fig. 10 (a) Schematic overview of the post-synthetic modification in
the MOF leading to the selective sensing of the cyanide ion. (b)
Fluorescence response of M-ZIF-90 upon incremental addition of CN−

ions showing a turn-off response. The inset shows confocal images
before and after the addition of CN−. Adapted with permission from ref.
69 copyright (2016) Wiley Online Library.
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