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Recent developments in pyrene-based
fluorescence recognition and imaging of Ag* and
Pb?* ions: Synthesis, applications and challenges
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Contamination of heavy metals in the environment is a burning and contemporary issue of modern life.
Whilst lead contamination is historic, the ongoing extensive use of lead in batteries is likely to continue to
cause serious environmental problems. Silver ions also present multiple environmental issues, such as
bioaccumulation and toxicity. As a result, these two heavy metal ions have a high impact from an
environmental and industrial point of view. Thus, the colorimetric and fluorescence detection of these two
metal ions has been the subject of intense research during the last decade and pyrene-based fluorophores
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have played a crucial role in their detection. This review article summarizes the recent chronological
progress on pyrene moiety integrated small molecule chemosensors for the colorimetric and fluorescent
detection of silver and lead ions. Herein, the different strategies that have been utilized for the recognition

DOI: 10.1039/d3sd00289f
of lead and silver ions are discussed. Throughout, the juxtaposition of structural aspects of the
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chemosensors and their sensitivity has been scrutinized together with an overview and future vision.

Introduction

The colorimetric and fluorescence detection of different kinds
of analytes has become a convenient tool of the modern era for
several reasons, including high selectivity and sensitivity, the
naked-eye colour change phenomenon, low technical need and
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expense, rapid response, low toxicity, and in vivo and in vitro
compatibility."® As a result, these strategies have now been
widely employed in the detection of a broad range of important
analytes in biology, physiology, medicine, pharmacology and
environmental sciences.' In recent years, pyrene-based optical
probes have received enormous attention due to their efficacy
in a wide range of applications, including fluorescence
studies,”” environmental monitoring,"® bioimaging"' and
organic electronics.'"® In solution, pyrene can exist both in
monomer and excimer forms.'*'” Excimers have distinct
spectroscopic properties compared to individual pyrene
molecules, including a redshift in emission wavelength, and
altered fluorescence lifetimes.'> The excimer formation is
sensitive to environmental factors such as temperature and
viscosity,'® pressure,’” pH,'® and molecular confinement,
making it useful in the study of local microenvironments."’
Upon light absorption, pyrene can populate both singlet and
triplet excited states. The intersystem crossing from the singlet
to the triplet state is relatively efficient, and the triplet state is
involved in some photochemical reactions, including sensitized
photooxidation."*"® This is particularly important to detect
oxygen concentrations and monitor oxidative processes.
Though fluorescent chemosensors might be composed of
various signalling moieties like BODIPY, indolylmethanes,
carbohydrate-derived macrocyclic compounds, coumarin,
cyanine, cucurbituril, naphthalene diimides,
nitrobenzoxadiazole, calix[4]arene, calixarenes, pillar[n]arene,
DNA-based sensors, porphyrins, etc., pyrene holds some
additional advantages, particularly in the context of

Dr. Nilanjan Dey obtained his
Ph.D. degree in Supramolecular
Chemistry  from  the IISC,
Bangalore, India in 2017.
Thereafter he joined as a JSPS
postdoctoral  fellow at Kyoto
University, Japan. Then, he
Jjoined as an Assistant Professor
at the Department of Chemistry
of BITS-Pilani, Hyderabad, India.
The current research interests of
Dr. Dey are developing optical
probes for biomolecules
(proteins, carbohydrates, disease
biomarkers, food toxins, and VOCs), investigating photochemical
properties in confined media, designing vehicles for drug and gene
delivery and developing responsive soft materials for biomedical
applications. Dr. Dey has received several awards over the years,
such as the Thieme Chemistry Journals Award in 2022, the NASI-
Young Scientist Platinum Jubilee Award in 2022, and the MSCA-
Seal of Excellence Award in 2021.

Nilanjan Dey

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Critical review

fluorescence imaging. Basically, pyrene units are involved in
aggregation. Within different micro-environments such as
encapsulation within protein entities, surfactants, molecular
cavities efc., the aggregation behavior is significantly disturbed.
Consequently, the switching of excimeric to monomeric
emission is a very natural and common strategy to monitor any
analyte in vitro or in vivo. This makes pyrene derivatives highly
desirable for bioimaging application which is one of the
principal  attractions of  pyrene-based  fluorophores.
Additionally, pyrene is generally photostable under standard
conditions, making it a reliable fluorescent marker in long-
term experiments and applications. Since the fluorescence
properties of pyrenes are susceptible to the surrounding solvent
environment, they can also be employed to probe the polarity
and microenvironment of the solvent or host matrix. These
unique and versatile photophysical features of pyrene-based
fluorophores attracted us to write a review article on their
application in the fluorescence detection of heavy metal ions."’

In addition, pyrene is well known for its aggregation
properties at the solution phase or solid state. Naturally, it is
quite easy to expect that pyrene might cause -either
aggregation-induced emission (AIE) or aggregation-induced
enhanced emission (AIEE) or aggregation-caused quenching
(ACQ) upon preferential binding with an analyte. Also,
polycyclic aromatic hydrocarbons like pyrene are highly
electron deficient and pyrene derivatives containing an
electron donor centre either conjugated or non-conjugated to
the core might be involved in intramolecular charge transfer
(ICT) or photoinduced electron transfer (PET) and even the
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Forster resonance energy transfer (FRET) process. Now, if any
foreign analyte could selectively induce or tune either of
these photophysical events, that particular foreign analyte
could be recognized spectroscopically. This is one of the
extensively utilized strategies of pyrene-based fluorophores.
Besides, attachment of any hydrogen bond or proton acceptor
centre or hydrogen bond or proton donor centre that might
be involved in hydrogen bonding or proton transfer with a
foreign analyte selectively might alter the photophysical
properties of the pyrene derivative. In addition, the presence
of multiple electron donor centres within a pyrene derivative
might cause chelation enhanced quenching (CHEQ) or ligand
to metal change transfer (LMCT) or metal to ligand charge
transfer (MLCT) upon preferential binding with a particular
metal ion. Naturally, there is a huge scope for pyrene
derivatives to involve diverse photoprocesses in the
fluorescence detection of diverse analytes of importance.
During the discussion, we will find that different pyrene
derivatives involve diverse photoprocesses in the detection of
toxic cations like Ag* and Pb>"."°

Herein, our concern is the detection of two heavy metal
ions, Ag" and Pb*', from metals that have been used since
Roman times and are closely associated as they were both
mined from the same lead minerals galena (PbS) and lead
carbonate. Heavy metals are mostly toxic even when present at
very low concentrations. Despite this, heavy metals have a few
positive effects like key roles in metabolism, catalysis and
biomineralization, and some negative effects as a result of their
high toxicity, causing serious health and environmental
hazards.***! Interestingly, various salts of Ag" (silver nitrate,
silver acetate, silver proteinate and silver sulphadiazine) can
play a role in glycolysis, particularly in the production of lactate
and pyruvate. Also, Ag" has an important role in copper
metabolism.”>** On the other hand, lead is widely used in the
dye industry, gasoline and batteries and readily contaminates
the environment, particularly soil and groundwater.
Subsequently, it enters into the food chain and accumulates in
biological cells and tissues.>*?*

In spite of being used as a component of jewellery,
ornaments and currency coins for millennia, silver has also
been widely used in making utensils due to its bactericidal
and disinfectant activities, in photography and in the
electrical industry due to its high conductivity.>*>° In
addition, the minerals of silver (as Ag' salts) exist in the
Earth's crust and contaminate the environment due to mining
activities and natural weathering. Contamination of Ag" salts
in the environment also occurs due to the extensive use of Ag"
salts in catalysts, electroplating, photography and medical
devices (Fig. 1).>° Despite such widespread applications, it is
noted that the use of Ag" ions has become more restricted in
recent years due to environmental and health concerns
associated with bioaccumulation and their toxicity.***>

On the other hand, lead is one of the most toxic heavy
metal elements and has contaminated food and drinking
water due to its widespread historic use in batteries,
plumbing, and paints, as an anti-knocking agent in gasoline,
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Fig. 1 Pictorial representation of the historical major uses of the
metals silver and lead.

and in the dye industry to name but a few.*>** Considering its

hazardous effects, the World Health Organization (WHO) has
set a maximum permissible concentration of lead in drinking
water (10 ug per litre).** Lead is extremely toxic and it causes
long-lasting health issues even with minimal contamination
and it can affect reproduction, slow down development, lead
to cardiovascular disorders and can result in severe health
issues in children, including poor IQ, slow motor response
and hypertension.*>*® It is therefore essential to take
appropriate safety measures when working with silver or lead
ions and their compounds, particularly in industrial settings
or activities involving potential exposure. These measures
include using personal protective equipment, ensuring proper
ventilation, and following occupational health and safety
guidelines. Additionally, it is crucial to ensure safe handling,
storage, and disposal of silver and lead-containing materials
to prevent environmental contamination and potential health
risks to both humans and ecosystems.

The detection and quantification of silver and lead ions are
essential in various fields, including environmental
monitoring, industrial processes, and public health.*”*
Traditional methods, such as atomic absorption spectroscopy
(AAS),*® inductively coupled plasma mass spectrometry (ICP-
MS)," ion-selective electrodes (ISE),"" X-ray fluorescence
(XRF),*”> and electrochemical methods,**** have been widely
used to detect and measure the concentration of these ions in
commercial setups. Most of these methods have fixed
concentration ranges and sample matrices, which limit their
applications in real-life sample analysis. Though it is very
difficult to compare the cost-effectiveness, versatility, real-life
applicability and analytical performance like selectivity,
sensitivity, limit of detection, etc. of these methods for two
particular heavy metal ions, a well-supported information table

© 2024 The Author(s). Published by the Royal Society of Chemistry
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was presented and discussed mentioning all these
specifications of some of the above-mentioned techniques
somewhere else.””> Some methods are more suitable for high
sensitivity and trace analysis but also need sophisticated high-
end (and expensive) instrumental facilities, which can be very
limiting for small and medium-sized companies. In contrast,
optical sensors (either chromogenic or fluorometric) have many
advantages over these conventional analytical techniques as
they are mostly non-intrusive and non-destructive and exhibit
high sensitivity and selectivity, which are especially beneficial
for real-time monitoring, dynamic analysis, and detection of
rapid changes in analyte concentrations in a complex
matrix.”>*® Optical sensing techniques can be easily adapted
for multiplexing, allowing the simultaneous detection of
multiple analytes in a single measurement, and are therefore
suitable for high-throughput analysis. Not only that, recently,
optical probes have been integrated with other technologies,
such as microfluidics,”*® nanomaterials,**”° and smart
devices,” to create advanced sensing platforms with improved
performance and functionality.>

Given our ongoing interest in the development of pyrene-
based fluorophores for the detection of an array of analytes
of interest,”*>° we focus this review article on the use of
pyrene-based fluorophores in the optical detection of the
heavy metals Ag" and Pb*>" ions. We focus on the recent
developments of pyrene-based colorimetric and fluorescent
sensors that have been successfully utilized in the highly
selective and sensitive detection of Ag" and Pb>" ions
independently in non-aqueous, semi-aqueous and pure
aqueous media. Moreover, the crucial application of these
chemosensors for in vivo detection and imaging of the
respective cations is also discussed.

Results and discussion

Colorimetric and fluorescence detection of Ag" ions by
pyrene-based fluorophores

The design and development of heavy metal optical probes with
high selectivity and sensitivity is challenging due to several
essential salient structural and photophysical features. A model
chemosensor must contain at least a metal binding or chelating
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unit and a signalling moiety, which may be connected directly or
through a spacer. Herein, the signalling unit will be exclusively
pyrene-based, but a variety of binding or chelating units are
considered (Fig. 2).*" If the chemosensor is a bright fluorophore
and selective metal binding either decreases or increases the
quantum yield, it might be beneficial for fluorescence imaging.*!
During the last two decades, there have been relatively few
reports on the exploration of pyrene-based fluorophores as silver
ion chemosensors and we discuss these as well as lead ion
sensing and imaging events using various ligand architectures.

In 2002, to the best of our knowledge, for the first time,
a pyrene-based chemosensor for the detection of Ag" ions
was reported.’® Kim and co-workers developed a series of
calixarene-based fluoroionophores (1-3, Scheme 1) with
crown and aza-crown ethers as distinct binding pockets so
that the metal ions could coordinate to their preferred
binding sites. It was interesting to note that a “molecular
taekwondo” process was reported between the Ag' ions,
followed by either K" or Cs' ions via distinct fluorescence
responses, which could easily be implemented in selective
recognition of the metal ions. Compound 2 displayed poor
emission intensity. In contrast, upon binding with the Ag"
ions, 2 displayed a sharp enhancement of emission
intensity due to the inhibition of PET. Subsequently, the
introduction of the K" ions displaced the Ag" ions just like
the “coming in kicking out” fashion in a taekwondo fight
and consequently the emission intensity was significantly
diminished. Similar taekwondo-like behaviour was also
observed with 1 vs. Cu®>-K" ions and 3 vs. Ag'-Cs" ions.
From Job's plot measurements, it was observed that the
probes only formed complexes of 1:1 stoichiometry with
Ag' when bound to the aza-crown sites (Fig. 3). Such
consecutive fluorometric responses were rare at that time
and a significant development.

Ratiometric recognition of any analyte is always
anticipated due to the additional advantage of internal
referencing with minimum relative spectroscopic error.®>*?
In the ongoing progress towards the optical detection of Ag"
ions, Yang et al. developed a pair of analogous pyrene-
functionalized heterocyclic derivatives of which one (4,
Scheme 1) could recognize Ag" selectively and efficiently via

Fig. 2 Model structure of pyrene-based chemosensors for Ag* and Pb?* ions and possible binding-driven signalling modes.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Molecular structures of Ag* chemosensors 1-6.

monitoring the ratiometric fluorescence changes in a highly
polar protic medium (EtOH-H,O; 1:1; v/v).** Heterocycle 4
was involved in the formation of a sandwich-type complex
with Ag’, thereby leading to ion-induced self-assembly of the
fluorophore and a consequent significant increase in the
fluorescence intensity of the excimer. Two emission bands
were observed at 378 nm and 397 nm, upon excitation at 344
nm, due to typical pyrene monomeric emission behaviour.
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Fig. 3 Pictorial representation of the probable mode of sequential binding of 2 with Ag* and K* ions.°
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Upon binding with Ag", a red-shifted emission band at 462
nm was observed, probably due to typical pyrene excimer
emission behaviour accompanied by a sharp isoemissive
point at 412 nm, facilitating ratiometric detection. Such
ratiometric and dual mode detection of Ag" ions was rare
and a significant development in the field.

Shortly after Kim's report,®® a similar type of chemosensor
(5, Scheme 1) was designed by Kumar et al. by assembling
two pyrene moieties with a thiacalix[4]arene moiety.®* The
chemosensor fluorometrically recognized both Ag* and Fe**
ions via two different types of fluorescence responses. Ag’
ions were detected by ratiometric fluorescence change
whereas Fe®" ions were detected by fluorescence quenching.
Upon excitation at 344 nm, 5 displayed weak monomeric and
strong excimer emission signals of the pyrene moiety at 377
nm and 470 nm, respectively; however, upon gradual
addition of Ag', the band at 470 nm was quenched and
fluorescence enhancement at 377 nm was simultaneously
observed. In contrast, the quenched emission of 5 in the
presence of Fe’" was only recovered by the addition of
cysteine. Most interestingly, the reversible and reproducible
fluorescence responses of 5 in the presence and/or absence
of Ag’, Fe*" and cysteine were implemented in the
configuration of the Set/Reset opto-chemical logic designed
feedback loop with a very useful “Write-Read-Erase-Read”
feature (Fig. 4).

In the same calendar year, another fluorescent probe was
synthesized by anchoring two pyrene and pyridine units (6,
Scheme 1) that recognized Ag' ions ratiometrically by
monitoring the monomer and excimer emission of the
pyrene units.®® In HEPES buffered DMSO medium (1:1; v/v;
pH = 7.2), the probe displayed a monomeric emission band
at 399 nm along with an excimer band at 463 nm (Aex = 344
nm). This event clearly revealed the presence of n-n
interactions. Unlike the behaviour observed with other

cations tested, upon the gradual addition of Ag', the
monomeric emission band of the probe was concomitantly
promoted with a simultaneous decrease of the excimer
DFT

emission. Extensive calculations and 'H NMR

7N

Fluorescent

Less-fluorescent
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Fig. 4 Graphical depiction of a sequential logic circuit (a) and memory
element with a useful “Write-Read-Erase-Read” feature (b) (reprinted
with permission from ref. 64. Copyright 2011, American Chemical
Society).
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Scheme 2 Molecular structure of probe 7.

spectroscopic titration clearly revealed the involvement of the
nitrogen atoms in the coordination of the Ag" ions in the 1:1
complex formation.
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Thereafter, a pyrene-dipeptide-based fluorescent probe (7,
Scheme 2) was developed by Jang et al. and established its
role as a selective and ratiometric sensor for Ag" as well as
silver nanoparticles in water at physiological pH.®® The probe
displayed emission bands at 378 nm and 395 nm due to the
typical monomeric form of pyrene. The peaks concomitantly
diminished with the development of a new signature
emission band at 480 nm in the presence of Ag'. The probe
formed an excimer in the presence of Ag" that could easily be
recognized via a typical excimer band at 480 nm with high
fluorescence emission. Chemosensor 7 was shown to be
capable of detecting intracellular Ag” in live cells through
strong ratiometric signals (Fig. 5). Such ratiometric detection
of silver ions as well as nanoparticles in vivo and in vitro was
a major advance in the field of Ag" ion sensing.

Wang et al. synthesized a series of calix[4]arene-based
chemosensors, two of which contained pyrene and non-
conjugated triazole moieties on the lower-rim of the calix[4]
arene (8 and 9, Fig. 6) and showed excellent ratiometric
fluorescence responses towards Ag" with excellent sensitivity
even in MeOH-CHCI; (98:2; v/v) mixed solvent.”” When
excited at 342 nm, the probe exhibited strong emission peaks
at 379 nm and 398 nm for monomer emission and at 476 nm
for excimer emission. In the presence of Ag’, the monomeric
emission bands of 8 at 379 and 398 nm were gradually
enhanced with a simultaneous decrease of the excimer
emission band. In contrast, 9 displayed an enhancement of
emission intensity of both the monomer and excimer
emission bands in the presence of silver ions. In addition,
both the probes formed a 1:1 complex with Ag" and the
binding mechanism was well justified with 'H NMR

Fig. 5 The fluorescence images of living cells (HelLa) incubated with 7 in the absence (a-c) and presence of Ag* (d-f) under a wide range of
different experimental conditions; bright field fluorescence images (a and d), lem = 435 * 48 nm (b and e), and e, = 523 £ 35 nm (c and f);
(reprinted with permission from ref. 66. Copyright 2012, American Chemical Society).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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9-Ag*

Fig. 6 The binding mechanism and 1:1 complex formation of probes 8 and 9 with Ag* ions (reprinted with permission from ref. 67. Copyright

2012, Elsevier).

spectroscopic titration. Interestingly, the probe was operative
even in the presence of an aqueous methanol medium.
Unfortunately, both probes also responded to Cu®>" and Hg**
ions resulting in poorer selectivity.

Later, Lodeiro et al. extended the synthesis protocol with a
pyrene-based ligand system. The group synthesized two novel
fluorescent probes bearing one and two pyrene unit-
containing derivatives (10 and 11, Fig. 7) which efficiently
recognized water and Ag", as well as Cu*" and Zn*"* ions, in
dioxane medium.®® In addition to distinct spectroscopic
changes, all three metal ions were distinguished with
remarkable naked-eye colour changes. Interestingly, 10
displayed a higher affinity for Cu** whereas 11 was more
responsive to Ag'. The development of such pyrene-based
fluorophores with the capability to recognize and
discriminate Ag" was a significant development for real-life
applications.

In continuation of their previous study,®® a new pyrene-
pyridine anchored gibbet-based fluorescent chemosensor (12,
Fig. 8) was demonstrated to be selective and sensitive (LOD =
2.9 nM) for the detection of Ag" in HEPES buffered DMSO-
H,O (1:1, v/v; pH = 7.4) mixed solvent by monitoring the
fluorescence “on-off” of the probe.®® In its free state, the
probe displayed both monomeric and excimeric emissions.
But when bound to Ag', the formation of the excimer of the
probe was restricted and PET from the metal-bound pyridine
to the pyrene moiety was enhanced by the rigidity of the

(a)

1 (P)
Fig. 7

probe turning it into a butterfly-like skeleton, which in turn
quenched the monomeric emission (Fig. 8). The probe was
shown to be able to estimate the metal ion concentration in
Ag" spiked local water samples with excellent accuracy.

Chang et al. synthesized a probe (13, Fig. 9) having several
binding possibilities with different analytes and used it to
detect silver ions, formaldehyde and fructose.”” The probe
utilised a number of binding interactions such as a dynamic
covalent interaction between a diol and boronic acid, silver
ion and pyridyl ligand, through a coordination interaction
and an easily accessible reaction possibility between the
secondary amine and formaldehyde with pyrene as the
fluorophore. Compound 13 reacted with fructose and formed
a blue coloured fluorescent adduct that further reacted with
Ag" to form a 2:1 complex with the pyridyl residues with a
change in solution colour from blue to green. The complete
and multiple binding motifs of the probe in different
dynamic states with different analytes along with the
fluorescent colour changes are presented in Fig. 9.

A new technique has been developed by Zhang et al. to
selectively detect silver ions using supramolecular assembly
of a water-soluble pyrene derivative (14, Scheme 3) and
cucurbit[10]uril.”* The 1:1 host-guest type inclusion complex
recognized Fe’" and Ag" ions independently. In the presence
of Ag', the composite displayed an enhancement of emission
intensity at 332 nm due to an alteration of the ICT character
and the fluorescence change was observed in confocal

(@) Molecular structure of the probes 10 (designated as L in the original article) and 11 (designated as P in the original article); (b) the

naked-eye colour of the probes, metal ions and probe-metal ion complexes in the solution phase (reprinted with permission from ref. 68.

Copyright 2013, American Chemical Society).
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Fig. 8 Binding motif of 12 and the development of a rigidity enhanced
butterfly-like skeleton with Ag* (reprinted with permission from ref.
69. Copyright 2014, The Royal Society of Chemistry).

microscopy images (Fig. 10). Remarkably, the sensor system
was extremely selective towards these metal ions over 37
other metal ions. Application of such a host-guest type
inclusion complex as an Ag' ion sensor was new, rare and
innovative.

In 2020, Lavado et al. synthesized and characterized a pair
of calix[4]arene based sensors (15 and 16, Scheme 4) with
thiourea as a spacer and pyrene or methylene-pyrene as the
fluorophore, which selectively recognized silver ions with
nanomolar scale sensitivity.”> In a UV-vis spectroscopic study,
15 showed a defined band at 280 nm and two other
overlapping bands at 332 and 347 nm in an acetonitrile-
DMSO (99:1) solvent mixture. In the emission spectra, 15
displayed a band at 406 nm whilst 16 showed three bands at
377, 395, and 472 nm. Upon inclusion of Ag", 15 showed a
sharp quenching of fluorescence intensity at 406 nm,
whereas 16 exhibited a totally different decrease of the pyrene
excimer band at 472 nm. The sensitivity was remarkable, but
both the probes suffered from selectivity issues with Hg**
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Fig. 10 (a) Fluorescence spectral changes of 14 with gradual addition

of Ag*; confocal images of 14 in the absence (b) and presence of Ag™
(c) (reprinted with permission from ref. 71. Copyright 2020, Elsevier).

ions, which also quenched fluorescence. Interestingly, using
chemical inputs and respective emission spectral results,
several useful opto-chemical logic gates like INHIBITION and
IMPLICATION were designed.

Very recently, Ju et al. synthesized a pair of argentivorous
fluorophores (17 and 18, Scheme 4) containing anthracenyl-
or pyrenyl-benzyl moieties.”> Probe 17 showed a bright
emission at 506 nm (¢ = 0.46) but its emission was
significantly reduced (¢ = 0.16) in the presence of silver ions
(Fig. 11). This quenching event was initiated due to the PET
from the amine to the nearby anthracene moiety. On the
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Fig. 9 Pictorial representation of the relevant states of the dynamic molecular system 13 in the presence of different analytes.”®
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Scheme 4 Molecular structures of Ag™ chemosensors 15-18.

other hand, probe 18 displayed a weak blue emission at 409
nm (¢ = 0.14) but that was changed suddenly in the presence
of Ag" with bright blue luminescence at 462 nm (¢ = 0.40)
being observed. The poor fluorescence emission of 18 was

{3
\ 7
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‘
A
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attributed to PET from the nitrogen atom of the cyclen
moiety to the excited pyrene moiety. The inclusion of the Ag"
ion was proposed to inhibit the PET and enhanced rigidity
due to the CHEF effect also boosted the fluorescence
intensity sharply. Interestingly, the report established the
structure-fluorescence change relationship for the cyclen-
based receptor.

The above examples demonstrate the colorimetric and
fluorescence detection of Ag" ions by pyrene-based
fluorophores, which in most cases utilise architectures in
which the pyrene was tethered with either pyridine or
calix[4]arene moieties. In a few cases, amines or substituted
amines were integrated with pyrene moieties. The nitrogen
centres of all these pyrene-based fluorophores were involved
in selective coordination with Ag" and altered either the
monomer-excimer emission behaviour, PET phenomenon or
chelation-enhanced fluorescence behaviour. Fluorophore-
cucurbit[10]uril host-guest inclusive complexation was also
employed as a chemosensing mechanism. Few of the
chemosensors, however, were able to recognize Ag' by
naked-eye colour change. Nonetheless, the ion-induced
spectroscopic responses observed were utilized in the
development of opto-chemical logic gates and memory
devices in several cases. Unfortunately, it was observed that
most of the Ag” ion chemosensors failed to distinguish the
Hg>" ion.

Finally, a sensor information table for the Ag" sensors
discussed above containing basic information like the
binding unit, medium, nature of fluorescence response,
photo-process involved, LOD, and any special features is
presented, Table 1.

%y

Fluorescence Decrease

P

¥ T

Fluorescence Increase

Fig. 11 Pictorial representation of the binding motifs of the probes 17 and 18 with the Ag* ion (reprinted with permission from ref. 73. Copyright

2021, American Chemical Society).
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Table 1 Sensor information table for Ag* ion sensors containing the binding unit, medium, nature of fluorescence response, photo-process, LOD and

any special features

Fluorescence
Binding unit Medium response Photoprocess LOD Special feature Ref.
Calixarene-based crown EtOH Turn on Inhibition of — “Molecular tackwondo” between metal ions 60
ether & aza-crown ether PET and CHEF
(1-3)
Heterocyclic macrocycle (4) EtOH-H,0; 1:1; Ratiometric Formation of an — Ion-induced self-assembly driven formation of 63
viv excimer an intramolecular sandwich complex
Thiacalix[4]arene (5) 10% aqueous Ratiometric Conformational — Configuration of Set/Reset opto-chemical logic 64
ethanol change designing in a feedback loop with a very
useful “Write-Read-Erase-Read” feature
Bispyrene-pyridine HEPES buffered Ratiometric Inhibition of — Monomer-excimer switching 65
derivative (6) DMSO ICT
Histidine-tryptophan Aqueous Ratiometric Formation of an — In vivo detection of Ag* within HeLa cells 66
dipeptide (7) solution excimer
containing 1%
DMF
Calix[4]arene-triazole MeOH-CHCI; Ratiometric CHEF — Interconversion between dynamic and static 67
derivative (8 and 9) (98:2; v/v) excimers
Aminophenoxy-oxopentane Dioxane Quenching Monomer to — Prominent naked-eye color change 68
(10 and 11) dimer
conversion
Pyridine derivative (12) HEPES-buffered “Turn off” PET 2.9 nM  Butterfly like architecture 69
DMSO-H,0O
Pyridine-boronic Carbonate Ratiometric Formation of an 2.5 uM  Aggregation-disaggregation 70
acid-fructose adduct (13) buffered DMSO excimer
Aminopropyl-pyrene H,0 Enhancement ICT — Inclusion complex as a chemosensor 71
derivative-cucurbit[10]uril of
inclusion complex (14) fluorescence
intensity
Calix[4]arene-thiourea MeCN-DMSO Quenching of Through bond  2.09 nM Decoration of INHIBITION and IMPLICATION 72
derivative (15 and 16) (99:1; vv) excimer and cation-n opto-chemical logic gates
emission interaction
Tetra-armed cyclens — “Turn on” PET & CHEF — Detection of ions in the solid state 73

(17 and 18)

Colorimetric and fluorescence detection of Pb>* ions by
pyrene-based fluorophores

During the previous two decades, concerns about lead as an
environmental pollutant have been widespread. The
development of fluorescent probes for this toxic heavy metal
ion with sufficient selectivity and sensitivity has been an area
of much attention and several scientific groups have
contributed significant effort in the development of effective
fluorescent sensors for this pernicious analyte. In this regard,
pyrene moiety-based sensors have been major stakeholders
with a range of different ligand topologies.

In 2004, Kim et al. developed a pair of new fluorescent
sensors (19 and 20, Scheme 5) with two pyrene moieties
linked to a cation recognition unit of a 1,3-alternate calix[4]
arene framework that selectively recognized Pb*" and K'
ions. The probe formed an excimer in solution that
displayed an emission band at 470 nm, which was
quenched by Pb*" but subsequently revived by the addition
of K".”* Two pyrene moieties with a cation recognition unit
made of an amide linkage created a potent monomer and
excimer in the free ligand. When metal ions were added,
the emission spectral behaviour was entirely changed.
Whilst 19 was highly selective towards both Pb*" and K'

© 2024 The Author(s). Published by the Royal Society of Chemistry

individually and sequentially in a reversible manner, 20,
which had propyl groups in place of the crown-5 ring, had
high selectivity only for Pb*>". Both the monomer and the
excimer bands were significantly quenched upon the
addition of Pb*" to a solution of 19 in MeCN solution
because of reverse PET from the pyrene group to the amide
group. It was important to note that when K' was
introduced to a solution of 19, the emission behaviour
remained unaltered because K" was trapped by the crown-5
ring rather than the amide group.

The same group also developed another pair of new
fluorogenic calix[4]arene-based chemosensors (21 and 22,
Scheme 5) containing triazacrown-5 with two pyrenyl amide
groups that can be used for both cation and anion-selective
chemo-sensing purposes.”” While compound 21 emitted at
448 nm, compound 22 emitted at 472 nm. The difference of
24 nm blue shifted emission between the two compounds
was due to the triazacrown ring's steric hindrance across the
two pyrene pendants. When Pb** or Co*" was introduced to
22, the fluorescence intensities were quenched due to the
effects of the metals, reverse PET, and conformational
changes. The two pyrenyl amide groups contributed
significantly to the selective Pb®" ion complexation by using
an azacrown unit. Interestingly, the 21-Pb** composite also

Sens. Diagn., 2024, 3, 946-967 | 955
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Scheme 5 Molecular structures of Pb?* ion chemosensors 19-22.

recognized fluoride ions driven by anion selective hydrogen
bonding interactions.

In a different study by the same group, three pyrene
derivatives were developed by assembling calix[4]arenes
connected with a pendant like ethyleneamine on their
triazacrown ring (23-25, Scheme 6).”° Compounds 23 and 24
displayed weak monomer and excimer emission bands at 396
nm and 467 nm, respectively (dex = 343 nm), due to PET from
the hanging pendant-like -CH,CH,NH, moieties appended to
the fluorogenic pyrenes. In contrast 25, which did not

)
' REVERY

Scheme 6 Molecular structures of Pb?* ion chemosensors 23-25.
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contain these pendant-like moieties, displayed strong
monomer and excimer emission. When Pb>" was added to a
MeCN solution of 23 and 24, the monomer emission
increased gradually, while the excimer emission was
diminished simultaneously. However, for 25 both the
monomer and excimer emissions were decreased
significantly upon binding with Pb>". This was because of the
carbonyl bond change in orientation and the primary amine
being involved in the three-dimensional encapsulation. The
quenching of excimer emission of 23 and 24 was attributed
to inhibition of PET due to involvement of the -CH,CH,NH,
moiety coordinating with Pb**, disfavouring excimer
formation. But for 25, the C=O0---Pb*" coordination and
subsequent conformational changes initiated the quenching
of excimer emission, whereas the heavy metal ion effect and
reverse-PET collectively originated the monomer quenching.
Moreover, 23 and 24 displayed high selectivity and sensitivity
towards fluoride ions.

In 2006, Choi et al devised a pair of pyrene-based
fluoroionophores (26 and 27, Scheme 7), one of which
contained two cation recognition sites (a crown ether ring
and two facing pyreneamide groups) and displayed
different chemosensory responses with two transition
metal ions, Pb** and Cu?', and one alkali metal ion, K'.
In these multiple metal ion detection events,
photoinduced charge transfer (PCT) was reported to take a
crucial role in producing distinguishable spectroscopic
patterns.”” Both the compounds displayed monomer (lem
= 384 nm) as well as excimer (le;, = 484 nm) emissions
upon illumination at 343 nm in acetonitrile solution. The
monomer and excimer emissions of 26 were quenched in
the presence of both Cu®>" and Pb®>" due to reverse PET
and conformational changes. The Pb*>" ion was proposed
to be bound to two adjacent amide oxygen atoms of 26
and not with the crown ether ring, as control compound
27, which did not contain the crown ether ring, also
displayed similar quenching of both monomer and
excimer emission bands upon inclusion of Pb*". However,
the observed spectral changes upon the addition of K'
ions were different. Upon binding with K', 26 displayed
enhancements of the excimer emission band, probably

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 7 Molecular structures of Pb?* ion chemosensors 26-29.
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due to binding at the crown ether ring. Interestingly, 26
displayed exchanges of cations with consecutive addition
of Pb** followed by K' ions due to electrostatic repulsion
between two metal ions. This work was not only
important from a fluorescence detection point of view but
also for the ion-exchange phenomenon (Fig. 12).

In the same year, the group also reported another
pair of tetrahomodioxacalix[4]arene-pyreneamide tethered
pyrene derivatives (28 and 29, Scheme 7), which
selectively and efficiently recognized Pb*>" and Ca®" ions
in CHCl;-MeCN (1:3; v/v) mixed solvent.”® While Ca*
ion binding caused the receptor to produce an elevated
excimer and a decreased monomer emission with a
ratiometric response, Pb*" coordination resulted in
quenched monomer and excimer fluorescence emission.
Frontier molecular orbital analysis of 29 established the
variations in excimer emission spectra by explaining why
the effective n-m* interaction caused an increase in
emission intensity upon Ca’* ion complexation, but not
upon Pb®" binding. Coordination between 29 and Pb*"
disfavoured the formation of H-bonding in the pyrenyl
amide moieties and consequently discarded the
possibility of Py-Py* interactions and resulted in
quenched excimer emissions.

Later, Kumar et al. synthesized a trio of analogous calix[4]
arene-pyrene assembled fluorophores (30-32, Scheme 8) and

Quenched Excimer

Dynamic Excimer

Static Excimer

CY
@3

Enhanced Excimer

Fig. 12 Pictorial representation of the binding motifs of the probe 26 with Cu®*, Pb?* and K* ions (reprinted with permission from ref. 77.

Copyright 2006, American Chemical Society).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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30, R=H;
31, R=CH,

Scheme 8 Molecular structures of Pb?* ion chemosensors 30-32.

established their selective binding ability towards Pb>" over
other various metal ions in CH,Cl,:MeCN (1:1; v/v) mixed
solvent.”® Interestingly, the probes 30 and 31 showed
ratiometric spectroscopic changes but 32 only displayed “on-
off” behaviour upon binding with Pb*". In an absorption
study, 31 showed typical absorption bands at 363, 372, and
393 nm. Upon addition of Pb*" to the solution of 31, the
absorption band due to the aza-bridge at 363 nm gradually
decreased with simultaneous formation of a new red-shifted
absorption band at 451 nm through the intermolecular
charge transfer phenomenon (ICT). Also, with the
incorporation of Pb**, 31 displayed a ratiometric shift of
emission spectra, through an increase of the excimer band at
502 nm and a decrease of the monomer band at 407 nm. The
reverse PET process to the imine nitrogen from the
photoexcited pyrene was proposed to be responsible for the
monomer quenching, and simultaneous conformational
rigidity due to metal complexation resulted in the
augmentation of the excimer band. On the other hand, 32
displayed strong quenching of its excimer band at 486 nm
due to a reverse PET process. In addition, the 1:1 binding
stoichiometry and sub-nanoscale detection limit (LOD = 490,
100 and 290 nM for 30, 31 and 32, respectively) were also
determined. Such diverse behaviour of analogous
fluorophores towards a particular metal ion was very
interesting.

On the backbone of homooxacalix[3]Jarene, a pair of
entirely novel types of fluorescent chemosensors (33 and 34,
Scheme 9) that recognized Pb** ions in MeCN : H,O: DMSO
(1000:50:1; v/v/v) mixed solvent were reported by Ni et al.
The group established far better chemosensory behaviour of
34 over 33 towards Pb>".*° Gradual addition of Pb>" resulted
in a ratiometric shift of emission bands of 34. When excited
at 343 nm, the monomeric emission band of 34 at 396 nm
was promoted with a simultaneous decrease of the excimer
emission band upon complexation with Pb** ions. Such a
ratiometric fluorescent chemosensor for the heavy metal ion
with the homooxacalix[3]-arene C; symmetric structure
displaying ratiometric enhancement of monomeric emission
was very unusual at this time.

958 | Sens. Diagn., 2024, 3, 946-967
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Scheme 9 Molecular structures of Pb?* chemosensors 33-35.

Later, Wang et al. developed a pyrene-pyridine-based
fluorescent Schiff base connected by acetylenic linkers (35,
Scheme 9) that selectively recognized Pb** and Ni*' ions
independently in DMF-H,0O mixed solvent.®’ Remarkably,
the chemodosimeter was visible light excitable and
exhibited fluorescence “on-off” responses in the presence
of Ni** and “green-red” fluorescence switching upon
binding with Pb®*" with different response times. Upon
excitation at 460 nm, 35 displayed strong emission bands
at 509 nm and 545 nm (¢ = 0.438). The addition of Pb*"

$=0.438

Ni2* I
EDA EDA

35

®=0019

®=0.085

35+Pb?*

Fig. 13 Pictorial representation of different binding motifs of 35 with
Ni2* and Pb?* ions with corresponding fluorescent colour changes and
quantum yield values (reproduced with permission from ref. 81.
Copyright 2012, The Royal Society of Chemistry).

35+Ni*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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to the solution of 35 not only reduced the emission
intensity (p = 0.085) but also increased the intensity ratio
(Is4s/1509) from 0.334 to 1.114. Notably, the reaction time
for Pb** was delayed in comparison with the Ni*" ion,
which might be a tool to distinguish the cations. Such a
fluorescent probe could therefore demonstrate two new,
highly effective ways for differentiating between Ni** and
Pb>" ions through different binding behaviours of the “in
situ” produced Ni** and Pb>" complexes with ethylene
diamine (EDA) (Fig. 13).

Thereafter, Oton et al. developed three ferrocene-triazole
tethered derivatives with a variable aromatic moiety by
tandem click/Staudinger-aza Wittig reactions.®” Among the
three derivatives produced, the Pb>" sensing properties of
pyrene derivative 36 were explored by electrochemical and
spectroscopic methods in MeCN:CH,Cl, (4:1; v/v) mixed
solvent. Upon interaction with Pb>', the absorption band of
the probe displayed a ratiometric blue shift from 382 to 347
nm accompanied by a yellow to yellowish red colour and a
sharp increase of emission intensity (¢ = 0.027) from a very
poor fluorescence emission (p < 0.001). Such enhancement
of emission intensity was attributed to a CHEF process
(CHEF = 125). Hitherto, heavy metal ions like Pb>" have
mostly exhibited quenching of emission intensity as their
detection method, and such “turn on” based detection was
very rare.

In 2013, Neupane et al. synthesized a pyrene-tryptophan
tethered fluorophore (37, Scheme 10) that fluorimetrically
recognized Pb*" vig a “turn on” response of the monomeric
band at 380 nm and Hg”>* via “turn on” responses of both
the monomeric (380 nm) and excimeric bands (475 nm) in
HEPES buffered aqueous solutions (pH = 7.4).%* The probe
37 itself showed typical weak emission bands at 378 nm
and 395 nm. The poor emission was due to PET from the
tryptophan to the pyrene moiety. The binding of Pb*" with
the indole group impeded the PET process with the
consequential enhancement of monomeric emission of the
pyrene moiety. The exclusive role of the tryptophan moiety
as a ligand and a quencher for recognition and fluorescence

changes upon metal binding has not been explored
previously.
Thereafter, Thakur et al synthesized two pairs of

electrochemical and optical sensors (38-41, Fig. 14) by

Scheme 10 Molecular structures of Pb?* ion chemosensors 36 and 37.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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assembling ferrocene-triazole-anthracene and ferrocene-
triazole-pyrene (one pair each) via click reactions.** In
addition to electrochemical responses, the probes
exhibited significant promotion of the characteristic
emission band upon binding with Pb*" in MeCN-H,O (2:8;
v/v) mixed medium. The fluorescence “turn on” responses
enabled high fidelity nanomolar scale detection of Pb*", even
over other typically competing cations like Hg*>" and Cd*"
ions. Such a “turn on” response was attributed to the
consequence of CHEF. Another advantageous aspect of this
study was the pronounced naked-eye colour changes (Fig. 14)
of the chemosensors in the presence of Pb** (from yellow to
greenish blue). Such a readily observed chromogenic colour
change could prove very convenient for real-life and on-site
application of the chemosensors.

The same group then developed another two pairs of
chromogenic and fluorescent probes using click reactions,
two of which displayed excellent selectivity and sensitivity
(LOD = 2 ppb) towards Pb*".** Among the two Pb*"
chemosensors, the pyrene-triazole-carbohydrate anchored
fluorophore (42, Scheme 11) was able to detect Pb>" with
the naked eye with a prominent colour change from
colourless to greenish blue. The probe itself was highly
fluorescent in nature, but suffered from significant
quenching in the presence of Pb*" in an aqueous medium
(MeCN-H,0; 2:8; v/v). In comparison with their previous
study,®® with replacement of the ferrocene moiety by a
carbohydrate, the nature of the fluorescence response was
reversed in the same semi-aqueous medium. Here, the
quenching was driven by spin-orbit coupling in
combination with energy transfer mechanisms. In addition,
1:1 binding stoichiometry and chemosensory responses of
42 towards Hg*>* were also documented.

Intrigued by “constitutional dynamic chemistry”, Chang
et al. adopted a new strategy to develop molecular beacon-
like fluorescent probes (43 and 44, Scheme 11).%° The
molecular beacon-like fluorescent probes were actually two
ion-pairs composed of either EDTA or sulfuric acid (the
anionic counterion of the cation) and two units of residues
combining an amino-containing pyrenyl derivative on a
hydrophobic cholesterol backbone (cationic counterpart).
EDTA and sulfuric acid were used separately as physical
linkers to combine two units of the pyrene-cholesterol
residues together via proton transfer to develop the ion-pair.
Cholesterol is popular for its unique solvent polarity
dependent self-assembly phenomenon and hence is
regularly used as a building block of gelators of low
molecular mass. The same property was observed here.
Probe 43 displayed aggregation behaviour in n-hexane but
swelling was observed in chloroform or MeOH. It was
successfully utilized for the distinct recognition of two
cations, Ba®>" and Pb*', over others tested by the
development of excimer emission bands and colour changes
under UV-light (Fig. 15). The probes were also successfully
used to evaluate the purity of n-hexane, and likely the
development of such biocompatible, molecular beacon-like
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38-Pb?* complex 39-Pb? complex

40-Pb* complex 41-Pb* complex

e) Naked-eye color change of 38 with different metal ions.

f) Naked-eye color change of 39 with different metal ions.

Fig. 14 Probable binding mode of (a) 38, (b) 39, (c) 40 and (d) 41 with Pb?*; chromogenic colour change of (e) 38 and (f) 39 with different metal
jons including Pb?* (reproduced with permission from ref. 79. Copyright 2013, American Chemical Society).
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Scheme 11 Molecular structures of Pb?* ion chemosensors 42-44.

fluorescent sensors using this strategy is a gateway to future
research in the field.

Inspired by utilising the principles of the coordination
chemistry of metal ion binding and aggregation, Zhao
et al. developed a fluorophore containing a hydrophobic
group and a pair of pyrene units (fluorophore) connected
by a flexible hydrophilic group (45, Scheme 12) and
employed it for the selective and high-fidelity fluorescence
detection of Fe** and Pb®*" ions in a semi-aqueous
medium.®” Such a molecular beacon-like shape of the
probe was suitable for the formation of an excimer. As
expected, in H,0-MeCN (3:2; v/v) mixed solvent, the
probe showed its characteristic excimer emission band at
481 nm and a poor monomeric band in the range of
370-400 nm. However, the probe displayed similar
fluorescence quenching in the presence of Fe*" and Pb*"
ions though the extent of quenching in the presence of
Fe*" was stronger than in the presence of Pb>* (binding
constant = 1.78 x 10'"" and 9.60 x 10’ L*> mol™ for Fe**
and Pb*’, respectively). In addition, unlike Fe**, Pb*" did
not result in the formation of flocculent precipitates in
solution. Interestingly, the fluorescence responses were
almost the same over a relatively wide pH range of 4.0
to 7.5. Upon switching of the solvent to H,0-DMSO (3:
2; v/v), both Fe** and Pb*" exhibited quenching to an
almost comparable extent, with both resulting in
flocculent precipitates which were white for Pb®*" and
yellow for Fe**. The presence of a carbonyl group played

© 2024 The Author(s). Published by the Royal Society of Chemistry

a significant role in the coordination of the metal ions
and the consequent development of a highly hydrophobic
1:1 metal complex. Remarkably, this work not only
outlined the fluorescence recognition of Fe’" and Pb*"
ions but also distinguished the two cations as well as
demonstrated the removal of the metal ions from
aqueous solution.

Later, Zhang et al. reported a new approach for the
detection of multiple cations, including Pb**, in aqueous
medium.®® A composite sensor system was developed by the
integration of a fluorophore, a picolyl-modified pyrene
derivative (46, Scheme 12) and an anionic surfactant,
sodium dodecyl sulfate (SDS). 46 displayed typical pyrene
absorption peaks in the UV-visible range at 268, 279, 351,
and 379 nm, and the emission spectra showed monomeric
emission bands at 379 and 399 nm. Interestingly, the
fluorophore-surfactant ~ ensemble  displayed  multiple
emission bands in the presence of 13 common metal ions
and the fluorescent pattern was utilized in the principal
component analysis (PCA) of the metal ions (Fig. 16). In
addition to Pb*", the binary sensor system recognized Mg>",
A", ca*, cr*', Fe**, Co*', Ni**, cu®’, Zn**, Cd*, Hg*" and
Ba®>" jons. Remarkably, this method could be employed in
the discrimination of disinfected drinking water and
mineral water of different brands, and the development of a
binary composite sensor for the recognition and
discrimination of multiple metal ions employing a PCA
strategy was a remarkable innovation.
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Fig. 15 Plausible binding mechanism of (a) 44 with Ba®*/Pb?* ions along with (b) colour change of 44 in the presence of different metal ions
(reproduced with permission from ref. 86. Copyright 2015, American Chemical Society).

Recently, Merz et al. developed a pyrene-based “turn-off”
fluorescent probe (47, Fig. 17) and employed it to detect
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Scheme 12 Molecular structures of Pb?* ion chemosensors 45 and 46.
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and quantify environmentally important metal ions such as
Cu”', Pb>" and Hg>", with long fluorescence lifetimes and a
rigid sensor architecture.®” The formation of a 1:1 probe-
cation complex during the course of the reaction was
confirmed by Job's plot and bindfit software. In addition, at
higher quencher concentrations, the Stern-Volmer plots
showed a complex web of interactions that included the
reversible, metal-induced production of nanosized
aggregates in addition to the complex
(Fig. 17). If the system could be immobilized on a solid
base to stop aggregation, some interesting real-life
application might be found.

stoichiometric

Here, we have observed that for the detection of Pb*",
several types of binding units like calix[4]arene, triazole,
indole, cholesterol, push-pull dye, pyridine, ferrocene and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 Schematic diagram of the detection strategy of different metal ions by the ensemble sensor using the PCA method (reproduced with

permission from ref. 88. Copyright 2017, American Chemical Society).

Fig. 17 Schematic diagram of the proposed binding mechanism of 47
with Cu?*, Pb?* and Hg?* ions.

Schiff bases have been integrated with pyrenes. Also,
different materials like ion-pair, molecular beacon, and
fluorophore-surfactant ensemble and the PCA technique
have been employed. But unlike Ag" sensing, there is a
huge diversity in the binding mechanism and fluorescence
responses. The inclusion of Pb*>" into these systems has
displayed a ratiometric shift of the monomer and excimer
bands, quenching of either the monomer or excimer band
and promotion of the excimer band. Despite all of these
achievements, there is still some scope for future
developments. Among all of these pyrene-based Pb*"
chemosensors, there are few (Table 2) that have high fidelity
detection capacity in pure water. This is essential for real-
life applications and is an area that needs to be developed.

© 2024 The Author(s). Published by the Royal Society of Chemistry

As for Ag’, for ease of comparison between different sensor
systems, basic information like the binding unit, medium,
nature of the fluorescence response, photoprocess involved,
and LOD and highlights of any special features are
presented.

Conclusions

This article summarizes the chronological progress on pyrene
moiety-integrated small molecule chemosensors for the
colorimetric and fluorescence detection of silver and lead
ions. We have presented the different strategies that have
been utilized for the selective recognition of lead and silver
ions.

A range of different moieties have been assembled with
pyrene to improve the selectivity and sensitivity of analyte
detection. Most of the chemosensors reported herein
displayed very sharp and distinguishable colour changes
upon binding with these two metal ions and the
spectroscopic responses were utilized, in the design of
different high-utility and popular opto-chemical logic gates
and memory units. Interestingly, in the presence of Ag’,
most of the pyrene-based chemosensors displayed
ratiometric fluorescence changes but their application in
mixed analyte samples is frequently hampered by competing
responses from other analytes. In case of Pb>* ion, just
reversed fluorescence responses, with quenching of either
the monomer or excimer emission band, were observed,
rather than the more desirable ratiometric fluorescence
changes being observed. Therefore, a contemporary
challenge remains to establish new systems that can
exploit the ratiometric potential of pyrene systems in the
detection of Pb*>" ions. Despite the considerable number
of pyrene-based chemosensors for silver and lead ions that
have now been reported, none of them have yet been able
to detect either of the metal ions with high fidelity in
pure aqueous medium. This is an essential pre-requisite
for their reallife detection and remains an enduring
challenge for the future if such systems are to replace the
traditional ~ high-end  analytical methods  currently
employed.
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Table 2 Sensor information table for Pb?* ion sensors containing the binding unit, medium, nature of the fluorescence response, photoprocess, LOD

and any special features

Fluorescence
Binding unit (probe number) Medium response Photoprocess LOD Special feature Ref.
Calix[4]arene (19 and 20) MeCN Quenching  PET & — Dual ion sensing 74
conformational
change
Calix[4]triazacrown (21 and 22) MeCN Quenching  PET — Dual ion sensing 75
Calix[4] MeCN Quenching  PET & CHEF — Dual ion sensing 76
arene-ethyleneamine-triazacrown
(23-25)
Calix[4]crown (26 and 27) MeCN Quenching  PCT & PET — Consecutive dual ion sensing 77
Tetrahomodioxacalix[4]arene CHCl3-MeCN Quenching  PET — Dual ion sensing 78
pyreneamides (28 and 29) (1:3; v/v)
Calix[4]arenes (30-32) CH,Cl,-MeCN Quenching  PET 290 nM Prominent naked-eye color 79
(1:15v/v). change
Homooxacalix[3]arene-triazole MeCN-H,0-DMSO Ratiometric Heavy metal — Remarkable selectivity 80
derivative (33 and 34) (1000:50:1; v/v) quenching
Pyridine derivative (35) DMF-H,0 (1:1; v/v) Quenching  Metal coordination —— Visible light excitable fluorescent 81
chemodosimeter
Ferrocene-triazole derivative (36) MeCN-CH,Cl, “Turn on” CHEF 590 nM Electrochemical and optical 82
(4:1;vv) detection
Tryptophan derivative (37) HEPES buffered “Turn on” PET — First report of an amino acid 83
MeCN residue as a Pb*" chemosensor
Triazole-tethered ferrocene (38-41) MeCN-H,O “Turn on” CHEF 2 ppb  Sharp naked-eye color change 84
(2:8; v/v)
Triazole-carbohydrate derivative MeCN-H,0 Quenching  Spin-orbit coupling 2.0 nM Sharp naked-eye color change 85
(42) (2:8;v/v) & energy transfer
Cholesterol amino acid anchored =~ CHCl;-n-hexane Quenching  Monomer-excimer  — Ion-pair as a chemosensor 86
molecular beacon (43 and 44) conversion
Butyroyl-ornithine derivative (45) H,0-DMSO Quenching  Aggregation — Solvent-dependent ion sensing 87
(3:2; v/v) behavior
Bis(2-picolyl)amine-modified H,0 — Aggregation — Application of the PCA method 88
pyrene-SDS composite (46)
Tetraethylene glycol-triazole MeCN Quenching  Aggregation 600 nM Multiple metal ion sensing 89

derivative (47)

Abbreviations

CHEF Chelation enhanced fluorescence
DFT Density functional theory

EDTA Ethelene diamine tetraacetic acid
HB Hydrogen bonding

ICT Intramolecular charge transfer
LOD Limit of detection

MB Molecular beacon

PA Picric acid
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