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Recent advances in fluorescence chemosensors
for ammonia sensing in the solution and
vapor phases

Pandi Raja Lakshmi,* Binduja Mohan, () +° Preeti Kang,® Pandurangan Nanjan*®
and Sankarasekaran Shanmugaraju (2 *@

Developing low-cost and reliable sensor systems for the detection of trace amounts of toxic gases is an
important area of research. Ammonia (NHs) is a commonly produced industrial chemical and a harmful
colorless pungent gas released from various manufacturing and processing industries. Continuous
exposure to NHsz vapor causes serious menace to human health, microorganisms, and the ecosystem.
Exposure to relatively higher concentrations of NHz severely affects the respiratory system and leads to
kidney failure, nasal erosion ulcers, and gastrointestinal diseases. Excessive accumulation of NHz in the
biosphere can cause various metabolic disruptions. As a consequence of this, therefore, suitable sensing
methods for selective detection and quantification of trace amounts of NHz are of utmost need to
protect the environment and living systems. Given this, there have been significant research advances in
the preceding years on the development of fluorescence chemosensors for efficient sensing and
monitoring of the trace concentration of NHz both in solution and vapor phases. This review article
highlights several fluorescence chemosensors reported until recently for sensing and quantifying NHs in
the vapor phase or ammonium ions (NH,") in the solution phase. The wide variety of fluorescence
chemosensors discussed in this article are systematically gathered according to their structures,
functional properties, and fluorescence sensing properties. Finally, the usefulness and existing challenges
of using the fluorescence-based sensing method for NHs detection and the future perspective on this
research area have also been highlighted.
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Introduction

Designing useful sensor systems for selectively sensing and
monitoring the trace concentration of toxic gaseous species is
crucial to mitigate environmental pollution and eliminating
water, air, and soil pollution." There are many kinds of gas
sensors that have already been devised and used for hazardous
gas sensing in different areas like ecological investigation, self-
propelled manufacturing, therapeutic application, air quality
controls, etc.” The common small molecule gases include CO,
NOyx (X = 0.5, 1, and 2), SOx (X = 2 and 3), and ammonia (NHj3),
which are classified as dangerous toxic gases to human health
and serious pollutants to the environment when their concen-
tration exceeds the permissible limit of 1 to 5 ppb.** Among
different toxic gases, NH; is a prevalent caustic gas in the
biosphere and, as it happens, is released from both natural
and manufacturing processes.” The current global annual
production of NH; is 176 million tonnes and it is predomi-
nantly produced via the Haber Bosch process.®® The annual
emission of NHj; gas into the atmosphere is 1.0 Tg.® In nature,
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NH; is generated in the nitrogen cycle from decaying organic
nitrogen compounds via plant decomposition, excretion by
humans and animals, and decomposition of sewage by
microorganisms.'®™*? NH; is artificially produced from agricul-
tural activities, household cleaning products, and industrial
processes such as mining, metallurgical activities, production
of ceramic materials, and synthesis of various chemical
compounds.****

Due to its intense pungent smell and high sensitivity to the
human nose, the smell of NH; gas is more easily detected at
high concentrations compared to that of other odoriferous
gases.'> However, at a very low concentration, the smell of
NH; cannot be sensed by the human nose. The permissible
limit of dissolved NHj; is 25 pg L™'; beyond this limit, it is
considered toxic.'® Excess accumulation of NH; in the bio-
sphere leads to metabolic disruption and changes in the pH
value induced by basicity imbalance of most significant amino
acids like lysine and arginine."”” Continuous exposure to NH;
vapors leads to kidney disorders, nasal erosion ulcers, and
gastrointestinal diseases.'® Therefore, developing suitable sen-
sor systems for selective sensing and monitoring of the trace
concentration of NH; in the gas phase or NH," in the solution
phase is urgently needed. Numerous instrumentation techniques,
including flow spectroscopy, gas chromatography-mass spectro-
metry (GC-MS), potentiometric electrodes, infra-red absorption,
and spectrophotometry, and a few reaction-based sensing
methods like Nessler’s reagent test and Berthelot reaction are
currently available for the detection and quantification of
NH,."*7** Another sensing technology currently used is electro-
chemical sensing of NHj;. The electrochemical sensing method
is highly sensitive and relatively cheap.”?

Nonetheless, the above instrumentation techniques devour
chemicals, need illustration pre-treatment, affluent instrumen-
tation, have high instrument cost, and are not suitable for
on-site real-time monitoring, which limits their practical use
for continuous monitoring of the concentration of NH; gas.”*?*
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The reaction-based colorimetric sensing method often gives
false positive results due to other interfering contaminants that
co-exist in the samples.”® Moreover, many of the available
sensor systems function only at high temperatures to stimulate
the adsorption and desorption of NH;, which further restricts
their room-temperature practical applications.?” To circumvent
these drawbacks, in recent years, optical method-based detec-
tion has become an efficient and practically feasible method for
sensing NH; gas under ambient conditions. In particular,
fluorescence-based sensing methods have garnered substan-
tial research interest because of their technical simplicity,
fast response time, low instrument cost, and high sensitivity
for detection.”®*® Fluorescence-based sensing is a powerful
method that can be used to detect the target analytes with
superior sensitivity.*°

Until recently, a plethora of fluorescence chemosensors like
luminescent metal-organic frameworks, metal-organic hybrid
gels, porous organic polymers, and small-molecule fluores-
cence sensors including the ratiometric fluorescence sensors
have been developed and demonstrated for their fluorescence
sensing applications towards NH;.*' > Several of these sensors
exhibit high selectivity, good sensitivity, and excellent reversi-
bility for NH; detection. A few review articles have already been
reported on fluorescence chemosensors for detecting toxic
gaseous molecules.**® However, to the best of our knowledge,
until now, no dedicated review articles have been reported that
exclusively elaborate on fluorescence chemosensors for NH;
sensing. Given this, in this review article, we have system-
atically described various fluorescence chemosensors reported
to date for the selective detection and quantification of NH;
both in the solution and vapor phases. For the understanding
purpose, we categorized the fluorescence chemosensors
into several types, (i) metal-organic framework (MOF)-based
chemosensors, (ii) metal-organic gel (MOG)-based chemosen-
sors, (iii) covalent-organic polymer (COP)-based chemosensors,
and (iv) small-molecule fluorescence chemosensors. In the
following sections, each categorized fluorescence chemosensor
design, synthesis, structure features, photophysical charac-
teristics, and NH; sensing properties have been discussed in
detail.

Metal-organic framework (MOF)-based
fluorescence chemosensors

Metal-organic frameworks (MOFs) are an emerging class of
highly ordered porous polymeric networks built through metal-
ligand coordination bonding between metal ions or metal
clusters and multidentate organic ligands.*® In general, MOFs
are isolated as highly crystalline solids after heating suitable
organic ligands with metal ions in a stoichiometric molar ratio
in an appropriate solvent.”” Owing to the large surface areas,
high porosity, and tailorable structures and functional proper-
ties, the application of MOFs has been explored in great
detail for gas adsorption and storage, host-guest chemistry,
heterogeneous catalysis, chemosensing, stimuli-responsive
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Fig. 1 (A) Molecular structure of ligands Ly and L,. X-ray crystal structure
of (B) LMOF 1 and (C) LMOF 2 (colour code: Zn orange, Mg green, O red,
and C gray). Hydrogen atoms are not included for clarity. The relative
changes in emission spectra of (D) 1 and (E) 2 when exposed to different
analytes at 25 °C (top) and 100 °C (bottom). Reprinted with permission
from ref. 47. Copyright 2013 American Chemical Society.

drug delivery and so on.*’™*? In particular, in the preceding

years, luminescent metal-organic frameworks (LMOFs) have
attracted considerable research focus because of their interest-
ing, tunable photophysical properties.***> LMOFs have been
used for various applications such as optical materials, lumi-
nescent chemosensors, adsorptive sensing and removal of
pollutants, targeted drug delivery, and diagnostic bio-
probes.*® In this section the design, structural features, and
NH; sensing properties of various LMOFs reported to date have
been discussed.

Two microporous LMOFs, Zn,(TCPE) (1) and Mg(H,DHBDC)
(2) {where TCPE = tetrakis(4-carboxyphenyl)ethylene (L,) and
H,DHBDC,~ = 2,5-dihydroxybenzene-1,4-dicarboxylate (L,)}
were specially designed for the ‘turn-on’ fluorescence sensing
of gaseous NH; at high temperatures (Fig. 1(A)-(E)).*” The
synthesized LMOFs exhibited high structural rigidity and
strong fluorescence emission properties. Both LMOFs 1 and 2
exhibited selective ‘turn-on’ fluorescence sensing responses
when they were exposed to gaseous NH; at 100 °C. The
fluorescence enhancement was accompanied by a significant
red shift in the emission maxima from A = 487 nm to 511 nm
(Fig. 1(D) and (E)). Interestingly, similar exposure studies of
these LMOFs to other potentially interfering analytes such as
water, methanol, larger amines, ethylenediamine (en), and
N,N'-dimethylformamide (DMF) showed no strong binding

This journal is © The Royal Society of Chemistry 2023
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affinity at higher temperatures. However, at 25 °C, these
analytes elicited a notable shift of 0 to 23 nm in the emission
maxima. Moreover, LMOF 1 on binding with NH; induced an
irreversible phase change and, thus, is not suitable for rever-
sible fluorescence sensing applications, while thermally acti-
vated LMOF 2 reversibly interacted with NH; gas. The possible
binding mode of NH; with LMOFs was probed using density-
functional theory (DFT) calculations. The calculated binding
energies for NH; were high and were more favorable for
binding NH; by 19 to 38 k] mol ' than other tested analytes,
which makes the LMOFs highly selective for NH; sensing. The
unique chemical selectivity of LMOFs for NH; over other
interfering analytes was ascribed to the small pore sizes, which
is preferred for the selective uptake (molecular sieving effect) of
NH; vapor due to matching of their complementary size with
the micropores of LMOFs. These studies demonstrated that
temperature could be used as a feasible external stimulus to
enhance the chemical selectivity in chemical sensing applica-
tions, and this parameter can further be extended for the
selective sensing of other hazardous environmental pollutants
and contaminants.

A robust microporous Mg-based LMOF 3 was designed
incorporating active hydroquinone into an Mg-LMOF, {[(CH3),-
NH,]|[Mg;(OH)(DHBDC);(TPP)],,} (SNNU-88, SNNU = Shaanxi
Normal University, 2,5-dihydroxyterephthalic acid (DHBDC) =
L, 2,4,6-tri(4-pyridyl)-pyridine, TPP = L,) and used for effective
detection of NH; at trace concentration (5 to 100 ppm)
(Fig. 2(A)).*® The idea of incorporating hydroquinone is that it
can serve dual functions, ie., redox behavior and proton
transfer. Furthermore, hydroquinone also serves as an excellent
molecular recognition site for the NH; analyte. The ligand L; is
a versatile organic chelator that forms porous networks upon
reactions with metal ions or metal clusters and exhibits keto to
enol tautomerism, further extending the framework stability of
the synthesized LMOF 3. Upon diffusion of NH; vapors to the
surface of LMOF 3, they will react with the hydroquinone
groups through acid-base interactions that promote the trans-
formation of enol to the keto form. The adsorbed NH; would
accept a proton from hydroquinone and form an ammonium
ion (NH,"), and effused electrons reduce the LMOF resistance.
At the same time, during the recovery process, the loss of H"
ions from NH," accelerates the reverse transformation of keto
to the enol form, increasing the resistance of LMOF. Further-
more, the addition of aqueous NH; into a dimethylacetamide
(DMA) solution of 3 showed a strong fluorescence emission
(Fig. 2(B)). It was observed that the emission intensity decreased
as the concentration of aqueous NH; increased from 0 to 1.5 ppm,
and a further increase in aqueous NH; concentrations from 3 to
100 ppm resulted in a significant enhancement in emission
intensity with an apparent red-shift of 35 nm at room tempera-
ture (Fig. 2(C) and (D)). The observed unusual fluorescence
‘turn-off’ to ‘turn-on’ sensing properties of 3 originated from
an excited state intramolecular proton transfer (ESIPT)
mechanism.*® The addition of NH; destroys the intramolecular
hydrogen bonding in hydroquinone and promotes a strong
intermolecular hydrogen bonding between hydroquinone and

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (A) 3D framework structure of LMOF 3. (B) Relative changes in
fluorescence intensity of 3 upon increasing aqueous NH3z concentration
from 0 to 100 ppm in DMA medium. (C) Photographs for the turn-off and
turn-on fluorescence behavior triggered by aqueous NHs. (D) Linear
relationship between the observed efficiency of fluorescence changes
and the aqueous NH3z concentration was recorded in DMA. Reprinted with
permission from ref. 48. Copyright 2018 Royal Society of Chemistry.

NH; molecules. Interestingly, the ESIPT-based sensing of NH;
is highly reversible; thus, LMOF 3 can be a good reusable
sensor for NH; sensing. The high selectivity, ultra-trace sensi-
tivity, and good reversibility make LMOF 3 a powerful chemo-
sensor for sensing NH;.

Very recently, Cui et al. reported three anionic LMOFs 4-6,
{[Zn5(BTEC),(H,0)(4-BCBPY)]-(H,0)}, {where BTEC*~ = 1,2,4,5-
benzene tetracarboxylic acid anion (Ls), 4-BCBPY>" = 1,1'-bis(4-
cyanobenzyl)-4,4’-bipyridinium dication (Le)} (Fig. 3(A)—-(C),
left).” LMOFs 4-6 were synthesized by solvothermal heating
using different metal salts (ZnNO; for 4, ZnCl, for 5, and ZnSO,
for 6), and these LMOFs were structurally characterized by X-ray
diffraction analysis which revealed that each MOF structure is
built from binuclear metal building units, which are coordina-
tively connected to two protonated BTEC"™ ligands and three
Zn(u) ions. The extended structures of LMOFs results in the
formation of a porous channel that acts as a host to accom-
modate the guest, 4-BCBPY>" cyano-viologen, into it to achieve
charge balance. LMOFs 4-6 showed good photosensitivity on

Chem. Commun., 2023, 59, 1728-1743 | 1731
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Fig. 3 3D packing structure of LMOFs (A) 4, (B) 5, and (C) 6 (left); changes
in UV-vis absorption (middle; inset: discoloration photographs for rever-
sible adsorption and desorption of NHs), and fluorescence emission
change (right) before and after exposure of 4—6 to NH3z vapor. Reprinted
with permission from ref. 49. Copyright 2022 Royal Society of Chemistry.

exposure to sunlight and UV light and had high thermal
stability up to ~400 °C. In addition, these LMOFs displayed
visible color changes upon exposure to NH; vapors (Fig. 3(A)-(C),
right). The initial color of LMOFs changed from white to blue, and
further exposure to air reversibly changed the color from blue to
gray, which could be seen through naked eye. These photochro-
mic changes were attributed to the distinct differences in donor-
acceptor (D-A) distances and n-n stacking distances in three
LMOFs due to the different natures of metal salts. Further studies
confirmed that LMOFs 4-6 could sense NH; vapors at a very trace
concentration through a fluorescence quenching mechanism.
Upon irradiation, the efficient transfer of electrons from NH; to
electron-poor viologen guest caused the observed fluorescence
quenching. These studies demonstrated that the judicious selec-
tion of metal salts, organic linkers, and the choice of appropriate
guest molecules could help modulate photochromic properties
and detection of NH; vapor.

An interesting 2,1,3-benzoxadiazole decorated -electron-
deficient Zr(iv)-based LMOF 7 for ‘turn-on’ fluorescence sensing
of NH; was recently reported by the Potapov group.’® LMOF 7
was prepared by heating a mixture of a dicarboxylate ligand,
4,7-di(p-carboxyphenyl)-2,1,3-benzoxadiazole (L,), and zirco-
nium tetrachloride in DMF (Fig. 4(A)). After prolonged heating,
the framework structure of 7 was isolated in quantitative yield.
LMOF 7 belongs to the UIO-68 family with fcu topology and a
very high surface area (Fig. 4(A)). The photophysical studies
of 7 in H,0 showed a broad absorption peak with absorption
maxima at 4 = 380 nm and a strong emission peak centered
at 2 = 530 nm, which was red-shifted by 20 nm compared
to ligand L, peak due to the influence of ligand-to-metal
coordination interactions within the framework (Fig. 4(B)).
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Fig. 4 (A) Synthesis of sensor LMOF 7 from ligand L; and Zr(wv);

(B) Excitation and emission spectra of 7 were measured in H,O (inset:
photographs of 7 in H,0); (C) Changes in fluorescence emission intensity
for 7 upon the gradual addition of aqueous NHs. (D) Linear fit for the NHz
concentration—intensity correlation. Reprinted with permission from
ref. 51. Copyright 2022 Royal Society of Chemistry.

The photoluminescence quantum yield was determined to be
35%, which is significantly higher compared to the quantum
yield of the ligand L, alone. To use it for NH; sensing, a well-
dispersed suspension of 7 was prepared in H,O and subse-
quently treated with NH; in an aqueous medium. The initial
emission intensity of 7 drastically increased after adding aqu-
eous NH;. From the titration profile, the limit of detection
(LoD) for NH; was determined to be 6.5 ppb which is much
superior to those of the well-known Nessler’s reagent and many
of the LMOFs reported for NH; sensing (Fig. 4(C) and (D)). To
meet the practical applicability, the ‘turn-on’ fluorescence
sensing property of 7 was also demonstrated using a filter-
paper-based test strip for vapor phase sensing of NH;. The
experimentally observed ‘turn-on’ fluorescence sensing was
further validated by DFT calculation on the model system of
7, explaining the reason for the observed increase in fluores-
cence intensity upon adding NH;. It was proposed that the
addition of electron-rich NH; to the electron-deficient 7 per-
turbed the symmetry of the electron density distribution and
resulted in an excited state charge separation, consequently
increasing the fluorescence emission intensity. In a nutshell,
these studies demonstrated the relevance of Zr(iv) based LMOFs
for their applications in sensing and quantifying toxic gases in
an aqueous medium.

Metal—organic gel (MOG)-based
fluorescence chemosensors

The fabrication of metal-organic gel (MOG)-based responsive
soft materials is a fast-growing area of research in supramole-
cular chemistry.”® MOGs are formed via non-covalent supra-
molecular self-assembly of discrete metal-organic constructs
into highly cross-linked and intertwined three-dimensional
(3D) networks. Commonly, the voids in the 3D framework of
MOGs are filled with a large volume of solvent molecules.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (A) Reaction scheme for forming 8 and depolymerization after
exposure to NHs vapor (inset: visual color change from green gel
to purple) and (B) corresponding proposed sensing mechanism of gel
formation and collapse on sensing NH3z vapor. (C) SEM image of the as-
synthesized 8 and (D) reversible sensing responses showed instinct color
changes upon exposure to NHz and subsequent heating of the gel-coated
sheet. Reprinted with permission from ref. 53. Copyright 2016 Elsevier.

Among the wide variety of MOGs, reported in recent years,
luminescent MOGs (LMOGs) have attracted increasing atten-
tion because of their applications as chemical sensors for the
detection of environmental pollutants.’® In this section, we
have highlighted some noteworthy examples of LMOG-based
fluorescence chemosensors for detecting NH;.

In 2016, Zhou et al. introduced a new idea of designing
chemical sensors for NH; sensing via gel formation, which
collapse upon binding with the analyte.’® The team developed a
fluorescent and colorimetric probe for NH; sensing using
a Cu(u)-based LMOG 8. Sensor 8 was synthesized by reacting
2,7-bis(1-imidazole)fluorene (Lg) with CuSO, (Fig. 5(A)). A green
color solution was observed instantaneously by stirring a
mixture of ligand Lg and CuSO, in DMF and after 5 minutes
of stirring, the solution transformed into a highly opaque green
gel 8. Scanning electron microscopy (SEM) images of the
formed gel showed a clear fibrous network-like structure
(Fig. 5(C)). Interestingly, upon exposure of 8 to the saturated
NH; vapors showed a remarkable fluorescence ‘turn-off’ and
‘turn-on’-type of chemosensing due to the collapse of gel, and
the LOD was calculated to be up to 5 ppm (Fig. 5(B) and (D)).
The initial green color of the gel transformed to purple due
to the depolymerization of the metal-ligand coordination
polymer. The depolymerization drives the replacement of
ligand Lg from the coordination sphere of 8, which results
in tetragonal [Cu(NH;),]** formation. The LMOG 8 showed
highly selective fluorescence responses for NH; as well as for
ethylenediamine, while other organic amines and solvents
showed no noticeable changes in the emission properties.
Furthermore, the sensing responses were found to be rever-
sible and the gel was stable for up to five cycles of sensing
studies. These studies confirm that LMOG 8 can be a potential
fluorescent chemosensor for the sensitive, selective, and
reversible detection of NH; vapors.
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Fig. 6 (A) SEM images (scale: 1-5 uM) of Eu(Sal)s-Fm/PVA hydrogel (10).
(B) Fluorescence emission spectrum of 10 in response to 5 mmol
concentrations of NHs. (C) Photographs of hydrogel 10 exposed to NHs
gas for about 0 min to 24 h; the images were taken under 254 nm UV lamp
illumination. (D) Schematic representation for the proposed sensing
mechanism of NHz sensing through complexation and decomplexation
processes. Reprinted with permission from ref. 54. Copyright 2021
Elsevier.

Last year, a novel lanthanide complex-based luminescent
hydrogel 9 was synthesized from the reaction of EuCl;-6H,0
and salicylic acid (Sal, Lo).>* The synthesized gel 9 showed an
effective sensing ability for NH; vapor under optimum condi-
tions. Furthermore, the EuL,-Fm/PVA hydrogel (10) which is
composed of Eu(Sal); and Eu(TTA); complexes (PVA = polyvinyl
alcohol, TTA = 2-thenoyltrifluoroacetone (L), L = Sal, or TTA,
and Fm = formamide, n = 1-3) was obtained in a one-pot
reaction and 10 was used for the continuous monitoring of
NH; gas (Fig. 6). Interestingly, the fluorescence sensing
response was not affected by the presence of any other inter-
ferences from external sources (Fig. 6(B)). The binding of NH;
with the Eu(Sal); complex influences the energy transfer from
the ligand to metal ions and thus evokes changes in the
fluorescence emission intensity. Although the increasing
concentration of NH; decomposes the coordination complex
and destabilizes it, the intrinsic fluorescence of 9 is quenched
and recovered by adjusting the concentration of NH;. The
ability of Eu(Sal); to show unique fluorescence responses was
attributed to its effective coordination with NH; gas. Consider-
ing the facile preparation and cost-effectiveness, both LMOG 9
and 10 can be realized as potential chemosensor systems for
the effective sensing and monitoring of NH; gas under opti-
mum conditions.

Covalent-organic polymer (COP)-
based fluorescent chemosensors

Covalent organic polymers (COPs) are a new class of solid
materials that have attracted increasing research interest and
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have been used as promising luminescent materials for sensing
hazardous and environmentally toxic pollutants.”® Generally,
COPs are synthesized via conventional covalent bond-forming
reactions between appropriate organic building units.>® Due to
their high specific surface area, low framework density, and
high physicochemical stability, COPs have been widely used for
the analysis and quantification of trace amounts of toxic small
molecules.’” ™2 In this section, we have discussed three lumi-
nescent COP-based fluorescent chemosensors for NH; sensing.

In 2018, Zhang et al. designed and synthesized a novel
triazine-based covalent organic polymer 11 for the sensitive
detection of HCI and NH; vapors.®® The COP 11 was isolated as
a yellow powder by heating 2,4,6-trimethyl-1,3,5-triazine (Ly4)
and 1,4-terephthalaldehyde (L;,) in methanol at 80 °C
(Fig. 7(A)). The powder form of 11 was dispersed in a solvent-
medium and the microporous film formed by it on the surface
of the quartz sheets exhibited high selectivity and sensitivity for
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Fig. 7 Schematic representation for the synthesis of COP 11.
(B) Fluorescence quenching responses of the films formed by 11 on
exposure to HCl gas at various concentrations (left) and linear relationship
of changes in fluorescence intensities as a function of the various concen-
tration of HCl gas (right). (C) Fluorescence quenching responses of the
films formed by 11 on exposure to NHz gas at various concentrations (left)
and linear relationship of changes in fluorescence intensities as a function
of the various concentration of NHz gas (right). (D) Photographs for visual
color changes of the films formed by 11 under visible light (top) and a UV
lamp (bottom) before and after exposure to HCl gas and subsequent
fluorescent recovery by NHsz gas exposure. Reprinted with permission
from ref. 63. Copyright 2018 Royal Society of Chemistry.
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HCl and NH; vapor sensing (Fig. 7(B) and (C)). Using the
dispersed powder of 11 in an HCl-bubbled solvent medium
diminished the initial fluorescence intensity of the polymer,
along with a notable red shift in the emission maxima. This red
shift was ascribed to the protonation-induced charge-transfer
transition.

Interestingly, the subsequent injection of NH; led to the
reappearance of fluorescence emission due to the deprotona-
tion in a basic medium. Additionally, the micropores on the
film’s surface were substantial for excellent sensing of gaseous
small molecules like NH; and HCI. The film showed similar
fluorescence ‘on-off’ sensing responses to HCl and NHj;.
Gratifyingly, 11 displayed marked visual color changes from
green to orange upon exposure to HCL. The initial color was
visible again due to the deprotonation by NH; vapor (Fig. 7(D)).
Similar color changes were also observed for a freshly prepared
microporous film. Computational calculations further
validated the proposed protonation and deprotonation-based
sensing mechanism. The detection limit for HCl gas was
determined to be 1.0967 x 10~* mL mL™%; for NH; gas, it
was calculated to be 5.8925 x 10~* mL mL™'. Furthermore,
COP 11 selectively binds with HCI in the presence of other toxic
gases like SO,, CO,, benzene, etc. The fluorescence sensing
responses were found to be reversible, and no reduction in the
initial emission intensity was observed even after several cycles
of sensing studies. These results demonstrate that COP 11
can be considered a potential fluorescence chemosensor for
quantitative detection and continuous monitoring of the
concentration of HCl and NH; gases.

Organic cross-linked acrylic ester-based organic polymer
microparticles (12) embedded with different fluorescent dyes
such as fluorescein and acridine orange, were fabricated and
successfully used as a ‘turn-on’ fluorescence chemosensor for
sensitive and selective detection of NH; and concentrations of
various organic amines.®® The fluorescein-doped microparti-
cles 12 showed a fast response time, reversible sensing, and a
low detection limit of 0.73 ppm for NH; detection. Similarly,
various organic amines also interact with fluorescein-doped
12 particles in the following order: triethylamine > tert-
butylamine > diethylamine > n-propylamine > NHj. The
interaction between the 12 microparticles and fluorescein dye
was mainly hydrogen-bonding and hydrophobic interactions.
Due to the facile protonation and neutral environment, organic
particles 12 exhibited a weak fluorescence emission and after
adding NH; or amine vapors; the deprotonation reactions
enhance the fluorescence intensity and this ‘turn-on’ fluores-
cence is not affected by the humidity. Owing to the facile
fabrication and excellent fluorescence sensing responses, the
organic polymer-based microparticles 12 are practically good
candidates for detecting and monitoring the concentrations of
NH; and organic amines.®*

In general, covalent organic frameworks and crystalline
organic polymers are non-emissive due to the occurrence of
the n—=n layer stacked aggregation-caused fluorescence quench-
ing (ACQ) phenomenon which thus limits their practical appli-
cations as fluorescence sensors. To overcome this limitation,

This journal is © The Royal Society of Chemistry 2023
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Jiang et al. developed a general synthetic strategy to design
highly emissive covalent organic frameworks by introducing
aggregation-induced emission (AIE) active fluorophores.®®
The well-known AIE fluorophore tetraphenyl ethylene (TPE,
tetraphenylethylene-tetraboronic acid, L;3) was used to design
a highly emissive covalent organic framework 13. Compound
13 was readily synthesized by reacting ligands L,3 and 1,2,4,5-
tetrahydroxy benzene (Ly4) in a 1:1 molar ratio in a mixture of
dioxane/mesitylene after heating at 90 °C for 3 days (Fig. 8(A)
and (B)). The SEM imaging of 13 demonstrated its rectangular
belt-shaped morphology and it was found to be highly emissive
when imaged under a fluorescence microscope (Fig. 8(C) and
(D)). 13 showed an absorption band at 2 = 390 nm and a strong
solid-state emission peak at 1 = 500 nm with an absolute
fluorescence quantum yield of 32%. 13 was reported to have
2 to 3 times more fluorescence emission compared to the TPE
model compound and this enhanced fluorescence emission
confirms the additional contribution emanating from n-n
intermolecular layers and restriction of free molecular rotation.
It was conceived that due to the presence of a boronate-ester
linkage in which boronate acts as a Lewis acid and forms an
acid-base adduct with NH; gas which acts as a Lewis base, 13
exhibits enhanced NH; uptake through adduct formation.
As anticipated, indeed, 13 exhibited a rapid fluorescence sen-
sing response towards NH;. As shown in Fig. 8(E), the initial
strong fluorescence emission of 13 (2 mg in 2 mL of toluene)
was drastically quenched upon the gradual addition of NH;.
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Fig. 8 (A) and (B) Framework structure of COP 13. (C) and (D) FE-SEM and
fluorescence microscopy images of 13. (E) Observed fluorescence
quenching for 13 in toluene upon the addition of NHz and (F) corres-
ponding Stern—Volmer plot. Reprinted with permission from ref. 65.
Copyright 2016 American Chemical Society.
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A linear Stern-Volmer plot was obtained from the titration data
and the fluorescence quenching rate constant (K, = Kgy/t) was
calculated to be 4.1 x 10" M~' S~ (Fig. 8(F)). This extremely
high value indicated that 13 is highly sensitive and can sense
NH; at as low as sub-ppm level concentration. This new
synthetic strategy is useful for the design of highly emissive
porous, crystalline organic polymers and for exploring their
fluorescence sensing applications for the analysis of trace
amounts of hazardous and toxic pollutants.

Small-molecule-based fluorescence
chemosensors

In recent years, small-molecule fluorophores have become
attractive fluorescence chemical sensors for selective sensing
of targeted analytes.®® The facile synthesis, easy purification,
and comfortable chemical modifications empower the small
molecule-based fluorescence sensors as a potential alternative
to the polymer-based sensor systems.®®®” In contrast to the
polymeric sensors, the high solubility in common solvents and
enhanced solution processability benefit the small-molecule
fluorescence sensors in practical applications. Furthermore,
facile synthesis and functional group modification help in making
small-molecule sensors more selective for a particular type of
targeted analytes. Among the wide variety of small-molecule
fluorophores, boradiazaindacenes dyes (BODIPY) have been used
extensively as fluorescent chemosensors for the detection of
various analytes. Until recently, the BODIPY dyes have created
huge interest in the field of sensor chemistry because of their
interesting, tunable photophysical properties, chemical inertness,
strong absorption, and emission in the visible region.®®® Several
BODIPY dye-based fluorescence chemosensors have been
designed and successfully employed for the detection of trace
amounts of toxic gases including NH;. In this section, we have
exemplified notable small-molecule-based fluorescence chemo-
sensors for NH; detection.

In 2011, Shen and co-workers designed a novel aza-BODIPY
small molecule sensor 14, which was functionalized with two
fused pyrazine rings and successfully used as a colorimetric
and fluorometric sensor for selective sensing of ammonium
(NH,") ions (Fig. 9(A)).”° The two pyrazine rings were intro-
duced with the intention that the tetrahedral structure of NH,"
could form multiple hydrogen bonds with pyrazine-N as well as
with N at the meso position of BODIPY dye. Interestingly, the
UV-visible absorption titration of 14 with various metal cations
such as Zn(u), Cd(u), Hg(u), Co(u), Fe(ur), Fe(u), Ni(u), Mn(u),
Cu(n), Mg(u), Na(1), Al(m), and Ca(u) showed no detectable
changes in the absorption intensity. However, similar titration
studies using NH," cations exhibited significant changes in the
absorption spectrum of 14 (Fig. 9(B), left). The high selectivity
of sensor 14 toward NH," ions compared to other metal cations
was attributed to the ability to form four N-H hydrogen bonds.
The original absorption intensity of free 14 decreased consider-
ably and a new weak broader band appeared at 4 = 505 nm
upon the increasing addition of ammonium acetate in THF
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Fig. 9 (A) Structure of sensor 14 (left) and its X-ray crystal structure (right).
(B) Relative changes in absorption intensity for 14 upon the addition of
various metal ions and NH,4* ion (left) and relative changes in the absorp-
tion spectrum of 14 upon increasing the concentration of ammonium
acetate (right, the inset shows the observed color changes before and after
the addition of NH4* ions). (C) Observed changes in fluorescence emission
intensity of 14 with increasing concentration of NH,* ions (left) and a plot
of changes in emission intensity at 2 = 718 nm for the increasing
concentration of NH," ions (right). Reprinted with permission from ref. 70.
Copyright 2011 Royal Society of Chemistry.

solution (Fig. 9(B), right). These notable changes in absorption
intensity were further reflected in the obvious visual color
changes of 14 from green to red-pink before and after the
addition of NH," ions, respectively, which enabled the detec-
tion of NH," ions in solution through naked eye. The observed
blue shift in the absorption intensity and sharp-visual color
changes are due to the typical H-aggregate formation via
hydrogen-bonding interactions with NH," ions in the solution.
The H-aggregate formation causes significant fluorescence
quenching and the molar absorptivity co-efficient diminishes
upon increasing the NH," ion concentration. The strong emis-
sion band of 14 at 4 = 718 nm quenched drastically in with
increasing NH," ion concentration (Fig. 9(C)). The fluorescence
quenching upon the H-aggregate formation occurs due to
either the non-radiative decay being the dominant pathway or
promotion of intersystem crossing to the triplet state. These
studies demonstrated that BODIPY dye-based sensor 14 can be
a potential fluorescence and colorimetric sensor for the detec-
tion of NH; as NH," ions in solution.

A novel porphyrin-based Co(u) metal complex [Co(TPP)(Ds-
pip)] {15; TPP = tetraphenyl porphyrin (L,5); DS-pip = dansyl-
piperazine (L,e)} substituted with a dansyl fluorophore has
been judiciously designed and employed as a turn-on fluores-
cence chemosensor for the detection and quantification of
NH;.”* The well-known displacement approach was adopted to
develop the ‘turn-on’ fluorescence sensor 15. The dansylpiperazine
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Fig. 10 (A) Proposed sensing mechanism for the fluorescence enhance-
ment of [Co(TPP)(Ds-pip)] complex (15) upon the addition of NH3 (inset:
sharp visual color changes before and after the addition of NHs3).
(B) Observed fluorescence responses of the dansylpiperazine fluorophore
binding with different metal porphyrin complexes in DCM solution.
(C) Enhanced emission intensity of 15 upon the addition of NHs in the
DCM solution. Reprinted with permission from ref. 71. Copyright 2011
Elsevier.

fluorophore L;¢ occupies the axial position and coordinates
with Co(u) metal through the piperazine-N atom. Due to the
occurrence of a photoinduced intramolecular electron-transfer
(PET) process, the complex [Co(TPP)(Ds-pip)] is weekly emis-
sive. However, exposure to NH; gas replaced the coordinated
L,6 fluorophore from the axial position, which resulted in an
enhanced fluorescence emission due to the inhibition of PET
processes (Fig. 10(A)). The fluorescence enhancement was also
reflected from the sharp visual color changes. It was also
demonstrated that among various metal porphyrin complexes,
only the [Co(u)TPP] complex was found to be strongly bound
with the dansylpiperazine fluorophore, and hence the changes
in fluorescence emission intensity depend on the ionophore
units (Fig. 10(B)). The displacement of the fluorophore by NH;
took place through non-covalent bonding interactions. There
are several advantages of using non-covalent interactions in
sensor chemistry: (i) no tedious synthetic effort is required to
link an indicator with a receptor; (ii) considerable freedom in
the choice of an appropriate indicator; and (iii) signal trans-
duction is induced by the simple addition of an analyte to the
receptor-indicator mixture.

Recently, Flood and co-workers demonstrated ion pair
binding studies.”* Similarly, Smith et al. also reported alkali
metal ion-pair formation through the ion-pair mechanism.”®
The similar ionic radius of NH," (286 pm) and K' (266 pm)
poses challenges in the discrimination of these two cations and
designing a sensor that can strongly bind with a high prefer-
ence for NH," ions over K' is challenging and difficult.
To surmount this issue, Kavallieratos et al. developed 1,3,5-
trimethyl benzene-based two fluorescence sensors, tris-(3,5-
dimethyl)-pyrazole (16) and tris(3,5-diphenyl)pyrazole (17), for
selective detection of NH," through the ion-pair mechanism
(Fig. 11(A)).”* Sensor 16 exhibited noticeable fluorescence

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 (A) Structure of sensors 16 (left) and 17 (right). (B) Fluorescence
titration studies of 16 with NH4* and K* ions were recorded in CH3zCN/
CH,Cl,. (C) 'H NMR titration plot of 16 (2 mM) with NH,* and K* was
recorded in acetone-dg. (D) X-ray crystal structure of [17 + NH,;*] + PFg
shows the hydrogen bonding between NH,4* and sensor 17. Reprinted with
permission from ref. 74. Copyright 2017 Royal Society of Chemistry.

enhancement on increasing the concentration of NHj3, while
sensor 17 showed almost negligible fluorescent enhancement
(Fig. 11(B)). These striking differences in fluorescence responses
confirm the role of dimethyl and diphenyl groups attached to the
core of the sensor systems. Furthermore, the '"H NMR studies
indicated a 1:1 complexation between sensors and ions, and the
association constant K, was calculated to be 74 000 (£900) M~ for
16-NH," and 22 (+1) M~ " for 16-K" formation (Fig. 11(C)). The
higher K, value establishes the preferential binding affinity of 16
for NH," ions over K' ions. In the solid state, 17 binds more
strongly with NH," ions than sensor 16; this is due to the multiple
hydrogen bonding interactions as it is shown in the X-ray crystal
structure of the host-guest complex (Fig. 11(D)). These experi-
mental results were validated by DFT calculation, which explained
the strong ion-pair complexation between sensors and NH," ions.
These studies demonstrate the importance of substituents in the
pyrazole moiety in dictating the analyte binding strength and
selectivity.

Ingo and co-workers introduced a novel fluoroionophore
mechanism of sensing NH;.”> The sensor 18-based membrane
consists of an NH," ion-sensitive fluoroionophore physically
entrapped within a hydrophilic polyurethane hydrogel with the
help of an internal buffer solution. The membrane gets covered
with a hydrophobic and gas-permeable protective layer that acts
as a proton and ion barrier to prevent any interaction of the
sensitive layer with charged species. The sensing mechanism

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 (A) New fluoroionophore mechanism for sensing of NH4* ions.
(B) Changes in fluorescence emission spectra of the sensor 18 membrane
were measured at different NHz concentrations. (C) Calibration curves of
the sensing materials with different buffer capacities. (D) Calibration curves
of sensor 18 with different pH values of the internal buffer. Reprinted with
permission from ref. 75. Copyright 2018 Elsevier.

involves the diffusion of NH; across the protective membrane
inside the sensor, where NH; is protonated by a low pH buffer
and is converted to NH," ions. The recognition unit, aza-crown
ether present in 18, effectively and reversibly binds the NH,"
ions (Fig. 12(A)). In the absence of NHj, the lone pairs on the
nitrogen of the aza-crown ether cause an intramolecular
fluorescence quenching caused by the PET transition. The
fluorescence of the indicator is enhanced when the NH,"
analyte is complexed; it interacts with the nitrogen lone pair
of the aza-crown ether, which results in inhibition of the PET
process (Fig. 12(A) and(B)). An aza-18-crown-6 moiety was
chosen as a receptor since the dimensions of the crown ether
cavity excellently match the size of the NH," ions. A n-extended
rigid BODIPY dye was chosen as an indicator molecule because
of its interesting and tunable photophysical properties.
Furthermore, the sensor membrane can bind with NH; at
different internal buffer concentrations as well as at various
pH values of the sensor medium (Fig. 12(C) and (D)). The
changes in pH did not significantly influence the overall
sensing efficiency of the sensor. This new method of fluoro-
ionophore sensing can further be extended for the selective
detection of various analytes by selecting appropriate aza-crown
ether receptor units.

The supramolecular self-assembly process is a powerful
method to generate intricate supramolecular architectures
and functional structures and materials. The pre-programmed
building units, under the influence of external stimulus,
can self-assemble into structures and materials of varied
morphology and functional properties.”® The properties of
self-assembled structures highly depend on the morphological
outcome and this can be modulated by employing an external
stimulus. The n-conjugated organic building units are known
to form stacked self-assembly structures and it has been
demonstrated that solvent plays an important role in control-
ling the morphological outcome due to the solvent-solute
interactions which greatly affect the self-assembly processes.””
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Fig. 13 (A) Photoluminescence spectra of 19 in THF solution and aggre-
gates were formed in the THF-hexane mixture (inset: structure of 19).
(B) A plot of hexane fraction vs relative changes in emission intensity (inset:
photographs of solution and aggregates of 19). (C) and (D) Fluorescence
microscopy images of the self-assembled structure of 19 under different
magnifications. (E)-(G) Color changes were observed before and after
fuming NHs. (H) Changes in fluorescence emission intensity of 19 after the
addition of NHs. (I) Reversible fluorescence sensing responses of 19 under
heating and fuming conditions. Reprinted with permission from ref. 77.
Copyright 2016 Elsevier.

In light of this, Han et al reported solvent-directed self-
assembly formation of long-order fluorescent filaments based
on a Schiff base organic ligand, 19, (E)-4-(((4-(diethylamino)-
benzylidene)amino)benzoic acid) (DBBA).”” Ligand 19 dis-
played both aggregation-induced emission (AIE) and twisted
intramolecular charge-transfer transition (TICT) which makes
19 highly fluorescent and consequently it can be used as an
effective fluorescent sensor for NH; sensing (Fig. 13(A) and (B)).
By simply tuning the dewetting process, a long-order filament-
like organic nanostructure was developed and the self-assembled
structure was found to be highly emissive (Fig. 13(C) and (D)).
The self-assembled structure of 19 displayed a highly sensitive,
fast, and reversible fluorescence sensing response towards
NH; (Fig. 13(H) and (I)). The higher sensitivity of self-
assembled structures in comparison to that of the discrete
fluorophore 19 was ascribed to the long-range electronic com-
munication. These studies demonstrated the advantages of
self-assembly processes to devise suitable sensing platforms
for reversible and sensitive detection and quantification of
toxic gases.
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In recent years, the design and use of small-molecule-based
ratiometric fluorescence probes has become an important area
of research, and they have been demonstrated to be an excel-
lent sensing platform compared to the traditional ways of
sensing analytes concerning the environment and biology.”®
It has been studied that the use of conventional fluorescence
sensing methods for particular analytes with high selectivity is
often difficult and, in some cases, the fluorescent probes failed
to exhibit high selectivity. However, this can be surmounted by
ratiometric fluorescence sensing because a high selectivity can
be realized by placing the indicator and reactive functional
groups at the right places through the judicious selection of
appropriate fluorescent probes and reactive units.”®

In 2008, Mayr and co-workers fabricated an interesting
fluorescence sensing system employing cellulose ester nano-
spheres incorporated with small-molecule fluorescent dye
eosin ethyl ester (20) and 2',7'-dichlorofluorescein methyl ester
(21) which acts as a fluorescent indicator for monitoring of
trace amounts of dissolved NH; at sub-mg L' levels
(Fig. 14(A)).®° Fluorescent indicators 20-21 interacts strongly
with NH; through (-H3;N: < H-O-) acid-base adduct for-
mation (Fig. 14(B)). The presence of the ester group on indi-
cator dyes facilitates their dissolution and well-dispersion
within the cellulose ester polymer matrix and thus prevents
leaching. The NH;-sensitive layer (sensing membrane) was
covered with a silicone layer to make it low cross-sensitive
towards pH changes. In practical application in seawater and
freshwater, the covered silicon layer blocks the proton transfer
to the pH indicator, and the sensor membrane responds to
ultra-fast detection of NH; approximately within 30 minutes of
contact time. Additionally, the fluorescence response was
found to be reversible and the sensing membrane could easily
be reproduced for subsequent sensing cycles. The detection
limit was estimated to be around pg L™".

Borisov et al. developed highly photostable and sensitive
fluorescence sensors based on aza-BODIPY dyes for monitoring
the concentrations of NH;.*" The aza-BODIPY dyes 22 and 23
were selected as fluorescence indicators because of their low
pK, values of 4.4 and 3.9, respectively (Fig. 14(C)). The sensors
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Fig. 14 (A) Molecular structure of fluorescent indicator dyes 20 and 21
and (B) their proposed fluorescence sensing mechanism of detection
of NHs through acid—base equilibrium. (C) Molecular structure of aza-
BODIPY sensors 22 and 23 and (D) their proposed fluorescence sensing
mechanism of detection of NHz through acid—base equilibrium.
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Fig. 15 (A) Structure of ratiometric fluorescence dye 24. (B) Color
changes were observed for the 24-based sensing membrane before (left)
and after the exposure to NHz. (C) Ratiometric fluorescence responses
were observed to various concentrations of NHz (1-60 ppm) in water.
(D) Calibration curves were measured at emission wavelengths of 565 nm
and 630 nm upon NHz exposure. (E) Time-dependent stability study in
presence of NHs in the range of 1-60 ppm. Reprinted with permission
from ref. 82. Copyright 2014 Elsevier.

22 and 23 were physically entrapped within hydrogels and then
dispersed in silicone rubber. Furthermore, this layer was covered
with a hydrophobic Teflon membrane, which acts as an addi-
tional proton barrier and light scattering layer. The NIR-emitting
Egyptian blue dye was used as a reference and changes in
fluorescence properties were recorded using a compact phase
fluorometer. The aza-BODIPY dyes sense NH; through an acid-
base equilibrium sensing mechanism (Fig. 14(D)). The two -Cl
atoms at the ortho-position to phenolic OH induce the electron-
withdrawing effect making the dye strongly acidic. It was found
that the lower the pK, value of the dye, the higher the sensitivity of
the sensors. Before the binding of NH;, the aza-BODIPY dyes were
highly emissive and the fluorescence intensity was quenched
upon formation of an acid-base complex with NH;. The deproto-
nated dyes possess efficient photoinduced electron transfer,
which quenches the intrinsic fluorescence of dye-based sensors.
By carefully tuning the ratio between dyes and hydrogel matrix,
a high sensitivity of 0.11-300 pg L' was achieved for NH;
detection. Therefore, the aza-BODIPY dye-based ratiometric
fluorescence sensors possess high potential for their practical
applications such as monitoring NH; concentrations in fish
farming and wastewater monitoring, etc.

An oxazine 170 perchlorate fluorescent dye 24 was conveni-
ently used as a ratiometric fluorescence sensor for the monitor-
ing of trace concentration of NHj; in water (Fig. 15(A) and (B)).*>
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Furthermore, an effective sensing thin film membrane was
fabricated by mixing 24 with ethyl cellulose and this sensing
membrane exhibited numerous characteristics like high selec-
tivity for detection, good reversibility, fast-sensing responses,
resistance to alkalinity, less photo-bleaching, and long-term
stability. Considering these interesting properties, Rhee and
co-workers devised a thin-film sensing membrane by blending
24 dyes with ethyl cellulose and successfully used it for the
appropriate sensing of dissolved NH; in water. The sensing
membrane was found to be stable in different pH ranges from
5.5 to 11 and no great variation in the emission spectra of the
membrane was observed. However, upon the addition of NH;,
the fluorescence emission intensity was drastically enhanced
and a new band appeared at 4 = 565 nm, which was ascribed
to the dissociative reaction of NH; in H,O as shown below

(Fig. 15(C)).

NH; + H,0 — NH,"OH~
NH,'OH™ + H'Dye~ — NH,'Dye” + H,0
NH, Dye” < H'Dye” + NH;

The ratio between the initial emission maxima at 4 =630 nm
and the new peak at 4 = 565 nm after NH; addition led to the
design of a ratiometric sensor. Furthermore, the ratiometric
assessment explained the maximum NH; concentration that
can be detected in artificial wastewater which is 1-50 ppm
(Fig. 15(D) and (E)). The proposed thin-film membrane-based
ratiometric sensing probe is a cost-effective, easily adaptable,

B
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Fig. 16 (A) Structure of ratiometric fluorescence dye 25. (B) Observed
relative changes in emission intensity of the as-prepared sensor 25 when it
was exposed to various amines, ammonia, and ethanol. (C) Emission
spectra of the paper-based sensor when it was exposed to different
concentrations of NHz vapor. (D) Linear fitting analysis for the changes
in emission intensity versus the concentration of NHz vapor (inset: photo-
graphs of the sensor before and after exposure to NHz vapor taken under
365 nm UV light). (D) Proposed reaction-based fluorescence sensing
mechanism. Reprinted with permission from ref. 83. Copyright 2020 Royal
Society of Chemistry.
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and convenient method for multiple uses of monitoring NH;
concentration in H,O.

A novel bi-coumarin-based fluorescent probe, 7,7’-(acetoxy)-
3,3’-(p-phenylene)bis(coumarin) (25), was designed for sensitive
detection of various amines and ammonia both in solution and
air (Fig. 16).* Sensor 25 was synthesized using the Perkin
reaction between 1,4-phenylenediacetic acid and 2,4-dihydroxy-
benzaldehyde. In 25, the acetyl group is a reactive site that
efficiently reacts with amine or NH;. Initially, 25 exhibited a
strong fluorescence emission at A = 445 nm due to the weak
ICT-based electronic transition, which was quenched upon the
addition of different amines {diethylamine (DEA), hexamethy-
lenediamine (HMDA), ethylenediamine (EDA), benzylamine
(BA)} and NH; (Fig. 16(A) and (B)). The fluorescence quenching
(~97.4%) was accompanied by appearance of a new weak
fluorescence emission peak at 4 = 500 nm (Fig. 16(C)). The
addition of amines or NH3, which act as a nucleophile to cleave
the methoxycarbonyl groups on 25 to generate OH groups
enhances the ICT-transition efficiency because of the strong
electron-donating ability of OH groups (Fig. 16(E)). The
proposed sensing mechanism was validated by "H NMR titra-
tion studies and DFT calculations. A marked visual color
change from bright blue to yellow was observed after fuming
with NH; vapor and this instant visual color change makes 25 a
potential reaction-based fluorescent sensor for real-time moni-
toring of the NH; concentrations in spoiled food samples.

Conclusions and outlook

Ammonia (NH;) is a toxic gas that poses a serious threat to
human health and causes pollution in the environment. The
widespread use of NH; in manufacturing and processing
industries has led to an increase in its concentrations in the
atmosphere and often the concentration level goes beyond
the permissible level. Therefore, until recently, a plethora of
fluorescent chemosensors have been carefully designed for
monitoring the trace concentration of NH; both in solution
and vapor phases. In this review article, we have systematically
highlighted the synthesis, photophysical, and fluorescence
sensing properties of a wide variety of fluorescent chemo-
sensors for NH; detection. The fluorescent sensors (1-25)
discussed in this article are grouped according to their struc-
tural features and functional properties. Table 1 summarizes
the fluorescence sensing properties of all the sensors discussed
herein. Gratifyingly, many of the chemosensors exemplified in
this article exhibited rapid fluorescence sensing response time,
an ultra-trace detection limit, excellent chemical stability, and
high selectivity toward the detection of NH;. More importantly,
a few of them have been fabricated as miniaturized portable
sensing devices and they have been successfully demonstrated
for the efficient detection of NH; gas.

The polymer-based fluorescence sensors (MOFs, MOGs, and
POPs) exhibited good sensitivity for the detection of ultra-trace
amounts of NH; because of the long-range electronic commu-
nication along the polymer chain. However, polymer-based
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fluorescence sensors lack solution processability due to their
poor solubility in common solvents, which limits their practical
film-based sensing applications. The high solubility, facile
synthesis, and good solution processability engendered the
small-molecule-based fluorescence sensors as a reliable and
alternative sensing platform for device fabrication to monitor
NH; concentration in real-time. Furthermore, the reaction-
based fluorescence sensors have been demonstrated to exhibit
high sensing selectivity for NH; detection. Although, a large
number of fluorescence sensors have been developed and used
for NH; sensing, developing practically feasible suitable
fluorescence sensors with superior sensitivity and selectivity
for sensing and quantifying the ultra-trace concentrations of
NHj; is still required. There are several drawbacks in each kind
of fluorescence sensor known to date for realizing their prac-
tical applications. The polymer-based fluorescence sensors
have been largely exploited in sensor chemistry, but their poor
chemical, air, and hydrolytic stability is a bottleneck for their
practical applications. The chemical stability of polymers can
be addressed and improved by physically entrapping them
within a stable matrix that acts as a membrane to enhance
stability and prevent polymer decomposition. Also, it has been
demonstrated that in some cases there exists a lack of high
selectivity with polymer-based sensor systems, and this can be
overcome by attaching targeted or reactive functional groups to
the polymer skeletons. Some of the polymer-based fluorescence
gas sensors are quite large and very expensive and thus, in
recent years, using small-molecule-based fluorescence sensors
have become a convenient sensing method for the detection
of NH;.

Despite several advantages of small molecule-based fluores-
cence sensors, their poor sensitivity for detection is a major
hindrance. The sensitivity of small-molecule sensors can be
improved by linking them either covalently or non-covalently.
Therefore, small-molecule sensors can be viewed as lead com-
pounds for further developing practically feasible potential
fluorescence sensors. Similarly, the reaction-based fluorescence
sensors have become a topical area of research because of their
excellent selectivity for detection, and less interference from
other competing analytes. However, since it involves a chemical
reaction between sensors and analytes, their fluorescence
sensing responses are high but not useful for fast sensing
applications. Furthermore, the ratiometric sensors lack reusa-
bility and using them is not a cost-efficient method for detec-
tion. These disadvantages may be addressed by introducing
reactive functional groups within the polymeric network or
embedding the ratiometric probes within the polymeric
matrixes, in which the long-range sensing communication can
enhance the fluorescence sensing response time and additionally,
heterogeneity of polymers helps to achieve recyclability.

In summary, in this review article, we presented a detailed
discussion on various aspects of NH; sensing and system-
atically highlighted the recent advances in the design of
fluorescence chemosensors for efficient sensing of NH; both
in solution and vapor phases. We predict that the field of
optical sensor chemistry will continue to expand and innovative
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sensing technologies will emerge to address the existing chal-
lenges of devise fabrication, sensing selectivity, sensitivity, and
practical feasibility for on-site real-time detection of toxic gases.
We are currently focusing on developing low-cost sensing
systems with excellent sensing performances for the selective
detection and quantification of small-molecule-based toxic
gases. We believe that this review will highly benefit the readers
working in the area of sensor chemistry, supramolecular chem-
istry, and closely related interdisciplinary areas of research.
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