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Abstract:  
Bisulfate is a common ingredient in several widely-used commodities such as toothpaste, shampoo and 
detergent. Whilst it has a number of positive effects on the efficacy of these materials, due to its 
widespread societal use, it also has an increasingly negative impact on the environment. This has resulted 
in growing interest in the development of operationally simple systems to detect and quantify this widely 
used anion. Given the large number of reports that have appeared on its detection to date, this systematic 
review article focuses on recent developments in such operationally simple colorimetric and fluorescent 
detection systems for the detection and estimation of bisulfate ions. The small molecule fluorophores 
utilised for its detection have been categorized according to the signaling moiety and are then discussed 
accordingly. The key features of recognition phenomena in such systems, including spectroscopic change, 
naked-eye detection, limit of detection, application in real-world samples and biocompatibility and 
toxicity in live cell imaging are discussed. The bisulfate ion has multiple features that have been used in 
its detection, including its high electron deficiency, low pKa, proton donor site, hydrogen bond donor and 
acceptor sites resulting in an array of chemosensors displaying a wide array of photophysical changes. 
Hence, a special focus is on the structure-photophysical property relationships and binding mechanisms 
in these systems. Finally, significant achievements and ongoing challenges in the field are highlighted. 
 
Keywords: Bisulfate Sensing; Colorimetric and Fluorescent Recognition, Ion Sensing; Optical Detection; 
Naked-eye Detection; Small-Molecule Fluorophore;  
 
1. Introduction 
Supramolecular chemistry continues to be an important and popular discipline within contemporary 
science[1] and has provided solutions to many problems in medicine,[2-3] drug delivery,[4] bioimaging,[5] 
cancer treatment,[6-7] stimuli-responsive materials,[8-10] halogen bonding and transmembrane ion 
transport,[11-13] chemical separations and molecular encapsulation technologies,[14-15] 3D printing,[16] 
organic photovoltaics application,[17] artificial photosynthesis,[18] electrospinning,[19] catalysis,[20] 
molecular machines,[21-22] ion and molecular sensors[23-28] and it is without question that it has had an 
immense impact on modern science. Though the term supramolecular chemistry was first established 
in the 1970s by Jean-Marie Lehn,[29-30] it significance increased significantly following the joint award 
of the Nobel Prize in chemistry in 1987 to Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen 
“for their development and use of molecules with structure-specific interactions of high selectivity”;[31] 
today, termed host-guest interactions. Since then the field of supramolecular luminescent 
chemosensing of a wide range of analytes has been, and continues to be, an area of considerable 
activity. Despite there being a wide array of other analytical techniques available, such small molecule 
systems have proved to be extremely popular. As the field of supramolecular luminescent detection 
systems for a wide variety of anions continues to evolve at pace, a number of comprehensive reports 
covering different aspects such as the supramolecular recognition of anions and their applications,[32-

34] the role of anion- p interactions in supramolecular anion recognition,[35] the diversity in anion 
recognition strategies and the role of non-covalent interactions[36] have been published with the most 
common theme in all of the reports being the use of fluorescent techniques for analyte detection. 
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It is widely accepted that the first fluorescent chemosensor was reported by F. Goppelsroder in 1867 
and since then, almost two centuries later, it remains an area of significant activity.[37-38] Such longevity 
has undoubtedly established the importance of fluorescent detection in multiple fields including 
biology, environmental science and medicine.[39-40] Furthermore, small molecule colorimetric and 
fluorescent sensors display a number of attendant advantages over a range of other recognition 
techniques, such as ion-electrode methods, ion chromatography, inductively coupled plasma-atomic 
emission spectroscopy (ICP-AES), inductively coupled plasma-mass spectrometry (ICP-MS) including 
the small amount of chemical required, almost immediate response, high selectivity and sensitivity, 
color changes that are distinguishable by the naked-eye, the capability of in vitro as well as in vivo 
detection and due to their low cost and operational simplicity they are particularly to analyte 
detection in real-world environments.[41-44] Several excellent review articles have been published on 
the fluorescent detection of anions[45-46] and a number have focussed on specific analytes, including 
fluoride (F−),[47-53] iodide (I−),[54] hypochlorite (OCl−),[55] cyanide (CN−),[56-57] phosphate (PO4

3−),[58-59] 
dihydrogen phosphate (H2PO4

−),[60] pyrophosphate (P2O7
4−),[61-62] sulfate (SO4

2−)[63] and nitrate (NO3
–

),[64] however, to date no comprehensive review article on the fluorescent recognition of the HSO4
− 

ion has appeared. Qian et al. published a review article in 2017 on the optical detection of the HSO4
− 

ion.[65] Very recently, Paul et al. published a review article on the fluorescent detection of the HSO4
− 

ion that covers the very specific area of hydrogen bonding-driven optical detection of the HSO4
− ion.[66] 

To our knowledge, there is no full-length review article on the small-molecule-based fluorescent 
detection of the HSO4

− ion. This article therefore attempts to provide a comprehensive report on the 
small molecule-based fluorescent detection of HSO4

− ion and is divided into several sections based on 
the binding and/or fluorophore moieties.  
 
 

 
 
 
 
Figure 1: Graphical presentation of the major uses of HSO4

– salts in contemporary life. 
 
 
2. Scope and challenges 
2.1 Impact of HSO4

− ion on the environment and health 
Of the very many important anions, the bisulfate ion demands extra attention due to its specific and 
significant role in the environment, agriculture, and biology.[65] The HSO4

− ion is one of the vital 
macronutrients in cells and one of the most abundant anions in human plasma.[67] The HSO4

− ion plays 
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a crucial role in several events, including biosynthesis and detoxification of various endogenous and 
exogenous species.[68] On the other hand, HSO4

− ion is an important constituent in agricultural 
fertilizers and a significant constituent of nuclear fuel waste.[69] Naturally, the HSO4

− ion is an 
unavoidable contaminant of water and soil and pollutes the environment via the production of toxic 
sulfate ions by dissociation under conditions of high pH.[70-71] The HSO4

− ion also affects irritation of 
the eyes and skin and in extreme cases it can cause respiratory paralysis.[70-71] In addition, some 
common metal salts of bisulfate (e.g. NaHSO4) play important catalytic roles in numerous chemical 
reactions like catalytic condensation and dehydration reactions and are also widely used as poultry 
feed and in bleaching agents, paints, cleaning products, shampoos and detergents (Figure 1).[72]  
Spears et al. established that the inclusion of sodium bisulfate in the diet of cats maintains the acidity 
of their urine above 6.6 but in the longer term, it proved harmful to their health as struvite crystals 
formed. A few hours after meal their kidneys secreted alkaline ions to neutralise the struvite at the 
expense of gastric acid released for digestion. Sodium bisulfate can be used as an acidifier to maintain 
the pH of urine and the effect is almost identical for both sodium bisulfate and phosphoric acid.[73] The 
above discussion highlights the concern about the dual-directional role of HSO4

− ion and for the 
healthy survival of human beings, selective and sensitive detection of HSO4

− ion in real-life and real 
samples is highly desirable.  
 
2.2 Different binding motifs and mechanisms of HSO4

− ion sensing 
Fluorescent chemosensors have played an important role in the selective recognition of the HSO4

− ion, 
including at low concentration levels. However, for real-life recognition of any analyte, it is crucial to 
detect the anion in a 100 % aqueous medium[74] and this is a critical challenge for its detection due to 
its very high Gibbs free energy of hydration (ΔGh = −1080 kJ mol−1).[75] Another major challenge for the 
fluorescent sensing of HSO4

− ion is the inability of many systems to distinguish it from the isostructural, 
tetrahedral H2PO4

− ion.[67] Despite these challenges, a substantial number of fluorescent 
chemosensors for the recognition of the HSO4

− ion have been developed by a number of scientific 
groups during the last couple of decades, including our own.[65-66] In these ongoing developments 
various types of chemosensors containing different binding and/or signaling moieties including amide, 
amine, thiourea, urea, guanidine, phenolic hydroxyl groups, pyrrole, indole, coumarin, pyrene, 
rhodamine, BODIPY, benzimidazole, benzothiazole, pyridine, phthalimide, Schiff bases, quinazoline 
and metal complexes of some of these moieties.[65-66] In this review article, the chemosensors have 
been categorized according to the active binding and/or signaling moiety, and the basic principles 
underlying the selective binding behavior of a particular moiety-based chemosensor towards the 
HSO4

− ion are discussed.  
 
It is critical to focus on the unique structural aspects of the HSO4

− ion when designing selective 
chemosensors. The anion contains an acidic hydrogen atom which can act as a proton source as well 
as a hydrogen bond donor. On the other hand, the oxygen atoms of the anion have the potential to 
act as hydrogen bond acceptors. Therefore, a combination of hydrogen bonding and proton transfer 
could play a crucial role in the fluorescent detection of the HSO4

− ion. Besides, since the anion is also 
charged and contains both electron donor as well as acceptor centers, it can also cause considerable 
deviations in the intramolecular or intermolecular charge/electron transfer characteristics of the 
probe molecule (Figure 2). This opens up the possibility of utilizing an array of different recognition 
modalities for its detection such as hydrogen bonding, proton transfer either in the ground state or in 
an excited state either intramolecularly or intermolecularly, electron transfer, chelation-induced 
enhanced fluorescence (CHEF), charge transfer, coordination with a metal ion, dissociation of a metal 
complex, through-bond electron transfer (TBET), inner filter effect (IFE) and hydrolysis of Schiff bases.  
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Figure 2: Different binding motifs of the HSO4
– ion. 

 
  
2.3 The role of DFT calculations in exploring the mechanisms of HSO4

− ion sensing 
Density funcmonal theory (DFT) is a quantum mechanical method that has been widely used in 
theoremcal electronic structure calculamons of molecules and many-body materials.[76] Among the four 
major theoremcal methods, ab ini.o, semiempirical, molecular mechanics, and DFT, the last one is the 
most promising, reliable, and well-established method to study the interacmon of small molecule-
based fluorescent probes with the bisulfate ion. This is because the DFT method generates precise 
results umlizing relamvely liole computamonal resources and nominal mme.[77] The use of DFT in the 
determinamon of binding mechanisms gained pace following the award of the Nobel Prize in Chemistry 
to Walter Kohn and John A. Pople in 1998 for the development of DFT and computamonal methods in 
quantum chemistry.[78] There are now several popular sopware packages available that have been 
employed for theoremcal calculamons using the DFT method and among those, the GAUSSIAN,[79]  
TURBOMOLE,[80] GAMESS[81-82] and ORCA[83] are amongst the most popular. Detailed discussion on their 
theoremcal background is beyond the scope of this review armcle as it is well documented in detail 
elsewhere in the literature. [84-85] 

In the case of the colorimetric and fluorescent detecmon of the HSO4
– ion, DFT studies are very 

commonly employed and serve two main purposes. The first is the characterizamon of the fluorophore 
molecules when there is no single crystal X-ray structure of the chemical probe molecule. Here, the 
calculamon of simulated IR, 1H NMR spectra, and UV-Vis transimons and comparison with the respecmve 
experimentally obtained spectra is a very useful technique to provide addimonal support to the 
structure of the chemical probe. The second, and major focus in this area, is the determinamon of the 
binding mechanism between the chemical probe and the HSO4

– ion and the resultant spectroscopic 
changes that occur and some common features of DFT calculamons that have been used in the 
detecmon of the HSO4

– ion are summarized. 

In most cases, the HSO4
– ion is involved in hydrogen bonding (either as an HB donor or acceptor) with 

the chemosensor, resulmng in dissociamon of the chemical probe, hydrolymc cleavage, proton transfer 
in different electronic states, chelamon-induced photophysical change, aggregamon or disaggregamon, 
intramolecular charge transfer (ICT) or blocking of ICT, photoinduced electron transfer (PET) or 
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inhibimon of PET, through bond energy transfer (TBET), host-guest complexamon and coordinamon with 
a metal ion. In most cases, geometry opmmizamon, binding energy calculamon, changes in HOMO-
LUMO states and their relamve energies upon binding, Natural Bond Orbital (NBO) and Mullikan 
charges, molecular electrostamc potenmal (MEP) images, Natural Populamon Analysis (NPA), simulated 
UV-Vis transimons and potenmal energy scan studies are widely used techniques to explore the binding 
mechanism.[86-87] Which of these techniques is used depends on the nature of the binding sites of the 
chemosensor and probable molecular level non-covalent interacmons with the HSO4

– ion and are 
summarized in Figure 3. 

 

Figure 3: Different types of DFT calculamons used in the exploramon of the binding mechanism between 
chemosensors and the HSO4

– ion. 

 
3. Selective bisulfate detection summarised by class of fluorophores. 
3.1. Benzimidazole moiety-based detection. 
The benzimidazole moiety is a very popular fluorophore moiety (Figure 4) and it has widely been used 
in the synthesis of functional chemosensors in the detection of a wide variety of analytes.88 In addition, 
benzimidazole-pyridine derivatives have a long history of the formation of metal complexes,89 whilst 
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polycyclic benzimidazole derivatives have also been widely used in optical lasers, optoelectronics, 
organic luminophores, medicinal chemistry, and drug discovery.90  
 

 
 

Figure 4: The core structure and different possible binding motifs of the benzimidazole moiety. 
 
Fluorescent recognition of anions by organic fluorophores is very common, but the use of integrated 
organic-inorganic moieties in chemosensors is very rare, however, in 2011, Alfonso et al. reported 
such a system (1, Scheme 1) that was able to recognize Hg2+ and HSO4

– ions independently by redox 
and fluorescent titration.91 The ferrocene-benzobisimidazole derivative exhibited a sharp increase of 
emission intensity at 405 nm with a red shift observed in the presence of the HSO4

– ion. 1 was also 
highly selective and sensitive (LOD= 1.57 µM) towards the HSO4

– ion over other potential competitor 
anions tested, including H2PO4

-. The HSO4
– ion protonated the probe and the deprotonated ion was 

then involved in hydrogen bonding in a chelate fashion, forming a 1:1 complex and displaying the CHEF 
phenomenon. Such dual-mode detection (redox and fluorescent) of the HSO4

– ion by an organic-
inorganic integrated fluorophore inducing the proton transfer followed by hydrogen bonding was a 
truly innovative illustration of fundamental chemistry but its wider application in sensing was 
somewhat limited by its use in ethanol. 
 

 
 

Scheme 1: The proposed binding mechanism of 1 with HSO4
– ion. 

 
In the next year, three analogous benzimidazole derivatives (2-4, Scheme 2) were developed and their 
multiple ion recognition was explored.92 The probes recognized Cr3+ and the probe-Cr3+ complex 
recognized F– and HSO4

– ions in different ways. In the presence of the HSO4
– ion, the emission band of 

the 2-Cr3+ complex at 420 nm sharply reduced and the 475 nm band was enhanced in a HEPES buffered 
medium. The HSO4

– ion was involved in coordination with the metal complex and as a result, altered 
the internal charge transfer behavior, and the HSO4

– ion could be detected up to 1.58 µM 
concentrations. However, the fluoride ion caused displacement of the cation and consequent 
fluorescent “turn on” response at 420 nm. Nonetheless, the detection of multiple ions via 
distinguishable fluorescent responses of the same fluorophore was an intriguing and useful aspect of 
the work. 
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Scheme 2: The molecular structures of the benzimidazole-based HSO4
– ion chemosensors 2-4. 

 
Subsequently, three homologous tweezer-shaped benzimidazolium-based fluorescent probes (5-7, 
Scheme 3) were utilized in the recognition of both HSO4

– and H2PO4
– anions.93 In MeCN medium, 5 

recognized the H2PO4
– ion via a ratiometric red shift of the emission band whereas HSO4

– was 
recognized via fluorescence quenching. Strong and multiple hydrogen bonding between HSO4

–/H2PO4
– 

with 5 enabled the recognition. The presence of both benzimidazole and urea moieties in 5 enabled 
improved selectivity and sensitivity over the other two probes, 6 and 7, containing either one of the 
binding moieties. Such discrimination of two tetrahedral anions was very rare in the literature at this 
time, but the study was somewhat limited by the requirement for organic media and the switch-off 
response to bisulfate. 
 

 
 
 

Scheme 3: The molecular structure of the benzimidazole-based HSO4
– ion chemosensors 5-7. 

 
In 2014, Mukherjee et al. developed a pair of benzimidazole-quinazoline assembled chemosensors (8-
9, Scheme 4) that ratiometrically recognized the HSO4

– ion at nanomolar concentrations (LOD= 18.08 
nM for 8 and 14.11 nM for 9) in ethanol-water (1:5; v/v) medium.94 Both 8 and 9 were involved in 
hydrogen bonding interactions with the HSO4

– ion and inhibited PET from the benzimidazole to the 
substituted phenyl moiety. The fluorimetric response of the two probes towards HSO4

– was different 
with the alteration of the substitution of the phenyl ring found to tune the fluorescence signal. 
Chemosensor 9 displayed a switching of its fluorescent signal from a single wavelength to an extremely 
useful ratiometric response (430 to 485 nm), but 8 displayed a significant multi-fold enhancement of 
emission intensity at a single wavelength (485 nm) (Figure 5). Interestingly, the very short response 
time (15-20 s) and insignificant toxicity of the probes within a human cervical cancer cell line for up to 
8 hours was very promising and demonstrated the efficacy of the probes despite the use of ethanolic 
solvent. 
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Scheme 4: The proposed binding mechanism of 8 and 9 with the HSO4

– ion along with respective 
fluorescent changes. 
 
 

 
 
 
Figure 5: Changes of the fluorescence spectra of 8 (a) and 9 (b) with the gradual addition of the HSO4

– 
ion; the fluorescence images of HeLa cells in the presence of the probes, 8 (c) and 9 (d) in the absence 
(1 for 8 and 1’ for 9) and presence of HSO4

– ion at 0 μM (2 for 8 and 2’ for 9), 5 μM (3 for 8 and 3’ for 
9), 10 μM (4 for 8 and 4’ for 9) (Reproduced with permission from Ref 94. Copyright 2014, Royal Society 
of Chemistry). 
 
Later, another water-soluble benzimidazole-based fluorescent probe containing a seven-membered 
ring (10, Figure 5) was developed, characterized and shown to display selective and HSO4

– ion-
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sensitive (LOD= 5.5 × 10–7 M) fluorescent detection behavior.95 In HEPES buffered water-ethanol (98:2; 
v/v; pH= 7.4) mixed solvent, 10 displayed ratiometric switching of fluorescent response from a weak 
band at 430 nm (φ= 0.12) to a strong emission band at 483 nm (φ= 0.45) in the presence of the HSO4

- 
ion. The change of fluorescence response was attributed to intermolecular hydrogen bonding driven 
CHEF and PET effects. The binding mechanism was also well evidenced by a 1H NMR spectroscopic 
study and DFT calculations. In addition, 1:1 binding stoichiometry with an association constant, Ka = 
4.13 × 106 M–1 was also reported. The detection event was also confirmed within the HeLa cell with 
considerable color changes in cellular fluorescent imaging being observed (Figure 5). Such instances 
of the detection of HSO4

– ion using an essentially water-soluble probe were very useful and rare in the 
literature at this time. 
 

 
 
Figure 6: Probable binding mechanism and changes in the PET process of 10 upon binding with the 
HSO4

– ion (a); the fluorescence images of the probe, 10 within HeLa cells in the absence and presence 
of HSO4

– ion at different time frames (1: phase contras; 2: 0 μM; 3: 3 μM; 4: 5 μM; 5: 7 μM and 6: 10 
μM of HSO4

– ion) (Reproduced with permission from Ref 95. Copyright 2014, Royal Society of 
Chemistry). 
 
 
It is very common for an anion to be involved in the primary coordination sphere of a metal complex 
or replace the metal ion. In 2015, Chattopadhyay et al., developed a benzimidazole-based non-
fluorescent Cu(II) complex (11, Scheme 5) that recognized the HSO4

– ion via a different and most 
uncommon intermolecular hydrogen bond aided CHEF mechanism that preserved the metal 
coordination.96 The non-toxic and biocompatible probe selectively and sensitively recognized (LOD= 
3.18 × 10–7 M) the HSO4

– ion through an “off-on” fluorescent switching mechanism in HEPES buffered 
medium. In addition, 11 displayed a distinguishable color change under exposure to both sunlight and 
UV light. The non-cytotoxic probe was also able to image the HSO4

– ion within model cancer cells. The 
report of a chemosensor for the HSO4

– ion with such interesting characteristics was rare and 
innovative at the time.  
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Scheme 5: The proposed binding mechanism of 11 with the HSO4

– ion in water-DMSO mixed solvent. 
 
 
In 2019 Das et al. developed a styryl-benzimidazole conjugated chemosensor (12, Scheme 6) that 
colorimetrically recognized HSO4

–in MeOH medium.97 In its presence, the absorption band of 12 at 
394 nm gradually diminished with the simultaneous appearance of a new red-shifted band at 527 nm 
along with an extremely visual color change from yellow to dark red. The recognition event was 
triggered by ICT-induced intramolecular hydrogen bonding. Compound 12 was also able to detect Cu2+ 
and Al3+ ions with different distinguishable visual color changes. Interestingly, 12 achieved the 
micromolar scale detection limit (LOD= 7.96 µM) and a paper-strip-based portable system was devised 
for naked-eye recognition of HSO4

– ion in real life. 
 

 

 
 

Scheme 6: The proposed binding mechanism of 12 with the HSO4
– ion in methanol. 

 
Later, Bains et al. developed a benzimidazole-thiourea integrated chemosensor (13, Figure 7) that 
recognized the HSO4

– ion colorimetrically and fluorimetrically in pure aqueous medium for the first 
time.98 Upon binding with the HSO4

– ion, 13 displayed a ratiometric blue shift of the absorption band 
from 311 to even higher energy 261 nm with a prominent isosbestic point at 294 nm. Subsequently, 
the fluorescence emission band was also ratiometrically shifted from 455 nm to 379 nm with a well-
centered isoemissive point at 430 nm (λex= 310 nm). The intermolecular hydrogen bonding interaction 
between the NH proton of the thiourea and the CH proton of the benzimidazolium moiety of 13 
(hydrogen bond donor) and the HSO4

– ion (hydrogen bond acceptor) initiated such ratiometric 
spectroscopic changes. The selective and highly sensitive (LOD= 5.0 nM) binding of the anion caused 
aggregation which was confirmed by the DLS data and SEM images (Figure 7). In addition, the probe 
was employed in the detection of HSO4

– in real water samples with impressive results. Ratiometric 
detection was most advantageous and the ratiometric detection of the HSO4

– ion particularly in an 
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aqueous medium remains very rare even to the present day.  
 

 
 
Figure 7: The molecular structure of 13 (a) the proposed molecular structure of the 13-HSO4

– complex 
(b); the DLS diameter image of 13 (c) and of the 13-HSO4

– complex (d); the SEM image of the 13-HSO4
– 

complex (e) (Reprinted with permission from Ref 98. Copyright 2019, Elsevier). 
 
Recently, an ESIPT-active benzimidazole-based Schiff base derivative (14, Scheme 7) selectively 
recognized Al3+ and HSO4

– ions in a mixed water-methanol mixed solvent.99 The probe had two 
different proton transfer sites involving two -OH moieties as hydrogen bond donors as well as one 
imine nitrogen (-C=N) and one benzimidazole nitrogen as two hydrogen bond acceptors. The ICT active 
probe displayed a “turn on” fluorescent response at 390 nm in the presence of the HSO4

– ion (λex= 340 
nm). Compound 14 was very sensitive to the HSO4

– ion showing observable response down to 
nanomolar concentrations (LOD= 23 nM). The binding mechanism between the probe and the HSO4

– 
ion was well justified by 1H NMR analysis. Interestingly, 14 could be employed in the real-life detection 
of the HSO4

– ion and the fluorescent responses employed in the decoration of an opto-chemical 
keypad lock.  
 

 
 

Scheme 7: The molecular structure of the benzimidazole-based HSO4
– ion chemosensor 14. 

 
Very recently, Moral et al. reported a pair of benzimidazole-urea assembled fluorescent probes (15 
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and 16, Scheme 8) with different functional groups that displayed very distinct and different 
fluorescent behavior in the presence of the HSO4

– ion.100 Interestingly, 15 displayed aggregation-
induced emission (AIE) but 16 exhibited aggregation-caused quenching (ACQ) behavior. Both the 
probes were very efficient in detecting the HSO4

– ion up to the micromolar scale in a 100 % aqueous 
medium with very high binding affinities (Ka ≈ 108 M–1). 
 
 

 
 
Scheme 8: The molecular structure of the benzimidazole-based HSO4

– ion chemosensors 15 and 16. 
 
Based on the above discussion, it can be concluded that the binding of bisulfate with benzimidazole-
based chemosensors results from hydrogen bonding interactions with the ion which in turn alter the 
electronic and charge transfer behavior of the chemosensor resulting in easily detected colorimetric 
and fluorescent responses represented by Figure 8 below. 

 
 

 
 

Figure 8: The general mode of binding of benzimidazole-based chemosensors with the HSO4
– ion. 

 
3.2. Benzothiazole moiety-based detection. 
Benzothiazole has been widely used as a sensing unit in an array of chemosensors in the colorimetric 
and fluorescent detection and imaging of ions, biomolecules, and other important analytes.101 In 
addition, benzothiazole derivatives have been extensively utilized in the diagnosis of several diseases 
and disorders by fluorescent imaging of several analytes.102 However, the discussion here will focus 
on the detection and/or imaging of the HSO4

– ion. 
  
In 2013, Bhardwaj et al. reported a pair of benzothiazole derivatives, one of which (17, Scheme 9), 
acted as a chemosensor of Fe3+ and HSO4

– ions through different spectroscopic signatures.103 17 
recognized the HSO4

– ion via a ratiometric shift of absorption maxima, whereas it detected the Fe3+ 
ion via fluorescence enhancement. In a TRIS buffered CH3CN/H2O (8/2, v/v, pH= 7.6) medium, the 
introduction of HSO4

– decreased the absorbance of 17 at 310 and 450 nm, which was accompanied by 
the simultaneous promotion of a new band at 365 nm. Compound 17 was shown to form a 1:1 
complex with HSO4

–and achieved a 5.4 µM detection limit. The probe, containing both a hydrogen 
bond donor hydroxyl group as well as a/two hydrogen bond acceptor nitrogen atom, favored the 
selective binding of the bisulfate, over which other analytes (F–, Cl–, Br–, I–, NO3

–, CN–, ClO4
–, AcO– and 
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PO4
3–). 

 

 
 

Scheme 9: The molecular structure of the benzothiazole-based HSO4
– ion chemosensors 17-19. 

 
Later, three analogous hydroxyphenylthiazole derivatives of which one analog (18, Scheme 9) was 
employed in the selective and sensitive sequence-specific fluorescent recognition of Ga3+ followed by 
HSO4

– in MeCN.104 The ESIPT active probe displayed two weak emission bands (ɸ= 0.0059) at 375 and 
504 nm due to enol and keto tautomers, respectively. With the addition of Ga3+, 18 displayed the 
development of an emission band at 430 nm (ɸ= 0.0653) due to the inhibition of the ESIPT 
phenomenon. Subsequently, in the presence of HSO4

–, the emission band of the 1:1 18-Ga3+ complex 
sharply declined due to decomplexation and consequent restoration of the ESIPT behavior providing 
highly selective detection of the ion. Whilst most HSO4

– ion chemosensors interact with the analyte 
via hydrogen bonding, this 18-Ga3+ complex interacted via electrostatic interaction. 
 
A benzothiazole-based substituted spiropyran derivative (19, Scheme 9) was employed in the visual 
detection of HSO4

–with a distinct color change from pink to yellow being observed in water (Figure 
9).105 The anion-induced conversion of 19 from the J-aggregate to H-aggregate which was then 
converted to the closed spiropyran form upon irradiation with visible light. This facilitated a 
ratiometric change in absorption maxima upon formation of the 19-HSO4

– complex and the system 
was deployed in a filter paper-based real-life application (Figure 9). Interestingly the hydroxy group 
was involved in hydrogen bonding with the anion whilst the positive charge on the benzothiazolinium 
moiety was involved in electrostatic interaction leading to such highly selective recognition behavior. 
Interestingly, this was the first report of a visible light-responsive spiropyran-built reversible 
chemosensor for the HSO4

– ion. 
 
 

 
 
Figure 9: The color change of 19 in the presence of different anions in solution phase (a), test strip 
under UV light (b) and test strip under sunlight (c). The cuvette or test strip marked with “A” and “B” 
denote 19 and 19-HSO4

– respectively and the rest denote other competitive anions. (Reproduced with 
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permission from Ref 105. Copyright 2017, Wiley). 
 
Subsequently, another benzothiazole-based Schiff base (20, Scheme 10) fluorometrically recognized 
two anions (HSO4

– and I–) in the solution phase as well as in living nematodes by two different 
mechanisms.106 Compound 20 recognized HSO4

– by promotion of the emission intensity at 468 nm 
triggered by HSO4

–-induced hydrolytic imine cleavage and subsequent inhibition of the PET process 
(Scheme 10). In contrast, I– displayed heavy atom quenching of the emission due to the formation of 
an ICT complex and the system represents a rare example of a chemosensor that can recognize two 
different anions independently by chromogenic and fluorimetric responses.  
 
 

 
 
 
Scheme 10: The proposed mechanism of action of 20 with HSO4

– ion. 
 
Recently, another fluorophore of benzothiazolinic (21, Scheme 11) was developed and employed as 
its halide salt for the fluorescent detection of HSO4

– by naked-eye color change (purple to yellow) 
accompanied by a hypsochromic change in both absorption and emission bands.107 In MeCN-H2O (1:1; 
v/v) mixed solvent, 21 selectively recognized HSO4

–over other anions driven by the formation of an 
ion-induced H-aggregate leading to the marked color change. 1H NMR spectral analysis and DFT study 
established the substitution of bromide ion by HSO4

– ion due to the formation of intermolecular, 
bifurcated hydrogen bonds with 21 (Scheme 11).  
 
Very recently, the same group developed another benzothiazolinic spiropyran derivative (22, Scheme 
11) which also recognized HSO4

–in an aqueous medium with very high selectivity and sensitivity (LOD= 
1.58 µM).108 

 
 
Scheme 11: The proposed binding mechanism of 21 with the HSO4

– ion and the molecular structure 
of 22. 
 
It is very difficult to draw a generalized binding mechanism for benzothiazole-based fluorescent 
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detection of the HSO4
– ion. In most cases, the nitrogen atom of the benzothiazole is involved in 

hydrogen bonding with the HSO4
– ion, but the number of probes developed is very low. This presents 

an exciting opportunity for future chemists to develop novel benzothiazole-based fluorescent probes 
for the detection of HSO4

–. 
 

 
3.3. BODIPY moiety-based detection. 
BODIPY derivatives have a long history of being used as fluorescent indicators,109 NIR dyes,110-111 as 
well as in bioimaging and chemosensing applications,112-113 optoelectric applications,114 as 
photosensitizers for photodynamic therapy115-117 and photo-redox catalysis.118-119 Despite their 
extensive range of applications there are only a few BODIPY dyes that have been employed in the 
fluorescent detection of HSO4

– ions.  
 
A BODIPY-indole assembled dye (23, Scheme 12) was applied in the optical detection of F– and HSO4

– 
ions in both non-aqueous (MeCN) as well as semi-aqueous medium (MeCN-H2O).120 The HSO4

– anion 
was found to reduce the ICT band of the probe at 324 nm with simultaneous and ratiometric 
development of a new band at 382 nm. Although the absorption responses of 23 were similar in the 
presence of both F– and HSO4

– ions, the emission responses were completely different. The 
introduction of F– ion caused quenching of the emission band whereas the HSO4

– ion resulted in an 
increase in emission intensity centered at 512 nm and the PET-driven weak emission band of 23 (ɸ= 
0.07) became a strong green fluorescence in the presence of HSO4

–. The changes were attributed to 
hydrogen bond-induced inhibition of PET from the imine nitrogen and indole moieties to the excited 
BODIPY moiety. 
 

 
 

 
Scheme 12: The proposed binding mechanism of 23 with the HSO4

– ion. 
 
Subsequently, another hydrazone-based BODIPY derivative (24, Scheme 13) was successfully utilized 
in the dual mode relay detection of F– followed by HSO4

– ions in MeCN medium.121 In the presence of 
the F– ion, 24 displayed a new red-shifted absorption band at 560 nm with a simultaneous decrease 
of a charge transfer band at 399 nm resulting in a yellow-to-purple color change that could be readily 
observed by the naked eye. In contrast, the F– ion was found to quench the emission band of 24 at 
518 nm, which was attributed to the deprotonation of the NH group. Subsequent addition of HSO4

– as 
a “recovering agent” reversed the spectroscopic responses in both absorption and emission bands 
allowing 24 to act as an “on-off-on” molecular switch which was exploited in the development of a 
molecular keypad lock.  
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Scheme 13: The proposed mechanism of action of 24 with the HSO4

– ion. 
 
A Schiff base BODIPY derivative (25, Scheme 14) was then employed in the dual mode recognition of 
the HSO4

– ion.122 Upon interaction with HSO4
–, 25 showed a ratiometric red shift of absorption band 

from 497 to 523 nm with simultaneous color change from pink to yellow. During a fluorescence 
titration, HSO4

–gradually induced a strong green fluorescence emission response at 544 nm driven by 
imine hydrolysis in 25. Additionally, the detection event was facilitated by cell permeability and poor 
auto-fluorescence of biological cells. 
 
 

 
 
Scheme 14: The proposed mechanism of action of 25 with the HSO4

– ion. 
 
 
A pair of azaindole-based BODIPY derivatives (26-27, Scheme 15) were then developed via a 
Knoevenagel reaction and employed in the “turn off” fluorescent sensing of the HSO4

– ion in MeCN.123 
The high-intensity emission bands of 26 and 27 at 655 nm and 677 nm respectively were significantly 
quenched in the presence of HSO4

–. Additionally, 1:1 binding stoichiometry and micromolar 
concentration detection limits were also reported. Remarkably, the chemotherapeutic character of 
the probe was also interesting. 
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Scheme 15: The molecular structure of the BODIPY-based HSO4
– ion chemosensors 26 and 27. 

 
Despite the long history and extensive applications of BODIPY derivatives in chemosensing, to date, 
there are only four reports of BODIPY-based HSO4

– ion chemosensors that have appeared offering 
future opportunities for further development of such systems to image the HSO4

– ion.  
 
3.4. Coumarin moiety-based detection. 
During the last two decades, many examples of coumarin-integrated scaffolds have been developed 
for the fluorescent detection of different cations, anions, and biomolecules.124-126 However, there are 
only a few coumarin scaffold-based supramolecular chemosensors for the detection of the HSO4

– 
ion.127-130    
 
In 2009, Kim et al. synthesized three analogous fluorophores of which the coumarin-based fluorescent 
probe (28, Scheme 16) selectively and sensitively recognized HSO4

– through a “turn on” response.127 
Upon the addition of HSO4

–, the emission band of 28 at 485 nm was sharply enhanced in 
MeCN:H2O:(1:1; v/v) and the detection of the anion was governed by a PET mechanism.  
 

 
 
 

Scheme 16: The molecular structure of the coumarin-based HSO4
– ion chemosensors 28 and 29. 

 
The proposed mechanism of this study127 was revisited by Kumar et al.128 during the course of an 
investigation with a structurally similar probe (29, Scheme 16) where it was established that hydrogen 
bonding was not the underlying mechanism of interaction with the anion. Rather, hydrolysis of the 
Schiff base played a vital role with the mechanism being well-justified through analysis of the 1H NMR 
titration results in a deuterated solvent.  
 
Another coumarin-based fluorescent probe (30, Scheme 17) recognized Zn2+ and HSO4

– ions 
independently in a semi-aqueous medium (MeCN-H2O; 1:1; v/v).129 In the presence of HSO4

–, the 
emission intensity of 30 at 376 nm was considerably enhanced denoting “turn on” recognition. Imine 
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30 was also able to detect HSO4
– at concentrations as low as 274 nM and was proposed to be involved 

in hydrogen-bonded complex formation with the anion. 
 

 
 

Scheme 17: The proposed binding mechanism of 30 with the HSO4
– ion. 

 
From the outset of the optical detection of HSO4

– ion, very little attention was paid to the HSO4
–-SO4

2– 
deprotonation-protonation mechanism. In 2019, Nair et al. mechanochemically synthesized a pair of 
coumarin derivatives, coumarin-integrated glycine and coumarin-integrated alanine (31 and 32 
respectively, Scheme 18) to investigate this hitherto overlooked issue.130 Both the probes were 
employed in picomolar scale (LOD= 50 and 100 pM for 31 and 32 respectively) reversible fluorescent 
detection of HSO4

–in pure aqueous medium at neutral pH. Also, the hydrogen bonding mechanism 
between the probes and HSO4

– was well justified through the use of DFT studies. Interestingly, the 
optical sensing phenomenon was employed in the detection and estimation of HSO4

– in real samples 
including digestible plant foods cabbage, broccoli, carrot, and mustard seeds, as well as drug and urine 
samples. 
 

 
 

Scheme 18: The molecular structure of the coumarin-based HSO4
– ion chemosensors 31 and 32. 

 
Recently, Deng et al. designed a coumarin-based Schiff base derivative (33, Figure 10a) that recognized 
the HSO4

− ion via naked-eye color change under sunlight (yellow to colorless) as well as under UV light 
(dark blue to orange) in semi-aqueous medium (EtOH-H2O; 9:1; v/v).131 Interestingly, the probe 
recognized the HSO4

− ion down to sub-micromolar levels (LOD= 4.63 × 10−7 M). Analysis of 1H NMR 
and HRMS spectral data revealed that the HSO4

− ion induced the hydrolytic cleavage of the imine bond 
resulting in such a prominent color change-based detection event. Furthermore, a paper strip-based 
HSO4

− ion detection technique was successfully demonstrated (Figure 10b). In addition, to explore its 
real-life applicability, the anion was recovered from different spiked water samples and also 
recognized within zebrafish through fluorescence imaging (Figure 10c).  
 
 



 19 

 
 
 
Figure 10: The proposed binding mechanism of 33 with HSO4

– along with respective naked-eye color 
changes under daylight and UV light (a); Color changes on paper strips (b) and recognition of HSO4

– 
ion within zebrafish by fluorescence imaging. (Reproduced with permission from Ref 131. Copyright 
2023, Elsevier). 
 
From the above discussion, it could be stated that all these coumarin-based fluorescent probes 
involved hydrogen bonding with the HSO4

− ion and displayed “turn on” fluorescent responses for the 
selective and sensitive detection of the anion. In addition, almost all the coumarin derivatives contain 
either a Schiff base unit or a phenolic hydroxy group, or both. There are only four reports on coumarin-
based fluorescent chemosensors for HSO4

− ion and consequently, there is enormous scope to explore 
this field further. 
 
3.5. Indole moiety-based detection. 
 
Indole-based receptors have a long history of metal-binding properties and it is also an important 
precursor in the synthesis of novel drug molecules.132-133 Here, the crucial role of indole-based 
fluorophores in the detection of the HSO4

− ion is discussed. 
 
In 2011, Mallick et al. reported the first indole-based chemosensor for HSO4

−, which was an “off-the-
shelf” chemosensor requiring no synthetic effort (34, Scheme 19). The system was also found to be 
able to detect F– anions independently by tuning the solvent composition and exploring the acid-base 
behavior of the probe.134 Indole 34 recognized the HSO4

− ion selectively in semi-aqueous medium 
(MeCN-H2O; 5:1; v/v) by activating one channel or site of 34 by protonating the pyridinic nitrogen, 
whilst it detected F– in pure MeCN by activating the other channel to give a rare dual channel detection 
of two anions by a single probe molecule.  
 

 
 

 
Scheme 19: The proposed binding mechanism of 34 with the HSO4

– ion. 
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A few years later, Paul et al. utilized the same probe molecule (34, Scheme 19) in sequence-specific 
relay recognition of HSO4

− followed by the F– anion in a MeCN-H2O (5:1; v/v) mixed solvent via 
monitoring of the ratiometric and reversible absorption and emission spectral responses.135 
Interestingly, an opto-chemical molecular keypad lock was sketched (Figure 11), and the binding 
mechanism of 34 and HSO4

− ion was well-explored by evaluating the DFT calculations (Scheme 19). 
Interestingly, in a different study, Paul et al. colorimetrically and fluorimetrically recognized picric acid 
using the same “off-the-shelf” fluorophore.136 

 
 

 
 
Figure 11: The design of a molecular opto-chemical keypad lock where the probe (34 or norharmane) 
acted as the lock, the HSO4

– ion acted as the key and fluoride acted as hand to unlock the lock. 
(Reprinted with permission from Ref 135. Copyright 2016, Wiley). 
 

 
Later, among a set of four analogous styrylindolium derivatives two (35-36, Scheme 20) were 
successfully employed in ratiometric optical detection of the HSO4

– ion in H2O-EtOH (1:1; v/v) 
medium.137 Upon interaction with HSO4

–, the probes exhibited ratiometric shifts of both absorption 
and emission bands along with color change under sunlight and UV irradiation (Figure 12). The HSO4

– 
ion was involved in intermolecular hydrogen bonding with the probes, thereby forming head-to-tail 
fashion H-aggregates.  
 

 
Scheme 20: The molecular structure of the indole-based HSO4

– ion chemosensors 35 and 36. 
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Figure 12: The naked-eye color changes of 35 (a and b) and 36 (c and d) in the presence of different 
anions (6th cuvette for HSO4

–) under daylight and sunlight respectively. (Reprinted with permission 
from Ref 137. Copyright 2013, Royal Society of Chemistry). 
 
Afterward, a series of 2,2'-bis(indolyl)methane and 2-alkylated indole derivatives were developed and 
employed in the selective and sensitive colorimetric detection of HSO4

– and F– by Bayindir and 
Saracoglu.138 In the presence of both anions, red-shifted absorption bands accompanied by 
distinguishable and prominent chromogenic color changes of some probes were noted. Moreover, the 
binding mechanisms were also well-justified through a 1H NMR spectroscopic titration study with both 
anions involved in hydrogen bonding with the N-H protons of the probes. 
 
Subsequently, a pair of tetrapodal and hexapodal indole derivatives (37-38, Scheme 21) were 
employed in the recognition of the HSO4

– ion via a chromogenic color change phenomenon.139 Unlike 
other anions, HSO4

– exhibited a significant red shift of absorption band and consequent visual color 
change from yellow to red for 37 and from pale yellow to pink for 38 (Figure 13) and such prominent 
color changes could be utilized in on-spot recognition of the anion. However, the fluorescence 
emission behavior of the two probes in the presence of the anion was different. Upon binding with 
HSO4

–, 37 displayed quenching of the emission band at 353 nm but 38 displayed an increase in the 
emission maximum at 380 nm. Both the probes were involved in hydrogen bonding with the HSO4

– 
ion and subsequent through-bond energy transfer phenomenon resulted in the vivid visual color 
changes. The binding mechanism was well explored and supported through 1H NMR titration 
experiments and extensive DFT calculations.  
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Scheme 21: The proposed binding mechanism of 37 and 38 with the HSO4

– ion. 
 

 
 
Figure 13: UV-visible absorption spectral changes of 37 (a) and 38 (b) with the gradual addition of the 
HSO4

– ion along with chromogenic color changes (R1≈ 37 and R2≈ 38). (Reprinted with permission 
from Ref 139. Copyright 2015, Elsevier). 
 
In further progress, three indole-based receptors (39-41, Scheme 22) were employed in colorimetric 
and fluorescent recognition of HSO4

– and CN– ions in a semi-aqueous medium (MeCN-H2O; 1:1; v/v).140 
Among the three, one was a tripodal probe (41) and the other two (39 and 40) were dipodal. The 
tripodal probe, 41 recognized both HSO4

– and CN– ions independently whereas the two dipodal probes 
behaved differently; one (40) selectively recognized HSO4

– and the other one (39) recognized CN– ion. 
Both 40 and 41 were capable of detecting HSO4

– up to the nanomolar scale. Extensive DFT calculations 
revealed that multiple hydrogen bonds between the probes and the HSO4

– ion initiated such 
spectroscopic changes. 
 

 
 

Scheme 22: The molecular structure of the indole-based HSO4
– ion chemosensors 39-41. 



 23 

 
Detection of any analyte in 100% aqueous medium is challenging and but highly desirable due to real-
world sensing applications. In 2016, Samanta et al. developed an indole-based fluorogenic probe (42, 
Scheme 23) that recognized HSO4

– and SO4
2– ions via a “turn on” fluorescent response in pure aqueous 

medium;141 The probe also recognized the SO3
2– ion via a similar fluorescent response. The weakly 

fluorescent 42 exhibited strong blueish-green fluorescence (λem= 442 nm) in the presence of SO3
2–and 

greenish-yellow fluorescence (λem= 511 nm) upon interaction with both HSO4
– and SO4

2– ions. It was 
well justified that the exceptionally high hydration energy of SO4

2– disfavoured the solubility of 42 and 
consequently facilitated the aggregation and switched on the fluorescence response. Moreover, the 
ppm scale detection limit for HSO4

– and appreciable biocompatibility of 42 was impressive. 
 

 
 

Scheme 23: The molecular structure of the indole-based HSO4
– ion chemosensors 42-44. 

 
Later, another hydroxystyryl and benzo[e]indolium integrated chemosensor (43, Scheme 23) was 
designed that selectively and simultaneously recognized SO3

2–/HSO3
– and HSO4

– ions via monitoring of 
different emission channels.142 The weak emission band of 43 at 580 nm (λex= 420 nm) was significantly 
promoted upon interaction with NaHSO4. But, in the presence of the SO3

2– ion, 43 displayed 
substantial emission enhancement at 455 nm (λex= 320 nm). In addition, the absorption band of 43 at 
562 nm declined significantly with the simultaneous promotion of a new absorption band at 463 nm 
due to the inclusion of the HSO4

– ion, and the expected visual color change from red to yellow was 
noted. Formation of a 1:1 43-HSO4

– complex together with an impressive 1.3 nM detection limit for 
HSO4

– was also reported with the detection of the multiple anions guided by the principle of ion-
induced rotation-displaced H-aggregates. Moreover, 43 was shown to be capable of imaging bisulfate 
ions within HeLa cells. 
 
To date, the application of fluorescent signals in the design of opto-chemical logic gates, molecular 
keypad locks, and resettable passwords is achieved through the bespoke synthesis of chemosensors. 
In 2017 Majumdar et al. reported that the commercially available fluorescent probe, harmine (44, 
Scheme 23)143 exhibited a ratiometric change of emission maxima in the presence of fluoride in polar 
aprotic MeCN medium and displayed a ratiometric shift of emission maxima only in the presence of 
HSO4

– ion in MeCN-H2O (5:1; v/v). Notably, this solvent-dependent fluorescent recognition behavior 
was successfully applied in the development of unusual but useful opto-chemical logic gates (Figure 
14).  
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Figure 14: The design of opto-chemical logic gate (a), truth table (b) and password trajectories (c) 
based on the sequential addition of fluoride and bisulfate ions within the solution of 44 in MeCN and 
MeCN-water solvents. (Reprinted with permission from Ref 143. Copyright 2017, Springer). 
 
 
Thereafter, Bayindir and Lafzi reported a pair of oxindole derivatives (45-46, Scheme 24) that 
recognized the HSO4

– ion fluorometrically via a “turn-on” response in HEPES buffered (pH= 7.4) semi-
aqueous medium (MeCN-H2O; 7:3; v/v).144 When excited at 371 nm, the poorly emissive 45 (ɸ= 0.02) 
exhibited a fluorescence response at 486 nm (ɸ= 0.27) upon binding with HSO4

–. Experimental and 
theoretical arguments revealed the formation of multiple bifurcated hydrogen bonds between 45 and 
HSO4

–. Additionally, 1:1 binding stoichiometry and up to 8.9 µM detection limit were also determined. 
 

 

 
 
Scheme 24: The molecular structure of the indole-based HSO4

– ion chemosensors 45 and 46. 
 
Later, Paul et al. designed and synthesized a trio of analogous oxidized bisindolyl methane derivatives 
(47-49, Scheme 25) and explored their dual mode independent ratiometric optical recognition 
behavior toward two anions, HSO4

– and CN–.145 In pure aqueous medium, a prominent and 
distinguishable color change of 47 in the presence of HSO4

– (from orange to red) and CN– (from orange 
to yellow) was worthy of real-life application. Additionally, 47 achieved a remarkable ppb detection 
limit (LOD= 8.7 and 6.2 ppb for HSO4

– and CN– respectively) without any mutual interference. 
Moreover, the ion-induced tuning of the ICT behavior of 47 was also explored using the DFT study to 
reveal the interaction mechanism (Figure 15). The effect of the substitution of electron-withdrawing 
and donating groups on analogs of 47 (48 and 49 respectively) on the anion binding behavior was 
explored and explained rationally through experimental observations and DFT calculations. 
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Scheme 25: The molecular structure of the indole-based HSO4

– ion chemosensors 47-49. 
 

 
 
Figure 15: The proposed binding mechanism of 47 with the HSO4

– ion along with different 
photoprocesses in the energy profile diagram. (Reprinted with permission from Ref 145. Copyright 
2022, Royal Society of Chemistry). 
 
In summary, indole-based receptors have been widely utilized in the detection of the HSO4

– ion. Here, 
both bespoke synthesized receptors as well as commercially available chemosensors have been 
utilized efficiently. Most of the indole derivatives utilize hydrogen bonding interactions with the HSO4

– 
ion, which can represented in generalized form in Figure 16. Interestingly, several indole derivatives 
display sharp chromogenic color changes upon interaction with the HSO4

– ion, which may prove to be 
a beneficial feature for the simple real-world visual detection of the anion without the need for 
expensive instrumentation. In addition, several different opto-chemical logic devices, passwords, and 
trajectories have been prepared for application in modern security devices.  
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Figure 16: The general mode of binding of the indole-based chemosensors with the HSO4

– ion. 
 
 
3.6. Macrocycle moiety based detection. 
There are several macrocyclic entities like smaragdyrin and sapphyrin derivatives,146 oligopyrroles,147 
porphyrin scaffolds,148 cyclam, calixarenes, cyclodextrins, aza crown ether derivatives,149 cyclic BODIPY 
derivatives,150 cucurbit[n]urils,151 calixoxa and calixthiasmaragdrins derivatives, calix[n]arenes, and 
pillar[n]arenes,152-155 which have a long history of diverse applications in catalysis, as nonlinear optical 
materials, drug delivery, ion-responsive transmembrane channels, photodynamic therapy sensitizers, 
molecular machines, information storage technology, and fluorescent chemosensors.146-157 Such 
macrocyclic and interlocked derivatives have been widely used in the selective and sensitive 
recognition of anions. In the following section, the exploration of such macrocyclic derivatives that 
have been utilized in the fluorescent detection of the HSO4

– ion is discussed. 
 
In 2008, Shen et al. developed three metal complexes of a xanthone-crown ether derivative among 
which the Mg2+ complex (50, Scheme 26) acted as a colorimetric and fluorescent chemosensor for the 
HSO4

– ion with excellent selectivity and sensitivity in MeCN.158 Upon interaction with the HSO4
– ion, 50 

displayed a blue shift of its absorption band from 380 to 340 nm with a new band also appearing at 
430 nm and consequent chromogenic color change from colorless to yellow. In contrast, the ion 
caused significant quenching of the emission band of 50 at 450 nm (λex= 320 nm). However, the H2PO4

– 

ion also caused a similar type of quenching. Further studies revealed that the HSO4
– ion was more 

strongly bound with the xanthone-crown ether than the Mg2+ ion and replaced the cation, resulting in 
a red-shifted absorption band and chromogenic color change (Scheme 26). Notably, the xanthone-
crown ether derivative could be employed in the extraction of Mg2+ ions by HSO4

– ion. 
 
 

 
 
Scheme 26: The binding mechanism between 50 and the HSO4

– ion. 
 
In 2011, a new and unique strategy was reported by Tripathi and Pandey in which detection of the 
HSO4

– ion was achieved via sol-gel conversion.159 In this report, a pair of bile acid derivatives were 
synthesized (51-52, Figure 17) and the anion recognition behavior was explored. In CHCl3-DMSO (1:5; 
v/v) mixed solvent, probe, 51, formed a stable gel exclusively in the presence of the HSO4

– ion (Figure 
17) through the imidazolium and amide moieties interacting strongly with the HSO4

– ion through 
hydrogen bonding interaction. The hydrogen bond-induced aggregation and consequent sol-gel 
conversion in the presence of (TBA+ HSO4

–) was confirmed from the upfield shift of peaks of the amide-
NH and aryl-CH protons of 51 in its 1H NMR spectrum along with SEM and TEM images. The other 
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analogous probe, 52, containing a pyridine unit displayed affinity towards the HSO4
– ion but did not 

exhibit the sol-gel transformation behavior. Additionally, 52 displayed poor selectivity with the H2PO4
– 

ion. These two factors reduced its potential use as a chemosensor for HSO4
– ion. Notably, such HSO4

– 

ion-induced sol-gel conversion might be used as a unique and novel strategy for the exclusive visual 
recognition of the anion. 
 

 
 
Figure 17: Molecular structure of probes, 51 and 52 (left); image of HSO4

– ion induced sol-gel 
conversion of 51 in CHCl3-DMSO (5:1; v/v) mixed solvent (right). (Reprinted with permission from Ref 
159. Copyright 2011, Elsevier). 
 
In the following year, a sugar-azacrown ether derivative (53, Scheme 27) was successfully deployed in 
the selective fluorescent detection of HSO4

–in MeOH.160 The probe only showed a “turn on” 
fluorescence response in the presence of the HSO4

– ion with a 1:1 binding stoichiometry and 1.39 × 
10–6 M detection limit. Strong hydrogen bonding between the probe and the HSO4

– ion within its inner 
cavity increased rigidity and the consequent “turn-on” fluorescent response (Scheme 27). Such host-
guest complexation of the bisulfate ion is very rare in the literature. 
 

 
 

Scheme 27: Proposed binding mechanism between 53 and the HSO4
– ion. 

 
In the same year, Liu et al. synthesized a ditopic macromolecule integrating two bisindole moieties 
and a bis-benzocrown ether scaffold (54, Scheme 28) that recognized the HSO4

– ion in a cooperative 
manner.161 The probe was also very effective at detecting F–/ K+ ions and the F–-K+ ion pair in DMSO. 
The probe efficiently recognized HSO4

– ion in the presence of K+ ion via naked-eye color change. The 
addition of HSO4

– ion to the ditopic probe did not show any color change but in the presence of the K+ 
ion, it displayed a naked-eye detectable color change to orange. This occurred due to the hydrogen 
bonding interaction between the molecule, 54 and two HSO4

– ions (Scheme 28).  
 
 



 28 

 
 
Scheme 28: Proposed binding mechanism between 54, K+ and the HSO4

– ion. 
 
In 2013, Song et al. designed and synthesized a cyclic benzo-bisimidazole derivative (55, Scheme 29) 
which acted as a fluorescent probe that recognized the HSO4

– ion selectively and sensitively in HEPES 
buffered MeCN (9:1; v/v; HEPES buffer: MeCN; pH= 7.4) medium.162 Here, the HSO4

– ion bound with 
the probe in such a manner that it enhanced the hydrogen bond donor ability of the aryl C-H group 
and enhanced the rigidity of the architecture of the two benzobisimidazole groups. Such specific 
binding of the HSO4

– ion facilitated the rare optical detection of the anion using a cyclic probe. The 
formation of multiple hydrogen bonds of HSO4

– ion within the pocket of cyclic benzo-bisimidazole was 
further explored by the absorption, fluorescence, and 1H NMR spectroscopic studies.  
 

 
 
Scheme 29: Proposed binding mechanism between 55 and the HSO4

– ion. 
 
 
Later, Chatterjee et al. developed a series of calixoxa and calixthiasmaragdrins derivatives that were 
characterized by several spectroscopic techniques including HR-MS, 1D and 2D NMR spectroscopy, 
absorption studies, and XRD structure.163 Interestingly, one calixthiasmaragdrin (56, Scheme 30) 
displayed selective chemosensory responses towards the HSO4

– ion in chloroform. The addition of the 
HSO4

– ion to a solution of 56 induced a red shift of the absorption band from 445 nm to 476 nm; the 
Q-type absorption band of 56 also disappeared upon binding. Detection was also easily visualized by 
the naked eye through a color change from green to yellow and the 1:1 binding stoichiometry due to 
the formation of hydrogen bonding driven host-guest complex explored.  
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Scheme 30: The structure of chemosensor 56. 
 
In 2016, another macrocyclic fluorescent probe (57, Scheme 31) containing one calix[4]arene and four 
benzothiazole units that selectively recognized Cu2+, S2– and HSO4

– ions in a MeCN-H2O (4:1; v/v) mixed 
solvent.164 Unlike other anions, in the presence of the HSO4

– ion 57 displayed a ratiometric shift of its 
absorption band from 462 nm to 365 nm, which was accompanied by a yellow to colorless naked-eye 
detectable color change and also a nearly 10-fold increase of fluorescence intensity (λex= 365 nm; λem= 
542 nm). In the presence of the HSO4

– ion, the fluorescence enhancement originated due to the 
hydrolytic cleavage of the imine bond of 57 and the generation of its component aldehyde and 
trisamine derivatives (Scheme 31). This hydrolytic dissociation was further confirmed by FTIR spectral 
analysis and 1H NMR titration studies. Notably, 57 was able to detect the HSO4

– ion up to 9.79 × 10–7 
M–1.  
 

 
 
 
Scheme 31: Proposed binding mechanism between 57 and the HSO4

– ion. 
 
Later, a pendant-like tetra-aza macrocyclic fluorophore (58, Scheme 32) was synthesized which 
efficiently detected the Hg2+ ion via a “turn off” fluorescence response due to chelation enhanced 
quenching (CHEQ). However, 58 was able to recognize the HSO4

– ion via a “turn on” fluorescence 
response.165 In the HEPES buffered MeCN medium, the HSO4

– ion initiated significant enhancement of 
fluorescence intensity of the probe at 490 nm, which facilitated high fidelity fluorescent detection of 
the anion (LOD= 7.0 µM). Such spectroscopic changes were driven by the formation of intermolecular 
hydrogen bonding between the probe and anion and the subsequent CHEF effect and the non-toxic 
probe was able to detect the HSO4

– ion in model living systems via fluorescence imaging.  
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Scheme 32: Molecular structure of 58. 
 
Shin et al. then developed a fluorescent probe (59, Scheme 33) by combining three moieties, tolan, 
aza-crown ether, and urea, and explored its cooperative ion-pair (Na+HSO4

–) receptor behavior in 
MeCN.166 In MeCN, 59 displayed its characteristic absorption bands at 317 and 342 nm which changed 
slightly in the presence of the Na+ ion but changed significantly in the presence of both Na+ and HSO4

– 
ions. In fact, the Na+ ion binding affinity was found to be stronger in the presence of the HSO4

– ion. 
The 1:1 binding stoichiometry between 59 and the Na+HSO4

– ion-pair was also confirmed with the 
emission band of 59 sharply quenched, driven by the photoinduced electron transfer (PET) process. In 
addition, a 16 μM detection limit was also confirmed and a reversible fluorescent response opto-
chemical logic gate was also designed. A structurally similar derivative (60, Scheme 33) was reported 
containing an aza-12-crown-4 base.167 As expected it also displayed ion-pair receptor phenomenon for 
the Li+-HSO4

– ion-pair in DCM with the formation of hydrogen bonding interactions between the 
receptor and HSO4

–confirmed from analysis of 1H NMR titration and DFT studies. 
 

 
 

Scheme 33: Molecular structure of 59 and 60. 
  
 
The next year a bis-benzimidazolium conjugated N-heterocyclic Ag(I) based macrometallocycle (61, 
Scheme 34) was developed and employed in the selective and sensitive detection of HSO4

– in CH2Cl2-
DMSO (99:1; v/v) medium.168 Upon addition of the HSO4

– ion, the probe displayed enhancement of an 
absorption band in the range of 250-400 nm and a sharp increase of the emission band at 363 nm. A 
1:2 (Probe: HSO4

–) binding stoichiometry and 7.5 nM detection limit were also confirmed with the two 
hydrogen sulfate ions situated outside of the macrocyclic sphere via interactions between the metal 
and oxygen of the anion together with CH••••O hydrogen bonds. The weak fluorescence of the free 
probe due to PET quenching of the azobenzene form was turned off by binding of the HSO4

– ions 
resulting in the “turn on” fluorescence response. 
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Scheme 34: Proposed binding mechanism between 61 and the HSO4

– ion. 
 
In 2020, Sethupathi et al. synthesized a macrocyclic probe (62, Scheme 35) by assembling 
bromosalicyladehyde and azamacrocyclic moieties which acted as an “off-on” fluorescent 
sensor for the HSO4

– ion and an “on-off” fluorescent sensor for Hg2+ in HEPES buffered MeCN.169 The 
probe formed a 1:1 complex with HSO4

–via chelation and displayed a chelation-enhanced fluorescence 
response. The binding constant of the complex was very high (5.58 × 105 M–1) and the micromolar 
scale detection limit (LOD = 7 µM). The probe was non-toxic and biocompatible and it was successfully 
employed in live cell imaging in breast cancer cells. A time-correlated single-photon counting (TCSPC) 
study revealed the significant enhancement of lifetime from 0.47 to 1.02 ns upon hydrogen bonding 
promoted chelation and subsequent promotion of rigidity of the probe.  
 

 
 
Scheme 35: Proposed binding mechanism between 62 and the HSO4

– ion. 
 
Recently, a novel pyrene-ester- calix[4]triazolium integrated fluorescent sensor (63, Scheme 36) was 
developed and employed for the selective detection of the HSO4

– ion via the formation of a 1:1 
stoichiometric sensor- HSO4

– complex.170 The selectivity for the HSO4
– ion of the probe was developed 

due to the perfect spatial orientation of the anion allowing it to be involved in hydrogen bonding with 
the probe molecule. The fluorescence ‘turn on’ response of the probe was observed due to the 
restriction of oxidative PET phenomenon from pyrene to triazolium moiety of the probe. This artifact 
was well explored and argued through a well-organized DFT study.  
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Scheme 36: Proposed binding mechanism between 63 and the HSO4

– ion. 
 
In this section, the fluorescent probes are composed of an extremely diverse range of binding motifs 
and fluorophores, and a wide range of derivatives has been utilized to achieve the selective and 
sensitive detection of the HSO4

– ion. Most of the probes rely on a host-guest binding strategy, although 
some of the chemosensors not only recognized the HSO4

– ion but also acted as ion-pair receptors; in 
some cases, the chemosensors could be used to extract a particular metal ion. Moreover, in addition 
to the solution phase detection by chromogenic color change, a sol-gel conversion technique was also 
utilized for its detection. In some cases, bio-imaging of HSO4

– ion was also performed with the 
chemosensors displaying low toxicity and good biocompatibility. Interestingly, in most cases, the 
chemosensor was involved in multiple and strong hydrogen bonding interactions with the HSO4

– ion. 
Therefore, a generalized mechanism for the detection of the HSO4

– ion by macrocyclic ligands is 
presented in Figure 18. 
 

 
 
Figure 18: The general mode of binding of the macrocycle-based chemosensors with the HSO4

– ion. 
 
3.7. Pyridine moiety-based detection. 
 
The pyridine moiety has widely been used in the synthesis of several fluorophore derivatives, which 
have been used for a variety of purposes,171-172 including in thermotropic mesogens,173 clinical 
applications as drugs and food,174 perovskite solar cells and organic light-emitting diodes.175 However, 
pyridine-based ligands have been extensively utilized in the synthesis of interlocked molecules and 
the detection and imaging of different analytes.176-177 
 
In 2011 three analogous fluorophores, integrating pyridine-furan and pyrimidine moieties (64-66, 
Scheme 37), displayed excellent chemosensory response towards the HSO4

– ion in polar protic 
medium (CHCl3-MeOH; 9:1; v/v)178 and all three probes displayed strong fluorescence quenching in its 
presence. Notably, in addition to other common anions, the isostructural H2PO4

– was unable to impart 
any significant changes in the fluorescence behavior of the probes. Chemosensor 64 was involved in 
bifurcated hydrogen bonding with two HSO4

– ions at the two ends of the fluorophore leading to the 
observed spectroscopic changes that facilitated its selective chemosensory behavior (Scheme 37). 
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Scheme 37: Molecular structure of chemosensors 64-66 and proposed binding mechanism between 
64 and the HSO4

– ion. 
 
Small molecule organic fluorophore-based chemosensors for the HSO4

– ion are increasingly common, 
but the application of organic fluorophore-based nanoparticles in the detection of HSO4

– is very rare. 
Dipodal aminephenol-pyridine assembled organic fluorophore-based nanoparticles (67, Scheme 38) 
were found to be very effective in the selective and low-concentration detection of HSO4

– (LOD= 0.25 
µM) in an aqueous medium.179 The chemosensor exhibited a ratiometric shift of absorption maxima 
from 314 to 342 nm with a prominent isosbestic point and distinguishable naked-eye color change 
upon analyte binding. The probe also displayed a red shift of its emission maximum only in the 
presence of HSO4

– of the anions tested. The probe was involved in multiple and bifurcated 
intermolecular hydrogen bonding with the ion (Scheme 38) and the 1:1 probe-HSO4

– complex 
stoichiometry was well supported through DFT calculations. Interestingly, the iso-structural H2PO4

– 
ion failed to accommodate within the small cavity of the dipodal probe to facilitate a recognition 
event. 
 

 
 
Scheme 38: Proposed binding mechanism between 67 and the HSO4

– ion. 
 
 
Thereafter, another fluorescent organic nanoparticle of the tripodal pyridine-naphthalene derivative 
(68, Scheme 39) was successfully employed in the optical detection of HSO4

– in DMF-H2O (1:99; v/v) 
medium.180 The nano-aggregate of the probe showed extensive quenching of emission maximum at 
450 nm upon interaction with the HSO4

– ion over other anions tested and achieved a micromolar scale 
detection limit (LOD= 1.12 µM). Such strong quenching of the nano-aggregate of the probe molecule 
occurred due to a “PET switch on” phenomenon and formed a stable complex with a very high binding 
constant of 6.68 × 107 M–1. The chemosensor system was also very effective in the precise estimation 
of HSO4

– concentration in real samples. 
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Scheme 39: Molecular structure of chemosensor 68. 
 
 
In 2015, Wan et al. developed a ferrocene-pyridine assembled derivative (69, Scheme 40) that acted 
as a Pb2+-HSO4

– ion pair sensor fluorometrically facilitated by a clear color change phenomenon in 
MeCN.181 In the presence of Pb2+, 69 displayed considerable promotion of its emission intensity at 420 
nm (λex= 350 nm). In the presence of Zn2+, similar fluorometric changes were also observed but not to 
the same extent. Subsequently, the HSO4

– ion further promoted the emission intensity of both the 
complexes, 69-Pb2+ and 69-Zn2+, whereas the other anions tested quenched the emission intensity. 
From 1H NMR titration and DFT data analysis, it was proposed that binding of the metal ion inhibited 
the PET process of the probe and that the HSO4

– ion was involved in multiple hydrogen bonding 
interactions with the metal complex. In addition, the electrochemical behavior of the probe was also 
analyzed in the absence and presence of the ion pair. 
 

 
 
Scheme 40: Proposed binding mechanism between 69 and the HSO4

– ion. 
 
An isonicotiamide based fluorescent probe (70, Scheme 41) was then designed and developed and 
it was successfully employed in the highly selective fluorescent detection of Zn2+ and HSO4

– ions 
independently in semi-aqueous medium (MeCN-H2O; 1:1; v/v).182 The weakly fluorescent 70 became 
highly fluorescent, with an emission maximum at 425 nm upon binding with the HSO4

– ion, forming a 
1:1 probe-anion complex able to detect the ion down to the sub-nanomolar scale (LOD= 0.95 nM). 
The “turn on” fluorescence response was driven by intermolecular hydrogen bonding between the 
probe and the HSO4

– ion (Scheme 41). In addition, 70 was effective in imaging the anion and Zn2+ 

within HeLa cells (Figure 19) and the fluorescence responses were intelligently utilized in designing 
opto-chemical logic gates. 
 

 
 
Scheme 41: Proposed binding mechanism between 70 and the HSO4

– ion. 
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Figure 19: Fluorescence imaging of 70 within HeLa cells in the absence and presence of the HSO4

– ion 
(Top) and Zn2+ (Bottom) under different conditions, (A: Phase contrast; B: Under UV filter; C: With 
receptor 70; D: 70 for 2 hours and HSO4

– (25 μM) for 1 hour;  E: Phase contrast image treated with 
Zn2+ (25 μM) only; F: 70 for 2 hours and Zn2+ (2.5 μM) for 1 hour; G: 70 for 2 hours and Zn2+ (5 μM) for 
1 hour; H: 70 for 2 hours and Zn2+ (10 μM) for 1 hour; I: 70 for 2 hours and Zn2+ (25 μM) for 1 hour; J: 
Cells treated with Zn2+ (25 μM) only). (Reprinted with permission from Ref 182. Copyright 2016, Royal 
Society of Chemistry). 
 
 
Granados et al. developed a pyridine-ruthenium complex and the sequence-specific chemosensory 
responses of AcO– followed by the HSO4

– ion was efficiently explored in MeCN-H2O mixed solvent (2:8; 
v/v).183 The emission intensity was strongly quenched in the presence of the acetate ion and 
subsequently recovered in the presence of the HSO4

– ion driven by the PET phenomenon and both 
anions could be imaged within living cells (Figure 20); the PET-driven fluorescent “on-off” responses 
were well justified by analyzing DFT data. 
 
 

 
 
 
Figure 20: Confocal images of saccharomyces cerevisiae cells in the presence of Ru3+complex; Ru-
complex-acetate; Ru-complex + acetate + HSO4

− under UV and visible light. (Reprinted with permission 
from Ref 183. Copyright 2018, Elsevier). 
 
Very recently, Fernandes and Dey developed a pyrene-pyridine integrated pH-sensitive donor-
acceptor type fluorescent probe (71, Figure 21) that formed a nanoscale aggregate in an aqueous 
environment.184 Interestingly, 71 displayed TICT behavior in a non-polar organic solvent but 
surprisingly exhibited TICT and AIE behavior in water (Figure 21). The probe displayed a naked-eye 
color change from pale yellow to deep yellow only through interactions with HSO4

– in an aqueous 
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medium. The HSO4
– ion was involved in hydrogen bonding with the pyridinic nitrogen atom of 71 and 

as a consequence, a change in charge transfer behavior and subsequent enhancement of aggregation 
of the chemosensor were observed. Moreover, a paper-strip-based portable kit was designed for real-
life in situ monitoring of HSO4

–in water samples (Figure 21) enabling operationally simple state-of-the-
art detection of the HSO4

– ion. 
 

 
 
Figure 21: TICT and AIE mechanism of 71 along with the mode of interaction with the HSO4

– ion and 
naked-eye color change of the paper-strip wet with the chemosensor solution. (Reprinted with 
permission from Ref 184. Copyright 2023, Elsevier). 
 
Very recently, Fernandes et al. consecutively reported two different pyridine-end HSO4

– ion sensors in 
two different reports.185,186 In the first report, a pyridine-end oligo p-phenylenevinylene derivative (72, 
Scheme 42) was developed that consecutively recognized HSO4

– ion followed by fluoride ion both 
chromogenically and fluorimetrically in a sequence-specific relay technique. In addition to naked-eye 
color change, the presence of the bisulfate ion initiated the protonation of the probe molecules 
augmenting the amphiphilic characteristics and resulting in the formation of nanostructures via self-
assembly.185  
In the next report, the group developed a pair of triphenylamine-pyridine based push-pull dyes linked 
by pyridinic linkage (73 and 74, Scheme 42) that recognized the HSO4

– ion in pure water. 
Intermolecular and bifurcated hydrogen bonding between the probe and HSO4

– ion enhanced the ICT 
character of the probe resulting in a notable red-shift of the absorption band. Despite spectroscopic 
changes, the probe displayed extensive self-assembly behavior after the addition of the HSO4

– ion. 
Detection of the HSO4

– ion in this way in pure water remains very rare and worthy of real-life 
application.186 
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Scheme 42: Proposed binding mechanism between 72 and the HSO4

– ion and molecular structure of 
73 and 74. 
 
 
Thus, the pyridine moiety has played a significant role in the detection of the HSO4

– ion. The 
basic nature of the pyridinic nitrogen helped chemosensors to be involved in hydrogen bonding or 
proton transfer with the acidic proton of the anion. Using this particular basic strategy several research 
groups have developed a series of other fluororphore-integrated pyridine-based colorimetric and 
fluorescent probes where pyridine acted as a binding unit and the integrated fluorophore acted as the 
signaling unit as shown in Figure 22. 
 

 
 
Figure 22: The general mode of binding of pyridine-based chemosensors with the HSO4

– ion. 
 
3.8. Quinazoline and quinoline moiety-based detection. 
 
Quinazoline and quinoline are very popular bicyclic heterocyclic moieties that have found multiple 
applications and their derivates have been extensively utilized in various types of drug and biological 
molecules,187-188 agricultural fertilizers189 and fluorescent chemosensors.190-195 In the following section, 
the reports on the quinazoline and quinoline-based HSO4

– ion chemosensors are summarized and their 
key strengths are highlighted. 
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In 2012, Alfonso et al. synthesized a ferrocene-imidazoquinoxaline assembled chemosensor (75, 
Scheme 43) which itself did not show any spectroscopic responses in the presence of the 
HSO4

– ion, but its Pb2+ and Zn2+ metal bound complexes were effective sensors.190 In the presence of 
either of the metal ions, 75 displayed a dramatic increase of emission intensity at 475 nm with 
concomitant enhancement of quantum yield. The probe-metal ion complex formed in 1:1 
stoichiometry with the HSO4

– ion with very high binding constants (Ka = 7.31 × 107 M–1 for 75-Pb2+ 
and Ka = 1.99 × 106 M–1 for 75-Zn2+). Despite metal coordination, HSO4

– ion also played an 
important role in the protonation of the iron atom of the ferrocene moiety and brought such 
unique spectroscopic changes and it represents a rare example where a HSO4

– ion chemosensor 
is composed of a redox unit and a fluorophore unit.  
 

 
 
 

Scheme 43: Molecular structure of chemosensors, 75 and 76. 
 
In 2013, a quinoline-based fluorophore (76, Scheme 43) recognized the HSO4

– ion via a “turn off” 
fluorescence response.191 The emission band of 76 at 376 nm was sharply quenched upon interaction 
with the HSO4

– ion with the probe forming a 1:1 hydrogen-bonded complex. Although such switch-off 
sensors are less desirable than their switch-on analogs, the quenching was extremely selective 
towards HSO4

– and was not impacted by the tetrahedral H2PO4
– ion. 

 
A quinazoline-based probe (77, Scheme 44) recognized the HSO4

– ion in a HEPES buffered EtOH-H2O 
(1:5; v/v) polar protic environment at biological pH.192 In the presence of the HSO4

– ion, 77 formed a 
1:1 complex via protonation of the quinazoline nitrogen followed by an intermolecular hydrogen 
bonding induced CHEF phenomenon. Consequently, HSO4

– ion inhibited PET from the benzimidazole 
to the o-anisyl moiety, thereby enhancing the emission intensity (Scheme 44). The detection of the 
HSO4

– ion in the semi-aqueous medium, at biological pH, with a nanomolar scale detection limit (LOD= 
28.72 nM) and low toxicity of the probe within HeLa cells was an impressive addition to the class of 
chemosensors. 
 

 
 
 

Scheme 44: Binding mechanism and hydrogen bonding motif of 77 with the HSO4
– ion. 



 39 

 
In 2015, a quinazoline-diarylethene based photochromic probe (78, Figure 23) displayed color-
changing phenomena from colorless to purple upon irradiation with UV-light and a reverse color 
change upon irradiation with visible light (λ >500 nm) in MeCN.193 The probe acted as a ratiometric 
fluorescent chemosensor for Cu2+ and HSO4

– ions. With the introduction of HSO4
– ion, the emission 

band of the probe at 427 nm reduced in intensity with the simultaneous promotion of a new band at 
491 nm. The spectroscopic change was accompanied by a distinct color change from blue to bright 
cyan due to the formation of 1:1 hydrogen-bonded complexation (Figure 23). 
 

 
 
 
Figure 23: UV-Vis light-driven stimuli-responsive switching of 78 along with the mode of 
interaction with the HSO4

– ion and respective color changes under daylight and UV light. (Reprinted 
with permission from Ref. 193. Copyright 2023, Elsevier). 
 
 
 In 2021, the quinazoline-rhodamine assembled probe (79, Scheme 45) was reported that recognized 
the HSO4

– ion by a visual color change from yellow to pink in MeOH.194 Upon interaction with the HSO4
– 

ion, a new absorption band at 558 nm and a fluorescent “turn on” band at 609 nm were observed due 
to lactam ring-opening and subsequent extension of conjugation. It was also shown that 79 was able 
to detect the HSO4

– ion in solid paper strip and gel form. 
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Scheme 45: Molecular structure of the chemosensors, 79 and 80. 
 
Thereafter, a series of thiazoloquinazoline-based fluorescent probes (80, Scheme 45) were developed 
using a one-pot multicomponent relay reaction utilizing microwave radiation methodology.195 The 
fluorophores were employed for selective and micromolar scale “turn on” fluorescent detection of 
the HSO4

– ion (λex= 404 nm, λem= 460 nm) in polar protic medium (MeOH-H2O; 20:80; v/v). The 
recognition of HSO4

– ion was initiated by the formation of a 1:1 hydrogen-bonded complex and the 
binding mechanism was well supported by a DFT study.  
 
Thus, there are only a few reports on quinoline and quinazoline-based colorimetric and fluorescent 
sensors for the detection of the HSO4

– ion. There therefore remains huge potential to develop new 
chemosensors based on these motifs. It is difficult to propose a generalized mechanism for the 
quinoline and quinazoline-based HSO4

– chemosensors but most bind with a metal ion and then the 
fluorophore-metal ion complex selectively binds with the HSO4

– ion involving either hydrogen 
bonding, coordination with the metal ion or both.  
 
3.9. Rhodamine moiety-based detection. 
 
Rhodamine is a very popular and widely employed fluorophore due to its bright fluorescent emission, 
high quantum yield and the useful color change that occurs due to the spirolactam ring-opening.196 
Rhodamine-based fluorophores have been extensively used in the detection and imaging of metal ions 
as well as reactive nitrogen,197-198 oxygen and sulfur species.199 Despite this, there are relatively few 
reports of rhodamine-based chemosensors for the  HSO4

– ion. 
 
Kaur et al. developed a rhodamine dye-based organic nanoparticle and coated the organic 
nanoparticle with a gold nanoparticle.200 The inorganic-organic hybrid nanoparticle acted as a selective 
and sensitive (LOD= 37 µM) HSO4

– sensor in aqueous medium. With the gradual addition of the HSO4
– 

ion, the nanohybrid exhibited a sharp enhancement of emission intensity at 555 nm and the 
fluorescence response persisted even in the presence of other competitive anions denoting almost no 
interference. Interestingly, the sensor system was able to determine HSO4

– levels in daily essential 
commodities like shampoos and detergents. 
 
Felpin et al., developed a rhodamine-based probe covalently linked to a hydrophilic cellulose surface 
(81, Scheme 46) that acted as a portable device for the selective detection of HSO4

–in water.201 In 
addition to aqueous phase detection, the device acted as a solid-state sensor. In the aqueous phase, 
the weak absorption band at 560 nm was strongly promoted with the broadening of the band. 
Interestingly, the HSO4

– ion displayed a naked-eye detectable color change from deep pink to pale 
rose and achieved naked-eye detection in the 0.1-0.5 mM range. Additionally, the sensor device was 
recyclable and the paper-based device was extremely useful for on-site applications.  
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Scheme 46: The HSO4
– ion binding mechanism of chemosensor 81. 

 
In 2017, Upadhyay et al., developed an easily synthesizable rhodamine-based fluorescent probe (82, 
Scheme 47) that selectively recognized the HSO4

– ion in aqueous medium with high sensitivity (LOD= 
16.70 µM).202 The weakly fluorescent probe became strongly fluorescent (λex= 500 nm; λem= 544 nm) 
due to spirolactum ring-opening upon interaction with the HSO4

– ion. In addition, the sensing event 
was also facilitated by a significant naked-eye detectable color change from colorless to pink. DFT 
analysis revealed that the HSO4

– ion was involved in multiple hydrogen bonds with carbonyl oxygen 
and hydrazine -NH moieties of the probe (82, Scheme 47).  
 

 
 

Scheme 47: The HSO4
– ion binding mechanism of chemosensor 82. 

 
Despite there being relatively few examples of rhodamine-based HSO4

– ion chemosensors as the 
fluorescent probes undergo HSO4

– ion induced spirolactum ring-opening and consequent sharp naked-
eye detectable color changes they represent a potentially useful class of sensor that behavior could 
be utilized further to develop a more efficient fluorescent probes that could be immobilized on solid-
state systems for real-world sensing applications. 
 
3.10. Schiff base ligand detection. 
To this point, we have largely attempted to classify bisulfate detecting systems based on the signaling 
unit but Schiff bases are not as straightforward to classify as they can form part of both the signaling 
and binding moiety. Nonetheless, Schiff bases have found widespread applications in fluorescent 
sensing and imaging of cations, anions, biomolecules, pH, and bacteria.203 Moreover, during the 
detection of any ion, Schiff bases have been involved in a multitude of strategies and display distinct 
photophysical changes204 and have also been applied in the detection of multiple ions in living cells.205 

Unsurprisingly, given their widespread applications in sensing, Schiff bases are also a versatile category 
of compound that has played a significant role in the detection and imaging of the HSO4

– ion. 
 
Li et al. developed a Schiff base derivative (83, Scheme 48) containing nitrophenyl, azo benzol and 
carboxyl groups which displayed a significant naked-eye detectable color change along with 
absorption spectral changes in the presence of only the HSO4

– ion in an aqueous medium.206 The probe 
formed a very strong complex (Ka = 6.59 × 104 M−1) with the anion driven by the formation of multiple 
bifurcated hydrogen bonds and achieved a detection limitation of 2.0 μM. Moreover, the system was 
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applied in the recognition of the anion on a test strip in aqueous medium.  
 

 
 

Scheme 48: The HSO4
– ion binding mechanism of chemosensor 83. 

 
A Schiff base derivative (84, Scheme 49) comprised of pyrimidine and naphthalene moieties acted as 
a fluorescent sensor for Al3+ and HSO4

–/H2PO4
– ions in aqueous medium via “off-on-off” responses.207 

Upon binding with the Al3+ ion, sharp enhancement of the emission band of the probe was recorded 
centered at 478 nm and 502 nm due to the hindrance of “cis-trans” isomerism along the C=N bond of 
the probe. Subsequently, HSO4

–/H2PO4
– ions displaced the Al3+ ion and again the emission became 

switched off. Though the probe failed to distinguish between HSO4
– and H2PO4

– ions, it displayed 
reasonably high sensitivity for bisulfate (LOD= 2.91 × 10–6 M). In addition, the binding mechanism was 
also supported by a DFT study and the system was applied in opto-chemical logic gates and molecular 
switches.  
 

 
 

Scheme 49: The HSO4
– ion binding mechanism of chemosensor 84. 

 
In 2013, Lin et al. synthesized a pair of Schiff base derivatives (85 and 86, Scheme 50) that were 
employed in the sub-micromolar scale recognition of HSO4

–colorimetrically (LOD= 5.12 µM) and 
fluorometrically (LOD= 0.24 µM) in semi-aqueous medium (MeCN: H2O; 4:1; v/v).208 In the presence 
of the HSO4

– ion, 85 displayed a rapid chromogenic color change from light pink to gold, which has the 
potential to be implemented in real-life applications. When excited at 360 nm, a sharp enhancement 
of the emission band of 85 at 459 nm was observed upon binding with the HSO4

– ion which resulted 
in the formation of a 1:1 complex. Both the probes were highly selective towards HSO4

– over other 
potential competitors due to HSO4

– ion-induced hydrolysis of the imines. The hydrolyzed products 
were isolated and identified by several spectroscopic techniques.  
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Scheme 50: The HSO4
– ion binding mechanism of chemosensors 85 and 86. 

 
A pair of salicylaldehyde-based Schiff bases (87 and 88, Scheme 51) that selectively and sensitively 
recognized Zn2+ and HSO4

– ions (LOD= 1.9 × 10–8 M for 87 and 6.86 × 10–8 M for 88) independently via 
ion-induced colorimetric and fluorescent changes.209 In semi-aqueous medium (MeCN-H2O; 1:1; v/v), 
both the ESIPT active probes exhibited keto-enol tautomerism (Scheme 51) and ratiometric changes 
in absorption bands with a sharp enhancement of emission intensity upon interaction with the HSO4

– 
ion. Compound 87 was involved in bifurcated hydrogen bonding interactions with the bisulfate ion 
which caused the observed spectroscopic changes and facilitated the high-fidelity optical detection of 
the anion. 

 
 

Scheme 51: Keto-enol tautomerism of chemosensors 87 and 88. 
 
The phenomenon of sequence-specific relay fluorescent detection in which a probe recognizes a 
cation and the probe-cation ensemble then detects an anion selectively and sensitively is relatively 
common, however, the reverse order of ion detection is very rare but an example was reported in 
2015 by Wang et al.210 The diketopyrrolepyrrole-based Schiff base derivative (89, Scheme 52) was 
utilized in the fluorometric recognition of HSO4

–(LOD= 350 nM) followed by Fe3+ (LOD= 140 nM) along 
with a prominent visible color change. In THF medium, the probe displayed a red/orange to faint 
yellow color change and “off-on-off” fluorescence responses upon interaction with HSO4

–followed by 
Fe3+ and the HSO4

– ion-induced hydrolysis mechanism of the probe was well-supported.  
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Scheme 52: The HSO4
– ion binding mechanism of chemosensor 89. 

 
Most of the HSO4

− sensors are involved in hydrogen bonding with the anion in aqueous media but 
suffer from a lack of selectivity. To avoid this issue, Wang et al., developed the pyrrole-substituted 
Schiff base derivative (90, Scheme 53) that acted as a reaction-based HSO4

− sensor and displayed dual-
mode responses (chromogenic and fluorogenic).211 In THF-H2O (8:1; v/v) mixed solvent, the highly 
intense absorption bands of the probe at 504 and 366 nm diminished upon interaction with the HSO4

− 
ion with a prominent visible color change from dark red to orange also being observed. Subsequently, 
the weak emission bands of 90 at 370 and 597 nm (λex= 366 nm) were strongly quenched due to HSO4

− 
ion induced hydrolysis of 90 producing an aldehyde and p-methoxy aniline. Almost zero interference 
of competitive anions and an impressive 6.45 × 10–9 M detection limit was noted. The binding 
mechanism was further supported through analysis by 1H NMR spectroscopy.  
 

 
 

Scheme 53: Molecular structure of chemosensor 90. 
 
 
Then Fegade et al. developed a tridentate zinc (II) coordinated pyrrole-substituted salicylimine 
complex (91, Scheme 54) which was employed in high selectivity optical detection for HSO4

− ion semi-
aqueous medium (MeOH:H2O; 70:30; v/v).212 The probe displayed a ratiometric shift of absorbance 
band from 400 to 340 nm due to the formation of a 1:1 complex. Subsequently, the probe displayed 
sharp quenching of emission intensity at 500 nm initiated by photoinduced electron transfer (PET) and 
intramolecular charge transfer (ICT) character. The probe achieved a high sensitivity detection with an 
LOD value of 40 nM. 
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Scheme 54: Molecular structure of chemosensor 91. 
 
A quinoline-naphthalimide containing Schiff base derivative (92, Scheme 55) was employed in the 
fluorescent “turn on” detection of the HSO4

– ion in a semi-aqueous medium (DMSO-H2O; 1:1; v/v).213 
The probe exhibited sharp enhancement of emission intensity at 542 nm upon the addition of HSO4

–

and achieved highly selective detection up to 7.79 × 10–7 M. Analysis by 1H NMR titration revealed that 
the HSO4

– ion induced the hydrolysis of the Schiff base imine bond and the hydrolysis products were 
also identified by 1H NMR spectroscopy and mass spectrometry.  
 

 
Scheme 55: The HSO4

– ion binding mechanism of chemosensor 92. 
 
Later, Goel et al. developed another naphthalimide-based Schiff base fluorescent probe (93, Scheme 
56) for the selective detection of both HSO4

– and Hg2+ ions.214 In the presence of the HSO4
– ion, the 

probe underwent ion-induced dissociation and displayed a sharp decrease of absorbance at 380 nm. 
This was accompanied by the simultaneous development of a red-shifted absorption band at 430 nm, 
and subsequent enhancement of emission intensity at 530 nm together with a significant increase of 
quantum efficiency from 0.16 to 0.32. The chemosensor was able to detect the HSO4

– ion at 
concentrations as low as 50 nM and interestingly displayed good DNA intercalation properties which 
were accompanied by an enhancement of emission intensity.  
 

 
 

Scheme 56: The HSO4
– ion binding mechanism of chemosensor 93. 

 
Later in 2018, Dong et al. synthesized a Schiff base by assembling naphthylamine and trifluoromethyl 
benzaldehyde (94, Scheme 57) and employed it in the colorimetric and fluorescent “turn on” detection 
of bisulfate in MeCN-H2O (3:2; v/v) mixed solvent.215 In the presence of HSO4

–, the absorption bands 
of 94 at 286 nm and 354 nm gradually diminished and a new band at 320 nm developed accompanied 
by a visible color change from yellow to colorless. Subsequently, the weakly fluorescent 94 (ɸ= 0.04; 
λex= 320 nm; λem= 425 nm) became highly fluorescent (ɸ= 0.41) in the presence of HSO4

–. Under UV-
light exposure, a color change from dark to blue was also noted. The spectroscopic changes were 
selective for HSO4

– ion and achieved a very low detection limit (LOD= 1.44 × 10–7 M) again caused by 
imine hydrolysis. Interestingly, 94 was also employed in the detection of the HSO4

– ion in real-world 
samples with satisfactory results. 
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Scheme 57: Molecular structure of chemosensors 94 and 95. 
 
Subsequently, another methylpyridine and azo group assembled colorimetric probe (95, Scheme 57) 
was developed that selectively recognized multiple trivalent cations and HSO4

– ion by colorimetric and 
fluorescent changes in DMF/H2O (4:1, v/v) medium.216 Interestingly, the probe displayed 
distinguishable naked-eye color change (yellow to colorless) only in the presence of HSO4

– ion over 
other anions. Moreover, a 1.30 μM detection limit was determined and the formation of hydrogen 
bonding between the anion and 95 was also supported by a 1H NMR titration.  
 
Biswas et al. developed a pair of Schiff bases (96 and 97, Scheme 58) using green chemistry principles 
and employed both molecules in colorimetric relay detection of fluoride followed by bisulfate ions by 
tuning “C=N” isomerization, ICT, and proton transfer mechanisms.217 Both of the probes displayed a 
ratiometric red shift of absorption bands with the addition of fluoride ion and a reversed spectroscopic 
response was registered upon the addition of HSO4

–to the probe-fluoride composite. In addition, 1:1 
(probe-anion) binding stoichiometry was also confirmed. The probes also displayed distinguishable 
and reversible naked-eye color changes upon sequential addition of the anions and the sensing 
mechanism was well argued through the use of extensive DFT calculations. 
 

 
 

Scheme 58: Molecular structure of chemosensors 96 and 97. 
 
 
In 2021, a diarylethene-based Schiff base derivative was reported (98, Figure 24) which displayed 
excellent photochromic behavior and was involved in the relay recognition of Zn2+ ion followed by 
H2PO4

–/HSO4
– ion colorimetrically.218 The 98-Zn2+ composite displayed excellent fluorogenic color 

change due to the quenching of emission intensity at 495 nm in the presence of either of the anions. 
In addition, the photochromic properties and ion binding mechanism were proposed (Figure 24). 
Interestingly, the 98-Zn2+ composite was able to detect HSO4

– ion at concentrations as low as 30.4 nM 
in acetonitrile medium, and the relay recognition of multiple anions was utilized in multiple opto-
chemical logic gates. 
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Figure 24: The photochromic behavior of 98 along with the mode of interaction with Zn2+ followed by 
the HSO4

– ion with relevant color changes under UV light. (Reprinted with permission from Ref. 218. 
Copyright 2021, Elsevier). 
 
Very recently, a rigid and symmetric bis(salamo)-like Schiff base molecule (99, Scheme 59) was 
developed that selectively recognized Cu2+/ HSO4

– ion colorimetrically and fluorimetrically in semi-
aqueous medium (DMF-H2O; 9/1, v/v, 10 mM HEPES, pH = 7.4).219 The probe displayed strong binding 
affinity towards the HSO4

– ion (Ka= 3.5 × 106 M−1), achieved a limit of detection up to 4.97 × 10−7 M and 
a limit of quantification of 1.65 × 10−6 M. The binding mechanism was also thoroughly investigated by 
DFT analysis.  

 
 

Scheme 59: Molecular structure of chemosensor 99. 
 
The above discussion clearly denoted that Schiff bases have been extensively utilized in the detection 
and imaging of HSO4

– ion. Interestingly, very few of the Schiff bases form hydrogen-bonded 
interactions with the anion with the majority undergoing anion-induced dissociation in non-aqueous 
or semi-aqueous medium producing the component aldehyde and aromatic amines. Hence, a general 
sensing mechanism for the detection of the HSO4

– ion by Schiff bases can be readily depicted (Figure 
25). 
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Figure 25: A generalized mechanism for the detection of HSO4

– ion: HSO4
– ion induced 

dissociation of Schiff bases. 
 
3.11. Detection in water. 
 
From the above discussion it is clear that despite the very large number of colorimetric and fluorescent 
sensors that have been reported, most undergo detection of HSO4

– ion either in non-aqueous or semi-
aqueous medium, with very few able to detect the anion in pure water. Hence, the chemosensors that 
can recognize the HSO4

– ion in water are highlighted (Table 1). 
 
Table 1: A summary of water-based HSO4

– chemosensors summarising key structural features, the 
medium of detection, their binding mechanism, the limit of detection, and any other special features.  
 

Structure of the probe Binding 
mechanis

m 

Limit of 
detecPon 

Special feature Ref 

Benzimidazole-thiourea 
derivamve (13) 

 

Hydrogen 
bonding 

5.0 nM Ramometric spectroscopic 
change 

[98] 

Benzimidazole-urea 
derivamves (15 and 16) 

AIE and 
ACQ 

1.09 μM for 
15 and 0.93 
μM for 16 

Different aggregamon-induced 
spectroscopic changes 

[100] 

Benzothiazole-based 
subsmtuted spiropyran 

derivamve (19) 

Hydrogen 
bonding 

780 nM Anion induced the conversion 
from the J-aggregate to the H-

aggregate 

[105] 

Coumarin-integrated glycine 
and coumarin-integrated 

alanine derivamves (31 and 32) 

Hydrogen 
bonding 

LOD= 50 & 
100 pM for 
31 and 32 

respecmvely 

Detecmon and esmmamon of 
HSO4

– in real samples like 
digesmble plant foods drug and 

urine samples 

[130] 

Indole derivamve (42) AIE 106.0 nM Detecmon of HSO4
– within HeLa 

cells 
[141] 

Oxidized bisindolyl methane 
derivamves (47-49) 

ICT 8.7 ppb for 
47 

DFT study on effect of the 
subsmtumon and sensimvity 

[145] 

Aminephenol-pyridine 
derivamve (67) 

Hydrogen 
bonding 

0.25 µM Formamon of fluorescent 
organic nanoparmcles 

[179] 

 
 

Pyrene-pyridine derivamve 
(71) 

 
 

Hydrogen 
bonding 
and AIE 

Not reported Portable Paper-strip based 
detecmon 

[184] 

Triphenylamine-pyridine 
derivamves (73 and 74) 

Hydrogen 
bonding 

and 
proton 
transfer 

15.1 ppb for 
73 and 8.3 
ppb for 74 

Formamon of fluorescent 
organic nanoparmcles 

[186] 

 
Rhodamine derivamve 
covalently bound to a 

Hydrogen 
bonding 
induced 

spiro-

11.6 ppm Paper-based device was 
designed to act as a solid-state 

sensor and for on-site 
applicamon. 

[201] 
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hydrophilic cellulose surface 
(81) 

 
 
 

lactam 
ring 

opening 

 
4. Concluding remarks and outlook 
 
The significant role of the HSO4

– ion in human life and the environment has already been discussed 
and the colorimetric and fluorescent detection of HSO4

– ion will doubtless play an important role in 
identifying future challenges and positive impacts associated with the anion. To the best of our 
knowledge, all the colorimetric and fluorescent small molecule chemosensors for bisulfate reported 
to date are summarised herein. Despite the many advances that have been made in the field, a few 
challenges remain, including:  
1) Most of the detection is reported in organic-based solvent systems and there are a few examples 
where solid phase detection is achieved. The immobilization of chemosensors onto solid surfaces may 
be a solution to this issue and may result in effective systems for real-life applications. Within this 
broad field, there are number of strategies that may be adopted, but the use of fluorescent organic 
nanoparticles may be an area in which significant advances can be made in the future. 
2) In several cases, the ambiguity of selectivity between the two anions HSO4

– and H2PO4
– due to their 

similar tetrahedral structure exists. Whilst this is an ongoing issue for the design and synthesis of anion 
receptors of increasingly high specificity, there is already a clear roadmap to suggest that this is not 
an insurmountable problem to overcome. 
3) The detection of the analyte in water is very important for on-site and real-world applications for 
which colorimetric and fluorescent probes are so well-suited. However, the detection of the anion in 
pure water is challenging due to its relatively high hydration energy. This is a serious drawback of many 
HSO4

– chemosensors and an ongoing challenge for chemists to overcome. Nonetheless, the 
emergence of systems able to operate under such challenging conditions indicates that further 
solutions should be forthcoming. 
4) There is a growing trend of designing opto-chemical logic gates based on the spectroscopic changes 
brought about by the anion. However, the solution phase changes will not be effective in real-life 
applications and future information technology unless water-based alternatives can be discovered.  
5) For in vivo detection and imaging of HSO4

– ion, the biocompatibility and toxicity of fluorophores are 
major challenges and there are relatively few reliable and promising chemosensors that display good 
biocompatibility and low toxicity. 
6) Though there are several reports where the HSO4

– ion has been detected on paper strips coated 
with a solution of a chromogenic sensor, nanomolar scale detection of HSO4

– ion is very rare. More 
particularly, nanomolar-scale detection of the HSO4

– ion in pure water remains a significant challenge. 
 
These ongoing challenges will no doubt be addressed in due course, and we hope that this article 
represents an important and comprehensive resource for those working towards this end. 
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