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ABSTRACT 
This paper reports an effective approach for fabricating a thermo-responsive gel polymer based on dithioacetylation 
of quinoline-2,4-dicarbaldehyde and used as a sensor for detecting metal ions. The synthesis was confirmed using 
NMR spectroscopy. The effect of varying temperatures and solvents was investigated for the formation of the 
polymeric gel, and the formation mechanism was explained. The synthesized polymer was used to detect the Hg2+ 
ions in various samples. The polymer showed turn-on-fluorescence sensitivity to Hg2+ ion with excellent 
photoluminescence properties, and fluorescence emission was achieved at 418 nm. The polymer's ability to sense Hg2+ 
ions was tested by analyzing different samples from different sources at a nanomolar scale. The effect of increasing 
the concentration of the Hg2+ ions on polymeric gel's durability and fluorescence sensing was investigated. The method 
was validated, and the limit of detection and quantification were calculated. The DFT calculations were performed to 
develop the lowest energy structures and HOMO-LUMO orbitals of the QNS-polymer.   
Keywords: Quinoline, Dithioacetylation, Polymeric Gel, Fluorophoric Chemosensing, Metal Ions. 
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INTRODUCTION 
The detection of harmful metal ions from environmental and biological samples is very important and 
challenging.1 Until now, multiple kinds of literature on sensing metal ions in aqueous samples have been 
reported where small molecule or macromolecule-based chemosensors have been used to detect the 
different metal ions.2-6 Among them, the fluorescence detection methods are considered supreme due to the 
specific range of fluorescence emission of the chemosensor with particular metal ions.2,4 Till now, polymer-
based sensors have not been well explored for sensing purposes. The polymer base sensors will advance 
more than single molecular chemosensors due to repeating desired units. Polymers are wildly used 
substances/materials in many applications today, including petrochemicals, cosmetic, biomedical, solar 
cells, lithium-ion batteries, water filtration, drug delivery, polymeric gel, nanoparticles, space technology, 
food, household materials, self-healing materials, electronic and magnetic materials, and luminescent 
materials, etc.7-14 The use of the polymer for different applications depends on the types of monomer units 
used in synthesis. Quinolines are aromatic compounds that naturally arise as fused rings that belong to a 
heterocyclic class. Numerous industrial and medical uses have been found for quinoline and its 
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derivatives.2-4 Due to its unique coordination and photophysical properties, the substituted quinoline 
received excellent attention among the chromophores employed to create luminous materials.15,16 The 
quinolines exhibit exceptional luminescence and fluorescence because of the fused ring aromatic structure. 
Thus, there has been a lot of interest in developing fluorescent and luminous materials. The heteroatom 
(nitrogen atom) in quinoline acts as an electro-donor group. It shows high binding capacity with various 
analytes when used as a chemosensor, such as styryl-substituted 8-hydroxyquinoline derivatives.2,4 
Chemosensors based on quinoline derivatives have been used to detect a range of metal cations.2-4,18 The 
present report describes the synthesis of a new quinoline-based polymer via condensation polymerization. 
The carboxylic groups of the quinoline-2,4-dicarboxylic acid were first converted to aldehyde groups, and 
then quinoline-2,4-dicarbaldehyde was modified with 2,2′-(Ethylenedioxy)diethanethiol in a 
dithioacetalization reaction, and a cross-linked 3D polymer was obtained (Scheme-1). In the presence of 
suitable solvents, the synthesized polymer forms thermo-responsive gel, which loses its gel form when 
heated at high temperatures. The formation of the polymeric gel with varying solvents and temperature 
conditions were studied. The durability of the polymeric gel was examined with various metal ions. A 
selective turn-on fluorescence detection method for the Hg2+ ions using the prepared polymer was studied 
and validated. The effect of the other metal ions on the detection sensitivity of the Hg2+ ions was 
investigated. Additionally, the stable structure, HOMO-LUMO, and energy gap optimizations were carried 
out by DFT simulations. The system's sensitiveness and selectivity towards the Hg2+ ions were determined.                                   
 

EXPERIMENTAL 
Material and Methods 
Quinoline-2,4-dicarboxylic acid, 2,2′-(Ethylenedioxy)diethanethiol, fac-Ir(ppy)3, tris(trimethylsilyl)silane, 
K2HPO4 and NMR solvents were ordered from Sigma-Aldrich. The environmental water samples were 
collected from nearby locations. Avra Chemicals (India) supplied this investigation's solvent and other 
reagents.  
 

Instruments and Equipment 
FT-IR spectrophotometer (Agilent), UV-2450 spectrophotometer (Shimadzu), Fluorescence spectrometer 
(Agilent), HR-MS (Bruker HD), NMR instrument (Jeol 500 MHz) and CHNS-elemental analyzer were 
used to characterized synthesis products.  
 

 
Scheme-1: Synthesis of QNS-Polymer from Quinoline-2,4-dicarbaldehyde and 2,2′-(Ethylenedioxy)diethanethiol. 
 

Synthesis of Quinoline-2,4-dicarbadlehyde 
The quinoline-2,4-dicarbaldehyde from quinoline-2,4-dicarboxylic acid was prepared using fac-Ir(ppy)3 
catalyst as described in the literature.19 A pale yellowish-brown solid (yield 89%) was obtained from 
chromatography. 1H NMR (500 MHz, Chloroform-d) δ 10.04 (s, 1H), 9.95 (s, 1H), 8.51 – 8.45 (m, 1H), 
8.38 (s, 1H), 8.26 (dd, J = 7.5, 1.6 Hz, 1H), 7.87 (td, J = 7.2, 1.3 Hz, 1H), 7.66 (ddd, J = 8.4, 6.9, 1.3 Hz, 
1H). 
 
SiO2-SOCl2 Catalyst 
Under stirring, 20 g silica gel was added to 40 mL Dry DCM, and then 20 g SOCl2 was added dropwise to 
this mixture. The resulting solution was stirred for 1 hour. SO2 and HCl released during this reaction 
confirm the formation of SiO2-SOCl2. After the reaction, the solvent and reaming SOCl2 were removed 
under a vacuum, and the dried product was directly used as a catalyst for the polymerization reaction.20   
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Polymerization (Dithioacetalization) 
Quinoline-2,4-dicarbaldehyde (1 mmol) and SiO2-SOCl2 (0.4 g) were added to a 15 mL solution of dithiol 
(2,2′-(Ethylenedioxy)diethanethiol; 2.1 mmol) in dry toluene. The reaction mixture was stirred for 9 hours 
at 65 °C.20 The progress of the reaction was monitored with TLC. Silica gel and product were filtered off, 
loaded in a small column, and washed thoroughly with DCM to remove unreacted substrates and isolate 
the desired product. The DCM was then removed under reduced pressure, and the desired product was 
obtained (yield 84%). The polymer synthesis was confirmed using NMR spectroscopy (Fig.-1). The average 
molecular weight of the synthesized polymer was obtained using gel permeation chromatography (styrene-
based standard was used), and the obtained average molecular weight was 19198 g/mol. 

 
Fig.-1: The Confirmation of the Synthesis of QNS- Polymer 

 

Preparation of Gel 
In a glass vial, the quinoline-dithiol (QNS)-polymer and dioxane were mixed in a 1:80 molar ratio, and a 
non-sticky pale yellowish gel was formed. Similarly, other solvents (benzene, diethyl ether, and THF) and 
a mixture of solvents (dioxane and THF) were used to prepare the polymer gel. The gel prepared in dioxane 
is shown in Fig.-2. 

 
Fig.-2: Effect of the Temperature on the Prepared QNS-Polymer-Based Gel in Dioxane 

 

Reaction of QNS-Polymer with Mercury Ions 
The stranded solution of 20 mM Phosphate-buffered saline (PBS) was prepared as reported in the 
literature.21 The solution of 0.5 µM QNS-Polymer in ACN was mixed with aqueous Hg2+ solution (1 to 5 
equivalent) and 20 mM PBS buffer (7.5 pH). The prepared solutions were incubated for 45 min before 
fluorescence detection studies. The different organic solvents, pH of the buffer, and concentration ratio of 
solutions of QNS-polymer and Hg2+ ions for fluorescence detection study were investigated. 
 

RESULTS AND DISCUSSION 
Synthesis of Aldehyde from Acids 
The carboxylic groups of the quinoline-2,4-dicarboxylic acid were directly converted to aldehydes in the 
presence of a photo redox catalyst [fac-Ir(ppy)3] followed by a reductive-oxidation reaction.19 K2HPO4 and 
tris(trimethylsilyl)silane were used as base and hydrogen sources, respectively, in the reaction. The single 
electron transfer (SET) mechanism occurred during the synthesis, yielding 89% quinoline-2,4-
dicarbadlehyde. The polar aprotic solvent acetonitrile (ACN) was found suitable for the reaction. The 
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nitrogen of quinoline and solvent didn’t interfere with the SET mechanism during the reaction. The 
synthesis of the compound was confirmed by NMR and HRMS. 
 

Polymerization via Dithioacetalization 
The polymerization was carried out via a dithioacetalization reaction of quinoline-2,4-dicarbaldehyde and 
2,2′-(Ethylenedioxy)diethanethiol in the presence of SiO2-SOCl2 catalyst (Scheme-1).20 The SiO2-SOCl2 

catalyst was prepared by the addition of SOCl2 into silica gel solution under dry conditions. The SOCl2 
vigorously reacts with silica gel and activates its surface by replacing one oxygen atom with the chlorine 
atom. The release of SO2 gas is direct evidence of the formation of a SiO2-SOCl2 catalyst.20 SiO2-SOCl2 
catalyst allows to adsorbed the aldehydes group of quinoline-2,4-dicarbaldehyde on its surface, followed 
by the substitution reaction of two thiol molecules [2,2′-(Ethylenedioxy)diethanethiol] substitute the 
aldehydic oxygen atom and form cross-link QNS-polymer. The synthesis conditions were investigated by 
modifying the solvents, catalyst, adding base, reaction time, etc. The use of silica gel in the reaction (without 
modifying to SiO2-SOCl2) produces poor yield. The dry toluene as a solvent in reaction yielded 84% 
conversion of the quinoline-2,4-dicarbaldehyde and 2,2′-(Ethylenedioxy)diethanethiol to cross-linked 
QNS-polymer but dry solvents such as acetone, benzene, diethyl ether, acetonitrile, dichloromethane and 
THF cause low yield (20-65%) of polymerization. The suitable temperature condition for the reaction was 
investigated by varying the temperature to 10-110 °C. Heating the reaction mixture at 65 °C temperature in 
dry toluene was optimal for the reaction and yielded the highest. The disappearance of the peaks of the 
hydrogen of the aldehyde and thiol groups confirmed the synthesis of the polymer. 

 

Gel Properties of the Polymer and Thermal Stability 
The prepared cross-linked polymer turns into a gel in the presence of polar aprotic solvents and non-polar 
solvents. The dioxane forms a durable gel compared to other solvents such as diethyl ether, THF, benzene, 
etc.22 The high polarity of the solvent makes the polymer soluble in solvents. The gel formation was carried 
out using dioxane, and its durability with temperature was examined. When the polymer is exposed to 
dioxane, it starts to swallow, and increasing its concentration leads to the formation of a non-sticky gel. The 
concentration of the polymer and dioxane was varied to 1:30, 1:50, 1:80, 1:100, 1:120, and 1:150 molar 
ratios. The solvent and polymer ratio 80:1 was found suitable for preparing polymeric gel. Similarly, the 
polymeric gels were prepared using benzene, diethyl ether, and THF solvents. The higher concentration of 
the solvent leads to dissolve the gel and form a polymer solution. Polar solvents were unable to form a 
polymeric gel. The mix solvents such as dioxane and THF or acetonitrile (1:1) were also tested in 
preparation of the polymer base gel for fluorescence studies.  The polymer-based gel formed in dioxane 
was more durable than the gels formed with other solvents but was sensitive to high temperatures.22,23 Thus, 
the effect of heating the gel at different temperatures was investigated. Synthesized gel shows high stability 
at room temperature or moderated temperature. However, increasing the temperature above 45-55 °C leads 
to the deformation of the gel into a liquid solution. The effect of heating on the gel is shown in Fig.-2. 

 
Fig.-3: The 3D Cross-Linked Structure (Globular Structure) of the Fragment of the Prepared QNS-Polymer [(i). 

Front View and (ii) Side View] and (iii) Homo-Lumo Orbitals 
 

Shape of the Polymer (3D polymer Figure) and Mechanism of the Metal Ions Detection 
The 3D structure and homo-lumo orbitals of a polymer fragment were developed using the Gaussian 
program.24,25 The 3D structure shows the formation of a random cross-linked polymer (Fig.-3), which forms 
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a globular structure, most likely the proteins do. The globular structure allows the entry of desired ions or 
small molecules into the cavity or gaps between the polymers and shows strong binding inside due to less 
interference. Due to a high number of polar atoms, the metal cations easily interact with the QNS-polymer 
via ionic interactions. In the case of Hg2+ ion, it has an excellent affinity with sulfur atoms and thus interacts 
strongly with the dithioacetal group and breaks it down.21 The de-acetalization of QNS-polymer with Hg2+ 
ions forms quinoline-2,4-dicarbaldehyde, which is a highly luminescent compound. Therefore, this polymer 
is used for fluorophoric detection of the Hg2+ ion.  
 

Fluorescence Sensing of Hg++  
In this report, a turn-on fluorescence method was described. The prepared polymer was used in selective 
sensing of the Hg2+ ions because the dithioacetal group has an excellent affinity to bind with Hg2+ ions. As 
a result, the dithioacetal group break and aldehydes groups are obtained.21 The dithioacetal group on the 
quinoline molecule quenches the fluorescence properties of the polymer; thus, the polymer shows very low 
emission in the fluorescence region.21 When the prepared polymer was mixed with a solution of Hg2+ ion, 
the mercury bound strongly with the dithioacetal group; thus, the polymer started to degrade to quinoline-
2,4-dicarbaldehyde, and it showed high fluorescence emission in the fluorescence region. Therefore, the 
polymer acts as a turn-on fluorescence chemosensor for Hg2+ ions. Due to the presence of appropriate 
binding sites in the QNS-polymer, we wished to investigate the chemosensing ability of Hg2+ metal ion in 
the presence and absence of the other metal ions such as Ag+, Al3+, Na+, Cr3+, Ni2+, Pb2+, Fe3+, Cd2+, Co2+, 
Zn2+, and Cu2+. The Mercury ions are known to be dangerous environmental pollutants that can be 
hazardous to health when present in even low quantities.25 The individual solution of Ag+, Al3+, Na+, Cr3+, 
Ni2+, Pb2+, Fe3+, Cd2+, Co2+, Zn2+, and Cu2+ ions when mixed with the solution of the polymer, no significant 
change in the fluorescence spectrum was observed, except Hg2+. The polymer solution showed intense peak 
fluorescence spectra at 418 nm when treated with Hg2+ ions solution (Figures 4(i) display the typical 
fluorescence spectra of QNS-polymer). The polymer solution in ACN with PBS buffer containing 0.25% 
DMSO produced excellent results for fluorophoric detection of the Hg2+ ions. Increasing the equivalent 
ratio (0 to 50 equivalent) of the Hg2+ ions solution concerning the 0.5 µM QNS-polymer solution gave a 
more intense fluorescence spectrum. Increasing the heating time of the Hg2+ ions and QNS-polymer solution 
reduces the need for high equivalents of the Hg2+ ions. The 30 equivalent concentrations of the Hg2+ ions 
solution produced the highest fluorescence emission with 0.5 µM QNS-polymer solution Fig.-4(i). The 
dethioacetalation reaction proceeds faster in the presence of the PBS buffer and DMSO.21 The detection 
limit (LOD) of the prepared chemosensors (polymer) for Hg2+ ions was estimated.26,27 The IUPAC 
guidelines define a standard relationship (i.e. LOD = (3.3 x standard deviation)/slope) to determine the 
LOD values. Also, ten blank samples were taken and measured to determine the relative standard deviation 
in the current studies.  The calculated LOD value of QNS-polymer was 14.53 nM, towards Hg2+, Fig.-4(ii). 
The binding constant of the chemosensor towards Hg2+ was found to be 7.58×104 M−1, using the Benesi-
Hildebrand method. To evaluate the excellent selectivity of QNS-polymer towards Hg2+ ions, we conducted 
comparative experiments with various cations (Ag+, Al3+, Na+, Cr3+, Ni2+, Pb2+, Fe3+, Cd2+, Hg2+, Zn2+, and 
Cu2+) present under similar experimental circumstances. These studies demonstrated that the capacity of 
QNS to detect Hg2+ was not considerably hindered by other metal cations Fig.-4(iii). As a result, QNS is an 
incredibly selective fluorescence chemosensor for Hg2+ identification.   
 

Analysis of River Water  
To do this analysis, we prepared two sample solutions of river water, A and B. Sample A contained only a 
riverwater sample that was boiled for five to ten minutes. Sample B was prepared purposefully by adding 
a known amount of Hg2+ ions in river water. Similar analyzing conditions were applied for both river water 
samples to detect Hg2+ ions, as described earlier in this report. Both samples were tested separately with 
QNS-polymer solution (0.5 µM), and similar results were obtained, as provided in Fig.-4. The addition of 
sample A to this solution (QNS-polymer in ACN + PBS+ DMSO) did not appreciably change the 
fluorescence intensity. However, once sample B containing Hg2+ ions was added, the intensity of the QNS-
polymer solution fluorescence was enhanced (turn-on). In river water, the detection limit for QNS-polymer 
(as chemosensor) towards Hg2+ was calculated to be 14.72 nM, which was found to be the same as 
calculated for standard Hg2+ ions solution. 
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Fig.-4: (i) Fluorescence Spectra of QNS-Polymer (0.5 µM) upon Incremental Addition of Hg2+ Concentration (0 to 

50 Equivalent), (ii) The Limit of Detection of QNS with Hg2+and (iii) Fluorescence Response of QNS upon 
Addition of Different Metal Ions (Blue Bars), Followed by Addition of Hg2+ (red bars). 

 

CONCLUSION 
This report has proposed and synthesized quinoline-based dithioacetal groups containing a cross-linked 
polymer. The gel formation ability and Thermo-responsive behavior of the polymer were studied in 
different solvents and temperature conditions. The QNS polymer showed great affinity and fluorescence 
sensitivity for Hg2+ ions and detected them very efficiently in the nanomolar concentration range. Chemical 
analysis may be utilized with these polymeric chemosensors to detect Hg2+ ion traces in rivers and other 
waste and can be used in the bioimaging of living cells. In conclusion, tuneable chemosensors based on 
polymeric quinoline-dithioacetal moieties have been generated for the first time, forming a unique class of 
well-defined chemosensors. In addition to the chemosensor applications under investigation in this work, 
previous research indicates that these compounds have significant promise as electroluminescent and 
electron-transport materials. Analyzing similar chemosensors' characteristics can lead to their development 
with considerable promise for the aforementioned uses. 
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