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A B S T R A C T   

Three novel bis-dansyl derivatives bearing a sulfur bridge have been synthesized, fully characterized, and their 
photophysical characterization studied in solution, as well as, in the solid state. All compounds exhibit fluo
rescence emission with quantum yields up to 60%, which vary significantly depending on the solvent used, and 
the inherent molecular structure. Moreover, these compounds demonstrate positive solvatofluorochromic 
behaviour emitting from bluish-green to yellow. Kamlet-Taft studies were performed to better understand the 
solute–solvent interactions. Due to the intrinsic characteristics of the compounds, efforts were made to under
stand their potential usefulness for environmental remediation and thus metal ion sensing studies were inves
tigated. Compounds L1 and L2 showed high sensitivity to Cu2+ and Hg2+ ions and were found to modulate their 
emission extensively, with L2 capable of detecting and quantifying up to 4 µM of Hg2+. Considering the solid- 
state emission of these compounds, the application towards temperature sensing was put forth. L3 was found 
to quench its emission in a linear relation with temperature up to 170 ◦C. Several doped polymer thin films were 
fabricated, which served as a platform to establish a linear relation with temperature beyond their melting point. 
Polymethylmetacrylate (PMMA) films emitted up to temperatures of 218 ◦C, which could be fully restored at 
room temperature. These results suggest the potential application of these bis-chromophoric compounds as 
molecular thermometers.   

1. Introduction 

Probes and sensors conceptualized using fluorescent dyes offer 
inherent value due to their remarkable optical properties [1–3]. Among 
them, compounds based on 1-(dimethylamino)-naphthalene-5- sulfonyl 
or dansyl derivatives, have received consistent attention since they often 
exhibit broad emission spectra, high quantum yields and are robust 
enough under different external conditions [4–9]. This brought up to 
light a multitude of possible applications, ranging from biological tar
gets such as the detection of oxygen reactive species [10], imaging 
[8,11–15], and monitoring of organ systems [6], to the detection of 
heavy and transition metal ions [12–20] and even water traces [4]. 

Our group has been working on metal ion detection for the last 

fifteen years [21–24]. Among them, the heavy and transition metal ions 
including Hg2+ and Cu2+ have gathered considerable attention. Hg2+ is 
a potential hazardous and toxic environmental pollutant that cause 
immunotoxic and neurotoxic effects in humans, leading to damage of 
the central nervous system and organ failure. On the other hand, Cu2+ is 
abundant in the body and plays a crucial role in diverse biological 
processes and cellular functioning. Abnormal concentration of Cu2+ may 
lead to the disruption of metabolic processes and neurodegenerative 
diseases such as Alzheimer’s and Wilson diseases [14,17,25]. The U.S. 
Environmental Protection Agency has set admissible levels of Hg2+ and 
Cu2+ in drinking water to be 10 nM and 20 μM, respectively. Therefore, 
the development of fluorescent sensors for the detection of these tran
sition metals is of utmost importance [12,17]. 
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Considering the constant search for improved sensors for metal ions, 
Anna Aliberti et. al. designed several dansyl-amino acids capable of 
detecting Hg2+. Among them, N-dansylated methionine was the che
mosensor that showed the best performance in terms of sensitivity, with 
a limit of detection (LOD) value of 140 nM. To improve the LOD of this 
chemosensor, a portable experimental set-up based on an optical fiber 
probe was developed, which was able to increase the LOD to 5 nM, 
meeting the requirements of the Environmental Protection Agency. 
However, application to water-based matrices was found to be unfruitful 
due to the coordinating ability of chloride anions towards Hg2+ [16]. 
Similarly, Bhawna Uttam et. al. developed a dansyl appended calix[4] 
arene on the lower rim, which selectively detected Hg2+ with a LOD 
value of 560 nM. MTT assay was performed using HeLa cells confirming 
its biocompatibility, and strong fluorescence was visualized by confocal 
microscopy. The removal of Hg2+ from water sources was also addressed 
by embedding the sensor on a zeolitic imidazolate framework with 5% 
encapsulation. ICP-MS studies suggested a 95% removal of Hg2+ from 
water using the hybrid metal–organic framework (MOF), displaying 
excellent selectivity even in the solid state [13]. 

On the other hand, the employment of dansyl derivatives towards 
sensing of Cu2+ ions have been put forward by Huie Jiang et. al. whom 
developed a novel fluorescent probe through a nucleophilic substitution 
reaction between dansyl chloride and 2-(piperazin-1-yl)ethanol at room 
temperature. The compound was found to be selective and sensitive for 
Cu2+ ions, causing the red shift and quenching of the emission and 
presented a low detection limit of 0.18 μM. Furthermore, this compound 
was successfully applied for the monitorization of Cu2+ ions in living 
cells particularly A549 cells using two-photon confocal fluorescence 
imaging [12]. Additionally, Rajendran Nagarajan et. al. have synthe
sized an unnatural amino acid-based phenylalanine that has been linked 
to dansyl and benzoxazole moieties. Competitive studies with other 
metal ions showed a selective quenching towards Cu2+ ions within 
aqueous organic media with physiological pH with a LOD value of 3.0 
μM. Further water analysis studies indicated the usefulness of this 
compound being capable of recovering 99.92% of the Cu2+ ions in 
spiked tap and drinking water samples [25]. 

On the other hand, solvatochromism is another well-known and 
fairly common property among dansyl derivatives, as the dipole moment 
undergoes considerable changes as the solvent polarity increases, 
resulting in a significant Stokes shift [7,26–29]. However, further, 
research is needed to develop probes with high solvatochromism that do 
not succumb to aggregation-caused fluorescence quenching (ACQ) ef
fects in hydrophilic and hydrophobic environments [8,30]. A more 
prevalent example of the contrast between these two types of environ
ments is within cells, where different regions and organelles exhibit 
varying affinities for water. Na Li et al. have developed a robust polarity 
sensor to address this issue, which can track the decrease of lipid 
droplets when subjected to oxidative stress in live cells. The system in
volves the covalent bond between dansyl chloride and nile red deriva
tive, capable of sensing polarity changes in both green and red detection 
channels. The fluorophore was found useful in both environments since 
the dansyl moiety was resistant to ACQ, while nile red changed the 
fluorescence in the red channel with high linearity of aqueous compo
sition. This dual emission also provided the experimental results sup
porting the conclusion that oxidative stress leads to a sharp decrease in 
lipid droplets [8]. 

Fluorescent dye-doped solid support materials have generated great 
interest, as they have the potential to improve the intrinsic properties of 
the dye, such as stability against quenchers, sensitivity, fluorescence and 
prevention of aggregation-caused quenching (ACQ) [31,32]. These 
multifunctioning materials can be applied as sensors for pH [33,34], 
transition metals [17], temperature and smart materials [34–38] and 
even low-cost antibacterial polymers for biomedical and food packaging 
[39]. Given the diverse implementation of dansyl derivatives into 
multifunctional solid materials [31,40–42], and our recent knowledge 
on bis-dansyl derivatives bearing a disulfide bridge [43], the three 

dansyl derivatives L1, L2 and L3 bearing single sulfur bridges were 
synthesized and fully characterized. Above mentioned ligands were 
designed in order to demonstrate good complexation ability toward 
heavy metals. Presence of multiple amide bonds [44] as well as sulfur 
with aliphatic substituents in one molecule [45,46] ensure chelating 
effect of the ligands. Discovery of solvatochromic effect was accom
plished alongside with their ability to sense pollutant metal ions, and 
incorporated into polymer thin films of polystyrene-block- 
polybutadiene-block-polystyrene (SBS), Poly(methylmethacrylate) 
(PMMA), Polyvinyl alcohol and poly(styrene–butadiene–styrene) co- 
polymer (PVA:PVP) and thermoplastic polyurethane (TPU) towards 
the development of temperature-smart materials. 

2. Experimental section 

2.1. Materials 

Spectroscopy grade solvents were used for photophysical experi
ments – ethanol (EtOH), toluene, tetrahydrofuran (THF), acetonitrile 
(CH3CN), dimethylsulfoxyde (DMSO), dimethylformamide (DMF), 
chloroform (CHCl3). Puriss. p.a. grade solvents were used after distil
lation for synthesis and purification of compounds – dichloromethane 
(DCM), petroleum ether (PE), methyl tert-butyl ether (MTBE), ethanol 
(EtOH). 

Trifluoromethanesulfonate salts of Cu(II), Cd(II), Co(II), Ag(I), Pb 
(II), Zn(II), Ni(II) and Ca(II) have been obtained from Solchemar, while 
Hg(OTf)2, dansyl amide and all solvents were purchased from Sigma 
Aldrich without the necessity of performing additional steps of purifi
cation. Poly(methylmethacrylate), PMMA (MW ~ 350,000, Tg 105 ◦C) 
polyvinylpyrrolidone, PVP (MW ~ 40,000, Tg 170 ◦C), Polyvinyl 
alcohol (PVA, MW 27,000, Tg 85 ◦C) and poly(styr
ene–butadiene–styrene), SBS (Styrene 30 wt%, Tg 95 ◦C) were pur
chased from Sigma-Aldrich (St. Louis, MO, USA). The perfluoroalkoxy 
(PFA) supports for the fabrication of polymer films were purchased to 
Bohlender, Gmbh, Germany. Mili-Q ultrapure water was used in all 
experiments. The thermoplastic polyurethane TPU-A92 was offered by 
Huntsman (Germany). 

2.2. Instrumentation 

Visualization of the TLC was performed using a Vilber UV Lamp 
(BVL-6.LC dual wavelength 254 nm/365 nm, operational power of 2 × 6 
Watts). 

Using a combination of 1H NMR and 13C NMR all compounds’ 
chemical identities were verified. Using 5 mm tubes on a Bruker Avance 
II + 600 spectrometer, the 1H NMR and 13C NMR spectra were measured 
in CDCl3 at 293 K at operating frequencies of 600.13 MHz and 150.92 
MHz, respectively. 1H and 13C NMR spectra were calibrated to the signal 
of tetramethylsilane (TMS), δ = 0.00. Chemical shifts are measured to an 
accuracy of 0.01 parts per million (ppm). The coupling constants (J) are 
shown with a precision of 0.1 and represented in Hz. The spin multi
plicity in the 1H NMR was denoted by the abbreviations s = singlet, d =
doublet, t = triplet, q = quartet, dd = doublet of doublets, dt = doublet 
of triplets, td = triplet of doublets, and m = multiplet. 

High-Resolution Mass Spectrometry analyses have been performed 
in the Laboratory for Biological Mass Spectrometry–Isabel Moura 
(PROTEOMASS Scientific Society Facility), using UHR ESI-Qq-TOF 
IMPACT HD (Bruker-Daltonics, Bremen, Germany). Samples of the 
corresponding compounds were prepared by dissolution in 50% (v/v) 
Acetonitrile containing 0.1% (v/v) aqueous formic acid to obtain a 
working solution of 0.1 µg/mL. Mass spectrometry analysis was carried 
out by the direct infusion of the compound solutions into the ESI source. 
MS data were acquired in positive polarity over the mass range of 
80–1300 m/z. (Capillary voltage: 4500 V, End plate offset: − 500 V, 
Charging voltage: 2000 V, Corona: 4000 nA, Nebulizer gas: 0.4 Bar, Dry 
Heater: 180 ◦C, Dry gas: 4.0 L/min). 
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UV–Vis absorption spectra were recorded on a JASCO V-650 spec
trophotometer and a fluorescence emission spectrum on a HORIBA 
Scientific FLUOROMAX-4 spectrofluorometer from BIOSCOPE- 
PROTEOMASS facilities. 

2.3. Synthetic procedures 

2.3.1. Synthesis of intermediates 3 and 6 
N,N’-(thiobis(ethane-2,1-diyl))bis(2-aminobenzamide) (3): 
In a 100 mL flask with 50 mL dry DCM were added consequently 

anthranilic acid (2) (2.51 g, 18.30 mmol, 2.2 eq.), diamine 1 (1.00 g, 
0.95 mL, 8.32 mmol, 1.0 eq.), DIPEA (4.73 g, 6.05 mL, 36.60 mmol, 4.4 
eq.) and TBTU (5.88 g, 18.30 mmol, 2.2 eq.). The formed clear solution 
was stirred at r.t. for 72 h. TLC of reaction mixture – DCM:MTBE = 5:1, 
x1. Workup: dilution with 30 mL DCM and washing with distilled water, 
aq. K2CO3 and again with water. The organic phase was dried over 
anhydr. Na2SO4, filtered, and evaporated to dryness. This crude product 
was recrystallized from EtOH:H2O = 25:10 mL. The precipitate was 
filtered, washed with PE:MTBE = 30:10 and dried in vacuo to give 2.22 g 
(74%) of pure 3 as white-off powder. M.p. 121–122 ◦C. 1H NMR (600 
MHz, CDCl3) δ 7.34 (dd, J = 7.9, 1.5 Hz, 2H), 7.20 (ddd, J = 8.4, 7.1, 1.5 
Hz, 2H), 6.67 (dd, J = 8.2, 1.1 Hz, 2H), 6.65 – 6.60 (m, 4H), 5.48 (s, 4H), 
3.62 (q, J = 6.2 Hz, 4H), 2.82 – 2.79 (m, 4H). 13C NMR (151 MHz, 
CDCl3) δ 169.61, 148.78, 132.53, 127.45, 117.44, 116.84, 116.01, 
38.77, 31.83. 

N2,N5-bis(2-aminobenzyl)thiophene-2,5-dicarboxamide (6): 
In a 100 mL flask with 50 mL dry DCM were added consequently 

diacid (4) (0.300 g, 1.74 mmol, 1.0 eq.), diamine 5 (0.45 g, 3.66 mmol, 
2.1 eq.), DIPEA (1.24 g, 1.58 mL, 9.59 mmol, 5.5 eq.) and TBTU (1.23 g, 
3.83 mmol, 2.2 eq.). The formed fine pale-yellow suspension was stirred 
at r.t. for 20 h. Workup: the solvent was evaporated, and the formed 
solid product was dispersed in hot water and filtered. This crude product 
was crystalized from EtOH:H2O = 40:5 mL, filtered and dried in vacuo to 
give 0.46 g (69%) of pure 6 as white powder. M.p. 214–215 ◦C (with 
decomp.). 1H NMR (600 MHz, DMSO‑d6) δ 9.07 (t, J = 6.0 Hz, 1H), 7.75 
(s, 1H), 7.02 (dd, J = 7.5, 1.6 Hz, 1H), 6.97 (td, J = 7.6, 1.6 Hz, 1H), 6.62 
(dd, J = 7.9, 1.2 Hz, 1H), 6.51 (td, J = 7.4, 1.2 Hz, 1H), 5.12 (s, 2H), 4.29 
(d, J = 6.1 Hz, 2H). 13C NMR (151 MHz, DMSO‑d6) δ 160.97, 146.27, 
143.05, 129.25, 128.50, 128.10, 121.62, 115.91, 114.78. 

2.3.2. Synthesis of L1, L2 and L3 
N,N’-(thiobis(ethane-2,1-diyl))bis(2-((5-(dimethylamino)naphtha

lene)-1-sulfonamido)benzamide) (L1): 
Compound 3 (0.250 g, 0.70 mmol, 1.0 eq.) was dissolved in 4 mL dry 

pyridine. Subsequently, dansyl chloride (0.452 g, 1.67 mmol, 2.4 eq.) 
was added and the formed clear solution was refluxed for 2 h. TLC of 
reaction mixture – DCM:MTBE = 5:1, x1. Workup: after cooling an 
excess of conc. aq. citric acid was added and extracted with DCM. The 
organic phase was washed with water, dried over anhydr. Na2SO4, 
filtered, and evaporated to dryness. This crude product was purified by 
column chromatography: 70 g silica, phase DCM:MTBE = 20:1. After 
evaporation of phase and drying in vacuo, pure L1 was obtained as bright 
yellow powder (0.31 g, 54%). M.p. 111–112 ◦C. 1H NMR (600 MHz, 
CDCL3) δ 11.25 (s, 2H), 8.46 (dt, J = 8.6, 1.1 Hz, 2H), 8.33 (dt, J = 8.7, 
0.9 Hz, 2H), 8.24 (dd, J = 7.3, 1.3 Hz, 2H), 7.55 – 7.47 (m, 4H), 7.43 (dd, 
J = 8.5, 7.3 Hz, 2H), 7.27 (dd, J = 7.9, 1.5 Hz, 2H), 7.28 – 7.21 (m, 2H), 
7.11 (dd, J = 7.6, 0.9 Hz, 2H), 6.81 (td, J = 7.6, 1.2 Hz, 2H), 6.65 (t, J =
5.9 Hz, 2H), 3.44 (q, J = 6.4 Hz, 4H), 2.81 (s, 12H), 2.66 (t, J = 6.5 Hz, 
4H). 13C NMR (151 MHz, CDC l3) δ 168.77, 151.91, 138.86, 134.80, 
132.67, 130.91, 130.05, 129.93, 129.61, 128.51, 127.02, 123.13, 
123.05, 120.62, 119.76, 119.12, 115.41, 45.51, 39.03, 31.50. ESI-MS: 
[M + H]+ for C42H44N6O6S3 = 825.2552 (-0.6 ppm), and [M + 2H]2+

for C42H44N6O6S3 = 413.1307 (-1.9 ppm). Calculated [M + H]+ for 
C42H44N6O6S3 = 825.255723 and [M + 2H]2+ for C42H44N6O6S3 =

413.131500. 
N,N’-(thiobis(ethane-2,1-diyl))bis(5-(dimethylamino)naphthalene- 

1-sulfonamide) (L2): 
Diamine 1 (0.089 g, 0.085 mL, 0.74 mmol, 1.0 eq.) and DIPEA 

(0.240 g, 0.32 mL, 1.85 mmol, 2.5 eq.) were dissolved in 50 mL dry DCM 
and cooled to 5 ◦C (with ice-water). Then dansyl chloride (0.400 g, 1.48 
mmol, 2.0 eq.) was added in one portion and the formed clear mixture 
was stirred for 30 min at 5 ◦C, followed by 48 h at r.t. TLC of reaction 
mixture – DCM:MTBE = 10:1, x1. Workup: dilution with 30 mL DCM 
and washing with 1% aq. citric acid and water. The organic phase was 
dried over anhydr. Na2SO4, filtered and evaporated to dryness. This 
crude product was purified by column chromatography: 70 g silica, 
phase DCM:MTBE = 20:1. After evaporation of phase and drying in 
vacuo, pure L2 was obtained as pale-yellow powder (0.20 g, 46%). M.p. 
70–71 ◦C. 1H NMR (600 MHz, CDCL3) δ 8.53 (d, J = 8.5 Hz, 2H), 8.24 
(d, J = 8.6 Hz, 2H), 8.20 (dd, J = 7.3, 1.3 Hz, 2H), 7.54 (dd, J = 8.6, 7.5 
Hz, 2H), 7.50 (dd, J = 8.5, 7.3 Hz, 2H), 7.17 (d, J = 7.5 Hz, 1H), 2.88 (s, 
16H), 2.25 (t, J = 6.4 Hz, 4H). 13C NMR (151 MHz, CDCl3) δ 152.18, 
134.53, 130.78, 129.96, 129.78, 129.59, 128.69, 123.32, 118.69, 
115.41, 45.55, 42.00, 31.42. ESI-MS: [M + H]+ for C28H34N4O4S3 =

587.1811 (-0.7 ppm). Calculated [M + H]+ for C28H34N4O4S3 =

587.181495. 
N2,N5-bis(2-((5-(dimethylamino)naphthalene)-1-sulfonamido) 

benzyl)thiophene-2,5-dicarboxamide (L3): 
Compound 6 (0.300 g, 0.79 mmol, 1.0 eq.) was dissolved in 5 mL dry 

pyridine. Then dansyl chloride (0.468 g, 1.73 mmol, 2.2 eq.) was added 
and the formed clear solution was stirred at r.t. for 72 h. TLC of reaction 
mixture – DCM:MTBE = 5:1, x2. Workup: excess of conc. aq. citric acid 
was added and extracted with DCM. The organic phase was washed with 
water, dried over anhydr. Na2SO4, filtered, and evaporated to dryness. 
This crude product was purified by column chromatography: 70 g silica, 
phase 1 - DCM:MTBE = 10:1 (for contaminations); phase 2 - DCM:MTBE 
= 5:1 (for product). After evaporation of phase and drying in vacuo, pure 
L3 was obtained as pale-yellow powder (0.51 g, 76%). M.p. 263–264 ◦C. 
1H NMR (600 MHz, DMSO‑d6) δ 10.24 (s, 2H), 9.23 (t, J = 6.1 Hz, 2H), 
8.47 (dt, J = 8.5, 1.1 Hz, 2H), 8.42 – 8.36 (m, 2H), 8.09 (dd, J = 7.3, 1.3 
Hz, 2H), 7.76 (s, 2H), 7.57 (ddd, J = 11.9, 8.6, 7.4 Hz, 4H), 7.24 (dd, J =
7.7, 0.9 Hz, 2H), 7.20 – 7.15 (m, 2H), 7.12 – 7.05 (m, 4H), 6.90 – 6.85 
(m, 2H), 4.32 (d, J = 6.1 Hz, 4H), 2.81 (s, 12H). 13C NMR (151 MHz, 
DMSO‑d6) δ 161.39, 151.61, 142.64, 135.47, 134.49, 133.19, 130.31, 
129.56, 129.07, 129.04, 128.27, 127.97, 125.91, 124.11, 123.69, 
118.77, 115.35, 45.14. ESI-MS: [M + H]+ for C44H42N6O6S3 = 847.2389 
(-1.3 ppm), and [M + 2H]2+ for C42H42N6O6S3 = 424.1245 (1.9 ppm). 
Calculated [M + H]+ for C44H42N6O6S3 = 847.240073, and [M + 2H]2+

for C42H42N6O6S3 = 424.123674. 

2.4. Spectrophotometric and spectrofluorimetric measurements 

2.4.1. Photophysical characterization and titrations 
Photophysical characterizations and titrations were performed by 

preparation of stock solutions of compounds L1, L2 and L3 (ca. 10-3 M) 
in different solvents (CH3CN, EtOH, DMSO, CHCl3, Toluene, THF and 
DMF), by dissolution of an appropriate amount of the selected com
pound in a 10 mL volumetric flask. Further studies were carried out by 
appropriate dilution of the stock solutions up to 10-5 – 10-6 M. 

Titrations of L1 and L2 were carried out by the addition of microliter 
aliquots of standard solutions of Ca2+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, 
Cd2+, Hg2+, Pb2+ ions prepared in acetonitrile, while titrations of L3 
were carried out in DMSO. A correction for the absorbed light was 
performed when necessary. Luminescence spectra of the compounds in 
the solid state and of doped polymer thin films were recorded using of a 
fiber-optics device connected to the spectrofluorometer while exciting 
the samples at appropriated wavelength. The temperature dependent 
emission spectra were recorded by heating the samples over a hotplate 
with control over the temperature. 

2.4.2. Fluorescence quantum yield and lifetime 
Relative photoluminescence quantum yields were measured using 
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dansyl amide in acetonitrile employed as a standard solution (ϕF = 0.37) 
for quantifying the relative QY of L1 and L2 dissolved in the same sol
vent and in DMSO for L3, while the remaining ones were measured 
relative to the standard solution of dansyl amide in DMSO (ϕF = 0.61) 
[47]. Tempro Fluorescence Lifetime System with a Nanoled pulsed 
diode controller from Horiba Jobin-Yvon (Proteomass Facilities) was 
used to perform lifetime measurements. 

2.5. Determination of the detection and quantification limits (LOD and 
LOQ) 

Determination of the detection limit (LOD) and quantification limit 
(LOQ) began by collecting ten independent measurements of a solution 
containing the selected probe and no addition of any metal ion (yblank). 
Final determination of the LOD and LOQ values followed the subsequent 
formulas [48,49]: 

LOD = ydl = yblank + 3std, where ydl = signal detection limit and std 
= standard deviation. 

LOQ = ydl = yblank + 10std, where ydl = signal detection limit and std 
= standard deviation. 

The final step involved the determination of the minimal detectable 
and quantified concentration of metal ion by titration with the ligands. 

2.6. Preparation of polymer Dye-Doped thin films 

PMMA and SBS doped polymer thin films were obtained by slow 
evaporation of a 10 mL chloroform solution containing 100 mg of the 
corresponding polymer matrix and 0.5 mg of the selected compound. 

PVA:PVP polymer films were prepared by dissolution of 200 mg of 
PVA and 50 mg of PVP in 1.5 mL miliQ water, while heating at 80 ◦C, 
with continuous stirring and 0.5 mg of the dansyl dyes were dissolved in 
2 mL of EtOH and added to the hot mixture. 

TPU doped polymer films were fabricated by dissolving 100 mg of 
the polymer matrix and 1 mg of the corresponding compounds in 10 mL 
of THF. 

All mixtures were poured onto PFA supports with diameter of 5 cm to 
allow solvent evaporation at room temperature. All polymeric samples 
were prepared in triplicate. 

3. Results and discussion 

3.1. Synthesis 

The synthesis of target compounds L1 and L2 was based on 
commercially available thio-diamine 1 (Scheme 1). Preparation of in
termediate 3 was accomplished by direct coupling reaction of 1 with 
anthranilic acid (2). Due to better nucleophilicity of amino groups of 1, 
preparation of 3 was performed in only one step and isolated with good 
yield without need of protection. Consequently, acylation of 3 with 
dansyl chloride in dry pyridine furnished the target product L1 in good 
yield. The synthesis of compound L2 was performed in one step starting 
from 1 and dansyl chloride, employing classical conditions (Et3N in dry 
dichloromethane). 

The preparation of ligand L3 was conducted in two steps (Scheme 2). 
Intermediate 6 was prepared in one step from commercially available 
diacid 4 and diamine 5, respectively. As in case of 3, protection of 5 was 
not necessary. Acylation of 6 with excess of dansyl chloride in dry 
pyridine yields product L3. All intermediates and target compounds 
were obtained in good yields and high purity after column chromatog
raphy. They were fully characterized by NMR, MS and melting point 
temperatures. 

3.2. Photophysical characterization 

The dansyl derived compounds exhibit luminescence properties both 
in solution and in the solid state. Fig. 1 displays the molecular structure 
alongside the photophysical data collected at 298 K for compound L1 
and L2 in acetonitrile as well as in DMSO for L3 as a representative 
example. The UV–Vis spectra show a band centered at 330, 340 and 350 
nm; associated with the π-π* transition of the dansyl chromophore, 
contributing to the visualization of colourless solutions in the naked eye. 
Upon excitation at the appropriate wavelength, the samples emit a 
greenish yellow light with a maxima at 524, 518 and 532 nm repre
sentative of a large stoke shift. On a relatable note, solid-state emission 
spectra show a wide band centered at 509, 499 and 469 nm, a consid
erable blue shift in relation to the emission in solution (Table 2). 

Since dansyl derivatives are commonly associated with sol
vatochromism behavior, L1-L3 were further studied for their photo
physical properties in five different solvents to evaluate the sensitivity 
towards solvent polarity. Alongside in acetonitrile, L1 and L2 were 

Scheme 1. Synthetic approach to the preparation of compounds L1 and L2.  
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further studied in DMSO, ethanol, THF, chloroform and toluene; Due to 
solubility restrictions L3 was studied in THF and DMF (Figs. S14–S18). 

Taking into consideration the analysis of Table 3, no correlation can 
be perceived following the absorption as the solvent polarity increases 
despite the differences in maximum bands. On the contrary, the same 
cannot be said for the emission, where a clear red shift of the emission 
maximum bands is seen, a shift from 500 to 536 nm for L1, from 489 to 
520 nm for L2 and from 339 to 350 nm for L3 with increasing solvent 

polarity. In line with these findings, a conclusion can be taken based on 
the shifts observed regarding the emission spectra, demonstrating that 
L1, L2 and L3 exhibit a positive solvatofluorochromism. 

To fully characterize L1 and L2′s solvatofluorochromic behaviour, 
and to quantify the solute–solvent interactions, three solute-dependent 
parameters (υ0, a, b and p) have been determined through the multi
parametric fitting of the kamlet-Taft equation (Equation (1)). 

Scheme 2. Synthetic approach to the preparation of compound L3.  

Fig. 1. (A) Molecular structure of dansyl based compounds L1, L2 and L3. Photophysical characterization of derivatives L1 (B), L2 (C) in acetonitrile and L3 (D) in 
DMSO ([L1] = [L2] = [L3] = 6 µM). 
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υ = υ0 + aα + bβ + pπ* (1) 

Where υ0 represents the wavenumber value without dependence of 
solvent effects; parameters a, b and p are obtained through multiple 
regression analysis that reflect the underlying sensitivity of the probes 
photophysical behaviour to solvent polarity; α: hydrogen bond donor 
acidity (HBD); β: hydrogen bond acceptor basicity (HBA); π*: stabiliza
tion of a charge or dipole without a specific dielectric interaction 
(Table 1) [29,50]. 

Fig. 2 gathers the images taken under UV light lamp of L1 and L2 
under a UV light lamp while Table 4 presents the fitted parameters (υ0, 
a, b and p) driven from the multiple regression analysis while the slope 
and correlation were obtained from the linear fitting of the plot υexp. 
versus υcalc. 

From Table 4 it is perceived that L3 has the highest polarizability 

making it more likely to be distorted by an external field. 

3.3. Metal ions sensing 

Keeping in mind the potential value of these dansyl derivatives to be 
used towards the sensing of metal ions, additions of 1, 5 and 10 equiv
alents of Ca2+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Hg2+ and Pb2+ in 
acetonitrile were performed. Fig. 3 gathers the normalized emission 
intensities at 524, 518 and 532 nm of compounds L1-L3, respectively, 
upon addition of the aforementioned metal ions. Compounds L1 and L2 
showed sensitivity towards Cu2+ and Hg2+ metal ions while L3 hasn’t 
been found to have any meaningful variation on its emission after 
addition of 10 equivalents of each metal most likely due to the inherent 
rigidity of the system. 

In face of the previous results, Fig. 4 gathers the UV–Vis and lumi
nescent titrations towards increasing amounts of Cu2+ (A, C) and Hg2+

(B, D) for L1 and L2, respectively. Overall, the addition of both metal 
ions causes the continuous decrease of the absorbance maxima centered 

Table 1 
Spectroscopic polarity parameters, physical properties of the different solvents. 
εr: relative permittivity; η: refractive index; α: the solvent’s HBD acidity; β: the 
solventś HBA basicity; π*: the solvent’s dipolarity/polarizability.  

Solvent εr α β π* η 

DMSO  47.24 0  0.76 1  1.47 
DMF  38.4 0  0.69 0.88  1.43 
CH3CN  35.94 0.19  0.40 0.66  1.34 
Ethanol  24.30 0.86  0.75 0.54  1.36 
THF  7.58 0  0.55 0.58  1.40 
CHCl3  4.89 0.20  0.10 0.69  1.44 
Toluene  2.38 0  0.11 0.54  1.49  

Table 2 
Absorption maximum wavelength in solution (λabs), emission maximum wavelength in solution (λem), molar absorption coefficients (ε), Stokes shift (Δλ), emission 
maximum in the solid state (λem

Solid), fluorescence quantum yields (ϕ), brightness (εxϕ), fluorescence lifetimes (τ) for compounds L1 and L2 in acetonitrile and L3 in 
DMSO.  

Cp. λabs [nm] λem [nm] ε [104 cm¡1 M¡1] Stokes shift [104 cm¡1] λem
Solid [nm] ϕ (%) Brightness (ε X ϕ) [103 cm¡1 M¡1] τ[ns] 

L1 330 524  0.991  5.15 509 27  2.68 11 
L2 340 518  1.06  5.62 499 35  3.71 12 
L3 350 532  1.03  5.49 469 10  1.03 5.9  

Table 3 
Photophysical characterization of probes L1 and L2 performed in different organic solvents.  

Cpd. Solv. λabs [nm] λem [nm] ε [104 cm¡1 M¡1] Stokes shift [104 cm¡1] ϕ (%) Brightness (ε X ϕ) [103 cm¡1 M¡1] τ[ns] 

L1 DMSO 350 534  0.999  5.43 24  2.40 14  
EtOH 334 520  0.804  5.38 17  1.37 13  
THF 336 507  1.19  5.85 47  5.59 14  
CHCl3 345 506  1.07  6.21 51  5.36 15  
Toluene 343 500  0.816  6.37 51  4.16 13 

L2 DMSO 340 520  0.956  5.56 48  4.59 12  
EtOH 335 515  0.964  5.56 33  3.18 15  
THF 336 492  1.21  6.41 52  6.29 13  
CHCl3 343 500  0.802  6.37 60  4.81 13  
Toluene 341 489  0.899  6.76 53  4.77 16 

L3 DMF 336 523  1.16  5.35 3.6  0.428 7.7  
THF 339 501  1.34  6.17 7.3  0.978 6.6  

Fig. 2. Images of L1 (1–6), L2 (7–12) and L3 (13–15) in different organic solvents [Toluene (1,7); THF (2, 8, 13); Chloroform (3, 9); Acetonitrile (4, 10); Ethanol (5, 
11); DMF (14); DMSO (6, 12, 15)] under a UV lamp. 

Table 4 
Independent fluorescence wavenumber (υ0), solvent polarity (p), HBD (a), HBA 
(b), slope and coefficient (R2) of the linear fitting plot υexp. versus υcalc.   

υ0 a b p Slope R2 

L1 21,144 − 421 − 721 − 1848  0.99  0.99 
L2 21,790 − 1032 − 299 − 2314  0.99  0.99 
L3 21,646 − 1033 − 301 − 2626  0.99  0.99  
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at 330 and 340 nm for L1 and L2, respectively, while simultaneously a 
gradual formation of a band with a maximum around 300 nm is 
observed for both compounds, followed by the appearance of an addi
tional band located around 370 nm in particular for L2 when added 
Hg2+. In terms of the emission spectra, a quenching on its intensity is 
observed in both cases at 524 (L1) and 518 nm (L2). 

To fully characterize the sensing ability towards Cu2+ and Hg2+, the 
stability constants were calculated with the aid of HypSpec software 
[51] alongside calculation of the detection and quantification limit pa
rameters for both dansyl derivatives. The association constants, LOD and 
LOQ are included in Table 5. 

Table 5 reveals that both probes assemble in mononuclear species 
with Cu2+ and Hg2+ with the highest constant belonging to L2 towards 
Hg2+ with a stability constant value of LogKass. = 6.38 ± 0.02. Ligand L2 
has also been found to exhibit the lowest LOD and LOQ values (4 µM and 
7 µM) being indicative of a higher affinity to bind with Hg2+ ions. These 
results highlight the potential usefulness of this probe in environmental 
remediation of Hg2+ ions where there is the need to monitor its presence 

in lower concentrations. 
Regarding compound L1, the lower stability constants found for this 

compound may be due to the increased stereochemical hindrance pro
moted by the addition of the benzene moiety which in turn disables to 
some degree the accessibility for the coordination to occur. 

3.4. Studies using solid support compound L1 

L1 in water offers an advantage when considering future practical 
applications. L1 exhibits the lowest detection and quantification limit 
for Hg2+ metal ions in solution, making it suitable for supporting on low- 
cost, simple cellulose discs for the determination of Hg2+ in aqueous 
solutions. 

Blank discs (Liofilchem) with a diameter of 6 mm were impregnated 
with a solution of L1 ([L1] = 10 μM) in THF. After drying, the resulting 
white discs containing L1 were briefly immersed for 5 s in water solu
tions with increasing concentrations of Hg2+ (0, 25, 50, 100, 200, 300, 
and 400 ppm). Fig. 5 illustrates the visual colour emission changes under 

Fig. 3. Normalized emission intensity of L1 (A), L2 (B) and L3 (C) after addition of Ca2+, Co2+, Ni2+, Cu2+, Zn2+, Ag+, Cd2+, Hg2+ and Pb2+ metal ions in successive 
proportions of 1, 5, and 10 equivalents in acetonitrile for L1 and L2 while in DMSO for L3. ([L1] = [L2] = [L3] = 20 µM, λemL1 = 524 nm, λemL2 = 518 nm, λemL3 =

532 nm, T = 298 K). 
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a UV lamp. Notably, a visual detection of Hg2+ in water is possible from 
concentrations as low as 100 ppm. This method holds great potential for 
the development of portable and convenient in-the-field detection of 
Hg2+. 

3.5. Tuning the emission of dansyl derivatives towards temperature smart 
materials 

Since L1-L3 were found to exhibit emission in the solid state and 

manifest solvatofluorochromism due to the different properties of the 
solvents, the next intention is to modulate the emission of these ligands 
in solid supported materials to develop molecular thermometers 
through emission. In line with this premise, the compounds have been 
studied initially without the use of a solid supports. For this, emission of 
each probe has been recorded with the increase of temperature in the 
solid state. Fig. 6 gathers the emission spectra and the plot of Inom in 
relation to temperature for compound L3. The results suggest that L3 
manifests a linear relation of its emission and the increase of tempera
ture between 30 and 129 ◦C. The same behavior was also found during 
the cooling cycle. This compound was found to completely recover its 
emission by the end of the cooling cycle as it can be seen in Fig. 6. 

Regarding compound L1 and L2, a relation has been found between 
emission and temperature for L1 between 30 and 70 ◦C while no line
arity was observed for L2 as can be seen in Figs. S19 and S20. Also, after 
cooling the emission did not recover substantially suggesting partial 
degradation of both compounds. This is most likely due to their low 
melting point around 112 and 70 ◦C for compound L1 and L2, respec
tively. The same was not found for compound L3 since its melting point 
is 264 ◦C. Thus, L1 and L3 have shown promising results allowing them 
to be used as temperature sensors, however applications may be hin
dered due to the lack of solid supports. 

Fig. 4. UV–Vis and luminescent titrations of compounds L1 (A, B) and L2 (C, D) upon continuous addition of 10 μL of Cu2+ (A, C; [Cu2+] = 0.9 mM), and Hg2+ (B, D; 
[Hg2+] = 0.3 mM) in acetonitrile. The inset represents the emission (A-D) as a function of [Cu2+]/[L1] at 524 nm (A), of [Cu2+]/[L2] at 518 nm (C), of [Hg2+]/[L1] 
at 524 nm (B) and of [Hg2+]/[L2] at 518 nm (D). [L1] = [L2] = 20 µM, λexcL1 = 330 nm, λexcL2 = 340 nm, T = 298 K). 

Table 5 
HypSpec’s calculated association constants and stoichiometry for the probes L1 
and L2 towards Cu2+ and Hg2+ ions, in CH3CN alongside the respective values 
for the Minimal detectable (LOD) and quantified (LOQ) amounts (µM). LOD and 
LOQ were measured by the emission at 524 and 518 nm for L1 and L2, 
respectively.  

Compounds Metal (M) Association constants (LogKass.), L:M LOD 
(µM) 

LOQ 
(µM) 

L1 Cu2+ 4.82 ± 0.03 (1:1) 6 15 
Hg2+ 5.29 ± 0.06 (1:1) 7 11 

L2 Cu2+ 5.00 ± 0.04 (1:1) 6 15 
Hg2+ 6.38 ± 0.02 (1:1) 4 7  

Fig. 5. Visual changes in Blank Discs (Liofilchem) containing compound L1 (10 μM) after immersion in water solutions containing increasing concentrations of Hg2+

metal ion (0–400 ppm). [25 ppm = 50 µM; 50 ppm = 100 µM; 100 ppm = 200 µM; 200 ppm = 401 µM; 300 ppm = 602 µM; 400 ppm = 802 µM]. 
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According with the previous findings, several polymers doped thin 
films have been developed as a next step to improve the sensing appli
cations. Compound L1 and L2 were doped in PMMA, SBS, PVA:PVP and 
TPU while L3, due to solubility restrictions, has been doped only in TPU. 
Fig. 7 gathers the comparison between the emission spectra in the solid 
state and each emission of the different polymer thin films while Table 6 
presents the corresponding emission maximum. 

Overall, polymer thin films were successfully developed, and their 
emission properties were investigated. As it can be perceived by Fig. 7, 
the molecular structure of the polymer matrix is able to tune the final 
emission of the film by interacting with the probe. PMMA films display 
the largest blue-shift of 37 and 32 nm for L1 and L2, respectively, 
without relevant input of the differences in molecular structure of both 
probes. However, for SBS and PVA/PVP more pronounced differences 
are observed due to the influence of the molecular structure. Compound 
L1 tends to suffer less relevant blue-shifts on these polymer matrixes 
than L2 most likely due to the increased compatibility that the benzene 
moieties provide while dispersed. Regarding TPU polymer thin films of 
L1 and L2, blue shifts of 16 and 12 nm are observed. Nevertheless, the 
most interesting appears to be L3 that when doped originates a red shift 
of 22 nm. 

In face of the previous results, each polymer doped films were 
studied with variation in temperature aiming to better understand 
whether it is possible to humper the constrains that were found in the 
solid state for L1 and L2. Fig. 8 gathers the emission of the different 
polymer films doped with L2, as a representative example, alongside L3 
doped in TPU polymer film while polymer doped films of L1 can be seen 
in Figs. S21–S24. 

Regarding the PMMA doped film, this material suffers its quenching 

with increments of temperature up to 218 ◦C. Intriguingly, the behav
iour observed for L1 and L2 in the solid state, due to their melting point, 
does not influence to the same extent the emission in the solid support. 
The polymer matrix serves as a media to maintain the emission at higher 
temperatures by providing sufficient conductivity which attenuates the 
thermal activated non-radiative processes that the compounds manifest. 
Likewise, as the cooling stage proceeds the emission gradually increases 
until it reaches room temperature and is capable of recovering 85% of 
the initial fluorescence. Additionally, linearity can be perceived from 
120 to 218 ◦C during heating and until 51 ◦C while cooling. It is also, 
interesting to note that the glass transition temperature of PMMA (Tg 
105 ◦C) do not seem to have any influence in the emission behaviour of 
the film. 

Remaining polymer supports were able to provide similar behaviour 
in relation to the emission properties with temperature. However, were 
not able to reach the same temperatures as PMMA and have been also 
found to not recover substantially their emission when cooled to room 
temperature (Fig. S25) since they start to experience physical changes. 
On the other hand, linearity of the emission with temperature can still be 
perceived for SBS, PVA/PVP, and TPU between 70 to 189 ◦C, 110 to 
199 ◦C and 70 and 158 ◦C. 

In the case of TPU doped with L3, the quenching of the emission is 
observed similarly as observed for the solid state, however linearity can 
only be seen between 80 and 159 ◦C, while during cooling emission 
recovers 40% and shows linearity between 33 and 148 ◦C (Fig. S26). 
Nevertheless, in agreement with the other doped polymer materials 
studied, the incorporation of the probe onto a solid support provides the 
means to be applied as a molecular thermometer without restrictions 
imposed by their physical characteristic and, in this particular case, the 

Fig. 6. Temperature-dependent emission spectra of 
L3 in the solid state (A) collected through a warming 
cycle between 30 ◦C and 170 ◦C. Inorm. vs. T plot 
recorded in the emission maximum at 472 nm upon 
heating (B) [30 to 129 ◦C (Y = 1.2243 + 0.0077612x), 
yielding R = 0.99663]. Temperature-dependent 
emission spectra of L3 (C) collected through a cool
ing cycle between 31 ◦C and 149 ◦C. Inorm. vs. T plot 
recorded in the emission maximum at 472 nm upon 
cooling (D) [31 to 149 ◦C (Y = 1.2571 + 0.0072628x), 
yielding R = 0.99502].   
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polymer matrix can tune the emission wavelength to better suit the 
application. 

4. Conclusions 

In present work, three new bis-dansyl probes containing a sulfide 
bridge were synthesized and their photophysical properties were stud
ied. Since dansyl compounds are known to exhibit solvato
fluorochromism, photophysical studies were carried out in different 
solvents to fully evaluate the influence of each solvent’s intrinsic char
acteristics on the probes’ emission. The equation of Kamlet-Taft was 
implemented to gain value insights into solute–solvent interactions, and 
positive solvatofluorochromism behaviour was observed for all com
pounds. The presence of heteroatoms also enables the study of how 
metal ions influence the probes’ photophysical behaviour. From an 
environmental remediation perspective, L1 and L2 were found to 
quench their emission in the presence of Hg2+ and Cu2+ ions. Further 
calculations suggested that these compounds form mononuclear species 

with Cu2+ and Hg2+ and that L2 has the highest association constant 
with Hg2+ (LogKass. = 6.38) and an LOD and LOQ of 4 µM and 7 µM, 
respectively. Finally, the probes were characterized in the solid state and 
doped in solid supports for the development of molecular thermometers 
PMMA, SBS, PVA/PVP, and TBU doped polymers were synthesized, and 
their luminescence was studied. The polymer matrix was found to 
modulate the emission maximum of all compounds and contribute to the 
emission at higher temperatures than those found in the solid state. 
Good linearity could also be observed at elevated temperatures, making 
these probes suitable candidates as temperature sensors in industrial 
applications. 
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Fig. 7. Comparison between the emission spectra of the different polymer thin films doped with (A) L1, (B) L2 and (C) L3 and the respective emission spectrum in the 
solid state. Images of the different polymer doped films and in the solid state under UV-light and under natural light (*) (D). 

Table 6 
Emission maximum in the solid state (λem

Solid), emission maximum of PMMA thin 
films (λem

PMMA), emission maximum of SBS thin films (λem
SBS), emission maximum of 

PVA/PVP thin films (λem
PVA/PVP), emission maximum of TPU thin films (λem

TPU).  

Compounds λem
Solid 

[nm] 
λem

PMMA 

[nm] 
λem

SBS 

[nm] 
λem

PVA/PVP 

[nm] 
λem

TPU 

[nm] 

L1 509 472 506 499 493 
L2 499 467 471 472 487 
L3 469 – – – 491  
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Fig. 8. Temperature-dependent emission spectra of L2 doped in (A) PMMA during heating cycle [Inset: Inorm. vs. T plot at 467 nm upon heating: 120 to 218 ◦C (Y =
1.0919–0.004465x), yielding R = 0.9948]; (B) PMMA during cooling cycle [Inset: Inorm. vs. T plot at 467 nm upon cooling: 51 to 218 ◦C (Y = 1.0787–0.0042258x), 
yielding R = 0.99644]; (C) SBS during heating cycle [Inset: Inorm. vs. T plot at 471 nm upon heating: 70 to 189 ◦C (Y = 1.2484–0.0060553x), yielding R = 0.99652]; 
(D) PVA/PVP during heating cycle [Inset: Inorm. vs. T plot at 472 nm upon heating: 110 to 199 ◦C (Y = 1.1712–0.0055656x), yielding R = 0.99736]; (E) TPU during 
heating cycle [Inset: Inorm. vs. T plot at 487 nm upon heating: 70 to 158 ◦C (Y = 0.99593–0.00411x), yielding R = 0.99574]. Temperature-dependent emission spectra 
of L3 doped in (F) TPU during heating cycle [Inset: Inorm. vs. T plot at 491 nm upon heating: 80 to 159 ◦C (Y = 1.611–0.0096602x), yielding R = 0.99758]. 
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P. Ballester, Optical supramolecular sensing of creatinine, J. Am. Chem. Soc. 142 
(2020) 4276–4284, https://doi.org/10.1021/jacs.9b12071. 

[7] W.M. Pazin, A.K.A. Almeida, V. Manzoni, J.M.M. Dias, A.C.F. De Abreu, 
M. Navarro, A.S. Ito, A.S. Ribeiro, I.N. De Oliveira, Thermal and solvatochromic 
effects on the emission properties of a thienyl-based dansyl derivative, RSC Adv. 10 
(2020) 28484–28491, https://doi.org/10.1039/D0RA05949H. 

[8] N. Li, W. Qin, Y. Chen, K. Liu, S. Wang, F. Kong, Construction of a robust polarity 
sensitive platform and its application for tracking of lipid droplets decrease under 
oxidative stress in live cells, Sensors Actuators B Chem. 346 (2021), 130491, 
https://doi.org/10.1016/j.snb.2021.130491. 

[9] Y. Pan, C. Zhang, S.H. Liu, Y. Tan, J. Yin, Fluorescent switch based on 
dithienylethene with dansulfonamide in multimedium, Dye. Pigment. 181 (2020), 
108546, https://doi.org/10.1016/j.dyepig.2020.108546. 

[10] H.J. Lee, M.J. Cho, S.K. Chang, Ratiometric signaling of hypochlorite by the 
oxidative cleavage of sulfonhydrazide-based rhodamine− Dansyl Dyad, Inorg. 
Chem. 54 (2015) 8644–8649, https://doi.org/10.1021/acs.inorgchem.5b01284. 

[11] W.L. Wu, H.L. Ma, M.F. Huang, J.Y. Miao, B.X. Zhao, Mitochondria-targeted 
ratiometric fluorescent probe based on FRET for bisulfite, Sensors Actuators, B 
Chem. 241 (2017) 239–244, https://doi.org/10.1016/j.snb.2016.10.028. 

[12] H. Jiang, Z. Li, Y. Kang, L. Ding, S. Qiao, S. Jia, W. Luo, W. Liu, A two-photon 
fluorescent probe for Cu2+ based on dansyl moiety and its application in 
bioimaging, Sensors Actuators, B Chem. 242 (2017) 112–117, https://doi.org/ 
10.1016/j.snb.2016.11.033. 

[13] B. Uttam, S. Polepalli, S. Sinha, A. Majumder, C.P. Rao, Selective sensing and 
removal of mercury ions by encapsulating dansyl appended calix[4]conjugate in a 
zeolitic imidazolate framework as an organic− inorganic hybrid nanomaterial, ACS 
Appl. Nano Mater. 5 (2022) 11371–11380, https://doi.org/10.1021/ 
acsanm.2c02459. 

[14] G. Donadio, R. Di Martino, R. Oliva, L. Petraccone, P. Del Vecchio, B. Di Luccia, 
E. Ricca, R. Isticato, A. Di Donato, E. Notomista, A new peptide-based fluorescent 
probe selective for zinc (II) and copper (II), J. Mater. Chem. B 4 (2016) 6979–6988, 
https://doi.org/10.1039/C6TB00671J. 

[15] P. Wang, J. Wu, P. Su, C. Xu, Y. Ge, D. Liu, W. Liu, Y. Tang, Fluorescence “on-off- 
on” peptide-based chemosensor for selective detection of Cu2+ and S2- and its 
application in living cells bioimaging, Dalt. Trans. 45 (2016) 16246–16254, 
https://doi.org/10.1039/C6DT03330J. 

[16] A. Aliberti, P. Vaiano, A. Caporale, M. Consales, M. Ruvo, A. Cusano, Fluorescent 
chemosensors for Hg2+ detection in aqueous environment, Sensors Actuators, B 
Chem. 247 (2017) 727–735, https://doi.org/10.1016/j.snb.2017.03.026. 

[17] X. Pang, J. Dong, L. Gao, L. Wang, S. Yu, J. Kong, L. Li, Dansyl-peptide dual- 
functional fluorescent chemosensor for Hg2+ and biothiols, Dye. Pigment. 173 
(2020), 107888, https://doi.org/10.1016/j.dyepig.2019.107888. 

[18] Y. Wang, J. Zhou, L. Zhao, B. Xu, A dual-responsive and highly sensitive fluorescent 
probe for Cu2+ and pH based on a dansyl derivative, Dye. Pigment. 180 (2020), 
108513, https://doi.org/10.1016/j.dyepig.2020.108513. 

[19] L.J. Ma, J. Liu, L. Deng, M. Zhao, Z. Deng, X. Li, J. Tang, L. Yang, Selective and 
sensitive fluorescence-shift probes based on two dansyl groups for mercury(II) ion 
detection Photochem, Photobiol. Sci. 13 (2014) 1521–1528, https://doi.org/ 
10.1039/C4PP00094C. 

[20] Y.B. Barot, V. Anand, R. Mishra, Di-Triphenylamine-based AIE active Schiff base 
for highly sensitive and selective fluorescence sensing of Cu2+ and Fe3+, 
J. Photochem. Photobiol. A Chem. 426 (2022), 113785 https://doi.org/10.1016/j. 
jphotochem.2022.113785. 

[21] J. Galhano, G.A. Marcelo, A. Kurutos, E. Bértolo, J.L. Capelo-Martinez, C. Lodeiro, 
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[24] E. Oliveira, E. Bértolo, C. Núñez, V. Pilla, H.M. Santos, J. Fernández-Lodeiro, 
A. Fernández-Lodeiro, J. Djafari, J.L. Capelo, C. Lodeiro, Green and red fluorescent 
dyes for translational applications in imaging and sensing analytes: a dual-color 
flag, ChemistryOpen 7 (2018) 9–52, https://doi.org/10.1002/open.201700135. 

[25] R. Nagarajan, H.-I. Ryoo, B.D. Vanjare, N. Gyu Choi, K.i. Hwan Lee, Novel 
phenylalanine derivative-based turn-off fluorescent chemosensor for selective Cu2 
+ detection in physiological pH, J. Photochem. Photobiol. A Chem. 418 (2021) 
113435. 

[26] T.N. Moshkina, E.V. Nosova, A.E. Kopotilova, M.I. Savchuk, I.L. Nikonov, D. 
S. Kopchuk, P.A. Slepukhin, G.A. Kim, G.N. Lipunova, V.N. Charushin, Synthesis 
and photophysical properties of pyridyl- and quinolinyl-substituted 4-(4- 
aminophenyl)quinazolines, J. Photochem. Photobiol. A Chem. 429 (2022), 
113917, https://doi.org/10.1016/j.jphotochem.2022.113917. 

[27] S.B. Yadav, S. Kothavale, N. Sekar, Triphenylamine and N-phenyl carbazole-based 
coumarin derivatives: Synthesis, solvatochromism, acidochromism, linear and 
nonlinear optical properties, J. Photochem. Photobiol. A Chem. 382 (2019), 
111937, https://doi.org/10.1016/j.jphotochem.2019.111937. 

[28] H. Sharma, R. Kakkar, S. Bishnoi, M.D. Milton, Synthesis of acceptor-donor- 
acceptor based phenothiazine-5-oxide aldehydes displaying large Stokes shift- “on- 
off-on” acidofluorochromic switch and molecular logic gate operation, 
J. Photochem. Photobiol. A Chem. 430 (2022), 113944, https://doi.org/10.1016/j. 
jphotochem.2022.113944. 

[29] S. Mocanu, G. Ionita, I. Matei, Solvatochromic characteristics of dansyl molecular 
probes bearing alkyl diamine chains, Spectrochim. Acta A Mol. Biomol. Spectrosc. 
237 (2020) 118413. 

[30] K. Li, J. Wang, Y. Li, Y. Si, J. He, X. Meng, H. Hou, B.Z. Tang, Combining two 
different strategies to overcome the aggregation caused quenching effect in the 
design of ratiometric fluorescence chemodosimeters for pH sensing, Sensors 
Actuators, B Chem. 274 (2018) 654–661, https://doi.org/10.1016/j. 
snb.2018.07.109. 

[31] S. Areti, S. Bandaru, D.S. Yarramala, C.P. Rao, Optimizing the electron- 
withdrawing character on benzenesulfonyl moiety attached to a glyco-conjugate to 
impart sensitive and selective sensing of cyanide in HEPES buffer and on cellulose 
paper and silica gel strips, Anal. Chem. 87 (2015) 12396–12403, https://doi.org/ 
10.1021/acs.analchem.5b04085. 

[32] A. Pucci, Mechanochromic fluorescent polymers with aggregation-induced 
emission features, Sensors 19 (2019) 4969, https://doi.org/10.3390/s19224969. 
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