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In this study, we present the detection of hazardous cyanide (CN™) and fluoride (F~) anions using six dansyl-
derived fluorescent probes (L1-L6) specifically designed for rapid and highly sensitive detection in organic
media. Through a combination of UV-Vis absorption and fluorescence titrations in acetonitrile, all ligands
exhibited a distinct and selective “turn-off” fluorescence response upon exposure to CN~ and F~, while remaining
unresponsive to common halides such as Br~ and Cl™. Quantitative analysis using HypSpec confirmed a
consistent 1:1 binding stoichiometry across the series, with L4 emerging as the top performer, displaying low
limits of detection of 2 pM and 4 pM for CN™ and F~, respectively, and association constants (Log Kass) of 6.37
for CN™ and 5.66 for F~. NMR and LC-MS titration studies further revealed a deprotonation-based recognition
mechanism, with CN™ inducing proton abstraction at sub-stoichiometric levels, while F~ required up to 10
equivalents. The high affinity and rapid responsiveness of these dansyl-based systems establish them as potent
fluorescent tools for the non-invasive, real-time monitoring of the toxic anions cyanide and fluoride in organic-

based samples.

1. Introduction

Fluorescent molecular probes have garnered significant interest in
recent years owing to their exceptional qualities in analytical applica-
tions, including life sciences research, biomedical areas, and environ-
mental monitoring [1,2]. These sensors are highly valued for their
exceptional sensitivity, rapid response times, and non-invasive detection
capabilities [3-5]. Among them, the dansyl fluorophore stands out, of-
fering several key advantages, including high fluorescence quantum
yields, a substantial Stokes shift that minimizes the risk of self-
absorption, and emission within the visible region [6,7]. Additionally,
its sulfonyl group allows for synthetic versatility, enabling simple
incorporation into diverse molecular structures and sensing systems.
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This structural adaptability facilitates the design of highly selective
probes, allowing for precise detection of target analytes, reinforcing
their relevance in bioanalytical chemistry and environmental moni-
toring [3-5].

The detection of anions in aqueous and organic media has become
increasingly relevant in the aforementioned fields. In particular, cyanide
(CN7) and fluoride (F™) have garnered significant attention due to their
profound impact on human health and the environment. Cyanide, a
potent toxin that disrupts cellular respiration, poses severe risks to both
human life and ecosystems [6]. Conversely, while fluoride is beneficial
in controlled amounts for dental health, excessive exposure can lead to
adverse effects such as dental and skeletal fluorosis [7]. Moreover, cy-
anide and fluoride share key characteristics, including high basicity,
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which leads to deprotonation, as well as a strong affinity for Lewis acids
[8]. Due to these similarities, some detection systems exhibit low
selectivity, leading to optical responses to both F~ and CN™ in the same
sensor [9,10]. As a result, the development of highly selective and
sensitive chemosensors for these anions remains a critical area of
research.

In light of the ongoing research for CN™ and F~ sensing probes,
dansyl-derived compounds have been reported in the literature for
specific binding of cyanide [11,12] and fluoride ions [13,14]. Recently,
our group reported a novel dual chromophoric dansyl-acridine conju-
gate which was effective as a sensor for cyanide ions, operating through
an acid-base anion sensing mechanism, where CN™ acts as a base. The
system displayed altered photophysical properties in the presence of
CN, while showing no significant response to other anions like F~, Br—
and Cl™. This interaction led to a “turn-on” effect in emission intensity
and an increase in quantum yield to 29 %. Additionally, the authors
thoroughly characterized the resulting species by calculating the sta-
bility constant, determining a log K,ss value of 4.23 [12]. Similarly,
Eunhye Jeong et al. developed an ensemble system that combined an
imidazolium-bearing dansyl-derived probe with a dicynovinyl substrate.
Unlike traditional sensors, this system leverages the synergistic inter-
action between the two components to achieve selective and sensitive
“turn-on” fluorescence detection of cyanide ions. With this system, the
authors reported the formation of a supramolecular assembly upon the
introduction of cyanide, explaining the high association constants ach-
ieved (2.38 x 108 M™1). The system demonstrated exceptional sensi-
tivity with a limit of detection (LOD) of 200 nM (5.2 ppb), making it one
of the lowest LODs achieved for cyanide sensing to date [11].

Regarding fluoride ion detection, Mongkholkaew et al. developed a
biphenolic-dansyl derivative that exhibited both colorimetric and fluo-
rescence responses to fluoride ions with high selectivity over other an-
ions. 'H NMR analysis confirmed a deprotonation-based sensing
mechanism, revealing an amide proton deprotonation. The sensor
showed an association constant of 6.86 x 10° M~! and a detection limit
of 18 pM. Additionally a matrix was developed using a TLC plate and
filter paper doped with the sensor, enabling rapid on-site fluoride
detection by the naked eye [13]. Using an orcinol-dansyl derivative,
Kwanmuang et al. designed a selective fluorescence probe for fluoride
ion detection, achieving an association constant 4.5 x 10* M~! with a
1:1 stoichiometry. This study revealed that fluoride binding induces
deprotonation in the sensor, triggering internal charge transfer (ICT)
processes that significantly alter the probe’s photophysical properties
[15].

To better contextualize the current study, Table 1 summarizes
recently reported dansyl-based fluorescent probes for the detection of
CN™ and F~ anions. This comparative overview highlights detection
limits and sensing mechanisms across various solvent systems, enabling
a clearer understanding of the advantages and limitations of current
approaches.

Very recently, we have reported the synthesis and metal ion sensing
of the six dansyl derivatives (L1 to L6) included in this communication
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(Fig. 1). All of them have been comprehensively characterized in
different solvents, including DMSO, CHsCN, EtOH, THF and CHCls and
their integration into low-cost and flexible dye-doped PMMA platforms
[16]. To expand the applications, in this manuscript we have extended
the investigations on their sensing properties in solution, upon the
addition of several anions including Br~, CI", CN™ and F~, where a turn-
off emission response for CN~ and F~ was observed and elucidated. The
studies included spectrophotometric and spectrofluorimetric studies,
excited state life time measurements, and the interaction anion-probe by
thermodynamic parameters (interaction constants). To complete the
studies, compounds L1 and L4 have been explored after F~ and CN™
addition by NMR in solution. Furthermore, L4 and L6 were also studied
by LC-MS analysis to further elucidate their binding profiles with CN™
and F.

2. Experimental section
2.1. Materials and methods

Reagents and solvents required for the photophysical experiments:
acetonitrile (CH3CN) (Merck Millipore, Darmstadt, Germany, 99.5 %,
CAS 75-05-8); chloroform (CHCl3) (Honeywell, Minneapolis, MN, USA,
99.0-99.4 %, CAS 67-66-3); diemthylsulfoxyde (DMSO) (Honeywell,
99.5 %, CAS 67-68-5); ethanol (EtOH) (Honeywell, 99.9 %, CAS 64-17-
5); tetrahydrofuran (THF) (PanReac, Barcelona, Spain, 99.0 %, CAS 109-
99-9); acetone (Honeywell, 99.5 %, 67-64-1); LUDOX® AS-30 colloidal
silica (SiO,, Sigma-Aldrich, 30 wt.% suspension in water, CAS 7631-86-
9); Acridine Yellow G (Sigma-Aldrich, St, Louis, MO, USA, CAS 135-49-
9); HoO (Milli-Q ultrapure); Tetrabutylammonium bromide (Sigma-
Aldrich, St, Louis, Mo, USA, CAS 1643-19-2); Tetrabutylammonium
chlorine (Sigma-Aldrich, St, Louis, Mo, USA, CAS 1112-67-0); Tetrabu-
tylammonium cyanide (Sigma-Aldrich, St, Louis, Mo, USA, CAS 10442-
39-4); Tetrabutylammonium fluoride (Sigma-Aldrich, St, Louis, Mo,
USA, CAS 22206-57-1).

The absorption spectra were recorded on a JASCO V-650 UV-Vis
Spectrophotometer, and the fluorescence emission spectra on a Horiba
Jobin-Yvon Scientific Fluoromax-4, using slit widths of 2 nm for every
measurement. A correction for the absorbed light was performed when
necessary. Lifetime studies were carried out on TemPro, Deltahub
Nanoled of Horiba Jobin-Yvon, with a 390 nm Nanoled. All spectro-
scopic studies were performed using quartz cuvettes with a 10 mm op-
tical path length. All analytical instruments were provided by
PROTEOMASS-BIOSCOPE facility.

High-resolution mass spectrometry (HRMS) analyses were carried
out at the Laboratory for Biological Mass Spectrometry — Isabel Moura
(PROTEOMASS Scientific Society Facility) using an ultra-high-
resolution ESI-Qg@-TOF Impact HD mass spectrometer (Bruker Dal-
tonics, Bremen, Germany). The compounds were dissolved in acetoni-
trile to a final concentration of 0.1 pg/mL and introduced by direct
infusion into the electrospray ionization (ESI) source, operating in
positive ion mode. Data were acquired in Multiple Reaction Monitoring

Table 1
Summary of dansyl-based fluorescent sensors for fluoride and cyanide detection.
Ref. Probe type/Structure Target Solvent Mechanism LOD
Anion
Jeong et al. 2019 [11] Dansyl-imidazolium/dicyanovinyl CN™ HEPES: DMSO Supramolecular assembly 200 nM
ensemble (2:8)
Duarte et al. [12] Dansyl-acridine conjugate CN™ CH3CN Acid-base (acridine deprotonation) iz)torte d
M(E?E;(holkaew etal. 2021 Biphenyl-dansyl derivative F~ DMSO Acid-base (amide deprotonation) 18 yM
Miao et al. 2004 [14] Peptido-calix[4]arene bearing four dansyl F~ CH3CN H-bonding/interactions Not
groups reported
Kwanmuang et al. 2019 [15] Orcinol-dansyl derivative F- DMSO Internal Ch'arge Transfer (ICT) via OH Not
deprotonation reported
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Fig. 1. Molecular structures of the dansyl-derived compounds L1-L6 under investigation.

(MRM) mode, targeting specific precursor ions across the m/z range of
80-1300. The collision energy in the collision cell was maintained at 1
eV to minimize fragmentation and preserve intact precursor ions. In-
strument settings were as follows: capillary voltage 4500 V, end plate
offset —500 V, charging voltage 2000 V, corona current 4000 nA,
nebulizer gas pressure 0.4 bar, dry gas flow 4.0 L/min, and drying
temperature 180 °C.

2.2. Spectrophotometric and spectrofluorimetric measurements

The spectroscopic characterizations and titrations were performed
using stock solutions of the compounds (ca. 1073 M), prepared by dis-
solving the appropriate amounts of each compound L1-L6 in acetoni-
trile, chloroform, dimethyl sulfoxide, tetrahydrofuran, and ethanol. The
studied solutions were prepared by appropriate dilution of the stock
solutions up to 107°-107® M. Titrations of compounds L1-L6 were
carried out in acetonitrile by the addition of microliter amounts of
standard anion solutions of Br~, CI, CN~ and F~ in acetonitrile. The
complexation constants for the interaction of ligands L1 to L6 in the
presence of CN™ and F~ ions were calculated using the HypSpec software
[17]. Luminescence quantum yield of compounds L1-L6 was measured
using a solution of Acridine Yellow [¢ = 0.37] [18,19] in ethanol as a
standard. All measurements were performed at 298.0 K at the
BIOSCOPE-PROTEOMASS facilities, LAQV-REQUIMTE.

2.3. Determination of the detection and quantification limits

Determination of the detection limit (LOD) and quantification limit
(LOQ) began with ten independent measurements of a solution con-
taining the selected probe, without the addition of any analyte (referred
to as yblank). The LOD and LOQ were then calculated using the
following standard formulas [20,21].

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

e LOQ = yq = yblank +10std, where yq; = signal detection limit and
std. = standard deviation.

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

2.4. NMR studies

The chemical identities of all free ligands and after the additions of
tetrabutylammonium cyanide and tetrabutylammonium fluoride
respectively, were confirmed by a combination of 'H NMR, '3C NMR,
DEPT-135, 2D-COSY, 2D-HSQC, 2D-HMBC, and 2D-NOESY NMR spec-
troscopic techniques. Utilizing 5 mm tubes on a Bruker Avance II+ 600

and a Bruker AVANCE NEO 400 MHz spectrometers (Institute of Organic
Chemistry with Centre of Phytochemistry-Bulgarian Academy of Sci-
ences/NMR Centre), the 'H NMR and '3C NMR spectra were acquired in
CD3CN at 293.0 K, with spectrometer operating frequencies of 600.13/
400.13 MHz and 150.92 MHz, respectively. The 'H NMR and '3C NMR
spectra were standardized to the tetramethylsilane (TMS) signal, § =
0.00 ppm. Chemical changes were quantified with a precision of 0.01
ppm (ppm). The coupling constants (J) were given with an accuracy of
0.1 Hz. The spin multiplicity in the 'H NMR is represented by the
following abbreviations: s = singlet, d = doublet, t = triplet, q = quartet,
dd = doublet of doublets, dt = doublet of triplets, td = triplet of dou-
blets, and m = multiplet. MestreNova v. 15.0 from Mestrelab Research S.
L. was utilized to process the raw NMR data files.

3. Results and discussion

The sensorial ability of dansyl derivatives L1-L6 towards Br , Cl°,
CN™ and F~ ions in acetonitrile was evaluated by titrating the free li-
gands with small aliquots of the corresponding anions. The absorption
and emission spectra were recorded at 298.0 K until stabilization,
revealing that all derivatives detect only CN™ and F~ except L1, which
responds solely to F~ (Fig. 2).

As the spectral behavior was similar between ligands, L4 was
selected as a representative example. Titrations with the other ligands
are presented in Supplementary Material (Figs. S2-S11). Fig. 2 displays
the absorption and emission changes, respectively, upon incremental
addition of CN™ and F~ in acetonitrile. As the concentration of CN™ or F~
increases, the 307 nm (CN™) and 303 nm (F) absorption bands grow,
while the 375 nm and 378 nm bands diminish slightly; simultaneously,
emission at 520 nm (CN™) and 531 nm (F") is progressively quenched.

To further elucidate these ligand-anion interactions and quantify
their binding strengths, we determined the stability constants using the
HypSpec program [17]. Furthermore, the determination of the detection
and quantification limit parameters of both compounds towards both
has been fulfilled. The association constants, LOD and LOQ are included
in Table 2. The stability constants indicate the formation of mono-
nuclear species for CN™ and F~ in all cases, with L4 presenting the
highest association constants for F~ and CN~, with values of Log Kyss =
5.66 + 0.01 and 6.37 + 0.01, respectively. The lowest detectable and
quantifiable amounts were determined for L2 and L4 (2.0 pM and 4.0
pM).

To explore solvent effects on sensing behavior, additional titration
studies were performed for the ligands with higher binding constants, L4
and L6, in CHCls, THF, EtOH and DMSO, which yielded consistent re-
sults between the two ligands (Figs. S12-S13). In THF, a response similar
to that observed in acetonitrile was recorded with full quenching at 2
equivalents. However, in the other solvents, complete emission
quenching was only observed upon addition of 10 equivalents of the
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Fig. 2. (A) Maximum emission intensities of L4 after the addition of 1.00, 2.00, and 10.00 equivalents of Br—, CI~, CN~ and F~. Spectrophotometric and spectro-
fluorometric titrations of dansyl derivative L4 with increased additions of CN™ (B), and F~ (C) in CH3CN. The inset represents the emission intensity as a function of
[CN™1/[L4] and [F~]/[L4] respectively. [L4] = 20 pM, AexcL4 = 337 nm, T = 298.0 K).

Table 2
Stability association constants and limits of detection and quantification in
acetonitrile at room temperature.

Compounds  Anion Association constants L: LOD LOQ
(A) (LogKass) A (uM) (M)

L1 F 3.66 + 0.01 11 80 240

L2 F 4.49 + 0.01 11 4 8
CN™ 4.79 £ 0.01 1:1 2 4

13 F 4.14 £ 0.01 1:1 8 16
CN™ 4.60 = 0.01 1:1 3

L4 F- 5.66 + 0.01 11 4 8
CN™ 6.37 £ 0.01 1:1 2 4

L5 F 4.04 £ 0.01 1:1 12 16
CN™ 4.91 + 0.01 1:1

L6 F 5.36 £ 0.01 1:1 6 14
CN™ 5.76 + 0.02 11 4

anion.

From L1 to L3, each receptor presents only a single N—H proton,
which limits the density of hydrogen-bond donors, resulting in compa-
rably low association constants. In contrast, L4 to L6 incorporate two or
three N—H sites and are linked via a flexible —CHy— spacer. This
combination not only increases the number of potential binding sites for
cyanide and fluoride but also enhances conformational flexibility,
facilitating the anion access and thereby increasing their overall binding
constants. Comparing L4 to L6, the results suggest that the NH-bearing

moiety modulates the acidity of the NH protons, and consequently af-
fects the binding affinity for CN™ and F~. Sulfonamide L4 exhibits the
highest association constants due to its —SO—NH— unit that is strongly
electron-withdrawing, lowering the N—H pKa. In L6, the amide group
still withdraws electron density and supports hydrogen bonding, but to a
lesser degree than the sulfonyl group. By contrast, thiourea L5 exhibits
the lowest association constants among the group. Although its NH
protons are intrinsically strong hydrogen-bond donors, in our system
they could be prone to intramolecular hydrogen bonding, raising the
N—H pKas and hindering the deprotonation.

The proposed mechanism underlying the detection of these anions
involves a deprotonation, where primarily the anions function as a base,
deprotonating the amine groups in the molecule. This hypothesis aligns
with the observed results, where the constant is consistently higher for
the CN™ compared to the F~, attributed to the cyanide ion being a
stronger base. This is further supported by detailed NMR studies of L4,
where the addition of 1 equivalent of CN™ led to the disappearance of
the NH proton signals at 6.08 ppm (amide) and 7.88 ppm (sulfonamide),
as well as the conversion of the benzyl CHz doublet at 3.91 ppm into a
singlet at 3.95 ppm (Fig. 3). In contrast, F~ required up to 10 equivalents
to induce similar spectral changes, suggesting a weaker interaction. No
new signals appeared in the !°F NMR spectrum, confirming that no
covalent C—F bonds are formed, however the NH resonances shift upon
addition of CN™ or F~. To confirm ligand-anion binding, LC-MS ana-
lyses of L4 and L6 after treatment with CN™ and F~ (Figs. S14-S19)
revealed new peaks corresponding exclusively to 1:1 ligand-anion ad-
ducts, with no evidence of higher-order species, thus providing evidence
of 1:1 complex formation. Together, these results confirm that CN™ and
F~ act as bases in a deprotonation-driven sensing mechanism, with CN™~
acting more strongly, which is consistent with its higher binding con-
stant in all the ligands.
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Fig. 3. Stacked 'H NMR spectra of L4 at increasing concentrations of CN~ in CD3CN.

4. Conclusions

The anion-sensing behavior of the dansyl-based ligands L1-L6 were
investigated in acetonitrile towards Br~, CI”, CN~ and F~. The spec-
troscopic titrations revealed, that all ligands selectively respond to CN™
and F~, with L1 exhibiting exclusive sensitivity to F~. Solvent-variation
studies on L4 and L6 in THF, EtOH, CHCl3 and DMSO demonstrated
behavior consistent to that in acetonitrile. Among the studied de-
rivatives, L4 exhibits the strongest interaction with both anions, as
confirmed by a combination of UV-Vis and fluorescence spectroscopy,
stability constant analysis, LOD/LOQ determination, NMR techniques
and LC-MS studies. The observed spectral changes along with the NMR
and LC-MS evidence support a deprotonation-driven sensing mecha-
nism, where CN™ acts as a stronger base than F~, consistent with its
higher binding affinity, leading to a 1:1 ligand-anion binding stoichi-
ometry. In comparison with the reported dansyl-based probes summa-
rized in Table 1, L4 provides a versatile and sensitive system, enabling
dual CN"/F~ detection with low limits of 2 pM and 4 uM, respectively,
through a deprotonation-driven turn-off mechanism, while maintaining
consistent performance across five common organic solvents. These
findings highlight the potential of dansyl derivatives as selective and
responsive fluorescent probes for basic anions in organic media,
particularly for cyanide detection.
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