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Highlights

e Chromofluorescent coumarin functionalized salicylidene based probes were synthesized

e Probes detect fluoride ion in organic medium and cyanide ion in aqueous medium

e Detection of fluoride and cyanide ion was achieved both by visible and fluorescence colour
change

e Detection limit of fluoride and cyanide ion were at submicromolar and micromolar level

e Cyanide ion can be detected in tap water sample at micromolar level via colour and

fluorescence change.



Abstract:

Two chromofluorescent coumarin-functionalized salicylidene based probes (3a and 3b)
have been synthesized and evaluated for selective detection of fluoride and cyanide ions.
Probes 3a and 3b selectively detect fluoride ions in acetonitrile medium via H-bond
interaction and subsequent deprotonation to elicit a distinct visual colour change from
colourless to deep red with a significant enhancement in their emission intensity to “turn
on” a yellow fluorescence. In addition, probe 3a could optically discriminate the presence
of cyanide ions over other anions by a colour change from colourless to deep yellow with
an enhancement of green fluorescence in aqueous-acetonitrile medium (1:1 v/v). Job’s
plot experiments revealed a 1:2 binding stoichiometry between the probes and fluoride or
cyanide ions. A detailed analysis of the binding characteristics of probe 3a with fluoride
and cyanide ions have been further carried out by 'H NMR titration studies which
indicates a good correlation between colorimetric, UV-visible and *H NMR observations.
These experimental results were further corroborated from the theoretical models using

guantum chemical calculations.

Keywords: Optical sensing, Fluoride ion, Cyanide ion, Chromofluorescent, Organic medium,

Aqueous medium

1. Introduction:

Developing specific probes for the solution-based analysis of anionic analytes and
mixtures is a challenging task [1-6]. Amongst the various anionic analytes, the detection
of biologically and environmentally relevant fluoride and cyanide ions is of most
significant [7-9] because the excess use of fluoride can cause dental and skeletal fluorosis
while its deficiency can cause osteoporosis in human beings [10, 11]. Similarly cyanide
ion plays important roles in many chemical and industrial processes, such as
electroplating, plastic manufacturing, gold extraction, tanning, and metallurgy but at the
same time it is highly lethal to human health even at a very small concentration due to its
strong interaction with the active site of cytochrome-oxidase [12, 13]. Therefore sensing

of fluoride and cyanide ions in micro molar concentrations in chemical, biological and
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environmental samples is utmost important. Although several methods, including atomic
absorption, electrochemical, voltammetric, potentiometric and ion-exchange
chromatography techniques have been explored [14-21] but these practices do not offer a

cost-effective, rapid and real time-monitoring system for fluoride and cyanide ions.

In this regard the optical chemosensors possessing a chromophoric group are emerged as
a powerful tool for the sensing of fluoride and cyanide ions [22, 23]. Majority of these
probes are neutral in nature containing acidic hydrogen (-NH or —OH) which binds with
the fluoride and cyanide ions through hydrogen bonding and subsequently led to colour
and/or fluorescence change in the probe solution through a perturbation in their photo
physical properties [24-30]. However in the nonpolar aprotic medium there exists an
unsolicited interference between fluoride and cyanide ions because of their strong
hydrogen bonding ability that ultimately hamper the selectivity in the detection process.
This challenge was successfully overcome by using a polar aqueous medium where
cyanide ion interacts more preferentially over fluoride ion because of its stronger
nucleophilic nature and lower heat of hydration [31]. Therefore modulating the polarity of the
sensing medium one can achieve the selective detection of fluoride and cyanide ions in a
competitive environment [32, 33]. Moreover sensing of anions in an aqueous environment
would pave the way in real time analysis of anions in biological and environmental
samples where water is a worth solvent [34, 35]. Based on this concept few reports have
been published on selective fluoride and cyanide sensors [36-42], but none of them have
reported an optical discrimination in the sensing of fluoride and cyanide ions via a dual

mode comprise of chromogenic as well as fluorogenic changes.

Recently salicylidine Schiff base derivatives have been emerging as a potential candidate
for anion sensors [39, 43-50]. The uniqueness of this molecule is the presence of phenolic
OH proton which can act as hydrogen bond donor for anionic species and the azomethine
linkage that facilitates to undergo addition type reaction by a nucleophilic anion. Further,
the conjugation of the azomethine bond to a chromogenic and/or fluorogenic moiety
would provide a photophysical response through efficient charge transfer during anion
interaction. It is therefore envisaged that the attachment of a salicylidine unit with a
coumarin derivative can lead up to the development of dual mode sensor where the anion
interaction may trigger a colour and fluorescence change in the sensor medium. With this

vision and in continuation to our efforts towards the development of chromofluoroscent
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anion sensors [51], we have designed and synthesized two coumarin-thiazolyl
functionalized salicylidine probes 3a and 3b by simple condensation reactions in high
yields. These probes have demonstrated the dual mode detection of fluoride and cyanide
ions selectively through an instant visual colour change and fluorescent ‘“‘turn-on”
behavior in organic and agueous medium respectively. Moreover the binding constants and
fluorescence enhancement ratios of probe 3a and 3b towards fluoride and cyanide ions were
found to be higher than the salicylidine based fluoride and cyanide sensors reported recently [39,
43-45, 48, 50] and exhibit a high level of sensitivity at submicromolar and micromolar

concentrations of fluoride and cyanide ions in organic and aqueous medium respectively.

2. Experimental
2.1. Materials

All solvents and reagents (analytical grade and spectroscopic grade) were obtained
from Merck (India) and Spectrochem Pvt. Limited (India) and were used without further
purification. The required starting materials 3-(2-bromoacetyl)-2H-chromen-2-one (1a),
2-(2-bromoacetyl)-3H-benzo[flchromen-3-one (1b) were prepared according to the
literature procedures published earlier [52]. The anions such as F, CI', Br’, I', HoPO4", HSO4
and AcO™ were used in form of their tetrabutylammonium (TBA) salts whereas CN™ was
used as KCN salt to study the anion binding properties of probe 3a and 3b. All the
binding studies carried out in acetonitrile solvent were denoted as organic medium
whereas studies carried out in water-acetonitrile (1:1 v/v) mixture solvent were denoted as
aqueous medium. 1 mM stock solutions of probe 3a and 3b were prepared in UV-grade
acetonitrile solvent and were subsequently used for preparation of lower concentrations of
the probe solutions through appropriate dilution. The various equivalents of guest anions
were added from the stock solutions varying from 1073 to 10 M prepared in organic and
aqueous medium. For cyanide ion binding studies in organic medium stock solutions of
KCN varying from 102 to 10 M were prepared in UV-grade DMSO while for studies in
aqueous medium, stock solutions of KCN varying from 1072 to 10* M were prepared in
Milli-Q water.

2.2. General methods



'H NMR was recorded on an Avance I11-400 MHz Bruker spectrometer. Chemical shifts
are reported in parts per million from tetramethylsilane with the solvent (DMSO-de: 2.5
ppm) resonance as the internal standard. Data are reported as follows: chemical shifts,
multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), coupling constant
(Hz).:3C NMR (100 MHz) spectra were recorded on an Avance 111-400 MHz Bruker
spectrometer in proton decoupling mode. Chemical shifts are reported in ppm from
tetramethylsilane with the solvent resonance as the internal standard (DMSO-ds: 39.51
ppm). UV-visible absorption spectra were recorded on a Shimadzu UV-2450
spectrophotometer. Fluorescence emission spectra were recorded on a Hitachi F-7000
fluorescence spectrophotometer. FT-IR spectra were recorded on a Perkin Elmer RXI
spectrometer. pH readings were measured on UTECH CON-700 digital pH meter.
Chromatographic purification was done using 60-120 mesh silica gels (Merck). For

reaction monitoring, manually coated silica gel-60 TLC plates were used.

2.3. Synthesis of the probe
2.3.1. General procedure for synthesis of precursor 2a-2b

Solid thiourea (0.456 gm, 2 mmol) was added gradually over three times to a hot (60 C) solution
of 3-bromoacetyl coumarin derivative 1a (0.534 gm, 2 mmol) or 1b (0.634 gm, 2 mmol) in
ethanol (25 mL) under stirring condition. Initially the solution looked turbid and the solution
became clear after complete addition of thiourea. On cooling the reaction mixture to room
temperature after 30 min. some crystals were deposited from the reaction mixture which was
filtered, washed with cold ethanol and then boiled with water containing 0.3 gm of sodium
acetate for 10 mins. The boiling mixture was then allowed to cool to room temperature and the
solid product obtained was filtered and then washed with cold water for several times to remove
the excess sodium acetate and thiourea if present. Then the products 2a and 2b were
recrystallized from ethanol and glacial acetic acid respectively to get the desired compounds as
needle like crystals in good yields after drying in vacuum (2a = 85 %, light green colour and 2b

=86 %, light yellow colour).
3-(2-aminothiazol-4-yl)-2H-chromen-2-one (2a)

M.P. = 224°C. 'H NMR (400 MHz, DMSO-ds) & (ppm) = 7.15 (2H, s, NH,, D20 exchangeable),
7.34 (1H, t, J = 5.6 Hz, Ar-H), 7.40 (1H, d, J = 6.4 Hz, Ar-H), 7.50 (1H, s, thiazolyl-H), 7.57
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(1H, t, J = 6.0 Hz, Ar-H), 7.79 (1H, d, J = 6.4 Hz, Ar-H), 8.49 (1H, s, coumarinyl-H). $3C NMR
(100 MHz, DMSO-dgs) & (ppm) = 108.7, 115.8, 119.3, 120.4, 124.7, 128.6, 131.4, 138.1, 143.3,
152.1, 158.8, 167.4. 3C-dept-135 (DMSO-ds) & (ppm) = 109.2, 116.2, 125.1, 129.1, 131.9,
138.5. FT-IR (KBr) v (cm™) = 3381, 3153, 1697, 1643, 1604, 1537, 1450, 1379, 1323, 1267,
1178, 1101, 1006, 923. UV-visible (acetonitrile, 50 pM) = Amax (NM) 372 (n-1*).

2-(2-aminothiazol-4-yl)-3H-benzo[f]Jchromen-3-one (2b)

M.P. =256 ‘C. 'H NMR (400 MHz, DMSO-ds) & (ppm) = 7.31 (2H, s, NH>, DO exchangeable),
7.56-7.65 (2H, m, Ar-H), 7.76 (1H, t, J = 6 Hz, Ar-H), 8.00 (1H, s, thiazolyl-H), 8.05 (1H, d, J =
6.4 Hz, Ar-H), 8.15 (1H, d, J = 7.2 Hz, Ar-H), 8.31 (1H, d, J = 6.8 Hz, Ar-H), 9.21 (1H, s,
coumarinyl-H). *C NMR (100 MHz, DMSO-ds) & (ppm) = 108.8, 113.0, 114.0, 116.4, 119.5,
121.5, 126.1, 128.6, 129.1, 130.0, 132.7, 133.5, 151.7, 158.7. 167.6. FT-IR (KBr) v (cm™) =
3369, 3043, 1730, 1710, 1680, 1620, 1597, 1550, 1462, 1392, 1344, 1263, 1219, 1165, 1029,
970. UV-visible (acetonitrile, 50 pM) = Amax (NmM) 383 (n-7*).

2.3.2. General procedure for synthesis of probes 3a-3b

A solution of salicyladehyde (0.305 gm, 2.5 mmol) in ethanol (5 mL) was added slowly in
dropwise manner over 15 minutes to the amino-thiazolyl derivative 2a (0.488 gm, 2.0 mmol) or
2b (0.588 gm, 2.0 mmol) dissolved in 30 mL ethanol under reflux condition. Then the solution
was allowed to reflux for 8 h with stirring till complete precipitation is formed. The precipitate
obtained was then filtered under hot condition and washed with hot ethanol for several times to
remove the unreacted salicyladehyde. The solid product obtained was dried in vacuum to get the

pure compound 3a or 3b as yellow colour powder in quantitative yields (3a = 92 %, 3b = 85 %).
3-(2-(2-hydroxybenzylideneamino)thiazol-4-yl)-2H-chromen-2-one (3a)

M.P. =230 C. *H NMR (400 MHz, DMSO-ds) & (ppm) = 7.00 (2H, m, Ar-H), 7.40 (1H,t, J = 8
Hz, Ar-H), 7.47 (2H, m, Ar-H), 7.64 (1H, t, J = 8 Hz, Ar-H), 7.90 (1H, d, J = 8.0 Hz, Ar-H),
7.97 (1H, d, J = 8 Hz, Ar-H), 8.37 (1H, s, coumarinyl-H), 8.88 (1H, s, thiozolyl-H), 9.38 (1H, s,
aldimine-H), 11.53 (1H, s, Ar-OH, D20 exchangeable). *C NMR (100 MHz, DMSO-dg) & (ppm)
= 115.9, 116.9, 119.1, 119.5, 119.8, 120.0, 124.8, 129.1, 131.1, 132.1, 135.2, 139.8, 145.7,
152.6, 158.8, 160.3, 164.3, 170.4. FT-IR (KBr) v (cm™) = 3132, 3041, 1735 (>C=0), 1724,
1625, 1610 (>C=N), 1571, 1508, 1475, 1367, 1288, 1170, 1095, 1016, 904. UV-visible



(acetonitrile, 50 uM) = Amax(nm) 346, 378 (n-n*). Fluorescence emission (acetonitrile, 50 uM)
dem = 535 nm at Aex 375 nm.
2-(2-(2-hydroxybenzylideneamino)thiazol-4-yl)-3H-benzo[f]chromen-3-one (3b)

M.P. = 285°C. *H NMR (400 MHz, DMSO-ds) & (ppm) = 6.96 (2H, br d, Ar-H), 7.28 (2H, br s,
Ar-H), 7.51-7.79 (3H, m, Ar-H), 8.08-8.32 (3H, m, Ar-H), 9.22 (1H, s, coumarinyl-H), 10.26
(1H, s, thiozolyl-H), 10.72 (1H, s, aldimine-H), 11.65 (1H, s, Ar-OH, D20 exchangeable). *C
NMR (100 MHz, DMSO-ds) & (ppm) = 108.8, 113.2, 116.4, 117.2, 119.5, 119.7, 121.5, 122.3,
126.1, 128.5, 128.6, 129.1, 129.2, 130.0, 132.6, 133.4, 136.4, 143.5, 151.7, 158.7, 160.7, 167.6.
FT-IR (KBr) v (cm™) = 3498, 3441, 1720 (>C=0), 1602 (>C=N), 1562, 1502, 1282, 1211, 1192,
1170, 1151, 1076, 908. UV-visible (acetonitrile, 50 uM) = Amax(nm) 386 (n-n*). Fluorescence
emission (acetonitrile, 50 pM) Aem = 540 NmM at Aex 375 nm.

2.4. UV-visible study of the probes with anions

For UV-visible experiments 50 uM concentration of 3a and 3b were prepared from their
stock solutions (1 mM). Anion selectivity study was conducted by addition of 10
equivalents of various anions individually to 50 uM solution of 3a and 3b in organic and
aqueous medium and measuring their absorbance values from 270 to 700 nm. UV-visible
titration experiments were carried by gradual addition of various equivalents of the
respective anion through a micro pipette to a 2 mL (50 uM) solution of 3a and 3b in a

cuvette in organic and aqueous medium and the absorption spectra were recorded.

2.5. Fluorescence study of the probes with anions

For fluorescence measurements 50 uM concentration of 3a and 3b were prepared from
their stock solutions (1 mM). The emission spectra were recorded from 390 to 650 nm with a
slit-width of 5 mm by exciting the probes at 375 nm throughout all the fluorescence spectral
analysis. Anion selectivity study was conducted by addition of 10 equivalents of various
anions individually to 50 uM solution of 3a and 3b in organic and aqueous medium.
Fluorescence titration experiments were carried by gradual addition of various
equivalents of the respective anion through a micro pipette to a 2 mL (50 uM) solution of
3a and 3b in a cuvette in organic and aqueous medium and the emission spectra were

recorded.



2.6. NMR titraion experiments

A 5 mM solution of probe 3a was prepared in DMSO-ds. To a 0.5 mL of probe solution, various
equivalents of tetrabutylammonium fluoride (from a stock of 10 mM in DMSO-ds) and
potassium cyanide (from a stock of 10 mM in DMSO-ds or 10 mM in water) were added to an

NMR tube through a micro pipette and the spectra were recorded.
2.7. Computational calculations

All quantum chemical calculations were carried out by using the TURBOMOLE program suite
[53]. The single point geometry optimizations and frontier molecular orbital properties of the
concerned molecules at acetonitrile solvent phase (¢ = 37.5) were carried out by employing
Density Functional Theory [54, 55] at B3LYP[56]/TZVP[57] level of theory taking the
advantage of the RI [58, 59] approximation which yields an acceleration by a factor of 5-10 [60].

3. Results and Discussion:

3.1. Synthesis and characterization of probe 3a-b

The synthesis of probes 3a-b could be achieved through facile synthetic protocols as depicted in
Scheme 1 and Figure S1. Reaction of 1a-b with thiourea in presence of sodium acetate in ethanol
at 60°C afforded the thiazolyl-coumarin derivatives 2a-b [52]. Condensation reaction of 2a-b
with salicyladehyde in ethanol under reflux condition produced the thiazolyl-coumarin-
salicylidene probes 3a-b in quantitative yields. The spectroscopic analysis of 2a-b and 3a-b were
consistent with their indicated structures (Figures S2-S13, Supporting information). For instance
the *H NMR spectra of 3a exhibited a singlet at a most downfield region of 11.53 ppm which
could be attributed to phenolic —OH proton that disappeared upon addition of D2O. In probe 3b
the corresponding —OH signal disappeared at 11.65 ppm on D.O addition. 3a exhibited three
D20 non-exchangeable singlets at 9.38, 8.88 and 8.37 ppm integrating to one proton each which
could be assigned to aldimine (-CH=N-), thiozolyl (-CH=) and coumarinyl (—-CH=) protons
respectively while probe 3b correspondingly showed the same set of DO non-exchangeable
singlets at 10.72, 10.26 and 9.22 ppm. The aromatic proton signals of 3a and 3b appeared in the
range of 6.96-8.32 ppm. The 3C NMR signals at 170.4 and 167.6 ppm respectively in 3a and 3b
could be attributed to the thiazolyl (-S—CH=N-) carbon while the signals at 160.3 and 160.7

could be correspondingly assigned to the aldimine (-CH=N-) carbon in 3a and 3b which evident
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the formation of thiazolyl-coumarin conjugated salicylidene probes. The FT-IR spectrum
exhibited sharp peaks at 1735 and 1610 cm™ in 3a and 1720 and 1602 cm™ in 3b which could be
attributed to the stretching frequencies of C=0 and C=N bonds respectively.

3.2. Anion interaction study of probe 3a-b by colorimetric analysis in organic and

aqueous medium

The visual response of probe 3a-b against various anions (such as F-, CI', Br, I, HoPO4, HSO4',
AcO™ and CN") was first monitored through colorimetric analysis in organic (acetonitrile, ACN)
medium. It was found that the probe 3a exhibited a prominent and instant colour change from
colourless to deep red only with fluoride ions while no significant colour response was observed
on treatment with CI", Br, I, H2PO4 and HSO4 ions under analogous condition (Figure 1a).
Similarly probe 3b showed a prominent colour change from colourless to red only in presence of
fluoride ions (Figure S14, Supporting information). On the other hand interaction of 3a and 3b
with AcO™ and CN- ions exhibited a faint colour change in comparison to that observed with
fluoride ions (Figure 1 and Figure S14, Supporting information). When a similar set of
colorimetric analysis was carried out in aqueous medium (H20-ACN, 1:1 v/v), it was
interesting to note that the probe 3a exhibited a instantaneous colour change from colourless to
deep yellow only with cyanide ions while no optical response was observed on treatment with F-,
Cl, Br, I, Ho:PO4', HSO47, AcO" ions as shown in Figure 1b.

Moreover the colorimetric analysis of the interaction of 3a with CN™ions was tested in different
percentage of aqueous acetonitrile mixture ranging from 95/5 to 5/95 (ACN-H20 v/v) which
exhibited that the detection of cyanide ions could be possible through visual colour change in
aqueous medium as high as 50% by volume of water (Figure S15, Supporting information).
However the probe 3b exhibited poor solubility in aqueous acetonitrile mixture even at 5% by
volume of water and therefore precipitated out from the mixture solvent. As a result probe 3b

could not be employed for colorimetric testing of anions in aqueous medium.

3.3. UV-visible study of probe 3a-b with anions in organic and aqueous medium

Based on the results obtained from the colorimetric analysis, UV-visible spectroscopic
investigations of 3a-b upon interaction with fluoride and cyanide ions were performed at 50 uM

concentration. Addition of fluoride ions to 3a and 3b in organic medium exhibited a newly
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developed longer wavelength absorption peak at 491 and 494 nm respectively while no change
was observed in the UV-visible spectrum of 3a-b upon addition of CI, Br, I, Ho2PO4 and HSO4
ions as depicted in Figure 2a and Figure S16, Supporting information. On the other hand a
similar absorption band at 491 and 494 nm with low intensity was observed in the UV-visible
spectrum of 3a and 3b respectively upon addition of acetate and cyanide ions, which indicated
poor binding nature of these anions in comparison to fluoride ions (Figure 2a and Figure S16,
Supporting information). Conversely, addition of F, CI, Br,, I, H,PO4, HSO4, AcO™ and CN-
ions to 3a in aqueous medium exhibited a longer wavelength absorption peak at 460 nm only in

the presence of cyanide ions as shown in Figure 2b.

It was further observed that, gradual addition of a standard solution of fluoride ions (TBAF) to
50 uM solution of 3a and 3b in organic medium resulted in progressive increase in the
absorption peak centred at 491 and 494 nm respectively with simultaneous decrease in the
absorption band at 378 and 386 nm in the UV-visible spectra with the appearance of an isobestic
point at 421 and 428 nm respectively (Figure 3 and Figure S17, Supporting information). When
the concentration of fluoride addition approached to one equivalent with respect to 3a or 3b, a
colour change from colourless to reddish was observed in the probe solution and this colour
became deeper on further addition of fluoride ions with concomitant increase in the intensity of
absorption band at 491 or 494 nm. The observed colorimetric changes in probe solutions reached

its limiting value on addition of two equivalents of fluoride ions.

A more detail analysis of the UV-visible titration results of probe 3a and 3b indicates that the
limiting value in the absorption maxima centered at 491 and 494 nm was attained after two
equivalents of F ions. This can be accounted for by hypothesizing that the initial addition of one
equivalent of F~ ion establishes a hydrogen bond interaction with OH proton of the probe through
1:1 hydrogen bonded adduct formation. On further addition of fluoride ions beyond one
equivalent to the 1:1 complex, the first hydrogen bonded fluoride ion cooperates to bind the
second fluoride ion which led to the formation of 1:2 hydrogen bonded adduct between the probe
and fluoride ions and subsequently undergoes deprotonation just beyond two equivalent addition
of fluoride ions to form a more stable bifluoride [HF2] species [61, 62] with highest calculated
hydrogen bond energy (39 kcal mol™?) [63] as shown in Scheme 2. Experimental observations
indicate that the appearance of new absorption band at higher wavelengths (491 nm in 3a or 494
nm in 3b) during probe-fluoride interaction could be either due to the formation of hydrogen
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bonds with the phenolic —OH or its deprotonation by fluoride ions which results in a visual
colour change possibly through efficient intramolecular charge transfer (ICT) [48].

UV-visible titration experiments of probe 3a and 3b with cyanide ion (KCN in DMSO) in
organic medium (50 uM) exhibited a concurrent increase in the absorption peak at 491 and 494
nm respectively, however, with lesser intensity as shown in Figure 4a and Figure S18,
Supporting information. On the other hand, titration of cyanide ion (KCN in water) with 50 uM
solution of 3a in aqueous medium showed gradual increase of an absorption peak at 460 nm with
a visual colour change from colourless to yellow in the probe solution (Figure 4b). Analysis of
the titration profiles of cyanide ion with 3a in organic and aqueous medium indicates that the
intensity of the absorption peaks at 491 and 460 nm respectively reached the limiting value
beyond two equivalents of cyanide addition. Similarly the titration experiments of 3a and 3b
with acetate ion (TBAACcO) in organic medium showed analogous results as that of cyanide ion
with a gradual increase in the absorption peak at 491 and 494 nm respectively as shown in Figure
S19-S20, Supporting information.

The binding characteristics of probe 3a and 3b with fluoride, acetate and cyanide ions was
quantitatively analysed by Job’s continuous variation plots which revealed a maximum
absorbance at 0.33 mole fraction of probe to indicate a 1:2 binding stoichiometry for the
interaction of 3a or 3b with fluoride and cyanide ions (Figure 5-6). However, a maximum
absorbance at 0.5 mole fraction of probe was observed in presence of acetate ions which
indicated a 1:1 binding stoichiometry between the probe and acetate ions (Figure S21,
Supporting information).

The apparent binding constants (K) of 3a and 3b in the presence of fluoride, acetate and cyanide
ions were determined from the UV-visible titration data using nonlinear regression analysis and
depicted in Figure S22 (Inset of Figure 4a and 4b). From the binding constant values it was
clearly understood that the probes have more binding affinity for fluoride ion (for 3a, K =
2.0x10° and 3b, K = 1.2x10° M) than acetate and cyanide ions in organic medium while in
aqueous medium probe 3a showed high binding affinity towards the cyanide ions (K = 1.83x10°
M) than fluoride and acetate ions. This could be possible due to different hydrogen bonding
abilities of fluoride, acetate and cyanide ions in organic and aqueous medium. Moreover the

comparatively higher nucleophilicity and lower hydration energy for the cyanide ion (AHhyd =
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—67 kJ/ mol) than that of the fluoride (AHnyg = —505 kJ/mol) and acetate ion (AHnyg = —375
kJ/mol) explains the selectivity of cyanide ion towards probe 3a in aqueous medium [50, 64, 65].

3.4. Fluorescence study of probe 3a-b with anions in organic and aqueous medium

Further investigations of the binding mode of probe 3a and 3b with the anionic species was
carried out by fluorescence spectroscopic technique in a 50 M probe solution both in organic
and aqueous medium. The emission spectra were recorded from 390 to 650 nm with a slit-width
of 5 mm by exciting the probes at 375 nm throughout all the fluorescence spectral analysis. It
was observed that, addition of 10 equivalents of various anions such as F, CI-, Br, I', H2POq,
HSO4, AcO (as TBA salts) and CN" (as KCN) to 3a in organic medium resulted in an intense
emission peak at 484 nm only in presence of fluoride ions (Figure S23, Supporting information).
In a similar experiment, addition of various anions to 50 uM probe solution in aqueous medium
showed a significant increase in the fluorescence intensity at 506 nm only in the presence of
cyanide ions (Figure S24, Supporting information). This indicated that the probe is quite

selective and specific towards CN" ion in agueous medium.

A more detail understanding about the binding mode of probe 3a with anions were achieved
through fluorescence titration experiments by adding various equivalents of anions to a 50 uM
probe solution in organic and in aqueous medium. It was observed that in absence of anions the
probe exhibited an emission peak at 535 nm with a very low intensity in organic medium. On
gradual addition of fluoride ions from 0 to 5 equivalents, a hypsochromically shifted (AA = 51
nm) peak was correspondingly increased at a wavelength of 484 nm that became saturated
beyond two equivalents of fluoride ions with a fluorescence ‘turn on’ behavior through

enhancement in fluorescence intensity by 150-folds (Figure 7).

A similar titration experiment of the probe 3a in aqueous medium by incremental addition of
CN- ions showed a 37-folds increase in the fluorescence intensity of a hypsochromically shifted
(AN = 29nm) emission peak at 506 nm up to the addition of two equivalents of cyanide ion
(Figure 8).

12



These interpretation can be figure out from earlier reports which recommended that fluorescence
“turn-on” is a result of intramolecular charge transfer because of anion-probe interactions which
may suppress the n-m* transitions to facilitate the n-n* transitions mostly responsible for the
emissive behavior of the probe [66]. The fluorescence ‘turn on’ behavior exhibited by probe 3a
is highly selective for fluoride ions in organic medium and cyanide ions in aqueous medium

which were in good agreement with the UV-visible experiments.

On the other hand addition of 10 equivalents of various anions such as F, CI-, Br, I, HoPOq',
HSO4, AcO™ and CN" to 3b in organic medium resulted in an intense emission peak at 490 nm
only in presence of fluoride ions. In absence of anions the probe 3b exhibited a weak emission
peak at 540 nm in organic medium. Titration of fluoride ions from 0 to 5 equivalents with 3b
exhibited a gradual increase of a hypsochromically shifted (AA = 50nm) emission peak at 490 nm
that became saturated beyond two equivalents of fluoride ions with an enhancement in the

fluorescence intensity by 160-folds as shown in Figure 9.

The fluorescent colour changes observed for the probe 3a and 3b upon interaction with the
anionic species is shown in Figure 10 and Figure S25, Supporting information. This indicated
that both the probes exhibited a more prominent fluorescence colour change from colourless to
yellow in presence of fluoride ions. The selectivity of the fluoride ion in organic medium in
comparison to other anions for emission enhancement in 3a and 3b may be ascribed to its greater
hydrogen bonding and deprotonation ability. This finding in our case is worthy to note as it
exhibits a fluorescence “turn on” behavior in comparison to earlier reports [28-30, 67-74] which
showed fluorescence quenching rather than enhancement on fluoride binding. On the other hand
3a exhibited a significant fluorescence change from colourless to green selectively with cyanide

ions in comparison to other anions in aqueous medium (Figure 10).

3.5. Fluorescent detection limits of probe 3a towards fluoride and cyanide ions

The values of limit of detection (LOD) and limit of quantification (LOQ) of probes 3a and 3b
with Fand CN" ion were determined from the fluorescence titration experiments in organic and
aqueous medium. From the fluorescence measurements, the LOD and LOQ of the emission
changes were calculated on the basis of 3(c/K) and 10(c/K) respectively where (o) and (K)
represents the calculated standard deviation of intercepts and the slope of the emission

calibration curve respectively (Figure S26, Supporting information). The LOD values clearly
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indicate that both 3a (LOD = 0.72 uM; LOQ = 2.4 uM) and 3b (LOD = 0.46 uM; LOQ = 1.5
uM) possesses a high level of sensitivity at submicromolar concentration of fluoride ions in
organic medium while probe 3a is selectively sensitive for the detection of cyanide ions at micro
molar concentration (LOD = 2.7 uM; LOQ = 8.9 uM) in aqueous environment. Moreover the
detection limits of probes 3a and 3b are within range of the permissible limit of 1.5 mg/L and
0.07 mg/L set by World Health Organization (WHO) respectively for fluoride and cyanide ion
concentrations in drinking water [75, 76]. The binding constants, fluorescence enhancement
ratios and limit of detection (LOD) values of probe 3a and 3b towards fluoride and cyanide ions
were found to be higher than the salicylidine based fluoride and cyanide sensors reported
recently [39, 43-45, 48, 50].

3.6. pH study of probe 3a with cyanide ions in aqueous medium

We have also investigated the effect of pH on the absorption and emission response of probe 3a
and its interaction with CN" ions in a series of solutions with pH values ranging from 1 to 13 in
aqueous medium (Figure S27, Supporting information). From the UV-visible and fluorescence
measurements it was observed that the probe 3a exhibits a stable response in the pH range of 3 to
9. Below pH 3 and above pH 9 the intensity of absorption and emission maxima of the probe is
altered possibly because of protonation and deprotonation of the phenolic —OH group in a highly
acidic and basic pH respectively. Based on this observation we have examined the detection
response of 3a towards CN- ion in the pH range of 4 to 9 by UV-visible and fluorescence

analysis in aqueous medium as depicted in Figure 12.

Addition of 10 equivalents of CN" ion to the solution of 3a resulted in a colour change from
colourless to yellow and increase in the absorption band at 460 nm over the tested pH range 4 to
9. Similarly an intense and stable fluorescence of 3a-CN" complex at 506 nm was observed in the
pH range of 4 to 9. These results warrant the application of probe 3a for the colorimetric and
fluorometric detection of cyanide ions over a wide pH range of 4.0 to 9.0.

3.7. 'H NMR study of probe 3a with fluoride and cyanide ions

To further study the nature of the interaction between probe 3a with fluoride and cyanide ions,
'H NMR titration experiments were conducted in DMSO-ds at 5 mM concentration of the probe
solution. Figure 13 shows the *H NMR titration spectra of 3a in the absence and presence of
various equivalents of fluoride ions. For instance, the *H NMR spectrum of probe 3a, in the

absence of fluoride ions exhibited four singlets at 6 11.53, 9.38, 8.88, 8.37 ppm corresponding to
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one proton each which can be attributed to hydroxyl (-OH) group and proton numbers H5, H6
and H7 respectively. Addition of 0.5 equivalent of fluoride ion resulted in a colour change of the
solution from pale yellow to reddish with a significant change in the NMR spectrum. The —-OH
signal at 0 11.53 ppm became broaden while the singlets at 9.38, 8.88, 8.37 ppm corresponding
to protons H5, H6 and H7 exhibited an upfield shift. On the other hand the aromatic signals at o
7.92, 7.49 and 7.02 ppm corresponding to protons H4, H2, H1 and H3 respectively exhibited a
significant upfield shift ranging from Ad 0.36-1.11 ppm by gradual addition of fluoride ions up
to 3 equivalents. Further addition of fluoride ions beyond 3 equivalents did not exhibit any shift
in the resonance values of the proton signals of 3a. However, the aromatic signals of the
coumarin unit at ¢ 7.99, 7.66 and 7.44 ppm corresponding to protons H8, H9, H10 respectively
remain unaltered during the entire titration experiments. These observations indicates that
addition of 0.5 equivalent of fluoride ions initially form a hydrogen bonded complex with the
probe at the -OH group resulting in broadening of the signal at 11.53 ppm which subsequently
disappeared upon the addition of higher equivalents of F~ ions possibly due to deprotonation in
the -OH group. This has been confirmed by the appearance of a triplet signal at around 16 ppm
due to the formation of HF. species beyond two equivalents of fluoride ions through

deprotonation as proposed in Scheme 2.

This process of interaction of fluoride ion with probe 3a by the initial hydrogen bond formation
and subsequent deprotonation was further confirmed from the gradual upfield shift of the
aromatic signals corresponding to the salicylidene ring possibly due to increase in electron
density through charge transfer. For example, the doublet signal at 7.92 corresponding to H4
proton exhibited a gradual upfield shift of 0.36 ppm by the addition of 3 equivalents of F ions.
Interestingly the merge signal at 7.49 corresponding to H11 and H2 protons exhibited a gradual
upfield shift only in H2 signal upon the addition of various equivalents of fluoride ions while the
H11 signal of the coumarin unit remains unchanged which indicates the possible delocalization
of the electron density around the salicylidene ring on deprotonation. Similarly the merge signal
at 7.02 ppm corresponding to H1 and H3 of the salicylidene unit showed an upfield shift of A
0.85 and 1.11 ppm respectively and appeared as a doublet and triplet signal beyond 3 equivalents
of fluoride addition.

Cyanide ions are well-known to interact with a molecular system in various ways such as
through hydrogen bond formation and/or by nucleophilic addition reaction at electrophilic
carbon centers [7, 31]. Therefore, in order to get a better understanding of interaction of cyanide

ions with probe 3a, *H NMR titration experiments were conducted and showed in Figure 14.
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Like the fluoride ions, the addition of various equivalents of cyanide ions to a 5 mM solution of
3a in DMSO-ds showed a colour change from pale yellow to reddish; however it showed a
completely different pattern of titration spectra in comparison to that of fluoride ions. For
example, addition of 0.5 equivalent of cyanide ion to 3a showed broadening of the -OH signal at
11.53 ppm (data not shown) and also exhibited six prominent singlets in the NMR spectrum
along with a number of splitted signals in the upfield region (Figure 14). Further addition of
cyanide ions up to 5 equivalents gradually simplifies the spectral pattern and beyond the addition
of 3 equivalents it shows an analogous shift in protons H1, H2 and H3 as that of the fluoride
ions. However the upfield shifts exhibited by the aromatic protons H1, H2 and H3 of the
salicylidene unit are less than that observed in case of fluoride ions. On the other hand, the
singlet protons H5, H6 and H7 exhibited a more pronounced upfield shifts beyond 3 equivalents
of cyanide addition in comparison to fluoride ions. These observations indicate that the

interaction of 3a with cyanide ions is reasonably different than that with fluoride ions.

The appearance of significantly different NMR spectrum of 3a at 0.5 equivalent of cyanide ion in
comparison to fluoride ion indicates that cyanide ions could possibly interact with the probe not
only through hydrogen bond formation at the —OH group but also interact by nucleophilic
addition reaction at the azomethine (-CH°=N-) and coumarinyl (-CH’=C<) carbon centers of the
probe as evidenced in earlier reports [45, 77-78]. Therefore at lower concentration of cyanide
ions (upto 1 eqvt.) there is possibility of existence of multiple species such as hydrogen bonded
adduct (A) and nucleophilic adducts (B) and (C) along with a combination of A, B and C species
which resulted in a more complex spectral pattern than that observed in fluoride ion at lower
concentration (Scheme 3).

The formation of probe-cyanide hydrogen bonded adduct (equilibrated between species A and B)
has been confirmed by the analogous upfield shifts exhibited by the salicylidene aromatic signals
H1, H2 and H3 through gradual addition of CN" ions similar to the case of fluoride ions.
However the magnitude of upfield shift of protons H1, H2 and H3 observed in the presence of
excess of cyanide ions (5 eqvt.) (AdH1=0.58, AdH2=0.54, AdH3=0.74 in ppm) are found to be
smaller than that observed in the presence of fluoride ions (AdnH1=0.87, AdH2=0.59, AdH3=1.11 in
ppm). This clearly indicates that the flow of electron density from the -OH group towards the
salicylidene aromatic ring through charge transfer is trivial in presence of cyanide ions than that
observed with fluoride ions. This is possibly because of poor basicity of cyanide ion which can
strongly polarize the H-O bond through hydrogen bonding but could not induced a complete

deprotonation of -OH group even at higher concentration as observed in presence of excess
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fluoride ions. This result was in good agreement with the colorimetric and UV-visible
spectroscopic studies which showed a faint colour change and lower intensity absorption band in
probe 3a with cyanide ions in comparison to fluoride ions in organic medium. On the other hand
the formation of cyanide nucleophilic addition products (B) and (C) (Scheme 3) have been
confirmed by appearance of significant upfield shift in the signal of azomethine proton (H5) and
coumarinyl proton (H7) by Ad 1.77 and 2.41 ppm respectively. Moreover the upfield shift
exhibited by salicylidene aromatic proton (H4) is more prominent in presence of cyanide ion
(AdH4=0.76 in ppm) than that observed with fluoride ion (AdH4=0.36 in ppm). This indicates that
a CN group is attached at the azomethine carbon through nucleophilic addition process which
resulted in a more upfield shift of proton H4 possibly due to shielding effect of CN group.
Finally at higher concentration of cyanide ions beyond 2 equivalents the NMR spectrum of probe

3a became simpler possibly due to the formation of one species (D) as proposed in Scheme 3.

In order to understand the binding process of cyanide ions with probe 3a in aqueous medium, we
have conducted the *H NMR titration experiments with gradual addition of various equivalents
of CN" ion from an aqueous stock solution (10 mM KCN in water) to a 5 mM probe solution in
DMSO-ds. It was observed that a colour change from pale yellow to deep yellow was obtained
with gradual upfield shifts in proton signals of H1, H2, H3 and H4 similar to that observed by
addition of cyanide ions in pure DMSO medium. However at the saturation point beyond two
equivalent additions of CN™ ions from aqueous solution, the magnitude of upfield shifts exhibited
by salicylidene protons H1, H2, H3 and H4 are found to be smaller than that observed in pure
DMSO medium (Figure S28, Supporting information). This indicates that the charge transfer
from —OH group towards the salicylidene ring is weaker in water medium than in pure DMSO
possibly because of hydration of probe-cyanide complex. This was further supported form the
colorimetric and UV-visible experiments which showed a visible colour change from colourless
to yellow in the probe solution with an absorption maxima at 460 nm by addition of cyanide ions
in aqueous medium.

3.8. Computational analysis of probe 3a with fluoride and cyanide ions

Further understanding of the photophysical properties of probe 3a and its interaction with
fluoride and cyanide ions were carried out by theoretical models using quantum chemical
calculations. The obtained optimized structures of probe 3a and its complexes with fluoride and

cyanide ions were visualized by using Gauss view programme and are shown in Figure 15.
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The optimized molecular geometry of 3a demonstrates that the N-atom of the azomethine group
interacts with phenolic OH through a six-member hydrogen bonding network with bond length
of 1.30 A of O-H'N type with heavy atom distance, 2.40 A. Further information about the
mechanism of interaction of 3a with the anions was obtained from the typical transition energy
diagram for the highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO) of the probe 3a along with its resultant complexes with fluoride and
cyanide ions as shown in Figure 16. The total energy of 3a+F (-42567.95 eV), 3a+CNat -OH (-
42375.91 eV), and 3a+CN" at -CH°=N (-42376.46 eV), 3a+CN- at -CH’=C (-42375.54 eV)
3a+2CN-" at -CH°=N and —CH’=C (-44905.39 eV) optimized complexes in DFT were found to
be lower than the total energy of the free probe (-39846.84 eV) which indicates the greater
stability of the complexes. However the calculated energy of the HOMO and LUMO levels of
the fluoride and cyanide complexes was found to be increased from that of the HOMO and
LUMO energies of the free probe (Figure 16) which can be attributed due to the distortion in the
molecular geometry and disruption in the six-member hydrogen bonding network in 3a during
the complexation process. On the other hand the results of the quantum chemical calculations
further indicates that the difference in the energy gap between the HOMO and LUMO of probe
3a was found to be larger than that of the complexes. This result was in good agreement with the

red shifts observed in the absorption spectra of probe 3a upon the addition of F- and CN" ions.

It was interesting to note that the total energy of three types of 1:1 cyanide complexes with 3a
(i.e. product A, B and C of Scheme 3) was found to be very close to each other whereas 1:2
cyanide complex (product D) exhibited a lowering in total energy and hence attain a greater
stability (Figure 15). This indicates that at lower concentration of cyanide ions (upto 1 eqvt.)
there is a strong possibility of formation of all the three products A, B and C in solution phase
while at higher concentration it led to the formation of single product D due to its enhance
stability. This result was well concordant with the *H NMR observations which showed the
formation of A, B and C complexes at lower concentration of cyanide addition while at higher
concentrations beyond 2 equivalents it ultimately resulted in the formation of D type complex
with 3a.

3.9. Practical applications of probe 3a

Considering the important applications of cyanide in industry [79], the detection of cyanide in
natural environment by visual and fluorescence method in aqueous medium by probe 3a has

been investigated. Moreover to verify the possible interference of other components and ions
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present in real samples in the detection of cyanide ion, we have taken the town supply tap water
as the medium of analysis. Different amounts of potassium cyanide were added to tap water in
order to make the final concentrations of cyanide ion between 2 to 100 uM. A 50 uM probe
solution was prepared in aqueous medium (H2O-Acetonitrile 1:1 v/v) and different
concentrations of cyanide ion in tap water were added to the probe solution. The observed visual
and fluorescence colour change was depicted in Figure 17 which indicated that the probe could
be applied for the detection of cyanide ion at micromolar range in environmental samples.

4. Conclusions

In summary, two chromofluorescent salicylidine probes 3a and 3b functionalized with thiazolyl-
coumarin derivatives have been synthesized through simple condensation reactions in
quantitative yields. Both 3a and 3b selectively recognizes fluoride ions among the other anions
through a distinct visual colour change from colourless to red with the appearance of a new
longer wavelength absorption peak at 491 and 494 nm respectively in their UV-visible spectra in
organic medium. Interestingly probe 3a could optically discriminate the presence of fluoride and
cyanide ion in organic and aqueous medium respectively through a significant colorimetric
change and fluorescence “turn-on” in the probe solution. Job’s plot analysis revealed a 1:2
binding stoichiometry between the probes and fluoride or cyanide ion while a 1:1 binding
stoichiometry was observed with acetate ion. *H NMR titration experiments of 3a with fluoride
ions further revealed a step wise binding process of F~ ion with the probe and subsequent
deprotonation of phenolic -OH group beyond two equivalents of fluoride ions. On the other hand
interaction of cyanide ion with probe 3a by hydrogen bond formation as well as nucleophilic
addition reactions were well established from the *H NMR titration experiments of 3a with
cyanide ions in organic and aqueous medium. The results obtained from the proton NMR
titration experiments were concurred with the colorimetric and UV-visible observations.
Moreover the results of the quantum chemical calculations of probe 3a in the presence of
fluoride and cyanide ion indicates a decrease in total energy and lowering of HOMO-LUMO
energy gap in probe 3a upon interaction with the anionic species which were in good agreement
with the experimental data. The detection limits of probe 3a and 3b were found to be in
submicromolar and micromolar concentrations of fluoride and cyanide ions in organic and
aqueous medium respectively which indicated their high level of sensitivity. Moreover the pH
studies suggested that 3a could detect the cyanide ions over a wide pH range of 4.0 to 9.0 via a
colorimetric and fluorescence response. Taken together, the newly synthesized probes 3a and 3b
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are extremely good candidates for sensing fluoride ion in organic medium while probe 3a could
be used for the detection of cyanide ions in aqueous medium through visual colour change and

fluorescence enhancement.
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Figure 1: Colorimetric response of probe 3a in presence of various anions. Colour changes in (a) organic
and (b) aqueous solution (50uM) with the addition of 10 equivalents of various anions.
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Figure 2: Absorption spectra of probe 3a upon addition of 10 equiv. of F, CI', Br, I', H,PO4,, HSO., AcO" and CN-
ions in (a) organic and (b) aqueous medium (50 uM).
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Figure 3: (a) UV-visible titration spectra of probe 3a (50 uM) with 0-5 equiv. of TBAF in organic medium, (b)
Change in absorbance at 378 and 491 nm with various concentrations of F~ ions.
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Figure 4: (a) UV-visible titration spectra of probe 3a (50 uM) with 0-5 equiv. of CN" ion in (a) organic, (b) aqueous

medium. Inset shows change in absorbance at 491 nm (a) and 460 nm (b) for 3a with varying conc. of CN™ ion.
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Figure 5: Job's plot for complexation of 3a (491 nm) and 3b (494 nm) with F ions determined by UV-visible

experiments in organic medium.
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Figure 6: Job's plot for complexation of 3a (491 nm) and 3b (494 nm) with CN- ions determined by UV-visible

experiments in organic medium.
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Figure 7: (a) Fluorescence titration spectra of probe 3a (50 uM) with 0-5 equiv. of TBAF in organic medium. Inset
shows change in fluorescent intensity (1/1g) at 484 nm for 3a with varying equivalents of F~ ion. Aex = 375 nm, Aem =
484 nm.
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Figure 8: Fluorescence titration spectra of probe 3a (50 uM) with 0-5 equiv. of CN- in aqueous medium. Inset
shows change in fluorescent intensity (I/1o) at 506 nm for 3a with varying equivalents of CN"ion. Aex = 375 nm, Aem
=506 nm.
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Figure 9: Fluorescence titration spectra of probe 3b (50 uM) with 0-5 equiv. of TBAF in organic medium. Inset
shows change in fluorescent intensity (1/1g) at 490 nm for 3b with varying equivalents of F ion. Aex = 375 nm, Aem =
490 nm.
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Figure 10: Fluorescent “turn on” behaviour of 3a (50 uM) for (a) fluoride ion in organic medium (b) cyanide ion in

aqueous medium over other anions (10 equivalents) under UV light (365 nm).
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Figure 12: Effect of pH on the absorbance (a) and emission (b) spectra of probe 3a (50 uM) containing 10 equiv. of
CN-ions.
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Figure 13: 'H NMR titration spectra of probe 3a (5 mM) upon addition of various equivalents of F- ion in DMSO-
de.
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Figure 14: H NMR titration spectra of the probe 3a (5 mM) upon addition of various equivalents of CN- ion in
DMSO-ds.
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Figure 15: Optimized structures of probe 3a and its complexes with fluoride and cyanide ions at the indicated
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fluorine). Eacn indicates the calculated total energy in acetonitrile solvent system.
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Scheme 3: A proposed binding mode of probe 3a in the presence of cyanide ions.
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