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Abstract. Herein we describe the synthesis and coordination properties in solution 

towards Zn2+ and Cd2+ of the ligands L1 and L2 containing the 2,8-dithia-5-aza-2,6-

pyridinophane (L) macrocyclic receptor unit and the 2-(2′-hydroxy-3′-naphthyl)-4-

methylbenzoxazole (HNBO) or 7-(2-ethylamino)-4-methylcoumarin chromophores. 

Spectrophotometric and spectrofluorimetric measurements in the UV-Visible region 

(MeCN/H2O solution 4:1 v/v) and 1H NMR measurements provided insight into the 

nature of complex species and transduction mechanisms responsible for the optical 

responses. The ligands showed an OFF-ON response upon addition of Zn2+ and Cd2+, for 

L1, and only Cd2+, for L2, in both cases attributable to the formation of 1:1 metal-to-

ligand complexes. The crystal structure of [CdL2(NO3)2] is reported, being Cd2+ 

heptacoordinated by L and NO3- anions in a N2S2O3 environment. Exploiting the 

fluorescence properties of L1 and L2, an optical sensor array was developed featuring 

PVC membranes containing the dispersed sensing material and based on the 

Photoassisted Technique (PT) for signal acquisition, which allowed a quantitative 

determination of Cd2+ in real samples (soils). All phases from the design of the 

chemosensors to the development of the sensing device are discussed. 
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Introduction 

The development of fluorescent molecular sensors for the recognition and 

sensing of heavy metal ions is a very important and active area of Supramolecular 

Chemistry having widespread applicative implications and due to their role as 

pollutants in soil, water and air [1-6]. Fluorescent chemosensors are among the 

best analytical tools for detecting and monitoring toxic heavy metal levels in 

environmental, industrial and biological samples because fluorescent 

measurements are sensitive, cheap, easy to be performed and the sample 

preparation is not disruptive offering the possibility of local observation through 

microscopy techniques. 

In particular, the development of optical methodologies based on 

fluorescent chemosensors for the selective detection, discrimination and 

quantification of metal ions such as Zn2+ [4,7-13] and Cd2+ [4,13-21] has attracted 

increasing attention. In fact, both metal ions possess a closed-shell d10 

configuration and, therefore, exhibit similar chemical properties, making their 

spectroscopic discrimination difficult. However, while Zn2+ is essential to life, Cd2+ 

is extremely toxic and carcinogenic [22]. Indeed, Zn2+ is the second most 

abundant transition metal in living organisms after iron and plays highly crucial 

roles in many biological processes, such as regulation of apoptosis, signal 

transmission, gene expression and enzyme function [23,24]. Unbalanced 

metabolism resulting from Zn2+ deficiency can  be implicated in various 

neurological dysfunctions such as Alzheimer’s disease [25], epilepsy and ischemic 

stroke [26]. Moreover Zn2+ becomes cytotoxic if assumed in large quantity, 

causing skin disease, diabetes, prostatic adenocarcinoma and pancreatic islets 

dysfunction [27]. In contrast, Cd2+ is a toxic metal ion for animals and human 

beings as it does not have a biological role in these species [22,28]. The 

mechanism of its toxicity is not understood clearly, but the effects on cells are 

known [29,30]. In human beings a high exposure to cadmium causes serious 

diseases such as renal dysfunctions and calcium metabolic disorders; moreover, 

it is classified as a human carcinogen and is associated with pulmonary, prostatic 

and renal cancer [22]. Due to the anthropogenic contamination the cadmium 

content in soils has grown significantly in the last decades [31]. The main sources 

of increasing cadmium content are the mining plants emissions, polluted sewage 



sludges, as far as deposition from the atmosphere [32,33], where cadmium 

appears from industrial and vessel emissions, and waste incineration. From soil 

cadmium can easily enter the food-chain [34]. Thus, it is highly desirable to 

develop effective methods for monitoring Cd2+ and Zn2+ levels in biological, 

environmental and industrial matrices, based on novel fluorescent molecular 

sensors able to discriminate the two metal ions at least in terms of different 

optical response determined by their presence. 

The most common fluorescent chemosensors consist of a fluorogenic 

fragment (signaling unit) covalently linked to a guest-binding site (receptor unit) 

via an appropriate spacer. An enhancement or quenching of the fluorescence 

emission of the signaling unit generally accompanies the host-guest interaction of 

the target species with the receptor unit, following the perturbation of a variety 

of photo-induced electronic processes [35-37]. 

The critical point in this “receptor-spacer-fluorophore” supramolecular 

modular synthetic scheme is the accurate choice of both the signaling and the 

receptor units, particularly if a direct interaction between the fluorophore and 

the target species is possible, in order to achieve thermodynamic/optical 

selectivity of the sensor and high sensitivity or chemosensor performance [35].  

In principle, the thermodynamic selectivity of a fluorescent chemosensor not 

necessarily entails its optical selectivity and vice-versa. However, an optical 

response selectivity shown by a chemosensor still represents a favorable 

situation for analytical applications, since analytes interfering in the binding 

process might not be present in the analyzed matrices, or only a qualitative 

response of the target species may be required. Furthermore, it is possible to gain 

also the binding selectivity for a chemosensor showing only the optical one by 

testing different media for the host-guest interaction (solutions, membranes, 

hard and soft nanoparticles), where other factors (lipophilicity of the 

chemosensor and its complexes, and their mobility) governing transport 

processes can strongly influence the binding affinity of the fluorescence 

chemosensors in a way to reach also the thermodynamic selectivity [35]. 

Based on these considerations, to easily achieve fluorescent chemosensors 

showing at least the optical selectivity for a given target metal ion, in the last 

decade we have adopted the synthetic strategy (we called “complementary”) of 



considering a predefined receptor unit and attaching to it in turn different 

fluorogenic fragments counting on a “synergic cooperation” between the two 

units of the resulting conjugated chemosensors in determining at least the optical 

selectivity. 

Among others, we have focused our attention on the macrocycle 2,8-dithia-

5-aza-2,6-pyridinophane (L) as a receptor unit, which forms stable 1:1 complexes 

with a variety of metal ions, and we have covalently linked to it different 

fluorogenic fragments as reported in Fig. 1, obtaining a different optical 

selectivity depending on the signaling unit and the experimental conditions used 

[38-45]. 

<Insert Figure 1> 

It is important to underline that no metal-selective change in the fluorescence 

emission of LA is observed in agreement with the fact that the anthracenyl moiety 

does not participate to the complexation process of the metal ion [38]. Using LD, 

an efficient new flow-injection analysis (FIA) system based on liquid–liquid 

microextraction method for the on-line separation, pre-concentration and 

fluorimetric determination of Zn2+ was developed with a detection limit of 2.4 

ng/mL [41]. In the designed FIA system, by using n-hexanol as extracting organic 

solvent and choosing the appropriate experimental conditions, the extraction of 

LD-coordinated Zn2+ becomes extremely selective also with respect to Cd2+, the 

only interfering metal in the optical response of LD towards Zn2+. On the other 

hand, LE has been used to detect Cd2+ in cells in vitro and in living cells by flow 

cytometry, being the fluorescence directly correlated with Cd2+ content in cells 

[39]. Finally, LF and LG have been used in water, to measure Hg2+ and Pd2+ levels 

[43,44], respectively, once loaded on silica core–polyethylene glycol (PEG) shell 

nanoparticles or supported on polyvinyl chloride (PVC) membranes (LF) in 

combination with familiar Photoassisted Technique (PT). 

Following our interest in developing fluorescent chemosensors able to 

perform a Zn2+/Cd2+ optical discrimination for possible analytical applications 

[45,46], herein we describe the synthesis and recognition/sensing properties in 

solution towards metal ions of the two ligands L1 and L2 containing the 2-(2'-



hydroxy-3'-naphthyl)-4-methylbenzoxazole (HNBO) and the 7-(2-ethylamino)-4-

methylcoumarin chromophores, respectively, as pendant arms (Fig. 2).  

<Insert Figure 2> 

These ligands have been used previously for the construction of an optical sensor 

array for the recognition of Cd2+ and NO2– ions in water samples [47]. Herein, 

their suitability once implemented with familiar devices for signal  acquisition 

(Light Emitting Diode, LED, as light source, and a digital camera as a signal  

detector), and chemometric methods for data treatment to perform fast and low-

cost monitoring of Cd2+, in soil samples, is also demonstrated. 

 

Experimental  

Instruments and materials  

Microanalytical data were obtained using a Thermo Finnigan Flash 1112 

EA CHN analyzer (L1) and a Fisons EA CHNS-O instrument (T = 1000 °C, L2). 

Mass spectra were acquired with a HPLC system (Waters Alliance 2795) coupled 

with a photodiode array detector (Waters 2996 PDA), followed by an 

electrospray mass spectrometer detector (ESI-MS) (Waters-Micromass ZQ) 

worked by Mass Lynx 4.1 SP4 software (L1) and with a triple quadruple QqQ 

Varian 310-MS mass spectrometer using the Atmospheric-Pressure Electrospray 

Ionization technique worked by mMass 5.5.0 software package (L2). Polyvinyl 

chloride (PVC) high molecular weight, tris(2-ethylhexyl)phosphate (TOP), bis(2-

ethylhexyl)sebacate (DOS), o-nitrophenyl octyl ether (o-NPOE), potassium 

tetrakis-(4-chlorophenyl)borate (TpClPBK), tetrahydrofuran (THF), 2-(N-

morpholino)ethanesulfonic acid (MES), 4-(2-hydroxyethyl)piperazine-1-ethane-

sulfonic acid (HEPES), tris(hydroxymethyl)aminomethane (TRIS) and 3-(N-

morpholino)propanesulfonic acid (MOPS) were purchased from Sigma-Aldrich. 

2,8-dithia-5-aza-2,6-pyridinophane (L) [38] and 7-[(2-Bromoethyl)amino]-4-

methylcoumarin [48] were prepared by published methods. THF was freshly 

distilled prior to use. All the other chemicals and solvents were of analytical 

grade and used without further purification. For spectrophotometer 

measurements, MeCN (Uvasol, Merck) and Millipore grade water were used as 

solvents.  



UV–Vis and fluorescence emission experiments  

The spectrophotometric measurements were carried out at 298.1 K using a 

Varian Cary-100 spectrophotometer equipped with a temperature control unit 

(L1) and a Thermo Nicolet Evolution 300 spectrophotometer (L2). Uncorrected 

emission spectra were obtained with a Varian Cary Eclipse fluorescence 

spectrophotometer. Luminescence quantum yields were determined using 2,2’-

biphenol in acetonitrile (Φ = 0.29)[49] and quinine sulphate in a 1 M H2SO4 

aqueous solution (Φ = 0.546) as references for L1 and L2, respectively. 

All UV–Vis and fluorescence emission measurements were performed in 

MeCN/H2O (4:1 v/v) at pH 7.4 (MOPS buffer 1.0·10–2 M) at 25 °C. Screenings with 

various metal ions were carried out by adding 1 equiv. of Mn+ (Mn+ = Cd2+, Co2+, Cu2+, 

Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+, Zn2+ and Pb2+) as their nitrate, chloride or perchlorate to a 

solution of L1 and L2 (L1 = 5.0·10–6 M, L2 = 2.5·10–5 M). All samples were stored and 

measured again after 6, 24, 48, 96 h. Spectrofluorimetric titrations of L1 and L2 with 

metal ions were performed by adding to a solution of the ligand (3 mL), buffered at pH 

7.4 with MOPS increasing volumes of a solution of the metal ions and keeping the 

solution mixed for 5 min before starting the acquisition of each spectrum. 

Ion competition studies were performed either by adding 1 equiv. of Zn2+ or Cd2+ 

to an equimolar solution of L1 or L2 and Mn+, or by adding 5 equivs. of Mn+ to an 

equimolar solution of L1 and Zn2+ or L2 and Cd2+ (L1 = 5.0·10-6 M, L2 = 2.5·10–5 M, Mn+ = 

Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+ and Pb2+). All samples were stored and 

measured again after 5, 24, 48 and 120 h.  

NMR experiments 
1H and 13C NMR  spectra were recorded on a Bruker Avance 400 

instrument, operating at 400.13 and 100.61 MHz, respectively, and equipped 

with a variable temperature controller. The temperature of the NMR probe was 

calibrated using 1,2-ethanediol as a calibration sample (L1). In the case of L2, 1H 

and 13C NMR  spectra were recorded on a Varian VXR500 and on a Bruker Avance 

III HD 600 MHz spectrometer, and peak positions are reported relative to 

tetramethylsilane (SiMe4). For the spectra recorded in CDCl3, CD3CN and DMSO-d6 

the 1H and 13C peak positions are reported with respect to the residual solvent. 

Chemical shifts (  scale) are reported in parts per million (ppm) and coupling 



constants (J) are given in Hertz (Hz). 1H–1H and 1H–13C correlation experiments 

were performed to assign the signals.  

All NMR measurements were carried out in DMSO-d6 for L1 and in 

CD3CN/CD3Cl (7:3 v/v) for L2. In the case of L1, Zn2+ and Cd2+ ions were added as 

perchlorate salts while in the case of L2, Cd2+ ion was added as nitrate salt. NMR 

spectra of protonated and deprotonated forms of L1 were acquired in DMSO-d6 

after the addition to a 1.0·10–2 M solution of the ligand of, respectively, 1 drop of 

DCl and 1 equiv. of Bu4NOH. 

In a typical experiment, to a solution of the ligand (L1-L2 = 1.0·10–2 M) was 

added the metal ion directly in the NMR tube, that was then kept for 10 min at a 

temperature of 298.1 K before starting the acquisition of the spectrum. The same 

procedure was followed for the addition of 1 equiv. of Bu4NOH (0.1 M solution) to 

the pre-formed L1-metal solution.  

X-ray crystallography 

A summary of the crystal data and refinement details for the compound 

[CdL2(NO3)2] (1) discussed in this paper is presented in Table S4 (ESI). The 

sample was suspended in perfluoroether oil; a suitable pale yellow lath-shaped 

single crystal of size 0.150 × 0.090 × 0.010 mm3 was selected and mounted on a 

MiTeGen holder with perfluoroether oil, then aligned upon a Rigaku FRE+ 

diffractometer, equipped with VHF Varimax confocal mirrors, a Rigaku AFC12 

goniometer and an enhanced sensitivity (HG) Saturn724+ CCD detector equipped 

with an Oxford Cryosystems low-temperature device. The crystal was kept at a 

steady T = 100(2) K during data collection. The structure was solved with the 

ShelXT [50] solution program using dual methods and by using Olex2 [51] as the 

graphical interface. The model was refined with ShelXL 2018/3 [52] using full 

matrix least squares minimization on F2. 

Optodes preparation and testing  

Membranes contained from 1-3 wt % of fluorophore, 2-8 wt % of TpClPBK 

in PVC/plasticizer polymeric matrix in ratio 1:2 by weight. All components were 

dissolved in freshly distilled THF, and 5-7  L of this membrane cocktail were cast 

onto transparent glass slide support. For every membrane 2-4 spots were 

deposited on the same support to guarantee the replicated measurements. Where 



required, up to 10 sensing spots from membrane cocktails of different 

composition were deposited in total on the same glass support, thus providing an 

optical sensors array. The THF solvent was allowed to evaporate overnight to 

form all-solid-state optodes with polymeric membrane films adhesive to the glass 

slide surface.  

Due to fluorophores photosensitivity, freshly prepared “disposable” 

sensors were employed, in order to avoid photodegradation problems; the 

membranes were deposited onto transducer surfaces few hours prior to 

measurement. Membranes were kept in the dark before use. The membrane 

responses towards primary Cd2+, Zn2+ ions in their individual and binary 

solutions, as far as towards Li+, Na+, K+, NH4+, Ca2+, Mg2+, Cu2+, Co2+ and Pb2+ as 

potential interfering ions were tested in concentration range from 3.3·10–7 to 

2.2·10–2 M. 1 M stock solutions of metal salts were prepared dissolving 

corresponding amounts of metal chlorides and Pb2+ and Zn2+ nitrates in distilled 

water, solutions of lower concentrations were obtained by consecutive additions 

of calculated amounts of corresponding stock solution in 0.01 M background of 

(MES pH 5.5, HEPES pH 7.5, or TRIS pH 8.6). 

Optodes luminescence was measured with a photometric setup, performed in 

polystyrene cuvettes (Katrell, model 1937) of 10 mm path length using a 

Photoassisted Technique (PT) measurement setup.47 A blue-colored InGaN LED 

(Roithner LaserTechnik, Austria, model H2A1-H385,  ex = 380 nm) was employed 

as monochromic external light source. The transparent cuvette was laterally 

illuminated with LED and the response of optode upon analyte addition was 

registered with respect to the tree main visible spectrum colors: Red (630 nm), 

Green (530 nm), and Blue (480 nm). The sensing spot RGB signals, and the 

luminescence intensity, I, evaluated as the mean value of RGB response were 

evaluated after background luminosity subtraction. The overall measurement 

duration was 60 s, during this period the defined areas (of 5 px diameter) of 

optode sensing membrane were chosen for further digital signal extraction from 

these zones (mask selection step), followed by 10 consecutive snapshots taken 

every 5 s, and the final optical signal was a mean value of these records. The 

measurement chamber was properly shielded from ambient illumination. The 

responses of optical sensors were registered and digitalized in analytically useful 



signals by in house written MATLAB (v.7.0, 2005, The MathWorks, Inc., Natick, 

USA) codes.  

Real Samples analyses  

Developed optical sensors were tested both in a single sensor mode and 

inside the sensor array for assessment of Cd2+ spiked in aqueous extracts of three 

soil samples: the first one was sampled close to the landing strip of one of the 

Rome airports (Ciampino G.B. Pastine airport, Italy), another sample was 

delivered from illegal waste dump from Naples zone (Castello di Cisterna, NA, 

Italy), the last soil was sampled from “Tor Vergata” University garden of Faculty 

of Science (Sogene building, Tor Vergata zone of Rome, Italy). The raw soil 

samples of approximately 50 g weight were handpicked from the surface of 0.5 

m2 in selected sites, mixed and sieved, afterwards 1 g amount of every sample 

was weighted inside glass vessel and extracted with 5 mL in 0.01 M HEPES pH 7.5 

solution for 24 h. The filtrate was then separated from solid soil precipitate, 

placed in transparent cuvette and tested with developed optical sensors for Cd2+ 

content without any other pre-treatment. The standard addition method was 

employed, for this the additions of 1.0·10–5 M and 1.1·10–4 M of Cd2+ ions were 

performed to 2 mL of filtrate and the luminescence variance of the sensors was 

registered with the PT technique.  

The amount of Cd2+ ions in analyzed soil samples was evaluated by 

standard Atomic Absorption Spectroscopy (AAS) method on Perkin Elmer 

AAnalyst 600 high performance optical system combined with a Transversely 

Heated Graphite Atomizer (THGA) furnace assembly. AAS was calibrated with 

standard solutions contained 1 mg/mL of Cd2+ (Carlo Erba, Italy) by 3 points 

calibration. The 228.8 nm wavelength was employed for Cd2+ optical detection. 

The Partial Least Squares (PLS) regression method was applied to 

interpret the optical output of the sensor array composed of L1- and L2-based 

membranes Mb6 and Mb12 and employed for analysis of the Cd2+ content in soils. 

PLS was used to correlate the optode array output (Y-variable) with the known 

concentrations of Cd2+ (X-variables) in 7 calibration solutions measured in 

triplicate on two sensing spots of the same membrane (n = 6) and test solutions 

extracted from soils. Data treatment was performed with commercial 

Unscrambler (v. 9.1, 2004, CAMO PROCESS AS, Norway). Due to the restricted 



number of analyzed samples the validation was performed by using a leave-one-

out cross-validation procedure. The RMSEC and RMSEV (Root Mean Square Error 

of Calibration and Validation, respectively) and the correlation coefficients, R2, of 

predicted versus measured correlation lines were used to evaluate the efficiency 

of the applied regression model.  

 

 

Synthesis 

2-(2'-Hydroxy-3'-naphthyl)-4-methylbenzoxazole (HNBO, 3). Polyphosphoric 

acid (40 g) was heated to dissolution, then 3-hydroxy-2-naphthoic acid (1, 7.5 g, 

40 mmol) and 2-amino-m-cresol (2, 4.9 g, 40 mmol) were added to the solution 

and the mixture was stirred at 160 °C for 16 h. The reaction mixture was cooled 

to room temperature and poured into ice-water to stop the reaction, then the 

suspension was neutralized with Na2CO3 and the solid obtained was collected by 

filtration and washed with water. The crude product was purified by Soxhlet 

extraction and recrystallization from n-hexane, to obtain a yellow solid (7.0 g, 25 

mmol, 64% yield). 1H NMR (400 MHz, CDCl3):   = 2.68 (s, 3H), 7.22 (d, J = 6.8 Hz, 

1H), 7.33 (t, J = 8.0 Hz, 1H), 7.37 (t, J = 7.6 Hz, 1H), 7.47 (s, 1H), 7.50 (m, 2H), 7.75 

(d, J = 8.0 Hz, 1H), 7.89 (d, J = 8.0 Hz, 1H), 8.64 (s, 1H) ppm. 13C NMR (100 MHz, 

CDCl3):   = 16.49, 107.94, 111.54, 112.79, 123.98, 125.55, 125.65, 126.47, 127.48, 

128.34, 128.42, 128.66, 130.14, 136.60, 139.36, 149.04, 154.22, 161.77 ppm. 

Anal. Calcd (%) for C18H13NO2: C, 78.53; H, 4.76; N, 5.09. Found: C, 78.4; H, 4.8; N, 

5.0.  

2-(2'-Methoxymethyloxy-3'-naphthyl)-4-methylbenzoxazole (4). HNBO (3) 

(7.0 g, 25 mmol) was dissolved in anhydrous CH2Cl2 (50 mL), then N,N-

diisopropylethylamine was added (24.0 g, 190 mmol). The mixture was cooled to 

0 °C, then a solution of chloromethyl methyl ether (MOMCl, 15.0 g, 190 mmol) in 

anhydrous CH2Cl2 (20 mL) was slowly added and the reaction mixture was 

refluxed overnight. Water was poured into the solution and the product was 

recovered by extraction and successively washed twice with water. The extracted 

organic layer was dried over anhydrous Na2SO4 and evaporated to afford the 

crude product. Silica gel column purification with CH2Cl2/n-hexane (1:1, v/v) 



afforded the final product 4 as a light pink solid (7.0 g, 22 mol, 88% yield). 1H 

NMR (400 MHz, DMSO-d6):   = 2.64 (s, 3H), 3.53 (s, 3H), 5.46 (s, 2H), 7.26 (td, 3J = 

7.6 Hz, 4J = 0.8 Hz, 1H), 7.35 (t, J = 7.6 Hz, 1H), 7.50 (td, 3J = 7.6 Hz, 4J = 1.2 Hz, 1H), 

7.60 (m, 2H), 7.71 (s, 1H), 7.92 (d, J = 7.6 Hz, 1H), 8.08 (d, J = 7.6 Hz, 1H), 8.66 (s, 

1H) ppm. 13C NMR  (100 MHz, DMSO-d6):   = 16.69, 56.52, 95.34, 108.58, 111.78, 

118.74, 125.51, 125.55, 125.68, 127.18, 128.60, 128.86, 129.00, 130.41, 132.55, 

135.61, 141.04, 150.61, 152.52, 160.95 ppm. Anal. Calcd (%) for C20H17NO3: C, 

75.22; H, 5.37; N, 4.39. Found: C, 75.2; H, 5.5; N, 4.3.  

4-Bromomethyl-2-(2'-methoxymethyloxy-3'-naphthyl)-benzoxazole (5). A 

CCl4 solution (100 mL) of 4 (3.0 g, 9.4 mmol), N-bromosuccinimide (NBS, 1.8 g, 

10.4 mmol) and azobisisobutyronitrile (AIBN, 0.75 g, 4.6 mmol) was refluxed 

overnight under nitrogen atmosphere. The obtained suspension was cooled and 

filtered, then the filtrate was evaporated under vacuum. Silica gel column 

purification with CH2Cl2/n-hexane (1:1, v/v) afforded the final product as a white 

powder (2.3 g, 5.8 mmol, 62% yield). 1H NMR (400 MHz, CDCl3):   = 3.64 (s, 3H), 

5.01 (s, 2H), 5.47 (s, 2H), 7.37 (t, J = 8.7 Hz, 1H), 7.93 (d, J = 8.2 Hz, 1H), 7.45 (m, 

2H), 7.57 (m, 3H), 7.80 (d, J = 8.2 Hz, 1H), 8.68 (s, 1H) ppm. 13C NMR  (100 MHz, 

CDCl3):   = 27.83, 56.57, 95.44, 110.74, 111.77, 118.40, 125.07, 125.11, 125.25, 

126.89, 128.29, 128.61, 128.73, 129.74, 132.78, 135.68, 140.72, 150.89, 152.69, 

162.06 ppm.  

5-(2-(2'-Methoxymethyloxy-3'-naphthyl)-benzoxazol-4-ylmethyl)-2,8-

dithia-5-aza-2,6-pyridinophane (6). Na2CO3 (670 mg, 6.30 mmol) was added to 

an anhydrous DMF (20 mL) suspension of 2,8-dithia-5-aza-2,6-pyridinophane 

(L)38 under nitrogen atmosphere. The reaction mixture was heated at 50 °C, then 

an anhydrous DMF (20 mL) solution of 5 (250 mg, 0.630 mmol) was added 

dropwise under nitrogen. The mixture was reacted at 50 °C for 3 days, then the 

desired product was isolated by precipitation following addition of ice and water 

(50 mL). The obtained solid was filtered off, dissolved in CH2Cl2 and dried over 

anhydrous Na2SO4. Following solvent evaporation, the crude product was 

purified by chromatography on alumina column eluting with CH2Cl2 to afford 7 as 

a white solid (120 mg, 0.22 mmol, 38% yield). 1H NMR (400 MHz, DMSO-d6):   = 

2.58 (m, 8H), 3.51 (s, 3H), 3.83 (s, 4H), 4.03 (s, 2H), 7.40 (m, 4H), 7.50 (td, 3J = 7.6 

Hz, 4J = 1.1 Hz, 1H), 7.61 (td, 3J = 7.6 Hz, 4J = 1.1 Hz, 1H), 7.66 (dd, 3J = 6.8 Hz, 4J = 



1.6 Hz, 1H), 7.71 (s, 1H), 7.83 (t, J = 8.0 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 8.06 (d, J = 

8.0 Hz, 1H), 8.63 (s, 1H) ppm. 13C NMR  (100 MHz, DMSO-d6):   = 25.32, 36.05, 

51.62, 52.82, 109.43, 111.23, 112.74, 121.71, 124.30, 124.86, 125.10, 126.15, 

126.43, 127.66, 128.81, 128.95, 129.00, 131.90, 136.80, 138.54, 138.87, 149.31, 

154.18, 158.01 ppm. Anal. Calcd (%) for C31H31N3O3S2: C, 66.76; H, 5.60; N, 7.53. 

Found: C, 66.8; H, 5.7; N, 7.4. 

5-(2-(2'-Hydroxy-3'-naphthyl)-benzoxazol-4-ylmethyl)-2,8-dithia-5-aza 

2,6-pyridinophane (L1). p-Toluenesulfonic acid (TsOH, 210 mg, 1.10 mmol) was 

added in one portion to a stirred anhydrous methanolic solution (10 mL) of 6 (60 

mg, 0.11 mmol) under nitrogen atmosphere. The mixture was reacted at room 

temperature for 3 days, then the solvent was evaporated under vacuum. The 

residue was dissolved in CH2Cl2 (15 mL) and washed twice with a saturated 

solution of NaHCO3 (10 mL). The extracted organic layer was dried over 

anhydrous Na2SO4, filtered off and evaporated to afford the final product as a 

yellow solid (50 mg, 0.10 mmol, 90% yield). 1H NMR (400 MHz, DMSO-d6):   = 

2.57 (m, 8H), 3.83 (s, 4H), 4.02 (s, 2H), 7.37 (d, J = 7.6 Hz, 2H), 7.42 (m, 2H), 7.46 

(t, J = 7.6 Hz, 1H), 7.50 (s, 1H), 7.56 (td, 3J = 7.6 Hz, 4J = 1.2 Hz, 1H), 7.74 (dd, 3J = 

7.6 Hz, 4J = 1.2 Hz, 1H), 7.82 (d, J = 7.6 Hz, 1H), 7.84 (t, J = 8.0 Hz, 1H), 8.06 (d, J = 

8.0 Hz, 1H), 8.73 (s, 1H), 11.10 (s, 1H) ppm. 13C NMR  (100 MHz, DMSO-d6):   = 

25.47, 36.10, 51.63, 52.86, 109.83, 111.54, 113.22, 122.05, 124.63, 125.27, 

126.38, 126.64, 127.60, 129.14, 129.30, 129.60, 131.81, 136.59, 138.93, 139.03, 

149.35, 153.87, 157.95, 162.01 ppm. MS (ESI): m/z = 514.1 [M−H]+. Anal. Calcd 

(%) for C29H27N3O2S2: C, 67.81; H, 5.30; N, 8.18. Found: C, 67.9; H, 5.6; N, 8.0. 

7-[2-ethylamino]-4-methylcoumarin-2,8-dithia-5-aza-2,6-pyridinophane 

(L2). To a mixture of 2,8-dithia-5-aza-2,6-pyridinophane, L [38] (0.20 g, 0.83 

mmol), K2CO3 (0.180 g, 1.66 mmol) and NaI (0.12 mL, 0.83 mmol) was added 7-

[(2-Bromoethyl)amino]-4-methylcoumarin (0.23 g, 0.83 mmol) in anhydrous 

acetonitrile (20 mL). The reaction mixture was heated at 80 °C for 48 hours 

under nitrogen and 24 hours at room temperature. The solid was filtered off, and 

the solvent was removed under reduced pressure. The residue was dissolved in 

CH2Cl2 and washed with water. The organic phase was dried over Na2SO4, and the 

solvent removed under reduced pressure to give a yellow solid (0.10 g, 27% 

yield). 1H NMR (500 MHz, CDCl3):   = 2.33 (s, 3H), 2.56 (m, 8H), 2.70 (t, J = 9.8 Hz, 



2H), 3.05 (m, 2H), 3.83 (s, 4H), 4.93 (bs, 1H), 5.96 (s, 1H), 6.37 (m, 1H), 6.46 (m, 

1H), 7.31 (m, 3H), 7.72 (t, J = 12.8 Hz, 1H). 13C NMR  (150.9 MHz, CDCl3):   = 

18.53, 26.37, 36.72, 40.41, 47.19, 51.23, 51.75, 98.33, 109.34, 110.51, 110.59, 

121.63, 125.40, 138.32, 151.61, 152.95, 155.96, 157.92, 162.03 ppm. MS (ESI): 

m/z = 442 [M−H]+. Anal. Calcd (%) for C23H27N3O2S2: C, 62.6; H, 6.2; N, 9.5. Found: 

C, 61.9; H, 5.9; N, 9.9. 

[CdL2(NO3)2] (1). Cd(NO3)2·4H2O (7.0 mg, 0.0027 mmol) in MeCN (1 mL) was 

added to a solution of L2 (10.0 mg, 0.00270 mmol) in MeCN/CH2Cl2 (5 mL, 4:1 

v/v). The solution was stirred at room temperature for 24 hours. The yellow solid 

obtained was dissolved in DMF and pale yellow crystals were obtained by 

diffusion of Et2O vapors in the solution (50% yield). Anal. Calcd (%) for 

C23H27N5O8S2Cd: C, 40.7; H, 4.0; N, 10.3. Found: C, 40.2; H, 3.8; N, 9.8. 

Results and discussion 

Synthesis of L1 and L2 

L1 was synthesized adapting the five steps procedure already described by 

Kwon et al . [53] (Scheme 1). The acid-catalyzed condensation between 2-amino-

m-cresol (2) and 2-hydroxy-3-naphthoic acid (1) gave the fluorophore 3 (HNBO), 

which was sequentially protected on the naphthol group by conversion to 

methoxymethyl acetal (MOM) (4) and activated by bromination with N-

bromosuccinimide (NBS) and azobisisobutyronitrile (AIBN) on the methyl group 

to afford the bromomethyl derivative 5. The reaction between the bromide 5 and 

L, whose synthesis was previously described [38], affords the MOM-protected 

compound 6. The MOM group was finally removed by p-toluenesulfonic acid 

(TsOH) to yield L1.   

L2 was synthesized by reacting 7-[(2-bromoethyl)amino]-4-methyl 

coumarin with L in acetonitrile in the presence of K2CO3. 

<Insert Scheme 1> 

Metal complexation by L1 

In order to explore the properties of the two ligands as fluorescent 

chemosensors for metal ions recognition, a spectrophotometric and 

spectrofluorimetric screening of the sensing ability of L1 and L2 towards several 



metal ions was performed, namely Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+, 

Zn2+ and Pb2+ (as nitrate, chloride or perchlorate salts). The absorption spectrum 

of L1 in MeCN/H2O (4:1 v/v) (Kw: 4.47·10-18) [54] at pH = 7.4 (MOPS buffer, 

1.0·10–2 M) mainly shows two intense bands at 331 (  = 38600 mol−1dm3cm−1) 

and 318 nm (  = 47000 mol−1dm3cm−1) and a shoulder centered at 370 nm (  = 

6600 mol−1dm3cm-1) (black line in Fig. S1, ESI).  

The addition of Zn2+, Cd2+, Ni2+, Cu2+, Co2+ and Hg2+ ions significantly 

modifies the absorption spectrum of L1 (Fig. S1a, ESI). In particular, a new band 

centered at 434 nm (Cd2+, Co2+ and Hg2+), 438 nm (Zn2+), 442 nm (Ni2+) or 444 

nm (Cu2+) grew upon the addition of the metal cation, turning the solution from 

colorless to yellow. At the same time, the shoulder at 370 nm disappeared, the 

band at 318 nm decreased, while two new bands at 346 and 288 nm arose. To a 

lesser extent, Pb2+, K+, Mg2+ and Fe3+ ions induce similar changes in the 

absorption spectrum of L1 (Fig. S1b, ESI). Noteworthy, only Zn2+, Cd2+, Cu2+, Co2+ 

and Hg2+ ions affect the absorption spectrum of L1 immediately upon their 

addition, the remaining metal ions require instead a longer time (one day). Under 

these experimental conditions, only Al3+ does not perturb the absorption 

spectrum of L1 at all. 

In the HNBO fluorogenic unit of L1 an intramolecular hydrogen bond can 

form between the -OH group and the proton-withdrawing N-atom of the oxazole 

moiety in a six-membered ring. In such system, tautomerization occurs following 

photoexcitation, transiently producing a keto-form whose fluorescence emission 

is bathochromically shifted with respect to the enol-form, which in turn forms 

when the excited-state intramolecular proton transfer (ESIPT) process is 

suppressed by metal coordination [37].  

Accordingly, L1 exhibits a peculiar triple emission fluorescence spectrum, 

with three bands at 417, 558 and 630 nm ( ex = 320 nm, Φ = 0.010; dashed line in 

Fig. S2, ESI). The former and the latter bands are related to the fluorescence of 

the enol- and keto-form of the ligand, respectively [53]; the emission intensity of 

the keto-form is very weak, so is the band that occurs at 558 nm, that, as will be 

discussed in the following, is ascribable to the deprotonated form of the ligand. 

This last band undergoes a remarkable and immediate intensity enhancement 

upon addition of 1 equiv. of Zn2+ and Cd2+ at pH = 7.4 (Fig. 3). Moreover, a weaker 



emission enhancement occurs in the presence of 1 equiv. of Fe3+, Hg2+, Ni2+, Pb2+, 

K+ and Mg2+, but on a longer time scale (one to two days) (Fig. 3).  

<Insert Figure 3> 

Due to the remarkable CHEF effect observed for L1 in the presence of Zn2+ and 

Cd2+ ions, the binding properties of the ligand towards these two cations have 

been further investigated by performing UV-Vis and fluorescence ( ex = 320 nm) 

spectrophotometric titrations of L1 with Zn2+ and Cd2+ ions in MeCN/H2O (4:1 

v/v) at pH = 7.4, (MOPS buffer, 1.0·10–2 M). Since the response of L1 to Zn2+ and 

Cd2+ ions was immediate, time elapsed between additions was only 5 minutes. 

Isosbestic points at 390, 357, 325, 298 nm and 387, 355, 335, 325, 297, 263, 251 

and 228 nm were observed for Zn2+ and Cd2+, respectively (Fig. 4a and S3a, ESI), 

whereas spectrofluorimetric titrations confirmed a 47-fold and 45-fold 

fluorescence emission enhancement following the addition of 1 equiv. of Zn2+ (Φ 

= 0.13) and 1 equiv. of Cd2+ (Φ = 0.11), respectively (Fig. 4b and S3b, ESI). Both 

the absorbance and fluorescence intensity/molar ratio plots suggest a 1:1 metal-

to-ligand stoichiometry in solution (insets of Fig. 4 and S3, ESI).  

The same emission maximum observed for free L1 and its metal complexes (Fig. 

S2, ESI) suggests a fluorescence transition from an identical excited state in the 

presence or absence of the metal cations (no ratiometric response), that, together 

with the metal-induced fluorescence enhancement, reveals an unusual behavior 

for an ESIPT chromophore, as already pointed out by Kwon and co-workers [53]. 

<Insert Figure 4> 

The same new absorption and emission bands that appeared and increased with 

the addition of Zn2+ and Cd2+ ions, were also observed when an excess of 

tetramethylammonium hydroxide was added to a solution of L1 (MeCN/H2O, 4:1 

v/v) (Fig. S4, ESI), so that it can be suggested that the coordination of the two 

metal ions causes the deprotonation of L1 under the experimental conditions and 

the deprotonated form is responsible for the UV-Vis and fluorescence emission 

spectral changes.  

In a typical ESIPT sensor, metal coordination suppresses the ESIPT 

mechanism, resulting in enol-fluorescence, that is hypsochromically shifted with 

respect to the keto-fluorescence: ratiometric signals can be therefore achieved. In 



the present case, since no ratiometric response was observed, we can 

hypothesize that intramolecular photoinduced electron transfer (PET) occurs 

from the aliphatic amine to HNBO in the metal-free form of the ligand, which ends 

to be substantially non-emissive. A cation such as Zn2+ or Cd2+ facilitates the 

deprotonation of the naphthol group, and the consequent metal coordination 

prevents the intramolecular PET because of the nitrogen lone pair energy 

lowering coupled with the increasing of the HOMO energy level of the 

deprotonated fluorophore, leading to a fluorescence turn-on, independently of 

the keto-enol tautomerism.  

The emission of free L1 is low at all pH values in the medium considered; 

this aspect suggests that another quenching mechanism besides PET might be at 

work. Previous studies on HNBO-based ligands [53] suggest that a twisted 

intramolecular charge transfer (TICT) may be the reason for the scarcely 

emissive species at high pH, whereas a partial PET process may occur from the 

macrocyclic unit at low pH. This hypothesis is in line with our findings, since both 

mechanisms would be prohibited by metal coordination, switching on the 

fluorescence emission. All the studied metal ions except Al3+ are able to modify 

the UV-Vis spectrum of L1 (Fig. S1, ESI), meaning that they are coordinated by the 

ligand; however, not all of them increase the fluorescence emission, in particular 

Cu2+ and Co2+, besides Al3+ (Fig. 3). Nevertheless, only Zn2+ and Cd2+ provide an 

immediate fluorescence response by L1. 

The ion competition was studied in MeCN/H2O (4:1 v/v) at pH = 7.4 (MOPS 

buffer, 1.0·10–2 M). Different types of measurements were performed for this 

purpose on L1, all of them leading to the same results (Fig. 5). Analysis were 

performed either by adding 1 equiv. of Zn2+ to a solution containing L1 and Mn+ 

(Mn+ = Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+ and Pb2+) in equimolar 

amounts (Scheme S1a, ESI) or by adding 5 equivs. of Mn+ to an equimolar solution 

of L1 and Zn2+ (Scheme S1b, ESI). In both cases, only the addition of Cu2+ and Hg2+ 

solutions causes a considerable drop of the fluorescence emission, suggesting a 

competition with the Zn2+ ion for the binding to L1. Noteworthy, five days are 

needed to obtain this result when adding Mn+ to an equimolar L1/Zn2+ mixture 

(five days), while the response is immediate when adding Zn2+ to a L1/Mn+ 

mixture, despite the 1:5 L1/Mn+ molar ratio. This suggests that when the L1-Zn2+ 



complex is not pre-formed in solution, L1 immediately forms the 

thermodynamically favored complexes with Cu2+ and Hg2+ (experiment a in 

Scheme S1, ESI), whereas a kinetic control takes place when a metal cation is 

added to the preformed L1-Zn2+ complex, leading to the more thermodynamically 

stable complex with elapse of time (experiment b in Scheme S1, ESI).  

<Insert Figure 5> 

Ion competition studies were also performed by adding L1 to a mixture of 

1 equiv. of all metal ions (Zn2+, Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+ and 

Pb2+). Since Hg2+ affects the most the emission of the system, a parallel 

experiment was conducted in the same conditions without Hg2+ ion. The 

complete mixture of metal ions, both in the absence and presence of Zn2+ or Cd2+, 

greatly reduces the fluorescence emission increase previously observed for L1 

upon the addition of only Zn2+ or Cd2+ (Fig. S5a, ESI), just like the sole Hg2+ 

species does. When Hg2+ is not present in solution the fluorescence emission in 

the presence of all other metal ions, included Zn2+ and/or Cd2+, is only marginally 

affected with respect to the equimolar L1/Zn2+ or L1/Cd2+ mixtures emission 

(Fig. S5b, ESI), meaning that there is not substantial interference by metal cations 

other than Hg2+ when they are in a mixture.  

From these data, it can be deduced that Hg2+ forms a more stable complex 

with L1 with respect to Zn2+ and Cd2+, even in competition with all other tested 

metal cations. This behavior agrees with Hg2+ being softer compared to Zn2+ and 

Cd2+ thus having higher affinity toward sulfur donor ligands. Interestingly 

enough, the co-presence of Zn2+ and Cd2+ ions in solution switches on the system 

even in the presence of Hg2+ (Fig. S5a, ESI), contrarily to what the sole Zn2+ and 

Cd2+ ions do. This notwithstanding, the reached intensity is lower than that 

observed for the equimolar L1/Zn2+ or L1/Cd2+ mixtures. 

Metal complexation by L2 

The UV-Vis absorption spectrum of a solution of L2 in MeCN/H2O (4:1 v/v) 

solution presents a broad band at 360 nm (  = 18640 mol−1dm3cm−1) and two 

shoulders at 276 (  = 6050 mol−1dm3cm−1) and 232 nm (  = 15580 

mol−1dm3cm−1), respectively. Significant changes in the UV-Vis spectrum of L2 in 

MeCN/H2O (4:1 v/v) at pH = 7.4 (MOPS buffer, 1.0·10–2 M) were observed only 



upon addition of Cd2+, Cu2+ and Hg2+ ions. Particularly, the band at 360 nm 

decreased, whereas a new band appeared at about 330 nm (Fig. S6, ESI). In 

MeCN/H2O (4:1 v/v) solution, L2 exhibits an emission band at 433 nm when 

excited at 340 nm with a fluorescence quantum yield Φ = 0.091. Interestingly, 

only upon addition of Cd2+ at pH = 7.4 (MOPS buffer, 1.0·10–2 M), a significant 

CHEF effect was observed (Fig. 6).  

<Insert Figure 6> 

The optical selectivity for Cd2+ displayed by L2 prompted us to further investigate 

the binding properties of this ligand towards metal ions. A spectrophotometric 

titration of L2 with Cd2+ in MeCN/H2O (4:1 v/v) at pH = 7.4, showed the 

formation of three isosbestic points at 240, 265 and 340 nm (Fig. 7a), while a 

spectrofluorimetric titration under the same experimental conditions confirmed 

the significant selective CHEF effect at 433 nm (Fig. 7b). The fluorescence 

emission intensity reached the maximum after the addition of about 0.8 equiv. of 

Cd2+ ion, with a quantum yield Φ = 0.22. The inflection points in both the 

absorbance and fluorescence intensity/molar ratio plots (insets of Fig. 7a and 7b) 

would suggest the formation in solution of a 1:1 metal-to-ligand complex. 

<Insert Figure 7> 

Ion competition was studied in MeCN/H2O (4:1 v/v) at pH = 7.4 (Fig. 8). As in the 

case of L1, two types of measurements were performed, either by adding 5 

equivs. of Mn+ to an equimolar solution of L2 and Cd2+ or by adding 1 equiv. of 

Cd2+ to an equimolar solution of L2 and Mn+. In both cases the same results were 

obtained, attesting that Cu2+ and Hg2+ are capable to compete with Cd2+ in binding 

to L2.  

<Insert Figure 8> 

NMR-measurements 

In order to gain a deeper insight into the nature of the Zn2+ and Cd2+ 

complexes with L1 and the Cd2+ complex with L2 responsible for the CHEF effect 

observed, we analyzed the complexation of these metal cations by means of 1H 

NMR measurements. While the MeCN/H2O (4:1 v/v) solvent mixture resulted 

optimal at the low concentration used in UV-Vis and fluorescence emission 



measurements, it could not be used at the higher metal and ligand concentrations 

required for 1H NMR measurements (concentration ca 0.01 M). Both ligands 

showed low solubility in MeCN/H2O mixtures and, therefore, the spectra were 

recorded in solvent media adequate to overcome this problem: DMSO-d6, for L1, 

and CD3CN/CDCl3 (7:3 v/v), for L2.  

L1. The 1H NMR and 13C NMR  spectra of L1 in DMSO-d6, exhibit, 

respectively, eleven aromatic and four aliphatic 1H proton resonances, in addition 

to the -OH signal (see the Experimental Section, Fig. 9a and ESI), and a total of 

twenty-four 13C signals, twenty for the aromatic and four for the aliphatic carbon 

resonances, suggesting a Cs symmetry for L1 mediated on the NMR time scale. 

The 1H NMR spectrum obtained upon the addition to L1 in DMSO-d6 of 1 equiv. of 

Zn2+ as perchlorate salt shows an increase in proton signals, ascribable to the 

presence of two species in solution (Fig. 9b). The stack-plot of the spectra 

obtained by step-by-step addition of Zn2+ is reported in Fig. S7, ESI. One pattern 

of signals is attributed to free L1 (black circles in Fig. 9b), whereas the other to 

the [Zn(H–1L1)]+ complex species (vide infra) (black stars in Fig. 9b).  

<Insert Figure 9> 

Looking at the aliphatic resonances belonging to free L1 (H4-H7), they undergo a 

downfield shift and a broadening as compared to those of free L1 in the absence 

of Zn2+ (Table S1, ESI). This behavior can be interpreted by considering the 

protonation of free L1 as a consequence of the metal ion coordination, to give the 

(HL1)+ species. Such a process would be induced by the presence of Zn2+. Indeed, 

as already described, the coordination of Zn2+ ion to L1 causes the deprotonation 

of the naphthol group of L1 in a buffered MeCN/H2O medium. Thus, in the 

absence of a buffer, the naphthol acidic proton produced by the coordination of 

Zn2+ would be neutralized by the tertiary amine function of the L moiety of a 

second molecule of free ligand to form the (HL1)+ species. As a consequence, a 

mixture of [Zn(H-1L1)]+ and (HL1)+ species is present in solution (Scheme 2). 

This hypothesis is confirmed by the 1H NMR spectrum of L1 in DMSO-d6 at acidic 

pH values (DCl) (Fig. S8, ESI), whose resonances correspond to those attributed 

to the (HL1)+ species in Fig. 9b. 

<Insert Scheme 2> 



In order to further support this hypothesis and to help the complete 

deprotonation process of L1 upon Zn2+ binding, 1 equiv. of Bu4NOH was added to 

the L1/Zn2+ system in DMSO-d6; upon the addition, the resonances attributed to 

the (HL1)+ species disappeared while only those attributed to the [Zn(H-1L1)]+ 

species remained in the spectrum (Fig. 9b, black stars, and Fig. 9c). The same 

spectrum was obtained by adding Zn2+ to the deprotonated species of the ligand 

(H–1L1)– (obtained upon the addition of 1 equiv. of Bu4NOH to L1 in DMSO-d6) 

(Fig. S9b, ESI). The comparison between spectra of [Zn(H–1L1)]+ and (H-1L1)– 

(Fig. S9, ESI) highlights that the aromatic protons H1, H2 (pyridine), H11 and H16 

(HNBO moiety) and all the aliphatic protons exhibit the main shift upon zinc 

complexation (Table S1, ESI). More in detail, the singlet attributed to the H4 

resonance in deprotonated L1 undergoes a downfield shift and splits in a 

characteristic AB system due to two non-equivalent protons of a -CH2 group; this 

clearly evidences the stiffening of the macrocycle moiety upon Zn2+ ion 

complexation. The same loss of equivalence due to the stiffening of the 

macrocyclic ring, on the NMR time scale, can be observed for the H5 and H6 

aliphatic resonances, which split in four multiplets, due to the coupling between 

non-degenerate methylene protons. The shift of the aromatic signals suggests 

that also the deprotonated HNBO as well as the pyridine fragments are involved 

in the stabilization of the Zn2+ ion through the naphtholate oxygen and pyridine 

nitrogen atoms. Consequently, looking at all proton and carbon signals, it can be 

hypothesized that in these conditions the whole L macrocyclic unit, via the N2S2 

donor set, along with the deprotonated HNBO moiety are involved in the 

coordination of the Zn2+ ion to form the [Zn(H-1L1)]+ complex.  

The 1H NMR spectrum acquired upon the addition of 1 equiv. of Cd2+ as 

perchlorate salt mainly shows the free ligand signals, along with very weak 

resonances ascribable to the [Cd(H-1L1)]+ complex and to the protonated (HL1)+ 

species (Fig. S10, ESI). The highly coordinating DMSO solvent strongly compete 

with L1 for the coordination of the large Cd2+ ion, preventing considerable 

formation of [Cd(H–1L1)]+ complex. As in the case of Zn2+, the addition of 1 equiv. 

of Bu4NOH favors the deprotonation of the naphthol and the complexation of the 

Cd2+ cation. Indeed, upon the addition of the base the signals of [Cd(H–1L1)]+ 

complex increase and prevail on those of the free ligand, that are however still 



visible, suggesting a lower affinity of Cd2+ than Zn2+ for the (H-1L1)– species, at 

least in DMSO. The 1H NMR spectrum of [Cd(H-1L1)]+ complex shows a pattern 

similar to that of the [Zn(H-1L1)]+ complex, suggesting for the two complexes a 

similar coordination environment. In the case of the Cd2+ complex, signals are 

however broader, denoting high fluxionality of the species on the NMR time scale 

probably due to the larger size of the Cd2+ ion compared to Zn2+. 

L2. In the case of L2, the analysis of the NMR spectra shows that the 

addition of one equivalent of Cd2+ to L2 causes a reduction of the symmetry of the 

macrocyclic L moiety, similarly to what observed in the case of L1. The singlet 

attributed to the H4 resonance undergoes a downfield shift and splits in the 

characteristic AB system (Fig. 10). The same loss of equivalence due to the 

stiffening of the macrocyclic ring, can be observed for the H5 and H6 aliphatic 

resonances. In fact, both the aliphatic 1H resonances of L2 at 2.51 and 3.80 ppm, 

assigned to protons H5–H6 and H4, respectively, split into two distinct series of 

signals clearly attributable to the coordination of the Cd2+ by the L moiety (N2S2 

core, Fig. 10).  

<Insert Figure 10> 

Interestingly, the singlet at 2.51 ppm (H5–H6) splits into four multiplets at 3.16, 

2.79, 2.56 and 2.31 ppm, each integrating for two protons and the singlet at 3.80 

(H4) splits into two doublets at 4.35 and 4.11 ppm, integrating each for two 

protons. The dramatic high-frequency shift (Δ  = 0.87 ppm) experienced by the 

signal assigned to the secondary NH, suggests the coordination of this amine 

group to the metal ion. With regard to the two signals of the –CH2–CH2– spacer 

(H7 and H8), the one closer to the nitrogen of the macrocyclic L moiety (H7) 

shows a greater shift compared to the H8 proton (Δ  = 0.35 and 0.23 ppm, 

respectively) (Fig. 10 and Table S2, ESI). 

Noteworthy, shifts to higher frequency of the aromatic coumarin protons 

were also observed (Table S2, ESI). These are probably due to the electronic 

rearrangement over the coumarin moiety, as a consequence of the metal 

coordination. As a matter of fact, these results show that Cd2+ coordination occurs 

in solution through the N2S2 core of the macrocyclic L moiety, most likely with the 



participation of the NH secondary amine group, while coumarin oxygen atoms do 

not seem to be involved in the interaction. 

Solid state characterization 

After several attempts to obtain crystals suitable for X-ray diffraction 

analysis of the Zn2+ and Cd2+ metal complexes of L1 and L2, we were able to grow 

pale yellow single crystals only for the complex [CdL2(NO3)2] (1) by Et2O 

diffusion in a DMF solution of the compound (see ESI for selected bond distances 

and angles and crystallographic details, Tables S3 and S4, ESI). Fig. 11 shows the 

coordination sphere around the metal center, where four positions are occupied 

by the N2S2-donor set of the macrocyclic framework [Cd1–N1 2.419(2), Cd1–N2 

2.532(2), Cd1–S1 2.6555(4), Cd1–S2 2.6450(4) Å)] and two sites are taken up 

respectively by a monodentate [Cd1–O11 2.359(2) Å] and a slightly asymmetric 

bidentate NO3– [Cd1–O14 2.584(2), Cd1–O8 2.420(2) Å] anionic ligands, to give 

an overall N2S2O3-heptacoordination at the metal center. A similar 

heptacoordination at the Cd2+ center has been observed in complexes with 

aliphatic tetradentate mixed donor macrocycles [55]. 

<Insert Figure 11> 

As already observed for [CuL(NO3)2] and [ZnL(NO3)2] in [38], the macrocyclic 

framework of L2 adopts a folded conformation resembling an open book with the 

spine along the line connecting the S1–Cd1–S2 atoms and the N1–Cd1–N2 hinge 

angle of 81.20(5)o. The aliphatic tertiary nitrogen is therefore located almost 

perpendicularly to the pseudo-plane defined by the metal ion, the pyridine ring 

and the S-donors. In the solid state the secondary N-donor belonging to the 

pendant arm is not involved in the metal coordination, as contrary to what 

observed in the structurally characterized complexes of LC-LE in which the donor 

groups from the pendant arm are directly involved in metal coordination both in 

solution and in the solid state [39]. In the case of L2 in solution, at least in the 

solvent mixture used for NMR measurements, it is likely that the secondary N-

donor from the pendant arm takes the place of one coordinated anion in the 

coordination sphere of the metal. 



Development of solvent polymeric membrane optodes based on ligands L1 

and L2 for selective Cd2+ detection  

Very recently, based on preliminary studies on the sensing properties of 

L1 and L2, we have employed these two fluorescent chemosensors to develop an 

optical sensor array implemented with familiar devices for signal acquisition 

(Light Emitting Diode, LED, as light source and a digital web-camera as a signal 

detector) in combination with chemometric methods for data treatment for the 

measurement of Cd2+ and NO2– in natural water samples [47]. Encouraged by the 

accurate selectivity data and deep knowledge of the coordination behavior of L1 

and L2 obtained in solution in the present study, we have investigated the 

possibility to go a step forward developing solvent polymeric membrane optodes 

based on the chemosensors L1 and L2, and combining them with the familiar 

Photoassisted Technique (PT) to afford new optical sensor devices for selective 

detection of Cd2+ in different real samples. In particular we have considered soil 

samples for the new analytical application of L1 and L2.  

Since both L1 and L2 exhibit a notable absorbance in the range from 360 

to 450 nm, we have employed a commercially available blue-colored Light 

Emitting Diode (LED,  ex = 380nm) as a single monochromic light source for 

optical sensors excitation To test L1 and L2 for the development of this kind of 

sensor devices, a series of PVC-based polymeric membranes were prepared 

employing three different plasticizers, DOS (bis(2-ethylhexyl) sebacate), oNPOE 

(o-nitrophenyl octyl ether) and TOP (tris(2-ethylhexyl)phosphate), and 

potassium tetrakis-(4-chlorophenyl)borate (TpClPBK) as a lipophilic anionic 

additive. Since L1 and L2 are expected to act inside polymeric membranes as 

neutral-carriers binding the charged Cd2+ ions, the inclusion of TpClPBK cation-

exchanger inside tested membranes was required in order to induce the flux of 

the ions into the membrane and to tune the ion-exchange properties [43,47]. In 

total 12 membranes of different compositions, namely membranes Mb1-Mb6 

based on L1, and membranes Mb7-Mb12 based on L2, were prepared and tested 

(Table 1). The membranes were cast onto a transparent glass slide support by 

drop casting method; in order to guarantee the reproducibility of the 

measurements, 2 to 4 sensing spots for every membrane were deposited on the 

same glass support.  



<Insert Table 1> 

Initially, the membrane responses were studied in several 0.01 M buffer 

background water solutions with different pH (in MES at pH 5.5, HEPES at pH 7.5 

and TRIS at pH 8.6), in order to determine the background composition and pH 

influence on the optodes response. It was observed that at pH 5.5 in MES buffer 

background almost all the tested membranes were non-responsive, even in the 

presence of high concentrations (>1.0·10-3 M) of Cd2+ analyte. The highest 

variation of optical intensity of L1-based membranes Mb1-Mb6 (Table 1) was 

found in TRIS buffered solution at pH 8.6, where the basic medium promotes the 

deprotonation of the fluorophore. In fact, as already discussed, basic conditions 

promote ligand deprotonation and favor the complexation of the target cation via 

the formation of a 1:1 metal-to-ligand complex. Unfortunately, the precipitation 

of metal hydroxide species did not permit to test membrane responses in a wide 

concentration range at pH 8.6 (TRIS buffer). Therefore, for further investigations, 

pH 7.5 conditions (0.01 M HEPES) were chosen, corresponding to those typical 

for environmental samples, such as surface waters and soils (pH range 5.6–8.4). 

In order to promote an initial L1 fluorophore deprotonation, the functionalized 

glass slides were soaked into a solution at pH 8.6 (0.01 M TRIS) for 15 min, then 

rinsed with distilled water and immersed into a solution at pH 7.5 (0.01 M 

HEPES), where consecutive additions of analyte were made. Membrane 

selectivity tests towards several cations, namely Li+, Na+, K+, Mg2+, Ca2+, Co2+, Cu2+, 

Zn2+, Cd2+, Pb2+ and NH4+, were performed under these conditions.  

No useful response was found for membranes Mb1 and Mb7 based on L1 

and L2, respectively, without lipophilic anionic sites, while the oNPOE-plasticized 

membranes Mb2, Mb3, Mb8 and Mb9 showed a very low optical response, due to 

the fluorophores luminescence quenching by the plasticizer, in agreement with 

previous evidences [43]. Considering that the formation of a 1:1 metal-to-ligand 

complex is prevalent in MeCN/H2O 4:1 (v/v) solutions for both L1 and L2, an 

excess of lipophilic anions molar content (at least twice the molar concentration) 

with respect to the carrier concentration is required to guarantee the cations flux 

inside the membrane and an efficient ion-exchange. In fact, the addition of 2-5 

wt.% of TpClPBK in membranes Mb4, Mb5 and of 2-8 wt.% of TpClPBK in Mb10, 

Mb11 doped with L1 and L2, respectively, resulted in a significant membranes 



luminescence variation in solutions of Cd2+ ion in the concentration range from 

3.3·10–7 to 5.0·10–3 M and in binary solutions containing a fixed amount of Cd2+ 

(5.0·10–3 M) and a variable concentration of Zn2+ ions (5.0·10–5 – 3.2·10–3 M) at 

pH 7.5 buffer background (0.01 M HEPES) (Fig. 12). Such a behavior indicates a 

neutral carrier functioning mechanism of ligands inside a polymeric membrane 

phase [43]. 

<Insert Figure 12> 

The L1-doped membranes Mb4 and Mb5 demonstrated a luminescence increase 

in the presence of Cd2+ for concentrations higher than 0.1 mM; these membranes 

also responded to Zn2+ for lower or almost equal concentrations of the metal ion 

(Fig. 12).  

A relatively low fluorescence response variation was observed for L2-

based membranes Mb10 and Mb11 (Fig. 12) at different concentrations of Cd2+. 

Thus, Mb10 containing 1 wt.% of L2 showed a slight luminescence increase upon 

increasing the Cd2+ concentration, while higher percentage of ligand (3 wt.%) in 

Mb11 provoked a complete saturation of the membrane luminescence at [Cd2+] > 

5.0·10–5 M. For this reason, further tests were performed with membranes doped 

with 1 wt.% of L2. 

Another important membrane component strongly influencing the 

sensitivity of the membrane optodes is the plasticizer, because it improves the 

permeability, reduces the frailness, and tunes the fluorescence emission intensity 

[43,56]. The plasticizer polarity is mainly responsible for dissociation of 

membrane-active components and uniform ligand distribution inside the 

membrane phase, and for the target ion exchange processes among the 

membrane and the analyzed sample solution. Due to the fact that oNPOE, the 

plasticizer with the highest polarity ( oNPOE = 23.9 vs  DOS = 3.9), is optically active 

and it was involved in fluorophores luminescence quenching in membranes Mb2, 

Mb3, Mb8 and Mb9 (see above), the properties of membranes plasticized with 

TOP ( TOP = 4.8) were considered (Mb6 and Mb12 in Table 1) [57].  

In Fig. 13 the normalized PT response, obtained as the difference of optical 

intensities at the green channel, for all the tested cations in two solutions with 

concentrations 1.0·10–3 M and 1.0·10–7 M at pH 7.5 (0.01 M HEPES buffer) is 



shown for the studied DOS- and TOP-plasticized membranes. TOP-plasticized 

membranes Mb6 and Mb12 exhibited the highest fluorescence intensity variation 

in the presence of several tested cations, and among them Cd2+ showed the 

highest response under the experimental conditions used.  

<Insert Figure 13>  

No significant fluorescence changes were observed for DOS-plasticized 

membranes upon addition of increasing concentrations of alkali metal (Na+, Li+, 

K+), ammonium (NH4+) and Ca2+ ions. The only notable luminescence 

enhancement of L2-based membranes Mb10 and Mb11 was registered in the 

presence of Mg2+. This response to Mg2+ was almost deteriorated in the TOP-

plasticized membrane Mb12, for which a partial response to Li+ was registered 

instead. The L1-based membrane Mb6 prepared with TOP showed the highest 

luminescence variation upon Cd2+ binding, with a significant response to Zn2+ and 

a lesser influence of Pb2+, Na+ and K+ ions. 

It is interesting to note the inverse response of TOP-plasticized L2-based 

membrane Mb12, for which the negative gradient of optical intensity indicates a 

quenching of the film emission upon Cd2+ exposure as compared to the 

enhancement of the fluorescence emission in the case of the L1-based membrane 

Mb6. These results are in agreement with our recent study dedicated to the 

application of a fluorescent sensor array based on several fluorophores, 

comprising L1 and L2, for pollutants detection in natural waters [47]. 

In the present work we have checked the practical applicability of the 

developed membrane optodes based on L1 and L2 chemosensors for the 

selective Cd2+ detection in aqueous extracts from soil samples. The natural 

cadmium content in soils of upper 20 cm depth is normally in the range 0.2-0.4 

mg/kg, which corresponds to approximately a 1.0·10–5 M concentration [58].  In 

order to evaluate the performance of the proposed sensors in complex 

multicomponent media, containing several interfering species, the amount of 

Cd2+ in three soil samples from three Italian sites with different anthropogenic 

influences (Sample 1 was from a site close to the landing strip of Ciampino G.B. 

Pastine airport, Rome; Sample 2 was from the garden of the Faculty of Science, 

“Tor Vergata” University in Rome (Sogene building); Sample 3 was from waste 



dump from Castello di Cisterna, Naples) has been detected. Recovery 

experiments were carried out by standard addition method consisting in two 

consecutive additions of a known concentration of Cd2+ ion (as chloride salt) in 

the analyzed soil aqueous extract. The luminescence variation of optical sensor 

films was detected with PT technique. The optodes were prepared with L1- and 

L2-based membranes Mb6 and Mb12, respectively, which showed the highest 

sensitivity to Cd2+ ions. In total four sensing spots (two per membrane) were 

deposited on the same glass slide; the membranes were stored in the dark prior 

to use, the new disposable optical sensor was employed for every measurement. 

The optical intensities of every sensing spot in respect to the red (at about 630 

nm) and green color (at about 530 nm) constituents of visible spectrum (see 

experimental section for more details) were measured in the presence of 

increasing Cd2+ concentrations in order to obtain optodes calibration curves.  

Fig. 14 clearly shows an evident difference among the tested samples in 

terms of Cd2+ presence. Moreover, through referring to the Cd2+ calibration 

photogram, an initial semi-qualitative insight on the Cd2+ amount in analyzed soil 

samples could be done. Thus, a visually evident similarity between Sample 1 and 

0.001 M Cd2+ calibration solution (reported at the top image of Fig. 14) and a 

lower concentration of Cd2+ in soil Samples 2 and 3 (at about 1.0·10–5 M level) for 

Mb6 based on L1 can be noticed. For L2-based Mb12, the differences in 

luminescence intensity are less evident for visual comparison; only an enhanced 

luminescence in Sample 2 is visible to the naked-eye, indicating a lower Cd2+ 

content in comparison to the other two tested samples. This founding is 

reasonable, considering the Sample 2 provenance (presumably an unpolluted 

zone: university garden) in comparison to the other two samples (airport landing 

line and waste dump for Samples 1 and 3, respectively).  

<Insert Figure 14> 

For   Cd2+ quantification, we have tested responses of both separate 

optodes based on Mb6 and Mb12 with the best performances and of their 

multisensory arrangement (see ESI for details of multisensor array preparation), 

where the responses of all optodes are treated together to obtain a multivariate 

regression model. The standard calibration curve method was applied for the 



single optodes, whereas the regression method was used to obtain the 

correlation between the PT responses and the Cd2+ ion content in calibration 

solutions of known concentrations. The final data set was composed of 2 

membranes × 3 replicates × 2 light channels (RG) × 6 Cd2+ ion concentrations: 72 

points in total used for the PLS1 regression model construction. Since the 

membrane luminescence intensity variation in the blue channel was negligible, it 

was not considered for data treatment. As far as the single optodes were 

concerned, the best performance was found for Mb6, based on L1 registering the 

optical intensity variation in the green channel. The analytical results obtained 

for this membrane (and for the multisensory array) are outlined in Table 2. 

<Insert Table 2> 

The amounts of Cd2+ in aqueous extracts of soil samples found with single 

L1-based optode were in agreement with the Cd2+ content estimated with 

standard AAS method. The lower Cd2+ amount in soils aqueous extracts obtained 

with optodes is due to the quantification of free Cd2+ activity in comparison to 

AAS results providing the total Cd2+ content. Analogously, the sensor array 

provided even lower values for Cd2+ concentration for all tested soils, with 

respect to the AAS technique and selective optode with L1-based membrane 

Mb6. We can explain such a result by the high influence (expressed by highest 

loadings) of L2-based membrane Mb12 on the sensor array output. The response 

of membrane Mb12, cross-sensitive to Zn2+, Cu2+ and Pb2+ cations (Fig. 13), in soil 

extracts, which are the complex solutions of several ionic species passed from 

solid soil phase to liquid extract, is influenced by this multicomponent 

composition. This is especially evident for the most polluted soil Samples 1 and 3 

collected in airport and waste dump respectively (Table 2).  

An application of optical sensor array in soil Samples 2 and 3 has provided 

even a better precision with the recoveries laying in a narrow range from 98.5% 

to 100.5%, and mean RSD of 0.96 %, while the detection of the Cd2+ amount 

spiked in Sample 1 was not possible due to the high initial concentration of 

analyte [59]. The correlation coefficients, R2, of PLS1 model constructed, which 

relate the output of the sensor array response to the amounts of Cd2+ ion in 

calibration solutions, were 0.993 and 0.983 for calibration and validation steps, 



respectively, and the Root Mean Squared Error of Validation, RMSEV, was 0.225 

in -log[Cd2+] units (Fig. 15a). Model was fitted with 3PCs, representing 99.3% and 

98.1% of total explained variance at calibration and validation steps respectively 

(Fig. 15b). A detection limit of 1.8·10–7 M for Cd2+ ion was estimated by the 3 

method (DL = 3/S where  is the RMSEV calculated in M and S = 0.993 is the 

slope of the regression line at calibration stage).  

<Insert Figure 15> 

The obtained DL value is three orders of magnitude lower than the USEPA (U.S. 

Environmental Protection Agency) value of 20 mg/kg (corresponding to 1.8·10–4 

M) for Cd2+ in the agricultural topsoils, that represents no significant health risk 

to individuals through dietary ingestion of Cd2+-contaminated food crops [60], 

also considering WHO/FAO (World Health Organization/Food and Agriculture 

Organization of United Nations) recommended maximum tolerable value for Cd2+ 

entering in diets from soils and crops (25 μg/kg body weight per month)[61]. 

Conclusions 

In this paper, the macrocycle 2,8-dithia-5-aza-2,6-pyridinophane (L) was 

considered as a receptor unit in the development of conjugated fluorescent 

chemosensors, further demonstrating the efficacy of the “complementary 

synthetic strategy” in reaching at least an optical selectivity towards heavy metal 

ions. In particular, the optical selectivity and coordination properties towards 

Cd2+ and Zn2+ of two L-based chemosensors L1 and L2 differing in the signaling 

units have been deeply investigated. The addition of Zn2+ and Cd2+ ions induces 

the deprotonation of the naphthol chromophore of L1 and a fluorescence turn-on, 

which can be explained by suppression of PET rather than by ESIPT mechanism. 

Similarly, a significant CHEF effect was observed for L2, but only upon addition of 

Cd2+. In both cases, the formation of 1:1 metal-to-ligand complexes is observed. 

Despite these chemosensors lack of a thermodynamic selectivity in the binding 

process, their optical selectivity has allowed for the preparation of sensitive 

materials when supported in PVC-based polymeric membranes. Several 

membranes, differing for the plasticizer type and the cation-exchanger amount, 

were cast onto transparent glass slide supports and tested at different pH values. 



The TOP-plasticized Mb6 and Mb12 doped with L1 and L2, respectively, resulted 

the most promising among all tested membranes, showing the highest 

fluorescence intensity variation for Cd2+ at pH 7.5. Notably, L2-based membrane 

Mb12 shows a quenching of the film emission upon Cd2+ exposure that is an 

inverse response compared to the enhancement of the fluorescence emission in 

the case of the L1-based membrane Mb6.  

The new sensor devices have been successfully used in a fluorescent 

sensor array for the quantitative determination of Cd2+ ions in real samples of 

environmental importance such as soils of different provenance, once combined 

with the Photoassisted Technique (PT) for signal acquisition. The amounts of 

Cd2+ in aqueous extracts of soil samples found with single L1-based optode were 

in agreement with the Cd2+ content estimated with standard AAS method 

([Cd2+]Mb6 = 0.511, 0.007, 0.024 mg/kg vs [Cd2+]AAS = 0.574, 0.010, 0.030 mg/kg 

for airport, garden and waste dump samples, respectively) and with that found 

with the sensor array ([Cd2+]sa = 0.452, 0.005, 0.019 mg/kg). The obtained 

detection limit of 1.8·10–7 M for Cd2+ ion is three times lower than that 

recommended from the USEPA, corresponding to 1.8·10–4 M of Cd2+ in the 

agricultural topsoils. We would like to underline that for analytical application, 

fluorescent chemosensors do not necessarily have to possess both 

thermodynamic and optical selectivity for the target analytes, this simplifies the 

approach to the design and the synthetic process to adopt in the development of 

sensitive optical materials. 
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in non-diluted sample for preliminary estimation of analyte concentration basing on 

sensing spots luminescence. At the second step, a new disposable sensor should be 

applied in a properly diluted sample. Another possibility for analysis of samples with 

high initial concentration of Cd2+ is lying in the raise of standard addition concentration. 

In our experiments, while setting the analytical procedure for Cd2+ detection in aqueous 

soil extracts we have selected the concentrations of cadmium to be spiked in a sample in 

the range typical for the natural cadmium occurrence (approximately 1.0·10–5 M). As it 

is appeared during the tests, in Sample 1 the initial value of Cd2+ was about two orders 

of magnitude higher, therefore an addition of a smaller quantity of spiked Cd2+ was not 

possible with a proposed optical sensor array. Unfortunately, the increase of standard 

addition concentration is not recommended in order to avoid the additional pollution 

by hazardous Cd2+ ions during the analysis.   

[60] M. B. McBride, Cadmium Concentration Limits in Agricultural Soils: Weaknesses in 

USEPA's Risk Assessment and the 503 Rule, Human and Ecological Risk Assessment: An 

International Journal, 9 (2003) 661-674. 

[61] http://www.fao.org/tempref/codex/Meetings/CCCF/CCCF5/cf05_INF.pdf 
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Table 1. Compositions of studied membranes 
 
Membrane  Ligand, 1 wt % Plasticizer TpClPBK, wt % 

Mb1 L1 DOS - 

Mb2 L1 oNPOE - 

Mb3 L1 oNPOE 2 wt% 

Mb4 L1 DOS 2 wt% 

Mb5 L1 DOS 5 wt% 

Mb6 L1 TOP 5 wt% 

Mb7 L2 DOS - 

Mb8 L2 oNPOE - 

Mb9 L2 oNPOE 2 wt% 

Mb10 L2  DOS 2 wt% 

Mb11a L2 DOS 8 wt% 

Mb12 L2 TOP 2 wt% 
a L2 concentration 3 wt.% 
 
  



 
Table 2. Results of Cd2+ content detection in aqueous extracts of soils with L1- and L2- 
based optical sensors. 
 

Sample  [Cd2+] found in natural soil 

samples, mg/kg (n = 6) 

[Cd2+] determined by sensor array with standard 

addition method, mM (n = 6) 

  AAS Mb6 Sensor 

array 

Added Found Recovery, % 

Sample 1 Airport 0.574 0.511 0.452 0.110 n/aa n/aa 

Sample 2 Garden 0.010 0.007 0.005 0.110 0.111 100.5 

Sample 3 Waste dump 0.030 0.024 0.019 0.110 0.108 98.5 
aThe evaluation was not possible due to the high initial concentration of Cd2+ in Sample 1 [59] 
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Scheme 1 Synthetic pathway adopted for the preparation of L1. 
 
Scheme 2 Proposed behavior of L1 upon addition of Zn2+ in DMSO-d6. 
 
 
 
Figures captions:  
 
Fig. 1 Fluorescent chemosensors built using 2,8-dithia-5-aza-2,6-pyridinophane (L) as 
receptor unit with optical selectivity in round brackets. 
 
Fig. 2 Ligands discussed in this paper containing the macrocyclic receptor unit L (Scheme 1) 
together with the numbering scheme for NMR spectral assignments. 
 
Fig. 3 Normalized fluorescence emission at 558 nm of L1 (MeCN/H2O 4:1 v/v) upon addition 
at pH = 7.4 (MOPS buffer 1.0·10–2 M, 25 °C) of 1 equiv. of Zn2+, Cd2+, Cu2+, Co2+ (immediately 

after the addition), Hg2+, Fe3+, K+, Mg2+, Al3+, Ni2+ and Pb2+ (after one day) (ex = 320 nm). [L1] 
= 5.0· 10–6 M. 
 
Fig. 4 Changes in the UV-Vis spectrum of L1 upon addition of increasing amounts of Zn2+ (a), 
inset: corresponding absorbance at 436 nm versus molar ratio plot; changes in the emission 
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mailto:agarau@unica.it
mailto:larisa.lvova@uniroma2.it
mailto:eleonora.macedi@uniurb.it


spectrum of L1 upon addition of increasing amounts of Zn2+ (b), inset: corresponding 
normalized fluorescent intensity at 558 nm versus molar ratio plot ([L1] = 5.0· 10–6 M, 

MeCN/H2O (4:1 v/v), pH = 7.4, MOPS buffer 1.0·10–2 M, 25 °C, ex = 320 nm. Time elapsed 
between additions: 5 minutes). 
 
Fig. 5 Normalized fluorescence emission intensity of L1 for the ion competition study 
performed by adding Zn2+ to a solution containing an equimolar mixture of L1 and Mn+ (Mn+ 
= Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+ and Pb2+) ([L1] = 5.0·10–6 M, MeCN/H2O (4:1 

v/v), pH 7.4, MOPS buffer 1.0·10–2 M, 25 °C, ex = 320 nm, em = 558 nm). [L1] = 5.0· 10–6 M. 
 
Fig. 6 Normalized fluorescence emission of L2 (MeCN/H2O 4:1 v/v) upon addition at pH = 7.4 
(MOPS buffer 1.0·10–2 M) of 1 equiv. of Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+, Zn2+ 

and Pb2+ (ex = 340 nm, em = 433 nm). [L2] = 2.5·10–5 M. 
 
Fig. 7 Changes in the UV-Vis spectrum of L2 upon addition of increasing amounts of Cd2+ (a), 
inset: corresponding absorbance at 324 nm versus molar ratio plot; changes in the emission 
spectrum of L2 upon addition of increasing amounts of Cd2+ (b), inset: corresponding 
normalized fluorescent intensity versus molar ratio ([L2] = 2.5·10–5 M, MeCN/H2O (4:1 v/v), 

pH = 7.4 MOPS buffer 1.0·10–2 M, 25 °C, ex = 340 nm, em = 433 nm). 
 
Fig. 8 Normalized fluorescence emission intensity of L2 for the ion competition study 

performed by adding 5 equivs. of Mn+ (Mn+ = Zn2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+ 

and Pb2+) to an equimolar solution of L2 and Cd2+ ([L2] = 2.4·10–5 M, MeCN/H2O (4:1 v/v), pH 

7.4 MOPS buffer 1.0·10–2 M, 25 °C, ex = 340 nm, em = 433 nm). [L2] = 2.5·10–5 M. 

Fig. 9 1H NMR spectra in DMSO-d6 of free L1 (a), upon sequential addition of 1 equiv. of Zn2+ 
ion (as perchlorate salt) (b), and 1 equiv. of Bu4NOH (c). Black circles: protonated L1, (HL1)+, 

signals; black stars: Zn2+ complex ([Zn(H-1L1)]+) signals. For the numbering scheme see Fig. 2. 
 
Fig. 10 1H NMR spectra of free L2 and in the presence of 1 equiv. of Cd2+ ion as nitrate salt in 
CD3CN/CDCl3 (7:3 v/v). For the numbering scheme see Fig. 2 (* CDCl3, ** impurities). 
 
Fig. 11 Asymmetric unit of [CdL2(NO3)2] (1) with the numbering scheme adopted. Thermal 
ellipsoids are drawn at 50% probability level. Selected bond distances and angles: Cd1–N1 = 
2.419(2), Cd1–N2 = 2.532(2), Cd1–S1 = 2.6555(4), Cd1–S2 = 2.6450(4), Cd1–O8 = 2.420(2), 
Cd1–O14 = 2.584(2), Cd1–O11 = 2.359(2) Å; N1–Cd1–N2 = 81.20(5), N1–Cd1–S1 = 75.98(3), 
N1–Cd1–S2 = 77.50(3), N2–Cd1–S1 = 79.33(3), N2–Cd1–S2 = 77.16(3), S1–Cd1–S2 = 
146.784(14)o. 
 
Fig. 12 The photogram of PT response of L1- and L2-based optodes in binary solutions of 
Cd2+ and Zn2+ ions. Membranes doped with ligand L1 were conditioned in 0.01 M TRIS at pH 
8.6 for 15 min, then the measurements were performed in 0.01 M HEPES buffer at pH 7.5 

and LED illumination at ex = 380 nm. 
 
Fig. 13 Fluorescence response changes of membranes Mb4-Mb6 and Mb10-Mb12 prepared 
with L1 and L2, respectively, toward several cations in their individual solutions evaluated 

with PT at ex = 380 nm LED illumination in 0.01 M HEPES buffer at pH 7.5. 



 
Fig. 14 The photogram of Cd2+ assessment in soils with developed L1- and L2-based optodes, 
Mb6 and Mb12, respectively, in 0.01 M HEPES at pH 7.5 background solution upon LED 

illumination at ex = 380 nm. 
 
Fig. 15 (A) PLS1 calibration curve employed for Cd2+ ions content analysis with L1- and L2-
based optical sensors array; (B) PCA scores and loadings plot of the fluorescent sensor array 
responses in Cd2+ calibration solutions in the concentration range from 1.0·10–7 to 1.0·10–2 
M and in analyzed aqueous extracts of soil samples. In graph B, R and G tags for sensors 
loadings correspond to the optodes optical intensity variations in the red and green 
channels, respectively. 
 
  



Scheme 1. 
 

 
 
Scheme 1 Synthetic pathway adopted for the preparation of L1. 
 
  



Scheme 2. 
 

 
 
Scheme 2 Proposed behavior of L1 upon addition of Zn2+ in DMSO-d6. 
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Fig. 1 Fluorescent chemosensors built using 2,8-dithia-5-aza-2,6-pyridinophane (L) as 
receptor unit with optical selectivity in round brackets. 
 
  



Figure 2. 

 
 
Fig. 2 Ligands discussed in this paper containing the macrocyclic receptor unit L (Scheme 1) 
together with the numbering scheme for NMR spectral assignments. 
 
  



Figure 3. 
 

 
Fig. 3 Normalized fluorescence emission at 558 nm of L1 (MeCN/H2O 4:1 v/v) upon addition 
at pH = 7.4 (MOPS buffer 1.0·10–2 M, 25 °C) of 1 equiv. of Zn2+, Cd2+, Cu2+, Co2+ (immediately 

after the addition), Hg2+, Fe3+, K+, Mg2+, Al3+, Ni2+ and Pb2+ (after one day) (ex = 320 nm). [L1] 
= 5.0· 10–6 M. 
  



Figure 4. 

 
 

Fig. 4 Changes in the UV-Vis spectrum of L1 upon addition of increasing amounts of Zn2+ (a), 
inset: corresponding absorbance at 436 nm versus molar ratio plot; changes in the emission 
spectrum of L1 upon addition of increasing amounts of Zn2+ (b), inset: corresponding 
normalized fluorescent intensity at 558 nm versus molar ratio plot ([L1] = 5.0· 10–6 M, 

MeCN/H2O (4:1 v/v), pH = 7.4, MOPS buffer 1.0·10–2 M, 25 °C, ex = 320 nm. Time elapsed 
between additions: 5 minutes). 
 
  



Figure 5. 
 

 
 
Fig. 5 Normalized fluorescence emission intensity of L1 for the ion competition study 
performed by adding Zn2+ to a solution containing an equimolar mixture of L1 and Mn+ (Mn+ 
= Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+ and Pb2+) ([L1] = 5.0·10–6 M, MeCN/H2O (4:1 

v/v), pH 7.4, MOPS buffer 1.0·10–2 M, 25 °C, ex = 320 nm, em = 558 nm). [L1] = 5.0· 10–6 M. 
 
  



Figure 6. 
 

 
 

Fig. 6 Normalized fluorescence emission of L2 (MeCN/H2O 4:1 v/v) upon addition at pH = 7.4 
(MOPS buffer 1.0·10–2 M) of 1 equiv. of Cd2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+, Zn2+ 

and Pb2+ (ex = 340 nm, em = 433 nm). [L2] = 2.5·10–5 M. 
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Figure 7. 
 

 
 
Fig. 7 Changes in the UV-Vis spectrum of L2 upon addition of increasing amounts of Cd2+ (a), 
inset: corresponding absorbance at 324 nm versus molar ratio plot; changes in the emission 
spectrum of L2 upon addition of increasing amounts of Cd2+ (b), inset: corresponding 
normalized fluorescent intensity versus molar ratio ([L2] = 2.5·10–5 M, MeCN/H2O (4:1 v/v), 

pH = 7.4 MOPS buffer 1.0·10–2 M, 25 °C, ex = 340 nm, em = 433 nm). 
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Figure 8. 
 

 
 
Fig. 8 Normalized fluorescence emission intensity of L2 for the ion competition study 
performed by adding 5 equivs. of Mn+ (Mn+ = Zn2+, Co2+, Cu2+, Fe3+, Hg2+, K+, Mg2+, Al3+, Ni2+ 
and Pb2+) to an equimolar solution of L2 and Cd2+ ([L2] = 2.4·10–5 M, MeCN/H2O (4:1 v/v), pH 

7.4 MOPS buffer 1.0·10–2 M, 25 °C, ex = 340 nm, em = 433 nm). [L2] = 2.5·10–5 M. 
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Figure 9. 
 

 
Fig. 9 1H NMR spectra in DMSO-d6 of free L1 (a), upon sequential addition of 1 equiv. of Zn2+ 
ion (as perchlorate salt) (b), and 1 equiv. of Bu4NOH (c). Black circles: protonated L1, (HL1)+, 

signals; black stars: Zn2+ complex ([Zn(H-1L1)]+) signals. For the numbering scheme see Fig. 2. 
 
 
  



Figure 10. 
 

 
 
Fig. 10 1H NMR spectra of free L2 and in the presence of 1 equiv. of Cd2+ ion as nitrate salt in 
CD3CN/CDCl3 (7:3 v/v). For the numbering scheme see Fig. 2 (* CDCl3, ** impurities). 
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Figure 11. 
 

 
 
Fig. 11 Asymmetric unit of [CdL2(NO3)2] (1) with the numbering scheme adopted. Thermal 
ellipsoids are drawn at 50% probability level. Selected bond distances and angles: Cd1–N1 = 
2.419(2), Cd1–N2 = 2.532(2), Cd1–S1 = 2.6555(4), Cd1–S2 = 2.6450(4), Cd1–O8 = 2.420(2), 
Cd1–O14 = 2.584(2), Cd1–O11 = 2.359(2) Å; N1–Cd1–N2 = 81.20(5), N1–Cd1–S1 = 75.98(3), 
N1–Cd1–S2 = 77.50(3), N2–Cd1–S1 = 79.33(3), N2–Cd1–S2 = 77.16(3), S1–Cd1–S2 = 
146.784(14)o. 
 
 
 
  



Figure 12.  
 

 
 
Fig. 12 The photogram of PT response of L1- and L2-based optodes in binary solutions of 
Cd2+ and Zn2+ ions. Membranes doped with ligand L1 were conditioned in 0.01 M TRIS at pH 
8.6 for 15 min, then the measurements were performed in 0.01 M HEPES buffer at pH 7.5 

and LED illumination at ex = 380 nm. 
 
 
  



Figure 13. 
 

 
 
Fig. 13 Fluorescence response changes of membranes Mb4-Mb6 and Mb10-Mb12 prepared 
with L1 and L2, respectively, toward several cations in their individual solutions evaluated 

with PT at ex = 380 nm LED illumination in 0.01 M HEPES buffer at pH 7.5. 
 
 
  



Figure 14. 
 

 
 
Fig. 14 The photogram of Cd2+ assessment in soils with developed L1- and L2-based optodes, 
Mb6 and Mb12, respectively, in 0.01 M HEPES at pH 7.5 background solution upon LED 

illumination at ex = 380 nm. 
 
 
  



Figure 15. 
 

 
 
Fig. 15 (A) PLS1 calibration curve employed for Cd2+ ions content analysis with L1- and L2-
based optical sensors array; (B) PCA scores and loadings plot of the fluorescent sensor array 
responses in Cd2+ calibration solutions in the concentration range from 1.0·10–7 to 1.0·10–2 
M and in analyzed aqueous extracts of soil samples. In graph B, R and G tags for sensors 
loadings correspond to the optodes optical intensity variations in the red and green 
channels, respectively. 
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 A complementary synthetic strategy was employed to obtain L1 and L2 

chemosensors. 

 Spectrophotometric, spectrofluorimetric and NMR studies on ligand interactions 

with heavy metal ions were performed.   

 L1 showed the highest optical sensitivity for Zn2+ and Cd2+ ions, while L2 was 

found to be Cd2+-selective. 

 Fluorescent optodes based on L1 and L2 inside PVC polymeric membranes for 

Cd2+ ion detection in real samples were developed.  

 The optodes were used for Cd2+ assessment in soils; the obtained results were in 

a good agreement to a standard AAS method.   
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Dear Editor, 

We are delighted to submit our paper entitled:  

N2S2 Pyridinophane-Based Fluorescent Chemosensors for Selective Optical Detection of Cd2+ in 
Soils 

by A. Garau, L. Lvova, E. Macedi, G. Ambrosi, M. C. Aragoni, M. Arca, C. Caltagirone, S. J. Coles, M. 
Formica, V. Fusi, L. Giorgi, F. Isaia, V. Lippolis, J. B. Orton and R. Paolesse  

which we would like to be considered for publication in Sensors and Actuators B: Chemical. 

In the present work the synthesis, coordination properties in solution and application in optical  
chemical sensors towards Zn2+ and Cd2+ of the ligands L1 and L2, containing the macrocycle 2,8-
dithia-5-aza-2,6-pyridinophane (L) as a receptor unit and the 2-(2′-Hydroxy-3′-naphthyl)-4-
methylbenzoxazole (HNBO) or the 7-(2-ethylamino)-4-methylcoumarin chromophores as pendant 
arms, respectively, have been reported. Spectrophotometric and spectrofluorimetric 
investigations together with NMR measurements allowed to get a deeper insight into the nature 
of the complexes formed by L1 and L2 with Zn2+ and Cd2+ ions, and on the transduction 
mechanisms responsible for the optical responses of the two ligands observed in the presence of 
these metal ions.  

Being the result of a collaboration between several research groups specialized in chemical 
sensors development and multisensory analysis, this work demonstrates the efficacy of the 
“complementary synthetic strategy” in reaching an optical selectivity towards heavy metal ions. 
According to the suggested strategy, different fluorogenic fragments are attached to a predefined 
receptor unit through an appropriate linker, and the resulting “synergic cooperation” between the 
receptor and signaling units of the obtained ligand determine the optical selectivity of such 
conjugated chemosensor. The optical selectivity has allowed for the preparation of fluorescent 
sensitive materials based on PVC polymeric membranes for the quantitative determination of Cd2+ 
ion in real samples. The new sensor devices have been successfully used in a sensor array for the 
quantitative determination of samples of environmental importance such as soils of different 
provenance, once combined with the Photoassisted Technique (PT) for signal acquisition. The 
obtained results were in good agreement with a standard AAS method employed for Cd2+ ion 
analysis in tested soils. 
 

As this work is quite multidisciplinary, different expertise from different research groups have 
been involved: 

 Synthesis and solution studies on L1: Gianluca Ambrosi, Luca Giorgi, Eleonora Macedi; 

 1H- and 13C NMR studies on L1: Mauro Formica; 

 Synthesis and solution studies on L2: Alessandra Garau, Claudia Caltagirone, M. Carla 
Aragoni; 

 1H- and 13C NMR studies on L2: Alessandra Garau, Francesco Isaia, Massimiliano Arca; 

 Development and study of polymeric membrane optodes: Larisa Lvova, Roberto Paolesse; 

 Crystallographic studies: James B. Orton, Simon J. Coles; 
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