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Abstract: In this study, a novel highly sensitive and selective fluorescent optode membrane aimed at the
determination of Pb(II) ion is proposed by incorporating N-(3-(1,4-dioxa-7,13-dithia-10-azacyclopentadecan-
10-yl)propyl)-5-(dimethylamino)naphthalene-1-sulfonamide (L) as fluoroionophore in polyvinyl chloride
(PVC) containing 2-nitrophenyl octylether (NPOE) as a plasticizer. In addition to high stability
and reproducibility, the proposed optosensor showed a unique selectivity toward Pb(II) ion, with
a wide linear range of molar concentrations (1.0 × 10−9–1.0 × 10−3 M) and a low detection limit
of 7.5 × 10−10 M in solution at pH 5.0. The formation constants of the Pb(II) complexes with the
fluoroionophore were evaluated by fitting the fluorescence data with a nonlinear least-squares curve-
fitting program, and further information about the structures of the complexes were evaluated based
on hybrid-DFT calculations. The optosensor exhibited a fast response time of less than three min,
being easily regenerated by exposure to a solution of dithiothreitol. The sensor was applied to
the determination of Pb(II) in real samples (canned tuna fish), and it provided satisfactory results
comparable to those obtained via atomic absorption spectrometry (AAS).

Keywords: optical sensor; macrocyclic ligands; lead; PVC membrane; fluorescence spectroscopy

1. Introduction

The increasing presence of heavy metal ions such as Cd(II), Pb(II), and Hg(II) in the
environment is the reason behind growing public concern due to their adverse effects on
human health under intoxication conditions [1]. Lead(II) is one of the most toxic heavy
metal ions, and its presence in the environment is continuously increasing due to its usage
in many industrial processes and human activities [2]. Prolonged exposure to this metal
ion can cause numerous pathological diseases and metabolic disorders, including carcino-
genicity, muscle paralysis, memory loss, and mental retardation [3]. Therefore, increasingly
reliable, sensitive, and selective probes, and analytical methods are continuously required
for monitoring and assessing lead(II) levels in environmental matrices and living organisms.
Several methods can be used for measuring the level of Pb(II) in real samples, including
voltammetry [4], ICP-AES [5], ICP-AMS [6], flame atomic absorption spectrometry [7],
graphite furnace atomic absorption spectrometry [8], and spectrophotometry [9]. Although
these analytical techniques are sensitive and accurate, they generally require costly mea-
suring equipment, qualified personnel, laborious sample pre-treatment, and they cannot
be considered for in-field and on-line analysis. On the contrary, among other screening
methods available, those based on the use of optical sensors represent a valid alternative in
terms of simplicity and sensitivity for the rapid monitoring of lead(II) and other toxic metal
ions in environmental and biological matrices. In particular, fluorescent chemosensors [10]
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seem to be ideal tools because fluorescence measurements are sensitive, low-cost, and the
sample preparation is simple and not necessarily disruptive. In addition, fluorescence
spectroscopy offers the possibility of local observation in cells and tissues using microscopy
techniques. During the past 15–20 years, many research groups have been engaged in
research programs devoted to the use of medium-sized macrocyclic ligands featuring differ-
ent donor atoms, ring size cavity and molecular structure, for the development of optically
selective fluorescent chemosensors for either essential to human life metals, i.e., Mg(II),
Zn(II) or toxic heavy metals (Cd(II), Pb(II), Hg(II)), following synthetic paradigms based on
the principles of supramolecular chemistry [11–28]. In general, fluorescent chemosensors
for metal ions consist of a receptor unit (for example a macrocyclic ligand) covalently linked
through a spacer to a fluorogenic unit (conjugated fluorescent chemosensors) so that the
selective host–guest interaction in solution of the target species at the receptor site is con-
verted into a selective enhancement or quenching of the fluorophore emission signal, which
can be easily detected. This supramolecular scheme could be translated into an operative
synthetic approach: “find the appropriate receptor and link a fluorogenic fragment to it”.
This approach has worked particularly well with crown ethers for the development of
fluorescent chemosensors for alkaline metal cations [10]. However, the design of highly
selective binding units is a very challenging task, and the signaling unit could also be
involved in the target species binding process (i.e., the fluorophore features coordinating
donor atoms). In this case the optical selectivity (a change in the fluorescence emission
intensity is observed only in the presence of one species) could be achieved even in the
absence of thermodynamic or binding selectivity (more than one species can bind equally
efficiently the molecular chemosensor). This is still a favorable situation as thermodynamic
selectivity could be reached by changing the host–guest interaction medium, for example, it
has been shown that selectivity in the binding process can be achieved once the chemosen-
sor is dispersed in polyvinyl chloride (PVC), where other factors such as mobility and
lipophilicity come into action [11,14–16,18]. Furthermore, for many analytical applications,
binding selectivity of the chemosensor is not strictly necessary either because the absence
of binding-interfering species in the sample considered is known or only a quick qualitative
response is required about the presence of the target species in the analyzed matrix. This
makes the quest for optical selectivity a priority for an optical chemosensor as compared to
binding selectivity, thus rendering the molecule design and synthesis easier. Of course, a
chemosensor featuring the selectivity of both would represent the best situation.

Following our interest in this field (particularly in the use of macrocyclic ligands as
receptor units according to the above-mentioned receptor–spacer–fluorophore supramolec-
ular scheme), in the present study, the suitability of the dansylamidopropyl pendant arm
derivative of the mixed-donor macrocycle 1,4-dioxa-7,13-dithia-10-azacyclopentadecane
([15]aneNS2O2), i.e., N-(3-(1,4-dioxa-7,13-dithia-10-azacyclopentadecan-10-yl)propyl)-5-
(dimethylamino)naphthalene-1-sulfonamide (L, Figure 1), for the preparation of a selective
polyvinyl chloride (PVC)-based Pb(II) fluorescent optode membrane was examined, and
the concentration of Pb(II) in authentic samples was satisfactorily determined with the new
membrane sensor.
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used throughout. N-(3-(1,4-dioxa-7,13-dithia-10-azacyclopentadecan-10-yl)propyl)-5-
(dimethylamino)naphthalene-1-sulfonamide (L) was synthesized according to the 
procedure reported in the literature [29]. A Varian Cary Eclipse fluorescence spectrometer 
was used for the fluorescence measurements, while the pH measurements were carried 
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mother solution with doubly distilled water. The lead(II) content of the sample was 
determined using the standard addition method [30]. 
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PVC-based optode membranes for Pb(II) sensing were prepared by mixing 5 mg of 

L, 5 mg of sodium tetraphenylborate (NaTPB), 30 mg of polyvinyl chloride (PVC) powder, 
and 60 mg of 2-nitrophenyl octylether (NPOE), and dissolving the obtained mixture in 2 
mL of THF. Of the homogenized solution, 0.2 mL was cast onto glass plates (28 mm × 13 
mm × 1 mm) and spread by using a spin-on device (2600 rpm rotation frequency, about 
15 s spinning time). The obtained optode was kept in ambient air for 1 h before use. The 
supported membranes, obtained from the previous steps, were placed in a diagonal 
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as the blank membrane. Before the first measurement of Pb(II) ion was made, the 
membrane was soaked for more than 20 min, until a stable fluorescence response was 
revealed. The sensor was excited at 342 nm to measure its fluorescence intensity at 520 
nm. During titrations with a standardized solution of Pb(II), the fluorescence intensity of 
the optode was measured after adequate time (3 min) to ensure that the equilibrium was 
reached. The limit of detection of the optimized membrane was estimated as the [Pb(II)] 
producing an analytical signal equal to three times the standard deviation of the signal 
recorded for the blank.  

Figure 1. N-(3-(1,4-dioxa-7,13-dithia-10-azacyclopentadecan-10-yl)propyl)-5-(dimethylamino)naphthalene-
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2. Materials and Methods
2.1. Reagents and Apparatus

All chemicals used (metal cations as nitrate salts) including solvents and polyvinyl
chloride (PVC) of high relative molecular weight were analytical reagent-grade (Sigma or
Merck) and were used without any further purification. Among the chemicals used,
2-nitrophenyl octylether (NPOE) was purchased from Acros. Doubly distilled water
was used throughout. N-(3-(1,4-dioxa-7,13-dithia-10-azacyclopentadecan-10-yl)propyl)-5-
(dimethylamino)naphthalene-1-sulfonamide (L) was synthesized according to the proce-
dure reported in the literature [29]. A Varian Cary Eclipse fluorescence spectrometer was
used for the fluorescence measurements, while the pH measurements were carried out on a
Metrohm 692 pH/ion meter.

2.2. Procedure for the Determination of Pb(II) in Canned Tuna Samples

About 10.0 g of canned tuna samples were placed in a crucible and were dried at
100 ◦C for 24 h. The dried samples were ashed in a furnace at 550 ◦C. Subsequently, 5 mL of
a HNO3/HCl, 1:3 (v/v) solution was added, and the mixtures were heated until dissolution
was completed. The solutions were then cooled and completely transferred to a calibrated
50 mL volumetric flask. The pH of the solutions was adjusted to 5.0 (see Section 3.4) by an
acetate buffer. Proper sample solutions were prepared by appropriately diluting the mother
solution with doubly distilled water. The lead(II) content of the sample was determined
using the standard addition method [30].

2.3. Optode Membrane Preparation

PVC-based optode membranes for Pb(II) sensing were prepared by mixing 5 mg
of L, 5 mg of sodium tetraphenylborate (NaTPB), 30 mg of polyvinyl chloride (PVC)
powder, and 60 mg of 2-nitrophenyl octylether (NPOE), and dissolving the obtained mix-
ture in 2 mL of THF. Of the homogenized solution, 0.2 mL was cast onto glass plates
(28 mm × 13 mm × 1 mm) and spread by using a spin-on device (2600 rpm rotation fre-
quency, about 15 s spinning time). The obtained optode was kept in ambient air for 1 h
before use. The supported membranes, obtained from the previous steps, were placed in
a diagonal position in the quartz cell (10 mm × 10 mm × 50 mm dimensions) containing
2.0 mL of an acetate buffer solution (pH 5.0, see Section 3.4). A membrane, not containing
L, was tested as the blank membrane. Before the first measurement of Pb(II) ion was
made, the membrane was soaked for more than 20 min, until a stable fluorescence response
was revealed. The sensor was excited at 342 nm to measure its fluorescence intensity at
520 nm. During titrations with a standardized solution of Pb(II), the fluorescence intensity
of the optode was measured after adequate time (3 min) to ensure that the equilibrium was
reached. The limit of detection of the optimized membrane was estimated as the [Pb(II)]
producing an analytical signal equal to three times the standard deviation of the signal
recorded for the blank.

2.4. Theoretical Calculations

Theoretical calculations were performed at the density functional theory (DFT) [31]
level on Pb(II), L, [Pb(L)]2+, and [Pb(L)2]2 with the Gaussian 16 [32] commercial suite. Based
on a previous validation carried out on strictly related compounds [33], the mPW1PW
hybrid functional [34] was adopted in combination with the Ahlrichs split-valence basis
sets (BSs) in the Weigend’s formulation (def2SVP) [35], featuring relativistic effective core
potentials (RECPs) for the heavier Pb atom. Fine numerical integration grids were adopted.
Harmonic frequency calculations were used to verify the nature of the minima of the
optimized structures and carry out thermochemical analysis (Tables S1–S5). A population
analysis at the NBO level [36,37] was carried out, and Wiberg bond indexes [36] were
calculated at the optimized geometries. The optimized geometries and the isosurfaces of
KS-MOs were investigated using the GaussView 6.0.16 [38] and Molden 7.2 [39] programs.
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3. Results and Discussion
3.1. Preliminary Studies

Initially, we performed the titration of MeCN solutions of L with different metal ions,
including Pb(II). The variations in the excitation and emission fluorescence spectra were
recorded upon the addition of an increasing amount of Pb(II) (Figure 2) and other selected
metal cations (Figure 3) to acetonitrile (MeCN) solutions of the ligand (5.0 × 10−5 M) at
25.0 ± 0.1 ◦C. As seen in Figure 2, the emission spectra of the ligand show a sharp band
at 518 nm, which significantly decreased as a function of the [Pb(II)]/[L] molar ratio (to
underline the importance of the medium in which the host–guest binding process takes
place, it is important to consider that in MeCN/H2O (4:1 v/v) at pH 7.0, the optical response
of L to the presence of Pb(II) could not be studied due to the formation of an insoluble
precipitate [29]). The quenching effect is smaller for the other metal cations considered,
with changes in the emission spectrum of L upon titration with these metals that are similar
to those observed in the case of the titration with Pb(II) (Figure 2). The corresponding plots
of the fluorescence intensity at the maximum emission wavelength as a function of the
[Pb(II)]/[L] ratio (Figure 3), show two distinct inflection points at [Pb(II)]/[L] ratios of 0.5
and 1.0, presumably attributable to the formation of both [Pb(L)2]2+ and [Pb(L)]2+ complex
cations. The plots in Figure 3 were confirmed by repeated titration experiments.
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Figure 2. Excitation (left) and emission (right) spectra of L in a MeCN solution at 25.0 ± 0.1 ◦C during a
spectrofluorimetric titration in the presence of increasing concentrations of Pb(II). [L] = 5.0 × 10−5 M.
The [Pb(II)]/[L] molar ratio corresponding to each of the 10 spectra reported (from up to down) is shown
in Figure 3 in correspondence with the first 10 points in the titration plot with Pb(II) (from left to right).
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In the case of Pb(II), the emission spectrum recorded in correspondence with each of the first 10 points
(from left to right) in the titration plot is shown in Figure 2 (from up to down).
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The formation constants of these two complexes and those regarding the complexation
of the other metal cations considered were calculated by applying a nonlinear least-squares
curve-fitting model [40,41] (Table 1) to the fluorescence intensity versus [M]/[L] ratio data.

Table 1. Formation constants (log K) calculated for the complexes of different metal ions, M, with the
ligand L in MeCN.

Metal log K

M(L) M(L)2

Pb(II) 11.27 ± 0.05 4.61 ± 0.03
Hg(II) 7.63 ± 0.04 4.08 ± 0.04
Ag(I) 7.86 ± 0.04 4.21 ± 0.03
Cd(II) 8.39 ± 0.05 4.49 ± 0.05
Fe(III) 3.72 ± 0.03 ---
Co(II) 4.11 ± 0.05 ---
Ni(II) 4.59 ± 0.03 ---
Cu(II) 5.22 ± 0.04 ---
Zn(II) 5.71 ± 0.03 ---
La(III) 3.56 ± 0.05 ---
Ca(II) 3.04 ± 0.04 ---

The results discussed above supported the formation of the most stable Pb(II) com-
plexes in the series followed by Cd(II), Ag(I) and Hg(II), which also form both [M(L)]2+ and
[M(L)2]2+ complexes. Further information about the structures of the fluorophore L and its
Pb(II) complexes were obtained from hybrid DFT [31] gas phase calculations (Figure 4).
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In the optimized structure of the 1:1 [Pb(L)]2+ complex (Figure 4B), the cation is well-
incorporated inside the cavity of the twisted macrocyclic framework and coordinated by
all the donor atoms of the ligand molecule (five atoms from the macrocyclic moiety and
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the amidic N-donor atom), analogously to what is found in related metal complexes [42].
The Pb–O (2.783 and 2.794 Å), Pb–S (2.946 and 2.975 Å), and Pb–N (Pb–Nmacro = 2.687;
Pb–Namid = 2.854 Å) are all longer than the sum of the corresponding covalent radii. Ac-
cordingly, the large natural charge [37] on the metal ion (QPb = 1.185 |e|) and the modest
Wiberg [36] bond indexes (average WBIPb–O = 0.10; WBIPb–S = 0.29; WBIPb–N = 0.18 and
0.11 for the macrocyclic and amidic nitrogen atoms, respectively) suggest a prevalently
electrostatic interaction between the metal ion and the coordinating ligand atoms. This
notwithstanding, it is worth noting that a second-order perturbation analysis (SOPTA) of
the Fock matrix in the NBO basis indicates a intramolecular interaction of 22.6 kcal/mol
from the amidic nitrogen atom to the lead(II) ion.

In the optimized structure of the 1:2 [Pb(L)2]2+ complex (Figure 4C), the Pb(II) ion
is coordinated by two S-atoms (2.780 and 2.972 Å) and an N-atom of the macrocycle of
one ligand unit (2.687 Å) and the amidic nitrogen of the second ligand (2.854 Å). The
coordination is supported by one short Pb–O interaction (2.429 Å) from the sulfone moiety.
The two macrocycles are further connected by a hydrogen bond involving the amidic N–H
group of a ligand and the sulfone group of the other. Of note, the interaction between the
amidic nitrogen and the lead(II) ion involves only one of the two ligand units with a lower
energy (14.46 kcal/mol; WBIPb···N = 0.079) that was evaluated via SOPTA analysis.

The lower number of interactions with the macrocyclic moieties in the 1:2 complex with
respect to those in the 1:1 complex is reflected in a remarkable lowering of the stabilization
energies resulting from the formation of the 1:1 complex (from the ligand and the free Pb(II)
ion; ∆E1 = 257.61 kcal/mol; Table S1) as compared to the formation of the 1:2 complex
(from the ligand and the 1:1 complex; ∆E2 = 33.54 kcal/mol; Table S1). Accordingly, the
same trend was calculated for the reaction free energy variations related to the 1:1 and 1:2
complex formation (∆G1 = –241.4; ∆G2 = –17.2 kcal/mol; Table S1). This may tentatively
justify the significantly lower formation constant evaluated experimentally in MeCN for
[Pb(L)2]2+ compared to [Pb(L)]2+ (Table 1). The involvement of the amidic N atom(s) in the
metal coordination, both in the 1:1 and, to a lesser extent, 1:2 Pb(II)/L complexes, might
account for the quenching effect observed in the solution. The lower N–Pb(II) interaction
energy, as well as the smaller N–Pb bond orders in the 1:2 complex compared to the 1:1
complex, are in agreement with the lower quenching observed in the former case compared
to the latter (Figure 3). On the basis of these results, we expected L to be suitable for the
preparation of a PVC optode selective for Pb(II), considering also that once incorporated in
plasticized PVC, the optical and binding selectivity of the chemosensor could improve. In
fact, other factors such as mobility and lipophilicity of the different species participating
in the binding/signaling event could have some effects in this respect [11,14–16,18] (see
Section 1).

3.2. Operation Principle

The membrane optical sensor was prepared by incorporating L and sodium tetraphenylb-
orate (NaTPB) as a lipophilic anionic additive in plasticized PVC. TPB− provides the
necessary ion exchange properties for the optode membrane; this is necessary because L
is neutral and cannot behave as an ion exchanger [14], according to the heterogeneous
equilibrium (1):

nL(org) + 2mNaTPB(org) + mPb(II)(aq) 
 Pb(II)mLn(org) + 2mTPB−
(org) + 2mNa+

(aq) (1)

Figure 5A shows changes in the excitation (left) and emission spectra (right) of the
Pb(II) optode membrane at the optimized composition (see Section 3.3) upon increasing the
concentrations of the Pb(II) ion (all measurements were obtained at pH = 5.0 (see Section 3.4),
adjusted with an acetate buffer). A decrease in both the excitation and emission intensities
was observed upon increasing the concentration of Pb(II). Based on the experimental
response of the optode membrane, the following theoretical measuring model for the
determination of Pb(II) can be proposed [14]. The overall equilibrium between Pb(II) in the
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aqueous solution (Pb(II)(aq)) and L in the plasticized PVC membrane organic phase (L(org))
to afford a Pb(II)mLn complex can be represented as follows:

mPb(II)(aq) + nL(org) 
 Pb(II)mLn(org) (2)

with the constant for the overall reaction given by (3):

β = [Pb(II)mLn](org)/[Pb(II)](aq)
m [L](org)

n (3)
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Figure 5. Changes in the excitation (left) and emission spectra (right) of the Pb(II) optode membrane at
the optimized composition upon increasing the concentrations of the Pb(II) ion (A) (all measurements
were obtained at pH = 5.0 (see Section 3.4), adjusted with an acetate buffer): (1) solution of L,
(2) 1.0 × 10−9 M, (3) 1.0 × 10−8 M, (4) 1.0 × 10−7 M, (5) 1.0 × 10−6 M, (6) 1.0 × 10−5 M,
(7) 1.0 × 10−4 M, (8) 1.0 × 10−3 M, (9) 1.0 × 10−2 M (Pb(II) solutions that were more diluted
than 10−9 M and more concentrated than 10−2 M, showed emission spectra superimposable to
those recorded for the 10−9 and 10−2 M solutions, respectively); α (see Equation (5)) as a function of
–log[Pb(II)] (B). The fitting of the experimental data (black dots) was performed using Equation (6):
m:n = 1:1 (red curve), m:n = 1:2 (blue curve), m:n = 2:1 (green curve).
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The relative fluorescence intensity is defined by the ratio between the uncomplexed L
in the organic phase ([L](org)) and its total amount ([Ltot](org)):

α = [L](org)/[Ltot](org) and [Pb(II)mLn](org) = [Ltot](org) (1 − α)/n (4)

The value of α during titration with Pb(II) can be evaluated by measuring the fluores-
cence intensity of the optode membrane, FI, according to (5):

α = (FI − FIt)/(FI0 − FIt) (5)

In Equation (5), FIt and FI0 are the fluorescence intensities of the optode in the limit
situations of L that is totally complexed (α = 0) and totally uncomplexed (α = 1), respectively.

By combining Equations (3) and (4), we can obtain the relationship between α and
[Pb(II)] in water solution:

(1 − α)/αn = n β [Ltot](org)
n−1 [Pb(II)](aq)

m (6)

Equation (6) can be used for the quantitative determination of Pb(II) using the pro-
posed optode membrane.

3.3. Optimization of the Membrane Composition

The effect of the membrane composition [43–47] on the response of the optode to Pb(II)
was tested by preparing different membranes featuring different types of plasticizer, the
nature of which can significantly influence both the measuring concentration range and
the selectivity coefficients [45–47]. Different molar concentrations of L and NaTPB as a
lipophilic anionic additive necessary to facilitate the ion exchange equilibrium between the
membrane and the sample [46,47] (Table 2) were tested, while keeping the plasticizer/PVC
ratio in the recommended range of 1.6–2.2 [15,45].

Table 2. Optimization of the membrane composition a.

Membrane No. PVC/mg Plasticizer/mg NaTPB/mg L/mg Dynamic Range/M

1 30 60(NPOE) 5 5 1.0 × 10−9–1.0 × 10−3

2 30 60(TEHP) 5 5 2.5 × 10−8–1.0 × 10−4

3 30 60(DOS) 5 5 5.0 × 10−7–5.0 × 10−5

4 30 60(DOP) 5 5 1.0 × 10−8–5.0 × 10−4

5 30 60(DBP) 5 5 1.0 × 10−7–5.0 × 10−5

6 31 60(NPOE) 5 4 2.5 × 10−8–2.5 × 10−4

7 29 60(NPOE) 5 6 5.0 × 10−8–5.0 × 10−4

8 31 60(NPOE) 4 5 7.5 × 10−8–2.5 × 10−4

9 29 60(NPOE) 6 5 5.0 × 10−8–7.5 × 10−4

10 35 60(NPOE) 5 0 1.0 × 10−5–1.0 × 10−4

a Polyvinyl chloride (PVC), 2-nitrophenyl octylether (NPOE), tris(2-ethylhexyl)phosphate (TEHP), dioctylsebasate
(DOS), dioctylphthalate (DOP), dibutylphthalate (DBP), sodium tetraphenylborate (NaTPB).

The use of NPOE resulted in the largest measuring range (see membranes No. 1 and
No. 6–9 in Table 2). An amount of 5 mg of L in the PVC–membrane afforded the best
response of the selective sensor to Pb(II). Therefore, membrane No. 1 with the optimized
PVC/NPOE/NaTPB/L wt% ratio of 30:60:5:5 was selected for further studies.

3.4. Effect of pH of the Test Solution on the Response of the Optode to Pb(II)

The effect of varying the acidity of test solutions on the optical response of the optode
membrane at the optimized composition is shown in Figure 6. Fluorescence intensity
measurements were carried out in the pH range 2–9 (the pH value was adjusted with
diluted solutions of either NaOH or HNO3) for 1.0 × 10−6 M solutions of Pb(II). The
fluorescence intensity increases with the pH, reaching the maximum value at pH 5.0
(Figure 6). The lower response of the chemosensor at pH < 4 could be determined by
the protonation of the nitrogen atoms of L and consequent extraction of H+ from the test
solution into the membrane. On the other hand, on increasing the pH value, a swelling
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of the polymeric membrane could occur, as well as formation of the hydroxo species of
lead(II) [14–16,18]. All measurements with the membrane at the optimized composition
were, therefore, performed in solutions buffered at pH = 5.0 with an acetate buffer.
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3.5. Dynamic Range and Limit of Detection

Figure 5B shows the fluorescence response of the Pb(II) optode membrane at the
optimized composition on varying the concentration of Pb(II) in solution buffered at
pH = 5.0 (see Section 3.4).

Based on Equation (6), three fitted curves were obtained for different m:n ratios
(Figure 5B). The curve for the formation of the 1:1 [Pb(L)]2+ complex ratio fits best to the
experimental data with an appropriate K value of 1.42 × 107. This curve can be used as
a calibration curve for the determination of the concentration of Pb(II) ions in a range
between 1.0 × 10−9 and 1.0 × 10−3 M. The limit of detection resulted in 7.5 × 10−10 M.

3.6. Response Time, Regeneration, Short-Term Stability, and Selectivity

The dynamic response time of the optode at the optimized composition was estimated
by plotting the fluorescence intensity emission versus time upon gradually changing the
concentration of Pb(II) from 10−8 to 10−4 M at pH = 5.0, and recording the emission
spectrum every 3 min. The resulting intensity–time curve (Figure S1) reveals that no more
than 3 min are indeed necessary for the optode to reach its equilibrium response within the
[Pb(II)] range considered. However, the fluorescence signal of the optode membrane did
not completely recover upon switching the concentration of Pb(II) back from high to low
values. Despite this undesirable drawback, it was found that the fluorescence signal was
fully recovered to the initial emission intensity (superimposable spectra) after immersion
of a used optode in a 1.0 × 10−3 M dithiothreitol solution for one minute, following the
complete stripping of Pb(II) from the membrane.

The optical membrane was also kept in contact for 2 h with a 1.0 × 10−6 M solution of
Pb(II) buffered at pH 5.0 in order to study its short-term stability. The fluorescence emission
intensity was regularly recorded over this period time every 15 min, and no evidence of
leakage of L from the optode was observed.

The repeatability was evaluated by measuring the Pb(II) concentration with the same
single optode for five repeated determinations (a regeneration with dithiothreitol of the
optode was performed before each measurement). Relative standard deviations (RSD)
of 2.2% and 2.0% were obtained for the 1.0 × 10−6 and 1.0 × 10−8 M Pb(II) solutions,
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respectively. On the other hand, the reproducibility was evaluated by preparing five
different membranes with the same composition, and measuring for each one of them
the fluorescence emission intensity in a 1.0 × 10−6 M solution of Pb(II) (five repeated
determinations) buffered at pH 5.0. The coefficient of variation was found to be ±2.8%.
Overall, the optode was found to be stable over a period of 3 months when not in use and
kept in air, the fluorescence signal value remaining unchanged.

The selectivity of the optical membrane (i.e., the influence on the fluorescence response
of the optode recorded for Pb(II) in the presence in solution of other possible interfering
common metal cations) was also investigated (Figure 7).
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Figure 7. Interference of different cations (1.0 × 10−4 M) in the fluorescence determination of Pb(II)
ion (1.0 × 10−6 M) with the proposed optode sensor.

In particular, the concentration of Pb(II) was fixed at 1.0 ×10−6 M in solutions buffered
at pH = 5, and changes in the fluorescence emission were evaluated by measuring the
emission signal before and after the addition of the interfering ion at a 1.0 × 10−4 M final
level to the Pb(II) solutions.

The relative error in the presence of the common interfering metal cations considered
is less than ±5%, which can be considered acceptable. Therefore, the presence of the other
cations considered produces a negligible disturbance on the measurement of [Pb(II)] by the
proposed optode, which can therefore be considered selective for this metal ion. Interest-
ingly, the relative error in Figure 7 decreases following the decreasing order observed in
the binding constants reported in Table 1 for the different metal cations considered.

3.7. Analytical Application

In order to investigate the potential use of the developed optical sensor for the deter-
mination of the Pb(II) concentration, it was applied to samples of canned tuna, prepared as
described in Section 2.2.

The results for the Pb(II) content of the real samples determined by the proposed
sensor (Table 3) nicely replicate those obtained via atomic absorption spectrometry (AAS).
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Table 3. Results of three replicate determinations of the Pb(II) concentration using the developed
sensor and AAS in different canned tuna samples.

Sample Proposed Sensor/ppb AAS/ppb Relative Error (%)

1 92.77 ± 2.41 95.23 ± 2.63 2.58
2 115.84 ± 2.86 112.62 ± 2.47 2.86
3 86.92 ± 2.52 84.59 ± 2.28 2.75

3.8. Comparison

The overall performance of the proposed optical sensor was compared with that of
recently reported Pb(II) optodes [16,48–53] (Table 4). The comparison highlights an overall
higher performance in terms of the relatively short time to reach the equilibrium with the
water solution of the analyte, low detection limit, and wide [Pb(II)] applicability range.

Table 4. Comparison of the parameters of the developed optode for Pb(II) determination with those
of other recently reported Pb(II) optical sensor.

Measured
Signal Dynamic Range/M Detection

Limit/M
Response
Time/Min Ref.

Absorbance 8.05 × 10−8–2.24 × 10−5 1.15 × 10−8 7 [27]
Fluorescence 5.0 × 10−8–3.8 × 10−4 2.2 × 10−8 3 [48]
Absorbance 1.3 × 10−8–3.2 × 10−5 9.0 × 10−9 15 [49]
Absorbance 1.2 × 10−8–2.4 × 10−6 4.0 × 10−9 28 [53]
Fluorescence 3.0 × 10−7–2.5 × 10−2 2.0 × 10−7 5 [16]
Fluorescence 1.0 × 10−6–5.3 × 10−6 5.3 × 10−7 3 [50]
Fluorescence 6.0 × 10−9–4.1 × 10−5 3.3 × 10−9 1.5 [51]
Fluorescence 2.5 × 10−8–2.0 × 10−6 1.0 × 10−8 30 [52]
Fluorescence 1.0 × 10−9–1.0 × 10−3 7.5 × 10−10 3 This work

4. Conclusions

In this work, N-(3-(1,4-dioxa-7,13-dithia-10-azacyclopentadecan-10-yl)propyl)-5-
(dimethylamino)naphthalene-1-sulfonamide (L) was considered as a fluorescent chemosen-
sor for the development of a PVC-based optode for the detection of Pb(II) at a low con-
centration. L was designed according to the receptor–spacer–fluorophore supramolecular
scheme by considering the mixed thio-oxa-aza macrocycle [15]aneNS2O2 as the receptor
unit. In a MeCN solution, L shows the highest binding affinity for Pb(II), with the forma-
tion of 1:1 and 1:2 metal-to-ligand complex species (the structure of which was optimized
at the DFT level), followed by Cd(II), Ag(I), and Hg(II). A decrease in the fluorescence
emission intensity of L was observed in the presence of these four metal ions, with Pb(II)
provoking the highest quenching effect. Once incorporated in plasticized PVC membrane
in the presence of NaTPB, the optical selectivity of L toward Pb(II) increased significantly,
with a very low influence on the fluorescence response exerted by competitive metal ions.
Compared to other different optical sensors of Pb(II) reported in the literature, the opti-
mized optode sensor featuring a PVC/NPOE/NaTPB/L wt% ratio of 30:60:5:5 resulted
in a wide measuring range and a very low detection limit at pH = 5, following the fitting
of the experimental data with Equation (6) and m:n = 1:1. Moreover, this optode sensor
was successfully applied to determine the concentration of Pb(II) ions in real samples,
with results that were in very good agreements with those obtained via atomic absorption
spectrometry. Interestingly, both L and a similar fluorescent chemosensor featuring a
[15]aneNS2O2 receptor unit linked to an N-(9-anthracenylmethyl)aminopropyl pendant
arm [29], show a quenching effect only in the presence of Hg(II) for the former, and Hg(II)
and Cu(II) for the latter in MeCN/H2O (4:1 v/v) at pH = 7:0, while an insoluble precipitate
is formed for both ligands in the presence of Pb(II) in this solvent mixture. Our results
indicate that in MeCN and into a PVC–membrane, the complexation of Pb(II) with L can
be studied and exploited for the preparation of a Pb(II)-selective optode for fluorimetric
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measurements of Pb(II) in water solutions with little interference by the Hg(II) ion. In
other words, despite in aqueous mixtures the complexation of Pb(II) by L results in the
precipitation of insoluble complexes, which are useless from an analytical point of view,
once incorporated within PVC membranes, L can be used for the analytical determination
of Pb(II) in water solutions, adjusting the pH of the sample solution to 5.0. This clearly
underlines the importance of the medium in which the host–guest interaction takes place,
and supports the idea that within a conjugated fluorescence chemosensor built according
to the receptor–spacer–fluorophore supramolecular scheme, both the receptor unit and
the signaling unit can cooperate synergically in determining the optical and binding selec-
tivity of the chemosensor, with the former not necessarily requiring the latter (for a more
detailed discussion on this aspect, see ref. [11]). The optode described here presents a high
applicative potentiality for the determination of Pb(II) in water solutions including real
samples of this kind (such as rivers, lakes, and sea) without any specific pre-treatments of
the real matrix other than adjusting the pH of the real matrix to 5.0. For the determination
of Pb(II) in solid real samples, a sample pre-treatment is necessary to bring the target
species in the water solution. In order to further develop the system in terms of portability,
on-site possibility of determination of Pb(II), and easy-of-use devices, also in line with
the new advanced “plug and play" optode configurations in similar fields [54–58], the
optode proposed here features all the characteristics to be combined with computer screen
photo-assisted technique (CSPT) devices, within chemical sensor arrays and multi-sensory
platforms for toxic heavy metals [59–61].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/chemosensors11120571/s1, Figure S1: Plot of the fluorescence
emission intensity versus time of the optode at the optimized composition for step changes in
the concentration of Pb(II); Table S1: Results from thermochemical DFT calculations; Tables S2–S4:
Optimized geometries in the gas phase in the orthogonal Cartesian format; Table S5: Imaginary
and low-energy harmonic frequencies (cm−1) calculated for L, [Pb(L)]2+ and [Pb(L)2]2+ at DFT
(mPW1PW/def2-SVP) in the gas phase.
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