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Abstract: The globally widespread perfluorooctanoic acid (PFOA) is a concerning environmental
contaminant, with a possible toxic long-term effects on the environment and human health The
development of sensible, rapid, and low-cost detection systems is a current change in modern
environmental chemistry. In this context, two triamine-based chemosensors, L1 and L2, containing
a fluorescent pyrene unit, and their Zn(II) complexes are proposed as fluorescent probes for the
detection of PFOA in aqueous media. Binding studies carried out by means of fluorescence and NMR
titrations highlight that protonated forms of the receptors can interact with the carboxylate group
of PFOA, thanks to salt bridge formation with the ammonium groups of the aliphatic chain. This
interaction induces a decrease in the fluorescence emission of pyrene at neutral and slightly acidic
pH values. Similarly, emission quenching has also been observed upon coordination of PFOA by the
Zn(II) complexes of the receptors. These results evidence that simple polyamine-based molecular
receptors can be employed for the optical recognition of harmful pollutant molecules, such as PFOA,
in aqueous media.

Keywords: perfluorooctanoic acid; polyamines; fluorescent receptors; anion binding; supramolecular
chemistry; zinc complexes

1. Introduction

Perfluorooctanoic acid (PFOA) and perfluorooctane sulfonic acid (PFOS) are two
chemicals composed of a fully fluorinated carbon chain and a hydrophilic polar end
group [1]. They are water-soluble acids that exist in the anionic form along a wide range
of pH values [2,3], including neutral pH, and are widely employed in several industries,
including the production of waterproof fabrics, paints and varnishes, fire-fighting foams,
and cleaning compositions [4,5]. Because of the high stability of the C-F bonds, PFOA and
PFOS feature a remarkable thermodynamic stability [6] making them persistent organic
pollutants [7]. The wide range of their applications, their ubiquitous use, and consequent
release in the environment, together with their water solubility has led to their global
presence and accumulation in surface and groundwaters and soils [8]. Recent studies
outline the bioaccumulative potential of PFOA and PFOS, with possible toxic effects in
animals, including humans [9–11]. In consequence, the number of possible emitting sites is
enormous (more than 100.000 in Europe [12]). Water pollution has been identified in several
countries across Europe, including Austria, Denmark, France, Germany, the Netherlands,
Sweden, and Italy while in the US 2858 locations in 50 states and two territories are known
to be contaminated [13,14].

The strongest evidence of PFOA and PFOS toxicity is related to endocrine disorders,
in particular dyslipidaemia. However, animal and epidemiological studies regarding com-
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munities exposed to contaminated drinking water and the general population established
a positive association between PFOA levels and kidney and testicular cancer along with
a statistically significant association between PFAS exposure and suppressed immune
response [15,16].

Even though health advisory levels in drinking water have been recently established
by U.S. Environmental Protection Agency (70 ng L−1) [17], sometimes the levels of these
pollutants are higher than the reported limit. Hence, rapid and sensitive techniques for
the detection of PFOA and PFOS in solution are needed [10]. Traditional non-labeled
techniques have been employed to detect perfluoroalkyl substances (PFAS) in solution,
which include liquid chromatography-mass spectrometry (LC-MS or HPLC-MS) [10,18,19]
and gas chromatography-mass spectrometry [20]. However, they usually require expensive
equipment and sample pretreatment, such as extraction, preconcentration, and derivatiza-
tion steps [21,22]. These drawbacks can be overcome by methodologies based on optical
measurements [23–25]. In the last few years, different optical approaches have been used
to detect perfluorinated compounds in solution, in particular nanostructured systems,
including modified Au nanoparticles [26,27] and quantum dots assays [28,29], functional-
ized molecular imprinted polymers [30], a DNA aptamer-based sensor [31], luminescent
metal-organic framework sensors [32] or, more recently, a fluorescent imprint-and-report
sensor array [33]. Less attention has been devoted to fluorescent molecular receptors for
PFOA and/or PFOS detection, although fluorescent molecular chemosensors have been
successfully used for a variety of anionic chemical species [34–37]. However, binding and
sensing of organic anions in an aqueous solution by using molecular receptors is a hard
task because of the weakness of non-covalent interactions, in particular in an aqueous
solution, in which water solvation of the anionic groups can compete with their coordi-
nation. Therefore, anion receptors need to contain different binding sites appropriately
disposed to establish multiple interactions with the guest species, in order to form stable
complexes even in aqueous media. [38]. Accordingly, only a few examples of molecular
sensors have been reported for PFOA or PFOS, such as a fluorescent perylene diimide
derivative [39], a calix[4]arene functionalized at the lower rim with amide groups, and
fluorous ponytails [40] and an erythrosine B-based sensor [41]. Polyamines are among the
most interesting scaffolds to develop supramolecular chemosensors for the detection of
anionic species in aqueous media. Protonation of polyamines, which can occur even at a
neutral pH value in water solution, leads to the formation of polyammonium cations, able
to bind anionic substrates thanks to the formation of energetically stabilizing salt bridg-
ing (simultaneous H-bonding and electrostatic) interactions with the negatively charged
functionalities of the guest [34–37,42–54]. Enhanced selectivity and optical sensing can
be obtained with the introduction of a fluorogenic unit that responds to the presence of
the analyte with a change in its photophysical properties. An ‘added value’ of polyamine
receptors in anion binding and sensing is their ability to form stable metal complexes in
aqueous solution, in particular with transition metals, some of which are emissive. This
is the case of Zn(II) complexes, which have also been used as optical chemosensors for
anions, exploiting the ability of Zn(II) to expand its coordination environment to bind
exogenous substrates., which may result in a change of the emission properties of the
complex [45,55–58]. Nevertheless, no attempt about their use for PFOA or PFOS binding
and/or sensing has yet been reported.

In this panorama, we thought that coupling in close proximity within a receptor struc-
ture a hydrophilic polyamine unit with a large fluorescent aromatic moiety could constitute
a simple approach to developing new efficient chemosensors for PFOS and/or PFOA.
While the polyamine unit can ensure solubility in aqueous media and, in its protonated
form, salt bridging contacts with the carboxylate or sulphonate groups of the substrates,
a fluorescent aromatic moiety can give hydrophobic interaction with the perfluoroalkyl
chains and, at the same time, can be used as signaling reporter for PFOA and/or PFOS. To
this purpose, we joined via a methylene bridge a diethylen- or a dipropylen-triamine unit,
among the most used binding units in both cations and anion coordination [46,54,59,60],
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with a pyrene unit, a well-known large and hydrophobic aromatic moiety, often used in
fluorescent chemosensors for anions.

The purpose of the present paper is the analysis of the resulting receptors (L1 and
L2 in Scheme 1), which can be obtained via a simple synthetic procedure, and their Zn(II)
complexes as fluorescence probes for PFOA and PFOS in aqueous media [39].

Scheme 1. Fluorescent polyamines receptors (L1 and L2) and target analytes.

2. Results and Discussion
2.1. Synthesis of L1 and L2

The molecular receptors L1 and L2 were synthesized by a two-step reductive ami-
nation reaction (Scheme 2), modifying a previously reported procedure for similar com-
pounds [61]. The reaction of the carbonyl group of pyrene-1-carbaldehyde (1, for com-
pound numbering, see Scheme 2) with primary amine of bis(3-aminopropyl)amine (2) or
bis(3-aminopropyl)amine (3) in dry CH2Cl2 leads to the formation of the imine form of the
receptors (4 and 5). In this step, an excess of triamine is needed to avoid the formation of
the symmetric product, in which each terminal amine group is linked to a pyrene fragment.
The reaction of the imine 4 or 5 with an excess of NaBH4 leads to the reduction of the imine
bond and the formation of the receptors L1 and L2 as not-protonated amines. To obtain an
easy-to-handle product, the receptors were precipitated as hydrochloride salts by treatment
of an EtOH solution with 37% HCl of L1 or L2.

Scheme 2. Synthetic pathway to obtain L1 and L2 receptors.



Molecules 2023, 28, 4552 4 of 22

2.2. Acid-Base Properties

The determination of the protonation behavior of polyamine receptors is a necessary
preliminary study for the analysis of their binding ability toward anionic substrates. To this
purpose, potentiometric titrations have been used to determine the protonation constants
of the two receptors, identifying the species formed in solution at different pH values.
Because of the low solubility of both receptors in pure water at the concentration used in
the potentiometric measurements, the titrations have been performed in an H2O/EtOH
(50:50 v/v) mixture. Protonation constants values, displayed in Table 1, are in the range
between 9.44 and 3.64 for L1 and between 9.97 and 6.78 log units for L2. Both L1 and L2
feature a quite high constant relative to the first protonation equilibrium, likely attributable
to the protonation of the terminal primary amine group, more basic than secondary ones
in aqueous media [62]. In the case of L1, a marked drop in the protonation constants is
observed from the second to the third pronation equilibrium. While in the H2L12+ species,
the two acidic protons can be localized on the primary amine group and on the benzylic
one, adjacent to the pyrene unit and therefore they would be separated by a not protonated
amine group, thus minimizing the electrostatic repulsions between ammonium groups, in
H3L13+ the three ammonium groups are necessarily contiguous. The consequent higher
electrostatic repulsion leads to a markedly lower value of the third protonation constant of
L1. L2 is slightly more basic than L1 in the second, and, overall in the third protonation step,
(log K1 = 3.64 for L1 and log K1 = 6.78 for L2), probably because of the increased distance
between the protonable sites in L2, which reduces the electrostatic repulsion between
positive charges. Distribution diagrams of the protonated species present in solution,
derived from the obtained protonation constants Figure 1 shows that in the case of both
receptors, the most abundant species at neutral pH value is the diprotonated form H2L2+

(L = L1 or L2), accompanied by minor amounts of the HL1+ and H2L22+ species in the case
of L1 and L2, respectively

Table 1. Protonation constants of L1 and L2 in H2O/EtOH (50:50 v/v) (0.1 M NMe4Cl, 298.1 ± 0.1 K).

Equilibrium L1 L2

L + H+ = HL+ 9.44(2) 9.97(2)
HL+ + H+ = H2L2+ 7.67(1) 8.38(1)

H2L2+ + H+ = H3L3+ 3.64(2) 6.78(2)
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Figure 1. Fluorescence emission at 375 nm (black squares) of (a) L1 and (b) L2 superimposed to
the distribution diagrams of the protonated species present in solution ([L1] = [L2] = 5 × 10−4 M),
calculated on the basis of the equilibrium constants in Table 1 (H2O/EtOH 50:50 (v/v), 0.1 M NMe4Cl,
298.1 ± 0.1 K).

The absorption spectra of both receptors, in H2O/EtOH 50:50 (v/v) mixture, show
the typical pyrene structured band featuring three peaks at around 343, 328, and 314 nm.
As shown in Figure S13 (Supplementary Materials, SM) the ligand absorption spectra
are almost independent of the protonation equilibria involving the triamine chain, a be-
haviour similar to that observed for analogous triamine-based fluorescent containing
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anthracene [63] or phenanthroline units [64]. Conversely, the fluorescence emission spectra
show a marked pH dependence (Figure 2). At strongly acidic pH values, both L1 and L2
show the typically structured emission band of monomeric pyrene between 370 and 450 nm
(λexc = 340 nm). By increasing pH, the fluorescence emission intensity starts decreasing
above pH ca 5, to achieve an almost constant value at pH > 9. At this pH value, the two
receptors become basically not emissive. On the other hand, for pH greater than 9, the
two receptors are in their not protonated, or, at most, mono-protonated forms, in which an
acidic proton is likely localized on the terminal primary amine group. Therefore, the emis-
sion is likely inhibited by a photoinduced electron transfer (PET) effect from the aliphatic
amine, in particular the benzylic amine group adjacent to the pyrene unit, to the excited
fluorophore, as often observed in polyamine receptors bearing fluorescent moieties [63–65].
These changes can be conveniently explained in terms of different protonated species
present in the solution. Superimposition of the distribution curves of the protonated species
of L1 and L2 with the emission values of the receptor as a function of pH (Figure 1) points
out that the emission intensity increases with the formation of the diprotonated species
of L1, while in the case of L2, protonation of all three nitrogens is required to restore the
original emission of pyrene. In the case of L1, the increased emission of the H2L12+ species
may be related to protonation of the benzylic amine group, adjacent to the pyrene unit,
which may result in the most effective quencher of the excited fluorophore. The different
behavior found for L2 may be attributed to the higher basicity of L2, which makes this
ligand an overall better electron donor with respect to L1. As a consequence, in the case of
L2, only full protonation of the triamine chain inhibits the PET effect to excited pyrene.
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values in H2O/EtOH 50:50 (v/v) ([L1] = [L2] = 10−5 M, λexc = 340 nm, 298 K). Arrows outline the
emission decrease as the pH increases from 2 to 12.

2.3. Binding and Fluorescence Sensing of PFOA by L1 and L2

To investigate the binding abilities and optical sensing of the two triamine receptors
toward PFOA and PFOS, we performed UV-vis spectrophotometric and fluorescence
emission titrations at 298 K by adding increasing amounts of the two analytes to solution of
L1 or L2 in H2O/EtOH mixture (50:50 v/v) buffered at pH 7 (0.005 M TRIS buffer), normally
chosen as reference pH value for a possible application of the probes in a real environmental
matrix. In these conditions, both receptors show a low emission intensity (Figure 2), which
is, however, further decreased by the addition of PFOA to both L1 (Figure 3) and L2 (Figure
S15). The addition of 10 equivs. of PFOA to a solution of L1 and L2 induces an almost
linear slight decrease of the emission (ca 10% and 6% in the case of L1 and L2, respectively.
Further addition of PFOA gives rise to a smoother emission reduction of the two receptors,
which result in ca 25% and 13% decreased in the presence of more than 80 equivs. of the
analyte. The low emission decrease observed may be related to the presence in solution of
poorly emissive species, [HL1]+ and [H2L2]2+ in the case of L1 and L2, respectively. This
applies in particular to L2, for which the [H2L2]2+ species is the most abundant species in
solution at pH 7.
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Figure 3. (a) Fluorescence emission spectra of L1 at pH 7 (0.005 M TRIS buffer) in H2O/EtOH
50:50 (v/v) in the presence of increasing amounts of PFOA (spectra recorded in the absence and
in the presence of 100 equivs. of PFOA are in red and green colors, respectively), [L1] = 10−5 M,
λexc = 340 nm) and (b) plot of the fluorescence emission of L1 at 375 nm (arrow outlines the emission
decrease as the equivs. of PFOA added increase from 0 to 100).

Nevertheless, the analysis of the spectrofluorimetric data with the HYPSPEC [66]
program points out the formation of complexes with receptor to substrate 1:1 stoichiometry
featuring estimated apparent binding constants, at pH 7.0 (ligand speciation not analytically
considered), for the addition of PFOA to L1 or L2 of 5.1(1) and 4.8(1) log units, respectively.
Detection limits (LOD) of 1.2 µM and 6.8 µM were estimated for PFOA sensing by L1 and
L2, respectively, in these experimental conditions.

Differently from PFOA, the addition of PFOS, even in large excess, does not induce
any change in the fluorescence emission of L1 or L2 at pH 7 (TRIS buffer). This result can
appear surprising, considering that the PFOS, at a neutral pH value, is in its negatively
dicharged form, which would ensure a higher overall electrostatic interaction with the
polyammonium chain of the two receptors. On the other hand, the sulphonate group
possesses a lower H-bonding acceptor ability than the carboxylate one. The observed poor
effect of PFOS with respect to PFOA on the emission of L1 and L2 is in accord with the
relevance of directional salt bridging interactions, which involves the formation of strong
H-bonding interactions occurring between the carboxylate group of PFOA and the receptor
polyammonium chains with respect to an overall electrostatic interaction. The latter is
likely to be prevalent in the case of PFOS and not sufficient for the formation of stable
adducts with the protonated receptors.

To clarify the relevance of the protonation state of the polyamine chain in the formation
of the complexes and the consequent changes in the emission properties of the fluorophore,
we also performed UV-vis and fluorescence emission titration at pH 4. At this pH value,
the two receptors are present in solution as fully emissive species [H3L1]3+ and [H2L1]2+

in the case of L1 and [H3L2]3+ in the case of L2 (see Figure 1). The absorption spectra
of L1 and L2 are basically not affected by the presence of PFOA (Figures S17 and S18).
Conversely, the emission spectra of pyrene are remarkably quenched by the addition of
PFOA to the solution of L1 and L2 at pH 4. In the case of L1 (Figure 4), the fluorescence
emission intensity is reduced by ca 50% upon the addition of 10 equivs. of PFOA. Further
addition of the analyte induces a minor decrease of the emission, which is reduced in the
presence of 100 equivs. of PFOA at ca 30% of its original emission. A similar behavior is
found in the case of L2 (Figure S18). In this case, however, the emission decrease induced
by PFOA is somewhat lower, with a 25% decrease of the original emission of the receptor
in the presence of 10 equivs. of PFOA and a final 40% decrease after the addition of more
than 70 equivs. of the analyte. In these conditions, treatment of emission spectra with
the HYPSPEC program points out the formation of 1:1 adducts, with conditional stability
constants of 5.6(1) and 5.3(1) log units and detection limits (LOD) of 0.22 and 0.66 µM for
the L1 and L2 complexes, respectively. As already observed at pH 7 addition of PFOS
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to an L1 and L2 solution gives an almost negligible quenching of the pyrene emission
(ca 4% in the presence of 100 equivs. of PFOS, Figure S19). The LOD values are not
exceptional. However, the sensibility of the chemosensors can be, in perspective, increased
by their incorporation in nanostructured materials, such as silica or organic polymeric
nanoparticles. In fact, it has been demonstrated that cooperative energy transfer processes
between probes, assembled at close distances one from each other, can greatly improve
their detection performances [67].
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Figure 4. (a) Fluorescence emission spectra of L1 at pH 4 in H2O/EtOH 50:50 (v/v) in the presence of
increasing amounts of PFOA (spectra recorded in the absence and in the presence of 100 equivs. of
PFOA are in red and green colors, respectively), [L1] = 10−5 M, λexc = 340 nm) and (b) plot of the
fluorescence emission of L1 at 375 nm (arrow outlines the emission decrease as the equivs. of PFOA
added increase from 0 to 100).

Of note, the stability of the adducts formed by both receptors is higher than most of
the examples of host molecules able to bind PFOA, such as β-cyclodextrin receptors, in
which PFOA is encapsulated within the host cavity [68], a tripodal fluorous amide host [69]
or calix[4]arenes functionalized at the lower rim with amide groups and fluorous pony-
tails [40]. Only a recently reported guanidinocalix[5]arene, able to envelop PFOA within its
cavity [8], shows the higher binding ability for PFOA (the formation constants of the adduct
with PFOA is 1.3 × 107). The latter displays a higher sensing ability for PFOA with respect
to L1 and L2 (LOD 26.4 nM), but does not discriminate between PFOA and PFOS. From
this point of view, the ability of L1 and L2 to selectively bind PFOA over PFOS is a peculiar
characteristic of these receptors in the panorama of molecular hosts for these pollutants.
As a preliminary investigation of the effects of interfering agents on the emission of the
PFOA complexes with L1 and L2, we analyzed the fluorescence response of L1 and L2 in
the presence of PFOA (100 equivs.) and an excess (200 equivs.) of a few model compounds,
which, for their anionic nature, can be considered suitable candidates as interfering agents.
We choose 1,3,5-nitrophenol, benzenesulphonic acid, 4-nitro-benzoic acid, and simple
metansulphonic acid, which are in anionic form at neutral pH value, and may represent
good candidates as organic interfering pollutants. Fluorescence measurements reported in
Figure S28a,d point out that the presence of the selected interfering agents does not affect
the emission of L1 and L2 adducts with PFOA. No changes in the emission properties and
sensing abilities of L1 and L2 for PFOA are also found when environmentally relevant
cations (Na+, K+, Ca2+ and Mg2+) or anions (Cl−, Br−, ClO4

−, NO3
−, HPO4

2− and SO4
2−)

are present in solution in excess with respect to PFOA (Figures S28b,c,e,f and S29b,c,e,f).
The higher addition constants observed at pH 4 for the addition of PFOA, in the

anionic form at this pH value, to L1 and L2 with respect to those found at pH 7 would
suggest that the host-guest interaction involves salt bridging NH2+ . . . −OOC contacts
between the carboxylate group of PFOA and the ammonium groups of the receptor, which,
in turn, possess a higher protonation degree, i.e., a larger number of ammonium groups,
at the lower pH values. This interaction mode would also explain the quenching effect
observed upon PFOA binding. Interaction of protonated amine groups with anionic moiety
via salt bridging implies partial sharing via H-bonding of an acidic proton, originally
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located on the amine group, with the anionic moiety of PFOA, thus favoring, in the excited
state, electron transfer (PET) processes from the ammonium groups of L1 or L2 to the
pyrene unit, inducing fluorescence emission quenching. To evaluate the influence of
temperature in PFOA binding to the two chemosensors, the fluorescence titrations of L1
and L2 in the presence of increasing amounts of PFOA at pH 4 were also repeated at 288 K
and 308 K (Figures S20 and S21), without evidencing appreciable differences from the
binding experiment performed at 298 K. The receptors show a very similar binding ability
for PFOA at three temperatures. However, at the lower temperature (288 K) a slightly
higher fluorescence decrease is observed, with a consequent somewhat higher host-guest
association constant. This result is in agreement with the hypothesis that the observed
emission decrease is related to static quenching upon host-guest interaction via electrostatic
contacts and H-bonding. A sketch of the proposed interaction mode is shown in Figure 5.
Lower temperatures facilitate the formation of the complex, increasing its stability [65] and
leading to a somewhat lower emission intensity, as actually observed in our measurements.
Apparent constant of 5.8(1) and 5.5(1) log units for the addition of PFOA to L1 and L2,
respectively, at 288 K were calculated by data treatment with the Hypspec program. Slightly
lower binding constants were obtained at 308 K, with values of 5.5 log units, in the case of
L1, and 5.2 log units, in the case of L2.
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Figure 5. Proposed structure of the PFOA adduct with L1.

Despite its lower charge at both pH 4 and 7, L1 appears to be a better PFOA binder
than L2, suggesting that the shorter ethylenic chains of L1 can favor the formation of
stronger hydrogen bonds between the COO− polar hedge and two contiguous protonated
amine groups of this receptor. Finally, the absence of any effect on the receptor fluorescence
emission in the presence of PFOS, whose sulphonate moiety has poor H-bonding acceptor
ability, further confirms the relevance of directional NH2+ . . . −OOC H-bonding interactions
in the formation and stabilization of the adducts.

Potentiometric measurements confirmed that no interaction occur between the two
receptors with PFOS. In the case of PFOA, precipitation is observed at an acidic pH value
(below pH 7) in the condition of the potentiometric titrations (receptor concentrations
ca 1 × 10−5 M, 0.1 M NMe4Cl), likely due to the formation of an insoluble adduct between
this analyte and the two receptors, preventing the determination of the stability constants
of the adducts formed.

While this scenario reasonably depicts the role of the polyamine chain in PFOA
binding, possible hydrophobic or C-F . . . π interactions involving the perfluoroalkyl chain
of guests and the pyrene units of L1 and L2 could participate in complex stabilization. To
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this purpose, we performed 1H NMR titrations on L1 and L2 in the presence of increasing
amounts of PFOA and PFOS at pH 4 and 7.

The receptors and their complexes show a poor solubility in water/ethanol mixture in
the condition of 1H NMR measurements (receptor concentration ca 10−2 M). We partially
solved this drawback by performing 1H NMR titrations at pH 7 and 4 in D2O/CD3OD
40:60 (v/v) mixture. However, L2 suffers low solubility even in this medium at pH 4, and
therefore, the system L2-PFOA was analyzed only at pH 7. In the case of L1, the addition
of increasing amounts of PFOA, up to 20 equivs., to a solution of the receptor induces a
progressive upfield shift both at pH 7 and 4 (see Figures 6 and S27 for the spectra at pH 4
and 7 respectively) of the 1H resonances of the methylene groups 3, 4 and 5, all of which
show similar shifts (0.5–0.6 ppm and 0.9–0.1 pH 7 and 4, respectively). The addition of
more than 20 equivs. of PFOA does not significantly affect the spectra. The signals of
the 1AL and 2AL methylene groups (-CH2- groups adjacent to the benzylic amine group;
for receptor numbering see Figures 6 and S25) at pH 4 and 7 and of 1AL at pH 4 overlap
with the methyl group of methanol, precluding the determination of their chemical shifts.
Considering that protonation of aliphatic amines is associated with a downfield shift of the
signals of the adjacent methylene units [62], the observed upfield shift can be reasonably
ascribed to an increased electronic density on the amine groups upon PFOA binding,
likely due to sharing, via H-bonding, of the positive charge of ammonium groups with the
carboxylate moiety of PFOA, in keeping with the suggestions derived from the fluorescence
emission measurements. The higher upfield shift observed at pH 4 is in agreement with
the increased number of ammonium groups available for salt-bridging interactions with
the carboxylate group of PFOA. A similar upfield shift of the aliphatic signals is also found
by adding increasing amounts of PFOA to the solution of L2, although in this case, the
poor solubility of the L2 at pH 4 prevents analysis of the spectra (Figure S26). However,
at pH 7, a greater shift is observed for the 2AL (for receptor numbering see Figure S26)
adjacent to the benzylic amine groups, while minor shifts are observed for the remaining
signals. This would suggest a stronger salt-bridging interaction with the amine group
adjacent to the pyrene unit. Unfortunately, as in the case of L1, the signal of the 1AL cannot
be observed, due to overlapping with the methyl group of methanol. Besides the shift of
the aliphatic protons, 1H NMR spectra of both L1 and L2 also point out an upfield shift of
the aromatic resonances of pyrene, more marked for L1 at pH 4 (see Figures 6 and S26 for
L1 and L2 at 7), in keeping with a stronger host-guest interaction at this pH. In an attempt
to clarify the role of the pyrene unit in PFOA binding, we also performed 19F titrations by
adding increasing amounts of L1 or L2 to 10−2 solutions of PFOA. Unfortunately, in these
conditions, precipitation at pH 4 prevents spectral analysis, while the spectra recorded at
pH 7 (see Figure S28) do not show a significant shift of the 19F resonances. This result could
indicate the absence of strong C-F . . . π interactions. On the other hand, pyrene is a rather
electron-rich system, not so prone to strongly interact with the electron-rich fluorine atoms
of PFOA. In this context, the shift observed for the pyrene 1H NMR signal upon complex
formation could be due to hydrophobic effects, i.e., changes of solvation of pyrene upon
binding of PFOA.

Interestingly, 1H titration carried out by adding PFOS to the solution of L1 at pH 4 in
D2O/MeOD 40:60 (v/v) mixture, shows negligible shift for both the aliphatic methylene
groups and the pyrene protons, confirming the suggestion derived for fluorescence emission
analysis. Similarly, the addition of PFOS to a solution of L1 at pH 7 and to the solution of
L2 at pH 4 and 7 did not induce any relevant shifting of the signals of the receptors.
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Figure 6. 1H NMR spectra of L1 at pH 4 D2O/CD3OD 40:60 (v/v) in the presence of increasing
amounts of PFOA at 298 K. The signals of the 1AL and 2AL methylene groups cannot be observed due
to overlapping with the methyl group of methanol.

2.4. Zn(II) Complexation

As expected, both L1 and L2 form stable 1:1 complexes with Zn(II) that can be isolated
as solids from H2O/EtOH 1:1 solutions. Potentiometric titrations have been also used to
determine the binding constant of the receptors toward the Zn(II) cation. The measurements
have been carried out in an H2O/EtOH 50:50 (v/v) mixture in the presence of 0.8 equivs.
of metal ions, and the explored pH range was 2.5–9 for L2 and 2.5–8.5 for L1 (above these
pH values, precipitation of the metal complexes prevents the analysis of the systems). The
binding constants of both receptors are reported in Table 2, while Figure 7 displays the
distribution diagrams of the species present in the solution.

Table 2. Zn(II) binding constants of L1 and L2 in H2O/EtOH (50:50 v/v) (0.1 M NMe4Cl, 298.1± 0.1 K).

Equilibrium L1 L2

L + Zn2+ = ZnL+ 8.69(3) 7.88(2)
ZnL+ + OH− = ZnLOH+ - 5.92(2)
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(50:50 v/v) (0.1 M NMe4Cl, 298.1 ± 0.1 K).

Both L1 and L2 are able to form Zn(II) complexes in neutral or slightly alkaline pH
conditions. The higher formation constant of L1 (log K = 8.69) with respect to that of L2
(log K = 7.88) is in agreement with the lower ability of the dipropylentriamine chain in first-
row transition metal coordination than diethylentriamine [70,71]. The stability of the L1 and
L2 complexes is similar or somewhat lower than that found for corresponding complexes
with diethylentriamine (den) and dipropylentriamine (dpt), respectively, although the
stability of the latter complexes was determined in water. Similarly to the present case,
however, the stability of the Zn(II) complex with den is ca 0.8 log units higher than that
of the complex with dpt. In the case of L2, a mono-hydroxylated species [ZnL2(OH)]+ is
also found in solution, as often observed for Zn(II) complexes in which the coordination
sphere of the metal is not saturated by ligand donor atoms. Similar species most likely
exists also for L1, yet complex precipitation prevents a confident determination of such
species. We decided to compare the emission of the Zn(II) with L1 and L2 at pH 8. At
higher pH values, in fact, precipitation could prevent a correct analysis of the emission
phenomena. At pH 8, the Zn(II) complexes of L1 and L2 are the most abundant species
present in solution, although in the case of L2 a not trascurable amount of the receptors
is also present in solution in its metal-free form. As discussed above, both receptors are
poorly emissive at pH 8 (TRIS buffer) in water/ethanol solution (50:50 v/v). As often
observed for Zn(II) complexes with fluorescent polyamine ligands, Zn(II) binding to both
L1 and L2 results in the formation of emissive 1:1 complexes. When increasing amounts of
Zn(II) is added to a solution of L1 at pH 8, the fluorescence emission linearly increases up
to a 1 metal-to-ligand molar ratio (R), achieving a constant value for R > 2 (see Figure 8b),
confirming the formation in a solution of complexes with 1:1 metal to ligand stoichiometry.
The metal cation complexation by the three nitrogen atoms of the polyamine chain prevents
the photoinduced transfer of the benzylic nitrogen lone pair’s electron, which inhibits the
PET effect.

A similar behavior is also observed in the case of L2 (Figure S31), although the emission
enhancement is less pronounced in this case, likely due to the presence in solution of a
greater amount of receptor not bound to the metal and/or to present in L2 of a weakly
bound nitrogen atom which can thus partially quench pyrene fluorescence via the PET
effect. However, the linear relationship between the measured fluorescence intensity and
added equivs. of Zn(II) up to an R value of ca 1, suggests the formation of complexes with
1:1 stoichiometry.
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increase as the equivs. of Zn(II) added increase from 0 to 4).

2.5. Description of the Crystal Structure of [ZnL2(Cl)](ClO4)

Slow evaporation of an H2O/EtOH (v/v) solution containing L2 and ZnCl2.6H2O in
1:1 molar ratio in the presence of an excess of NaClO4 (10 equivs.). In the asymmetric unit
of [ZnL2Cl](ClO4) (compound 6) one [ZnL2(Cl)]+ cation and one ClO4

− anion are present.
The Zn(II) metal ion is bound by the three nitrogen atoms of the polyamine, while a chlo-
ride ligand completes the tetracoordinated environment (see Figure 9). The coordination
geometry appears distorted (τ4 = [360 − (α + β)]/141 = 0.827, with α and β two largest
metal-centered angles in the four-coordinate species) [72] and it is overall close to a trigonal
pyramidal arrangement (expected τ4 values for non-distorted limit geometries are 1 for
the tetrahedron, 0.85 for trigonal pyramid, 0 for square planar). Bond distances and angles
defining the metal coordination environment are reported in Table S1. Trigonal pyramidal
arrangements with one large N-Zn-N angle (here 134.19(7)◦, N3-Zn1-N1, Table S1), are
common for N4 tripodal ligands, although they have also been observed for constrained
triaminic fragments, e.g., belonging to small ([9]aneN3) or larger macrocyclic derivatives
unable to provide further donor atoms. In the present case, steric hindrance from the large
pyrene pendant is likely to subtend to the adopted coordination geometry.
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Figure 9. ORTEP view of the asymmetric unit of 6 with adopted labelling scheme. Displacement
ellipsoids are drawn at the 50% probability level. Hydrogen atoms are not shown for the sake
of clarity.

The non-coordinating perchlorate counteranion is far from the metal centre (Zn1 . . . O24
3.199(1) Å), yet collinear to the Cl-Zn bond (Cl1-Zn1-O24 177.43(3)◦): this long electrostatic
interaction virtually completes a trigonal bipyramidal environment. The presence of outer
sphere donor-acceptor interactions has been observed in Zn(II) polyamine complexes and
generally happens along the expected direction for the addition of a further inner sphere
ligand. For instance, prototypical square planar Zn(II) porphyrin complexes, when they
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interact with a fifth out-of-sphere oxygen donor, do so axially (average N-Zn . . . O angle
92 ± 6, average Zn . . . O distance 2.5 ± 0.2 Å, sum runs on 74 hits from 61 CSD deposited
crystal structures). Mononuclear examples of tetracoordinated Zn(II) centres bound to three
nitrogen donors further showing out of sphere Zn . . . O contacts, as in our case, are rare, yet
the FOJTAZ [73] and IJAMEN [74] examples also show the outer sphere ligand formally
completing a trigonal bipyramidal environment, as in 6. It must be also stated that the per-
chlorate anion is firmly hold in that position also thanks to NH . . . O salt bridges (O21 . . . N1
2.956(2) Å, H1NB . . . O21 2.07(2) Å, N1-H1NB-O21 168(2)◦, and the longer O24-N2 3.128(2)
Å, H2N . . . O24 2.47(2) Å, N2-H2N-O24 133(2)◦).

The overall packing seems to be regulated according to two kinds of interactions
(Figure 10). Complexes arrange themselves in dimers held together by double mutual
Cl . . . HN hydrogen bonds (Cl1 . . . N1′ 3.350(2) Å, H1NA . . . Cl1 2.53(3), N1-H1NA-Cl1
151(2)◦), which prompts a head to tail disposition among them (Figure 10). This leaves the
flat π surface of pyrene completely exposed towards the outside, resulting in an overall
columnar arrangement, giving rise to typical π-stacked columns growing along the b crys-
tallographic axis (pyrene-pyrene mean C planes distance 3.527 Å). Columns of complexes
are held together by scant interactions, among which a Cl . . . HC dipolar contact (Cl1 . . . C7′

3.782(2) Å), and mainly, by the sharing of perchlorate counteranions, which connect the
polyaminic portion of ligands belonging to different columns.
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Figure 10. (Top): view of hydrogen-bonded dimers formed by the [Zn(L2)Cl]+ structural units.
(Bottom): a central H-bonded dimer (blue) interacts with its prime neighbors via π-π stacking to
form columns growing along the b axis.

2.6. Binding and Fluorescence Sensing of PFOA by [ZnL1]2+ and [ZnL2]2+

The presence of a coordinated Zn(II) cation, which features an unsaturated coordi-
nation sphere can be exploited in the coordination of PFOA, through the interaction of
the anionic substrate (the carboxylic group only protonates in very acidic media, below
pH 2) with the metal center. The binding features of the Zn(II) complexes of L1 and L2
and their possible use as optical probes were investigated through fluorescence emission
measurements. Fluorescence titration experiments were carried out by adding a PFOA
solution in H2O/EtOH (50:50 v/v) at pH 8 (0.005 M TRIS buffer) to a 10−5 M solution of the
receptor in the same solvent. The increase in the concentration of PFOA induces a quench-
ing of the pyrene fluorescent emission of both receptors, as shown in Figures 11 and S33.
The [ZnL1]2+ fluorescence emission decreases up to a [PFOA]/[ZnL1]2+ molar ratio of 1,
to achieve an almost constant value for a [PFOA]/[ZnL1]2+ molar ratio greater than 1,4
suggesting the formation of 1:1 stoichiometry complexes. The quenching effect is only
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partial and can be ascribed to the weakening of the Zn-N bond upon PFOA binding, which
can partially restore the PET effect from the amine groups to the fluorescent unit.
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Figure 11. (a) Fluorescence emission spectra of [ZnL1]2+ at pH 8 (0.005 M TRIS buffer) in H2O/EtOH
50:50 (v/v) in the presence of increasing amounts of PFOA (spectra recorded in the absence and in
the presence of 3 equivs. of PFOA are in red and green colors, respectively), [[ZnL1]2+] = 10−5 M,
λexc = 340 nm) and (b) plot of the fluorescence emission of [ZnL1]2+ at 375 nm (arrow outlines the
emission decrease as the equivs. of PFOA added increase from 0 to 3).

A similar result was also obtained for the Zn(II) complex of L2, although, in this
case, the minimum of the fluorescence intensity is reached with a higher amount of PFOA
(15 equivs.). Apparent constants of 3.2 and 3.4 log units for the addition of PFOA to the
Zn(II) complexes with L1 and L2, respectively, were calculated by data treatment with the
Hypspec program, with detection limits (LODs) values 6.2 (L1)and 11.2 µM (L2). Both
complexes show a binding ability lower than that found for the metal-free receptors at pH 4
and 7. However, as already observed for the polyammonium receptors, addition of PFOS
to solutions of L1 or L2 at these pH values does not change the pyrene emission, indicating
that, differently from PFOA, PFOS is not bound by the Zn(II) complexes. This result is in
agreement with the known lower affinity for transition metal cations of the sulphonate
group with respect to the carboxylate one.

Unfortunately, the 1H NMR spectra of the Zn(II) complexes with L1 or L2 show a
remarkable line broadening in D2O/CD3OD (40:60 v/v) preventing their interpretation.
The addition of PFOA or PFOS does not affect the fluxional character of the spectra.
Therefore, 1H NMR experiments cannot be used to infer a hypothesis on the observed
lower binding ability of the Zn(II) complexes with respect to the metal-free triamine at
neutral or slightly acidic pH values. We also performed FT-IR spectra on the solid-state
ternary complexes ZnL1(PFOA)Cl and ZnL2(PFOA)Cl obtained by slow evaporation of
H2O/EtOH 50:50 (v/v) solutions containing L1 or L2, ZnCl2.6H2O (1 equiv.) and PFOA (1
equiv.). The spectra show a slight, but not negligible (15 and 20 cm−1 for ZnL1(PFOA)Cl
and ZnL2(PFOA)Cl, respectively) shift toward lower energy for the C=O stretching band,
suggesting an interaction of the carboxylate group to the metal. Interestingly enough, the
C-F stretching bands do not show significant shifts in the complex with respect to ‘free’
PFOA, suggesting that the perfluoroalkyl chain is not involved in complex stabilization.
On the other hand, the crystal structure of the [ZnL2Cl]+ shows that Zn(II) complexation
induces receptor stiffening which can prevent the interaction between pyrene and the
perfluoroalkylchain of PFOA. Although the conclusion on structure in solution derived
from X-ray structure can be misleading, we can tentatively suppose the carboxylate group
replaces the chloride anion in the coordination sphere of the metal observed in the solid
state structure shown in Figure 9. With the assumption, binding of the carboxylate group
of PFOA to the metal would force the perfluoroalkyl chain to assume a spatial disposition
far from the pyrene unit, preventing the formation of stabilizing hydrophobic interaction.
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3. Materials and Methods

Compounds 1-(1-Methylpyrenyl)-1,4,7-triazaheptane (L1) and 1-(1-Methylpyrenyl)-
1,5,9-triazanonane (L2) were prepared in accordance with the methods described in the
literature [61]. NMR spectra were recorded on a Bruker 400 MHz (Bruker Corp.: Biller-
ica, MA, USA) instrument. Reagents and solvents were from Sigma-Aldrich: Oakville,
ON, USA).

3.1. Synthesis of 1-(1-Methylpyrenyl)-1,4,7-triazaheptane (L1)

Receptor L1 was synthesized by modifying a previously reported procedure [61].

3.2. Synthesis of 1-(1-Methylpyrenyl)-1,5,9-triazanonane (L2)

A solution of bis(3-aminopropyl)amine (2.85 g, 21.7 mmol) in dry CH2Cl2 was added
to a solution of pyrene-1-carbaldehyde (0.5 g, 2.17 mmol) in dry CH2Cl2. The mixture was
refluxed with magnetic stirring for 3 h under a nitrogen atmosphere and then overnight at
room temperature. The solution was recovered by filtration and concentrated by evapora-
tion under a vacuum. The resulting oil was dissolved in dry ethanol (50 mL) and stirred
with NaBH4 (0.246 g, 6.51 mmol) at 333 K for 2 h and at room temperature for 6 h. The
resultant was concentrated by evaporation, dissolved in CH2Cl2, and washed with an
aqueous NaOH solution (2 mol/L, 30 mL × 4). The organic layers were collected and dried
over Na2SO4. After solvent removal under vacuum, a yellow oil was obtained. The product
was dissolved in ethanol (20 mL) and HCl (37%) was dropwise added to the resulting
solution, affording the triammonium chloride salt of L2 (L2·3HCl) as a yellow solid. Yield
789 mg (80%). Anal. calcd. for C23H30Cl3N3: C 60.73, H 6.65, N 9.24. Found: C 59.66,
H 6.21, N 8.83.

1. H NMR (CDCl3 + 5% CD3OD, 400 MHz): δ (ppm) 8.28 (d, 1H, H6), 8.17–8.10 (m,
4H, H4-5-9-10), 8.02–7.93 (m, 4H, H2-3-7-8), 4.43 (s, 2H, 1AL), 2.78 (t, 2H, 2AL), 2.57–2.48 (m,
6H, 4-5-7AL), 1.70 (q, 2H, 3AL), 1.46 (q, 2H, 6AL). 13C NMR (DMSO-d6, 400 MHz): δ (ppm)
132.64, 131.66, 131.10, 130.31, 130.16, 129.57, 129.39, 128.35, 127.87, 127.04, 126.88, 125.92,
126.00, 124.94, 124.58, 123.97, 48.37, 45.35, 45.06, 44.97, 36.95, 24.49, 23.30. ESI MS (m/z)
346.22767 (z = 1, [L2 + H]+).

3.3. Synthesis of [(ZnL1)(ClO4)2]

A solution of Zn(ClO4)2 (8.59 mg, 0.023 mmol) in MeOH (1 mL) was added to a
solution of L1 (10 mg, 0.023 mmol) in MeOH (5 mL). BuOH (1 mL) was added to the
solution and the solvent was allowed to slowly evaporate. The obtained crystals were
filtered and washed with BuOH. (7.6 mg, yield 57%). Anal calcd. for C21H20Cl2N3O8Zn: C
43.59, H 3.48, N 7.26. Found: C 44.03, H 3.87, N 7.65.

3.4. Synthesis of [(ZnL2)(ClO4)2]

A solution of Zn(ClO4)2 (8.19 mg, 0.022 mmol) in MeOH (1 mL) was added to a
solution of L2 (10 mg, 0.022 mmol) in MeOH (4 mL). BuOH (1 mL) was added to the
solution and the solvent was allowed to slowly evaporate, to obtain crystal suitable for
X-ray analysis, which were filtered off and washed with BuOH. (7.9 mg, yield 61%). Anal
cald. for C23H24Cl2N3O8Zn: C 45.53, H 3.99, N 6.93. Found: C 46.61, H 3.37, N 5.84.

3.5. Electronic Absorption and Fluorescence Measurements

Absorption spectra were recorded on a Jasco V-670 spectrophotometer using ligand
concentrations of 10−5 M. Emission spectra were recorded on a Horiba Scientific Fluoromax
Plus, using an excitation wavelength of 340 nm and ligand concentrations of 10−5 M.
All measurements were performed in a water/ethanol 1:1 (v/v) mixture at pH 7, using
TRIS/HCl buffer 0.005 M, at 298.0 ± 0.1 K.
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3.6. NMR Measurements

NMR titrations were carried out by using a Bruker Avance 400 MHz instrument, in
D2O/CD3OD 40:60 (v/v) mixture at pH 7, by addition of PFOA to 0.001 M solutions of
L1 or L2. The pH was adjusted at 7 by adding small amounts of NaOD or DCl after each
addition of PFOA to solutions of L1 or L2.

3.7. Potentiometric Measurements

Potentiometric (pH-metric) titrations, employed to determine ligand protonation
and metal complexation constants, were performed in H2O/EtOH 50:50 v/v, with 0.1 M
NMe4Cl as ionic strength, at 298.1 ± 0.1 K using an automated apparatus and a procedure
previously described [75]. Acquisition of the emf data was performed with the computer
program PASAT [76] The combined Metrohm 6.0262.100 electrode was calibrated as a
hydrogen-ion concentration probe by titration of previously standardized amounts of
HCl solutions with CO2-free NMe4OH solutions and determining the equivalent point by
Gran’s method [77], which gives the standard potential, E◦, and the ionic product of water
(experimental pKw = 14.52(1) in above stated conditions). The computer program HYPER-
QUAD [66] was used to calculate the protonation constants of the receptors and substrates
and the stability constants of the adducts from the potentiometric data. The concentration
of ligands was about 5 × 10−4 M in all experiments while the concentration of Zn(II) was
4× 10−3 M. The studied pH range was 2.5–10 for L1 and L2, for the determination of ligand
protonation constants, and 2.5–8-5 for L1 and 2.5–7.5 for L2, in the case of the determination
of the metal complexation constants. Precipitation of the Zn(II) complex of L1 and L2
is observed at pH > 8.5 and pH > 7.5, respectively. No receptor-anion interaction was
observed for PFOS (up to 5 equivs.). Reliable determination of PFOA binding constants
with the protonated forms of L1 and L2 was prevented by solubility issues.

3.8. Limit of Detection (LOD) Determination

The detection limit was determined from the fluorescence titrations data based on a
reported method [78]. Six measurements of the L1, L2, [ZnL1]2+, and [ZnL2]2+ fluorescence
spectra at pH 4 and 7 in H2O/EtOH 50:50 (v/v) were made, and the standard deviation
of the blank measurements was calculated. The fluorescence intensity I0/I at 375 nm
(I0: fluorescence intensity of the blank at 375 nm; I: fluorescence intensity of the sample at
375 nm) in the presence of increasing amount of PFOA was plotted as a concentration of
PFOA and gave a straight line, whose slope (K) was calculated. The detection limit was
calculated by using the equation:

The detection limit (LOD) = 3s/K, (1)

where s is the standard deviation of blank measurement and K is the slope between the
fluorescence versus PFOA concentration.

3.9. FT-IR Measurements

FT-IR measurements were performed on freshly prepared complexes obtained by
adding ZnCl2.6H2O (1 equiv.) and PFOA (1 equiv.) to a solution of the ligand L1 or L2
in an H2O/EtOH 50:50 (v/v) mixture. The pH of the solution was adjusted at pH 8 by
the addition of a small amount of a 0.1M solution of NaOH in an H2O/EtOH 50:50 (v/v)
mixture. Solid complexes were isolated by slow evaporation of the resulting solution. The
spectra were recorded with an IRAffinity-1S Shimadzu instrument.

Anal calcd. for ZnL1(PFOA)Cl, C29H20ClF15N3O2Zn: C 42.05, H 2.43, N 5.07. Found:
C 41.23, H 3.57, N 6.34. Anal calcd. for ZnL2(PFOA)Cl, C31H24ClF15N3O2Zn: C 43.48,
H 2.82, N 4.91. Found: C 44.76, H 3.54, N 4.21.
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3.10. Single-Crystal X-ray Diffraction

Single crystal X-ray diffraction data of 6 were collected on a Bruker Apex-II diffrac-
tometer equipped with a CCD detector (T = 100 K, Cu–Kα radiation (λ = 1.54184 Å). Data
were collected with the APEX2 software, [2] while data integration and reduction were
performed with the Bruker SAINT software. [3] The crystal structure was solved using
the SIR-2004 package [79] and refined by full-matrix least-squares against F2 using all
data (SHELXL-2018/3) [80]. All the non-hydrogen atoms were refined with anisotropic
displacement parameters, while all the hydrogen atoms were found in the Fourier Den-
sity Maps, their coordinates were freely refined while their thermal parameter was set in
accordance with that of the atoms to which they are bonded. Geometrical calculations
were performed by PARST97 [81] and molecular plots were produced by the program
CCDC Mercury [82]. Crystallographic data and refinement parameters are reported in
Table S2. Crystal Data for [Zn(C23H25N3)Cl]ClO4 (M = 543.73 g/mol): triclinic, space
group P-1 (no. 1), a = 8.7070(2) Å, b = 11.4358(2) Å, c = 12.7837(3) Å, α = 77.662(1)◦,
β = 93.3735(9)◦, γ = 68.582(1)◦, V = 1157.50(4) Å3, Z = 2, T = 100 K, µ(CuKα) = 3.903 mm−1,
Dcalc = 1.560 mg/cm3, 33,464 reflections measured (3.539◦ ≤ Θ ≤ 72.429◦), 4558 unique
(Rint = 0.0448) which were used in all calculations. The final R indices [I > 2σ] are
0.0281/0.0803, R indices (all data) are 0.0305/0.0834 and the GoF is 0.884. CCDC 2237493
contains the supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336033; E-mail: de-
posit@ccdc.cam.ac.uk).

4. Conclusions

These results point out that the straightforward coupling of a polar hydrophilic section
is able to interact via charge-charge and H-bonding with the negatively charged perflu-
oroalkyl carboxylate groups, with a large aromatic unit, which can give hydrophobic
interactions with the perfluorinated aliphatic chain may result in molecular receptors able
to form stable complexes with PFOA, with great selectivity for this analyte over PFOS,
whose sulphonate group shows a poor tendency to give H-bonding. This is the case of the
triamine receptors L1 and L2, that, at neutral or slightly acidic pH values, form protonated
species. Despite their simple structures and their straightforward synthetic accessibility,
they can form complexes with PFOA featuring stability higher than those formed by most
of the previously reported receptors and, at the same time, selectivity for PFOA over PFOS.
The ability of triamine to form complexes with Zn(II), a metal ion known for its ability to
change/expand its coordination sphere in order to bind exogenous species represents an
‘added value’ of these molecular receptors. In fact, this metal ion can be exploited as an
anchoring point for the carboxylate group of PFOA, a structural characteristic that leads
to the formation of stable complexes between the Zn(II) complexes with L1 and L2 and
PFOA and selectivity for the latter over PFOS. The Zn(II) complexes with PFOA, however,
are less stable than that formed by the protonated species of the receptors, likely due to
the rigidity of molecular architecture of the Zn(II) complexes with the present receptors,
well outlined by the crystal structure of the [ZnL2Cl]+ cation. As a result, binding of
the carboxylate of PFOA to Zn(II) can force the perfluoroalkyl chain to stay far from the
pyrene unit, preventing the formation of stabilizing hydrophobic interactions with this
aromatic moiety.

Pyrene can be exploited not only to bind PFOA in cooperation with the polyamine
aliphatic chain (when protonated or bound to Zn(II)), but also to signal the binding event
through changes in its emission properties. Indeed, the binding of PFOA induces fluores-
cence quenching, more marked in the case of the metal-free receptors. Although the limit
for PFOA detection is not particularly exceptional, PFOA is selectively detected over PFOS
by both receptors, a peculiar characteristic in the panorama of molecular optical sensors for
these analytes. Furthermore, the performance of the chemosensors in PFOA detection can
be, in perspective, enhanced by their incorporation in nanostructured materials, in which
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energy transfer cooperative effects may occur between closely placed fluorescent probes.
At the same time, the simple synthetic procedure used can be exploited to develop different
chemosensors, differing from L1 and L2 in the polyamine chain and/or in the fluorogenic
moiety used, in order to develop a library of fluorescent probes. From this point of view,
the assembly of arrays of chemosensors may be exploited to optimize the selectivity of the
recognition process.

The above considerations outline that coupling a polyamine chain with a nearby
fluorescent hydrophobic moiety may represent a novel approach for the development of
new optical PFOA chemosensors, simultaneously displaying high stability of the adducts,
fluorescence response and particular selectivity properties. Altogether, these characteristics
make fluorescent polyamine-based receptors a promising tool for the binding and detection
of this environmental contaminant.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/molecules28114552/s1, Figure S1: 1H NMR spectrum of compound
L1 in CD3OD/D2O; Figure S2: 1H NMR spectrum of compound L1 in DMSO-d6;
Figure S3: 1H-1H -COSY NMR spectrum of compound L1; Figure S4: 13C NMR spectrum of com-
pound L1; Figure S5: HR-ESI MS of compound L1; Figure S6: Isotopic pattern of the [L1 + H]+ (z = 1)
ion; Figure S7: 1H NMR spectrum of compound L2 in CDCl3/CD3OD; Figure S8: 1H NMR spectrum
of compound L2 in DMSO-d6; Figure S9: 1H-1H -COSY NMR spectrum of compound L2; Figure S10:
13C NMR spectrum of compound L2; Figure S11:HR-ESI MS of compound L2; Figure S12: Isotopic
pattern of the [L2 + H]+ (z = 1) ion; Figure S13: Absorption spectra of L1 and L2 at different pH
values; Figure S14: Absorption spectra of L1 at pH 7 in the presence of increasing amount of PFOA;
Figure S15: Absorption and emission spectra of L2 at pH 7 in the presence of increasing amount of
PFOA; Figure S16: Emission spectra of L1 and L2 at pH 7 in the presence of increasing amount of
PFOS; Figure S17: Absorption spectra of L1 at pH 4 in the presence of increasing amount of PFOA;
Figure S18: Absorption and emission spectra of L2 at pH 4 in the presence of increasing amount
of PFOA; Figure S19: Emission spectra of L1 and L2 at pH 4 in the presence of increasing amount
of PFOS; Figure S20: Emission spectra of L1 and L2 at pH 4 in the presence of increasing amount
of PFOA at 308 K; Figure S21: Emission spectra of L1 and L2 at pH 4 in the presence of increasing
amount of PFOA at 288 K; Figure S22: Plot of fluorescence emission I0/I of L1 and L2 at pH 7 in the
presence of increasing amount of PFOA; Figure S23: Plot of fluorescence emission I0/I of L1 and L2
at pH 4 in the presence of increasing amount of PFOA; Figure S24: 1H NMR spectra of L1 at pH 4
in the presence of increasing amounts of PFOS; Figure S25: 1H NMR spectra of L1 at pH 7 in the
presence of increasing amounts of PFOA; Figure S26: 1H NMR spectra of L2 at pH 7 in the presence
of increasing amounts of PFOA; Figure S27: 19F NMR spectra of PFOA at pH 7 in the presence of
increasing amounts of L1; Figure S28: Emission spectra of L1 and L2 at pH 4 in the presence of
different interfering agents; Figure S29: Emission spectra of L1 and L2 at pH 4 in the presence of
100 equivs. of PFOA and 200 equivs. of interfering agent; Figure S30: Absorption spectra of L1
in the presence of increasing amount of Zn(II); Figure S31: Absorption and emission spectra of L2
in the presence of increasing amount of Zn(II); Figure S32: Absorption spectra of [ZnL1]2+ in the
presence of increasing amount of PFOA; Figure S33: Absorption and emission spectra of [ZnL2]2+ in
the presence of increasing amount of PFOA; Figure S34: Plot of fluorescence emission I0/I of [ZnL1]2+

and [ZnL2]2+ in the presence of increasing amount of PFOA; Figure S35: FT-IR solid state spectra of
PFOA sodium salt and the ZnL1(PFOA)Cl complex; Figure S36. FT-IR solid state spectra of PFOA
sodium salt and the ZnL2(PFOA)Cl complex. Figure S37: Emission spectra of [ZnL1]2+ and [ZnL2]2+

at pH 8 in the presence of the increasing amount of PFOS; Table S1: Bond distances and angles
defining the Zn(II) coordination environment in the crystal structure of 6; Table S2: Crystallographic
data and refinement parameters for 6. Supplementary crystallographic data for this paper have been
deposited at the Cambridge Crystallographic Data Centre (CCDC) with deposition number 2237493
([ZnL2Cl](ClO4)).

Author Contributions: Investigation, Y.T.S.S., L.M., M.L. and M.S.; data curation, M.S., Y.T.S.S.,
G.M.R., P.P. and P.R.; writing—original draft preparation. G.M.R.; writing—review and editing,
G.M.R., M.S. and A.B.; supervision, A.B. All authors have read and agreed to the published version
of the manuscript.

https://www.mdpi.com/article/10.3390/molecules28114552/s1
https://www.mdpi.com/article/10.3390/molecules28114552/s1


Molecules 2023, 28, 4552 19 of 22

Funding: This research was funded by the Italian Ministero dell’Istruzione, Università e Ricercawithin
the PRIN project number 2017EKCS3 and by Cassa di Risparmio di Firenze Foundation, bandi Ricerca
e Innovazione 2019 e 2020.

Data Availability Statement: The data supporting the findings of this study are available within the
article and its Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds L1 and L2 are available from the authors.

References
1. Cheng, Z.; Dong, H.; Liang, J.; Zhang, F.; Chen, X.; Du, L.; Tan, K. Highly Selective Fluorescent Visual Detection of Perfluorooctane

Sulfonate via Blue Fluorescent Carbon Dots and Berberine Chloride Hydrate. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2019, 207,
262–269. [CrossRef]

2. Meegoda, J.N.; Kewalramani, J.A.; Li, B.; Marsh, R.W. A Review of the Applications, Environmental Release, and Remediation
Technologies of per-and Polyfluoroalkyl Substances. Int. J. Environ. Res. Public Health 2020, 17, 8117. [CrossRef]

3. Rodriguez, K.L.; Hwang, J.H.; Esfahani, A.R.; Sadmani, A.H.M.A.; Lee, W.H. Recent Developments of PFAS-Detecting Sensors
and Future Direction: A Review. Micromachines 2020, 11, 667. [CrossRef] [PubMed]

4. Al Amin, M.; Sobhani, Z.; Chadalavada, S.; Naidu, R.; Fang, C. Smartphone-Based/Fluoro-SPE for Selective Detection of PFAS at
Ppb Level. Environ. Technol. Innov. 2020, 18, 100778. [CrossRef]

5. Glüge, J.; Scheringer, M.; Cousins, I.T.; Dewitt, J.C.; Goldenman, G.; Herzke, D.; Lohmann, R.; Ng, C.A.; Trier, X.; Wang, Z. An
Overview of the Uses of Per- And Polyfluoroalkyl Substances (PFAS). Environ. Sci. Process. Impacts 2020, 22, 2345–2373. [CrossRef]
[PubMed]

6. Menger, R.F.; Funk, E.; Henry, C.S.; Borch, T. Sensors for Detecting Per- and Polyfluoroalkyl Substances (PFAS): A Critical Review
of Development Challenges, Current Sensors, and Commercialization Obstacles. Chem. Eng. J. 2021, 417, 129133. [CrossRef]

7. Lei, S.N.; Cong, H. Fluorescence Detection of Perfluorooctane Sulfonate in Water Employing a Tetraphenylethylene-Derived Dual
Macrocycle BowtieCyclophane. Chin. Chem. Lett. 2022, 33, 1493–1496. [CrossRef]

8. Zhang, Z.; Sarkar, D.; Biswas, J.K.; Datta, R. Biodegradation of Per- and Polyfluoroalkyl Substances (PFAS): A Review. Bioresour.
Technol. 2022, 344, 126223. [CrossRef]

9. Liou, J.S.C.; Szostek, B.; DeRito, C.M.; Madsen, E.L. Investigating the Biodegradability of Perfluorooctanoic Acid. Chemosphere
2010, 80, 176–183. [CrossRef]

10. Zheng, Z.; Yu, H.; Geng, W.C.; Hu, X.Y.; Wang, Y.Y.; Li, Z.; Wang, Y.; Guo, D.S. Guanidinocalix[5]Arene for Sensitive Fluorescence
Detection and Magnetic Removal of Perfluorinated Pollutants. Nat. Commun. 2019, 10, 5762. [CrossRef]

11. Bolan, N.; Sarkar, B.; Yan, Y.; Li, Q.; Wijesekara, H.; Kannan, K.; Tsang, D.C.W.; Schauerte, M.; Bosch, J.; Noll, H.; et al. Remediation
of Poly- and Perfluoroalkyl Substances (PFAS) Contaminated Soils—To Mobilize or to Immobilize or to Degrade? J. Hazard Mater.
2021, 401, 106600. [CrossRef]

12. Goldenman, G.; Fernandes, M.; Holland, M.; Tugran, T.; Nordin, A.; Schoumacher, C.; McNeill, A. The Cost of Inaction: A
Socioeconomic Analysis of Environmental and Health Impacts Linked to Exposure to PFAS; Nordic Council of Ministers: Copenhagen,
Denmark, 2019.

13. Renfrew, D.; Pearson, T.W. The Social Life of the “Forever Chemical” PFAS Pollution Legacies and Toxic Events. Environ. Soc. Adv.
Res. 2021, 12, 146–163. [CrossRef]

14. Safe Drinking Water Information System (SDWIS) Federal Reporting Services. Available online: https://www.Epa.Gov/Ground-
Water-and-Drinking-Water/Safe-Drinking-Water-Information-System-Sdwis-Federal-Reporting (accessed on 30 April 2023).

15. Cui, L.; Zhou, Q.F.; Liao, C.Y.; Fu, J.J.; Jiang, G. Bin Studies on the Toxicological Effects of PFOA and PFOS on Rats Using
Histological Observation and Chemical Analysis. Arch. Environ. Contam. Toxicol. 2009, 56, 338–349. [CrossRef]

16. Sunderland, E.M.; Hu, X.C.; Dassuncao, C.; Tokranov, A.K.; Wagner, C.C.; Allen, J.G. A Review of the Pathways of Human
Exposure to Poly- and Perfluoroalkyl Substances (PFASs) and Present Understanding of Health Effects. J. Expo. Sci. Environ.
Epidemiol. 2019, 29, 131–147. [CrossRef] [PubMed]

17. USEPA Drinking Water Health Advisories for PFOA and PFOS. Available online: https://www.epa.gov/sdwa/drinking-water-
health-advisories-has (accessed on 30 April 2023).

18. Boulanger, B.; Vargo, J.; Schnoor, J.L.; Hornbuckle, K.C. Detection of Perfluorooctane Surfactants in Great Lakes Water. Environ.
Sci. Technol. 2004, 38, 4064–4070. [CrossRef] [PubMed]

19. Saito, K.; Uemura, E.; Ishizaki, A.; Kataoka, H. Determination of Perfluorooctanoic Acid and Perfluorooctane Sulfonate by
Automated In-Tube Solid-Phase Microextraction Coupled with Liquid Chromatography-Mass Spectrometry. Anal. Chim. Acta
2010, 658, 141–146. [CrossRef]

20. Shafique, U.; Schulze, S.; Slawik, C.; Kunz, S.; Paschke, A.; Schüürmann, G. Gas Chromatographic Determination of Perfluorocar-
boxylic Acids in Aqueous Samples—A Tutorial Review. Anal. Chim. Acta 2017, 949, 8–22. [CrossRef]

21. Valsecchi, S.; Rusconi, M.; Polesello, S. Determination of Perfluorinated Compounds in Aquatic Organisms: A Review. Anal.
Bioanal. Chem. 2013, 405, 143–157. [CrossRef]

https://doi.org/10.1016/j.saa.2018.09.028
https://doi.org/10.3390/ijerph17218117
https://doi.org/10.3390/mi11070667
https://www.ncbi.nlm.nih.gov/pubmed/32650577
https://doi.org/10.1016/j.eti.2020.100778
https://doi.org/10.1039/D0EM00291G
https://www.ncbi.nlm.nih.gov/pubmed/33125022
https://doi.org/10.1016/j.cej.2021.129133
https://doi.org/10.1016/j.cclet.2021.08.068
https://doi.org/10.1016/j.biortech.2021.126223
https://doi.org/10.1016/j.chemosphere.2010.03.009
https://doi.org/10.1038/s41467-019-13775-1
https://doi.org/10.1016/j.jhazmat.2020.123892
https://doi.org/10.3167/ares.2021.120109
https://www.Epa.Gov/Ground-Water-and-Drinking-Water/Safe-Drinking-Water-Information-System-Sdwis-Federal-Reporting
https://www.Epa.Gov/Ground-Water-and-Drinking-Water/Safe-Drinking-Water-Information-System-Sdwis-Federal-Reporting
https://doi.org/10.1007/s00244-008-9194-6
https://doi.org/10.1038/s41370-018-0094-1
https://www.ncbi.nlm.nih.gov/pubmed/30470793
https://www.epa.gov/sdwa/drinking-water-health-advisories-has
https://www.epa.gov/sdwa/drinking-water-health-advisories-has
https://doi.org/10.1021/es0496975
https://www.ncbi.nlm.nih.gov/pubmed/15352442
https://doi.org/10.1016/j.aca.2009.11.004
https://doi.org/10.1016/j.aca.2016.10.026
https://doi.org/10.1007/s00216-012-6492-7


Molecules 2023, 28, 4552 20 of 22

22. Liu, Q.; Huang, A.; Wang, N.; Zheng, G.; Zhu, L. Rapid Fluorometric Determination of Perfluorooctanoic Acid by Its Quenching
Effect on the Fluorescence of Quantum Dots. J. Lumin. 2015, 161, 374–381. [CrossRef]

23. Feng, H.; Wang, N.; Tran, T.; Yuan, L.; Li, J.; Cai, Q. Surface Molecular Imprinting on Dye-(NH2)-SiO2 NPs for Specific Recognition
and Drect Fluorescent Quantification of Perfluorooctane Sulfonate. Sens. Actuators B Chem. 2014, 195, 266–273. [CrossRef]

24. Garau, A.; Picci, G.; Bencini, A.; Caltagirone, C.; Conti, L.; Lippolis, V.; Paoli, P.; Romano, G.M.; Rossi, P.; Scorciapino, M.A.
Glyphosate Sensing in Aqueous Solutions by Fluorescent Zinc(II) Complexes of [9]AneN3-Based Receptors. Dalton Trans. 2022,
51, 8733–8742. [CrossRef] [PubMed]

25. Conti, L.; Mummolo, L.; Romano, G.M.; Giorgi, C.; Giacomazzo, G.E.; Prodi, L.; Bencini, A. Exploring the Ability of Luminescent
Metal Assemblies to Bind and Sense Anionic or Ionizable Analytes a Ru(Phen)2bipy-Based Dizinc Complex for Bisphenol a (Bpa)
Recognition. Molecules 2021, 26, 527. [CrossRef] [PubMed]

26. Takayose, M.; Akamatsu, K.; Nawafune, H.; Murashima, T.; Matsui, J. Colorimetric Detection of Perfluorooctanoic Acid (PFOA)
Utilizing Polystyrene-Modified Gold Nanoparticles. Anal. Lett. 2012, 45, 2856–2864. [CrossRef]

27. Niu, H.; Wang, S.; Zhou, Z.; Ma, Y.; Ma, X.; Cai, Y. Sensitive Colorimetric Visualization of Perfluorinated Compounds Using
Poly(Ethylene Glycol) and Perfluorinated Thiols Modified Gold Nanoparticles. Anal. Chem. 2014, 86, 4170–4177. [CrossRef]
[PubMed]

28. Zhang, J.; Wan, Y.; Li, Y.; Zhang, Q.; Xu, S.; Zhu, H.; Shu, B. A Rapid and High-Throughput Quantum Dots Bioassay for
Monitoring of Perfluorooctane Sulfonate in Environmental Water Samples. Environ. Pollut. 2011, 159, 1348–1353. [CrossRef]

29. Hong, Y.; Chen, X.; Zhang, Y.; Zhu, Y.; Sun, J.; Swihart, M.T.; Tan, K.; Dong, L. One-Pot Hydrothermal Synthesis of High Quantum
Yield Orange-Emitting Carbon Quantum Dots for Sensitive Detection of Perfluorinated Compounds. New J. Chem. 2022, 46,
19658–19666. [CrossRef]

30. Chen, S.; Li, A.; Zhang, L.; Gong, J. Molecularly Imprinted Ultrathin Graphitic Carbon Nitride Nanosheets-Based Electrochemilu-
minescence Sensing Probe for Sensitive Detection of Perfluorooctanoic Acid. Anal. Chim. Acta 2015, 896, 68–77. [CrossRef]

31. Park, J.; Yang, K.A.; Choi, Y.; Choe, J.K. Novel SsDNA Aptamer-Based Fluorescence Sensor for Perfluorooctanoic Acid Detection
in Water. Environ. Int. 2022, 158, 107000. [CrossRef]

32. Chen, B.; Yang, Z.; Qu, X.; Zheng, S.; Yin, D.; Fu, H. Screening and Discrimination of Perfluoroalkyl Substances in Aqueous
Solution Using a Luminescent Metal-Organic Framework Sensor Array. ACS Appl. Mater. Interfaces 2021, 13, 47706–47716.
[CrossRef]

33. Harrison, E.E.; Waters, M.L. Detection and Differentiation of Per- and Polyfluoroalkyl Substances (PFAS) in Water Using a
Fluorescent Imprint-and-Report Sensor Array. Chem. Sci. 2022, 14, 928–936. [CrossRef]

34. Busschaert, N.; Caltagirone, C.; Van Rossom, W.; Gale, P.A. Applications of Supramolecular Anion Recognition. Chem. Rev. 2015,
115, 8038–8155. [CrossRef]

35. Gale, P.A. Anion Receptor Chemistry. Chem. Commun. 2011, 47, 82–86. [CrossRef]
36. Fabbrizzi, L.; Licchelli, M.; Parodi, L.; Poggi, A.; Taglietti1, A. The Molecular Design of Fluorescent Sensors for Ionic Analytes. J.

Fluoresc. 1998, 8, 263–271. [CrossRef]
37. Mako, T.L.; Racicot, J.M.; Levine, M. Supramolecular Luminescent Sensors. Chem. Rev. 2019, 119, 322–477. [CrossRef] [PubMed]
38. Savastano, M.; Bazzicalupi, C.; Giorgi, C.; García-Gallarín, C.; López De La Torre, M.D.; Pichierri, F.; Bianchi, A.; Melguizo, M.

Anion Complexes with Tetrazine-Based Ligands: Formation of Strong Anion-π Interactions in Solution and in the Solid State.
Inorg. Chem. 2016, 55, 8013–8024. [CrossRef]

39. Zhang, Q.; Liao, M.; Xiao, K.; Zhuang, K.; Zheng, W.; Yao, Z. A Water-Soluble Fluorescence Probe Based on Perylene Diimide for
Rapid and Selective Detection of Perfluorooctane Sulfonate in 100% Aqueous Media. Sens. Actuators B Chem. 2022, 350, 130851.
[CrossRef]

40. Omorodion, H.; Palenzuela, M.; Ruether, M.; Twamley, B.; Platts, J.A.; Baker, R.J. A Rationally Designed Perfluorinated Host for
the Extraction of PFOA from Water Utilising Non-Covalent Interactions. New J. Chem. 2018, 42, 7956–7968. [CrossRef]

41. Cheng, Z.; Du, L.; Zhu, P.; Chen, Q.; Tan, K. An Erythrosin B-Based “Turn on” Fluorescent Sensor for Detecting Perfluorooctane
Sulfonate and Perfluorooctanoic Acid in Environmental Water Samples. Spectrochim. Acta A Mol. Biomol. Spectrosc. 2018, 201,
281–287. [CrossRef]

42. Bazzicalupi, C.; Bencini, A.; Lippolis, V. Tailoring Cyclic Polyamines for Inorganic/Organic Phosphate Binding. Chem. Soc. Rev.
2010, 39, 3709–3728. [CrossRef] [PubMed]

43. Figueroa, L.E.S.; Moragues, M.E.; Climent, E.; Agostini, A.; Martínez-Máñez, R.; Sancenón, F. Chromogenic and Fluorogenic
Chemosensors and Reagents for Anions. A Comprehensive Review of the Years 2010–2011. Chem. Soc. Rev. 2013, 42, 3489–3613.
[CrossRef]

44. Caltagirone, C.; Gale, P.A. Anion Receptor Chemistry: Highlights from 2007. Chem. Soc. Rev. 2009, 38, 520–563. [CrossRef]
45. Amendola, V.; Bonizzoni, M.; Esteban-Gómez, D.; Fabbrizzi, L.; Licchelli, M.; Sancenón, F.; Taglietti, A. Some Guidelines for the

Design of Anion Receptors. Coord. Chem. Rev. 2006, 250, 1451–1470. [CrossRef]
46. García-España, E.; Díaz, P.; Llinares, J.M.; Bianchi, A. Anion Coordination Chemistry in Aqueous Solution of Polyammonium

Receptors. Coord. Chem. Rev. 2006, 250, 2952–2986. [CrossRef]
47. Kang, S.O.; Llinares, J.M.; Day, V.W.; Bowman-James, K. Cryptand-like Anion Receptors. Chem. Soc. Rev. 2010, 39, 3980–4003.

[CrossRef]

https://doi.org/10.1016/j.jlumin.2015.01.045
https://doi.org/10.1016/j.snb.2014.01.036
https://doi.org/10.1039/D2DT00738J
https://www.ncbi.nlm.nih.gov/pubmed/35612268
https://doi.org/10.3390/molecules26030527
https://www.ncbi.nlm.nih.gov/pubmed/33498435
https://doi.org/10.1080/00032719.2012.696225
https://doi.org/10.1021/ac403406d
https://www.ncbi.nlm.nih.gov/pubmed/24684731
https://doi.org/10.1016/j.envpol.2011.01.011
https://doi.org/10.1039/D2NJ02907C
https://doi.org/10.1016/j.aca.2015.09.022
https://doi.org/10.1016/j.envint.2021.107000
https://doi.org/10.1021/acsami.1c15528
https://doi.org/10.1039/D2SC05685B
https://doi.org/10.1021/acs.chemrev.5b00099
https://doi.org/10.1039/C0CC00656D
https://doi.org/10.1023/A:1022513918542
https://doi.org/10.1021/acs.chemrev.8b00260
https://www.ncbi.nlm.nih.gov/pubmed/30507166
https://doi.org/10.1021/acs.inorgchem.6b01138
https://doi.org/10.1016/j.snb.2021.130851
https://doi.org/10.1039/C7NJ03026F
https://doi.org/10.1016/j.saa.2018.05.013
https://doi.org/10.1039/b926161n
https://www.ncbi.nlm.nih.gov/pubmed/20820461
https://doi.org/10.1039/c3cs35429f
https://doi.org/10.1039/B806422A
https://doi.org/10.1016/j.ccr.2006.01.006
https://doi.org/10.1016/j.ccr.2006.05.018
https://doi.org/10.1039/c0cs00083c


Molecules 2023, 28, 4552 21 of 22

48. Hargrove, A.E.; Nieto, S.; Zhang, T.; Sessler, J.L.; Anslyn, E.V. Artificial Receptors for the Recognition of Phosphorylated Molecules.
Chem. Rev. 2011, 111, 6603–6782. [CrossRef] [PubMed]

49. Baudoin, O.; Gonnet, F.; Teulade-Fichou, M.P.; Vigneron, J.P.; Tabet, J.C.; Lehn, J.M. Molecular Recognition of Nucleotide Pairs by
a Cyclo-Bis-Intercaland- Type Receptor Molecule: A Spectrophotometric and Electrospray Mass Spectrometry Study. Chem. Eur. J.
1999, 5, 2762–2771. [CrossRef]

50. Arturoni, E.; Bazzicalupi, C.; Bencini, A.; Caltagirone, C.; Danesi, A.; Garau, A.; Giorgi, C.; Lippolis, V.; Valtancoli, B. New
Bis-Cresol-Bridged Bis(1,4,7-Triazacyclononane) Ligand as Receptor for Metal Cations and Phosphate Anions. Inorg. Chem. 2008,
47, 6551–6563. [CrossRef]

51. Mateus, P.; Delgado, R.; Brandão, P.; Félix, V. Polyaza Cryptand Receptor Selective for Dihydrogen Phosphate. J. Org. Chem. 2009,
74, 8638–8646. [CrossRef]

52. Delépine, A.S.; Tripier, R.; Handel, H. Cyclen-Based Bismacrocycles for Biological Anion Recognition. A Potentiometric and NMR
Study of AMP, ADP and ATP Nucleotide Complexation. Org. Biomol. Chem. 2008, 6, 1743–1750. [CrossRef]

53. Bazzicalupi, C.; Bencini, A.; Bianchi, A.; Danesi, A.; Giorgi, C.; Valtancoli, B. Anion Binding by Protonated Forms of the Tripodal
Ligand Tren. Inorg. Chem. 2009, 48, 2391–2398. [CrossRef]

54. Bianchi, A.; Bowman-James, K.; García-España, E. Supramolecular Chemistry of Anions; Wiley-VCH: New York, NY, USA, 1997.
55. Sessler, J.L.; Gale, P.A.; Cho, W.S. Anion Receptor Chemistry; Royal Society of Chemistry: London, UK, 2006.
56. Amendola, V.; Fabbrizzi, L. Anion Receptors That Contain Metals as Structural Units. Chem. Commun. 2009, 5, 513–531. [CrossRef]
57. Macedi, E.; Bencini, A.; Caltagirone, C.; Lippolis, V. The Design of TACN-Based Molecular Systems for Different Supramolecular

Functions. Coord. Chem. Rev. 2020, 407, 213151. [CrossRef]
58. Gale, P.A.; Caltagirone, C. Anion Sensing by Small Molecules and Molecular Ensembles. Chem. Soc. Rev. 2015, 44, 4212–4227.

[CrossRef]
59. Lomozik, L.; Gasowska, A.; Bregier-Jarzebowska, R.; Jastrzab, R. Coordination Chemistry of Polyamines and Their Interactions in

Ternary Systems Including Metal Ions, Nucleosides and Nucleotides. Coord. Chem. Rev. 2005, 249, 2335–2350. [CrossRef]
60. Zhao, J.; Yang, D.; Yang, X.-J.; Wu, B. Anion coordination chemistry: From recognition to supramolecular assembly. Coord. Chem.

Rev. 2019, 278, 415–444. [CrossRef]
61. Shiraishi, Y.; Tokitoh, Y.; Hirai, T. PH- and H2O-Driven Triple-Mode Pyrene Fluorescence. Org. Lett. 2006, 8, 3841–3844. [CrossRef]

[PubMed]
62. Bencini, A.; Bianchi, A.; Garcia-España, E.; Micheloni, M.; Ramirez, J.A. Proton Coordination by Polyamine Compounds in

Aqueous Solution. Coord. Chem. Rev. 1999, 188, 97–156. [CrossRef]
63. Romano, G.M.; Mummolo, L.; Savastano, M.; Paoli, P.; Rossi, P.; Prodi, L.; Bencini, A. Polyamine Receptors Containing Anthracene

as Fluorescent Probes for Ketoprofen in H2O/EtOH Solution. Chem. Commun. 2022, 58, 7022–7025. [CrossRef]
64. Bazzicalupi, C.; Bencini, A.; Biagini, S.; Faggi, E.; Meini, S.; Giorgi, C.; Spepi, A.; Valtancoli, B. Exploring the Binding Ability of

Phenanthroline-Based Polyammonium Receptors for Anions: Hints for Design of Selective Chemosensors for Nucleotides. J. Org.
Chem. 2009, 74, 7349–7363. [CrossRef]

65. Bernard Valeur, M.M. Berberan-Santos Molecular Fluorescence Principles and Application, 2nd ed.; Wiley-VCH Verlag & Co. KGaA:
Weinheim, Germany, 2012.

66. Gans, P.; Sabatini, A.; Vacca, A. Investigation of Equilibria in Solution. Determination of Equilibrium Constants with the
HYPERQUAD Suite of Programs. Talanta 1996, 43, 1739–1753. [CrossRef]

67. Genovese, D.; Rampazzo, E.; Bonacchi, S.; Montalti, M.; Zaccheroni, N.; Prodi, L. Energy Transfer Processes in Dye-Doped
Nanostructures Yield Cooperative and Versatile Fluorescent Probes. Nanoscale 2014, 6, 3022–3036. [CrossRef] [PubMed]

68. Wilson, L.D.; Verrall, R.E. F and 1 H NMR Investigation of Cyclodextrin/Fluorocarbon Alkyl Carboxylate Surfactant Inclusion
Complexes. Langmuir 1998, 8, 446–451. [CrossRef]

69. Gavette, J.V.; McGrath, J.M.; Spuches, A.M.; Sargent, A.L.; Allen, W.E. Fluorous Effects in Amide-Based Receptors for Anions.
J. Org. Chem. 2009, 74, 3706–3710. [CrossRef] [PubMed]

70. Martell, A.E.; Hancock, R.D.; Motekaitis, R.J. Factors Affecting Stabilities of Chelate, Macrocyclic and Macrobicyclic Complexes in
Solution. Coord. Chem. Rev. 1994, 133, 39–65. [CrossRef]

71. Hancock, R.D. Chelate Ring Size and Metal Ion Selection the Basis of Selectivity for Metal Ions in Open-Chain Ligands and
Macrocycles. J. Chem. Educ. 1992, 69, 615–621. [CrossRef]

72. Yang, L.; Powell, D.R.; Houser, R.P. Structural Variation in Copper(i) Complexes with Pyridylmethylamide Ligands: Structural
Analysis with a New Four-Coordinate Geometry Index, T4. Dalton Trans. 2007, 9, 955–964. [CrossRef]

73. Driessen, W.L.; Blonk, H.L.; de Graaff, R.A.G.; Reedijk, J. The Structure of the Mixed-Ligand Compound N,N-Bis[(3,5-Dimethyl-1-
Pyrazolyl)Methyl]Aniline(3,5-Dimethylpyrazole)Nitratozinc(II) Nitrate. Acta Crystallogr. C 1987, 43, 1516–1518. [CrossRef]

74. Klapötke, T.M.; Schmid, P.C.; Stierstorfer, J.; Szimhardt, N. Synthesis and Characterization of Tetrahedral Zinc(II) Complexes
with 3, 6,7-Triamino-7H-[1,2,4]Triazolo[4,3-b][1,2,4]Triazole as Nitrogen-Rich Ligand. Z. Anorg. Allg. Chem. 2016, 642, 383–389.
[CrossRef]

75. Savastano, M.; Bazzicalupi, C.; García-Gallarín, C.; López de la Torre, M.D.; Bianchi, A.; Melguizo, M. Supramolecular Forces and
Their Interplay in Stabilizing Complexes of Organic Anions: Tuning Binding Selectivity in Water. Org. Chem. Front. 2019, 6, 75–86.
[CrossRef]

https://doi.org/10.1021/cr100242s
https://www.ncbi.nlm.nih.gov/pubmed/21910402
https://doi.org/10.1002/(SICI)1521-3765(19990903)5:9&lt;2762::AID-CHEM2762&gt;3.0.CO;2-F
https://doi.org/10.1021/ic800549e
https://doi.org/10.1021/jo901742d
https://doi.org/10.1039/b719514a
https://doi.org/10.1021/ic8013128
https://doi.org/10.1039/B808264M
https://doi.org/10.1016/j.ccr.2019.213151
https://doi.org/10.1039/C4CS00179F
https://doi.org/10.1016/j.ccr.2005.05.002
https://doi.org/10.1016/j.ccr.2018.01.002
https://doi.org/10.1021/ol0614673
https://www.ncbi.nlm.nih.gov/pubmed/16898831
https://doi.org/10.1016/S0010-8545(98)00243-4
https://doi.org/10.1039/D2CC01107G
https://doi.org/10.1021/jo901423m
https://doi.org/10.1016/0039-9140(96)01958-3
https://doi.org/10.1039/C3NR05599J
https://www.ncbi.nlm.nih.gov/pubmed/24531884
https://doi.org/10.1021/la9802365
https://doi.org/10.1021/jo9000788
https://www.ncbi.nlm.nih.gov/pubmed/19358581
https://doi.org/10.1016/0010-8545(94)80056-1
https://doi.org/10.1021/ed069p615
https://doi.org/10.1039/B617136B
https://doi.org/10.1107/S010827018709125X
https://doi.org/10.1002/zaac.201600006
https://doi.org/10.1039/C8QO01152D


Molecules 2023, 28, 4552 22 of 22

76. Savastano, M.; Fiaschi, M.; Ferraro, G.; Gratteri, P.; Mariani, P.; Bianchi, A.; Bazzicalupi, C. Sensing Zn2+ in Aqueous Solution
with a Fluorescent Scorpiand Macrocyclic Ligand Decorated with an Anthracene Bearing Tail. Molecules 2020, 25, 1355. [CrossRef]

77. Gran, G. Determination of the Equivalence Point in Potentiometric Titrations. Part II. Analyst 1952, 77, 661–671. [CrossRef]
78. Mei, Q.; Shi, Y.; Hua, Q.; Tong, B. Phosphorescent Chemosensor for Hg2+ Based on an Iridium(III) Complex Coordinated with

4-Phenylquinazoline and Carbazole Dithiocarbamate. RSC Adv. 2015, 5, 74924–74931. [CrossRef]
79. Burla, M.C.; Caliandro, R.; Camalli, M.; Carrozzini, B.; Cascarano, G.L.; De Caro, L.; Giacovazzo, C.; Polidori, G.; Spagna, R.

SIR2004: An Improved Tool for Crystal Structure Determination and Refinement. J. Appl. Crystallogr. 2005, 38, 381–388. [CrossRef]
80. Sheldrick, G.M. Crystal Structure Refinement with SHELXL. Acta Crystallogr. C 2015, 71, 3–8. [CrossRef]
81. Nardelli, M. PARST95—An Update to PARST: A System of Fortran Routines for Calculating Molecular Structure Parameters from

the Results of Crystal Structure Analyses. J. Appl. Crystallogr. 1995, 28, 659. [CrossRef]
82. Macrae, C.F.; Sovago, I.; Cottrell, S.J.; Galek, P.T.A.; McCabe, P.; Pidcock, E.; Platings, M.; Shields, G.P.; Stevens, J.S.; Towler, M.;

et al. Mercury 4.0: From Visualization to Analysis, Design and Prediction. J. Appl. Crystallogr. 2020, 53, 226–235. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/molecules25061355
https://doi.org/10.1039/an9527700661
https://doi.org/10.1039/C5RA09609J
https://doi.org/10.1107/S002188980403225X
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889895007138
https://doi.org/10.1107/S1600576719014092

	Introduction 
	Results and Discussion 
	Synthesis of L1 and L2 
	Acid-Base Properties 
	Binding and Fluorescence Sensing of PFOA by L1 and L2 
	Zn(II) Complexation 
	Description of the Crystal Structure of [ZnL2(Cl)](ClO4) 
	Binding and Fluorescence Sensing of PFOA by [ZnL1]2+ and [ZnL2]2+ 

	Materials and Methods 
	Synthesis of 1-(1-Methylpyrenyl)-1,4,7-triazaheptane (L1) 
	Synthesis of 1-(1-Methylpyrenyl)-1,5,9-triazanonane (L2) 
	Synthesis of [(ZnL1)(ClO4)2] 
	Synthesis of [(ZnL2)(ClO4)2] 
	Electronic Absorption and Fluorescence Measurements 
	NMR Measurements 
	Potentiometric Measurements 
	Limit of Detection (LOD) Determination 
	FT-IR Measurements 
	Single-Crystal X-ray Diffraction 

	Conclusions 
	References

