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Supramolecular approaches for the quantitative anion analysis in water remain scarce due to the lack of
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receptors that effectively bind anions in this medium. Herein, we present a novel, fast and easy,

supramolecular approach for a selective and quantitative analysis of perchlorate anions in water,
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rsc.li/rsc-advances anion receptor.

During the past decades, supramolecular recognition of anions
has developed rapidly, with an increasing number of reported
receptors,'™ applied also in analytical chemistry.>® These anion
receptors often employ hydrogen bonding as the recognition
element, and are seldom reported for aqueous solutions® —
a consequence of the challenging ion recognition due to the
high solvation of anions as well the competition of water
molecules for the binding site of the receptor. This may be
circumvented by employing receptors that bare positive
charges.”™ However, due to the nondirectional electrostatic
interactions and counterion competition for the binding site,
neutral receptors incorporating weak interactions may offer
a better alternative over charged receptors. In particular, neutral
receptors relying on C-H hydrogen bond interactions in
combination with the hydrophobic effect possess excellent
anion binding properties in water. A few examples include
cyclopeptide derived hosts by Kubik,"*** biotinuril macrocycles
by Pittelkow,’>'® indolocarbazole-based foldamer by Jeong,"”
phenylethynyl hosts by Johnson and Haley,"® octa-acids by
Gibb,” and the bambusuril macrocycles, introduced by our
group in 2010, which exhibit very high binding affinity towards
many anions both in organic and aqueous media.>*?
Conventional methods for the detection and quantification
of anions in water are often time consuming, require compli-
cated instrumentation, or frequently necessitate troublesome
sample pre-treatment and reagent preparations.>*** Anions and
cations in drinking water and environmental waters are mainly
determined using the methods of capillary electrophoresis, ion
chromatography, and mass spectrometry.>*** However, these
techniques exhibit disadvantages such as the presence of
interferences, lengthy analysis, complex data interpretation, the
usage of expensive stationary phases and/or large amounts of
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coupling the UV-Vis spectroscopic method and phase-transfer extraction of anions by a water-insoluble

mobile phases.>**”?® In this respect, a simple method that
combines supramolecular anion recognition, phase-transfer
extraction, and widely available spectroscopic technique (i.e.
UV/Vis), would, in principle, offer a very convenient approach to
the quantification of anions in water samples. To our surprise,
such method was unprecedented up to now, even though
neutral receptors, such as crown ethers or calix[n]pyrroles, have
been widely used for the extraction or preconcentration of
anions.”>' In a few cases, ionic dyes facilitated the use of UV/
Vis spectroscopy to follow the extraction process, albeit only
in a qualitative sense.***

Herein, we present a novel, fast and simple analytical
method for the quantification of perchlorate anions in water via
supramolecular anion recognition. The method comprises a bi-
phasic solution system of water-insoluble anion receptor,
bambusuril (BnBU), and a cationic lucigenin dye (Luc(NO3),,
Scheme 1, Fig. 1), operating on the principle of selective
extraction of Luc(ClO,), from the aqueous to the organic phase.
This allowed a simple UV/Vis quantification of the remaining
Luc®" in water which is related to the perchlorate content.

The extraction of Luc®* from water to the dichloromethane
(DCM) solution of BnBU, upon adding NaClO,4, was in agree-
ment with the disappearance of UV/Vis absorption bands of
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Scheme 1 The bambusuril anion receptor (BnBU) and the lucigenin
dye (Luc(NO3),) used for perchlorate quantification by phase-transfer
extraction.
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Fig. 1 Extraction experiments of the Luc®* dye from water to
dichloromethane (DCM), showing that both BnBU and perchlorate are
necessary to extract Luc?*.

Luc®" (Fig. 2). Control experiments showed that, in the absence
of NaClOy, only 5% of Luc®* is extracted to the BnBU DCM
solution (Fig. S1t). However, no extraction occurred in the
absence of BnBU. This observation is likely explained by the
extraction of nitrate via complexation to BnBU, accompanied by
the Luc®® counter-ions. The association constant for the
BnBU-NO;~ complex is more than one order of magnitude
lower compared to that one of the BnBU-ClO,  complex in
chloroform,>* which results in a poor extraction of Luc®" in the
form of a nitrate salt, but much greater extraction in the form of
a perchlorate salt. Moreover, Luc®* was still being extracted as
a preferred counter-ion even in the competing environment
having Na*, K*, Mg?", or Ca”®" cations (Fig. $2-S51), commonly
found in drinking water.

Furthermore, sodium salts of other anions, namely, C17, I,
H,PO,”, SO,%>~, HCO;~, and NO;~ were also studied in the
extraction experiments (Fig. S7-S12t) as these anions are
naturally present in waters and biological fluids. No extraction
was observed for the Cl~, H,PO, , and SO,>  (Fig. S7-S97)
because these anions bind to BnBU with low affinity due to their
high solvation by water molecules. NO;~ and HCO;~ anions
extracted only at much higher concentrations (>2 mM, Fig. S10
and S11t) compared to perchlorate (<50 uM). The extraction of
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Fig. 2 UV-Vis spectra of water layers in a bi-phasic system (water/
DCM) with different content of NaClO4/Luc(NOs),, in the presence of
BnBU. Intercept: absorbance data at 369 nm. The straight line is
a visual aid for the relevant linear region.
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NO;~ is due to its higher chaotropic nature while the Luc**
extraction via HCO;~ was only partially achieved up to =30%
even with a large excess of HCO; ™~ (Fig. S107). This may indicate
additional acid-base equilibrium in the extractions process of
HCO; . Only I anion exhibited a Luc®* extraction to a signifi-
cant extent at concentrations comparable to that of perchlorate
(<50 uM, Fig. S127). The affinity of tested anions towards BnBU
is significantly weaker in comparison to perchlorate, with the
exception of iodide, that binds with a similar strength.”* This
indicates that the anion affinity towards BnBU plays an
important role in the extraction process and it is following the
order of these anions in the Hofmeister series.*® Therefore we
decided to study the extraction of Luc®* in presence of other
chaotropic anions such as BF,  and PF¢ . The results showed
a rather quantitative extraction of Luc®*" (Fig. S13 and S147),
suggesting that, even though chaotropic anions are far less
common in aqueous solutions, they should be taken in
consideration, since they might as well interfere with the
methodology herein presented.

Spectral changes in the course of the extraction experiments,
followed by UV/Vis spectroscopy (Fig. 2), exhibited a linear
dependence of the absorbance versus perchlorate concentra-
tion, up to two-fold excess of NaClO, with respect to Luc®*. This
strongly indicates that the Luc®" dication is extracted exclusively
in a 1:2 stoichiometry (Luc®* : perchlorate). Since the absor-
bance is linearly proportional to the concentration of perchlo-
rate, the titration curve could be used for the quantitative
analysis of perchlorate in water (Fig. S67).

We utilized the aforementioned findings for the determina-
tion of perchlorates in different aqueous media, containing 10
or 20 pM of NaClO,: (i) deionized water (MilliQ quality), (ii)
saline water (c¢(NaCl) = 500 mM), and (iii) a solution mimicking
conditions in blood plasma (¢(NaCl) = 100 mM, ¢(NaHCO3) =
20 mM). The UV/Vis spectra of the water phases were recorded
after the extraction procedure, and the perchlorate concentra-
tions for each sample was calculated from the difference in the
Luc®" absorbance in the aqueous phase. The measurements,
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Fig. 3 Perchlorate content in different agueous media, determined
using the described BnBU/Luc®** supramolecular approach, showing
very good agreement with the real perchlorate concentration (dotted
lines). The red and green bars indicate 10 and 20 uM of perchlorate in
the samples, respectively. The abbreviated media correspond to the
MilliQ water, saline (c(NaCl) = 500 mM), plasma (c(NaCl) = 100 mM,
c(NaHCO3) = 20 mM), and a mixture of salts (cations: Na*, K*, Mg®™,
Ca®*; anions: Cl, H,PO,~, S04, HCO5, and NOs ).
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repeated in triplicates, were in very good agreement with the
real perchlorate content (Fig. 3), with absolute errors of up to
—10% (saline media with 20 uM of NaClO,).

As presented in previous paragraphs, individual anion/
cation influence on the extraction of Luc®* indicated poten-
tially selective behaviour of perchlorate. Therefore, the deter-
mination of perchlorate content in the presence of different
anions and cations was further probed. Indeed, in a multiple
salt mixture, namely, Mg(ClO,),, Na,SO,;, CaCl,, KH,POy,,
NaHCOj;, and NaNO; (a detailed composition can be found in
ESI, Fig. S18t), the extraction experiments gave very good
agreement of the perchlorate content for both 10 and 20 pM
concentrations of perchlorate anions (Fig. 3). Therefore, the
proposed extraction method is indeed suitable for the quanti-
tative analysis of perchlorate content in water. The presence of
iodide, however, is expected to be a relevant interference in the
determination of perchlorate. In this case, the iodide and
perchlorate contributions could be easily assessed by "H NMR.
The ability of bambusurils to differentiate anions on NMR has
been already reported previously by our group.* The extraction
experiment of a sample containing both ClO,~ and I", resulted
in a Luc®" extraction corresponding to the total concentration of
these anions, the ratio of which was accurately determined by
"H NMR (Fig. S19 and S207).

In summary, a new supramolecular approach for the quan-
tification of perchlorate in water has been demonstrated.
Bambusuril anion receptor was employed in the phase-transfer
extraction of anions into an organic solvent, based on their
relative binding strength with the receptor. The organic dye,
lucigenin, was used as an indicator of the anion extraction
process, as it was selectively extracted as a counter-ion. The
presented methodology is invariant towards common anionic
or cationic interfering species. Very good results were obtained
for the analysis of perchlorate anions in different matrices (pure
water, saline, and plasma blood conditions). We believe the
methodology could be generally applied for quantification of
various water-soluble analytes, using different water insoluble
receptors. The presented method may in principle be applied
for simple routine analysis of perchlorates, as it shows superi-
ority towards the usual analytical methods in both simplicity
and speed, with satisfying accuracy.
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