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of Chemistry Calix[4]pyrroles (CPs) and polyammonium azacrowns (ACs) are well-known receptors for anions. CPs bind
anions by directional hydrogen bonds that do not always work well for aqueous analytes. The positive
charge in polyammonium ACs allows for a stronger but non-directional anion-ammonium electrostatic
attraction but lack selectivity. Bridging the gap between CPs and ACs could increase affinity and
potentially preserve the selectivity of anion binding. We have synthesized a flexible calixpyrrole-
azacrown near isosteric receptor and incorporated an environmentally sensitive dansy!l fluorophore to
enable fluorescence measurements. Anion binding was evaluated using NMR and fluorescence titrations.
The isosteric receptor shows a strong affinity for aqueous phosphates and phosphonates (Na* salts) in
the order HAsO42~ > H,PO4~ > H,P,0,%~ > glyphosate>™ > AMP~ > methylphosphonate™ >> ADP2~ or
ATP®~ but does not bind halides. This is in stark contrast to CP which shows a strong preference for
halides over oxyanions. The anion binding by the new receptor was accompanied by analyte-specific
changes in fluorescence intensity and spectral width and by a wavelength shift. These parameters were

used in qualitative and quantitative sensing of aqueous anions. By applying machine-learning algorithms,
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Accepted 14th June 2023 such as linear discriminant analysis and support vector machine linear regression, this one sensor can
differentiate between 10 different analytes and accurately quantify herbicide glyphosate and

DOI: 10.1039/d35c01970e methylphosphonate, a product of sarin, soman or cyclosarin hydrolysis. In fact, glyphosate can be
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Introduction

Anion recognition, binding, and sensing is an important
research endeavour spurred by the need for materials and
devices useful for the detection and quantitation of anions for
biochemical, environmental, agricultural, and industrial
applications.™” These applications encompass a wide range of
areas, including homeostasis monitoring, drug development,
studies of phosphate-caused eutrophication, and the applica-
tion of pesticides and herbicides. Here, small anions such as
orthophosphate (Pi), pyrophosphate (PPi), and small-molecule
phosphonates such as alkyl-phosphonates (e.g., methyl-
phosphonate or phosphonomethyl glycine, also known as
glyphosate - an active ingredient of herbicide Roundup™) are
difficult to recognize in water as they display a high energy of
hydration (AGy 4, kJ mol™) of —473, —1089, and —2753 kJ
mol™* for H,PO, , HPO,>", and PO,*>", respectively.** As
a result, the solvation of phosphates is extensive, and even the
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quantified even in the presence of competing anions such as orthophosphate (LODs were =< 1 uM).

simplest of such anions, orthophosphates, form hydrates with
up to 40 water molecules (~11 for H,PO, ™, ~20 HPO,>", and
~39 PO,*").* This, together with complex protonation equilibria
and the structural diversity of phosphate anions, makes the
design and preparation of phosphate receptors difficult.?
Nevertheless, current reviews®® show that progress has been
made in the area of recognition of phosphate-type anions.
However, there are still many challenges associated with
phosphate oligomerization'* and selectivity (or cross-reac-
tivity)*>** of artificial phosphate receptors that impact sensing
applications.

Thus, sensors for anions that are capable of distinguishing
and quantifying phosphates such as (di)hydrogen phosphate
(Pi), pyrophosphate (PPi), as well as nucleotide phosphates and
related compounds such as phosphonates are sought after.*
Among the artificial receptors for small oxyanions, three main
approaches have emerged: one utilizing hydrogen-bonding
arrays as it is, for example, in cyanostars,’® macrocyclic
amides,’® or calixpyrroles (CPs),”*® receptors utilizing metal
ion-phosphate coordination,’* and poly-ammonium aza-
crown (AC) receptors.>2* Each of these approaches provide
distinct advantages but also shortcomings. For example, the
hydrogen bond receptors are weaker and may not work well in
strongly competitive aqueous media but offer hydrogen-bond
directionality and fast kinetics. On the other hand, metal-
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Fig. 1 Proof-of-principle calixpyrrole 16-membered-ring isosteres 1
and 2. Receptor 1is easy to synthesize and offers a unique opportunity
for fluorescence label attachment to yield fluorescent sensors 3 and 4.

anion coordination offers high anion affinities and a certain
predesigned topology stemming from coordination geometry
but may suffer from slower dissociation kinetics. Finally, poly-
ammonium azacrown receptors also display an affinity for
oxyanions, but the non-directional nature of electrostatic
attraction may negatively impact their anion selectivity.

To improve the anion binding capabilities of hydrogen
bonding-based receptors such as calixpyrroles (CPs), we have
decided to replace two of the four pyrrole hydrogen bond
donors with ammonium moieties of an azacrown (AC).
Protonation of the AC amines was to deliver an ammonium
functionality to enhance the anion binding, while conserving
the two remaining pyrroles was expected to preserve selectivity.
The overall size of the receptor was maintained to generate
isosteres or near-isosteric receptors, i.e., a molecule with similar
shape and electronic properties. Two hybrid isosteric macro-
cycles, 1 and 2, were devised (Fig. 1). Trans-isosteres with the
pyrrole moieties positioned across the ring are also possible.
However, the preliminary calculations suggested that 1 and 2
will be better receptors as they conserve half of the CP and half
of the AC moieties.

The CP isosteres 1 and 2 can be converted to their fluorescent
congeners comprising a fluorescent label. In our proof-of-
principle experiment, we decided to build on the molecular
framework 1 as this macrocycle provides the easiest entry to the
structurally close fluorescent sensors 3 and 4.

Results
Design and synthesis of fluorescent imine macrocycles

To explore the above concept, we chose structure 3. The
condensation of dipyrromethane dialdehyde 5 (ref. 27) and
diamine 6 (ref. 28) yields the corresponding Schiff base (imine)
macrocycle, which is reduced to 3 by treatment with NaBH,
(Scheme 1). Alternatively, TREN-derived dansyl diamine® yields
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Scheme 1 Synthesis of macrocycle 3.

sensor 4. Reacting dialdehyde and diamine precursors in
methanol yields a precipitate comprising imine oligomers, and
2 + 2 and 3 + 3 imine macrocycles 7 and 8, respectively.
Unfortunately, no appreciable amounts of 1 + 1 imine macro-
cycle 9 (direct precursor of 3) were observed in the MALDI-MS
spectra of this mixture. This could be due to the low stability
of the relatively strained 1 + 1 imine 9 or due to the dynamic
covalent nature of the imine bond**** which may not survive the
conditions (highly protic matrices) used to obtain the MALDI-
MS spectra. Unfortunately, NMR did not provide a deeper
insight into the composition of reaction mixtures either.

Importantly, when the crude condensation mixture is
reduced with sodium borohydride, the 1 + 1 diamine macro-
cycle 3 is isolated from the mixture as a major product in 23%
yield. For the proof of principle investigation, we chose 3,
because it does not have a lariat moiety like 4, which would
preclude a direct comparison with CP.

NMR solution studies of anion binding by sensor 3

It is well known that calix[4]pyrrole (CP), i.e., the 16-membered
ring compound (Fig. 1), binds anions with a marked preference
for F~ over other putative anionic guests Cl, Br—, H,PO,™ and
HSO,™ in that order.*> However when 3 was tested for binding of
anions, an entirely different pattern emerged. NMR studies
showed that 3 does not bind halides but binds oxyanions such
as phosphates, arsenate, and even phosphonates (Fig. S7-S97).
In general, the anion binding by 3 results in the expected large
down-field shifts of the pyrrole NH resonances due to direct
hydrogen-bonding with the anion and the small magnitude up-
field shifts of the pyrrole B-CHs associated with macrocycle

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Optimized geometries of 32* (left), and H,PO4~ < 32* (right) in
DMSO (PCM) at the pbepbe/def2svp level of theory in DMSO (PCM).
The computational details are provided in the ESI.{

conformational changes together with a signal broadening and
very small shifts of the naphthalene signals (Fig. 3). The reso-
nances associated with the aliphatic AC portion of the macro-
cycle are obscured by the signals from the TBA cation. However,
by comparing the course of NMR titration experiments of CP
and 3 it is immediately obvious that both receptors behave in
a very different way (Fig. 3A and S7t). For example, CP binds
chloride (1:1 stoichiometry) with a high affinity, as shown by
the down-field shift of pyrrole NHs from 9.23 to 10.98, the
pyrrole B-H up-field shift from 5.67 to 5.42 (ppm, DMSO-d,) and
the calculated K, o = 1000 + 62 M~ 1. This is in stark contrast
to 3, which does not show appreciable binding of Cl™ as evi-
denced by the shift of the pyrrole NH signals from 10.03 to 10.41
and a small pyrrole B-H shift from 5.53 to 5.50 (ppm, DMSO-d).
Finally, the saturation behaviour was not observed even at 60
equiv. of CI~ (Fig. 3A) (Kasoc < 10 M™Y. A similar, albeit slightly
more complex behaviour was observed with F~ (Fig. S8%).
Finally, 3 does not bind Br .

On the other hand, 3 was found to bind H,PO, and other
phosphorus oxyanions (1: 1 stoichiometry) with a high affinity.
This is illustrated by a significant broadening and the down-
field shift of the NH peak from 10.05 to 12.10 ppm, a signifi-
cantly larger shift compared to the one observed for halides
(Fig. 3B). The splitting of the NH signals into 12.10 and
11.64 ppm suggests that each NH moiety interacts with
a different oxygen of the phosphate. This hypothesis is sup-
ported by DFT calculations (Fig. 2) and by the B-H shift from
5.53 to 5.49 ppm. This behaviour differs from CP, which
generally does not bind phosphate with high affinity.'®%*%*
Taken together, the NMR measurements strongly indicate that
the halide-phosphate anion-binding selectivity is reversed in 3.
The binding affinities for anions were further investigated by
fluorescence spectroscopy. Fig. 2 shows the DFT model of
sensor 3 in the resting state: two pyrrole moieties are oriented
up and down as in the alternate conformation of CP,** while
ammonium N-Hs are pointing into-and-slightly-above the
cavity of the macrocycle. In the complex with dihydrogen
phosphate, both the pyrrole NHs and the ammonium NHs are
engaged in the hydrogen bonding to the phosphate oxygens.

UV-vis and fluorescence titration studies

The NMR experiments suggest that sensor 3 shows the ability to
bind anions while displaying a different selectivity compared to

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 NMR titration experiments of 3 (8.3 x 107> M) upon incre-
mental addition of (A) chloride and (B) Pi 5% water in DMSO (v/v).
Anions were added in the form of their tetrabutylammonium (TBA)
salts. X axis: chemical shift (6, ppm).

that of the CP parent, a feature that would be advantageous for
sensing. To explore the potential of this new isostere macrocycle
for anion sensing, we have attached a fluorophore that enables
observation of anion binding using fluorescence titration
experiments. To this end, we introduced a dansyl fluorophore,
one of the simplest environmentally sensitive fluorophores. We
reasoned that if the proof-of-principle experiments work out,
better, more sensitive, or more emissive fluorophores may be
used.***” We have chosen an environmentally sensitive fluo-
rophore because it can respond to the change in local polarity
induced by the bound anion and associated solvate water. The
UV-vis spectrum of dansyl displays an intramolecular charge
transfer (ICT) band at ca. 290-420 nm and m-m* absorption
below 290 nm (Fig. S107).

The fluorescence comes predominantly from the ICT excited
state (dem ~540 nm), potentially with a small blue-shifted
contribution from the local excited (LE) state (~485 nm).*
The relative contributions of these two excited states (I;5/I540)
change with the polarity of the medium.*® We reasoned that
a formation of a static complex anion C 3°*, depending on the
difference in charge density and solvation, could induce an
anion (analyte)-specific change in fluorescence intensity
accompanied by a shift in the emission wavelength signals that
could be harnessed for the identification and quantitation of
the anions (Fig. 4, S11-S24+).

The fluorescence sensing experiments were then performed
by recording the anion-induced changes in the fluorescence
spectra characterized by three parameters: a change in fluo-
rescence intensity, the width of the emission band (FWHM),
and the spectral wavelength shift. The analytes were added as

Chem. Sci., 2023, 14, 7545-7552 | 7547
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Fig. 4 Fluorescence titration experiment of 3 (1 x 10~> M) upon
incremental addition of (A) NaH,POgy, Aexe = 370 nm; (B) Na,AMP, Aexc
= 370 nm in 15% water in DMSO (v/v). A non-linear least-square
analysis of the binding isotherms was used to calculate the binding
constants.

sodium salts in pure water to the solution of the sensor in 15%
water-DMSO. As expected from the NMR experiments, the
addition of halides (NaF, NaCl, and NaBr), NaNO; and NaHSO,
did not yield appreciable changes in fluorescence, and we
conclude that these anions do not interact with 3 (Fig. S18, S19
and S24t). On the other hand, small phosphate anions interact
strongly with 3. These include NaH,PO, (Pi), Na,H,P,0, (PPi),

Table 1 Binding constants (Kisoc, M~ calculated for 3 and the
sodium salts of anionic analytes in 15% water in DMSO

Anion Kasoc Quench (%) FWHM (nm)  Shift (nm)
F~ ND? 5 119 0
cl- <10 6 113 6
Br- <10 3 113 0
NO;~ NR +2 120 0
HSO,~ NR 0 118 0
CH,CO,~  <100” +7 115 12
H,PO,~ 1.65 x 10° 18 113 14
H,P,0,>~  5.82 x 10° 24 113 14
HAsO,*~ 3.55 x 10° 25 116 12
AMP 1.61 x 10° 12 111 18
ADP <100° 9 117 6
ATP <100° 7 120 6
GlyP 2.70 x 10° 12 119 9
MPA 8.20 x 10* 8 115 10
PhPA <100 0 116 14
EMPA <100 +2 119 6

% The K,soc values were calculated based on the change in fluorescence
intensity upon an incremental addition of each anion (sodium salts in
water). All fitting errors were <15%. Aexe = 370 nm. The association
constants were calculated using non-linear least-square fitting. NR -
no appreciable response was observed. ” ND - not determined due to
what appears to be a partial deprotonation of the sensor and the
ensuing complex equilibria. ¢ K,s0c Was not determined due to the
biphasic nature of the isotherm.

7548 | Chem. Sci, 2023, 14, 7545-7552

View Article Online

Edge Article

and AMP (disodium salt), but also the structurally similar
Na,HAsO,. Fig. 4 shows examples of anion-induced changes in
the fluorescence spectra of 3. Interestingly, while appearing to
be relatively small, the changes are clearly observable by the
naked eye.

Furthermore, some phosphonates, particularly disodium
phosphonomethyl glycine (glyphosate, GlyP), an active ingre-
dient in a widely used herbicide (Roundup™) and sodium
methylphosphonate (MPA), show a strong affinity for sensor 3.
Sodium phenylphosphonate (PhPA) and ethyl ester of methyl-
phosphonic acid (EMPA) did not show an appreciable affinity
for 3.

Table 1 summarizes the calculated affinity constants
together with the degree of quenching (%), the width (FWHM)
of the fluorescence peak (nm), and a shift of the maxima (nm).
The highest binding constants were obtained for phosphate
(Fig. 5 and Table 1) and a structurally similar arsenate. The
slightly higher affinity for arsenate is presumably due to the di-
anionic nature of hydrogen arsenate and dihydrogen pyro-
phosphate (compared to that of monoanionic dihydrogen
phosphate). Finally, AMP displays a lower affinity for the sensor,
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o ATP
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» MPA
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» EMPA
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Fig. 5 3D graphical output of the qualitative linear discriminant
analysis (LDA) displaying clusters of 9 analytes and 1 control. (Panel A)
The LDA constructed with the data recorded using a fluorescence
spectrometer (% of quenching, FWHM and wavelength shifts) as an
input. The control cluster (not shown) is well separated from the other
clusters and appears at [-380, —3, 4]. (Panel B) LDA constructed using
the plate reader data (intensities recorded at 500, 550, and 630 nm).
Both approaches yield 100% correct classification of the 200 data
points.
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perhaps due to the steric penalty incurred by the ribose-adenine
moiety. Overall, the data in Table 1 clearly show that strong
binding of small phosphates is associated with stronger fluo-
rescence quenching and larger blue-shifts in the emission
spectra.

The analysis of the data in Table 1 suggests that sensor 3 is
cross-reactive, as it binds and responds to multiple different
analytes. The important question is, however, whether the
response is analyte-specific and allows for differentiation
among individual analytes. To address this question, we have
analysed the sensor responses using the three parameters that
characterize the overall spectral response: the change in fluo-
rescence intensity (degree of quenching), the width of the
emission band (full width at half maximum, FWHM) and the
blue-shift of the fluorescence maximum. The reason for
considering these factors comes from the fact that the dansyl
emission reflects the balance between the LE and ICT excited
states, which determines the intensity, shift, and spectral width
of the emission. This LE/ICT balance is affected by the charge
and polarity of the environment surrounding the fluorophore,
i.e., the charge of the anion as well as the dipole of the hydrate
sphere.

To prove this hypothesis, we subjected the above three
parameters to linear discriminant analysis (LDA),***® a pattern
recognition method that utilizes machine learning to perform
multivariate analysis of the data and classification of the data
points into classes corresponding to each of the anions tested.
The graphical output then allows for a simpler interpretation of
the observed changes in fluorescence. The LDA analysis
(Fig. 5A) clearly shows that sensor 3 can differentiate between 9
aqueous phosphate and phosphonate analytes (Pi, PPi, AMP,
ADP, ATP, GlyP, and MPA) and a control (water), and even the
phosphonates (PhPA and EMPA) that elicit only a weak response
were all classified with 100% accuracy. Conversely, the halides
(NaF, NaCl, and NaBr), NaNO;, and NaHSO, have not been
included in the panel as sensor 3 does not bind these anions.
This experiment (Fig. 5A) provided an unambiguous confirma-
tion that the spectral behaviour is analyte-specific and provides
enough information (variance) to allow for differentiation
among the anions.

Finally, we aimed to illustrate the potential practical utility of
sensor 3 for quantitative sensing of anions in water. For this
purpose, we selected methylphosphonate (MPA) and glyphosate
(GlyP). Both are important anions for their own reasons: MPA is
a product of hydrolysis of nerve agents of the G series (e.g,
sarin, soman or cyclosarin) by environmental humidity.** GlyP
is a widely used herbicide, and its health risks, environmental
impact, and potential toxicity are being investigated. Both
anions are successfully detected and quantified by sensor 3. The
quantitative LDA of GlyP and MPA shows that each concentra-
tion of the anion gives a distinctive cluster corresponding to the
analyte type and concentration.

A clear isotherm-like evolution of each analyte and their
corresponding clusters results in a smooth concentration-
dependent trend going from the lowest to the highest concen-
tration. This indicates a predictable behaviour of the sensor
responses and strongly suggests that sensor 3 can differentiate

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Quantitative analysis of glyphosate (GlyP) and methyl-
phosphonate (MPA). (Panel A) Quantitative LDA analysis of the GlyP
concentrations (0—60 uM) shows smooth saturation behaviour. (Panel
B) Quantitative linear regression analysis of GlyP concentrations using
the support vector machine (SVM) algorithm. An unknown GlyP
concentration shown as a red dot (¢) was predicted with 1.8% error.
(Panel C) Quantitative LDA analysis of MPA concentrations (0—50 pM).
(Panel D) Quantitative linear regression analysis of MPA concentrations
using support vector machine (SVM) shows the correct prediction of
an unknown concentration (¢) with a prediction of 6.4%.
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between the concentrations of the phosphate analytes, a feature
that may be leveraged in further analyses of phosphate and
phosphonate analytes of interest.

Fig. 6 shows the results of the quantitative analysis using
LDA as well as a support vector machine (SVM) linear regression
method.*>** The SVM regression develops calibration models to
predict the behaviour of the data corresponding to the
unknown concentrations of the analytes (red dot e in Fig. 6B
and D). The unknown concentrations were predicted correctly
with errors (root mean square error for prediction, RMSEP) of
only 1.8 and 6.4% for GlyP and MPA, respectively. This attests to
the excellent ability of 3 to quantify the levels of these anions in
samples of unknown concentrations.

The final experiment shows that sensor 3 can quantify GlyP
even in the presence of competing analytes such as Pi, as may
happen in an agricultural setting where both Pi and GlyP could
be present at the same time (Fig. 7). Sensor 3 binds Pi with K,soc
=1.65 x 10° M~ " while the K. for GlyP is 2.70 x 10> M~". To
illustrate this, we chose Pi (6.0 tM) as a competitive interferent
and varied the GlyP levels between 0 and 60 uM. Fig. 7 shows the
results of the quantitative LDA, the results of the corresponding
SVM regression, and the determination of an unknown
concentration. The data in Fig. 7A show that even though more
than 50% of the sensor molecules are engaged in binding to the
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Fig. 7 Quantitative analysis of glyphosate (Glyp) in the presence of
phosphate (Pi) (Panel A) Quantitative LDA analysis of the GlyP
concentrations (0-60 pM). (Panel B) Quantitative linear regression
analysis of GlyP concentrations using the support vector machine
(SVM) algorithm. An unknown GlyP concentration shown as a red dot
(®) was predicted with a 1.9% error.
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competing Pi anion, the sensor can still provide an accurate
analysis of GlyP. These results suggest that the use of artificial
neural networks (ANNs) would allow for the simultaneous
determination of concentrations of both phosphate and
glyphosate.**

Finally, the detection limits determined for phosphate (Pi),
glyphosate (GlyP), and methyl phosphonate (MPA) were 0.6 uM,
0.7 uM, and 1.0 puM, respectively.

Conclusion

In summary, we confirmed the hypothesis that an isosteric
receptor in which hydrogen bond donors work in synergy with
azacrown-like ammonium moieties would display an improved
affinity for anions and a different selectivity profile. We
prepared a calix[4]pyrrole isostere comprising two pyrrole
hydrogen bond donors and two secondary ammonium moie-
ties. The anion binding by this new macrocycle was investigated
by NMR and fluorescence spectroscopy. Leveraging the synergy
between the hydrogen-bond donors (pyrrolic NH) and electro-
static attraction allows for strong binding (K,soc ~ 10°-10° M)
and sensing of the sodium salts of phosphates and phospho-
nates added to the sensor as a solution in water. The observed
binding affinity order was H,PO,~ > H,P,0,> > AMP > ADP >
ATP. Interestingly, phosphonomethyl glycine (herbicide glyph-
osate) and methylphosphonate were also found to interact with
the sensor (Kusoc = 10° and 10* M, respectively). At the same
time, this calix[4]pyrrole isostere sensor does not show appre-
ciable binding of halides (NaF, NaCl, and NaBr), NaNO;,
NaHSO,, or carboxylates. This is in stark contrast to the parent
calix[4]pyrrole, which preferentially binds halides and does not
show an appreciable affinity for oxyanions, and can be used only
in organic solvents. The presence of an environmentally sensi-
tive dansyl fluorophore displays a fluorescence response
specific to each studied anion. These information-rich
responses were analysed by linear discriminant analysis and
enabled the unambiguous identification of 10 different analytes
using only one sensor molecule. By concurrently applying
machine-learning algorithms (LDA and SVM), we were able to
accurately quantify glyphosate and methylphosphonate anions.
Glyphosate can be accurately quantified even in the presence of
an orthophosphate interferent with higher binding affinity. Our
results confirm that the isostere approach may be utilized to
update old receptors to generate new receptors and sensors for
anions with improved affinity and selectivity in the future.

Data availability

We have the cartesian coordinates for our computational DFT
models (Fig. 2) listed in our ESIT on pages 24 through 30.
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