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ABSTRACT: We report here a small library of a new type of acyclic squaramide receptors (L1−L5) as selective ionophores for the
detection of ketoprofen and naproxen anions (KF− and NS−, respectively) in aqueous media. 1H NMR binding studies show a high
affinity of these squaramide receptors toward KF− and NS−, suggesting the formation of H-bonds between the two guests and the
receptors through indole and −NH groups. Compounds L1−L5 have been tested as ionophores for the detection of KF− and NS−

inside solvent PVC-based polymeric membranes. The optimal membrane compositions were established through the careful
variation of the ligand/tridodecylmethylammonium chloride (TDMACl) anion-exchanger ratio. All of the tested acyclic squaramide
receptors L1−L5 have high affinity toward KF− and NS− and anti-Hofmeister selectivity, with L4 and L5 showing the highest
sensitivity and selectivity to NS−. The utility of the developed sensors for a high precision detection of KF− in pharmaceutical
compositions with low relative errors of analysis (RSD, 0.99−1.4%) and recoveries, R%, in the range 95.1−111.8% has been
demonstrated. Additionally, the chemometric approach has been involved to effectively discriminate between the structurally very
similar KF− and NS−, and the possibility of detecting these analytes at concentrations as low as 0.07 μM with R2 of 0.947 and at 0.15
μM with R2 of 0.919 for NS− and KF−, respectively, was shown.
KEYWORDS: squaramides, potentiometric sensing ion-selective electrodes, anion recognition, emerging pollutants,
supramolecular chemistry

Nonsteroidal anti-inflammatory drugs (NSAIDs) are
rapidly becoming emerging pollutants due to their

continuously growing use and wide application to relieve
headache, muscular, and other long-term courses of pain,
reduce inflammation, fever, and other symptoms of colds and
flu, and fight against mild COVID-19 symptoms.1 Among
NSAIDs, ketoprofen (KF) and naproxen (NS) are widely used
in many pharmaceutical compositions for both adults and
children. These two compounds have a relatively simple
chemical structure; in pharmacological compositions, they are
often introduced as the more water-soluble salts Lys-KF
(ketoprofen lysine salt) and NaNS (Scheme 1). Like any drug,
besides a direct anti-inflammatory action, NSAIDs may have
several undesirable side effects on a patient’s health, especially
when undergoing high-dose therapies or during long-term

medications, such as indigestion and diarrhea, allergic
reactions, stomach ulcerous, and liver and kidney dysfunctions,
making it important to control the intake of NSAIDs.2

Moreover, being toxic for biota, NSAIDs may cause serious
environmental damage. Indeed, the concentration of NSAIDs
in the environment increases dramatically from about 10−11

mol/L in natural water3 to 10−6 mol/L in wastewater.4 Hence,
there is a need for very sensitive methods to monitor and
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detect these NSAIDs in a natural environment. In
pharmaceutical compositions, the NSAID concentrations are
around 4 orders of magnitude higher,2 but the selectivity issues
become important to distinguish adulteration and to
discriminate, for example, counterfeit drugs.5 Therefore, the
detection of anti-inflammatory drugs and their careful
concentration screening in pharmaceutical compositions are
important and challenging analytical tasks.

The most commonly used methods for NSAID analysis are
instrumental methods, such as high-performance liquid
chromatography (HPLC), gas chromatography with different
detection end-units, such as GC-MS for instance,6 spectropho-
tometry,7 and others. They have been able to determine
NSAID concentrations with high precision and low detection
limits; however, costly equipment, complex operation, non-
portability, the need for sample pretreatment, often including
preconcentration, and the need for qualified personnel
involvement make the application of these analytical methods
cumbersome, especially for routine analysis and in-field
measurements.

In recent years, chemical sensors have been actively
employed for the determination of pharmaceuticals (especially
nonsteroidal analgesics) due to their adequate selectivity and
sensitivity in a wide linear dynamic range, simplicity of sample
preparation and device use, low cost, and high portability.8

Examples of potentiometric9 and impedimetric10 sensors,
conducting molecularly imprinted polymers coupled with
electrochemistry,11 and multisensory systems based on differ-
ent transduction principles5,12 have been reported in the
literature.

Among the above-listed classes of sensors, ion-selective
electrodes (ISEs) are of particular interest. The theoretical
basis of functioning of these devices is well-established, and
sensors with improved characteristics and appropriate
selectivity can be easily developed by precisely tuning the
composition of the ISE sensing membrane. However, in most
of the previously reported works, only ion-exchangers13 and/or
ion-exchanger/analyte ion pairs13a,14 have been used inside ISE
membranes for NSAID assessment. To a much lesser extent,
the application of macrocyclic compounds such as calixar-

Scheme 1. Chemical Structures of Sodium Naproxen, NaNS, and Ketoprofen Lysine, Lys-KF

Scheme 2. Chemical Structures of Acyclic Squaramide Receptors L1−L5
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enes,15 porphyrins,16 or cyclodextrins17 as ionophores for the
selective detection of nonsteroidal painkillers has been
reported. A different example was reported by Nazarov et al.,
who tuned the composition of ISE membranes for ibuprofen
detection based on N-trifluoroacetylbenzoic acid heptyl ester
as a neutral carrier, sensitive to anions classified as hard Lewis
bases.18

Since NS and KF are mainly used as salts (i.e., in their
carboxylate form) in pharmaceutical compositions, H-bond-
based ionophores could be exploited in the development of
ISE membranes for their selective and sensitive detection.
During the last few decades, the squaramide scaffold, together
with ureas, thioureas, selenoureas, amides, sulfonamides, and
selenamides, has become quite popular in the design of anion
receptors.19 Indeed, squaramides possess peculiar features,
such as the aromaticity of the cyclobutadiene ring and the
directionality of NHs, which make them ideal candidates for
the design of H-bond-based receptors for anion binding,
mostly halides.20 Interestingly, squaramides can also act as
potent ionophores for the transport of chloride anions across
lipid membranes due to a delicate balance between their
lipophilicity and anion affinity.21 However, when properly
functionalized, squaramides were found to effectively recognize
also oxyanions such as SO4

2− 22 and H2PO4
−23 and carboxylate

anions such as AcO− and Benz.24 Moreover, the presence of
the indole group as a substituent in the structure of acyclic
squaramides was demonstrated to cause an enhancement of
the anion recognition properties due to the cooperativity of the
H-bond donor sites in stabilizing the formation of the host−
guest adducts.25 Based on these considerations, herein, we
investigate a novel family of acyclic squaramide-based
receptors L1−L5 tested as ionophores for the development
of potentiometric sensors for NSAIDs detection in aqueous
media through hydrogen-bond formation (Scheme 2). We
demonstrate here that the selective potentiometric sensing of
NSAIDs can be achieved by incorporating acyclic indole-
substituted squaramide-based ionophores inside solvent PVC-
based polymeric membranes with a careful variation of the
ionophore/anion-exchanger ratio. It is interesting to note that,
to the best of our knowledge, this represents one rare example
of the use of squaramides for the development of
potentiometric ISE.26 Among the tested ionophores, L1, L4,
and L5 receptors have shown an anti-Hofmeister selectivity
with the highest affinity toward KF− and NS−. The developed
sensors were applied for KF− detection in pharmaceutical
compositions with the relative analytical error, R%, lower than
1% and recoveries in the range of 95.1−111.8%. Finally, the
application of the chemometric approach allowed to effectively

discriminate between KF− and NS−, which are structurally very
similar.

■ EXPERIMENTAL SECTION
Materials and Methods. High-molecular-weight poly(vinyl

chloride) (PVC), tris(2-ethylhexyl) phosphate (TOP), tridodecylme-
thyammonium chloride (TDMACl), anhydrous tetrahydrofuran
(THF), NaNO2, NaCl, NaBr, NaNO3, CH3CO2Na, NaClO4,
NaSCN, NaHCO3, Na2SO4, sodium benzoate (NaBenz), ibuprofen
sodium salt (NaIB), ketoprofen sodium (NaKF) and ketoprofen
lysine (Lys-KF) salts, and naproxen sodium salt (NaNS) were
purchased from Sigma-Aldrich. Ultrapure water was used for aqueous
solution preparation. All of the other chemicals were of analytical
grade and used without further purification.

All reactions were performed in oven-dried glassware under a slight
positive pressure of nitrogen. 1H NMR (600 and 300 MHz) and 13C
NMR (151 and 75 MHz) spectra were determined on a 600 MHz
Bruker and on a 300 MHz Bruker. Chemical shifts for 1H NMR were
reported in parts per million (ppm), calibrated to the residual solvent
peak set, with coupling constants reported in Hertz (Hz). The
following abbreviations were used for spin multiplicity: s, singlet; d,
doublet; t, triplet; q, quadruplet; m, multiplet. Chemical shifts for 13C
NMR spectra were reported in ppm, relative to the central line of a
septet at δ = 39.52 ppm for DMSO-d6. All solvents and starting
materials were purchased from commercial sources when available
(Merck Europe, Fluorochem U.K.).

Syntheses of L1−L5. L1 and L2 were synthesized as previously
reported.25,27 The synthesis of L5 has also been recently described.28

Receptors L3 and L4 were prepared by modification of the procedure
reported in the literature and described in Scheme 3. Compounds L3
and L4 were obtained in satisfactory to good yields (31 and 98%,
respectively) and fully characterized (see the Supplementary
Information, SI, Figures S1−S4 for 1H- and 13C NMR spectra of
the intermediates 1, L3, and L4).
Synthesis of 3-Indol-4-diethoxycyclobut-3-ene-1,2-dione (1).

The procedure found in the literature was modified to prepare this
compound.29 To a stirred solution of 3,4-diethoxycyclobut-3-ene-1,2-
dione (200 mg, 1.18 mmol) and zinc trifluoromethanesulfonate
[Zn(OTf)2] (10 mol %) in dry ethanol (10 mL), 7-aminoindole (140
mg, 1.06 mmol) was added at room temperature. The reaction
progress was monitored by TLC chromatography (SiO2, n-hexane/
ethyl acetate 1:1 v/v). Once completed, the solvent was removed
under reduced pressure and the crude product was purified by column
chromatography (SiO2, hexane/ethyl acetate 3:2 v/v). The fractions
containing the desired product were combined, and the solvent was
evaporated, collecting it as a crude brown solid (227 mg, 0.9 mmol,
85% yield). 1H NMR (600 MHz, DMSO-d6, 298 K) δH (ppm): 11.07
(s, 1H), 10.57 (s, 1H), 7.47 (d, J = 7.7 Hz, 1H), 7.44 (t, J = 2.3 Hz,
1H), 7.12 (s, 1H), 7.05 (t, J = 7.7 Hz, 1H), 6.55 (t, J = 2.1 Hz, 1H),
4.74 (q, J = 7.1 Hz, 2H), 1.39 (t, J = 7.3 Hz, 3H) 13C NMR (151
MHz, DMSO-d6, 298 K) δC (ppm): 184.6, 178.7, 171.0, 129.8, 129.4,
126.2, 122.7, 119.4, 118.2, 114.9, 102.3, 69.7, 16.0. Elemental analysis

Scheme 3. Synthetic Pathway for L3−L4
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(%) calcd. for C14H12N2O3 (% found): C: 65.62 (65.21), H: 4.72
(4.79), N: 10.93 (10.87).
Synthesis of (2S,2′R)-Dimethyl 2,2′-((3,4-Dioxocyclobut-1-ene-

1,2-diyl)bis(azanediyl))bis(3-(3a,7a-dihydro-1H-indol-3-yl)-
propanoate) (L3). To a stirred solution of 3,4-diethoxycyclobut-3-
ene-1,2-dione (254 mg, 1.49 mmol) and [Zn(OTf)2] (20 mol %) in
toluene/DMF (19:1 v/v, 6 mL), L-tryptophane methyl ester (706 mg,
3.23 mmol) was added. The solution was heated at 100 °C and stirred
for 24 h. When the solution was cooled to room temperature, a
precipitate was observed and isolated by filtration. The solid was
further washed with methanol (3 × 5 mL) and dried under reduced
pressure to remove the residual methanol. The residual was dissolved
in ethyl acetate (2 mL) and precipitated with n-hexane. The solid was
filtered, and the product was purified by flash chromatography (from
n-hexane/ethyl acetate 3:2 v/v to n-hexane/ethyl acetate 1:2 v/v),
obtaining the product as a white solid (0.2347 g, 0.4561 mmol, 31%
yield) mp = 220−222 °C; 1H NMR (300 MHz, DMSO-d6, 298 K):
δH 10.92 (s, 2H, NH), 7.97 (d, 2H, NH, J = 6 MHz), 7.44 (d, 2H, J =
6 MHz, ArH), 7.33 (d, 2H, J = 6 MHz, ArH), 7.05 (m, 4H, ArH),
6.95 (t, 2H, J = 6 MHz, ArH), 5.05 (q, 2H), 3.66 (s, 6H), 3.23 (d, 4H,
J = 6 MHz) 13C (125 MHz, DMSO-d6, 298 K): δC 183.2, 171.9,
167.5, 136.5, 127.7, 124.4, 121.5, 119.0, 118.6, 111.9, 108.5.
Elemental analysis (%) calcd. for C28H26N4O6 (% found): C: 65.36
(65.41), H: 5.09 (5.11), N: 10.89 (10.87). E-MS(+): m/z = 515,
calcd. 514 for [M − H]+.
Synthesis of 4,4′,4″-((Nitrilotris(ethane-2,1-diyl))tris(azanediyl))-

tris(3-((1H-indol-7-yl)amino)cyclobut-3-ene-1,2-dione) (L4). A
stirred solution of compound 1 (200 mg, 0.78 mmol) and
[Zn(OTf)2] (20 mol %) in dry EtOH (20 mL) was warmed at 68
°C. Then, a solution of tris(2-aminoethyl)amine (TREN) (22.8 mg,
0.16 mmol) in dry EtOH (1 mL) was added dropwise. The formation
of a pale-yellow precipitate was observed. The solid was then filtered
off and washed with ethyl acetate (3 × 5 mL) to remove the residual
unreacted mono-squaramide. The solid was dried under vacuum, and
the product was collected as a pale-brown solid (122 mg, 0.15 mmol,
98% yield). mp > 300 °C; 1H NMR (300 MHz, DMSO-d6, 298 K):
δH 10.81 (s, 3H, NH), 9.71 (s, 3H, NH), 7.38 (m, 6H, NH, ArH),
7.24 (s, 3H, ArH), 6.99 (m, 6H, ArH), 6.49 (q, 3H, ArH), 3.69 (s,
6H), 2.79 (s, 6H), 13C NMR (151 MHz, DMSO-d6, 298 K): δC
185.22, 181.71, 169.38, 165.33, 129.74, 126.26, 123.39, 119.80,
117.21, 113.99, 102.51, 42.30. Elemental analysis (%) calcd. for
C42H36N10O6 (% found): C: 64.94 (64.91), H: 4.67 (4.65), N: 18.03
(17.8i9̀7). ESI-MS(+): m/z = 777, calcd. 776 for [M − H]+.

NMR Binding Studies. 1H NMR titrations of L1−L5 were
performed by adding aliquots of a putative anionic guest (KF− and
NS− as their sodium salts, 0.075 mol/L) in a solution of the receptor
(0.005 mol/L) in DMSO-d6/0.5% water and DMSO-d6/10% water.
The chemical shift of the signals attributed to the hydrogen-bond
donor sites of the receptors was followed during the titration. The
titration curves were fitted by using a proper binding model by the
open-source program BindFit30 to collect the association constant for
the formation of the expected adduct.

Electrode Construction and Polymeric Membrane Prepara-
tion. Polymeric membranes were prepared by incorporating 0.5 wt %
L1−L5 and 0.2−6 equiv of the TDMACl anion-exchanger inside a
polymeric matrix containing PVC and a TOP plasticizer in a 1:2 ratio
by weight. The tested membrane compositions are listed in Table 1.

The membranes (approximately 100 mg total weight) were
dissolved in 1 mL of THF. 10 μL of each membrane composition
was cast onto Pt disk electrodes of 2 mm diameter incorporated inside
Teflon and soaked for at least 12 h in a 0.01 mol/L solution of NaCl
and tested vs a saturated calomel electrode (SCE) reference in
individual solutions of KF−, NS−, and interfering IB−, Benz−, ClO4

−,
SCN−, NO3

−, NO2
−, Cl−, Br−, AcO−, HCO3

−, and SO4
2− anions in

the 1.0 × 10−7−1.0 × 10−4 mol/L concentration range. The
calibration solutions were prepared by consecutive additions of
calculated amounts of corresponding 0.1 mmol/L and 0.01 mol/L
stock solutions of different salts to 50 mL of distilled water used as a
background solution. Each membrane was tested in parallel with two
freshly prepared ion-selective electrodes (ISEs), and the measure-

ments were repeated for three consecutive sessions (n = 6). Prior to
measurements, electrode potentials were stabilized to constant
potential values (it takes approximately 60−600 s). In order to plot
together and compare ISE responses of the tested analytes in solution
without background influence, the mathematical correction of the
electrode baseline signal in a distilled water background was applied
to obtain the same initial potential value.

Potentiometric Measurements and Selectivity Coefficient
Estimation. Before each measurement, the electrodes were rinsed
with distilled water and carefully dried with filter paper; electrode
responses were tested by successive additions of increasing amounts
of the tested analyte to the background solution. For this, the
potentials of the galvanic cell comprising the tested electrodes and an
SCE reference were measured with primary ion solutions in the
concentration range of 1.0 × 10−7−1.0 × 10−4 mol/L as well as in the
interfering ion solutions in the same concentration range. During the
measurements, the solutions were stirred with a magnetic stirrer; the
pH of all tested solutions was controlled with an Orion 9165BNWP
combination sure-flow pH glass electrode (Thermo Scientific).
Between measurements, the electrodes were stored in a 0.01 mol/L
solution of NaCl.

The effect of pH on the L1−L5-based membrane responses was
evaluated, as previously described,31 by continuous readings of the
membrane responses in a universal buffer solution (UBS, prepared
with 6.7 mmol/L citric acid, 11.4 mmol/L boric acid, and 0.01 mol/L
NaH2PO4, initial pH 2.8) upon the addition of equal small amounts
(50 μL) of 1 mol/L NaOH to 50 mL of UBS up to the final pH of
10.14. A pH glass electrode was employed for pH readings during the
measurements to control solution acidity.

The selectivity of the L1−L5-based membranes was estimated with
the separate solution method (SSM) according to the methodological
recommendations described in the literature.32 The selectivity
coefficients were estimated for solutions of 10−4 mol/L concentration
using the following equation

= +
i
k
jjjjjj

y
{
zzzzzzK

E E

S
Z

z
alog

( )
1 logNS /J

pot NS J

NS

NS

J
NS

(1)

where ENS− is the potential of the electrode in the primary NS− ion
solution; EJ is the potential of the electrode in the interfering ion

Table 1. Composition of the Tested Solvent Polymeric
Membranes Based on L1−L5

slope, mV/dec

membrane
ligand,

0.5 wt %
TDMACl,

equiv NaNS Lys-KF

1 mb 1.1 L1 0.25 −76.5 ± 7.0 −54.5 ± 4.7
2 mb 1.2 0.50 −67.1 ± 1.6 −42.5 ± 4.8
3 mb 1.3 1.0 −63.8 ± 2.3 −43.5 ± 3.6
4 mb 1.4 2.0 −76.7 ± 6.8 −44.4 ± 2.3
5 mb 2.1 L2 0.25 −15.1 ± 2.2 −18.8 ± 2.1
6 mb 2.2 0.5 −10.0 ± 3.7 −17.7 ± 3.6
7 mb 2.3 1.0 −14.8 ± 3.5 −19.5 ± 0.7
8 mb 2.4 3.75 −74.3 ± 6.5 −57.5 ± 6.4
9 mb 3.1 L3 0.25 −16.1 ± 0.1 −6.7 ± 0.5

10 mb 3.2 0.5 −27.7 ± 1.5 −21.1 ± 4.0
11 mb 3.3 1.0 −26.1 ± 1.0 −22.7 ± 0.1
12 mb 3.4 4.0 −29.4 ± 0.5 −26.5 ± 1.2
13 mb 4.1 L4 0.3 −71.8 ± 3.6 −56.7 ± 5.1
14 mb 4.2 0.75 −72.8 ± 2.3 −56.7 ± 3.6
15 mb 4.3 1.0 −68.9 ± 6.1 −53.3 ± 5.1
16 mb 5.1 L5 0.2 −68.9 ± 1.2 −43.5 ± 5.0
17 mb 5.2 0.5 −72.2 ± 3.7 −44.1 ± 4.5
18 mb 5.3 1.0 −47.1 ± 1.7 −31.8 ± 3.4
19 mb 5.4 6.0 −71.1 ± 1.1 −62.5 ± 6.0
20 mb 6 - 10 wt % −14.41 ± 5.0 −14.9 ± 4.8
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solution; SNS− is the slope in the primary NS− ion solution (the
theoretical value of −59.2 mV/dec was used for calculus; the cases
where the selectivity coefficient values were calculated in the absence
of a close-to-Nernstian slope for the primary ion are specified
separately; see Figure 4 for details); ZNS− is the primary ion charge;
and zJ is the interfering ion J charge. It should be noted that the
presented estimated selectivity coefficient values may be dependent
on experimental conditions.

Concentrations of HCO3
− and SO4

2− interfering ions were
calculated according to their acidic dissociation constants and pH.33

The standard addition method was employed to estimate the KF−

amount in real pharmaceuticals, Okitask by Dompe ́ in particular. For
this, the content of an Okitask 40 mg pocket was weighed and then
ground in a mortar. The amount of powder corresponding to the
active substance according to its solubility in water (1.9 mg) was
weighed and dissolved in 2.5 mL of freshly distilled water (pH 6.9)
and sonicated for 10 min for dissolution. The sample solutions of
concentration 4.75 × 10−5 mol/L were prepared by adding 1.25 mL
of the stock solution into 50 mL of distilled water; the final solution
pH of 4.15 was measured with a pH glass electrode. The potentials of
selected membranes were measured versus the SCE reference before
(E1) and after the two additions (E2) of 250 μL of 2.2 × 10−2 mol/L
Lys-KF standard solution (variation of KF− from 1.0 × 10−4 to 2.0 ×
10−4 mol/L) to the sample solution. The concentration of KF− in the
tested sample was calculated as
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where S is a potentiometric response slope estimated as the electrode
potential difference vs the added analyte concentration variation upon
two consecutive additions. The accuracy of KF− assessment was
estimated through the percentage of known initial concentration
recovery, R %, and the relative error of analysis, RSD%.

Multisensory Data Treatment. Multisensory data treatment was
performed with a commercial Unscrambler (v 9.1, 2004, CAMO
PROCESS AS, Oslo, Norway). Chemometric data analysis included
identification, classification, and quantitative estimation of the NSAID
concentration.34 The principal component analysis (PCA) technique
was employed for identification. Partial least-square regression (PLS)
was used to estimate KF− and NS− concentrations. The mean
normalization procedure was used for raw data through data analysis.
Due to the restricted number of measurements composing the data
set, a leave-one-out validation was applied. The RMSEP (root-mean-
square error of prediction) and correlation coefficients, R2, of
predicted vs measured correlation lines were used to evaluate the
efficiency of the constructed regression models.

■ RESULTS AND DISCUSSION
Binding Properties of L1−L5 in Solution toward

NaNS and NaKF. The binding properties of L1−L5 toward
NS− and KF− (as their sodium salts) were preliminarily studied
by means of 1H NMR titrations in DMSO-d6/0.5% water and
DMSO-d6/10% water by following the downfield shift of the
signals attributed to the squaramide NHs and the indole NHs.
The association constants and related errors (%) calculated
using 1:1 and 1:2 binding models by the open-source program
BindFit are summarized in Table 2 and Figures S5−S18.

In DMSO-d6/0.5% water, L1 strongly interacts with both
the anionic guests KF− and NS−. Particularly, as reported in
the stack plots for the titrations of L1 in the presence of
increasing amounts of NaKF and NaNS (Figures 1 and S9,
respectively), the signal attributed to the squaramide NHs (at
9.55 ppm) was dramatically downfield-shifted (Δδ = 2.35 ppm T
ab
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and Δδ = 2.51 ppm for the addition of NaKF and NaNS,
respectively), while the downfield shift of the signal attributed
to the indole NHs at 10.95 ppm was less significant (Δδ = 0.85
ppm and Δδ = 0.95 ppm for the addition of NaKF and NaNS,
respectively). This experimental evidence suggested a strong
host−guest interaction between L1 and the guest species.
However, only in the case of the titration in the presence of
NaKF the fitting of the data allowed to calculate the
association constant for the formation of the 1:1 adduct,
whereas the data for the titration with NaNS could not be
fitted.

For this reason, we decided to repeat the titrations in a more
competitive solvent mixture (DMSO-d6/10% water) to
modulate the host−guest interaction. As expected, under
these novel experimental conditions, we were able to calculate
the association constants for the formation of the 1:1 adducts
of L1 with both NS− and KF−. Indeed, an association constant
of 1 order of magnitude higher for the formation of the 1:1
adduct with NS− was estimated with respect to that with KF−

(see Table 2 and Figures S8 and S10 in the SI for the stack plot
of titrations of L1 with NaKF and NaNS in DMSO-d6/10%
water, respectively).

In the case of L2, the signals attributed to the squaramide
NHs (at 10.15 and 9.99 ppm) disappeared during the titrations
conducted in DMSO-d6/0.5% water solution, whereas the
downfield shift of the signal attributed to the indole NH at
11.04 ppm was observed (see the SI, Figures S11 and S12 for
the stack plots of the titrations in the presence of NaKF and
NaNS, respectively). This evidence suggested an interaction
between L2 and both NS− and KF−, but the titration data did
not allow calculation of the association constants. Indeed, also
in this case, we decided to perform the titrations in a more
competitive solvent mixture (DMSO-d6/10% water). Unfortu-

nately, also in this case, the experimental data could not be
fitted (see the SI Figures S13 and S14 for the stack plots of the
titrations of L2 in the presence of NaKF and NaNS,
respectively).

L3 showed a low affinity toward the guests, and no
selectivity was observed even in the DMSO-d6/0.5% water
solution. This behavior could be explained by considering a
possible open conformation of the receptor in which the indole
and the squaramide NHs point in different directions (as
shown in Scheme 3), causing a scarce cooperation between the
two hydrogen-bond donor sites in the anion binding. This
hypothesis is confirmed by the fact that the signal attributed to
the indole NHs (at 10.93 ppm) did not shift upon the addition
of an increasing amount of anionic guests (see the SI, Figures
S5 and S6 for the stack plots of the titrations of L3 with NaKF
and NaNS, respectively). It is interesting to note that,
according to the values of the association constants in Table
2, L4 strongly binds both the anionic guests with a host−guest
1:2 stoichiometry in DMSO-d6/10% water. This is probably
due to the presence of nine hydrogen-bond donor sites and to
the intrinsic flexibility of the TREN unit used as a spacer
among the squaramide moieties. Indeed, upon the addition of
increasing amounts of anionic species, the signals attributable
to the squaramide NHs (at 9.69 ppm for the NH adjacent to
the indolyl moiety and 7.22 ppm for the NH adjacent to the
alkyl chain of the TREN moiety, respectively) and the signal
corresponding to the indole NHs (at 10.87 ppm) undergo a
dramatic downfield shift, which is more significant in the
presence of NaNS (see Figures S15 and S16 for the 1H NMR
titration in the presence of NaKF and NaNS, respectively).

The obtained 1H NMR titration curves were fitted with 1:1
and 1:2 binding models, and the results demonstrated a strong
interaction with both the anionic guests only in a 1:2

Figure 1. Stack plot of the 1H NMR titration of L1 (5.0 × 10−3 mol/L) with NaKF (7.5 × 10−2 mol/L) in DMSO-d6/0.5% water.
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stoichiometry. Encouraged by these results, we decided to
conduct the same titrations in a more competitive solvent
mixture (DMSO-d6/10% water; see Figures S17 and S18). As
expected, under these novel experimental conditions, we were
still able to calculate the association constants for the

formation of the 1:2 adducts and to confirm the strong affinity

of L4 toward the anionic guests, even in this more competitive

medium. In the case of L5, the results of the 1H NMR solution

studies with both NaNS and NaKF have been reported

Figure 2. Effect of pH on the potential response of selected membranes.

Figure 3. Potentiometric calibration curves of membranes mb 1.1−mb 1.4 doped with L1 and 0.25, 0.5, 1.0, and 2.0 equiv of TDMACl,
respectively, in individual solutions of KF−, NS−, and various interfering ions in the concentration range of 1.0 × 10−7−1.0 × 10−4 mol/L. Plots
show error bars of four individual measurements (n = 4).
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elsewhere and demonstrate the formation of 1:2 adducts with a
stronger affinity to NS−.28

Potentiometric Properties of L1−L5-Based ISEs. The
properties of 19 membranes (entries 1−19 in Table 1) of
different compositions obtained by incorporation of 0.5 wt %
L1−L5 inside PVC/TOP polymeric matrices were investigated
and compared with the response of only the TDMACl (10 wt
%) anion-exchanger-based membrane (entry 20, Table 1). For
each receptor, the amount of added anion-exchanger varied in
a different range (from 0.2 to 6 eq) to stabilize membrane
neutrality and to ensure the analyte anions’ membrane
permselectivity. The sensitivity tests of L1−L5-based mem-
branes were carried out across the KF− and NS− concentration
range of 1.0 × 10−7−1.0 × 10−4 mol/L, chosen in accordance
with the amounts of KF− and NS− ions in wastewater3,4 (about
10−9−10−6 mol/L) and in common pharmaceutical composi-
tions2,35 (about 10−4 mol/L and higher). All of the tested ISEs
demonstrated that the anionic sensitivity toward both analytes
varied upon the variation of the receptor/anion-exchanger
ratio; Table 1.

Plasticizer Selection and pH Cross-Response. In
previous works on KF− and NS− selective electrodes’
development reported by Lenik’s group, the best sensitivity
parameters were reached for membranes based either on the
methyltrioctylammonium chloride ion-exchanger (MTOA-
Cl)13d or on ion pairs, such as naproxen-tetraoctylammonium
(TOA-NS), or tetraoctylammonium 6-methoxy-α-methyl-2-
naphthaleneacetate,14b plasticized with tris-butyl- or tris-
octylphosphate plasticizers (TBP and TOP, respectively),
having a similar medium-low polarity (relative dielectric
constant, εTOP = 7.9). Moreover, it was demonstrated that
the TBP plasticizer dissolves well the membrane active
components, especially high-molecular-weight ionophores, for
instance, cyclodextrins, and significantly increases the mem-
brane conductivity.17c We hence have selected the TOP
plasticizer that nicely dissolves all of the membrane
components and lowers the membrane resistance to investigate
the binding affinity of acyclic squaramide receptors L1−L5
toward KF− and NS− ions inside PVC-based polymeric
membranes. The well-known cation-solvating properties of
the TOP plasticizer, as well as its ability to compete with a
primary ion in carrier binding,36 were also taken into account
by keeping the amount of ionophores fixed and systematically
varying the amount of the TDMACl ion-exchanger within the
membrane phase. Furthermore, the effect of plasticizers with
different functional groups and the correlation between the
dielectric constant and lipophilicity of the plasticizer (and the
membrane) should be considered for an accurate tuning of the
selective properties of the acyclic squaramide ionophore-based
membranes, and they will be the subject of a further
investigation.

The tests of the influence of pH on the potentiometric
responses of L1−L5-based membranes toward KF− and NS−

ions were performed in the pH range of 2.8−10.14 upon the
addition of 1 mol/L NaOH solution into UBS. The results for
the selected membranes based on receptors L1, L2, L4, and L5
are illustrated in Figure 2. No pH side-effect on the response of
the membranes based on L4 and L5 in the pH range 2.9−6.4
was recorded, while a narrower pH stability range from 3.2 to
5.2 and from 3.2 to 6.0 units was found for membranes mb 1.3
and mb 2.4, respectively, based on smaller-sized (and less
−NH groups bearing) ligands L1 and L2. To prove the
stability and effective functionality of the developed mem-

branes in the pH range 3.0−6.0, all further potentiometric
evaluations were performed on a distilled water background.

During the calibrations, the pH of individual aqueous
solutions of the tested anions was monitored with a pH glass
electrode; the pH change of KF− and NS− solutions did not
exceed 0.5 units upon 3 orders of magnitude of concentration
variation (from 1.0 × 10−7 to 1.0 × 10−4 mol/L).

Sensitivity of L1−L5-Based ISEs toward KF− and NS−.
The potentiometric response curves of membranes mb 1.1−
1.4, based on L1 and containing correspondingly 0.25, 0.5, 1.0,
and 2.0 equiv of TDMA+ lipophilic sites in individual solutions
of the tested anions, are shown in Figure 3.

The enhanced sensitivity toward KF− and NS− with respect
to other interfering anions can be observed over the tested
concentration range. Furthermore, in the case of membranes
mb 1.1 and mb 1.2, a higher sensitivity of only NS− over KF−

was observed, and a linear response of mb.1.1 with a close-to-
Nernstian slope of −54.5 mV/dec toward KF− was recorded.
The increase of the TDMA+/L1 ratio from 0.25 to 0.5, and
then to 1.0 and 2.0, resulted in a slight decrease of KF−

sensitivity with a decrease of the slope to a sub-Nernstian
−44.4 mV/dec value for membrane mb 1.4 and an increase of
the interfering influence of highly lipophilic ClO4

− and SCN−

ions. The highest sensitivity toward NS− of membrane mb 1.3,
containing 1 equiv of TDMACl with a slope of −63.8 mV/dec
close to the theoretical Nernstian value, well corresponds to
the higher formation constant of the 1:1 adduct between L1
and this anion (see above), probably due to the cooperativity
between the indole and the squaramide −NH groups in
stabilizing the anion adducts. Indeed, as was previously
demonstrated for the binding properties of L1 toward chloride
species,25,37 the lone pairs of the chloride ion interact with
both types of H-bond donor groups of the receptor, resulting
in a 1:1 host−guest adduct formation (see the SI, section 3.1,
for a detailed discussion). Even a 10-fold higher association
constant value was reported for acetate anion binding (Kass >
104 and 1199 mol−1/L−1 for AcO− and Cl−, respectively, in
DMSO-d6/0.5%).25 A similar binding mechanism might be
expected for KF− and NS− anions, which should occur via the
interaction of −NH groups of the receptor with the lone pairs
of the two oxygen atoms of the carboxylate group (−COO−)
in KF− and NS−.

The analysis of both potentiometric calibration curves for
membranes doped with L1 (Figure 3) and L2−L5 (Figures
S19−S22), and slopes (Table 1), highlighted the influence of
the chemical structure of L1−L5, the effective number of
hydrogen-bond donor groups in the ionophores, and the
ionophore/TDMACl molar ratio on the sensitivity of
developed ISEs toward NSAIDs.

Despite the simple and symmetric structure of L1, and its
binding properties toward KF− and NS−, which have been
studied in detail by 1H NMR titrations in DMSO-d6/water
(see above), the interpretation of the potentiometric sensitivity
of L1-based membranes is quite ambiguous. The super-
Nernstian slopes of L1-based membranes (see Table 1)
suggest an interaction mechanism for the ionophore/anion
mixture involving multiple binding/dissociation and/or ion-
exchange processes, which may occur simultaneously or in
sequence. The well-known ability of squaramide receptors to
self-assemble by forming head-to-tail H-bonds in different
solvent systems has been investigated and experimentally
confirmed by crystallographic and differential scanning
calorimetry (DSC) studies for various squaramide-based
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receptors.19b,37,38 Therefore, the super-Nernstian sensitivities
of membranes mb 1.1−1.4 doped with L1 might be ascribed to
this ability and to the formation of L1 aggregates (see Figure
S23) in the membranes able to interact with the guests (see the
SI for a more detailed description).

The replacement of one of the indole substituents in L1 with
the 3,5-bis(trifluoromethyl)phenyl moiety to give the non-
symmetric squaramide L2 allowed to consider the effect of the
presence of an electron-withdrawing group (EWG) on the
lipophilicity of the receptor. Moreover, the effect of changing
the position of the indole NH with respect to the
cyclobutadiene ring by using the tryptophan methyl ester
moiety for the symmetric squaramide L3 was also taken into
account. On the other hand, the effect of increasing the
number of H-bond donor groups was evaluated in the case of
the flexible TREN derivative L4 and in the dansyl derivative
L5.

In comparison to the L1-based membranes, the lack of one
indole NH group in the structure of L2 along with the
introduction of the EWG resulted in a significant lowering of
both KF− and NS− sensitivity for membranes mb 2.1−2.3
(doped with 0.25, 0.5, and 1 equiv of TDMACl, respectively,
Table 1), with slightly higher (although sub-Nernstian) slopes
registered for KF− solutions (Figure S19). The membrane mb
2.4, with a higher amount of anion-exchanger (3.75 equiv with
respect to the L2 ionophore), showed higher potentiometric
responses with a super-Nernstian slope of −74.3 ± 6.8 mV/
dec for NS− and −57.5 ± 6.4 mv/dec for KF− and exhibited
anti-Hofmeister selectivity (see the next sections for more
details). Among all prepared membranes, only L2-based
membranes with a low anion-exchanger/ionophore ratio
(namely, mb 2.1−mb.2.3) exhibited a higher sensitivity in
terms of higher slopes (although sub-Nerstian) toward the
smaller sized and nonlinear KF− anion with respect to NS−

ions. This higher sensitivity can be tentatively ascribed to the
nonsymmetric L2 squaramide structure allowing easier
approaching and better fitting of nonlinear KF− ions inside
the ionophore cavity, as well as to the presence of the EWGs,
which might additionally stabilize the two aromatic phenyl
rings of the KF− anion.

For the receptor L3, which adopts a conformation featuring
spatially separated and oppositely directed indole and
squaramide NH groups, a lower potentiometric response was
observed toward both target anions, and in particular for the
smaller-sized KF− ion, probably due to the less effective
receptor-anion binding discussed above (see Figure S20). This
behavior is only barely affected by the amount of anion-
exchanger used. The low affinity toward the guests and the
absence of selectivity are in agreement with the low association
constant values (Kass/(mol/L)−1) reported in Table 2.

The incorporation of L4 in PVC-based membranes resulted
in very efficient anion binding, in agreement with the results
obtained from the binding studies performed by 1H NMR
titrations with NaKF and NaNS in DMSO-d6/0.5% water. As
can be noticed from Figure S21, the almost univariate response
slopes toward KF− (−55.6 ± 2.0 mV/dec) and NS− (−71.2 ±
2.0 mV/dec) upon increasing the amount of anion exchanger
from 0.3 to 0.75 and 1.0 equiv inside the membrane suggested
that all of the binding NH sites in L4 were initially occupied by
chloride anions (most probably from the 0.01 mol/L NaCl
solution used for membrane conditioning), and no ligand
dimerization and L4−L4 species formation occur in the
membrane phase. This assumption is also supported by

previously reported data on carboxylates binding on secondary
squaramides in polar media.24b Upon membrane calibration,
the more lipophilic target KF− or NS− ions from solution
could, in principle, substitute Cl− ions from the corresponding
ionophore/anion adducts inside the membrane and then form
1:1 and 1:2 adducts with the ionophore. The super-Nernstian
membrane response could indicate the formation of host−
guest adducts with different stoichiometries (i.e., 1:1, 1:2, etc.)
inside the membrane. As stated above, the cooperation
between different H-bond donor groups in L4 might be the
cause for the dramatic improvement of the anion recognition
properties.

In comparison to L1, the introduction of two supplementary
H-bond donor groups in the structure of L5 resulted in a
better sensitivity to KF− for membrane mb 5.2 (44.1 ± 4.5
mv/dec) containing 50 mol % cationic sites with respect to the
ionophore (see Figure S22). Interestingly, while L1 forms with
KF− only the 1:1 adduct in the DMSO/H2O mixture (see
Table 2), L5 forms the 1:2 adduct in the same experimental
conditions.28 Similar to membranes based on L4, the super-
Nernstian slopes observed for the bigger-sized NS− anion
indicate the formation of a mixture of 1:1 and 1:2 adducts
inside the membrane phase. The more rigid structure of L5
and the longer aliphatic spacers result in the decrease of
potentiometric response slopes for both KF− or NS− ions in
comparison to L1- and L4-based membranes prepared with
the same (or close) ionophore/TDMACL anion-exchanger
ratio; see Table 1. Moreover, the low solubility of L5 inside the
solvent polymeric membrane phase did not permit fully
characterizing the L5 receptor performance as a selective
ionophore for NSAID anions.

Selectivity Evaluations. The incorporation of cationic
lipophilic sites inside the anion-selective membranes is
required both to promote the flux of analyte ions inside the
membrane phase and to ensure membrane electroneutrality.
Moreover, the amount of anion-exchanger introduced inside
the membrane in different ratios with respect to the receptor
concentration may elucidate the stoichiometry of the receptor-
analyte adducts formed through an application of the phase-
boundary model for selectivity prediction.39 According to this
model, membrane potentiometric selectivity is controlled by
the stability and stoichiometry of the adducts between the
ionophore, L, and the target and interfering anions. However,
systems in which the target and interfering ions each form
adducts of only one stoichiometry have been mainly
considered. Situations in which the ionophore may bind
more than one target anion, or in which adducts of different
stoichiometries are concurrently present in a membrane phase,
have been less exploited.40 In fact, by varying the ratio of
ionophore to ionic sites inside the membrane, the membrane
selectivity may be interpreted by the presence of ionophore/
target anion adducts of only one or different stoichiometries.

The following system of equations was simultaneously
solved40a to describe the mass balance inside the polymeric
membrane in the case of competitive 1:1 and 1:2 ionophore/
monovalent primary anion (I−) adduct formation

= [ ]
[ ][ ]

IL
I LIL

= [ ]
[ ] [ ]

I L
I LI L

2
2

22
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where βIL and βI d2L are the binding constants of the primary
anion I− and the receptor L for formation of adducts of a 1:1
or 1:2 stoichiometry (see the SI), and J− is a noncoordinating
anion. Lt is the total ionophore concentration in the
membrane, which is determined by the sum of the
concentrations of the uncomplexed and complexed ionophore
with the anion I−; R+ is the concentration of cationic lipophilic
sites in a membrane that will keep the membrane electro-
neutrality for measurements with samples containing only ion
I−. KI/J

pot is a potentiometric selectivity coefficient, determined
according to the SSM method, and [I−] and [J−] are the
concentrations of these ions in the sensing membrane when
the membranes are exposed only to ions I− or ions J−,
respectively.
KI/J

ex is the single ion-exchange constant for the exchange of
the primary ion I− with the interfering J− ion between an
aqueous sample phase and the ionophore-free ISE membrane
phase. If the membrane is exposed to solutions containing only
J− (for instance, during conditioning in NaCl, and J− = Cl−),
the J− enters the membrane but does not form adducts with L,
and hence, [J−] = [R+].

The values of KI/J
pot were predicted by solving the system of

eq 3, where Lt is experimentally determined, and also may be
expressed through different complexed forms calculated from
the experimentally obtained binding constants K11 and K12 (see
the SI for the details on equations solved for selectivity
parameters), and plotted as a function of the lipophilic
additive-to-ionophore ratio, [R+]/[Lt]; Figures S24 and S25.
The ionophore-primary ion binding mechanism may be

elucidated by comparison of the obtained parametric plots in
coordinates log KI/J

pot vs [R+]/[Lt] as reported in Figure 4, where
the experimental potentiometric selectivity coefficients of the
tested membranes based on L1−L5 receptors for NS− as the
primary ion, and various interfering ions determined with the
SSM method, are shown. The numerical values of log KI/J

pot are
listed in Table S2. Additionally, the log KI/J

pot values for L1−L5
based for KF− as the primary ion are reported in Figure S26
and are listed in Table S3.

In the present work, we have considered two representative
cases for membranes based on L1 and L4 receptors with the
following experimental parameters: [L1t] = 14.6 mM, [L4t] =
6.4 mM, with βIL for L1 and βId2L for L4 equal to those
experimentally evaluated by 1H NMR titration in DMSO-d6/
10% water at 298 K (Table 2). The obtained parametric plots
are shown in Figures S24 and S25, respectively. From Figure
S24, it may be seen that for the receptor L1, for which the 1:1
ionophore/monovalent primary anion (I−) complexes are
prevalently formed (K11 is 2.38 × 104 mol−1/L−1 and K12 was
settled to be 2 orders of magnitude smaller, 2.50 × 102 (mol/
L)−1; see SI), the selectivity for the primary ion decreases as
the amount of lipophilic cationic sites in the membrane
increases with respect to the ionophore.

On the contrary, for the L4-based membrane, where K12 is
1.475 × 105 (mol/L)−1 as reported in Table 2, and K11 was set
to be 2 orders of magnitude smaller, 1.55 × 103 mol−1/L−1, the
selectivity first remains unchanged and then slightly decreases
with growth of the R+ amount in the membrane phase, while
the estimated concentration of [I−] in the membrane remains
almost unchanged due to 1:2 ionophore/I− complex
formation.

The obtained theoretical simulations are in accordance with
the experimental results shown in Figure 4. As may be noticed
from Figure 4, all of the tested acyclic squaramide receptors
L1−L5 have shown an anti-Hofmeister selectivity with high
affinity toward KF− and NS− anions. Among all of the tested

Figure 4. Potentiometric selectivity coefficients of membranes based on L1−L5 ligands with varied amounts of the TDMACl anion exchanger
(indicated in equiv relative to ligand content) for NS− as the primary ion. The values of log KI/J

pot were estimated with the SSM method, and the
slope of −59.2 mV/dec was used for calculus. For comparison, the selectivity of mb 6, formulated only with 10 wt % TDMACl, is also shown. The
membranes not exhibiting Nernstian response are indicated with the (*) mark.
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membranes, mb 1.1, mb 2.4, mb 4.1, and mb 5.1 showed a very
low influence of most tested anions on NS− selective response

(except for perchlorate and benzoate anions, which signifi-
cantly influenced the L1-based membrane response to KF−).

Table 3. Results of Lys-KF Determination in Okitask Formulation Using the Developed Arylic Squaramide-Based Sensors

found

added mb 1.3 mb 2.4 mb 4.3 mb 5.1

[KF−]spiked, mol/L 1.0 × 10−4 1.11 × 10−4 9.5 × 10−5 9.3 × 10−5 1.1 × 10−4

RSDa,% 1.39 1.06 0.99 1.37
[KF−]sample

b, mol/L 4.75 × 10−5 4.52 × 10−5 4. 61 × 10−5 5. 03 × 10−5 5.10 × 10−5

recovery, % 95.1 ± 1.2 95.4 ± 1.6 103.3 ± 5.6 111.8 ± 4.6
aaverage of four measurements. bcalculated with eq 2.

Figure 5. (A) PCA biplot (scores and loadings) of the L1−L5-based potentiometric e-tongue response in Lys-KF and NaNS aqueous solutions of
different concentrations and in two different pharmacological formulations, based on these analytes (Oki and Synflex, respectively). PLS1
regression models for (B) NaNS and (C) Lys-KF. The points on the graph represent the mean value of six repeated measurements (n = 6).
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For L1-based membranes, the increase of the ligand/anion-
exchanger ratio from 0.25 to 2 equiv resulted in a slight
decrease of selectivity for the membrane mb 1.3 doped with 1
equiv of TDMACl; at the same time, this membrane exhibited
the best sensitivity with a close-to-Nernstian response of −57.0
mV/dec to the NS− anion in a concentration range from 10−6

to 10−4 mol/L, confirming the 1:1 analyte/ionophore adduct
formation. On the contrary, the significant increase in
selectivity toward both KF− and NS− anions upon the
lowering of the TDMACl amount to 0.3 and 0.5 equiv for
L4 and L5 doped membranes, respectively, indicates the
concurrent formation of primary ion complexes with mixed
stoichiometries (1:1, 1:2).

The prevalent 1:2 analyte/ionophore binding for L4 and L5
is also confirmed by 1H NMR binding studies in DMSO-d6/
0.5% water and DMSO-d6/10% water solutions. Unfortunately,
the low solubility of L5 inside the solvent polymeric membrane
phase did not permit full characterization of the L5
performance as a selective ionophore for NSAID anions. The
L3-based membranes mb 3.1−3.3, along with the lowest
selectivity among all of the tested membrane compositions,
demonstrated a particularly high influence of perchlorate ions
onto NS− response, which represents a serious drawback of L3
to be used as a selective receptor for NSAID detection.

Real Sample Analysis and Multisensory Application.
Since better discrimination among the two target ions NS− and
KF− was observed for mb 1.3 and mb 4.3, these membranes, as
well as mb 2.4 and mb 5.1, were employed for the assessment
of KF− ions in real pharmaceuticals, in particular, Okitask by
Dompe.́ The results are reported in Table 3. The possibility of
determining a known spiked amount of KF− ions with a
relative error, R%, around 1% was demonstrated. Moreover,
the direct estimation of ketoprofen lysine salt in Okitask
formulation with the developed ISEs with recoveries in the
range of 95.1−111.8% indicates the suitability of acyclic
squaramide ionophores for potentiometric NSAID sensing.

The selectivity test showed a very low influence of most
tested inorganic anions, IB− and Benz− ions, on the
potentiometric properties of L1-, L4-, and L5-based mem-
branes. At the same time, less discrimination was observed
between two target ions, NS− and KF−, with the only exception
for L2-based membranes, which show higher slopes toward
KF− ions compared to NS− in a tiny concentration range from
10−6 to 10−4 mol/L (see Figure S19).

We have hence decided to address this problem by applying
the multisensory approach since the utility of low-selective

sensor arrays was previously demonstrated for NSAID
assessment. Thus, for instance, the potentiometric sensor
array based on the combination of six PVC membranes based
on the sodium tetraphenylborate (NaTPB) cation-exchanger,
TDMACl, tetrabutylammonium perchlorate (TBAP), and 3-
aminophenylboronic acid hydrochloride (APBA) anion-ex-
changers, chloride ionophore II, and ETH 5350 chromoiono-
phore III (used as pH-indicator) was developed to
discriminate ibuprofen-based batch pharmaceuticals (Ibuflam
4%) with respect to their bitter/sweet taste characteristic
changes.12 Upon the application of the principal component
analysis (PCA) technique, the proposed potentiometric sensor
array was able to indicate changes of bitterness and adding of
masking excipients, such as sodium chloride and sweeteners,
and to detect the slight changes in Ibuflam 4% samples’ taste.
An application of a nonspecific sensor array with optical
transduction based on highly fluorescent positively charged
poly(para phenyleneethynylene), PPE, and its complex with a
weakly fluorescent anionic pyridine containing poly(para-
aryleneethynylene), PAE, serving as a quencher, at two
different pHs 10 and pH 13, for the discrimination among
“profens”, “salycilates”, “fenamic”, and “arylacetic” groups of
painkillers, as well as their “counterfeits”, was reported by the
Bunz group.5 The combination of hydrophobic and electro-
static interactions of the analytes with the PPE conjugated
polymer and/or the PPE/PAE complexes resulted in
fluorescence intensity variation of the sensor array that was
interpreted by linear discriminant analysis (LDA).

With the purpose of identifying KF− and NS− anions, a small
e-tongue array was prepared with sensors having membranes
mb 1.3, mb 2.4, mb 4.3, and mb 5.1 (based on receptors L1,
L2, L4, and L5, respectively), in two replicates, with eight
sensors in total. While the membranes mb 1.3, mb 4.3, and mb
5.1 showed the highest sensitivity and potentiometric
selectivity to the NS− anion, the prevalent binding of KF−

anions by mb 2.4 based on the L2 receptor was expected to
give an important contribution to the e-tongue discrimination
ability between KF− and NS− ions present in analyzed samples.
The sensor responses were measured simultaneously in
individual aqueous solutions of KF− and NS− of different
concentrations (10−7, 10−6, 10−5 mol/L), as well as the
pharmacological formulations (Oki and Synflex) containing as
main components Lys-KF and NaNS salts.

As shown in Figure 5, the application of PCA to the
numerical outputs of the e-tongue response permitted clear
identification of all tested samples; the 97% total variance was

Table 4. Comparison of NS−-Selective Electrodes Previously Reported in the Literature with the Developed NSAID Sensors/
Sensory System Based on Acyclic Squaramides

lonophore
detection limit,

mol/L linear range, mol/L slope, mV/dec [refs]

methyltrioctylammonium 5 × 10−5 1 × 10−4−1 × 10−1 −59.3 ± 1.3 13b
tetraheptylammonium 1.4 × 10−4 1 × 10−4−1 × 10−1 −61.0 13e
tetraoctylammonium (S)-6-methoxy-a-methyl-2-naphthaleneacetate 2.95 × 10−5 1 × 10−4−1 × 10−1 −59.2 ± 1.7 14c
SPE/Calix/SWCNTs 1 × 10−8 1 × 10−8−1 × 10−2 −61.0 ± 0.6 14a
β-cyclodextrin 5 × 10−5 5 × 10−5−1 × 10−2 −59.0 ± 0.5 17a
L1/TDMACI, 1 equiv mb 1.3 1.2 × 10−7 1.0 × 10−7−1.0 × 10−4 −63.8 ± 2.3 this work
sensor array PLS1 parameters: this work
mb 1.3 (L1), 7.0 × 10−8 1.0 × 10−7−1.0 × 10−4 R2 = 0.947,
mb 2.4 (L2), RMSEV 0.33 log[NS−],
mb 4.3 (L4), 3 PCs
mb 5.1 (L5)
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explained by the first two PCs (principal components PC1 and
PC2), and all of the tested membranes showed a significant
influence in terms of loadings onto the analyzed sample
identification. Finally, the PLS1 regression models were
constructed to correlate the e-tongue output to the known
concentrations of KF− and NS− in calibration solutions, and
the possibility of detecting these analytes at concentrations as
low as 0.15 and 0.07 μmol/L, with the correlation coefficient
between the real and e-tongue predicted analyte concen-
trations of R2 = 0.947 (RMSEV 0.33 log[NS−], 3 PCs) for
NaNS and R2 = 0.919 (RMSEV 0.53 log[KF−], 4 PCs) for Lys-
KF, respectively, being demonstrated.

Finally, we compared the main characteristics of the
developed NSAID sensors based on acyclic squaramides with
those of the NS−-selective electrodes previously reported in the
literature. The results are summarized in Table 4. The close-to-
the-theoretical Nernstian slopes, the wide linear range of
response, and the low detection limits of the developed ISEs
based on acyclic squaramide ionophores L1−L5 demonstrate
their potential application as potentiometric sensors for
NSAIDs.

■ CONCLUSIONS
The obtained results demonstrate the potential use of novel
acyclic squaramide receptors as selective hydrogen-bonding
ionophores for the potentiometric detection of nonsteroidal
anti-inflammatory drugs, NSAIDs. In particular, a small library
of acyclic squaramides, L1−L5, has been investigated;
solution-phase 1H NMR binding studies have shown a high
affinity of the tested receptors toward KF− and NS− ions
through the formation of H-bonds between the carboxylate
groups of KF− and NS− and the receptors through indole and
squaramide NH binding groups. The optimization of PVC-
based polymeric membrane composition prepared with
ionophores L1−L5 was performed by varying the ligand/
anion-exchanger ratio and evaluating the selectivity properties.
The study has demonstrated the improved sensitivity and non-
Hofmeister selectivity series for membranes based on acyclic
squaramide ligands L1, L4, and L5. The best potentiometric
properties for KF− and NS− ion sensing were shown by the L1-
based membranes doped with 1 equiv of the TDMACl anion-
exchanger (with respect to the ionophore), which have
exhibited a close-to-Nernstian response of −63.8 mV/dec to
the NS− anion in the concentration range from 1.0 × 10−7 to
1.0 × 10−4 mol/L, confirming the 1:1 analyte/ionophore
adduct formation. For membranes based on L4 and L5, the
significant increase in selectivity toward both KF− and NS−

anions upon decreasing the amount of TDMACl to 0.3 and 0.5
equiv, respectively, indicated the formation of complexes with
mixed stoichiometries (1:1, 1:2); the prevalent 1:2 analyte/
ionophore binding for L4 and L5 is also confirmed by 1H
NMR-binding studies in DMSO-d6/0.5% water and DMSO-
d6/10% water solutions. The low solubility of L5 inside the
solvent polymeric membrane phase did not allow full
characterization of the L5 performance as a selective
ionophore for NSAID anions. The L2-based membranes
have demonstrated a slightly higher sensitivity (even if
characterized with sub-Nernstian slopes) toward the smaller-
sized nonlinear KF− anion. We explained this behavior by
considering the nonsymmetrical L2 structure and the presence
of EWGs, which contribute to the additional stabilization of
the two benzene rings of the KF− anion. On the other hand,
for the receptor L3, with an open conformation and spatially

separated and oppositely directed indole and squaramide NH
groups, lower potentiometric responses toward NS−, and in
particular toward the smaller KF− ion, were observed due to
the less effective receptor-anion binding.

The developed sensors were employed for a high precision
detection of KF− in pharmaceutical compositions, with relative
errors of analysis, RSD%, as low as 0.99−1.4% and recoveries,
R%, in the range of 95.1−111.8%. Additionally, the
effectiveness of the potentiometric sensor array composed of
four sensors based on ligands L1, L2, L4, and L5 of optimized
composition allowed the discrimination between structurally
very similar KF− and NS− anions. The possibility of detecting
these analytes at concentrations as low as 0.07 μmol/L with R2

of 0.947 and at 0.15 μmol/L with R2 of 0.919 for NS− and
KF−, respectively, was shown, thus indicating the utility of the
potentiometric e-tongue based on acyclic squaramide receptors
as a fast and indirect tool for the screening and discrimination
of anti-inflammatory KF− and NS− pharmaceuticals and
opening new perspectives for the assessment and control of
these drugs.
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