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Abstract: A solid-contact potentiometric sensor has been developed on the basis of glassy carbon
electrode covered with electropolymerized polyaniline and alternatively layered pillar[6]arene and
Cu?* ions films. The assembly of the surface layer was confirmed by surface plasmon resonance
measurements. The number of deposited layers was selected to reach better analytical characteristics
for Cu?* determination. It was shown that better results were achieved by using five layers, the
upper one consisting of the macrocycle. The addition of covering layers for polyelectrolytes (Nafion,
poly(styrene sulfonate)) and Cu®* ions did not improve sensor performance. The potentiometric
sensor made it possible to determine Cu®* ions in neutral and weakly acidic media with a linear
range of the concentrations, from 3.0 uM to 10.0 mM (limit of detection 3.0 uM). The applicability
of the sensor in real sample assays was confirmed by the determination of Cu?* ions in copper
vitriol, Bordeaux mixture, and polyvitamin-mineral pills of “Complivit” during an atomic emission
spectroscopy analysis.

Keywords: solid-contact sensor; potentiometric sensor; pillar[6]arene; polyaniline; copper determination

1. Introduction

Solid-contact potentiometric sensors offer new opportunities of further progress in
potentiometry thanks to the obvious advantages that they possess, i.e., flexible design,
miniaturization prospects, durability, low-cost manufacturing, and the variety of the materi-
als introduced [1-3]. The elimination of internal filling applied in conventional ion-selective
electrodes with plastic membranes makes it possible to avoid leaching in the internal stan-
dard solution, which is considered as a main weak point of such sensors. Direct contact
of the ionophore with the transducer requires implementing the intermediate material
with mixed electronic and ionic conductivity, which compensates for charge changes
on the electrode interface and converts ion transfer into the electron flow, followed by
electromotive force measurement. Oxides and complexes of transition metals and conduct-
ing polymers can be introduced as ion-to-electrode transducer prior to the deposition of
ionophore-containing film. Thus, polyaniline, polypyrrole, and polythiophene derivatives
have been described in the assembly of the solid-contact sensors for the determination of
metal cations [4-10], inorganic anions [11,12], and organic species [13-16]. The use of elec-
troconductive polymers in the potentiometric sensors can be limited by the low reversibility
of the redox reactions within the surface layer. This can be improved by the additional
implementation of metal nanoparticles or mediators of electron transfer. Complications
in the surface-layer content call for the optimization of the assembling protocol, which
can involve the introduction of auxiliary agents in the electropolymerization media, the
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physical adsorption of appropriate components, and the use of supramolecular assembling
for the reactants prior to polymer deposition or on the polymer film surface [17-19].

Pillararenes are a new class of macrocyclic molecules made up of hydroquinone units
linked with methylene bridges at para position [20]. Pillararenes show complexation prop-
erties toward various cationic species (paraquat [21], Na*/K* [22], Ag™ ions [23], pH [24]),
which can be modified by the introduction of various substituents at hydroxyl groups
of the macrocycle. Recently, the cross-selectivity of partially substituted pillar[5]arenes
has been investigated for a series of alkali-, alkali-earth, and transient metal cations [25].
However, all these examples are related to the use of pillar[5]arene derivatives. Mean-
while the use of pillar[6]arene (P[6]A) remains underestimated and is mostly located by
fluorescent sensors with substituted macrocycles involved in host-guest complexation
with guest species [26]. In comparison with pillar[5]arene, whose activity is complicated
by intramolecular bonds affecting its redox reactions [27], P[6]A exerts the independent
oxidation of hydroquinone units and the reversed reduction of quinone fragments formed
on the electrode interface [28]. Together with a bigger cavity and a more flexible structure,
this offers new opportunities for assembling appropriate potentiometric sensors.

In this work, the design of the potentiometric sensor obtained by the consecutive
deposition of P[6]A and Cu®* ions onto the polyaniline support has been investigated and
the performance of appropriate sensors for Cu?* determination explored.

2. Materials and Methods
2.1. Reagents

Aniline, CuCl,-2H,0, hydroquinone, potassium hexacyanoferrate (III) (99%), potas-
sium hexacyanoferrate (II) (98.5-102%), 11-mercaptoundecanoic acid (MUA), sodium
poly(4-styrene sulfonate) (PSS, average mol. mass 1 MDa), poly(allylamine) (PAA, av-
erage mol. mass 65 kDa), and poly(diallyldimethylammonium chloride) (PDDA, mol. mass
400,000-500,000) were purchased from Sigma-Aldrich (Darmstadt, Germany) and Nafion
117 (5% in the mixture of lower aliphatic alcohols and water) from Merck (Darmstadt,
Germany). Other reagents were of analytical grade.

Copper vitriol, Bordeaux mixture, and polyvitamin drops of “Complivit” (UfaVita,
Russia) were purchased in a local market. “Complivit” contained vitamins A, B, C, and
E, and minerals (2.5 mg of FeSOy, 2.9 mg of CuSOy, 217 mg of CaHPOy, 0.4 mg of CoSOy,
117 mg of MgHPOy4, 11 mg of MnSO;, and 8.8 mg of ZnSO, per one pill). All the solu-
tions were prepared with Millipore Q water (Simplicity water purification system, Merck-
Millipore, France). Potentiometric measurements were performed in a Britton—-Robinson
buffer (0.04 M boric acid, 0.04 M phosphoric acid and 0.04 M acetic acid with the pH
adjusted by the addition of 0.2 M NaOH).

P[6]A (chemical structure is presented in Figure 1) was synthesized at the Department
of Organic and Medicinal Chemistry of the Kazan Federal University (Kazan, Russia)
as described elsewhere [29]. Briefly, cyclization of 1,4-bis(2-bromoethoxy)benzene was
first performed in the presence of methazine sulfonic acid in chloroform at 0 °C, and
then hydroxy groups were liberated by treatment with BBr3z. The structure of P[6]A was
confirmed by NMR 1H and 13C spectroscopy and by MALDI-TOF mass spectroscopy. Prior
to use, synthesized P[6]A was stored under Ar in a frozen state at —20 °C.

OH oH OH  OH

Figure 1. Chemical structure of P[6]A used in the investigation.
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2.2. Apparatus

Electropolymerization of freshly distilled aniline was performed with potentiostat-
galvanostat AUTOLAB PGSTAT 302N (Metrohm Autolab, Netherlands) at ambient tem-
perature. A three-electrode cell consisted of the glassy carbon working electrode (GCE,
0.0283 cm? geometric surface square), Ni foil auxiliary electrode, and double-junction
Ag/AgCl/3 M KCl reference electrode (Metrohm Autolab Cat. No 6.0726.100) was used.

Potentiometric measurements were performed by using digital ionometer Ecotest I-120
(Ecotest, Moscow, Russia) with double-junction Ag/AgCl/3 M KCl reference electrode.
The precision of the potential measurement was +0.1 mV.

Surface plasmon resonance (SPR) measurements were performed on the 25 mm BK-7
glass disk covered with the 50 nm thick Au film with the Autolab ESPRIT (Metrohm
Autolab b.v., Utrecht, Netherlands) equipped with two-channel cuvette and the 670 nm
laser with the p-polarization. An incidence angle shift of the laser beam was recorded as
the SPR signal, expressed in millidegrees (m°).

Transmission electron microscopy (TEM) images were obtained with a Hitachi HT7700
Exalens (Tokyo, Japan) microscope at 120 keV. The mixture of P[6]A and CuCl,/AgNO3
was deposited on the formvar/carbon-supported copper grids of 200 mesh.

Scanning electron microscopy (SEM) images of the surface films were obtained
with the high-resolution field emission scanning electron microscope Merlin (Carl Zeiss,
Dresden, Germany).

Atomic force spectroscopy (AFM) images were obtained with scanning probe micro-
scope Dimension FastScan (Bruker, Mannheim, Germany) in the mode of quantitative
nanomechanical mapping with the silicon probes “Bruker scanasyst air”, sScan rate 1 Hz.

The content of the Cu in real samples was determined by using microwave plasma-
atomic emission spectrometer Agilent MP-AES (Agilent Technologies Australia Pty Ltd.,
Mulgrave, Australia).

2.3. Preparation of Solid-Contact Potentiometric Sensors

The GCE was first mechanically polished and cleaned with acetone and deionized
water. Then it was electrochemically cleaned in 0.1 M H,SO4 by repeated cycling of the
potential until current stabilization. After that, it was moved to the 0.2 M H,SOy solution
containing 0.07 M aniline. Electropolymerization was performed in direct current mode by
repeated cycling of the potential between —200 and 1100 mV (10 cycles). In the next steps,
2 uL of 1.37 mM P[6]A and 2 uL of 1.37 mM 4.0 mM CuCl, were alternatively drop-casted
on the working electrode surface. Each layer was dried at ambient temperature in air. In
most experiments, the upper layer was formed by the P[6]A solution addition. Prior to
measurements, the electrode was conditioned in the buffer solution. When not used, the
electrodes were stored in dry conditions at 4 °C.

2.4. Potentiometric Measurements

All the potentiometric measurements were taken without stirring. After each mea-
surement, the electrode was washed with working buffer to reach steady potential. The
concentration of the standard Cu?* solution was varied from 10 nM to 10 mM. All the
measurements were taken with three individual sensors in triplicate for each one.

The potentiometric selectivity coefficients log Kgf j were calculated using the separate
solution method (SSM) with 0.01 M solutions of primary and interfering ions [30], in
accordance with Equation (1):

2F(E; — E;)

pot _ <H(Ej—Li) 2
logKCu,j = 5 303RT + <1 z]-> logac,. 1

where E; and E; are the potentials; 2; and 4; are the activities; and z; =2 and z; are the charges

of the Cu®* as the primary (i) ion and those of the interfering ions (j), respectively. The
activities of ions were calculated from the modified form of the Debye-Hiickel equation [31].
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2.5. SPR Measurements

The surface of the golden coating of the SPR chip was first modified with 1 mM
MUA dissolved in ethanol under 30 min stirring. Then the surface was rinsed with
deionized water. In the case of Cu?* deposition, PSS (0.5 mg/mL) and PAA (0.1 mg/mL)
were consecutively added to the surface to form a polyelectrolyte complex, as described
elsewhere [32]. Between the addition of reactants, the cuvette was washed with deionized
water. The most stable coating corresponded to the following underlying complex: MUA-
PAA-PSS-PAA. Finally, P[6]A dissolved in aqueous ethanol or methanol (50% v/v) and
CuCl, dissolved in deionized water were added similarly to that described above for the
GCE modification: 100 uL aliquots and 10 min incubation for each portion. The addition
of P[6]A and Cu?* ions was repeated to form multilayered coatings. A similar protocol
was applied for the deposition of the composite P[6]A—Ag+. However, owing to lower
effect of reactant addition, PDDA (0.1 mg/mL) and PSS (0.1 mg/mL) were used, and the
concentration of P[6]A in ethanol was 3.0 mM.2.5.

2.6. Real Sample Analysis

Bordeaux mixture and “Complivit” pills were first mechanically ground. Then they
were dissolved in 50% HNOj; and heated to 50-60 °C for 15 min to oxidize the interferences.
After that, the solutions were evaporated, and solid residue was dissolved in water, filtered,
and pH adjusted to pH = 2.0. Copper vitriol was dissolved in deionized water and filtered,
and its pH was adjusted to pH = 2.0 with nitric acid.

3. Results
3.1. Surface-Layer Assembly

The electropolymerization of aniline on GCE resulted in the formation of the film,
exerting electron-to-ion conductivity and providing the reversibility of the potential changes
attributed to other components present on the sensor surface. Figure 2 shows typical
voltammograms recorded by the repeated cycling of the potential in aniline solution.

1504

I, uA

1004

50

-50 4

0.0 05 1.0
E,V
Figure 2. Cyclic voltammograms recorded on GCE in 0.2 M H,SO4 containing 0.07 M aniline, scan
rate 50 mV/s. Arrows indicate changes in the peaks with an increasing number of cycles.

The electropolymerization is initiated by the formation of the cation radical at high
anodic potential. In consecutive potential cycling, the height of appropriate anodic peak is
decreased thanks to the partial shielding of the electrode surface. Three other peak pairs
correspond to the redox reactions of the polyaniline forms (leuco-emeraldine, emeraldine
salt, and pernigraniline) and of the quinoid byproducts of oxidation [33,34]. They increase
within the number of potential cycles, indicating the accumulation of the redox active
materials on the electrode. The conditions of the electropolymerization have been specified
in our earlier studies concerning the development of potentiometric sensors on the basis
of other macrocyclic ionophores [23,35,36]. The use of 10 cycles is a compromise between
the requirements of obtaining full coverage of the electrode and the formation of rather
thin film with the low barrier of the transfer of counter ions and redox active species. The
choice was also confirmed by the metrological assessment of the equilibrium potential,



Chemosensors 2023, 11,12

5o0f 14

which showed the lowest deviation (1.1% for six measurements with individual sensors in
the range of the cycle variation from 5 to 30). The implementation of P[6]A either on the
electrode or in the reaction media did not alter the morphology of the voltammograms but
did increase the currents of the pernigraniline-emeraldine salt pair. This is explained by the
similarity of the potentials of the oxidation of hydroquinone units of the P[6]A molecules
and the polyaniline formed. Owing to the similarity of the redox behavior and possible
interferences with Cu?*/Ag* binding, other experiments were performed with the P[6]A
added to the synthesized polyaniline film.

The layer-by-layer deposition of the CuCl, and P[6]A solutions with intermediate
washing assumes that their self-assembling was controlled mostly by specific interactions
(electrostatic interactions, hydrogen bonding, and chelate complex formation). The quanti-
ties of the deposited reactants depended on the characteristics of the underlying surface
but not on the amounts of the reagents drop-casted on the electrode. Nevertheless, we
assessed the potentiometric response to Cu?* obtained for the simplest content of the
surface layer (one addition of each component). The aliquot of the P[6]A solution in the
range from 2 to 6 pL did not affect the slope of the calibration curve. In the case of higher
loading, the deviation of the response increased to 7-8% thanks to the possible forma-
tion of supramolecular assemblies and the irregular coverage of the polyaniline surface.
The response time insignificantly increased with the volume of the aliquot. For all the
assemblies, the reversibility of the redox process remained. It was monitored by measuring
the response to the Fe3* ions, whose concentration was changed first from a lower value
to a higher value and then back (Supplementary Materials, Figure S1). The slope of the
calibration curve of Fe** ions was higher in the presence of 0.1 M NaCl than that in acetate
buffer (pH 4.5) and than that obtained with polyaniline layer with no P[6]A addition. This
confirms the role of P[6]A as a mediator of electron exchange, improving its reversibility.
Given the charge of reactants, the repeatability of the signals, and the response time, 2 pL
aliquot was chosen for the multilayer coating assembly.

3.2. SPR Measurements of the Layer-by-Layer Deposition of P[6]A and Cu’*

The formation of multilayer coatings on the polyaniline electropolymerized on the
GCE was confirmed by SPR measurements. For this purpose, a SPR golden chip was
modified with the MUC monolayer as a support for the electrostatic accumulation of other
reagents. The PAA-PSS-PAA layers were deposited by the consecutive pumping of the
reagents through the cell to prevent the possible influence of the MUC terminal carboxylate
groups on the P[6]A—metal ions interaction.

Changes in the SPR signal recorded after pumping the P[6]A/Cu?" solutions were
observed within 200-240 s. After that, a steady-state signal was reached, indicating equilib-
rium in the transfer of the reactant on the electrode interface. The use of the only reactant,
i.e., P[6]A with no CuCl; or vice versa, resulted in rather low adsorption on the underlying
surface (Figure 3).

E —e— P[6]A, Cu
= 10001 __,_ Cu, no P[6]A / \*/{
: f
» 7501 /
& }/*
[72] /

(5]
(=3
o

2

A
o] e=R—a—a—r—4"

N
o
o

P[6]A Cu P[6]A Cu P[6JA Cu P[6]ACu P[6]A Cu P[6]A
Reactant
Figure 3. The dependence of the SPR signal on the addition of 1.36 mM P[6]A in methanol and
1.36 mM CuCl; in deionized water, SPR chip modified with the MUC, PSS and PAA. Average + s.d.
for three replications.
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Meanwhile, alternating the addition of both reagents significantly increased the thick-
ness of the surface layer and the appropriate SPR response. This makes it possible to
conclude that Cu?* ions play a role in bridging ions that promote the deposition of P[6]A
via complexation with hydroquinone groups of the macrocycle. The accumulation of
the components depended on the solvent used for the P[6]A dissolution (Figure S2). In
methanol, the shift of the SPR signal observed or P[6]A—Cu?* deposition was higher than
in ethanol. This can be related to the self-aggregation of the P[6]A molecules that increased
the influence of the microenvironment on the SPR phenomenon. Such a process seems
inconvenient for assembling the recognition layer because of the lower regularity of its
content. Thus, other experiments were performed with the P[6]A dissolved in ethanol.

The obtained results confirm the formation of multilayer composite materials respon-
sible for the response toward the ions implemented in the surface coating.

3.3. Scanning Electron and Atomic Force Microscopy

The assembling of the surface layer was confirmed with SEM and AFM images
recorded for a glassy carbon electrode modified with polyaniline (Figure 4a,c) and one
modified with P[6]A and Cu®* (Figure 4b,d). The electropolymerization of aniline resulted
in the formation of rather thin film with a sliced structure that consisted of roundish clusters.
The deposition of P[6]A molecules and the following treatment with Cu?* ions increased
the roughness of the layer and increased the size of the particles formed on the polyaniline
film. No evidence of the formation of elemental copper or copper oxide particles within
the layer were obtained. This confirms the mechanism of chelation with the Cu?*-bridging
ions binding the macrocycle molecules into the multilayer film.

dhesion

2.6 nN

-2.0nN -2.0nN

Adhesin - ‘
(o) (d)

Figure 4. SEM (a,b) and AFM (c,d) images of the surface of a glassy carbon electrode modified with
polyaniline (a,c) and polyaniline with P[6]A and a Cu?* coating (b,d).
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3.4. Determination of Cu®* Ions

Copper is a toxic metal that is widely distributed in the environment because of
broad industrial applications in the production of electronics and galvanic processes.
In addition, Cu(II) sulfate is applied in agriculture (copper vitriol and the Bordeaux mixture)
as fungicide. Its express determination is highly demanded in hydrochemical analysis waste
and fresh water to prevent exhaustive intake into the environment. Although there are
many highly sensitive universal instrumentations intended for heavy metal determination,
e.g., atomic absorbance spectroscopy and atomic emission spectroscopy (AES), simple and
fast methods for the onsite determination of copper content are demanded.

3.4.1. Selection of Measurement Conditions

The performance of the potentiometric sensor consisted of layered P[6]A, and the Cu?*
layers were assessed with the standard CuCl, solutions. The consecutive addition of the
Cu?* ions in the concentration range from 1.0 uM to 10 mM resulted in a regular increase
in the potential. Figure 5 represents the appropriate dependencies obtained for different
numbers of the P[6]A—Cu?%* layers.

—a—3 w
——5 300
—A—7

—v—9 2751

250+

225+

oG, M 0 20 40 60 80 100
t, min

(a) (b)

Figure 5. (a) Calibration curves of Cu?* ions obtained with different numbers of layers deposited
on the polyaniline film: P[6]A—CuCl,—P[6]A (three layers); (P[6]A—CuCl,),—P[6]A (five layers);
(P[6]A—CuCl,)3—PI[6]A (7 layers); (P[6]JA—CuCly);—P[6]A (nine layers); (b) dynamic response
of the potentiometric sensor with seven layers on the addition of 0.1 uM-10 mM CuCl, solution
(concentrations corresponded to red numbers are presented with appropriate numbers in Table S1).
Measurements in the presence of 0.1 M NaCl.

The analytical characteristics of the Cu?* determination are summarized in Table 1.
The limit of detection (LOD) was calculated from the S/N = 3 criterion, where N is the
number of experimental points in the linear piece of the calibration curve.

Table 1. Analytical characteristics of Cu>* determination with potentiometric sensor based on
GCE covered with polyaniline and P[6]A-Cu?* layers. Average results from individual sensors,
measurements in triplicate in 0.1 M NaCl

Number of
Layers

EmV=a+b xpCM

a+ Aa

Concentration Range, M LOD, M
b+ Ab n R?

3

5
7
9

344 £5
376 + 4
377 £ 6
293 +3

—200+15 10 0.9538 1x1075-1 x 102 7 x 1076
—30.7 + 1.1 11 0.9870 3 x 1076-1 x 102 2 x 107°
—294 477 8 0.9759 2 x 10741 x 1072 1x 1074
—115+0.7 11 0.90667 1x107%-2 x 1073 8 x 1077
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Only the coatings that consisted of five and seven layers showed that the slopes
corresponded to the formal charge of the primary ion. The lower sensitivity for the
three-layer-based sensor can be explained by the insufficient coverage of the underlying
polyaniline layer and that for the nine-layer-based sensor by the spatial separation of the
Cu binding sites and electrode interface.

The best analytical characteristics of the Cu?* determination were obtained with the
sensors containing an upper P[6]A layer able to form complexes with the metal ions. The
attempts to improve the sensor performance by the addition of one more layer that were
able to produce the electrostatic accumulation of cationic species (Nafion, PSS) or to stabilize
the multilayer assembly (glutaraldehyde) were unsuccessful (Figure 6, Table 2). In the
latter case, the slope of the curve decreased against that of double-charged ions thanks to
partial involvement of the hydroxyl groups in the reaction with glutaraldehyde and the
formation of a denser upper layer influencing the access and distribution of Cu?* ions on
the electrode interface. The use of six layers with the upper Cu?* ions increased the lower
quantification limit by one order of magnitude against the sensor with optimal number of
layers (five layers, upper P[6]A film).

>

Ei 350

w

<
3004
250+
200+

2 3 4 5 6 7pc

Figure 6. Calibration curves of Cu?* ions obtained with potentiometric sensor with five layers (1)
and an additional upper layer: 2 mg/mL PSS (2), 1% Nafion (3), 3% glutaraldehyde (4), and 4.0 mM
CuCl; (5).

Table 2. Dependence of the analytical characteristics of Cu?* determination on the nature of the
upper layer, GCE covered with polyaniline and (P[6]A-Cu?*)2-P[6] A—upper layer. Average results
from individual sensors, measurements in triplicate in 0.1 M NaCl.

U Nature of a EmV=a+bxpGM Concentration Range, M LOD, M
pper Layer a+Aa b+ Ab n R2
1 376 + 4 —-30.7 £ 1.1 11 0.9870 5x 107°%-1 x 1072 3 x10°°
2 392 +7 —304+22 7 0.9685 1 x 107%-1 x 1072 5x 1073
3 388 £ 7 —313+28 5 0.9698 5x 10741 x 1072 2x 1074
4 329 +5 —-181+12 11 0.9555 5 x 1076-1 x 1072 2 x 107°
5 383+ 6 —297+18 9 0.9718 2 x 1075-1 x 1072 1x107°

2 Layer number corresponds to that described in the caption for Figure 5.

The characteristics of the developed sensor were comparable with other solid-contact
potentiometric sensors reported in the literature (Table 3). Meanwhile, they demonstrated
a simple and well-reproducible design thanks to the self-assembling of the sensing layer
and the minimal use of auxiliary reagents for its assembly.
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Table 3. Comparison of the performance of the solid-contact potentiometric sensors for Cu?*

ions determination.

Ionophore/Carrier Conc. Range, M LOD, M Ref.
Bis[(2-(hydroxyethylimino)phenolato)] Cu(Il)/PVC 1.0 x 107°-1.0 x107! 83 x 1077 [37]
N-hydroxysuccinimide/PVC 1.0 x 107#-1.0 x 1072 44 x107° [38]
o-Xylylenebis(N,N-diisobutyldithiocarbamate) /PVC 1.0 x 1076-1.0 x 107! 49 x 1077 [39]
4-(2-hydroxy-benzylideneamino)-5-phenyl-4H-1,2,4-triazole-3-thiol /PVC 1.0 x 107°-1.0 x 1072 - [40]
Carbon nanotubes, Ag nanoparticles/graphite/Nujol 5.0 x 1077-1.0 x 107! 2.5 x 1077 [41]
N,N'-bis(5-bromo-2-hydroxy-3-methoxybenzylidene)2-hydroxypropylene-1,3- _ _ _ )
Y /PVCyon Aé’ /agCl ydroxypropy 1.0 x 1076-1.0 x 1072 6.2 x 1077 [42]
Macrocyclic pyrido-pentapeptide derivatives/carbon ink/paper 5.0 x 1077-1.0 x 103 8 x 1078 [43]
2-(3-Phenoxy phenyl) propanoic acid/carbon paste 1.0 x 1070-1.0 x 1072 6.2 x 1077 [44]
P[6]A-Cu?* alternating layers/polyaniline/ GCE 3 x 10761 x 1072 2x 1076 This work

In most of the sensors described, a PVC membrane with lipophilic salt was used.
Its contents are similar to those commonly applied in the ion-selective electrodes with
internal filling. Such sensors have drawbacks related to the leaking of the electrolyte be-
tween the membrane and transducer surface and the mechanical braking of the membrane
integrity during electrode exploitation. The use of a self-assembling protocol, together
with the deposition of a number of alternating layers, minimizes the risk of such complica-
tions. The simpler assembly of the sensor also positively affects the cost of the sensor and
signal measurement.

3.4.2. Selectivity of the Signal toward Cu?* Ions

The potentiometric selectivity of the response toward Cu?* ions was assessed by SSM
in nonbuffered media and in the presence of 0.01 M HNOj. Acidic conditions allowed for
suppressing the hydrolysis of the metal salts and improving the redox reversibility of the
polyaniline in the sensor assembly. The results are presented in Table 4.

Table 4. The potentiometric selectivity, log Ké’f j + 0.0llog Kgf i’ calculated by SSM. Values in the

brackets refer to the GCE covered with polyaniline only.

Interfering Ion H,O HNO3 Interfering Ion H,0 HNO;
Na* —1.03 —2.30 (—0.30) Co%* —2.76 —3.53 (—2.53)
K* —1.64 —1.64 (—0.05) Ni2+ -1.72 —2.69 (—2.24)
Mg?* -2.15 —2.65 (—0.45) ZnZ* —1.75 —2.70 (—1.35)
CaZt -1.91 —2.58 (—0.52) Ccaz —2.35 —2.63 (—1.50)
Ba2* —1.98 —2.63 (—0.30) Fe3+ 7.56 6.54 (3.54)
NH,* —2.18 —3.77 (—3.02) Ag* 8.57 7.72 (4.25)

The potentiometric sensor exerted modest selectivity on the signal toward Cu?* ions
against those of alkali- and alkali-earth metal cations and a higher one toward transient
metals. This might have resulted from the difference in cationic interactions involving rather
hard cations of alkali- and alkali-earth metal, probably coordinating with oxygen atoms of
hydroxyl groups not involved in the Cu?* binding within the surface layer. Contrary to
that, Co?*, Ni%*, and Cd?* ions compete with the Cu?* ions for the P[6]A binding sites so
that their influence on the sensor potential is remarkably lower. The transfer of the sensor
from the nonbuffered aqueous solutions of the primary and interfering salts to a nitric
acid solution did not significantly affect the potentiometric selectivity of 10onhydrolyzable
cations but increased that for the metals able to hydrolyze in the measurement conditions.

In comparison with the potentiometric selectivity achieved with the GCE covered
with polyaniline with no macrocycle, the potentiometric selectivity toward almost all the
ions tested increased after the deposition of P[6]A, indicating specific interactions within
the surface layer. Changes in the pH of the salt solutions did not significantly alter the
potentiometric selectivity, though the absolute signals were shifted to higher values by
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an approximately 5-10 mV/pH unit. A minimal pH effect was observed for alkali and
alkali-earth metal ions.

The influence of Fe3* and Ag* ions is the only exception in that they exerted a higher
response against that of Cu?* ions. This can be attributed to the influence of the above
ions in the redox conversion of the polyaniline affecting its charge and potential. For these
two ions, measurements in acidic media resulted in decreases in their influence on the
Cu?* response against nonbuffered solutions. Probably, the partial hydrolysis of Fe3* ions
in deionized water promoted its implementation in the surface layer. This is indirectly
confirmed by the lower reversibility of the potential changes caused by the addition of Fe>*
ions contrary to that of Cu®* ions. In case of Ag* ions, the interference can be amplified
by the deposition of the elemental silver particles, which has been confirmed by the TEM
experiments (Figure S3a). Similar images obtained with P[6]A-Cu%*-P[6]A multilayers
did not show the deposition of copper or copper oxides in the macrocycle matrix. In
the case of Ag* ions, the following alternating addition of the macrocycle and AgNO;
aliquots increased the total layer thickness (see Figure S3b for SPR experiments). Thus, the
formation of the Ag nanoparticles within the layer did not suppress the self-assembling
of the surface layer. Similar redox reactions with Ag* and Cu?" ions were previously
described for amperometric sensors containing perhydroxylated thiacalix[5]arene [45]
and thiacalix[4]arene derivatives bearing dopamine residues implemented in the Ag*
reduction [46]. Although the redox response to the Fe** and Cu®* ions was rather high, it
was simply eliminated by the addition of 1.0 mM fluoride ions to the samples tested. The
additives complex the interfering ions with the formation of a stable complex that did not
affect the Cu?* ions’ response in full range of their concentration.

Thus, the potentiometric sensor based on multilayers of P[6]A and Cu?* ions showed
remarkable selectivity for Cu?* determination in the concentration range sufficient for
applications in real sample analyses.

3.4.3. Measurement Precision and Storage Conditions

Each solid-contact sensor made it possible to perform up to 30 signal measurements
with a measurement-to-measurement repeatability of 3.2% (0.1 mM Cu?* ions) without sig-
nificant changes in the sensitivity. Measurement-to-measurement sensitivity was assessed
as 4.5% for a set of three sensors made with the same reagents. Stored in dry conditions at
ambient temperature, the potentiometric sensors retained their signal toward the primary
ion for more than four months. Intermediately wetting the sensors resulted in a decrease in
both storage and operation periods at 1 month and 10 measurements, respectively. Sensors
stored in dry conditions were conditioned in 10.0 mM HNO;j for 1 h prior to the contact
with the Cu?* ions.

At a longer storage period, the sensitivity of the signal sharply decreased to about
40-45% of the initial value, probably owing to the deterioration of the multilayer coating
caused by the partial oxidation of P[6]A with atmospheric oxygen. Similar investigations
performed with a polyaniline-coated electrode made it possible to conclude that at least part
of the limitations of the storage period can be related to the aging of the polyaniline layer
that loses the reversibility of the redox exchange, which was tested by the measurements of
the equilibrium potential in the mixture of the [Fe(CN)g]>~/4 redox pair.

3.5. Real Sample Analysis

The performance of the potentiometric sensor was assessed in determination of Cu*
ions in two commercial samples containing copper sulfate, i.e., copper vitriol and Bordeaux
mixture, and in polyvitamin-mineral drops of “Complivit”. All the samples were treated
with nitric acid to remove oxidizable components that could affect the polyaniline redox
state and the Cu?* signal. The dilution corresponded to the nominal concentrations of Cu?*
ion, equal to 1.0 mM. Real concentrations were determined with AES by using the same
sample treatment. The results of Cu?* determination are presented in Table 5.
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Table 5. The determination of Cu?* in real samples with potentiometric sensor based on polyaniline
and P[6]A—Cu2+—layered coating, nominal concentration 1.0 mM.

Sample Cu?* Concentration, mM
Potentiometric Sensor AES
Copper vitriol 0.72 4+ 0.05 0.75 £ 0.01
Bordeaux mixture 0.67 & 0.04 0.70 + 0.02
“Complivit” 0.95 £+ 0.04 0.94 + 0.02

One can see that the results obtained with the developed potentiometric sensor and
those with AES by using the same sample treatment did not significantly differ from each
other. Despite the presence of many components able to interfere with a Cu>* measurement,
“Complivit” showed a lower standard deviation and an average value closest to that
announced by the manufacturer. The relatively high deviation of the measurement result
obtained for CuSO, present in copper vitriol and Bordeaux mixture can be attributed to
the inhomogeneous solutions obtained after the dissolution of the solid residues and the
presence of mineral-insoluble impurities in the samples tested.

4. Discussion

The use of the layer-by-layer deposition of P[6]A and Cu?* made it possible to obtain a
regular coating with well-reproducible properties whose potential was sensitive to the Cu**
ions present in the solution. The working conditions of the sensor signal measurement are
determined to some extent by polyaniline, which plays a role in the transducer with the
electron-to-ion conductivity required for the reversibility of the sensor potential. As was
shown by the SPR technique, an increased number of drop-casted layers resulted in a regu-
lar increase in the coating thickness. Thanks to the self-assembling of the coating, the sensor
properties were rather insensitive to the quantities of the reagents added for assembling
the surface layer. This can be considered as an advantage of the proposed approach over
other solid-contact sensors described in the literature, where PVC membranes and auxiliary
reagents were used to establish dense contact of the ionophore with both the solution and
the electrode interface. The selectivity of the response to copper ions was comparable with
that of other sensors, according to the macrocyclic ionophores [23,25,27,36], and was quite
sufficient for the analysis of complex samples such as polyvitamin-mineral pills of “Com-
plivit”. The accuracy of the Cu?* determination in copper-containing mineral products
applied as fungicides (copper vitriol and Bordeaux mixture) was comparable with the
characteristics of the AES method. The choice of acidic conditions for a signal measurement
and the interfering effect of Ag* and Fe®* ions results from the properties of polyaniline,
which shows maximal redox activity in the presence of strong acids and can be oxidized
by both above ions. In the case of Ag* ions, interference can be related to the formation
of Ag nanoparticles, confirmed by TEM. For Cu?* ions, the formation of elemental copper
or its oxides was not proven. The latter fact leaves the only mechanism of potentiometric
sensitivity toward Cu®* ions, i.e., the formation of layered complexes of P[6]A with Cu?* as
bridging ions involved in chelation by hydroxyl groups of the macrocycles. The specific
structure of the P[6]A molecule destroys the intramolecular hydrogen bonds typical for
pillar[5]arene [28,45] and simplifies the formation of the supramolecular composites with
central metal ions. This is indirectly confirmed by SPR data. The shift in the SPR signal
differed depending on the P[6]A or Cu?* deposition, indicating their inclusion in separate
layers instead of the formation of a homogeneous film.

The possibility of detecting Cu?* ions in the range from 10 mM to 1 uM is sufficient
for most samples that are commonly tested for the presence of heavy metals, e.g., wastew-
aters, plant extract, medications, and pesticides. Owing to its simple design, low cost of
manufacturing, and the reproducibility of the operational and analytical characteristics, the
solid-contact potentiometric sensor based on polyaniline and layered P[6]A and Cu®* ions
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can find applications in the analysis of copper-containing products used in agriculture and
other industries.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390 /chemosensors11010012/s1: Figure S1—the dependence of the
sensor signal on the concentration of FeCl; recorded with the GCE covered with polyaniline and
1.0 mM P[6]A; Figure S2—the dependence of the SPR signal on the addition of 1.0 mM P[6]A in
ethanol and methanol and 1.0 mM CuCl, in deionized water; Figure S3—(a) TEM image of the
P[6]A-Ag" mixture, formvar/carbon-supported copper grids of 200 mesh (b) the dependence of
the SPR signal on the addition of 1.0 mM P[6]A in ethanol and 1.0 mM AgNOj3 in deionized water;
Table Sl—concentrations of CuCl2 solution used for dynamic response assessment (legend
to Figure 3b).
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