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Abstract: The three-layer electrode consisting of the inner, middle, and outer layers of polythiophene
(PTh), polyaniline (PANI), and poly(neutral red) (PNR), respectively, was developed, characterized,
and tested as a potentiometric sensor for citrates. The spectroscopic and morphological findings based
on Raman spectroscopy and scanning electron microscopy, respectively, demonstrated the consecutive
formation of individual polymeric layers derived from PTh, PANI, and PNR in the multilayer system.
The sharper and narrower peak profiles of PNR in the case of the three-layer system revealed a
more organized structure than for the PNR layer alone. The PNR layer in such a novel arrangement
shows the highest selectivity towards citrates among the tested carboxylates. Simultaneously, the
unwanted influence of the underlying Pt surface is eliminated. The potentiometric characteristics
of the proposed potentiometric sensor were examined at the detection of citrates in the real-world
samples, compared with results for PNR simple electrode, and corresponded with the reference
capillary electrophoresis and literature-based spectrophotometric method.
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1. Introduction

The potentiometric response to the target analyte is affected by the electrode substrate
material (Pt, Au). Hence, it is very important to eliminate this metal influence. Platinum
itself readily reacts in the presence of redox systems such as ascorbic acid, halides, and
other ions [1,2] as well as influences the stability of potentiometric signals [3]. One effective
solution is to coat the surface with a thicker layer [4] or with multilayers [5]. Conducting
polymers have a variety of chemical and physical properties predisposing them to be widely
used as sensitive layers in chemical sensors [6-9]. The application of several individual
polymers layered on each other changes both electrochemical and optical properties. In the
literature, the electrochemical properties of bilayer polymeric films composed of polypyr-
role (PPy) and polythiophene (PTh) derivatives [10], PPy and polyaniline (PANI) [11-13],
and some other derivatives [14,15] were described. The additional polymer layers such
as PANI or PPy can function as lipophilic additives. The additive should simplify ion
exchange between a specific layer and the target analyte [16].

Polymer films based on poly(neutral red) (PNR) offer a combination of several different
binding modes including ion exchange, ion-dipole, and 7-7r interactions, or hydrogen
bonds. These binding modes make PNR a suitable candidate for the construction of
electrochemical sensors for the detection of carboxylates [17]. Poly(neutral red) modified
electrodes, in addition to the potentiometric determination of citrates [7,17], are used as
well for the voltammetric determination of mandelic and vanillic acid derivatives [18]. For
the development of any sensor, it is important to improve the properties that increase its
analytical significance. The application of several individual polymers layered on top of
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each other can positively influence the electrochemical and analytical properties of these
electrodes.

Murray et al. conducted the first research aimed at the electrochemical properties of
bilayer films [19]. They dealt with electron transfer through a polymer-polymer interface
demonstrating the importance of the ionic conductivity of the system for the development
of potentiometric sensors based on conducting polymers. Ren and Pickup found that the
ionic conductivity of a bilayer polymer system is conditioned by the mobility of ions in
the individual layers [20]. It has been shown that the inner layer cannot transfer charge
unless the outer layer is permeable to ions. Later Wojda et al. described the potentiomet-
ric properties of bilayers [21]. They proposed a theoretical model of the potentiometric
response of a bilayer as a function of electrolyte concentration, with electrolyte concen-
tration being dependent on the equilibrium processes at the interface and the transport
of ions through the layers [21]. Among the advantages of the bilayer electrode system is
the stability of the potential measured in both aqueous and organic solvents containing
different electrolyte concentrations documented using a bilayer system composed of PPy
and poly(3-methyl-thiophene) as a reference electrode [22].

The polymer bilayer deposited on a platinum wire can be regarded as a coaxial coat-
ing as reported in the literature [23,24]. Coaxial nanotubes are produced on an inorganic
nanotubular template coated with an outer layer of conductive polymers, mostly repre-
sented with PANI. Several authors have additionally remarked on the effect of the used
substrate on the morphology of the bilayer system [13,25] and the potentiometric signal [4].
Alumaa et al. observed the influence of the metal support on the potentiometric response
of their bilayer system [4]. Therefore, it is necessary to combine rationally selected polymer
layers to suppress completely the influence of the underlying metallic material on the
measured signal.

In our concept of a multilayer system, the PTh was chosen as the first/inner layer
to shield/protect the support metallic material. In addition, PTh can help during the
polymerization of the middle layer, which was composed of PANL. In a previous study,
PPy was used as a non-specific layer. However, this polymer did not improve the binding
properties of the PNR film to citrate [5]. In this study, we select PANI as the middle layer,
expecting a significant improvement in sensitivity and selectivity to citrate ions. This
polymer forms an unmodified polymer layer responsive to non-selectively reacting ions.
The outer specific layer consisted of poly(neutral red) (PNR) reacting selectively to citrate,
as we demonstrated previously [7,17].

In addition to potentiometry, other instrumental methods such as FT Raman spec-
troscopy (FT-Raman) and scanning electron microscopy (SEM) are used to monitor the
presence of polymer layers. PNR forms visible colored films readily soluble in DMSO [7],
which can serve as primary evidence of its presence on other polymer layers. At the same
time, the UV-vis spectrometric method can be used to elucidate further the structure and
properties of the polymer formed of NR. In this present work, we tested the properties of
PNR by bi- and three-layer electrode systems. Furthermore, we examined whether a well-
designed multilayer polymer system could improve the properties of PNR electrodes such
as selectivity, stability, and the accuracy of citrate determination in a real-world sample.

2. Materials and Methods
2.1. Chemicals

The monomers of neutral red (NR) (3-amino-7-dimethylamino-2-methyl phenazine,
Lachema, Brno, Czech Republic), aniline.HySO4 (Sigma Aldrich, St. Louis, MO, USA), and
thiophene (98%; Sigma Aldrich) and solvents of acetonitrile (min 99.5%; Sigma Aldrich)
with tetrabutylammonium perchlorate (TBAP, Fluka, Buchs, Switzerland) and H,;SO4
with/without polyvinylpyrrolidone (PVP; Fluka) were used for the polymerization. The
other standard chemicals (all inorganic salts and acids) were purchased from Penta (Prague,
Czech Republic) or Lachema (Brno, Czech Republic). All working solutions were prepared
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using redistilled water. Real-world samples of drinks (Gatorade, Mountain Dew) were
obtained from a local store (Prague, Czech Republic).

2.2. Preparation of Electrode Systems

Electropolymerization of the polymer layers was performed with a PA 2 polarographic
analyzer (Laboratory devices, Prague, Czech Republic), supplemented with an adapter
for cyclic voltammetry (Institute of Analytical Chemistry, UCT Prague, Czech Republic).
Polymerizations were always terminated at a positive limiting potential. The electrode
cell was composed of a polymer-modified Pt wire working electrode (size 8 x 0.4 mm [7]),
a saturated Ag/AgCl reference electrode, and an auxiliary Pt plate (with dimensions
8-12 mm and thickness 0.3 mm). The electrolyte was bubbled with nitrogen for about
10 min before polymerization. The conditions for the preparation of the polymer-modified
electrodes using cyclic voltammetry are summarized in Table 1.

Table 1. Conditions for the electropolymerized individual and multilayers. All polymers were
prepared at the scan rate of 100 mV s~ 1.

Composition of Polymerization Bath Polymerization Parameters
Monomer Monomer Supporting Potential limits Time of polymerization
concentration (M) electrolyte vs. Ag/AgCl (V) (min)

. Acetonitrile

Thiophene 0.4 0.05 M TBAP —0.20-1.90 4
. 1 M H,S0,

Aniline.H,SOy4 0.05 60 uM PVP 0.00-1.20 10
Acetonitrile

Neutral red [7] 0.005 0.05 M TBAP —0.20-1.80 15

Firstly, individual polymers (PTh, PANI, PNR) were prepared, then bilayers marked
as (PTh-PANI and PTh-PNR) and further two types of three-layer systems differing in
sequences of layers (PTh-PANI-PNR and PTh-PNR-PANI). The resulting electrodes were
immersed in redistilled water immediately after the completion of the electropolymeriza-
tion process.

2.3. Spectroscopic Characterization

Raman spectra of PNR were reasonably obtained only on the polymer-modified gold-
plated surface of Pt plates with dimensions of 0.5 x 1.0 cm and a thickness of 0.2 mm [26,27].
The spectra of powdered NR were collected in a glass vial. The spectra of other polymers
(PTh, PANI, bilayers, and three-layer systems) were acquired on Pt plates without prior
gold plating.

An FRA 106/S FT Raman module (Bruker, Ettlingen, Germany) connected to Equinox
55/§ Fourier-transform near-infrared spectrometer was employed to collect Raman spectra
excited at 1064 nm using the Nd-YAG laser (Coherent, Santa Clara, CA, USA). The applied
laser power was less than 50 mW. 512 or 1024 interferogram accumulations resulted in
an individual 2-cm~! resolved spectrum. OPUS software (Bruker, Germany) controlled
the spectrometric system and primarily processed spectral data. The OMNIC software
package (Thermo Scientific, Waltham, MA, USA) was used for further data processing and
assessment.

The morphology of all prepared polymers was studied using a scanning electron
microscope JSM 6400 (JEOL, Tokyo, Japan). It worked at a voltage of 25 kV. All samples
were sputtered with platinum to a thickness of 10 nm under vacuum (SCD 050, BalTech,
Pfaffikon, Switzerland) before analysis. Polymers (single, bi-, and three-layers) were
prepared under the identical conditions listed in Table 1 and on the same Pt plates as in the
case of Raman spectra accumulations.
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UV-vis spectra of the NR monomer and polymer (PNR) were recorded on a Cary Var-
ian 400 Scan instrument (Varian, Belrose, Australia) in the wavelength range of 350-700 nm
with a resolution of 1 nm and a scanning speed of 600 nm/min in a 1-cm quartz cuvette.
First, the monomer and polymer were dissolved only in DMSO, and the spectra were
collected. To monitor the dependence of absorbance on pH, stock solutions of monomer
and polymer dissolved in 0.05 M MES with 0.1 M NaCl of pH 4-8 were prepared. The
monomer concentration was 1 x 10~* M to achieve absorbance around 1. Monomer and
polymer were first dissolved in 150 pL. DMSO and then added into a 25 mL volumetric flask
with 0.05 M MES solution containing 0.1 M NaCl. The pH of the solutions was properly
adjusted using NaOH and H;SOy.

2.4. Potentiometric Properties of Multilayer Polymer Electrodes
2.4.1. Calibration, Selectivity, and Stability

For the potentiometric measurements, we used an ion-selective electrode (ISE) tester [28]
that consisted of an analog unit box; autosampler with a sampling needle; hot-air ther-
mostat; measuring cell; peristaltic pump, and computer with a PC 516 data acquisition
card. The pH values were measured with a PHI 04 MG pH-Meter (Labio, Prague, Czech
Republic) and monitored using a SEUJ 212 glass electrode (Monokrystaly, Turnov, Czech
Republic). Our multilayer electrodes were composed of followed individual layers (PTh,
PANI, PNR, PTh-PANI, PTh-PNR, PTh-PANI-PNR, PTh-PNR-PANI).

Subsequently, the individual dependences of the potential of the multilayer electrodes
on the carboxylate’s concentration in a mixture of TRIS with KNO3 were acquired, as in
the case of the PNR electrodes themselves [7,17]. The polymer electrode systems were
conditioned for several days in distilled water for film maturation after preparation. Before
the potentiometric measurement, they were left for 30 min in a citrate solution of a 1073 M
concentration. The calibration of the electrodes was performed in 0.02 M TRIS buffer
with 0.1 M KNOj; (pH 8.5). To carefully regenerate electrode surfaces (to stabilize the
potentiometric response), the tested electrodes were washed with distilled water and
immersed in a solution containing 1 mM sodium citrate in TRIS buffer with KNO; (pH 8.5).

The potentiometric selectivity coefficient values (KP°'cy,, where J is different car-
boxylates (adipate, glutarate, malate, succinate, malonate, mandelate, terephthalate) and
ascorbate) were determined by the fixed interference method (FIM) [7,29]. A detailed
explanation and the equation for FIM are reported in (Supplementary Materials Figure S1).

The response time of the modified electrodes was determined for 1073-10~! M sodium
citrate. Electrodes were conditioned in 1072 M sodium citrate. The stability of modified
electrodes (PNR and PTh-PANI-PNR) was monitored by repeated measurements of sodium
citrate in the concentration range 10~3-10~! M for four weeks.

2.4.2. Real-World Sample Analysis

The prepared electrodes were first left in distilled water for several days and calibrated
in solutions of sodium citrate dissolved in TRIS (0.02 M) and NaNOj3 (0.1 M) at pH 8.5 [17].
The citrate content was determined in real drinks such as Gatorade and Mountain Dew. To
eliminate the interference of CO; present in the real-world samples, the analyzed samples
were stirred for 30 min. During these experiments, it was important to keep pH 8.5. This
pH value was kept using 0.02 M TRIS buffer with adding 0.1 M NaNOs. In the case of a
deviation of pH value from 8.5, solid-state NaOH was used. The degassed sample was
tenfold diluted using 0.02 M TRIS buffer. 10 mL aliquot of diluted sample was analyzed
by the method of standard addition [17]. The used equation of the standard addition
method [30] is given in Supplementary Materials. The necessary potentiometric signal
used for the calculation of citrate concentration in the sample was obtained after additions
of 100 pL of 0.1 M sodium citrate. The electrodes were regenerated cautiously in distilled
water for 30 min [17].
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3. Results and Discussion
3.1. Polymerized Multilayer Electrode Preparation by Cyclic Voltammetry

The method of cyclic voltammetry was used for the formation of adherent polymer
layers, where the corresponding polymer was formed by anodic oxidation of the monomer.
The polymerization conditions of all derivatives are summarized in Table 1.

Cyclic voltammograms of individual layers (Figure 1a,b) served to confirm the course
of polymerization of individual polymers of multilayer electrodes (Figure 1c,d). PTh was
prepared from acetonitrile with the addition of TBAP according to a standard procedure
described in the literature [31]. Electrochemically generated PTh forms stable films in both
the doped and undoped state and, as unsubstituted, is practically insoluble in common
solvents [31]. A dark brown to black film visible to the naked eye was created within a
short time, approx. 2-3 min (Figure 1b). If the PTh coating was polymerized for a longer
time (more than 10 min), then thick layers were formed, and they often peeled off. The
optimal PTh preparation time was 4 min, with a shorter polymerization time (less than
4 min) the Pt surface was not completely covered by the film. Adhering PTh served as
a base layer homogeneously covering the Pt surface and at the same time as a catalyst
facilitating and above all accelerating the polymerization of other layers. Polymerization of
PNR to both Pt (Figure 1a) and PTh proceeded well from both aqueous and non-aqueous
environments. Acetonitrile was chosen as the medium for the preparation of multilayer
systems [5,17].

Figure 1. Cyclic voltammograms of PNR on Pt (a) and of the step-by-step preparation of a three-layer
electrode system PTh-PANI-PNR composed of PTh on Pt (b); PANI on PTh (c) and PNR on PTh-PANI
bilayer (d). (The “+” corresponds to the crossing of the x and y-axis in zero.)

According to the literature, PANI can be prepared from both aqueous [32] and non-
aqueous media [33]. For multilayer systems, an aqueous environment of dilute sulphuric
acid with 2% PVP was chosen. The course of electropolymerization corresponded to the
records given in the literature [32]. PVP acts as a steric stabilizer or “cleaner” because it
removes side chains and thus ensures the formation of a regular structure of PANI [34]. It
was found that the polymerization of PANI from an organic medium on the PTh layer did
not occur, as there were no visible changes in the cyclic voltammogram. On the contrary,
the polymerization of PANI on PTh was shown to run very well only from an aqueous
medium, as shown in Figure 1c. The PNR polymerization proceeded well from both
environments (aqueous and non-aqueous). However, an organic environment was used
for the preparation of multilayer systems, since during the preparation of PANI it was
observed that cyclization in dilute sulphuric acid causes its gradual dissolution.
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Cyclic voltammograms of PNR on Pt and the bilayer PTh-PANI system are compared
in Figure 1. From the course of the PNR deposition on the PTh-PANI system (Figure 1d),
it can be assumed that PNR polymerization took place, as the observed peaks remained.
However, they cannot be clearly distinguished from the PANI polymer film peaks. The
presence of PNR on the surface of the bilayer system was then easily demonstrated by the
subsequent dissolution of the colored PNR film in DMSO or spectroscopically, as will be
described later.

Based on the size of the current, the conductivity of the PNR film prepared from an
organic medium is quite low compared to the PTh and PANI layer, which furthermore
corresponds to the size of the current when depositing the PNR top layer on the Pt-Pth-
PANI system.

3.2. Characterization of Multilayer Polymer Systems
3.2.1. Raman Spectroscopy

Individual layers prepared by the CV method on gold-plated and non-gold-plated Pt
plates were characterized by Raman spectroscopy (Figure 2). First, the spectra of individual
polymers PTh (Figure 2a), PANI (Figure 2c), and PNR (Figure 2e) were collected, then
PANI was deposited on PTh, the spectrum was acquired (Figure 2b) and finally PNR was
deposited on this bilayer as the third (outer) layer labeled PTh-PANI-PNR (Figure 2d).
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Figure 2. Raman spectra of individual polymer layers of PTh (a)—black, PANI (c)—green, and PNR
(e)—red, a bilayer of the PTh-PANI (b) and three-layer of PTh-PANI-PNR system (d), when the
middle layer of PANI was overlaid with a PNR polymer. Black, green, and red numbers indicate PTh,
PANI, and PNR bands, respectively. The PNR itself was deposited on a gold-plated Pt plate, while
the other polymers were on non-gold-plated platinum plates. (Two-color numbers corresponds to
the same bands of different polymers).

In the spectrum of PTh (Figure 2a), a broad band in the interval 1550 to 1300 cm !
consists of several overlapping bands, from which two maxima at ca. 1439 and 1413 cm ™!
and a shoulder at 1494 cm ! are visible. These bands correspond to in-plane symmetric
(1439 and 1413 cm~!) and antisymmetric vibrations (1494 cm ') of the thiophene skeleton
with a dominant share of C=C bond vibrations. The band at 1219 cm ! was assigned to C-C
stretching vibrations of the thiophene ring and 1078 cm ! corresponds to C-H deformation
vibrations on this ring. The deformation vibrations of the PTh ring (C-5-C«’) are evident
by a typical band at 738 cm ! [35].
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In the spectrum of PANI (Figure 2c), C=C ring stretching and C=N stretching vibra-
tions [36] are visible at 1599 cm ! and 1510 cm ™1, respectively. The band at 1620 cm ! can
be assigned to the deformation mode of the -NH- group or the ring in-plane vibration of
—(C-C)Ar. Coupled C-N and C-C vibrations in PANI are observed at 1373 and 1231 cm !
and the band at 1180 cm~! tentatively corresponds to strain C-H vibrations. At 811 cm™1, a
characteristic band of out-of-plane deformation vibrations of the ring occurs [37].

After the formation of a bilayer film from PTh and PANI, the characteristic bands of
the outer PANI polymer (marked with green numbers: 1622, 1596, 1512, 1364, 1232, 1175,
and 804 cm™!) are observed in the spectrum (Figure 2b) as for PANTI itself, but it is also
possible to identify clearly PTh bands at 1495, 1438 and 731 cm~! (black numbers).

In the PNR spectrum (Figure 2e), broad bands of in-plane vibrations of the phenazine
ring were observed at 1570 cm~! (vibrations with a dominant share of C=C vibrations),
1371 and 1330 cm ™! (ring vibrations with a coupling of C-C and C-N vibrations). The first
mentioned band at 1570 cm ! is significantly shifted compared to the similar band in the
PANI spectrum (1599 cm '), which may be related to the fact that (i) the structure of the
polymer skeleton formed by neutral red polymerization is significantly different from the
structure of PANI, (ii) in the case of PANI, it is known from the literature [37] that the
position of the band is influenced by the redox state of the polymer and (iii) the underlying
material may also have a non-negligible influence [38]. The band at 1624 cm~! is attributed
to the deformation mode of the -NH- group and the in-plane —(C-C)Ar ring vibrations,
similar to PANL

After applying the third layer, namely PNR, bands of all three polymers are visible in
the collected spectrum (Figure 2d), the black numbers indicate the bands of the PTh layer
(738 cm™1), the non-overlapped modes of PANI are marked again in green (1593, 1508, 1231,
1174, 810 and 520 cm 1), the vibrations of the PNR skeleton somewhat overlapping with
bands of PANI (1620, 1379 and 1330 cm ') are marked in a combination of red and green.

The spectrum of the three-layer PTh-PANI-PNR system differs from the spectrum
of the two-layer Pt-Pth-PANI (Figure 2b), i.e., without PNR. Especially, the two bands
at 1379 and 1330 cm ! are well-pronounced (the shoulder at 1570 cm ™! is visible). The
three mentioned positions correspond reasonably to the maxima observed for the Au-PNR
system (Figure 2e). Hence, even overlapped with PANI bands, we can assign them to the
presence of PNR. The bands assigned to the PNR in the three-layer system are sharper and
narrower than for simple Au-PNR itself demonstrating better order of the outer PNR layer
on the middle PANI layer.

From the Raman spectra, it was found that also the structures of (a) PANI on the
underlying PTh layer and (b) PNR polymer on the PTh-PAN bilayer are better ordered,
as evidenced by narrower peaks in the spectra, than single corresponding layer systems—
(Pt-PANI and Pt/ Au-PNR). Raman spectroscopy of the rational set of single, double, and
three-layer electrode systems showed the formation of multilayer polymer films and their
ordering. The formation of the different three-layer systems was also examined when
the order of the second and third layers of the polymers was interchanged, that is for the
Pt-PTh-PNR-PANI (not shown here).

3.2.2. Electron Microscopy

SEM researched the coverage, homogeneity, and morphology of the prepared films.
It is undoubtedly evident from Figure 3 that each polymer has a different morphology
depending on the substrate used [13,25]. The PNR film on Pt itself, prepared from an
organic medium, forms a relatively homogeneous surface with visible spherical clusters
of different sizes (Figure 3a). Polythiophene homogeneously covers the platinum surface,
which is essential for shielding the influence of the underlying platinum (Figure 3b). PANI
itself has an entirely different structure, consisting of reasonably short nanofibers, which
is in accordance with the literature [23,24,32]. A consistent situation was observed in the
PTh-PANI system (Figure 3c). The PNR film on the PTh-PANI substrate is also in the form
of nanofibers (Figure 3d), but the PNR nanofibers are significantly longer and significantly
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create smaller clusters compared to the PTh-PANI system [23,24]. These results correspond
with the observation of narrow bands in the Raman spectra of the three-layer system.
Furthermore, the outer PNR layer can be partly dissolved in DMSO showing a reddish
solution [7].

Figure 3. Surface morphology of polymers prepared on different substrates, where the single PNR (a)
and PTh (b) polymer itself are deposited on Pt, the bilayer, where PANI is deposited on PTh (c) and
the three-layer, where PNR polymer is deposited on the PTh-PANI bilayer (d).

3.2.3. UV-Vis Spectrometry

UV-vis spectrometry was used as a specific method to characterize the PNR film
because both forms, NR monomer, and the formed polymer (PNR), are easily soluble in
DMSO, which allowed a direct comparison of UV—vis spectra. It is evident from Figure 4a
that both forms exhibit two absorption bands, but their intensities are opposite. The
monomer shows higher absorbance at a shorter wavelength than the polymer. Additionally,
the polymer band displays a much broader bandwidth at lower wavelengths. Table 2
shows band maxima for individual spectra for clarity.



Chemosensors 2023, 11,170

9o0f 16

a)

Absorbance (a.u.)

1.0

o
o
I

0.0

T
400

——NR b )

—— PNR ’
3
A
Q
(%)
c
©
el
S
o
(7]
Q2
<

T T 0.0 T T : r . T
500 600 700 350 400 450 500 550 600 650 700
Wavelenght (nm) Wavelenght (nm)

Figure 4. Comparison of UV-vis spectra of monomer and polymer form of NR (a) dissolved in DMSO
and (b) depending on the pH in 0.05 M MES solution with 0.1 M NaCl.

Table 2. The position of absorption maxima of the UV-vis bands of the monomer and polymer NR
spectra dissolved in DMSO.

Form Maximum I (nm) Maximum II (nm)
Monomer 456 541
Polymer 449 537

Furthermore, the dependence of the absorbance of both forms (monomer and polymer)
dissolved in DMSO on the pH in 0.05 M MES solution with 0.1 M NaCl was monitored
(Figure 4b).

It is obvious from the spectra that, in both forms, deprotonation of the NR phenazine
ring occurs with increasing pH of the solution [39,40] (Figure 5).

!

N CHs 4+ 2e-+2H* N CH,

Jij: jj

=

H,C—N N NH, HSC—Z N NH,
H

H H

3 3

Figure 5. Reaction scheme of NR protonation in the acidic medium [40].

A spectrum of the acidic form of NR with an absorption maximum at 530 nm (pH
4 and 5) was observed for the monomer, a spectrum of the neutral form of NR at pH 7
showing a single band at 461 nm (max) and a shoulder (marked sh) at 530 nm and the
spectrum of the base form of NR (absorption maximum at A = 453 nm; pH 8).

The spectrum of the polymer was similar, but the peaks were broader with slightly
shifted maxima compared to the monomer at basic pH, which was in agreement with the
literature [41], and the transition between the acidic and basic spectra occurred already at
pH 6 (see Table 3).
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Table 3. Positions of band maxima of monomeric and polymeric forms of NR as a function of pH.

pH Monomer Max (nm) Polymer Max (nm)
4 530 531
5 529 529
6 529 445 + sh * (530)
7 461 + sh * (530) 443
8 453 442

* sh—shoulder.

In our previous study, the interconnection of monomer units was hypothesized by
interpreting the set of !H-NMR and Raman spectra [7]. The newly completed study of
the UV-vis spectra now leads us to the somewhat modified and detailed conclusion that
NR units, next to the NH; group, are in PNR probably dominantly connected mutually
through the free position marked 6 (Figure 6a), rather than through the (positively charged)
nitrogen atoms inside the phenazine ring (Figure 6b), as the protonation of the phenazine
ring of the polymer is evident.

2 b) NH,
{ j % \/EJ
P — L

N _N\ \T

"\

Figure 6. Possible connection of NR units in the polymer (PNR) via the position marked 6 (a) or the
nitrogen of the phenazine ring NR (b). (Molecular formulas and optimized model structures are
drawn.).

3.3. Potentiometry
3.3.1. Potentiometric Response to Citrate

The prepared single, bi-, and three-layer systems were tested for citrate ions in 0.02 M
TRIS medium with 0.1 M KNOs. All electrodes except bare platinum show some response
to citrate ions (Figure S2 in Supplementary Materials). The determined potentiometric
parameters of the electrodes (slope, concentration range, linearity, and detection limit) are
shown in Table 4.
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Table 4. Evaluation of potentiometric parameter values of prepared electrodes on the concentration
of citrate ions.

PTh-PANI- PTh-PNR-

Parameters PNR PTh PANI PTh-PNR PNR PANI

(mvséﬁidse—l) 27 —535 —20.4 —254 ~18.0 ~195
Con‘(:l'vf)"mge 1075-10"' 102101 103-10"! 10510 10-6-101 10-4-10"

de(t::reﬁffllaet?éffRz 0.9927 1 0.9983 0.9814 0.9895 0.9893
DL* 6 4 -6 6 -6

M) 24 x 10 - 1.0 x 10 1.5 x 10 43 x 10 2.0x 10

* DL—practical detection limit.

PTh gives a super-Nernst (—53.5 mV decade ') response to citrate over a relatively
narrow concentration range. PANI itself responds to citrates with an almost theoretical
slope (—20.4 mV decade™!), but unlike the PNR electrode only in a narrower concentration
range. In the bilayer formed by PTh and PNR, the influence of the underlying PTh was
partially manifested, as the electrode showed a higher value of the slope than was observed
for the simple PNR electrode. If the middle layer was PANI, the parameters of the PNR layer
were improved (linear range, detection limit, and accuracy, Figure 7a). When switching
the order of the second and third layers, i.e., for the three-layer system formed in the
order PTh-PNR-PANI, no significant improvement in the response of PNR to citrates was
observed. The detection limits of these multilayer electrodes are comparable to or even
better than the detection limit of only PNR on platinum.

0.36 0.35

Q

S’

EMF (V) vs. Ag/AgCI

0.32 4

0.20 4

028 % :
0.24
0.10 4

(=2

© PNR ) -24.0 mV
e PTh-PANI-PNR ool ® ¢ D

0.25

0.20 o

0.15

EMF (V) vs. Ag/AgCI

T T T T 0.05 I ! ' I
-4 3 2 -1 7 6 5 4 3 2 R

log ¢ (M) log ¢ (M)

Figure 7. Potential response of modified PNR electrodes toward citrates in TRIS buffer with KNOj3
(a) comparison of PNR and three-layer electrodes (PTh-PANI-PNR), (b) influence of the thickness
(deposition time) of PTh layer.

The detection limit (DL) was calculated from the intersection of two lines, namely the
extrapolated linear part of the calibration line, in which the Nernst response applies with a
line parallel to the x-axis and whose position on the y-axis corresponds to the potential at
zero ion concentration [42].

When monitoring the effect of the preparation time of the PTh base layer on the
response of the electrode from PTh-PNR, it was found that the response slope for this
system increases with increasing polymerization time precisely due to the greater thickness
of PTh, and at the same time as the greater thickness of PTh, the concentration range of the
linear response of PNR electrodes decreases. Its considerable influence was evident here,
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while the change in the thickness of the underlying PTh affected the value of the initial
potential (shift) of the calibration dependence of the PNR electrode on the logarithm of the
citrate concentration (Figure 7b).

It is clear from these results that the properties of both outer and inner layers are
important here, which was observed earlier for a two-layer system composed of PPy films
containing various dopants [4,20,21]. The potentiometric response of a multilayer system
is primarily conditioned by the outer layer. The participation of the inner layer is related
to the permeability of the outer layer and the sensitivity of the inner layer to the tested
citrate ions.

3.3.2. Potentiometric Selectivity

The potentiometric selectivity coefficient values of multilayer electrodes for carboxylic
acid ions and ascorbates concerning citrates were determined by the FIM method. Only
those electrodes were used that gave a response to citrates in a sufficient concentration
range with an almost theoretical response, i.e., a bilayer electrode from PTh with PNR and
two three-layer systems (see Figure 8).

0.4, vot
log K&
A B C D E F
0.0 1 Citr
-0.4 - —_— —
Mal ——— -
0.8 4 Suc — — —
Asc c—
_1.2_
Adip—— —
189 Gt —
-2.0

Figure 8. Graphic representation of the potentiometric selectivity coefficients (log KE?;’J) for mul-
tilayer polymer electrodes labeled: PNR (A); PTh-PNR (B); PTh-PANI-PNR (C), PTh-PNR-PANI
(D); PTh-PPy-PNR (E) and PTh-PNR-PPy (F), where the abbreviations of individual carboxylates
are: Adip = adipate; Asc = ascorbate; Citr = citrate; Glut = glutarate; Mal = malate; Suc = succinate;

Malon = malonate; Mand = mandelate; Terep = terephthalate.

PNR layer prepared from acetonitrile on Pt has the greatest selectivity for citrate
compared to glutarate, malonate, adipate, and ascorbate (Figure 8 (electrode A)). Regarding
other ions (succinate, malate, mandelate, and terephthalate) the selectivity is much lower.
The use of PTh as a base material in a bilayer with PNR results in very slight changes in
the order of selectivity of citrates to other anions (only the exchange of the order of (a)
mandelate with terephthalate and (b) succinate with ascorbate compared to simple PNR
only). Nevertheless, the selectivity for citrates is greatly reduced in this specific PTh-PNR
case (Figure 8 (electrode B)).

In three-layer systems with non-specific polymers PANI and/or PPy as the outer
layer [5] (Figure 8 (electrode D and F)), changes in the order of selectivity are observed, and
at the same time, a significant influence of the order of applied polymers on the values of
the potentiometric selectivity coefficients is evident. Moreover, when non-specific PPy is
applied (as the third component) to PNR (Figure 8 (electrode E, F)), there is a great loss of
selectivity of the PNR layer to citrates against almost all investigated interferents [5].
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In the case of using PANI as the underlying PNR layer (Figure 8 (electrode C)), the
selectivity of the electrode towards adipate, succinate, malate, and terephthalate is im-
proved. On the contrary, this polymer system shows reduced selectivity towards malonate,
ascorbate, and mandelate. In the case of swapping PANI and PNR layers, where PANI is
the top layer (Figure 8 (electrode D)), there is no change in the order of selectivity, just only
its rather overall reduction. In this case, stronger 7-7 interactions of aromatic carboxylates
with conjugated non-specific polymer skeletons of thiophene, pyrrole, and aniline as well
are employed. In all three-layer systems, a high affinity to the anion of ascorbic acid is
also observed, which is because both PANI and PPy are redox systems in themselves, the
structure of which is easily changed by the presence of redox substances in the solution [4].
The selectivity of the polymer layers to citrates and to carboxylates with different num-
bers of -CHj- groups (malonates -CHj-, succinate —(CHy),-, glutarate -(CH;)3-, adipate
—(CH;)4-) varies, while it also clearly depends on the non-specific polymer PTh, PANI or
PPy used [5].

In general, it can be concluded that with a sufficiently thick layer of polymers that
do not show sensitivity to the tested ion, the influence of the underlying platinum surface
can be completely shielded, while only the response of the deposited polymer layers is
employed.

3.3.3. Electrode Response and Stability

The response time of the electrodes was tested for 1073-10~! sodium citrate. The
time to reach the terminal stable potential is in the range of 15-25 s following our previous
results [17]. The response time is similar for both the simple PNR electrode and the three-
layer electrode, but the potential of the multilayer electrode in citrate settled more stable.
Three-layer electrodes responded to citrate anions practically immediately after immersion
(see Figure S3 in Supplementary Materials).

Long-term stability of prepared single PNR and three-layer electrodes (PTh-PANI-
PNR) was comparable only with low drift, except for the first few measurements, where
the potential drifted several tens of mV for single PNR electrode and few mV for PTh-
PANI-PNR electrode. The stability of the electrodes is predominantly influenced by the
incorporation of oligomers and as well by the light rearrangement of the formed film [43].
The electrode parameters of modified electrodes (slope and concentration range) maintain
unchanged during this period (not shown here).

3.3.4. Potentiometric Determination of Citrate in Soft Drinks

Potentiometric determination of citrates in real soft drinks with different citrate content
(declared by the manufacturer) using PNR-modified electrodes was performed according
to our previously described experimental protocol (see Section 2.4.2. Real-World Sample
Analysis and ref. [17]) and the crucial calculated results are summarized in Table 5 in
comparison with published data of spectrometric determination. The content of citrates in
the sample was calculated based on the generally used relationship given in the literature
for the standard addition method [30].

Table 5. Determination of citrate content in g L ™! in two beverage samples using PNR electrodes by
the standard addition method [30] and reference methods (Figure S4) [17,44].

Sample PTh-PANI-PNR PNR (org) Electrodes Another Method (CE)  Another Method (Abs)
P Electrodes from the Reference [17] [44]
Mountain Dew 1.56 +£0.13 * 1.74 £ 027 * 1.37 £ 0.08 * 1.42
Gatorade 3.18+£0.21* 3.01+£025% 343 £0.19* 3.89

* Mean values of 5-6 determinations with confidence interval (sty/n) at the 95% level.

The accuracy of the potentiometric determination is higher for three-layer electrodes
approximately about 3% compared to simple PNR. The stability of the signal was also much
better than in the case of the simple PNR electrode [17]. This observation indicates the
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(above-mentioned) positive effect of the PANI underlying layer, which facilitates the easier
access of citrate ions to the electrode surface. In potentiometric determination, there is no
need to perform complex sample treatments and the analyses are very inexpensive due to
(a) the small consumption of both the sample and chemicals and (b) simple instrumentation.

4. Conclusions

Our results showed that the proposed concept of three selected and consecutively de-
posited polymer layers (PTh-PANI-PNR) as a sensing system is fully functional, applicable,
and advantageous compared to other existing systems. The potentiometric response of the
developed multilayer system was primarily influenced by the sensitive outer layer, but
with some slight participation of the chemically almost inert (middle and inner) layers.
In a multilayer system comprising of PTh, PANI, and PNR the order of layers and their
thickness influenced the selectivity of electrodes to carboxylates. The selectivity of the PNR
itself was improved by the presence of previously added polymer layers. In contrast to
the simple PNR electrode, the three-layer system (PTh-PANI-PNR) improves the crucial
parameters of the ion-selective electrode. Under appropriate preparation conditions, PANI
supports the binding properties of PNR. Although the preparation of a multilayer PNR
electrode is relatively laborious and time-consuming, the electrode modified in this way
exhibits significantly better electrochemical properties than simple systems. Mainly, it is
more stable, Pt surface interferences are eliminated. Moreover, the determination of citrate
in a real-world sample is much more accurate. We demonstrated the successful practical
application of the novel electrode as a potentiometric sensor of citrates for two real-world
examples of soft drinks available on the market.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /chemosensors11030170/s1, Figure S1: An example of evaluation
of detection limit and selectivity coefficient for a simple PNR electrode in citrate solutions on adipates
(A); terephthalates (B) background; Figure S2: Potential response of mono-, bi- and three-layer PNR
electrodes toward citrates in 0.02 M TRIS with 0.1 M KNOj3; Figure S3: Time response of simple PNR
and three-layer electrodes (Pth-PANI-PNR) in 0.001 M (3), 0.01 M (2) and 0.1 M (1) citrate; Figure S4:
Electrophoregrams of soft drinks for citrate determination. The citrate peak is marked by the blue
rectangle. References [17,30] are cited in the supplementary materials.
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