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Acid-assisted polymerization: the novel synthetic
route of sensing layers based on PANI films and
chelating agents protected by non-biofouling
layer for Fe** or Fe** potentiometric detection?

Rimeh Ismail, lvana Sedénkova, Jan Svoboda, Miroslava LukeSova,
Zuzana Walterova and Elena Tomsik @2 *

A new synthetic method for the fabrication of a sensing layer is presented. PANI films as an ion-to-
electron transducer were prepared via acid-assisted polymerization in concentrated formic acid
(HCOOH) in the presence of ethanol and ammonium persulfate (APS, as the initiator). The ratio of
monomer to ammonium persulfate was 1:0.1. 2,2-Bipyridyl, 1,10-phenanthrolin-5-amine, and
8-hydroxyquinoline were used as chelating agents that can complex Fe** or Fe®* ions. The proposed
sensors demonstrated an appropriate reproducibility with a rapid response to the presence of Fe?* or
Fe®* ions, even at T ~ 37 °C. It was revealed that the method of deposition of a chelating molecule
affects the response of sensors. The in situ deposition during acid-assisted polymerization leads to a fast
response compared to the layer-by-layer deposition. PMeOx/X;-PANI@FTO and PMeOx/Z;-PANI@QFTO
sensors exhibit rapid response and are considered a promising detection layer for Fe®* or Fe®*
ions respectively. We envision that this system can contribute to the next generation of advanced
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Introduction

Since the discovery of conducting polymers, polyaniline has
received high attention and has become a particular focus of
interest because of its wide application potential (adsorption,
catalysis, gas sensors, composite fabrications, etc.) and its
considerable advantages including ease of synthesis, low cost,
good environmental stability and excellent performance.'™
Several methods have been introduced for the fabrication of
PANI containing various types of nanostructures (nanospheres,
nanogranules, nanorods, nanoflowers, nanofibers, and nano-
tubes) with different properties.>™ It has been reported that the
synthesis of PANI is strongly influenced by aniline polymerization
conditions, such as the oxidant, solvent, electrode material, pH of
the electrolyte, temperature, chemical additives (oligoaniline and ©
bonding compounds), electrolyte composition, dopant anions,
etc.'>*® which are of great significance for controlling the poly-
merization and adjusting the molecular structures and the proper-
ties of polyaniline. Therefore, the optimization of the synthesis
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bio-sensors for the potentiometric detection of iron.

condition of PANI with specific physicochemical properties for
good performance applications is very important. PANI can be
prepared by different approaches such as chemical, electro-
chemical, electrospinning or templated polymerization.’”*
For example, a templated method can be used to obtain multi-
ple nanostructural polyanilines such as zero-dimensional nano-
spheres, one dimensional nanotubes, nanofibers and nanorods
and two-dimensional, nanosheets.”>*> However, polyanilines
produced by electrodeposition, templated method or electro-
spinning are limited because of their low yield and fussy
postprocessing.”> Chemical oxidative polymerization has a
large potential to be used in the field of synthesis technology
and is recognized as the major route for producing PANI with
controllable size and morphology. In this route, the evolution of
polymerization can be observed. In the beginning the mixture has
no color, which turns to blue and dark blue when dimers and
oligomers produced.** Generally, PANI is widely prepared by the
conventional oxidative polymerization of aniline with ammonium
persulfate (APS) in a concentrated acid solution (HCI) or a weaker
acid (acetic acid). Thus, several approaches for preparation of PANI
films have been reported.**>° But the polymerization process of
the desired morphologies and structures still represents a signifi-
cant challenge.

The current work is motivated by the fact that PANI has
gained a lot of interest in the fabrication of various sensors and
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biosensors owing to the richness of synthesis of PANI, and
considering that until now, no study related to the preparation
of PANI films by acid-assisted polymerization in the presence of
ethanol, has been reported so far. It describes a new synthetic
way of sensing layer preparation based on PANI films and
chelating molecules, coated by a non-biofouling layer made of
poly(2-methyl-2-oxazoline) (PMeOx) for the monitoring of Fe(u)
and Fe(m) ions. Firstly, a stable PANI solution was successfully
prepared by acid-assisted polymerization, while, three chelat-
ing molecules (2,2-bipyridyl, 1,10-phenanthrolin-5-amine, and
8-hydroxyquinoline) were deposited on top of the PANI layer
using two methods (drop-casting deposition and in situ deposi-
tion during polymerization). These two methods were investi-
gated by cyclic voltammetry (CV) and electrochemical
impedance spectroscopy (EIS) in order to evaluate the electro-
chemical performance of the developed sensing films. The next
step was to coat/protect the developed sensing layer with the
non-biofouling layer consisting of poly(2-methyl-2-oxazoline).
The final sensing layers were investigated using a potentio-
metric technique for its ability to detect Fe** or Fe*' ions
respectively at room temperature or/and 37 °C.

Results and discussion
Synthesis, assembly, and characterization of the sensing layers

In the current work we discovered a new chemical method of
aniline synthesis, which leads to the formation of stable PANI
suspension that could be deposited on any desirable surface.
The Video SV1 (ESIf), shows the PANI suspension after 6
months. A brief description of the acid-assisted polymerization
is as follows: aniline monomer is dissolved in concentrated
formic acid and a really small amount of the APS dissolved in
water is added (ratio aniline:APS is 1:0.1). In the discovered
synthetic procedure, the APS is not an oxidant (as is usually
presented for semiconducting polymer) but rather an initiator.
After 10 min, the reaction turns to a dark-green color, as is
usually observed in the synthesis of PANI when the monomer to
oxidant ratio is 1:1. In our case, the ratio of aniline:APS is
1:0.1, ten times less. To study the mechanism of aniline
polymerization (formation of cation radicals), the EPR signal
was recorded for 24 h, and the results are presented in Fig. 1.
It is well known that the formation of cation radicals in PANI is
either during chemical synthesis or when it’s in the oxidized/
protonated form.*® The presence of cation radicals in the
polymer structure is connected with the mechanism of electron
charge transfer. The electron paramagnetic resonance (EPR)
signal (Fig. 1) of aniline solution measured at ¢ = 0 h and 24 h
shows the presence of a sharp and narrow peak located at the
3355 G, confirming the presence of cation radicals in the
solution already from the beginning of aniline polymerization.
Based on these results we conclude that aniline polymerization
proceeds (initiation and propagation) via the formation of
cation radicals. However, to obtain the PANI it is not necessary
to have a high concentration of APS, as has been reported in the
literature so far. Note that the intensity of the peak increased
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Fig. 1 EPR spectra of PANI solutionatt = 0 hand t = 24 h.

after 24 h whereas the peak width 4 remained constant (see
Fig. 1).

It worth emphasizing that aniline polymerization in con-
centrated formic acid leads to the formation of a stable PANI
suspension - no precipitate is formed even after 6 months (see
Video ESI{ SV 1a-c). The PANI film could be obtained from this
PANI suspension at any desired surface simply by evaporation
of the formic acid at room temperature. Moreover, the new
acid-assisted polymerization method could be used to obtained
composite film if at the beginning of the polymerization
the desired additive is inserted. That was tested in the current
work also.

The next step was to determine the molecular weight of
PANI chains during acid-assisted polymerization. The matrix-
assisted laser desorption ionization time of flight mass spectro-
metry (MALDI-TOF) data (negative ionization mode was
applied) are recorded for solutions immediately after mixing
aniline and APS and after 48 h (see Fig. 2a). The detailed
investigation of aniline solution is presented in the ESI} Fig. S1.

It is observed that already at the beginning of polymeriza-
tion (¢ = 0 h) oligomers are formed with m/z = 542, 633 and 977,
corresponding to hexamer, heptamer, and decamer. After 48 h
(Fig. 2a), oligomers with longer chains were observed which can
be assigned to the PANI with 11, 12, and 13 repeat units (m/z =
970, 1059, and 1149, respectively). Between 24 h and 48 h, the
molecular weight did not increase, meaning that the reaction is
complete after 24 h (see the ESI Fig. S1). From these results
we can underline that the molecular weight of PANI chains
prepared by acid-assisted polymerization mainly consists of
oligomers. These oligomer chains are well-dissolved in concen-
trated formic acid, and that is why PANI suspension is stable
even after 6 months: no precipitation is observed.

The chemical structure of the PANI film prepared by acid-
assisted polymerization was confirmed by X-ray photoelectron
spectroscopy (XPS) analysis (see Fig. 2b). The XPS element full
scan spectrum is presented in the ESI;f Fig. S2. The XPS
spectrum of N 1s was deconvoluted into the following compo-
nent peaks: the signal located at ~399.1 eV, is assigned to

This journal is © The Royal Society of Chemistry 2023
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Fig. 2
deconvoluted XPS spectra of PANI@FTO.

imine group-N— and the signal at ~400.6 eV to the secondary
amine group -NH-.** The peak at 402.4 eV corresponds to
positively charged nitrogen atoms.*'*> The deconvolution of
the peak C 1s exhibits four peaks (Fig. 2b). The major peak at
285.0 eV can be associated with (C-C/C-H); the peak observed
at 286.4 eV can be attributed to (C-N/C-0), the peak at around
288 eV to C=O0, and the peak appearing at 289.3 eV can be
assigned to 0-C=0.%°

Since the PANI film was synthesized via the acid-assisted
polymerization method, it is interesting to investigate the
electrochemical properties of the PANI film. The cyclic voltam-
metry measurement of the PANI film deposited at the FTO support
was recorded and the result is shown in Fig. 3. The electrochemical
performance of the PANI film is measured in 0.1 M H,SO, in the
range between —0.1 and 0.8 V versus the Ag/AgCl reference
electrode, and proves that we obtained PANI with the oxidation
and reduction peaks similar to the one reported in the literature
for PANI obtained using other methods (chemical or electro-
chemical);*>” it means that the PANI film obtained by our new
technique could be used as the ion-to-electron transducer.

In general, we conclude that we have discovered a new
method to polymerize aniline by acid-assisted polymerization

This journal is © The Royal Society of Chemistry 2023
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(a) MALDI-TOF measurements recorded at t = 1 h and 48 h of PANI solution prepared by acid-assisted polymerization, and (b) the N 1s and C 1s
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Fig. 3 Cyclic voltammetry curves of PANI@FTO recorded at different
scan rates 10 and 50 mV s~ % in 0.1 M H>SO4.

with the formation of a stable PANI suspension, which could
be deposited as a thin layer on any support (conducting or
non-conducting). Such polymerization technique has not been
reported in the literature so far.
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(a) The procedure of the sensing layer assembly: acid-assisted polymerization of PANI solution and deposition on FTO, then drop-casting

deposition of the chelating molecule, and deposition of non-biofouling poly (2-methyl-2-oxazoline) layer, and (b) the procedure of sensing layer
preparation: in situ integration of chelating molecules during acid-assisted polymerization of aniline and deposition of the non-biofouling poly(2-methyl-

2-oxazoline) layer.

The next goal was a deposition of the chelating molecules in
order to chelate/detect ether Fe*" or Fe** ions. Three chelating
molecules were applied: 2,2-bipyridyl, 1,10-phenanthrolin-5-
amine and 8-hydroxyquinoline. The deposition was accom-
plished by two methods: (1) deposition of the individual
chelating solution on top of PANI film and its fixation by
cyclic voltammetry (see Scheme 1a), and (2) in situ incorpora-
tion of chelating molecules to the structure of PANI suspen-
sion with the following deposition of the composite film (see
Scheme 1b). The details of the applied solvents and experi-
mental conditions are presented in the Experimental part and
Table 2, and as a roadmap in the ESIf Fig. S3. Importance of
the discovery of acid-assisted polymerization method for PANI
suspension synthesis lay in the fact that a really small amount
of the initiator is used. The PANI film is formed easily at any
surface simply by evaporation of the formic acid at room

1548 | J Mater. Chem. B, 2023, 11, 1545-1556

temperature. After PANI film deposition is complete it is
washed to remove the residual of the initiator and/or formed
by-products.

The electrochemical and potentiometric performances of
the developed sensors obtained by these two methods are
investigated and the results are shown below.

Firstly, to prove that chelating molecules were successfully
attached to the PANI film Raman spectroscopy measurements
were conducted for PANI and the corresponding composites:
X-PANI@FTO, Y-PANI@FTO, Z-PANI@FTO, X,-PANI@FTO,
Y;-PANI@FTO, Z,-PANI@FTO, and the results are presented
in Fig. 4. All spectra, independent of the method of application
of chelating agents, confirm the formation of PANI films. The
main bands at about 1600 cm ™" and 1500 cm ™" are connected
with the C—C bending vibration in quinoid rings and the
—-C=N- stretching vibration of imine sites, respectively.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Raman spectroscopy (excitation laser of 785 nm) (a) PANI@QFTO,
X-PANI@FTO, Y-PANI@FTO and Z-PANI@FTO; and (b) PANI@FTO,
X1-PANI@FTO, Y;-PANI@FTO, and Z;-PANI@FTO.

The strong band at around 1176 cm ™' is assigned to the C-N
stretching in protonated emeraldine structures.

The changes in the molecular structure of the PANI film
after the drop-casting of the chelating molecules are reflected
in their Raman spectra (Fig. 4a). The spectral features are
connected with the presence of uncharged imine sites. The
new band at ~1455 cm ™" is observed linked to the stretching
vibration of the imine grouped in the emeraldine base.

The band at 744 cm ' is then connected with the imine
deformation of the C-N-C structure. Raman spectroscopy is the
general surface-sensitive method. The changes in the spectra of
the samples prepared by the layer-by-layer deposition reflect the
surface of the PANI film in interaction with the chelating
agents.

The incorporation of the chelating molecules in the PANI
suspension does not have any significant effect on the Raman
spectra of the PANI films (Fig. 4b). The spectra are close to the
spectrum of PANI prepared in the concentrated formic acid.

The only increase in the intensity of the band observed at
1350 cm ™' that can be attributed to the symmetric stretching

This journal is © The Royal Society of Chemistry 2023
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vibration of protonated C-N" segments with the bond inter-
mediate between single and double prevalent in the leucoemer-
aldine form of PANI.?®

Furthermore, characterization of the composite film based
on PANI and chelating molecules, and the effect of the non-
biofouling layer on the electrochemical performance, cyclic
voltammetry (CV) measurement with a scan rate of 50 mV s~*
and electrochemical impedance spectroscopy (EIS) at the open
circuit potential, was carried out. The results of the measure-
ments are presented in Fig. 5 and 6.

The CV of the PANI@FTO electrode was measured in 0.1 M
H,SO, with a scan rate of 50 mV s ". In the current study, only
one scan rate is chosen in order to analyze the interaction of
the chelating molecules with PANI and the effect of the non-
biofouling layer (PMeOx) on the electrochemical properties.

The CV of PANI has two redox peaks similar to the one
reported in the literature for PANI obtained using other
methods.*® The deposition of the chelating molecules by the
drop-casting method (see Fig. 5a) changed the profile of the CV
curves. In particular, the first oxidation peak is shifted to higher
oxidation potentials. Such behavior is explained by the inter-
action of the PANI film with the chelating molecules. It must be
emphasized that all chelating molecules affect the CV of PANI
in a similar way (see Fig. 5a). On the other hand, if chelating
molecules were incorporated into PANI during in situ acid-
assisted polymerization, the change in the CV was observed
only for X;-PANI@FTO and Z;-PANI@FTO developed electrodes
(see Fig. 5¢). Y;-PANI@FTO electrode shows similar CV to the
one obtained for PANI.

This tendency is explained by the chemical nature of the
chelating molecule (1,10-phenanthroline-5-amine). The chelat-
ing 1,10-phenanthroline-5-amine has an amino group in its
structure similar to aniline (see Table 2).

Based on this knowledge we proposed that 1,10-phen-
anthrolin-5-amine could also participate in the oxidation/
reduction process: the amino group could be oxidized and
reduced. The deposition of the protected layer - PMeOx - has
a small impact on the electrochemical performance of the
developed sensing films: the total oxidation and reduction
currents decreased due to the blocking of the surface by the
PMeOx film, see Fig. 5b and d.

The EIS of the developed sensing films was studied and used
as the proof of interaction between chelating molecules and
PANI from one hand, and as the successful deposition of a non-
biofouling layer on top of the X-PANI@FTO, Y-PANI@FTO,
Z-PANI@FTO, and X;-PANI@FTO, Y;-PANI@FTO, Z;-PANI@
FTO electrodes. The results of the recorded data are presented
in Fig. 6.

The EIS is a powerful method of analyzing the complex
electrical resistance of a system and is sensitive to surface
phenomena and changes of bulk properties, as well as for
determining capacitance or diffusion of ions at the surface.

Fig. 6 shows the EIS measurements of net PANI film,
PANI films with the chelating molecules (two methods of the
depositions), and developed sensing electrodes (chelating
molecules/PANI@FTO). It is obvious that the Nyquist plots

J. Mater. Chem. B, 2023, 11, 1545-1556 | 1549
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Fig. 5 Cyclic voltammetry curves of developed electrodes recorded at a 50 mV s~ scan rate in the potential window from —0.1V to 0.8 V vs. the Ag/

AgCl reference electrode in 0.1 M H,SO4.

change after chelating molecule deposition, see Fig. 6a and c.
In particular, the high value of the impedance is recorded for
the PANI film, and after chelating molecules were deposited the
imaginary part of the impedance decreased, proving the suc-
cessful attachment of the chelating molecules towards PANI.
It is also confirmed that the PMeOx layer was deposited on top of
X-PANI@FTO, Y-PANI@FTO, Z-PANI@FTO, and X;-PANI@FTO,
Y,-PANI@FTO, Z;-PANI@FTO electrodes (see Fig. 6b and d).

The impedance spectra were analyzed using equivalent
circuits, which is summarized in the Table 1.

In our case, two equivalent circuits were applied, which consist
of resistance, capacitance, Warburg impedance, and constant
phase element (CPE) connected either in parallel or in series.

The total resistance of the system (which includes resis-
tances of the electrolyte and film) is 27 Q for PANI@FTO, and
slightly decreases after chelating molecule deposition. It must
be emphasized that the deposition of the non-biofouling layer
only marginally changes the resistance of the developed elec-
trodes. It means that the protected PMeOx layer does not
decrease the electrochemical performance of the developed
sensing layers. The capacitance of the developed sensing films
does not decrease dramatically after the introduction of the

1550 | J Mater. Chem. B, 2023, 11, 1545-1556

chelating molecules and PMeOx, compared to the literature
data.*®*! Such behavior is explained by the formation of the
thin film of PMeOx on top of PANI film.

The method of chelating molecule deposition plays an impor-
tant role in the proposed circuit models: when it is drop-casting —
the resistance is connected in series with the capacitance; on the
other hand, if it is in situ acid-assisted deposition - the resistance is
connected parallel to the capacitance.

The corresponding sum of squares of the relative residuals
(5% value) for the fitting parameters could be found in Table 1.
The small value of the 4> proves that proposed models could be
applied to describe the composite films.

Potentiometric detection of the sensing layers towards Fe>* and
Fe** ions

In our study, new sensing layer for detection of Fe>" or Fe** ions
were produced. The chelating layer (which can detect selectively
iron ions) was deposited by two methods (see Table 2 and
Schemes 1a and b). In order to investigate the effect of the
deposition method of chelating molecules on the response of
the sensing layer to the presence of Fe** or Fe*' ions, a
potentiometric analysis was done in a 0.1 M solution of NaCl.

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Nyquist plots of developed (a) PANI@QFTO, X-PANI@QFTO, Y-PANI@FTO, Z-PANI@FTO, (b) PMeOx/PANI@FTO, PMeOx/X-PANI@FTO, PMeOx/
Y-PANI@FTO, PMeOx/Z-PANI@FTO, (c) PANIQFTO, X;-PANI@FTO, Y1-PANI@FTO, Z;-PANI@FTO, and (d) PMeOx/PANI@FTO, PMeOx/X;-PANI@FTO,
PMeOx/Y1-PANI@FTO, PMeOx/Z;-PANI@FTO electrodes measured in 0.1 M HCl at open circuit potentials.

The precaution was taken for the potentiometric detection of Fe**
ions; particularly, the studied solution was purged with nitrogen
gas to eliminate dissolved oxygen. This procedure is necessary in
order to avoid the oxidation of Fe** ions to Fe** ions.

Based on our previous work,*" the 2,2 bipyridyl and 1,10-
phenanthrolin-5-amine  (PMeOx/X-PANI@FTO, PMeOx/X;-
PANI@FTO, PMeOx/Y-PANI@FTO, and PMeOx/Y;-PANI@FTO)
were tested to complex Fe** ions, and the results are presented
in Fig. 7. It was found that PMeOx/X-PANI@FTO and PMeOx/X;-
PANI@FTO are sensitive towards Fe?" ions but in the different
concentration ranges (Fig. 7a and b respectively). Note that
PMeOx/X;-PANI@FTO is more sensitive compared to PMeOX/
X-PANI@FTO and exhibits a slope value of 192.67 £+ 6.2 mV per
decade (n = 5). This behavior could be explained by the method
of the chelating molecules deposition. When 2,2 bipyridyl is
introduced during acid-assisted polymerization of PANI it
forms a composite with the PANI chains and could be more
sensitive towards Fe>" detection, even though in a much higher
concentration range compared to the drop-casting deposition
method.

This journal is © The Royal Society of Chemistry 2023

The 1,10-phenanthrolin-5-amine chelating agent does not
have sensitivity towards Fe** ions compared to 2,2 bipyridyl
(Fig. 7d) if the method of deposition is acid-assisted poly-
merization. The possible explanation for such behavior is
unknown to us.

The drop-casting deposition of 1,10-phenanthrolin-5-amine
does not give a sensitive composite layer (Fig. 7c) compared to
2,2 bipyridyl (Fig. 7a). Only in a very narrow concentration
range (25 to 50 pM) does the PMeOx/Y-PANI@FTO electrode
detect Fe*" ions and exhibit a slope value of 64.5 4 2.2 (n = 5).

The 8-hydroxyquinoline agent is used to prepare the PMeOx/
Z-PANI@FTO and PMeOx/Z;-PANI@FTO electrodes and these
electrodes were tested for Fe®' ion detection, as reported
earlier.*" The results of the potentiometric measurements are
shown in Fig. 8. It is obvious that the PMeOx/Z,-PANI@FTO
electrode shows an immediate response to the presence of
Fe*" ions and has a slope value of 16.2 4+ 0.6 mV per decade
(R? = 0.9898, n = 5), and the theoretical value is 19.6 mV. Based
on these results we conclude that the PMeOx/Z;-PANI@FTO
electrode is the most promising sensor for real applications.
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Table 1 EIS data fitted with the equivalent circuit
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Developed sensing electrodes” R(Q) C (mF) C, (nF) C, (mF) W (mMho) CPE (mMho s N) Error (%)
PANI@FTO 27 32 8.21 46.5 0.0040
X;-PANI@FTO 26 2.81 5.93, n = 0.632 0.019
Y;-PANI@FTO 24.1 8.35 38.9 0.011
Z,-PANI-FTO 24.6 5.68 20.7 0.051
PMeOx/X;-PANI@FTO 27.9 16.5 3.99 13.1 0.2911
PMeOx/Y;-PANI@FTO 22.7 24.3 10.1 61 0.0742
PMeOx/Z,-PANI@FTO 22.7 24.3 10.1 61 0.074
X-PANI@FTO 26.4 16 6.29 54.2 0.0756
Y-PANI@FTO 25.7 15.9 6.78 25.8 0.092
Z-PANI-FTO 27.1 16.8 12.9 321 0.23
PMeOx/X-PANI@FTO 24.7 23.6 8.32 43.1 0.0848
PMeOx/Y-PANI@FTO 22.7 24.3 10.1 61 0.074
PMeOx/Z-PANI@FTO 30.8 16.2 7.52 12.6 0.871

“ Models of equivalent circuits that were applied.

(a)

a) X;-PANI@FTO, Y;-PANI@FTO and Z;-PANI@FTO, b) PANI@FTO, X-PANI@FTO, Y-PANI@FTO, Z-PANI@FTO, PMeOx/X-
PANI@FTO, PMeOx /Y-PANI@FTO, PMeOx /Z-PANI@FTO, PMeOx/X;-PANI@FTO, PMeOx /Y,-PANI@FTO and PMeOx /Z;-
PANI@FTO

Table 2 The detailed names and procedures for the developed sensing electrodes

Deposited chelating molecules and PMeOx

Deposition method

Names

Quantity/volume

2,2-bipyridyl

7 N \

—N
1,10-

phenanthrolin-5-

amine

=

NH,

N
8-

hydroxyquinoline

X
&
N

A
&
N

Drop-casting
In situ deposition

Drop-casting
In situ deposition

Drop-casting
In situ deposition

Based on these results, our next goal was to measure the
potentiometric response of PMeOx/Z; PANI@FTO at 37 °C,
relevant to the human body, and the results of the measure-

ments are presented in Fig. 9.

At higher temperature the slope value is 26.1 + 1.1 mV per
decade (R* = 0.9791, n = 5). We explain the slight decrease
in sensitivity of the developed sensor PMeOx/Z;-PANI@FTO
towards Fe®' ions, due to the diffusion processes that take

place at higher temperatures.
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PMeOx/X-PANI@FTO
PMeOx/X,-PANI@FTO

PMeOx/Y-PANI@FTO
PMeOx/Y,-PANI@FTO

PMeOx/Z-PANI@FTO
PMeOx/Z,-PANI@FTO

Experimental

Materials

(0.015 g) in 1 mL of DMSO
(0.015 g) in 1 mL of HCOOH

(0.019 g) in 1 mL of DMSO
(0.019 g) in 1 mL of HCOOH

(0.014 g) in 1 mL of ethanol
(0.014 g) in 1 mL of HCOOH

Formic acid (Sigma Aldrich, Czech Republic), ammonium
peroxydisulfate (Lach-ner, Czech Republic), ethyl alcohol
(99.8%, Sigma Aldrich, Czech Republic), and analytical grade
aniline (Lach-ner, Czech Republic, p.a.), were used to prepare
PANI films. Poly(2-methyl-2-oxazoline) was used as a non-
biofouling layer and was synthesized according to ref. 33.

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Potentiometric detection of Fe®* ions by PMeOx/X-PANI@FTO,
electrodes.

2,2-Bipyridyl, 1,10-phenanthrolin-5-amine, and 8-hydroxy-
quinoline (Sigma Aldrich, Czech Republic) were used in the
experiments as received without further purification. Dimethyl
sulfoxide (DMSO, Lach-ner, Czech Republic), ethyl alcohol (99.8%,
Sigma Aldrich, Czech Republic), and formic acid (HCOOH) were
used as solvents to dissolve the chelating molecules. Iron(um)-
chloride hexahydrate (Sigma Aldrich, Czech Republic) and
iron(u) chloride (Sigma Aldrich, Czech Republic) were used to
study the sensing ability of electrodes. FTO glass was also used as
a support after washing and drying in the oven.

Synthesis of polyaniline and deposition on the FTO support
(PANI@FTO)

Acid-assisted polymerization was carried out at room tempera-
ture in the presence of ammonium peroxydisulfate as follows:
0.1 mL of aniline (1.6 x 10~ * M) was dissolved in 4.7 mL of

This journal is © The Royal Society of Chemistry 2023
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PMeOx//X;-PANI@FTO, PMeOx//Y-PANI@QFTO and PMeOx/Y;-PANI@FTO

concentrated formic acid (HCOOH) and 1 mL of ethanol
(C,H50H). Ammonium peroxydisulfate (APS: 1.02 x 10™* M,
0.0235 g in 1 mL of water) was added, as an aqueous solution,
dropwise into the mixture. The monomer to oxidant molar ratio
is 1:0.1. After the polymerization was complete, the resulting
solution was deposited on FTO glass by drop-casting followed
by washing with 5.0 M aqueous formic acid and drying at room
temperature as presented by Scheme 1a and b.

Chelating molecules

Three molecules (2,2-bipyridyl, 1,10-phenanthrolin-5-amine
and 8-hydroxyquinoline) were used as a chelating agent to
coordinate the Fe** or Fe*" ions respectively. Two methods
are applied to make a composite with PANI: the 1st method
corresponds to drop-casting deposition (see Scheme 1a), indi-
vidual chelating molecules were dissolved in a specific solvent

J. Mater. Chem. B, 2023, 11, 1545-1556 | 1553
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Fig. 8 Potentiometric detection of Fe*" ions by PMeOx/Z-PANI@FTO
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Fig. 9 Potentiometric detection of Fe** ions by PMeOx/Z;-PANI@FTO
measured at 37 °C.

1554 | J. Mater. Chem. B, 2023, 11, 1545-1556

View Article Online

Journal of Materials Chemistry B

(see Table 2) and then carefully applied to PANI@FTO film; the
2nd method is the in situ incorporation of chelating molecules
during acid-assisted polymerization of aniline (see Scheme 1b).

Drop casting deposition of the chelating agent layer. 0.1 M
of a chelating agent (see Table 1) was dissolved in 1 mL of
solvent and then deposited on top of the PANI@FTO
(Scheme 1). The PANI layer was firstly fixed by applying the
cyclic voltammetry technique (scan rate 50 mV s~ *, 10 cycles) in
HCI (0.1 M) before the deposition of the individual chelating
molecule layer. DMSO was used as a solvent to dissolve the 2,2-
bipyridyl or 1,10-phenanthrolin-5-amine and ethanol was used
as a solvent to dissolve the 8-hydroxyquinoline (Table 2).

The X-PANI@FTO, Y-PANI@FTO, and Z-PANI@FTO electro-
des were obtained.

In situ incorporation of the chelating agent during acid-
assisted polymerization. The in situ incorporation of the chela-
ting agent during acid-assisted polymerization of aniline was
performed by dissolving 0.1 mL of aniline in 3.7 mL of
concentrated formic acid and 1 mL of ethanol. Afterward,
0.1 M of a chelating agent (see Table 2) was separately dissolved
in 1 mL of concentrated formic acid and added to the mixture.
Then the aqueous solution of ammonium peroxydisulfate (APS,
0.0235 g in 1 mL of water) was slowly added to the mixture.

The X;-PANI@FTO, Y;-PANI@FTO, and Z,;-PANI@FTO elec-
trodes were obtained.

Deposition of the PMeOx layer at PANI@FTO

Non-biofouling layer poly(2-methyl-2-oxazoline) (PMeOx)
solution (molecular weight of 2 kDa) was deposited on X-
PANI@FTO, X,-PANI@FTO, Y-PANI@FTO, Y;-PANI@FTO, Z-
PANI@FTO, and Z;-PANI@FTO. The obtained electrodes were
finally dried at room temperature followed by applying the
electrochemical cyclic voltammetry method in acetonitrile in
order to fix PMeOx.

Methods

The following techniques are used for the characterization of
materials: Raman and X-ray photoelectron spectroscopy (XPS)
spectroscopy, Electron Paramagnetic Resonance (EPR), MALDI-
TOF mass spectroscopy, electrochemical techniques (cyclic voltam-
metry (CV), and electrochemical impedance spectroscopy (EIS)).

Raman spectra of PANI@FTO and (X-PANI@FTO, X;-PANI@
FTO, Y-PANI@FTO, Y,-PANI@FTO, Z-PANI@FTO, and Z,-PANI@
FTO) were acquired on Renishaw InVia microspectrometer
equipped with a Leica DM LM microscope. The spectra were
measured with two excitation lines, Ag laser 514 nm and NIR
diode laser 785 nm with gratings 2400 lines mm ™" and 1200 lines
mm ", respectively.

X-Ray photoelectron spectroscopy (XPS) measurements were
carried out on a K-Alpha+ spectrometer (ThermoFisher Scien-
tific, East Grinstead, UK). The samples were analysed using a
micro-focused, monochromated Al Ko X-ray source (400 pum
spot size) at an angle of incidence of 30° (measured from the
surface) and an emission angle normal to the surface. The XPS
spectra were fitted with Voigt profiles obtained by convolving
Lorentzian and Gaussian functions.

This journal is © The Royal Society of Chemistry 2023
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The electron paramagnetic resonance (EPR) measurements
of the PANI solution were performed using an EPR spectro-
meter in the X-band Bruker ELEXSYS E 500 with 100 kHz field
ac modulation for phase-lock detection.

MALDI-TOF mass spectroscopy was obtained on a Bruker
MALDI-TOF spectrometer using trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene] malononitrile as a matrix in the
negative ionization mode. Electrochemical characterization of
the electrodes was carried out in two electrode cell configura-
tions using an AUTOLAB PGSTAT302N potentiostat with a
FRA32M Module and Nova 2.1 software. A Pt sheet (1.2 cm?)
was used as the counter electrode, and Ag/AgCl (3 M KCl) was
used as the reference electrode. Cyclic voltammetry was mea-
sured in the potential window from —0.1 to 0.8 V vs. a Ag/AgCl
reference electrode with 10 and/or 50 mV s~ ' scan rates in an
aqueous solution of H,SO, (0.1 M) or HCI (0.1 M). Electro-
chemical impedance spectroscopy (EIS) was performed in the
frequency range from 10 kHz to 0.1 Hz at open circuit potential
(OCP) in aqueous solution of HCI (0.1 M).

The potentiometric measurements were performed in 0.1 M
NaCl and were measured using a 6-channel high-input-
impedance voltmeter with the input impedance of 1010 Q
(Lawson Laboratories, Malvern, PA, USA). The developed sensing
electrodes were immersed in the solution and when the potential
drift was not detected the studied ions were added (started from
the low concentration); the solution was stirred for 3 min and after
4 min the signal was recorded. The measurements were done at
room temperature or at 7'= ~37 °C.

Conclusions

In summary, it is shown for the first time that PANI could be
synthesized by acid-assisted polymerization, which gives a stable
PANI suspension. The PANI suspension can be deposited on any
surface with the formation of a reproducible and stable film for
various applications. It is a new synthetic way to obtain a stable
PANI suspension. Up to now, the detailed mechanism of aniline
polymerization is still unclear, and this is a shortcoming. However,
numerous experiments are undergoing and we expect in the nearest
future to come up with an explanation. The three chelating mole-
cules (2,2-bipyridyl, 1,10-phenanthrolin-5-amine, and 8 hydroxyqui-
noline) are introduced directly into PANI during synthesis or drop-
casted on top of the already formed PANI film. The potentiometric
analysis reveals that the composite, PMeOx/Z;-PANI@FTO, obtained
via the in situ method has high sensitivity toward the detection of
Fe®" ions. The proposed sensors demonstrated reproducibility with
a rapid response to the presence of Fe*" ions, even at T ~ 37 °C.
We envision that this system can contribute to the next generation
of advanced bio-sensors for the potentiometric detection of iron.
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