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Electrochemical and surface characterization of DES polymer modified electrodes

Application of PMBpgs modified electrodes to the detection of ascorbate



Abstract

Electropolymerization in deep eutectic solvents (DES) as a new class of “green” solvents, was
employed to prepare poly(methylene blue) (PMB) polymers with different nanostructured
morphologies. PMB films were synthesized on glassy carbon electrodes by potential cycling
from a mixture of 90% ethaline (choline chloride : ethylene glycol) and 10% aqueous
solution with different ionic composition, i.e. Na*, SO,%, ClOs, NO3, CI. The scan rate
during polymerization was the key parameter in controlling film structure, confirmed by
scanning electron microscopy. Electrochemical characterization of the polymers demonstrated
differences in the electrochemical voltammetric and impedance properties of all synthesized
PMB films. The PMB film obtained at 150 mV s polymerisation scan rate with stirring,
formed nanostructured ordered and granular films, was shown to have superior
electrochemical properties. Electrochemical quartz crystal microbalance gravimetry was used
to quantify the amount of deposited film and probe the polymerization mechanism. PMB film
modified electrodes obtained in optimized DES media at different scan rates were tested for
ascorbate sensing, in order to establish the most suitable PMBpgs film for (bio)sensing

applications.

Keywords: nanostructured polymer film; poly(methylene blue); deep eutectic solvent;

ethaline; electropolymerization; electrochemical sensor.



1. Introduction

The use of redox phenazine polymers has been shown to be efficient in many (bio)analytical
applications, and methods to synthesize polymeric films with new nanostructured and
controlled structures are still being investigated. Electrochemical methods prevail in the
selective modification of electrodes, since they offer the possibility to tailor polymer structure
by simply adjusting the electrochemical parameters [1]. Moreover, it has been shown that the
medium used for the electrochemical synthesis of conducting/redox polymers has a strong
influence on the structure, and therefore the properties of the obtained polymer films,

especially the electronic conductivity [2, 3].

The use of deep eutectic solvents (DES) has emerged as an alternative in polymer synthesis
and has shown to be successful in the preparation of advanced materials with controlled
structure [4]. DES are molecular complexes, liquids at ambient temperature, formed between
suitable hydrogen bond donors (HBD) and acceptors mixed in a specific mole ratio to enable
the decrease of the resulting mixture’s melting point, to a much lower temperature than that of
the components. DES have the characteristics of ionic liquids, such as extended working
temperature range, wide electrochemical window (important in electrochemical synthesis of
polymers, which usually require the generation of radicals at high overpotential) and good
chemical stability, but are easier to prepare, cost effective and biodegradable [4, 5]. Several
nanomaterial syntheses have been reported in DES, namely shape-controlled nanoparticles,
electrodeposited films, metal—-organic frameworks, colloidal assemblies, hierarchically porous
carbons, and DNA/RNA architectures, where DES can act as template, carbon or metal source
and as reactant or auxiliary agent for synthetic processes [6]. Some DES parameters, such as
viscosity, polarity, surface tension, can have a strong influence on the structure of the
synthesized materials, mainly because of their control on species’ reactivity and mass

transport properties [6]. Recently, it has been shown that addition of water between 5 to 10 wt



% to DES improves their mass transport and conductivity characteristics. The addition of
water introduces a second HBD and the relative interactions between the anion/cation and

both HBDs will change the diffusion coefficients of each component [7, 8].

In electrochemistry, DES have been mostly employed for the electrodeposition of metals,
alloys and semiconductors, in cases where the processes are difficult to achieve in aqueous
solutions, since, due to hydrogen evolution, electrodeposition in water is generally limited [9-
13]. The electrosynthesis of polymers in DES is still little explored; to the best of our
knowledge only 5 papers report the use of DES for polymer electrosynthesis, i.e. for PEDOT
[2, 14], PANI [3, 15], and recently for 3-aminophenylboronic acid, a derivative of aniline
[16]. It was highlighted that the resulting polymers synthesized from DES had a higher

electronic conductivity than their analogues synthesized in aqueous media.

This work describes for the first time the electrodeposition of the phenazine polymer
poly(methylene blue) on glassy carbon electrodes (GCE), in solutions of methylene blue
monomer dissolved in ethaline with 10% (v/v%) water content and different concentrations
and ratios of ions, i.e. Na*, SO,%, ClO,, NOg, CI". Polymers obtained in different DES media
(PMBpgs) and at different scan rates from 50 to 500 mV s (PMBpgs50-500) were
synthesized and characterized in order to choose the best conditions for PMB film formation.
Scanning electron microscopy (SEM) was used to identify the different nanostructured
polymer films obtained in the optimized DES composition medium at different scan rates,
their structures being correlated with the electrochemical properties observed by cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS). A PMB film-modified
electrode was also prepared in optimized aqueous medium for comparison purposes (PMBy).
Electrochemical quartz crystal microbalance (EQCM) studies enabled the determination of

the mass deposited during MB polymerization and the polymerization mechanism.



Application to ascorbate sensing, evidenced the polymer with best properties for use as
(bio)sensors.

2. Experimental
2.1. Reagents and solutions

All reagents were of analytical grade and were used without further purification. Millipore

Milli-Q nanopure water (resistivity>18 MQ cm) was used for the preparation of all solutions.

Methylene blue, choline chloride, ethylene glycol, L-ascorbic acid (AA), potassium chloride,
hydrochloric acid (37%), nitric acid (65%), sodium hydroxide, dibasic potassium phosphate
sodium tetraborate, sodium sulphate were purchased from Sigma Aldrich, Germany.
Perchloric acid (70%), potassium chloride and monobasic sodium phosphate were obtained

from Fluka, Switzerland.

For electrochemical sensing studies, the supporting electrolyte was 0.1 M KCI solution
containing 5 mM HCI (pH = 4). All experiments were carried out at room temperature (251

°C).

2.2 Instrumentation

Electrochemical experiments were performed in a three electrode cell, containing the glassy
carbon electrode (GCE-geometric area 0.00785 cm?) as working electrode, a Pt wire counter
electrode and an Ag/AgCl (3.0 M KCI) reference electrode, using a potentiostat/galvanostat
p-Autolab system (Metrohm-Autolab, Netherlands). Before each use, the surface of the GCE

was cleaned with diamond spray (1 Micron) and polishing paper (Kemet, UK).

EIS experiments were carried by using a potentiostat/galvanostat/ZRA, (Gamry Instruments,
Reference 600). A root mean square (rms) perturbation of 10 mV was applied over the

frequency range 65 kHz—0.1 Hz, with 10 frequency values per frequency decade.



An EQCM 10 M, Gamry Instruments, containing a graphite quartz crystal (QC) with 10 MHz

central frequency was used for the gravimetric studies.

A scanning electron microscope (SEM) (JEOL, JSM-5310, Japan) was used to characterize

the morphology of the different PMB films deposited on carbon film electrodes.

The pH measurements were carried out with a CRISON 2001 micro pH-meter (Crison

Instruments SA, Barcelona, Spain).

2.3. Preparation of MB polymerization solution

Ethaline was obtained by mixing a quaternary ammonium salt (choline chloride) with a HBD
(ethylene glycol) in a 1:2 molar ratio, heating to 60°C, following pre-treatment of the solid
choline chloride by heating it up to 100 °C to evaporate any water. After cooling down to
room temperature, ethaline is ready to use for the preparation of the MB polymerization
solution. MB was dissolved first in aqueous solution containing a mixture of NaOH and
HCIO, in different concentrations and ratios (see Table 1). Ethaline was added to this
solution, so that the final concentration of monomer was 5 mM in a mixture of 10% v/v
aqueous solution: 90 % v/v ethaline, which was thoroughly stirred and sonicated in the

ultrasound bath.

A uniform and reproducible PMBpes film was obtained by cycling for 30 scans in the
potential range -0.6 — +1.2 V; different scan rates were investigated, between 50 to 500 mV s
! and the films obtained were designated as PMBpgs50-500. The polymerization was
performed in a stirred solution, with a magnetic stirrer set at 450 rpm. For comparison

purposes, PMB was also prepared in aqueous medium, in a solution containing 1 mM MB in

0.025 M Na,B40; + 0.1 M Na,SO, (pH 9.2), at a scan rate of 50 mV s, as in [19].



2.4. Analysis of ascorbate

The analysis of ascorbate analysis was done in a 2 mL cell, the GCE/PMBpgs or GCE/PMBy
acting as a working electrode. Aliquots of a 50 mM AA standard solution were added, under
continuous magnetic stirring, the additions corresponding to 10 or 20 uM ascorbate in the

final volume. The current was recorded at a fixed applied potential of 0.2 V vs Ag/AgCl.

Standard solutions of 10 mM ascorbic acid (AA) were freshly prepared and kept at 4 °C in a

refrigerator before use.

3. Results and discussion
3.1. Optimization of electropolymerization procedure

3.1.1. Optimization of DES solution composition

In the synthesis of electropolymerized polymer films, the content of dissolved monomer in the
solution is a critical factor in the growth mechanism of the polymer, and therefore on its
properties [17, 18]. While the use of a monomer solution that is too concentrated can lead to
an inhomogeneous and disordered polymer structure, which can hinder electron transfer
through the polymer network, a too dilute monomer solution can lead to the formation of very
thin, ordered films with smaller anodic/cathodic peak currents. The content of MB in aqueous
solution was found to be optimum at 1 mM [19], but since the rate of diffusion and mass
transport in DES are different, various concentrations from 1 to 10 mM MB in ethaline were
evaluated. Due to the fact that in pure ethaline the monomer is not very soluble, MB was first
dissolved in 1 M NaOH aqueous solution, followed by the addition of ethaline and HCIO,, to
finally obtain 10% v/v aqueous: 90 % ethaline with 0.1 M NaOH and 0.1 M HCIQO, in the
final mixture. The choice of best monomer concentration was made considering the values of

the anodic and cathodic peak currents at the PMB modified electrodes, measured in 0.1 M
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KCl and 5 mM HCI aqueous solution, at 50 mV s™ (results not shown). It was observed that
there is a large, almost linear, increase in the peak current at PMBpes/GCE up to 5 mM MB,
above which it remained almost constant for the films obtained using 6 to 10 mM MB. On

this basis, a 5 mM monomer concentration was chosen for further studies.

It was observed in a previous study on the polymerization of EDOT in DES, that the content
of DES plays an important role in the polymerization process, especially in terms of the anion
type and concentration [2]. Therefore, the second step in optimizing the procedure of MB
polymerization from ethaline was to use different acids as anion sources, namely HCI, HCIOy,
HNO;3; and H,SO,4. The amount of NaOH necessary to dissolve MB was also varied. Cyclic
voltammograms recorded in the presence of different acids are displayed in Figure 1, and as
observed from the polymerization profiles, the use of HNO3; was not favourable for polymer
formation, while the other three acids led to the deposition of PMB. Polymerization occurs
with the formation of radical cations, in one step at +0.76 V in HCI, and in two steps at +0.71
and +1.0 V vs Ag/Ag/Cl, in HCIO,. During polymerization, the anodic peak current (-0.26 V)
of the monomer, decreases and shifts towards more positive values i.e. -0.11 V in HCI, and -
0.06 V in HCIO4. The cathodic peak remains at the same potential, the current remaining
nearly constant in HCI, and decreasing in HCIO,4. The polymerization profile in H,SO4 was
similar to that observed in HCIO4, with the difference of higher anodic currents corresponding
to radical formation. Even though the increase in the anodic peak current was more evident
for the PMBpes film obtained in HCI, film stability was very poor, and it immediately

detached itself from the electrode when testing in 0.1 M KCI + 5mM HCI.

Higher faradaic currents were recorded at PMBpgs films obtained in H,SO4 and HCIO4, and,
therefore, different concentrations of these two acids in combination with different
concentrations of NaOH were tried. The PMBpgs films obtained were tested in (0.1 M KCI +

5 mM HCI) aqueous solution, the corresponding total faradaic current, peak separation and
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capacitance values from analysis of the CVs being shown in Table 1. As observed, the
capacitance values, calculated in the non-faradaic region of the CVs, at +0.6 V vs Ag/AgCl,
vary depending on the medium, probably due to differences in the polymer film structure.
Comparing the values in Table 1, it can be seen that the use of a higher concentration of
NaOH led to a substantial decrease in the anodic and cathodic peak currents. The lowest peak
separation of only 38 mV was obtained for the PMBpgs film deposited in the presence of 0.1
M NaOH and 0.1 M HCIO,4. This medium was therefore chosen for further polymerization

studies.

3.1.2. Optimization of electropolymerization scan rate

The influence of the electropolymerization scan rate was investigated in the optimised DES
medium and MB concentration, owing to its influence on the mass transport of monomer
from bulk solution to the electrode surface. Polymerization carried out at slow scan rate,
between 5 to 50 mV s™, were not very successful, the peak current attributed to polymer
formation remaining lower than that of the monomer, see Figure 2a. At higher scan rates, the
polymer peak currents begin to be higher than those of the monomer; in addition, stirring the
solution further improves the polymerization rate, with even higher currents (Figure 2 b-d).
Stirring leads to a higher monomer concentration in the vicinity of the electrode surface, in

the rather viscous DES media.

Cyclic voltammograms recorded at GCE modified, with PMBpgs deposited at different scan
rates, in (0.1 M KCI + 5 mM HCI) aqueous solution are displayed in Figures 3a and b, and the
values of the corresponding anodic and cathodic peak currents are shown in Figure 3c. As
observed in Figure 3a, the peak currents corresponding to polymer films obtained at scan rates
from 50 to 150 mV s increase linearly with the scan rate. The polymers PMBpgs200 and

PMBpes250 show similar CV profiles with slightly lower peak currents compared to



12

PMBpes150; however, for scan rates higher than 300 mV s, the peak current values decrease
substantially. Figure 3c shows that PMBpgs150 had the highest peak currents, followed by
PMBpes obtained at 250, 200 and 100 mV s™. It is well known that scan rate influences the
morphology of the electrodeposited films, since it controls both the diffusion rate from bulk
solution to the electrode surface and also the rate of the electrode processes. Probably in 10%
v/v aqueous solution: 90% v/v ethaline, at 150 mV s there is optimum combination of fast
electrode kinetics with sufficient monomer arriving from bulk solution that enables the

formation of polymer morphologies with the best electrochemical properties (see Section 3.2).

Figure 3d shows CVs recorded at PMB,, and PMBpes150 films, and it can be clearly seen
that the latter exhibits substantially higher faradaic currents, demonstrating the advantage in
using DES for the synthesis of PMB. The same tendency was observed for the polymer
PEDOT when formed by electropolymerisation in DES [2]. The increase in both faradaic and
capacitive currents can be correlated with the formation of nanostructured films (see Section

3.2).

In order to further investigate the differences in the morphology and in the electrochemical
behaviour of PMBpgs films, 3 types of film were further evaluated. These were the one made
using the optimized polymerization scan rate of 150 mV s, and those for the minimum and

maximum studied values of 50 and 500 mV s™.

3.2. Scanning electron microscopy characterization

SEM images were recorded on carbon film electrodes modified with PMB films formed in
aqueous media and in DES at scan rates 50, 150, and 500 mV s (Figure 4) and reveal the

nanostructured morphology. PMB formed in aqueous media forms a relatively smooth surface
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structure, as seen in Figure 4a, with some irregularities, similar to those of other reported

electrosynthesized phenazine films, where PMB,q was deposited on ITO electrodes [1].

Unlike the polymer obtained in aqueous medium, the SEM images of polymer formed in DES
all reveal spherical-type formations of different dimensions, their size being influenced by the
electropolymerisation scan rate. For 50 mV s™ formation scan rate (Figure 4b), the sphere-like
structures were not as well-defined as for the highest scan rates, being rather flat with
diameters between 160 and 300 nm and with the presence of some light spots of smaller
dimension below 100 nm. For 150 mV s, ordered nanostructures are seen with dimensions of
~ 40 nm up to ~70 nm diameter (Figure 4c). The image for films formed at the fastest scan
rate of 500 mV s, shows some cauliflower-growths, with the formation of spherical

nanostructures, diameter varying from 50 to 160 nm (Figure 4d).

3.3. Electrochemical characterization of the PMBpgs films

3.3.1. Cyclic voltammetry

In order to investigate whether the electrochemical process is a diffusion controlled or surface
confined process, CVs were recorded at PMBpes50, 150 and 500, at scan rates between 25
and 150 mV s in 0.1 M KCI + 5 mM HCI. As observed at lower scan rates, there are two
oxidation and reduction peaks that overlap and become one at faster scan rates. This is
probably due to the fact that the oxidation/reduction process occurs in two steps, the first one
being an incomplete doping/dedoping of the polymer. It was found that for the PMBpgs50
both oxidation and reduction processes were controlled by the diffusion of counter ions, from
bulk solution to the inside during reduction and out of the polymer film during the oxidation
process respectively, as well as for PMB,q films. In the case of PMBpes150 and 500, the
electrochemical process was surface confined (see Figure 5). This may be explained by the

fact at 50 mV s™, the film is rather smooth (see SEM image in Figure 4b), while the
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nanostructured porous films obtained at 150 and 500 mV s* (Figure 4 c, d), enable some
electrolyte solution to be trapped inside the polymer film, so that sufficient cations are able to

maintain neutrality during the redox process.

3.3.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was used to analyse the surface and interfacial
characteristics of GCE modified with different PMB films obtained from DES at scan rates
50, 150 and 500 mV s* (PMBpes50, 150, 500), and with PMB obtained in aqueous media
(PMB,g). The applied potentials were 0.0, 0.13 and 0.25 V vs Ag/AgCl, chosen from the
cyclic voltammograms recorded at the modified electrodes, and are close to the reduction,
midpoint and oxidation potentials of PMB. Spectra recorded at 0.0 and 0.13 V are very
similar, the one recorded at 0.13 V being presented in Figure 6a, while the one at 0.25 V,
which is only slightly different, is shown in Figure 6b. All spectra present a semicircle
extended over the high and medium frequency region, which can be attributed to charge
transfer processes at the vicinity of the GCE surface, and capacitive lines in the low frequency
region, reflecting the polarization of the films. Similar spectra were obtained at phenazine
modified electrodes [20-22]. The deposition of PMB polymer films leads to a decrease of the
overall impedance value (results not shown). The spectra were fitted using an equivalent
electrical circuit, Figure 6¢, comprising a cell resistance, Rq, in series with a combination of a
charge transfer resistance, Ry, in parallel with a double layer constant phase element (CPE;)
and in series with a second CPE element (CPE,). Results obtained by fitting the spectra are
presented in Table 2. The first CPE represents the charge separation at the electrode/polymer
film while the second one comprises both the charge separation at the polymer/solution

interface and the polarization of the polymer film. The CPE element is defined as CPE =
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[(Ciw)“T™, a pure capacitor in the case of a = 1 or as a non-ideal capacitor, due to the porosity

and non-homogeneity of the surface, for 0.5 <a< 1.

As observed, the spectra in the high frequency region are very similar for all modified
electrodes (at both applied potentials) the differences appearing only in the medium and low
frequency region. This indicates that the charge separation processes occurring at the
GCE/polymer interface are not significantly influenced by the polymer bulk structure,
reflected by the similar values of CPE; for GCE modified with different PMBpgs films, with
values between 0.9 and 1.4 mF cm s** at 0.13 V and slightly higher, between 1.3 and 3.1 mF
cm-2 5% at 0.25 V, the highest value being for PMBpgs150. PMB,q had only slightly smaller
values of CPE; at both applied potentials. However, it is important to notice that o values
were very high for PMBpgs150, indicating the formation of a very homogeneous compact
film on the electrode surface, which probably facilitates the charge transfer processes at the

electrode/polymer interface, reflected by the low R; values (see Table 2).

The medium frequency part of the spectra began to differ according to the PMBpgs film, the
polymer film structure having a stronger influence. The differences are more evident at 0.25
V vs Ag/AgCI, where R; was significantly lower (60 ©Q cm?) at PMBpgs150 than at the other
two PMB films, which were 393 and 730 Q cm? for PMBpes50 and 500, respectively. At 0.13
V the Ry values decreased in the order PMBpgs500>PMBpes50>PMBpes150, from 560 down
to 196 Q cm? The R; values obtained at GCE modified with PMB,, were 3 orders of

magnitude higher than those at GCE/PMBpgs (4.9 and 21 kQ cm?).

The values of CPE;, were of the same magnitude as CPE; and slightly higher for PMBpgs50,
than for PMBpgs150 and 500, which had similar values. PMB,q exhibited the highest

—ZSa—l

polarization capacitance, of 6.8 and 7.6 mF cm . However, the o, values were very small

for PMB,q (0.60), probably due to heterogeneity of the film, as also observed in the SEM
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images. The highest value of a, was obtained at PMBpgs500, followed by PMBpes150, films

with similar nanostructure.

Thus, the EIS results indicate that PMBpgs150 forms a homogeneous compact structure on
the electrode surface and the GCE/PMBpes150 exhibits the lowest charge transfer resistance,

only 60 Q cm?at 0.25 V vs Ag/AgCl.

3.3.3 Electrochemical quartz crystal microbalance

The EQCM was used to monitor the electrodeposition process of PMB in DES, using the
optimized procedure using 5 mM MB in 90 % ethaline with 10% v/v (0.1 M NaOH + 0.1 M
HClO4) aqueous solution, at v = 150 mV s™. For rigid films, the deposited mass can be

determined using the Sauerbrey equation [23]:

2f2

A\ 14 P

where f) is the resonant frequency (Hz), Af the frequency change (Hz), Am the mass change

Af =— Am

(g), A the piezoelectrically active crystal area, pq the density of quartz (g cm™) and Uq the
shear modulus of quartz for AT-cut crystals (g cm™ s?). The graphite QC conversion factor, -
Af / Am, is thus 226.0 Hz pg™, or 1.104 Hz cm™ ng™. The microbalance used in this work
permits simultaneous recording of two resonant frequencies, in series and in parallel, which
allows determination of the dissipation factor, which, if it varies, indicates formation of a
viscoelastic film [24]. The dissipation factor did not vary which confirms the rigidity of the

film (data not shown).

A typical gravimetric-electrochemical measurement is displayed in Figure 7a, which shows
the mass variation together with both current and potential variation with time during

potential scanning; the mass and current variation during one scan is shown in Figure 7b.
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The overall polymerization process occurs in three steps during each polymerization cycle:
the oxidation of monomer/polymer, the formation of radical cations and the reduction of

monomer/polymer, which all have a different influence on the deposited mass.

The total deposited mass after 30 cycles is 685 ng, the increase in mass being depicted in
Figure 7c. It can be observed that there is a sharp increase in the deposited mass during the
first 4 polymerization cycles, of 213 ng, followed by another 120 ng up to the 10™ cycle. After
the 10™ cycle the deposition rate decreases and becomes linear, with a mass increase of 14-18
ng per cycle, reaching 685 ng after the 30™ cycle. This is a typical polymerization process,
which initiates with the formation of nucleation islands that then gradually grow and form a
uniform layer, which corresponds to the first 10 cycles. After the formation of a uniform layer
of polymer, its growth becomes linear, with a constant increase in polymer film thickness
with each cycle, from 10 to 30 cycles. A different gravimetric profile was recorded when
PMB,, was deposited on AuQC and on graphite QC, when a small mass variation was
observed during the initial 5 cycles, the main increase in mass beginning with the 15" and 18"

cycle, respectively, up to the 30" cycle [25].

The deposition of a larger amount of polymer during the first cycles is in agreement with the
CV data, (Figure 2b), which shows that the production of radical cations occurs mainly in the
first 10 potential cycles, since this process occurs better on graphite than on the polymer film,
leading to a higher rate of PMB formation. Therefore, radical formation decreases upon
formation of polymer islands and is almost not seen after full coverage of the graphite QC
surface; the deposition of polymer afterwards probably occurs by the covalent linkage of the

already formed short branches of polymer [25].

The amplification of Figure 7a (showed at the left for cycles 9-12) and Figure 7b, give

examples of mass, current and potential variation with time and current and mass variation
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upon potential cycling, respectively, applicable for cycles between 9-30, when the electrode
surface is fully covered, as explained above. It can be observed that during the first 10 s of the
cycle, between -0.6 and 0.8 V, the mass remains constant, followed by a slight decrease
between 0.8 and 1.1 V of 12 ng owing to formation of radical cations. During the reverse
scan, the mass increases, first slightly between 1.1 and 0.0 V, by 10 ng, and then more sharply
for the last 4 s of the polymerization cycle, from 0.0 to -0.6 V, by 18 ng. The fact that the
mass gain only occurs during the reverse scan, corresponding to the reduction process, can be
explained taking into consideration two factors: i) the radical cations formed at positive
potentials begin to react with each other during the reverse scan, forming oligomers on the
electrode surface, and ii) during the reduction of the polymer there is insertion of cationic
solvent molecules inside the polymer film, to maintain neutrality, which also leads to a mass
increase [19]. This explains why the mass variation during the first 10 polymerization cycles
does not follow the same trend, since mass variations due to counterion diffusion are still not

evident, as there are only small islands of polymer on the electrode surface.

Considering the difference between the resonant frequency of the graphite QC before and
after the deposition of PMBpgs, measured in aqueous 0.1 M KCI, the deposited mass was 582
ng. This means that 15% of the mass deposited during polymerization is lost after washing,

being probably loosely bound oligomers and monomers trapped inside the polymer network.

Film stability was also evaluated by measuring both mass and current variation upon potential
cycling from -0.4 to +0.6 V during 30 scans, at 50 mV s™* (results not shown). Mass variation
occurs during each cycle, correlated with counterion diffusion into and out of the polymer
film. From the initial total mass of 582 ng, there was a mass loss of 40 ng, meaning that less
than 7% of the mass is lost upon repeated cycling. Note that the majority of mass was lost

during the first 10 scans. At the same time, there was a reduction of 10% of the initial current.
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It can be concluded that PMBpgs150 films are sufficiently stable to be using for sensing

purposes.

3.4. Application of PMB to ascorbate sensing

In order to compare the analytical properties of the GCE modified with different PMB films
obtained from DES at scan rates between 100 and 500 mVs™, and with PMB,,, they were
tested for the detection of the model analyte ascorbate, using fixed potential amperometry, at
+0.2 V vs. Ag/AgCI. Typical chronamperograms at GCE modified with PMBpgs150 and
PMB,, are displayed in Figure 8a, where it can be clearly seen that the sensors based on
PMBpes exhibited a significantly higher sensitivity towards ascorbate oxidation. The
calibration plots of all tested modified electrodes are shown in Figure 8b with the
corresponding analytical parameters in Table 3. As observed, the highest sensitivity of 350 +
17 pA cm™? mM™* (RSD = 4.8%, n=3), and lowest detection limit, LOD = 3.6+0.4 uM (RSD =
11%, n=3), were recorded at GCE/PMBpgs150, only slightly superior to that of PMBpgs100
and PMBpes200. The sensor with lowest sensitivity was that based on PMBpgs500. Thus,

PMBpes150 appears to be the most suitable for sensing applications.

4. Conclusions

PMB polymer films with unique nanostructures have been successfully synthesized in
ethaline plus 10% v/v aqueous solution of 0.1 M NaOH and 0.1 M HCIO; in the final DES
optimised mixture. The scan rate used during electropolymerization was a crucial factor in
influencing the structure and morphology, and thence the electrochemical properties of the
resulting PMBpes films. Comparison with PMB,q revealed that all PMB films obtained from
DES exhibited higher redox currents and a significantly lower charge transfer resistance than

PMBg.,. Among the PMBypgs films analyzed, the highly ordered nanoparticles observed in the
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SEM images at PMBpes150 can be correlated with its superior electrochemical properties,

namely the polymer faradaic currents and lowest charge transfer resistance. Gravimetric

studies showed a total mass of PMB deposited on graphite QC electrodes of 685 ng, 15%

being lost after polymer washing and only less than 7% upon repeated potential cycling.

Moreover, GCE modified with PMBpgs obtained at different scan rates, from 100 to 500 mV
1

s~, revealed their superior sensing performance compared to GCE/PMB,, and that

PMBpes150 is the most suitable for this purpose.
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Tables

Table 1.Values of total faradaic current, peak separation and capacitance values (at +0.6 V)
obtained from CVs recorded in (0.1 M KCI + 5 mM HCI) aqueous solution at 50 mV s™ at
GCE modified with PMBpgs obtained in ethaline with different concentrations of NaOH,
HCIO,4 and H,SO4 in a final mixture of 10% aqueous solution : 90% ethaline.

g O DO o e N
0.1 0.1 19.0 21.5 38 665
0.2 0.1 9.7 7.4 50 912
HCIO, 0.3 0.1 12.0 10.4 61 448
0.1 0.25 9.6 9.4 66 876
0.1 0.4 10.8 10.8 61 1065
0.1 0.1 10.8 9.4 52 678
0.2 0.1 10.3 10.8 66 576
H>SO4 0.3 0.1 14.6 10.7 72 927
0.1 0.25 9.6 9.9 89 836

0.1 0.4 8.4 10.4 61 955




Table 2. Values of equivalent circuit elements obtained by fitting the spectra in Figure 6.

25

Polvmer E/V R,/ CPE, / . CPE,/ .

y vs.Ag/ AgCl  Qem®> mFcem?s*! ! mF cm?s*! 2
0.13 268 1.41 0.84 1.35 0.74

PMBpgs50

DES 0.25 393 2.47 0.84 1.77 0.65
0.13 196 1.12 0.90 0.64 0.75
PMBpes150 0.25 60.0 3.12 1.00 1.03 0.72
OME 500 0.13 560 0.95 0.73 0.51 0.86
DES 0.25 730 1.60 0.68 0.88 0.86
oM 0.13 21e3 0.90 0.79 7.60 0.60
aq 0.25 4.9¢3 1.32 0.79 6.80 0.60

Table 3. Values of sensitivity and detection limits extracted from the calibration curves in

Figure 8b obtained at GCE modified with PMBpgs electropolymerized at different scan rates
and with PMB,q (RSD < 5%, n = 3).

Polymer Sensi'fizvity /_1 LOD/

HA cm™ mM MM

PMBpgs100 317 6.6
PMBpes150 350 3.6
PMBpes200 319 8.6
PMBpes300 273 8.7
PMBpes400 202 7.6
PMBpes500 73 13.0
PMByq 23 7.8
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Figure Captions

Figure 1. CVs recorded during polymerization of MB in a solution containing 5 mM MB in
ethaline containing 0.1 M NaOH and 0.1 M of different acids at 50 mV s (no stirring) a)
HCI, b) HCIO4, ¢) HNO3 and d) H,SO4; e) CVs at the different PMB films obtained in a-d at
50 mV stin (0.1 M KCI + 5 mM HCI) aqueous solution.

Figure 2. CVs recorded during MB polymerization on GCE in a solution containing 5 mM
MB in ethaline + (0.1 M NaOH + 0.1 M HCIO,) aqueous solution at different scan rates of a)
50, b) 150, ¢) 300 and d) 500 mV s (with stirring).

Figure 3. CVsin (0.1 M KCI + 5 mM HCI) aqueous solution at GCE modified with PMBpgs
obtained by electropolymerization at scan rates a) 50-150 mV s and b) 150-500 mV s; c)
plot of peak current vs. polymerization scan rate; d) CVs at PMBpgs150 and PMBgg; v = 50

mV s,

Figure 4. SEM images of films of a) PMB,, b) PMBpgs50, ¢) PMBpes150 and d)
PMBpes500.

Figure 5. a) CVs in (0.1 M KCI + 5 mM HCI) aqueous solution at GCE/PMBpgs150 at rates

25-150 mV s and b) plot of peak current versus scan rate.

Figure 6. Complex plane impedance plots in the frequency range 65 kHz - 0.1 Hz at GCE
modified with PMBpgs formed by electropolymerization at different scan rates and with
PMBg in (0.1 M KCI + 5 mM HCI) aqueous solution at a) 0.13 V and b) 0.25 V vs Ag/AgCl;

c) equivalent circuit used to fit the spectra.

Figure 7. EQCM study of PMBpgsl50 electrodeposition a) — mass, — current and ---
potential variation during MB polymerization (on the right a magnification for cycles 9-12),
b) mass and current change upon potential cycling during one scan and c) plot of mass

deposited during each polymerization cycle.

Figure 8. a) Fixed potential chronoamperograms for oxidation of ascorbate for sequential
additions of 10 uM ascorbate, at GCE modified with PMBpgs150 and PMB,q in 0.1 M KCI;
applied potential 0.2 V vs Ag/AgCl; b) calibration plots for ascorbate oxidation at GCE
modified with PMBpes electropolymerized at scan rates between 100 and 500 mV s™.
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b) HCIO,

-0.8 -0.4 0.0 0.4 0.8 1.2

E vs Ag/AgCI/ VvV

d) H,S0,
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Figure 1. CVs recorded during polymerization of MB in a solution containing 5 mM MB in
ethaline containing 0.1 M NaOH and 0.1 M of different acids at 50 mV s™ (no stirring)
a) HCI, b) HCIO4, ¢) HNO3 and d) H,SOy4, €) CVs recorded at the different PMB films
obtained in a-d; e) CVs recorded at different PMBpgs obtained in a-d at 50 mV stin
(0.1 M KCI + 5 mM HCI) aqueous solution.
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Figure 2. CVs recorded during MB polymerization on GCE in a solution containing 5 mM
MB in ethaline + (0.1 M NaOH + 0.1 M HCIO,) aqueous solution at different scan rates of
a) 50, b) 150, ¢) 300 and d) 500 mV s™* (with stirring).
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Figure 3. CVsin (0.1 M KCI + 5 mM HCI) aqueous solution at GCE modified with PMBpgs
obtained by electropolymerization at scan rates a) 50-150 mV s and b) 150-500 mV s*;
c) plot of peak current vs. polymerization scan rate;

d) CVs at PMBpes150 and PMBgq (v = 50 mV s™).



Figure 4. SEM images of films of a) PMB,g, b) PMBpes50, ¢) PMBpes150 and
d) PMBpgs500.

30



31

300 150 mv's™
150
e ]
(&) 04
<
1 <4
= -150
-300
-450 . . ; ; .
0.4 0.0 0.4 0.8 1.2
E vs Ag/AgCl/ V
| b)
200 -
1 j  =1597v + 39
100 ’
o R® = 0.9942
c ]
(&) 04
<
1 1 .
~ 100- jp, = -1537v + 46
- ] R = 0.9955
-200
-300 1
0.00 0.05 0.10 0.15
v/IVs

Figure 5. a) CVsin (0.1 M KCI + 5 mM HCI) aqueous solution at GCE/PMBpgs150 at rates
25-150 mV s and b) plot of peak current versus scan rate.
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Figure 6. Complex plane impedance plots in the frequency range 65 kHz - 0.1 Hz at GCE
modified with PMBpgs formed by electropolymerization at different scan rates and with
PMBgq in (0.1 M KCI + 5 mM HCI) aqueous solution at a) 0.13 V and b) 0.25 V vs Ag/AgCl,

c) equivalent circuit used to fit the spectra.
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Figure 7. EQCM study of PMBpes150 electrodeposition a) — mass, — current and ---

potential variation during MB polymerization (on the right a magnification for cycles 9-12),

b) mass and current change upon potential cycling during one scan and c) plot of mass
deposited during each polymerization cycle.
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Figure 8. a) Fixed potential chronoamperograms for oxidation of ascorbate for sequential
additions of ascorbate, at GCE modified with PMBpgs150 and PMB,q in 0.1 M KCI; applied
potential 0.2 V vs Ag/AgCl; b) calibration plots for ascorbate oxidation at GCE modified with
PMBopes electropolymerized at scan rates between 100 and 500 mV s



