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Abstract: This study explores the characteristics of electrodeposition of the three hydroxybenzaldehyde
isomers and selected hydroxybenzoic acids (4-hydroxybenzoic acid, salicylic acid, 3,5-dihydroxybenzoic
acid) from mesityl oxide solvent. Similar to recent advances of this solvent, used by electrochemical
studies, the carbon—carbon double bond had significant influence on the formation of polymers from
the outlined molecules. In case of most substrates the peak currents increased to a steady-state but
electropolymerization of some substrates caused significant deactivation. Scanning electron microscopic
and complementary voltammetric studies facilitated that the electrochemically formed polymers are
present on the electrode surface in stackings. In viewpoint of analysis of 2-phenylphenol, the modifying
deposit formed from 4-hydroxybenzaldehyde was the best with 5 uM detection limit obtained with
differential pulse voltammetry. Furthermore, a new procedure was chosen for the involvement of a
cavitand derivative into the organic layers with the purpose to improve the layer selectivity (subsequent
electrochemical polymerization in an other solution). Further studies showed that in this way the
sensitivities of as-modified electrodes were a little worse than without this step, thus indicating that
application of this step is disadvantageous. Recovery studies of 2-phenylphenol were carried out on
lemon rind without any treatment, and it was compared with the case when the outer yellow layer was
removed by rasping. The inner tissues showed very high adsorption affinity towards 2-phenylphenol.
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1. Introduction

In the last decades, electrodeposition of organic layers received a great attention and
their electric and many other properties can be governed by the experimental conditions.
The polymeric coverage on surfaces of the commonly used electrodes built by electrochem-
ical polymerization are attractive due to different uses. This way, the development of these
organic layers needs usually no additional chemical reagent but sometimes special solvent
or electrolysis solution composition is necessary [1,2]. The modified electrodes are mainly
utilized in electrocatalysis and analysis of selected compounds. In the latter application the
surface modification contributes often to the better selectivity and sensitivity [3-10].

The electrochemical synthesis of the modifying organic films can be conducted by
controlled parameters but of course the appropriate technique should be applied to obtain
the desired film composition. Therefore, the potentiostatic mode is a very familiar approach
in this viewpoint where a steady potential is imposed to the working electrode. The
other popular technique is cyclic voltammetry where the cycling between two potentials
is carried out more times and within the potential range the desired process takes places
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on the electrode. The thickness of film can be controlled in potentiostatic mode by setting
the time of deposition. However, when cyclic voltammetry is used the process can be
regulated by proper choice of cycle numbers and scan rate. Due to the advantages of
the latter method, cyclic voltammetry is applied in the most cases for electrodeposition.
The thickness of polymers prepared with the above methods are usually grown to some
hundreds of nanometers with some porosity. The analytes can easily diffuse through the
pores but their size depends on the experimental conditions of deposition. The usefulness
of the organic layers highly depend on the nature of matrix containing the analyte(s).
For example, aqueous solutions cannot enter the pores of highly hydrophobic layer thus
preventing the recording of current signal of the analyte(s).

Although electronically conducting polymers have gained significance of electroanaly-
sis [11,12], the high capacitive currents make their use disadvantageous. The low capacitive
currents are characteristic typically for the phenol-based polymers so this is one of the
causes of their attractive use. The phenolic monomers are widespread in sensor devel-
opment and deposition of molecularly imprinted polymers (MIPs) has many analytical
advantages [13-18]. The first step is during electrooxidation of phenols generally the
formation of a phenoxyl radical which then couples with other electrogenerated radicals
forming a coherent layer of the corresponding poly(phenyleneoxide) [19,20].

Recently published works showed that mesityl oxide used as solvent has favorable
properties for organic electrodeposition reactions [21,22]. This solvent was used by our
research group for electrodeposition studies of organic monomers susceptible to polymer-
ization through formation of electrogenerated radicals. In fact, a copolymer will be the
product of these reactions taking place in mesityl oxide due to the carbon—carbon double
bond of solvent also when an electroactive substrate is present in solution. The polymers
formed in mesityl oxide showed advantageous properties in electrochemical analysis com-
pared with methyl isobutyl ketone possessing very similar chemical structure as in this
solvent organic deposits formed predominantly with tortuosity governed properties [23].

There is a class of macromolecules where aromatic molecules are interconnected
forming a cavity, which is usually four or six membered. These cyclic oligomers are named
as cavitands. Multiple methods showed that these cyclic oligomers can bind aromatic
or unsaturated bond bearing compounds through 77—t weak interactions [24-28]. This
aromatic skeleton is in most cases electron-rich so accommodation of electron-poor guest
molecules is favored in it.

The focus of this work is the investigation of electrodeposition of polymers of hydrox-
ybenzaldehydes and hydroxybenzoic acids from mesityl oxide and assessing their ability
to signal enhancement in determination of 2-phenylphenol. Especially hydroxybenzalde-
hydes are poorly investigated in respect of electropolymerization. Special emphasis was
taken on the pretreatment of lemon rind by comparing the adsorption capabilities towards
the chosen electroactive analyte.

2. Materials and Methods

All chemicals utilized for the experiments were analytical reagent grade and used with-
out further purification. A platinum disc of 1 mm in diameter was the working electrode
during the entire experimental procedure, which was connected to a platinum wire counter
and silver wire reference electrode. The microdisc was sealed in polyetheretherketone
as insulating sheath. This three-electrode cell was connected to a potentiostat (Dropsens,
Oviedo, Spain). Before the studies a cleaning procedure was applied consisting of polishing
with aqueous suspension of alumina on a polishing cloth (eDAQ) and ultrasonication in
deionized water. The final cleaning step was the thorough rinsing with deionized water
and dry acetone. The dry acetone removed the water traces from the working electrode as
electrochemical behavior of the studied compounds are susceptible to the presence of water.
For visualization of deposits a Jeol JSM-IT500HR (Jeol, Tokyo, Japan) scanning electron
microscope (SEM) was used in the secondary electron mode and a 30 kV acceleration
voltage was applied. The platinum electrodes used for microscopic visualization were
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carefully cleaned by polishing and then by ultrasonicating for 10 min in doubly deionized
water, finally dried with thorough washing with acetone. The electrochemically prepared
modifying layers were washed with acetonitrile to remove the unreacted species and
supporting electrolyte and this solvent did not dissolve the formed polymeric products.

The lemon was purchased from a supermarket as real sample for 2-phenylphenol
determination, and where it was necessary, the rind was removed by rasping with a
household rasp.

3. Results
3.1. Study on Electrodeposition of Organic Substrates from Mesityl Oxide and
Surface Characterizations

In the first part of investigation the selected monomers were studied in mesityl oxide
taking ten subsequent voltammograms with each one between 0 and 2.5 V with 0.1 V/s scan
rate (Figure 1). It is remarkable that in the first cycles the majority of monomers show similar
behavior to the cases when a conducting polymer is deposited as the peak currents increase
but not this is the case. Then, the uniformity of peak heights from approximately the fourth
scan suggests that by some substrates stationary diffusion occurs through the growing
film. On the other hand, favorable solvation properties of the polymers make possible the
enhanced accessibility of platinum surface for the monomer molecules. Similar observations
highlighted earlier that it is characteristic for mesityl oxide solvent. In other common
organic solvents, such as acetonitrile, the continuous current decline could be observed
by studying the underlying monomers. Two hydroxybenzoic acid monomers showed
predominantly tortuous behavior, salicylic acid and 3,5-dihydroxybenzoic acid attributable
to the position of substituents on the benzene ring. Para position relative to the phenolic
hydroxyl group is the most favorable for coupling of an other electrogenerated radical.
This position is occupied by 4-hydroxybenzoic acid and together with the carboxyl group
the forming polymer cannot engage a plain position on the electrode. As a consequence,
this leads to weaker adherence of macromolecules. Significant role of carboxyl groups can
be attributed to it as they associate with each other readily in aprotic environments.
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Figure 1. Peak currents of the ten subsequent cyclic voltammograms of 2-hydroxybenzaldehyde

A A A A A A

I (nA)

(M), 3-hydroxybenzaldehyde (e), 4-hydroxybenzaldehyde (A), 4-hydroxybenzoic acid (V), salicylic
acid (4), 3,5-dihydroxybenzoic acid () (c = 50 mM, supporting electrolyte 50 mM TBAP).

In these experiments, insulating polymers form and therefore the peak currents should
continuously decrease, but the increase during layer preparation can be observed in ac-
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Polymer particles

cessibility of platinum surface for the substrate molecules. This effect is facilitated by
polymer swelling taking place during the anodic polymerization process, which is usually
characteristic for ketone solvents.

A cavitand bearing four 2-biphenyloxy moieties at the upper rim was used to alter the
properties of the previously deposited phenolic compounds shown in the schematic graph
of the process (Figure 2). In a recent work this cavitand was copolymerized in mesityl oxide
with the phenylphenol isomers [23]. The co-deposited polymer in this way showed only a
subtle improvement in increase of sensitivity compared with films deposited without this
cavitand. A possible reason was for it the entrapment of segments of poly(phenylphenol)
molecules into the cavity of the cyclic oligomer. Herein, the film modification with the
cavitand was carried out with its subsequent polymerization by incorporating its products
in the polymer layer of the simple phenolic compounds.

electrooxidation

| - - |

\\‘ J‘
/ Q ///
Pt electrode \ /

Ny

Figure 2. Schematic of building up the modifying organic layer on platinum electrode.

The cavitand itself was also studied in mesityl oxide with cyclic voltammetry
(Figure 3a) but because of the high background currents of solvent at higher poten-
tials only a small peak appeared attributable to the cavitand at approximately 2.1 V.
When this cavitand was examined on modified electrode with previously deposited
poly(4-hydroxybenzaldehyde) this peak was very small and the voltammograms were
uniform in viewpoint of magnitude of currents and similar to the case when only the
cavitand was present in solution (Figure 3b). Basically, the shape of curves were identi-
cal in both cases. The first voltammogram in the second case contains a visible peak at
approximately 1.35 V attributable to the poly(4-hydroxybenzaldehyde) deposit. When
4-hydroxybenzaldehyde was electrodeposited from mesityl oxide this peak also appeared
in the subsequent scans and its height grew continuously to a limiting value (not shown).
This suggests a partial electroreduction of the organic layer and its reoxidation occurs when
the anodic peak appears. The reason for why this peak does not appear in the further scans
in solution containing only the cavitand is the removal of redox active functional groups
from electrode (see in the next paragraph).
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Figure 3. Cyclic voltammetric curves of 5 mM cavitand in mesityl oxide (a) and after deposition of
poly(4-hydroxybenzaldehyde) (b).

The electron micrographs of deposits are displayed in Figure 4 and remarkable
differences arise from application of the cavitand. When only 4-hydroxybenzaldehyde
was electrochemically polymerized in mesityl oxide stackings developed on the surface
of platinum. Involvement of the cavitand in the procedure resulted the formation of
many small islands and moreover, the stackings were not at all observed characteristic of
poly(4-hydroxybenzaldehyde) in spite of that 4-hydroxybenzaldehyde was previously
deposited. The image is practically identical to the case when only the cavitand underwent
anodic oxidation. These observations suggest that the stackings will be removed if the
electrode is kept too long in the solvent. Part d reveals the electrodeposited particles
from solution of 4-hydroxybenzaldehyde and the only difference was in the conditions
compared with that of part a that 30 cycles were carried out in the same solution instead
of 10. This shows that the increasing of electrolysis time leads to the parallel formation
of more particles and the majority of them stays on the surface of electrode bound by
weak interactions.
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Figure 4. Scanning electron micrographs of modified platinum electrode surfaces (a): poly(4-
hydroxybenzaldehyde), (b): after scanning in the 5 mM solution of cavitand, (c): after scanning in
the solution of cavitand with the previously modified electrode with poly(4-hydroxybenzaldehyde)),
(d): poly(4-hydroxybenzaldehyde) after 30 cycles.

Although the micrographs show that the electrodeposited polymeric materials are
concentrated in stackings this itself cannot give evidence completely for layer formation.
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As the outlined polymers are hydrophobic, they keep the aqueous solutions away from
the electrode surface where they cover it as it was found in a recent work [23]. So there is
a simple and fast method to decide whether coherent film forms at the electrode. This is
the comparison of current peak height of modified electrode with that of bare electrode
in an aqueous solution of a redox active material. Now, a 5 mM solution of potassium
ferricyanide was chosen and with the modified electrode 83% of current peak height
obtained with bare electrode could be recovered. This value was obtained after background
correction used usually when voltammetric studies are carried out [29], and this gives
information about the surface coverage of electrode, and it can be concluded that nearly the
whole part is free for electroactive materials. In fact, there are mainly particles of polymeric
products facilitating the observations with microscopy. This is a high difference between
films investigated here and the recently examined poly(phenylphenols).

3.2. Electrodeposition of Organic Substrates from Mesityl Oxide and Assessment of Their Deposits
as Modifier in Detection of 2-Phenylphenol

Further experiments aimed at assessing the polymer films in electrooxidation of
2-phenylphenol. The polymers formed from aromatics have usually high affinity towards
analytes belonging to the aromatics due to the relatively strong secondary 7r—7 interactions.
2-Phenylphenol is a widely investigated compound for multiple reasons, therefore, of all
phenylphenol isomers its occurrence is far the highest in our environment. It is a powerful
fungicide so its application is wide in storage and transport of vegetables and fruits and
therefore its determination was aimed especially in citrus fruits [30]. In natural environ-
ments 2-phenylphenol can be produced by microbial and photolytic degradation processes,
which help decomposition of phenoxyalkanoic and organophosphorous chemicals [31].

A 1 mM solution of this analyte was prepared with acetonitrile solvent. The linear
sweep voltammetric peaks recorded between 0 and 2 V were used for analytical evaluation
normalized to the anodic peak height obtained with the bare electrode. Before these studies
the dependence of peak currents on the analyte concentration had to be established with
bare platinum electrode. The calibration curve of 2-phenylphenol is linear in acetonitrile
(Figure 5), indicating that at a concentration of 1 mM there is not any complication that
could disturb the analytical procedures. This is important as concentrations in the linear
range can only be used for assessing of deposits and 2-phenylphenol is susceptible to
polymerization during its electrooxidation. The used solutions were dilute enough to avoid
complications arising from deposit formation. The recoveries are collected in Table 1 for
polymers prepared only with the use of phenolic monomers in mesityl oxide and for these
polymers with subsequently deposited cavitand. The results clearly show that subsequent
scanning in the mesityl oxide solution of the cavitand has disadvantageous effect on the
analytical application. Poly(4-hydroxybenzaldehyde) seemed the most promising and
the predominant role of tortuous effects were observed by the most hydroxybenzoic acid
polymers in accordance with the previous deposition studies. Where signal enhancement
was observed the stackings could adsorb 2-phenylphenol molecules. This binding is
based on secondary interactions between aromatic moieties found in 2-phenylphenol
and in the deposits. From the earlier studies a question arises whether the increasing
of voltammetric cycle number (electrolysis time) improves the sensitivity of modified
electrode towards 2-phenylphenol. The deposit prepared from 4-hydroxybenzaldehyde
with 30 cycles was also tested. There was not considerable elevation in sensitivity only by
approximately 1%.
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Figure 5. Linear sweep voltammetric peak currents versus 2-phenylphenol concentration in ace-
tonitrile as calibration curve with bare platinum electrode (scan rate 0.1 V/s, supporting electrolyte
10 mM TBAP).

Table 1. Recovery data of peak heights of deposits towards 2-phenylphenol.

Monomer Recovery (Deposit) (%) Recovery (Deposit + Cavitand) (%)
2-hydroxybenzaldehyde 107.39 99.23
3-hydroxybenzaldehyde 90.92 99.78
4-hydroxybenzaldehyde 110.35 99.88

Salicylic acid 86.11 97.13
4-hydroxybenzoic acid 108.57 98.77
3,5-dihydroxybenzoic acid 107.18 97.61

In a previous section it was shown that of the all studied deposits poly(4-hydroxybenza
ldehyde) proved the best signal enhancement. Between 0 and 2.5 V cyclic voltammograms
were taken in 50 mM solution of 4-hydroxybenzaldehyde prepared with mesityl oxide
and after thorough washing with acetonitrile the modified electrode was dried. In this
state it was ready for use. As 2-phenylphenol is widely used on the rinds of citrus fruits
this work will focus on its differential pulse voltammetric determination. The maximum
allowed concentration of 2-phenylphenol on citrus fruits is 12 mg/kg of whole fruit [32]
so the chosen concentration range was adjusted to it. Other methods have been used
also for the determination of 2-phenylphenol which have very high sensitivities, such as
chromatography, fluorescence and spectrophoshorimetry [33-36], our method (as usually
electrochemical methods) do not need large instrumentation. There are many possibilities
for electrode modification to increase sensitivity and selectivity [37-39]. In this work a
polymer particle modified electrode is tested.

The concentration range was between 0 and 100 o« M using acetonitrile as solvent and
1 mM TBAP supporting electrolyte. The reason for why acetonitrile was used as solvent
are the previous microscopic results as mesityl oxide removes the modifying materials
so use of ketone solvents was inappropriate for accurate measurements. The potential
window was between 0 and 2 V with the optimized measuring parameters. As shown
in Figure 6, linear dependence was between peak current and concentration in the se-
lected concentration range. The calibration equation is I(i A) = 5.17 + 0.02c(ex M) with
R? = 0.9953. The detection limit of the modified electrode was 5 uM using the 30 method.
The error bars in the calibration curve show that the measurements were well reproducible.
A lemon served as the real sample in untreated form and in the form after removal of its
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outer colored layer by rasping. The rind of citrus fruits includes the outer yellow layer
and the white bitter underlayer and they may have different adsorption properties. 500 uL
of 0.01 M acetonitrile solution of 2-phenylphenol was put onto the surface of lemon and
after evaporation of solvent it was placed in a vessel and 50 cm® of acetonitrile was added
to it. After thorough washing in this solvent and stirring, 4 cm® of the obtained solution
was pipetted into a vial adding the necessary amount of TBAP supporting electrolyte to
get 0.001 M concentration for it. This procedure was repeated with a grinded lemon. The
differential pulse voltammograms were recorded with lemons treated with 2-phenylphenol
and also in untreated state. The current differences were used for evaluation at the po-
tential of appearance of anodic peaks to minimize the effect of interfering compounds.
However, some components of the colored outer layer certainly dissolved into acetonitrile,
especially terpentinoids, their presence did not lead to appearance of new differential
voltammetric peaks and significant change in the background curve as it was demonstrated
in a separate experiment without 2-phenylphenol. The water content of the non-aqueous
solvent can rise up the background curve and modify the analytical parameters of the
modified electrode the outer layer of the rasped lemon was dried before the investiga-
tions. Using the calibration curve from the current differences 84.19 + 3.07% recovery of
2-phenylphenol could be determined for untreated lemon and 13.33 & 4.22% recovery for
lemon treated by rasping averaged for three parallel measurements. These results showed
that 2-phenylphenol readily adsorb to the outer colored layer and it will be practically fully
absorbed in the white tissue presenting underneath the unharmed outer layer also after
extraction with acetonitrile. This is a significant difference as when during the harvesting
and transportation the rind is injured mechanically and treatment with 2-phenylphenol
comes before carrying it to the supermarkets, significantly lower amount of material can
be determined. Separate cyclic voltammetric results with some millimolar concentrations
showed also that the grinded rind itself containing the inner tissues can adsorb the majority
of 2-phenylphenol, both in freshly rasped and dried state.

-~

I (nA)

0 20 40 60 80 100
¢ (kM)

I (nA)

0.0 05 1.0 15 20
E (V)

Figure 6. Differential pulse voltammograms of 2-phenylphenol with poly(4-hydroxybenzaldehyde)
polymer particle modified platinum electrode (Epuls =025V, Egtep = 0.004 V, touls = 5 ms, scan
rate 0.04 V/s, supporting electrolyte 1 mM TBAP).

4. Conclusions

Studies described herein showed that for determination of residual 2-phenylphenol
on lemon rind by platinum electrode, modification with electrochemically deposited
poly(hydroxybenzaldehydes) and poly(hydroxybenzoic acids) polymers is appropriate.
Efforts aimed at improving the sensitivity of the layer formed by using a cavitand derivative
with subsequent electropolymerization were unsuccessful. Further studies are planned to
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optimize the formation of cavitand—phenylphenol inclusion complexes. The results also
showed that lemon rind is powerful in biosorption applications so this can be an additional
topic for future work.
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