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Abstract: The electrochemical investigation of 1,2- and 1,4-dihydroxybenzenes was carried out with
platinum macro- and microelectrode by using the square wave and cyclic voltammetry techniques.
On the other hand the effect of the two solvents acetic acid and ethyl acetate were compared. By
using square wave voltammetry signals showed up only at lower frequencies and in excess of
supporting electrolyte as it was expected due to the relatively low permittivities of the used solvents.
The behaviour of hydroquinone and catechol did not differ significantly from that of their
derivatives (dihydroxybenzaldehydes, dihydroxybenzoic acids and 2’,5’-dihydroxyacetophenone).
When the cyclic voltammetric examinations with microelectrode were extended to higher anodic
potentials the electrode fouling was very significant in ethyl acetate after the potential region of
steady-state oxidation to the corresponding quinone. The substituent effect was not significant also
here rather the position of the two hydroxyl groups in the benzene ring. Contrarily, the positions
had dramatic influence on the susceptibility to electropolymerization as 1,2-dihydroxybenzenes
independently on the nature of substituent in the benzene ring deactivated the electrode while 1,4-
dihydroxybenzenes did not possibly due to the different solubilities of polymers formed from the
primary oxidation product quinones.
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1. Introduction

The derivatives of dihydroxybenzenes have been examined in many applications due to their
favourable redox properties especially when the two hydroxyl groups are in 1,2 and 1,4 positions.
The role of substituent in the benzene rings is highlighted in the solvation properties of the substrate
and its electropolymer. For example the presence of carboxyl group in dihydroxybenzoic acids makes
possible their investigations in aqueous environments. The reason is their pKa values which are
predominantly between 2 and 3 making possible high degree of dissociation. Generally, 1,2- and 1,4-
dihydroxybenzenes undergo a reversible two-electron oxidation-reduction reaction followed by
transfer of protons but the proton number depends on the pH thus their reaction becomes pH-
independent in strongly basic conditions. This was shown in a work for dihydroxybenzoic acids [1]
and furthermore the oxidation product quinones can be oxidized further to hydroxylated derivative
on glassy carbon electrode. As dihydroxybenzoic acids can be soluted in water in significant amount
analytical methods have been developed for their quantification with modified electrodes [2-7]. The
carboxy derivatives of dihydroxybenzenes also serve as starting materials for electrosynthesis
reactions like as in the presence of acetylacetone they offer a possibility for green synthesis of
benzofuran derivatives [8].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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In the electropolymerization reactions phenols have predominant role mainly the compounds
having only one hydroxyl group in the benzene ring. Therefore the literature of phenols is very large
thanks to the many possibilities of applications like corrosion barrier deposits, size exclusion polymer
and electrode modifying layer in determination of compounds. On the other hand,
dihydroxybenzenes containing the two hydroxyl groups in the 1,3 positions relative to each other are
resorcinol and its derivatives and they are very susceptible to electrode fouling when they are
electrochemically oxidized. In a recent work we investigated 3,5-dihydroxybenzoic acid and 2’,6’-
dihydroxyacetophenone as resorcinol derivatives in dimethyl sulfoxide and the latter formed only a
deposit showing the high importance of solvent in solvation of the formed oligomers on the
electrodes [9]. The layer formed from the acetophenone derivative proved very useful in alleviating
the current noise originating from the stirring of solution so reliable amperometric methods can be
developed by utilizing it as modifying layer.

Generally, when phenols undergo anodic oxidation for initialization of polymerization the
presence of a phenol or resorcinol part is required inside of the monomer. As in each case not only
the nature of monomer and solvent but monomer concentration, solution pH and presence of
additives can also influence the process leading to deposit growth on electrodes therefore these
reactions must be optimized. By using cyclic voltammetry changing the number of cycles and by
using potentiostatic methods changing the electrolysis time the thickness of coverages are controlled
and this is also a factor necessary for the optimization. The natural antioxidants are widely examined
in polymer formation and polymeric coverages of p-coumaric acid and naringin have electroactive
behavior [10,11]. For the electrochemical activity the catechol fragment found in both molecules is
responsible and appearance of peak pair reinforced it and by each scan rates anodic and cathodic
peaks had practically the same height. These deposits usually have electocatalytic property as the
quinone moieties in the oxidized form may act as redox mediator in case of numerous analytes.

The solubilities of dihydroxybenzaldehydes are highly limited in aqueous phases but it
significantly depends also on the solution pH. When it is basic this allows their utilization in water.
As their electropolymers have very scarce solubility in aqueous environment their excellent
capability in redox mediated processes are utilized especially 3,4-dihydroxybenzaldehyde. The latter
compound is electrochemically polymerized on the surface of glassy carbon electrode and the
modified electrodes showed analytical usefulness in quantification of NADH [12-14], fructose [15],
ascorbic acid [16], L-lactate [17], formiate and glucose-6-phosphate [18], L-phenylalanine [19], NADH
and ascorbate [20], hydrazines [21,22]. The electron transfer between electrode and solution due to
covalently bound 2,5-dihydroxybenzaldehyde part elevated also the development of a glucose fuel
cell containing bioanode which was the modified electrode [23].

For more decades low permittivity solvents have been studied due to more reasons and acetic
acid has a relative permittivity of 6.2, furthermore for ethyl acetate it is 6.0814 [24]. These two solvents
readily dissolve hydrophobic compounds and their apolar matrix if necessary and have relatively
wide potential window for oxidation reactions. Glacial acetic acid serves an appropriate environment
for utilization of favourable properties of acetate salts as acetate ion is a strong base in this condition
and its addition to acetic acid contributes to the significant improvement of analytical techniques. For
example in the work of Michalkiewicz et. al. acetate electrolyte served as an excellent choice in
determination of apocynin [25]. The increase of molar fraction of acetic acid in acetic acid-water
mixtures leads to the increase of oxidation potential of benzylamines suggesting that the transition
state is polar [26]. The permittivity can be increased by mixing acetic acid with a higher permittivity
solvent so in this way the preservation of favourable solvation properties for apolar compounds
parabens elevated their voltammetric determination in acetic acid-acetonitrile mixture [27]. The acetic
acid as solvent proved also useful for the electroanalysis of a-tocopherol [28]. Ethyl acetate has
limited miscibility with water so in the work of Hardcastle et. al. this solvent was utilized in solvent
extraction for determination of copper ions in aqueous samples with the aid of a complexing ligand
[29]. However acetic acid showed its useful properties in anodic reactions of numerous soluted
materials, in the cathodic potential range it has electroactivity and here its concentration can be
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determined due to the reduction of its acidic proton. Through this cathodic reaction investigation of
its adsorption on activated carbon was possible [30].

However, previous studies focused mainly on the electrocatalytic properties of
dihydroxybenzenes and on their analysis, in this work a procedure is provided how to make
estimations regarding the composition of a solvent mixture by using the voltammograms of a redox
active compound.

2. Materials and Methods

In the entire work HPLC grade solvents were used and solute materials has analytical reagent
grade. For the voltammetric experiments tetrabutylammonium perchlorate (TBAP) was used as the
supporting electrolyte. Platinum electrodes (1 mm in diameter Pt disc macro- and 25 pum
microelectrode) served as working electrodes, a platinum-iridium wire was the counter electrode and
a silver wire was the reference electrode. The three electrodes were comprised in a voltammetric cell
which was always a glass vial and they were connected to a Dropsens potentiostat (Spain, Oviedo).

Before each measurement the surfaces of working electrodes were polished with an aqueous
suspension of alumina presenting on a polishing cloth. After thorough washing with deionized water
they were ultrasonicated to remove the residual contaminants arising from polishing. Finally the
electrodes were dried with thorough washing with dry acetone to remove water traces for
minimizing the introduction of water into the studied solutions.

3. Results and Discussion

3.1. Square Wave Voltammetric Investigations of Dihydroxybenzenes in Acetic Acid and Ethyl Acetate

In electroanalytical chemistry the technique square wave voltammetry is widely used due to its
relatively high sensitivity. The utilization of square wave potential program led to the development
of powerful analytical procedures. As a matter of fact square wave voltammetry developed to a
powerful technique to minimize the disturbance of the background current, in other words to reduce
markedly the signal to noise ratio. For example in the work of Hooper et. al. such a potential program
was used for time dependent amperometric detection of selected analytes coupled with capillary
electrophoresis [31]. The used technique ensured a high degree of separation of signal from the
disturbance caused by the electric field attributable to the electrophoresis being necessary for the
analyte separation.

The dependence of heights of current signals on the frequencies are revealed in Figure 1.
Obviously, only very low frequencies can provide useful curves for the characterization and analysis
of compounds. At higher frequencies than 10 Hz each information will be lost. This phenomenon can
be elucidated by knowledge of low permittivity of the examined solvents as a consequence, solution
resistance will be enhanced. Usually, if we want to increase the sensitivity as possible setting the
height of pulse potential Epulse to the maximum value is advantageous due to the elevated diffusion
flux to the electrode. Thus by applying a potential pulse at high frequencies the time will be shortened
for it leading to increased condenser currents compared with the cases when very low frequencies
are applied. On the other hand due to the high solution resistance by reading from the exponential
expression of the time constant e-t/RC the whole expression takes alow value (R is solution resistance,
C is electrode capacitance). As a result, the condenser current drops slowly in time as it is
proportional to it. In this technique immediately after the application of the first pulse a reverse pulse
is applied leading to practically the same condenser current by taking the differences of their absolute
values. As at higher frequencies these differences are large we can see them comprised into a flat
curve. As a further contribution to these observations the oxidized product can be reduced very fast
back to the analyte.
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Figure 1. Square wave voltammetric curves in 1 mM solutions of 2,5-dihydroxybenzoic acid prepared

with acetic acid (a) and ethyl acetate (b) by different frequencies by using 1 mm Pt macroelectrode
(supporting electrolyte 50 mM TBAP, Estep=0.03 V, Epulse=0.25 V).

As a further verification of the above investigations square wave measurements were carried
out with macroelectrode in both solvents by varying the concentration of supporting electrolyte and
setting 1 Hz frequency. The concentration of the redox active compound 2,5-dihydroxybenzoic acid
was increased to 5 mM so the voltammetric peak will be more visible. As Figure 2 shows the low
supporting electrolyte concentration leads to flat curves and the peak becomes more and more
sharper when its concentration is enhanced. The solution resistance decreased and consequently the
ohmic potential drop so more and more higher pulse potential could be imposed to the electrode.
Meanwhile The pulse heights entered the diffusion controlled range thus leading to sharper peaks.
Basically, between acetic acid and ethyl acetate there is not significant difference, only the peak
potentials shifted a little to more positive values in ethyl acetate. The reason is possibly for that the
reduced solvation ability of ethyl acetate molecules for the transition state. The other difference is
that curves begin to have a peak only around 40 mM TBAP concentration. This suggests that this is
an appropriate solvent of the associated ionic pairs of supporting electrolyte thus decreasing the
degree of dissociation.
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Figure 2. Dependence of the square wave voltammetric signal of 5 mM 2,5-dihydroxybenzoic acid by
different TBAP concentrations in both studied low permittivity solvents, respectively (black: 10, red:
20, blue: 30, magenta: 40, green: 50 mM).

3.2. Microelectrode Studies of 1,2- and 1,4-Dihydroxybenzenes in Acetic Acid and Ethyl Acetate

The reduction of the electrode size to the micrometer dimensions provides numerous
advantages in low permittivity solvents. For decades there has been a considerable interest in
application of microelectrodes which make possible the examination of electrochemical reactions in
such media and moreover in conditions where no supporting electrolyte is added purposely. In the
latter case an “excess electrolyte zone” develops in front of electrode from the presenting ionic
impurities. The most important advantage of the use of microelectrodes in such conditions the
significant reduction of ohmic potential drop. Its magnitude depends on the solution resistance and
the expected current signal. Regarding the shape there exist more types of micrometer sized
electrodes for example microdisc, cylindrical and microband electrodes. In electroanalytical
procedures the cylindrical microelectrodes are frequently used whose diameter is in the micrometer
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range and their length is generally some millimeter. The reason is the minimized influence of
imperfections in the interface between the sealing insulating material and electrode. The carbon
microfiber electrode was applied successfully in two works of Pingarron’s research group in
determination of vanillin [32] and the pesticide thiram in ethyl acetate [33]. Platinum microelectrodes
provided a good option for determination of tocopherols and a-tocopheryl acetate in acetic acid [34]
and furthermore in the same solvent the antioxidants tert-butylhydroquinone, tert-butyl-4-
hydroxyanisole and butylated hydroxytoluene were successfully quantified with pulsed
voltammetric techniques [35].

It could be observed in the previous section that by using square wave voltammetry with
macroelectrode there was not significant difference between curves in acetic acid and ethyl acetate.
Therefore, it would be very difficult to make consequences for solvent composition. As by using
square wave voltammetry the studies result in peaks always in excess of supporting electrolyte
independently on the electrode size and of course, if the frequency is sufficiently low. Therefore cyclic
voltammetry was applied. If there is no complication and the scan rate is not too high we obtain a
sigmoidal curve. Its shape can be distorted if as a consequence of electrode reaction surface blocking
occurs. Platinum microdisc electrode was used as this type can be renewed by polishing if necessary.
The microelectrode voltammetric curves are displayed in Figure 3 for more 1,2- and 14-
dihydroxybenzenes by varying the substrate concentration between 5 and 25 mM incrementally with
5 mM by the steady 50 mM supporting electrolyte concentration and extending the potential window
to 3.5 V with 100 mV/s scan rate. The derivatives bearing formyl, carboxyl and acetyl groups and the
bare substrates are compared. Basically, by taking a look onto the figures the nature of substituents
resulted practically no differences and their absence, neither. The visible difference could be observed
in shape of curves between dihydroxybenzenes where position of the two hydroxyl groups differed
mainly in ethyl acetate solvent. For the 1,4-dihydroxybenzenes sigmoidal shaped voltammograms
could be recorded in ethyl acetate independently on the concentration. In contrast, in case of the 1,2-
dihydroxybenzenes well developed peaks appeared in the same solvent. Additionally, the ohmic
potential drops increase very significantly in ethyl acetate with substrate concentration as plateaus
are shifted very visibly to higher potentials where such signals appeared which is well noticeable by
hydroquinone and its derivatives.

However, in acetic acid plateaus appeared also by studying the 1,2-dihydroxybenzenes, small
current drops showed up after them indicating that a surface blocking process began but after that
the background current of solvent could be seen with similarly sharp enhancement as in case of 1,4-
dihydroxybenzenes. These findings are predominantly due to the Kolbe reaction of solvent molecules
leading to decarboxylation. Overall the extension of the potential window made possible the better
differentiation between the two low permittivity solvent. For the appearance of plateaus the
oxidation reaction producing quinones is responsible and this product can be further oxidized to
polymeric products. As formation of radicals leading to organic deposit occurs simultaneously with
the formation of acetyl radicals from acetic acid they can also terminate and therefore inhibit the
deactivation of electrode. Analyzing the shape of voltammograms there is not any sign of polymer
formation from quinones of 1,4-dihydroxybenzenes. Where hydroxyl groups were in 1,2-position in
the backward scan small peaks appeared more visibly in ethyl acetate suggesting the rupture of
deposits allowing the penetration for more reactant as their potentials are in the range of their
diffusion controlled process. These observations are in accorbance with the earlier results with 3,4-
dihydroxybenzaldehyde as catechol derivative.
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Figure 3. Effect of substituent and position of hydroxyl groups on the microelectrode voltammograms
of 2,5-dihydroxyacetophenone (a), 2,5-dihydroxybenzaldehyde (b), 2,5-dihydroxybenzoic acid (c),

hydroquinone (d), 2,3-dihydroxybenzaldehyde (e), 2,3-dihydroxybenzoic acid (f), catechol (g) in
acetic acid (main graph) and ethyl acetate (inset graphs).

3.2. Effect of Composition of Acetic Acid-Ethyl Acetate Mixtures on the Microelectrode Voltammograms of
Catechol

In the earlier section it could be established that the curvature of microelectrode voltammograms
of 1,2-dihydroxybenzenes were very different especially in ethyl acetate from that of 1,4-
dihydroxybenzenes. Therefore the simplest 1,2-dihydroxybenzene catechol was chosen for the
further studies. Furthermore the peak sharpness reached the highest value at 25 mM substrate
concentration of the studied ones therefore this concentration was chosen as steady value by 50 mM
supporting electrolyte.

The procedure involves the cleaning of microelectrode before each experiment as described in
Materials and methods section. After the preparation of the stock solutions the necessary volumes
were pipetted into clean vials and the volumes were completed with pure acetic acid and ethyl acetate
to obtain finally the desired solvent composition in v/v%. Then the voltammetric curves were
recorded in each solutions using the platinum microelectrode as working electrode.

The obtained voltammograms are displayed in Figure 4 in solutions where the solvent
compositions were varied between 0 and 100 % for both solvents. In accordance with the previous
findings in solutions where the ethyl acetate content was high anodic peaks appeared. The height
and sharphess of these peaks decreased elevating the acetic acid content. In compositions where
acetic acid content exceeded the amount of ethyl acetate similar voltammograms could be measured
with plateaus as in acetic acid. In the concentration range between 50 and 100 % for acetic acid simply
the dependence on the viscosity of solutions could be seen in the decreasing of plateau current
heights.

It is noteworthy to emphasize the high difference of peak potential in ethyl acetate between that
of curves taken in acetic acid containing mixtures. This suggests that the microenvironment of
transition state of charge transfer reaction consists mainly of acetic acid molecules making easier it.
This shift in ethyl acetate could be observed previously by all derivatives of catechol compared with
acetic acid.
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Figure 4. Dependence of the voltammograms of 25 mM catechol on the solvent composition (scan rate
100 mV/s, supporting electrolyte 50 mM TBAP).

Two types of calibrations were used to decide which shows more sensitively the changes. One
of the data series comprised the maximum currents and the other one involved the plateau currents
instead of the maximum currents where they appeared. As it can be seen in Figure 5 the latter showed
higher differences between the different compositions. It clearly shows also that the
electropolymerization reaction has high sensitivity towards the presence of acetic acid when its
percentage was smaller. The two curves run together in this range as of course only peaks appeared.

450-.
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0 20 40 60 80 100
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Figure 5. Calibration plots of solvent composition by using the voltammetric signal of catechol (black:
maximum current signals, red: maximum current signals and where plateaus appeared their height).

As a summary, the cyclic voltammetric studies highlight that in many cases the degree of
deviation from the regular voltammograms helps in estimating the solvent composition and
electropolymerization reactions are also appropriate to trigger such characteristic curvature of
curves.
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4. Conclusions

As it was shown here the mostly undesired process electrode deactivation caused by
polymerization can be utilized in an analytical procedure. The differences in the solvation abilities of
the two solvents towards products can have usefulness so the appropriate choice of a redox active
molecule having some degree of susceptibility to polymerization may provide possibility to make
composition estimations in other mixtures.
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