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oxidation of resorcinol:
mechanistic insights from experimental and
computational studies†

Kamonwad Ngamchuea, *a Bunrat Tharat,a Pussana Hirunsitbc

and Suwit Suthirakun ac

This work investigates the mechanisms of resorcinol oxidation by density functional theory (DFT)

calculation and cyclic voltammetry measurements. Complementary data from experimental and

computational studies provide new insights into the reaction mechanisms. At both macro- and micro-

electrodes, cyclic voltammetry of resorcinol is chemically and electrochemically irreversible over the

whole pH range (1–14). Resorcinol molecules undergo a 1H+ 1e� oxidation at pH < pKa1 and a 1e�

oxidation at pH > pKa2 to form radicals. The radicals then readily react to form dimers/polymers

deposited on the electrode surface. All of the experimental findings are consistent with the proposed

mechanisms, including the apparent transfer coefficient (b) of 0.6 � 0.1, the slope of the peak potential

(Ep) against pH of �54 mV pH�1, the peak-shaped responses at micro-electrodes, and the fouling of the

electrodes upon the oxidation of resorcinol. DFT calculation of the reaction energy of elementary steps

and the eigenvalues of the highest occupied molecular orbital (HOMO) of the radical intermediates

confirms that the (1H+) 1e� oxidation is the energetically favorable pathway. In addition to mechanistic

insights, an electrochemical sensor is developed for resorcinol detection at microelectrodes in low ionic

strength samples with the sensitivity of 123 � 4 nA mM�1 and the limit of detection (3 sB m�1) of 0.03 mM.
1 Introduction

Resorcinol or 1,3-dihydroxybenzene is an essential component
in various industries including car tyre manufacturing,1 wood
bonding,2 dermatological treatment,3 hair dye production,4

pharmaceuticals,5 and organic synthesis.6 Resorcinol is also
found in fermenting bacteria,7 and as the A-ring in avonoids.8

However, the uses of resorcinol come with signicant toxicity
risks to human health and the environment. The compound is
highly soluble in water and can be easily released into the
environment. Oral and skin exposure to resorcinol disrupts the
performance of thyroid glands, central nervous systems and red
blood cells.9 Resorcinol consumption in pregnant women can
lead to respiratory failure and the death of the fetus.10 It is thus
important to understand the physicochemical properties of
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resorcinol, and to have a fast and facile sensing method for
resorcinol detection.

The oxidation of resorcinol is a complicated process, and
controversy in its mechanistic pathway exists in literature. A
number of reports suggest resorcinol oxidation to be an irre-
versible 2H+ 2e� process forming 4-cyclohexene-1,3-dione as
a product.4,11–16 However, there is a lack of data to support the
‘2H+ 2e�’ mechanism. This mechanism arises from the experi-
mental observation that the anodic peak potentials shied with
pH by ca. �59 mV pH�1 at 298 K.11–16 The shi of �59 mV pH�1

indicates an equal number of proton(s) and electron(s) trans-
ferred during the oxidation process.17 The exact number of the
proton(s) and electron(s) involved in the oxidation, however,
cannot be concluded from this data alone.

As quinones are formed in the 2H+ 2e� oxidation of catechol
(1,2-dihydroxybenzene) and hydroquinone (1,4-dihydrox-
ybenzene),18 similar reaction pathway has been anticipated for
the oxidation of resorcinol. However, the oxidation of resorcinol
is signicantly different from that of catechol and hydroqui-
none, including the reversibility of the process and the char-
acteristics of the electrochemical responses.11,15,16 Catechol
oxidation, for example, has the value of apparent transfer
coefficient (n0 + bn0+1) between 1 and 2, and thus provides
a strong evidence for a two-electron process with the second-
electron transfer being the rate determining step.18 However,
we will demonstrate in this work that it is not the case for
This journal is © The Royal Society of Chemistry 2020

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06111e&domain=pdf&date_stamp=2020-07-31
http://orcid.org/0000-0003-0328-5462
http://orcid.org/0000-0002-6590-6343
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06111e
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA010047


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
/2

02
5 

11
:4

8:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
resorcinol. Although the energetic stability of 4-cyclohexene-1,3-
dione is consistent with the irreversibility of resorcinol oxida-
tion,11 the formation of quinone is not the only possible
pathway for resorcinol oxidation.

Another possible pathway for resorcinol oxidation involves
the formation of radical intermediates, which then proceed to
form dimer/polymer products.19,20 This mechanism is sup-
ported by the decrease in the anodic peak size in successive
scans due to the fouling of the electrode aer the deposition of
polymeric lms.19,20 This reaction pathway has not been studied
in detail, and will thus be investigated herein alongside the
quinone formation route. However, the mechanism of resor-
cinol oxidation is very complex and cannot be deduced from
experimental results alone. The reaction energies of elementary
steps have to be considered in order to justify themost favorable
reaction pathway. The primary aim of this work is thus to
elucidate the mechanism of resorcinol oxidation by employing
both DFT calculation and cyclic voltammetry experiments.

Importantly, different electrode materials have been used to
study the irreversible behavior of resorcinol oxidation by elec-
trochemical measurements.11–16,21–28 The interaction between
resorcinol and the electrode surface is inuenced by the struc-
ture, morphology and electrocatalytic activity of the electrode
material. The computational and experimental tools must be
used as a novel alternative to understand the electrochemical
oxidation–reduction mechanisms at different electrode
surfaces. The elucidation of the reaction mechanisms would
allow further development of various electrochemical applica-
tions including environmental monitoring and treatment,
toxicity studies, as well as synthetic applications.11–16,19,29–32

In this work, the understanding of the oxidation process of
resorcinol further leads to the development of an electro-
chemical sensor at a carbon microber electrode. To date,
a number of electrochemical methods have been developed for
resorcinol detection.12,21–23,26,27 However, electrochemical
measurements at conventional macroelectrodes, including
those modied electrodes where macroscale substrates are
used, are limited by the need of a large excess of supporting
electrolytes to prevent ohmic drop effects, making it inconve-
nient for on-site applications.24,25,28,33,34 At microelectrodes, the
small magnitude of currents allow the requirement of sup-
porting electrolyte to be signicantly relaxed.35–37 In this work,
an electrochemical sensor for resorcinol detection is thus
developed via the use of microelectrodes, and applied to low
ionic strength samples.

2 Methods
2.1 Chemical reagents

All chemical reagents were of analytical grades and used as
received without further purication: resorcinol (1,3-dihydrox-
ybenzene, 99%, Sigma-Aldrich), hydrochloric acid (HCl, 37%,
Sigma-Aldrich), sodium hydroxide (NaOH, $97.0%, Sigma-
Aldrich), sodium phosphate dibasic (Na2HPO4, $99.0%,
Sigma-Aldrich), sodium phosphate monobasic (NaH2PO4,
$99.0%, Sigma-Aldrich), and potassium chloride (KCl,$99.0%,
Sigma-Aldrich).
This journal is © The Royal Society of Chemistry 2020
Buffer solutions were freshly prepared as follows: pH 1.0 –

hydrochloric acid (HCl), pH 4.0 – citric acid/sodium citrate, pH
6.0 – sodium phosphate monobasic (NaH2PO4)/sodium phos-
phate dibasic (Na2HPO4), pH 9.0 – sodium carbonate (Na2CO3)/
sodium bicarbonate (NaHCO3), pH 10.0 – sodium bicarbonate
(NaHCO3) and sodium hydroxide (NaOH), pH 12.0, 13.0, 14.0 –

sodium hydroxide (NaOH). The ionic strengths of all buffer
solutions were adjusted to 0.10 M by the addition of potassium
chloride (KCl).

2.2 Electrochemical measurement

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) experiments were performed with a PalmSens4 poten-
tiostat (PalmSens, Netherlands) and an Autolab PGSTAT302N
potentiostat (Metrohm, Netherlands) respectively, using a stan-
dard three electrode setup in a Faraday cage thermostated at
25 �C. A glassy carbon macrodisc (3.0 mm diameter, ItalSens) or
a carbon ber microdisc (7 mm diameter, BASi) was used as
a working electrode. The working electrodes were polished on
a water–alumina slurry (Buehler, USA) on so lapping pads
(Buehler, USA) prior to use. The working electrodes were then
characterized by a standard redox probe, hexacyanoferrate(II)/
hexacyanoferrate(III) (Fe(CN)6

4�/Fe(CN)6
3�) in the presence of

0.10 M potassium chloride (KCl) electrolyte; refer to Section S1
in the ESI.† A platinum sheet was used as a counter electrode. A
silver/silver chloride (Ag/AgCl in 3.4 M KCl, ItalSens) or a silver
wire was used as a reference electrode. All solutions were
deoxygenated by a strong ow of nitrogen gas into the samples
for 5 minutes to prevent interferences from oxygen reduction.

2.3 Computational detail

Quantum chemical calculations were carried out using the
density functional theory (DFT)38 method as implemented in
the TURBOMOLE version 7.3 program package.39 The effects of
exchange and correlation were described by Becke's 3-param-
eter hybrid exchange-correlation functional, B3LYP.40,41 The
triple-zeta basis set with polarization function (TZVP) was
used.42 A self-consistent-eld energy convergence criterion was
set to 1.0 � 10�6 hartree and the standard grid (m3) for
numerical quadrature was used.43 Effects of water solvent (3 ¼
80.40) toward the optimized structures and their total energies
were treated using the COSMO (conductor-like-screening
model) approach.44,45

To systematically explore the mechanisms of resorcinol oxida-
tion, we calculated reaction energies of all considered elementary
steps including two types of reactions i.e. electron and H+

abstractions. Reaction energies of the former, the oxidation ener-
gies, were calculated as the energy difference between two opti-
mized intermediates where the product state has one less number
of electron than that of the reactant state. The energy of H+

abstraction processes were computed as, (EP + EH+) � ER, where EP
and ER are the calculated total energies of product and reactant
states, respectively. Note that the product state possesses one less
number of the H atoms in the structure. The energy of H+, EH+, was
obtained from the reaction H2O + H+ / H3O

+. The potential
energy proles of most energetically favorable pathways were
RSC Adv., 2020, 10, 28454–28463 | 28455
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constructed based on the calculated reaction energies of consid-
ered elementary steps.
3 Results and discussion

This work started with the voltammetric studies of resorcinol
oxidation at macro- and micro-electrodes. We next performed
DFT calculation to gain further insights into the mechanism of
resorcinol oxidation and explore the most favourable reaction
pathway. Following the understanding of the reaction mecha-
nism, an electrochemical sensor was developed for resorcinol
detection and the method was applied to low ionic strength
samples.
3.1 Cyclic voltammetry at macroelectrodes

Resorcinol oxidation was rst investigated experimentally by
cyclic voltammetry at glassy carbon macroelectrodes. The aim
of this study was to determine the chemical and electro-
chemical reversibility, the number of protons and electrons
transferred, as well as the relevant kinetic parameters of resor-
cinol oxidation. For this purpose, cyclic voltammetry of resor-
cinol oxidation was performed at different scan rates and pH
conditions before subjected to relevant analyses, detailed
below.

3.1.1 Effects of pH. The solutions of 1.0 mM resorcinol in
0.10 M aqueous buffer solutions (1 # pH # 14) were subjected
to cyclic voltammetry measurement (E ¼ 0.0 / 1.4 / 0.0 V vs.
Ag/AgCl [3.4 M KCl]) at the scan rate of 100 mV s�1. The
resulting voltammograms exhibited anodic peaks, correspond-
ing to the oxidation of resorcinol (Fig. 1a). At pH $ 12, addi-
tional broad anodic peaks occurred at potentials near the onset
of solvent breakdown. This broad peak became pronounced at
high concentrations of hydroxide ions, and had been suggested
to be the oxidation caused by oxygen radicals such as OHc

generated at high potentials.19 No cathodic peaks were observed
at all pH, indicating the electrochemically irreversible and/or
chemically irreversible nature of the process, further evalu-
ated later in the text.

As the pH of the solutions increased, the anodic peaks of
resorcinol shied towards lower potentials. The negative shi
Fig. 1 (a) Cyclic voltammograms of 1.0 mM resorcinol at a glassy carbon
various pH solutions. (b) A plot of the anodic peak potentials (Ep) agains

28456 | RSC Adv., 2020, 10, 28454–28463
with pH indicated a deprotonation process associated with the
removal of electron(s) from resorcinol to form a radical inter-
mediate. To determine the number of H+ and e� involved, the
peak potentials (Ep) were plotted against pH in Fig. 1b. Overall,
the Ep vs. pH plot was non-linear. However, the graph can be
divided into three sections separated by pKa1 (9.31)9 and pKa2

(11.06)9 of resorcinol in consideration of the different proton-
ated states of the starting material.18 In this work, we focused on
the mechanisms at the two extreme pH ranges (pH < pKa1 and
pH > pKa2). At pH < pKa1, the Ep vs. pH slope was determined to
be �54 mV pH�1 close to the values previously reported for this
pH range.24 The results thus indicate an equal number of
proton(s) and electron(s) in the oxidation of resorcinol (ne�

nH+). At pH > pKa2, no pH dependence was observed, consistent
with the reactant (resorcinol) being in the deprotonated state
prior to the start of the oxidation reaction.

3.1.2 Tafel analysis. The cyclic voltammetry results were
next subjected to Tafel analysis (eqn (1)):17,46

v ln I

vE
¼

�
n
0 þ bn

0þ1

�
F

RT
(1)

where I is the electrical current, and E is the applied potential. n0

is the number of electrons transferred before the rate deter-
mining electron transfer step, bn0+1 is the anodic transfer coef-
cient of the rate determining electron transfer step, R is the
molar gas constant (8.314 J K�1 mol�1), T is the absolute
temperature (K), and F is the Faraday constant (96 485 C
mol�1).17 Only the currents in the range of 15–50% of the peak
currents were considered for Tafel analysis to avoid the inu-
ence of diffusional mass transport.

From Tafel analysis in Fig. 2, the n0 + bn0+1 values for all pH
were determined to be 0.6 � 0.1. The results thus infer that n0 ¼
0, and can be interpreted in three ways. First, the oxidation of
resorcinol is an electrochemically irreversible one-electron
transfer process. Second, it is a multi-electron process with
the rst electron transfer being the rate-determining step.
Third, it is a multi-electron process with the true value of n0 +
b n0+1 greater than 1, but the value is hindered by electrode
fouling during the voltammetric scan. These hypotheses will be
compared with the DFT results and returned to later in the text.
macroelectrode (3.0 mm diameter) at the scan rate of 100 mV s�1 in
t pH.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Cyclic voltammograms of 1.0 mM resorcinol at a macroelectrode the scan rate of 100 mV s�1 at the pH of (a) 1.0; (b) 6.0; (c) 9.0; (d) 13.0.
The blue lines indicate 15–50% of the peak currents used for Tafel analyses. Inlays: the Tafel plots of ln |I| against E.
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3.1.3 Effects of scan rates. Resorcinol oxidation was further
subjected to voltammetric studies at varied scan rates (10–400 mV
s�1) at a glassy carbon macroelectrode, refer to Fig. 3a for the
results in pH 6.0 buffer. The peak position shied towards more
positive potentials as the scan rate (y) increased, characteristics of
an electrochemically irreversible process. The plot of Ep against
log y (inlay, Fig. 3a) gives the slope of 66.8 mV per decade of log y.

The plot of the peak currents (Ip) against square root of scan
rates ð ffiffiffi

n
p Þ is linear and passes through the origin (Fig. 3b). The

process is thus diffusion controlled. The results agreed with
previous experimental reports, as well as theoretical studies of
activation energy being lower than 40 kJ mol�1, indicating
Fig. 3 (a) Cyclic voltammetry of 1.0 mM resorcinol in 0.10 M phosphate
Scan rates of 10–400 mV s�1. (b) A plot of peak currents (Ip) vs. square r

This journal is © The Royal Society of Chemistry 2020
a diffusion-controlled process.47 Notably, we have shown in our
previous work that the adsorption of resorcinol can take place at
a carbon surface. However, the adsorption process is very slow
and has negligible effect on the voltammetric responses in the
timescale of the experiments herein.

The diffusion coefficient of resorcinol can be estimated by
eqn (2):

Ip ¼ 0:496
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n0 þ bn

0þ1

q
nFAc*

ffiffiffiffiffiffiffiffiffiffi
FnD

RT

r
(2)

to be 5.2 � 10�10 � 0.1 � 10�10 m2 s�1, given that b ¼ 0.6 (from
Tafel analysis) n0 ¼ 0, n ¼ 1, c* is the bulk concentration of
buffer pH 6.0 at a glassy carbon macroelectrode (3.0 mm diameter).
oot of scan rates (n).

RSC Adv., 2020, 10, 28454–28463 | 28457
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resorcinol (c* ¼ 1.0 mM), A is the electrode surface area (A ¼
7.07 mm2), R is the molar gas constant (8.314 J K�1 mol�1) and T
is the absolute temperature under experimental conditions (T¼
298 K).
3.2 Cyclic voltammetry at microelectrodes

The oxidation of resorcinol was next investigated by cyclic vol-
tammetry at microelectrodes to conrm its electrochemical
behaviour and elucidate further insights into the process.
Fig. 4a presents the voltammograms of 1.0 mM resorcinol
oxidation in 0.10 M aqueous buffers (1 # pH # 14) at a carbon
microdisc electrode (7 mm diameter) at the scan rate of 10 mV
s�1. Interestingly, peak-shaped responses were observed. The
currents did not reach steady state even though a microelec-
trode was used, and the voltammetry conducted at the slow scan
rate of 10 mV s�1. These results are consistent with the forma-
tion of an electrochemically inert products on the surface of the
electrode.

The formation of inert lm on the electrode was further
evidenced by the following experiments. Successive voltam-
metric scans of resorcinol oxidation were performed using the
same electrode without electrode polishing between scans. The
diffusion layers were refreshed by solution stirring before each
scan. An anodic peak of resorcinol oxidation was observed in
the rst scan as usual. However, no oxidation peak was observed
in the following scans. Aer careful polishing, the electrode
regained its electroactivity, and thus evidenced the fouling of
the electrode surface upon the oxidation of resorcinol (Fig. S2,
ESI†).

The effects of pH on the cyclic voltammetry responses of
resorcinol oxidation at microelectrodes were studied next. The
resulting voltammograms showed irreversible anodic peaks
associated with the oxidation of resorcinol, while cathodic
peaks were absent at all pH (Fig. 4a). The position of the anodic
peaks shied towards lower potentials as the pH of the solu-
tions increased, similar to the results at macroelectrodes. The
plot of the peak potential (Ep) against pH in Fig. 4b was non-
linear, and was divided into three sections separated by the
pKa's of resorcinol. When the solution was more acidic than
pKa1 of resorcinol, the Ep vs. pH slope was�52.2 mV pH�1, close
Fig. 4 (a) Cyclic voltammograms of 1.0 mM resorcinol at a carbon micro
solutions. (b) A plot of the anodic peak potentials (Ep) against pH.

28458 | RSC Adv., 2020, 10, 28454–28463
to the value at a macroelectrode. The oxidation of resorcinol
then became independent of pH when the solution was more
basic than the pKa2 of resorcinol, again agreed with the results
at macroelectrodes. We also found that solvent breakdown
shied to higher overpotentials in the presence of resorcinol
(Fig. S3, ESI†).

Tafel analysis of resorcinol cyclic voltammetry at microelec-
trodes was also attempted. Background subtraction (voltam-
mogram of resorcinol oxidation – voltammogram of blank
buffer solution) was considered. However, signicant devia-
tions from linearity of the ln I (15–50% of Ip) vs. E plot were
observed with and without background subtraction. At micro-
electrodes, diffusional mass transport had greater inuence on
the voltammetric responses than macroelectrodes. In this case,
there were also complications from the irreversible formation of
polymeric lm, and the unusual voltammetric peak shapes.
Therefore, transfer coefficients could not be determined with
sufficient accuracy at microelectrodes.
3.3 Mechanistic studies by DFT calculation

To obtain insights into the mechanism of resorcinol electro-
oxidation in aqueous solution, we utilized the DFT method to
explore the most favorable pathways. The electrochemical
reaction in the solution is expected to be very complex. For
simplicity, we employed the implicit solvation model of COSMO
method and calculated the energies of the optimized interme-
diates in the absence of other compounds. To systematically
investigate the oxidation mechanism, we considered various
possible reaction pathways where both abstractions of an elec-
tron and H+ were included in a stepwise fashion, as shown in
Fig. 5. The favorable pathways were determined from the reac-
tion energy of each elementary step which can be calculated as
the difference of total energy of the optimized intermediates. In
addition, the eigenvalues of highest occupied molecular orbital
(HOMO) of intermediates can be used to suggest the tendency
to lose electrons where the higher the HOMO energy the easier
it is to give away an electron.

As shown in Fig. 5, computations reveal that in order to form
the oxidized monomer (4-cyclohexene-1,3-dione, RS10), it is
energetically more favorable for resorcinol reactant to rst lose
electrode (7 mm diameter) at the scan rate of 10 mV s�1 in various pH

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Scheme of squares of resorcinol oxidation. The numbers in parentheses represent HOMOenergies of each species. The reaction energies
of each considered elementary steps are labeled as red numbers. All energies are in eV.
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its H+ prior getting oxidized. As for the rst step, the abstraction
of H+ requires much less energy (RS1/RS2, 2.15 eV) than that
of the direct oxidation (RS1/RS6, 5.76 eV). Likewise, the ob-
tained RS2 intermediate prefers to sacrice its H+ (2.60 eV) than
to lose its electron (4.35 eV). Then, the deprotonated interme-
diate, RS3, undergoes oxidation where two electrons are with-
drawn from the RS3 ion resulting in the RS9 intermediate with
a rather high net reaction energy of 3.53 + 5.45 ¼ 7.98 eV. The
calculated HOMO eigenvalues provide insight into the ener-
getically preferred reaction pathway. It can be seen that the
HOMO energies of the intermediates are increased upon H+

abstraction indicating the increased oxidizability of the inter-
mediates. The reaction energy of rst electron oxidation is
decreased from 5.76 eV to 4.35 eV aer a H+ abstraction and
further reduced to 3.53 eV when it loses two H+.

In addition, our electrochemical experiments indicate
formation of polymeric lm on the microelectrode. Hence, it is
of our particular interest to computationally explore the alter-
native mechanism of polymer formation via radical formation
route, Fig. 6a. Resorcinol oxidation can yield active monomer
radicals that leads to the formation of various polymers. Among
the considered radicals in this study, the RS5 intermediate is
energetically feasible to occur as it requires less energy (RS2/
RS5, 4.35 eV) to get oxidized than that for the other radicals,
Fig. 5. Formation of the RS5 radical follows similar reaction
pathway as described above (RS1/RS2/RS5). The generated
RS5 radical, whose unpaired electron is localized on the oxygen
atom, can subsequently isomerize to have its radical on the
carbon ring, RS11. This isomerization process, RS5/RS11
(Fig. 6a), is energetically uphill by 1.30 eV which is consistent
with the previously calculated value (1.31 eV).48 From the energy
prole depicted in Fig. 6a, the radical formation route,
branched from the monomer oxidation route, is more favorable
as it does not require the loss of the second electron (RS4/RS9)
This journal is © The Royal Society of Chemistry 2020
which is energetically much more demanding. The generated
radicals, e.g. RS5 and RS11, can readily react to form dimers as
shown in Fig. 6b. As expected, formation of dimers from the
active radicals are exothermic where the dimer products are
signicantly more stable. Possible dimer products are demon-
strated in Fig. 6b. These dimers can further react to form
polymers which cover the electrode surface and cause electrode
deactivation.49 Overall, the calculated results are consistent with
our experimental studies that the electro-oxidation of resorcinol
is indeed a one-electron process where the reaction mainly
produces polymers covered on the electrode surfaces.

From the results of both experimental and computational
studies, we thus conclude that the electro-oxidation of resor-
cinol is electrochemically and chemically irreversible. At pH <
pKa1, the rst step in resorcinol oxidation is a 1H+ deprotona-
tion associated with an irreversible removal of 1e� to form
a radical (RS5). At pH > pKa2, the process becomes independent
of pH. The rst step under this condition is thus the removal of
1e� to form the RS4 radical. The radicals then proceed to form
dimers/polymers in an exothermic process. From the cyclic
voltammetry results, we showed that the nal product of
resorcinol oxidation is electrochemically inert as evidenced by
the peak-shaped responses (i.e. not steady state) at a micro-
electrode and the fouling of the electrode. We also showed that
this electrochemically inert product is deposited on the elec-
trode surface from the results of successive voltammetric scans.
Once the low-energy dimer/polymer is formed, the system
becomes highly stable and does not undergo a backward
reduction reaction, resulting in the absence of the cathodic
peak in the voltammetry. In addition to being thermodynami-
cally stable as conrmed by the DFT studies, the absence of the
cathodic peak could be due to the polymeric lm being non-
conductive and thus experienced signicant ohmic drop
across the electrode surface.
RSC Adv., 2020, 10, 28454–28463 | 28459
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Fig. 6 (a) Potential energy profiles constructed using the reaction
energies of the two possible pathways: monomer oxidation (black) and
radical monomer formation (red) where (b) the formed radicals
effectively react to generate various stable dimer products.

Fig. 7 Cyclic voltammetry of 1.0 mM resorcinol at a carbon micro-
electrode in the absence of added electrolytes. Scan rate of 10 mV s�1.
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3.4 Sensing application: resorcinol detection in low ionic
strength samples

Having gained insights into the process of resorcinol oxidation,
we next explore its analytical applications. At conventional
macroelectrodes, a large amount of supporting electrolyte
(usually 100 times of the analyte's concentration) is needed to
avoid ohmic drop effects. Below, we studied the differences in
the voltammetric responses of resorcinol oxidation at macro-
and micro-electrodes in the absence of supporting electrolytes.
To prevent the leakage of salt into the solutions, a silver wire
was used as a pseudo reference electrode. The conductivity of
air equilibrated deionized water employed in the experiments
was measured to be 1.4 mS cm�1. The measured conductivity is
higher than the value stated inside the water producing
machine due to the dissolution of atmospheric CO2 to form
ionic species such as HCO3

� and H+,50 making the solution
sufficiently conductive for electrochemical measurements at
microelectrodes.
28460 | RSC Adv., 2020, 10, 28454–28463
Fig. 7 compares normalized cyclic voltammograms of
1.0 mM resorcinol in deionized water at a macroelectrode vs.
a microelectrode in the absence of supporting electrolytes at the
scan rate of 10 mV s�1. At a macroelectrode, the anodic peak of
resorcinol oxidation was absent. Meanwhile, resorcinol could
be easily detected voltammetrically at a microelectrode without
any signicant ohmic distortion. We thus clearly demonstrated
the advantage of microelectrodes in resorcinol detection in low
ionic strength samples.

The solutions of varied resorcinol concentrations were next
subjected to cyclic voltammetry and differential pulse voltam-
metry at a microelectrode in the absence of supporting elec-
trolytes. As compared to cyclic voltammetry (Section S4, ESI†),
differential pulse voltammetry enhanced the oxidative
responses of resorcinol oxidation due to the minimized capa-
ctitative (background) currents. The differential pulse voltam-
mograms are demonstrated in Fig. 8. The inlay in Fig. 8 showed
the calibration plot of the peak currents (Ip) against resorcinol
concentrations, with the sensitivity of 123 � 4 nA mM�1 and the
limit of detection (3 sB m�1) of 0.03 mM. This value of limit of
detection is comparable to that of various modied electrodes
presented in the literature.11–16,21–28

The ability of microelectrodes to give well-dened electro-
chemical responses in low ionic strength samples allow direct
detection of resorcinol in a single step without the need for
sample preparation or electrode modication. The sub-
micromolar limit of detection would allow the application of
the method in a wide range of samples which contain micro-
molar levels of resorcinol such as hair dyes, urine, blood serum
and water resources.4 The possible limitations of the method lie
in the possibility of electrode fouling due to the formation of
inert polymeric lms on the electrode surface. Polishing or
electrochemical cleaning of the electrode surface is thus
required. There are also possibility of interference effects in very
complex systems. However, the advantages of electrochemical
sensors such as short measurement time, low-cost instrumen-
tation and high sensitivity outweigh these limitations. The
method is particularly suitable for quick screening tests or in
situations where a large number of samples have to be tested in
a short time.
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Differential pulse voltammograms of varied concentrations of
resorcinol in deionized water at a carbon microelectrode (7 mm
diameter); step potential ¼ 0.001 V, modulation (pulse) amplitude ¼
0.050 V, modulation time ¼ 0.050 s, interval time ¼ 0.1 s. The inlay
shows the calibration plot of the peak currents against resorcinol
concentrations.
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4 Conclusions

The oxidation of resorcinol was evaluated by both DFT calcu-
lation and cyclic voltammetry measurements at macro- and
micro-electrodes. All of the experimental ndings agreed with
the DFT results that resorcinol oxidation proceeded via an
electrochemically irreversible 1H+ 1e� process, followed by the
irreversible formation of electrochemically inert polymers.
Similar mechanistic pathway was proposed for resorcinol
oxidation in very basic solutions (pH > 11), except that there was
no H+ transfer taking place and the process became indepen-
dent of pH. Finally, we further highlighted the ability of
microelectrodes to detect resorcinol in low ionic strength
samples, and thus provided a fast and facile sensing method for
resorcinol detection.
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44 A. Klamt and G. Schüürmann, COSMO: a new approach to
dielectric screening in solvents with explicit expressions
for the screening energy and its gradient, J. Chem. Soc.,
Perkin Trans. 2, 1993, 5, 799–805.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06111e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

1 
Ju

ly
 2

02
0.

 D
ow

nl
oa

de
d 

on
 2

/1
/2

02
5 

11
:4

8:
07

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
45 J. Tomasi, B. Mennucci and R. Cammi, Quantum
Mechanical Continuum Solvation Models, Chem. Rev.,
2005, 105, 2999.

46 C. Batchelor-McAuley and R. G. Compton, Voltammetry of
multi-electron electrode processes of organic species, J.
Electroanal. Chem., 2012, 669, 73–81.

47 B. K. Körbahti and P. Demirbüken, Electrochemical
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