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Using electrochemical techniques (cyclic voltammetry (CV) and differential pulse voltammetry (DPV)) with
a boron-doped diamond (BDD) electrode it was possible to study the behavior of hydroquinone (HQ),
catechol (CT) and resorcinol (RS), in aqueous solutions as well as to associate the electrochemical
profiles with computational simulations. It led to understanding the factors that influence the direct
electrooxidation of HQ, CT and RS on the BDD surface. Theoretical calculations demonstrated that the
compounds with lower HOMO energy and high ionization potential (IP) are more stable, showing
a higher E,,, denoting that HOMO energies and IP are related to the difficulty of oxidizing (losing an
electron) a specific compound. Analyzing the electro-oxidation reactions of HQ, CT and RS by using
computational calculations, it was possible to verify the reversibility behavior, direct oxidation pathway
and the possible intermediates formed during electron-transfer. The results clearly demonstrated that
the reversibility was attained for HQ and CT, while this behavior is not feasible, thermodynamically
speaking, for RS and this was confirmed by DFT calculations. For direct oxidation mechanisms, HQ and
CT are quickly oxidized, but RS produces stable intermediates. These experimental and theoretical
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suggesting that the interactions by direct electron-transfer determine the stability of response

(sensitivity) as well as the limit of detection. The results are described and discussed in light of the
existing literature.
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1. Introduction

Catechol (CT), resorcinol (RS) and hydroquinone (HQ) are
a class of chemical compounds consisting of a hydroxyl func-
tional group (-OH) attached to an aromatic hydrocarbon group,
with a ring structure like that of benzene.' These compounds
and their derivatives have wide application in various fields.
Moreover, these compounds have great significance in biolog-
ical properties such as anti-inflammatory, antibacterial, anti-
convulsants, anti-tumor, antioxidant properties and many other
applications,'® and also the isomers of di-hydroxyl-benzenes
are employed in the cosmetics, dyes, chemical and pharma-
ceutical industries.”*°
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On the other hand, the interest in developing treatment
methods, for use in environmental monitoring and restoring,
has grown during the last years. Several industries produce
during their processes, different solid and liquid wastes con-
taining toxic phenolic compounds (Phs), and their detection,
quantification and treatment are necessary before discharge of
these pollutants into aquatic eco-systems.™

In this frame, electrochemical technologies'* have been the
subject of several investigations to be used in analytical and
environmental applications.” In the former case, electrochemical
techniques (cyclic voltammetry, chronoamperometry, chro-
nocoulometry, differential pulse voltammetry, linear sweep vol-
tammetry, etc.) can be fast in detection, less expensive, and with
the merits of low detection limit and high accuracy as well as less
complicated than the other techniques (high performance liquid
chromatography, atomic absorption, gas chromatography and so
on). Meanwhile, in the latter case, the application of electro-
chemistry to environmental pollution abatement has currently
received great attention for the elimination of toxic and bio-
refractory organic pollutants***® from water, emerging the elec-
trochemical advanced oxidation processes (EAOPs).
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Among the analytical and environmental applications of
electrochemical technologies, the effectiveness of both
approaches depends on the nature of the material used. In this
frame, boron doped diamond (BDD) is considered the most
important and applicable of the electrodes****” in the last
years. For electrochemical water treatment, BDD promotes the
electrogeneration of oxidant mediators by the water discharge
(H,0 — "OH +e— + H"), the hydroxyl radicals ("OH).****° These
electrogenerated species are primordially physisorbed on its
surface (non-active anode surface interacts so weakly with "OH),
playing an important role in the electrochemical conversion/
combustion of organic pollutants. For electrochemical detec-
tion, the wide potential window and low background current
characteristics of BDD electrode enables highly sensitive
detection of various chemical species, leading to significant
improvements in terms of linear dynamic range, limit of
detection (LOD), response precision and response stability.'*2°

Although several mechanisms regarding the oxidation of Phs
were described,»*”'>** more work needs to be done to fully
characterize the electrochemical oxidation reactions of these
compounds. In this frame, computational theoretical studies,
by using Density Functional Theory (DFT), emerge as a power
tool to verify the possible factors that guide the electrochemical
reactions,”® at chemical molecular level during their
detection/quantification or partial/complete oxidation at BDD
electrode, for possible optimizations.

For this reason, in this work, it was studied the electro-
chemical behavior of three Phs (catechol, resorcinol and
hydroquinone) by using electroanalytical methodologies (cyclic
and differential pulse voltammetries) with BDD electrode.
Moreover, a comparative study between Phs structures was
performed by computational simulations, involving the natural
bond orbital (NBO),>***"° jonization potential (IP) and elec-
tronic affinity (EA)*"** (well-known chemical properties) with
the voltammetric profiles in order to understand their main
differences, the effects by the positions of the hydroxyl group
(-OH) attached to the ring as well as the chemical properties
related to the redox behavior of the reactions. It is important to
remark that, as far as the authors know, no attempts about this
research with BDD electrode have been published yet for
understanding the relationship of the redox properties of Phs by
theoretical-computational studies. Then, these outcomes will
provide a contribution to comprehend the quantitative struc-
ture-activity relations in the diamond films electrochemistry.

2. Experimental
2.1 Reagents

Chemicals were of the highest quality commercially available,
and were used without further purification. HQ, CT, RS, H,SO,
and NaOH were purchased from Fluka. All aqueous solutions
were prepared using ultrapure water obtained by MilliQ® water
purification system, and purged with pure nitrogen gas prior to
each experiment. For electrochemical measurements, stock
solutions 0.1 mol L' of HQ, CT and RS were prepared in
0.05 mol L™ ! H,S0,.
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2.2 Electrochemical experiments

Voltammetric experiments were performed in an Autolab
PGSTAT32N connected to a PC by using NOVA software to
process all data. A stationary BDD electrode (1.02 cm? of area)
was used as working electrode for cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) experiments by using
a conventional electrochemical cell with a capacity of 30 mL and
thermostatic control. Platinum wire was used as auxiliary elec-
trode and all potentials were measured against an Ag/AgCl
electrode in saturated KCl (3.0 mol L™'). The experiments
were conducted at room temperature (25 °C). The surface of the
disk was polished by using isopropanol and sonicated with
ultrapure water for 5 min, before use and after each measure-
ment. BDD films were synthesized by Adamant Technologies
(Neuchatel, Switzerland). It was grown onto a conductive p-Si
substrate (0.1 Q cm, Siltronix) via the hot-filament, chemical-
vapor-deposition technique. This procedure gave a columnar,
randomly textured, polycrystalline diamond coating, with
a thickness of about 1 pm and a resistivity of 15 mQ cm (+£30%).
The diamond electrode was place on a metal support (Ti) and
electrical connection was made scratching the backside of Si
substrate and then coating the area with Ag paste. Ti support
was polished clean prior to contact. Subsequently, Ti support
and the borders of BDD surface were covered with an isolator
polymer to protect the electrode device when it was immersed in
the aqueous solutions. In order to stabilize the electrode surface
and to obtain reproducible results, the diamond electrode was
pretreated at 25 °C by anodic polarization in 1 M HCIO, at 10
mA cm~ > during 30 min using stainless steel as counter elec-
trode. This treatment made the surface hydrophilic.

2.3 Analytical measurements

DPV measurements were usually conducted in 0.05 mol L ™"
H,SO, at 25 °C with a conventional three-electrode system
described above, and applying scan rate of 50 mV s~ ', equili-
bration time (s): 10; modulation time (s): 0.04; initial potential
(V): 0.50; end potential (V): 2.50; step potential (V): 0.006;
modulation amplitude (V): 0.05 and standby potential (V): 0.05.
Calibration curves for of HQ, CT and RS were achieved in
0.05 mol L™! H,SO0,, evaluating the peak intensity as a function
of the analyte concentration, and considering at least six analyte
concentrations. At the end, the electrode was cleaned with
alcohol-water steps as above described.

2.4 Computational details

Computational calculations of optimization of geometry and
NBO were performed using the Gaussian 09 package®' in a level
of theory DFT with functional B3LYP and basis set 6-311++G (d,
p)- Ionization potential (IP) and electronic affinity (EA) were also
calculated by estimating them in the vacuum and implicit
solvent water.”>** The HOMO (highest occupied molecular
orbital) and SOMO (singly occupied molecular orbital) eigen-
values from optimized geometries of isomers in their neutral
forms as well as the Gibbs energies of structures used to obtain
the plots about of the reaction pathways were correlated with
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the voltammograms obtained at BDD electrode, evaluating the
anodic oxidation potentials (Ep,), which is a specific character-
istic of each one of the isomers examined. Based on the results
obtained, under the proposed conditions, it was established the
relationship between HOMO/SOMO energy, obtained compu-
tationally, and the electrochemical behavior observed at the
voltammetric analysis.

3. Results and discussions
3.1 Cyclic voltammetry characterization

The electrochemical behavior of HQ, CT and RS was carefully
investigated at a BDD electrode in 0.05 mol L™ H,SO, at 25 °C
using cyclic voltammetry. These experiments were carried out at
different sweep rates ranging from 0.05 to 0.40 V s *. Typical
voltammograms recorded under the chosen experimental
conditions for HQ, CT and RS, are shown in Fig. 1. CV profiles
for HQ and CT (see, Fig. 1a and b) show that the separation
between the anodic (E,,) and cathodic (Ejp.) potential peaks is
superior than +0.658 V and +0.565 V vs. Ag/AgCl, respectively. It
occurs due to the redox process by these experimental condi-
tions***** and it increases when an increase on the scan rate was
attained for HQ and CT (see, Fig. 2). Meanwhile, no cathodic
peak was achieved for RS during CV analysis (Fig. 1c), obtaining
only an anodic peak about +1.16 V vs. Ag/AgCl indicating only
occurrence of oxidative process. Insets in the Fig. 1a and b show
a linear relationship of i, vs. the square root of the scan rate (V”
%) in the range investigated for HQ and CT, suggesting that the
redox reactions of HQ and CT are controlled by diffusion mass
transport.”** Aiming to evaluate if the diffusion or the adsorp-
tion was the rate-determining step on the electrooxidation
mechanism of the isomers, the influence of the scan rate (v) was
studied. The relationship between log 7, vs. log v for HQ and CT
showed a linear response with linear correlation coefficient (%)
of 0.9974 and slopes close to 0.5 for both signals (0.47 and 0.45
for HQ and CT, respectively), confirming that currents were
diffusion controlled (Fig. 3a and b) towards diamond surface.”?*
Similar analyses were performed for RS achieving different
behavior due to the direct oxidation process attained on BDD
surface. As can be seen on BDD anode (Fig. 1c), when RS is
present in solution resulted in an anodic peak at +1.16 V and
a broad peak at +1.56 V that is partially overlapped by an
increase on the current at +1.86 V. This indicates that RS can be
directly oxidized on diamond surface in the region before
oxygen evolution,*?® and consequently, the increase on the
current can be due to the interaction of intermediates formed
from RS oxidation with the diamond surface.

It is also interesting to observe that some changes in the
current were achieved in the potential range of +0.5 Vand +1.0 V
as well as in the region before of water decomposition (>+1.85
V), indicating that, direct and indirect (by water decomposition
intermediates (hydroxyl radicals, ‘OH))****3**3¢ oxidation
processes occur, which are only available in conditions of
oxygen evolution (eqn (1)). Since phenol is a byproduct or
starting reagent in the formation and mineralization reactions
of HQ, CT and RS, it is common the mechanism already

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Cyclic voltammograms of 1.8 x 10~> mol L™ of (a) HQ, (b) CT
and (c) RS at BDD electrode in 0.05 mol L™ H,SO,; at different scan
rates (from 0.05 to 0.40 V s7). Insets: linear relationship of i, vs. the
square root of the scan rate »?) in the range investigated for HQ
and CT.

proposed in ref. 32 because the mineralization is strongly
influenced by the hydroxyl radicals.

H,O — "OH +e— + H" (1)

However, during continuous potential cycling at different scan
rates (Fig. 1c), the anodic current peak at +1.16 V decreases, as
a function of ». This fact can be explained by the formation of an

RSC Adv., 2018, 8, 3483-3492 | 3485
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Fig. 2 Linear relationship between Ej and » for HQ () and CT (@).

organic film that covered the electrode surface.®® Similar deacti-
vation of BDD electrodes during the voltammetry with aromatic
compounds such as phenol, naphthol and 4-chlorophenol has
already been reported in the literature.*”** Meanwhile, a new peak
signal appears at +0.69 V and the broad peak at +1.56 V increases
significantly when the v rises. It is reasonable to assume that RS
oxidation involves the formation of electroactive products, which
can be destroyed by polarization at high anodic potential in the
region of water decomposition. In fact, it was demonstrated in ref.
40 that high potential BDD anodes produce high amount of
hydroxyl radicals (eqn (1)) that oxidize the polymeric film
regaining the initial activity (eqn (2)):

Organic film + "OH — CO, + H,O 2)

Nevertheless, other intermediates can be produced from RS
oxidation at BDD surface, indicating that the RS in solution is

0.8,

0.61 ,.,»'

1.5 2.0 25 3.0

0.8;

0.61 J |
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log v
Fig. 3 logivs. log v for the anodic process of (a) HQ and (b) CT.

3486 | RSC Adv., 2018, 8, 3483-3492

View Article Online

Paper

a system completely irreversible. In fact, it is confirmed by the
absence of the cathodic peak in the voltammetric curves (see
Fig. 1c) and by electrooxidation mechanisms that are already
well-known in the literature*"*> where the formation of polymer
layer is achieved, which deactivates the catalytic sites of the
anode.” These effects of isomers have been described in the
literature'**>'7*%3%37 and these have been claimed to explain the
electrochemical behaviors obtained in numerous of oxidation
processes; for this reason, mechanistic studies must be per-
formed to increase the understanding on the oxidation path-
ways and on the viability of detection of these isomers.

3.2 Differential pulse voltammetric experiments

Some experiments were performed in order to evaluate the
effects of isomers oxidizability on the BDD electrode by using
differential pulse voltammetry (DPV)**** as well as to confirm
the influence of isomers oxidation on the detection parameters.
Fig. 4 allows comparing of DPV (i-E) curves, in absence (dashed
green curve, in 0.05 mol L' H,S0,, as supporting electrolyte)
and in presence of each one of the isomers in the solution (1.8
x 107°> mol L™ " of HQ, CT and RS) (dotted black curves, a, b and
¢, respectively). As shown in the figure, BDD electrode showed
peak responses for oxidation of Phs (HQ, CT and RS); however,
DP voltammetric peak-current recorded for HQ was relatively
higher than that observed for CT and RS under similar condi-
tions. As can be also seen from Fig. 4, the oxidation potential is
slightly shifted to more positive potentials in the order: HQ
(+0.75 V) < CT (+0.89 V) < RS (+1.09 V). The peak current
enhancement, for both HQ and CT, was in accordance with the
increase on the BDD catalytic activity for these redox
couples''>17:333%37 a5 well as the decrease on the diffusion layer
thickness for the more reversible systems.

A linear relationship between peak current and concentra-
tion was obtained using BDD electrode (see, Fig. 5) for HQ, CT
and RS. Calibration plots were recorded in a large concentration
range to explore the dynamic and linear ranges*** in order to
understand the influence of the oxidation products formed
during the electroanalytical analysis. Each curve was obtained
by evaluating the peak intensity as a function of the analyte
concentration, and considering at least six analyte
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Fig.4 DP voltammograms recorded at BDD electrode, in presence of
(a) HQ, (b) CT and (c) RS in solution. The solution concentration of HQ,
CT and RS was 1.8 x 107> mol L™, scan rate of 50 mV s * at 25 °C.
Dashed green line, 0.05 mol L™ H,SO,, as supporting electrolyte.
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Fig. 5 Calibration plot obtained analyzing (a) HQ, (b) CT and (c) RS
standard solutions using BDD electrode. HQ and CT were evaluated in
the range from 1.80 x 107° to 3.00 x 10~* M by successive additions
(1.80 x 107,540 x 107>, 8.90 x 107>, 1.40 x 10°%, 210 x 10 * and
3.00 x 10~* M), while RS was evaluated in the range from 5.00 x 10~°
to 1.00 x 10~* M by successive additions (0.50 x 107>, 0.15 x 107>,
0.30 x 107>, 0.60 x 107 0.80 x 10"* and 1.00 x 10~* M). Insets:
analytic curves for HQ, CT and RS.

concentrations (inset in Fig. 5). The calibration plot was linear
between 1.8 x 107> and 3 x 10~* M for HQ and CT, with
regression coefficients always larger than 0.999; while the cali-
bration plot for RS was linear between 5.00 x 10~> to 1.00 x
10~* M, with a regression coefficient about 0.9750. The func-
tional relationships were (slope and intercept were the average
of six independent calibrations):

This journal is © The Royal Society of Chemistry 2018
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HQ: i/pA = 0.183 =+ 0.006 [HQ] M + 0.596 + 0.941, (r = 0.9945);
CT: iluA = 0.188 £ 0.002 [CT] uM + 0.123 + 0.322, ( = 0.9960);
RS: i/pA = 0.309 =+ 0.021 [RS] M + 3.147 £ 1.140, (r = 0.9750).

Fig. 6 also shows that the residuals of the regression are
randomly distributed around the zero, for HQ, allowing a visual
verification of the absence of a significant non linearity.*** It is
worth noting that no significant differences in calibration curves
recorded in different days at several different electrodes were
evidenced. A preliminary estimation of the Limit of Detection
(LOD), for HQ, CT and RS, was also possible by using the
approach based on the standard deviation of regression:***” LOD
= 3.3 X S);x/b, where S, is the residual standard deviation and
b is the slope of the calibration plot. On the basis of the prelim-
inary results obtained, LOD of about 15.47, 16.34 and 19.23 uM
could be estimated, for HQ, CT and RS, respectively. This
approach allowed to control both false positive and false negative
errors (@ = b = 0.05).*> These results evidence the sensibility on
the analytical responses to quantified each one of the Phs.>>*

Nevertheless, the results obtained by DPV technique clearly
indicates that, the electroanalytic approach by using BDD
electrode to quantify HQ and CT is weakly influenced by the
interaction of organic compound with the diamond surface. In
fact, a significant linear range of the analyte concentration was
obtained, achieving a LOD below the last concentration added
in solution. Conversely, BDD sensor was strongly affected by the
oxidation mechanism developed by RS during its detection at
higher positive potentials. Definitely, this behavior influences
on the calibration linear range because no significant LOD was
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Fig. 6 Graphic displays weighted residuals for (a) HQ and (b) RS.
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Table1 Anodic (E,,) and cathodic (Epc) potential peaks for HQ, CT and
RS as well as molecular orbital energy calculations of the three organic
compounds

Isomer HOMO/eV* TP*  EA* IP°  EA® B,  Ep
HQ ~5.890 7.742 2226 5740 4.257 0.845 0.187
CT ~6.112 7.967 2270 5.960 4.393 0.933 0.368
RS —6.233 8.066 0.637 6.066 2.641 1.14 —

“ Calculated properties in the vacuum. ” calculated properties with
implicit solvent water.

achieved (in fact, it is within the linear range) and no higher RS
concentration can be electrochemically determined because the
linearity is lost (>100 uM). These assertions are obvious when
the weighted residuals for HQ and RS were evaluated. Fig. 6a
showed that the residuals of the regression are randomly
distributed around the zero for HQ, allowing a visual verifica-
tion of the absence of a significant non linearity,>*** indicating
that there are repeatability, reproducibility, high confidence
and sensibility in the analytical measurements. Conversely,
when BDD is use to detect RS, no good performances were
achieved (Fig. 6b shows that the residuals of the regression are
not randomly distributed around the zero, and high statistical
error is present in the measurements), and these are related to
the mechanistic study as well as the voltammetric behavior
previously observed, where the oxidation of RS to other
compounds is feasible and the formation of polymeric film on
electrode surface can promote an inactivation.

3.3 Mechanistic studies

The electrochemical oxidation of these isomers (HQ, CT and RS)
strongly depends on the electronic effects of substituents on the

View Article Online
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aromatic ring as well as the formation of an intramolecular
hydrogen bond between a hydroxyl group and a substituent.” To
understand their relationship with the electrochemical
measurements and chemical properties, DFT calculations were
performed. Table 1 presents the results obtained by theoretical
calculations in vacuum and in implicit solvent for HOMO, IP
and EA. Analyzing Table 1; it is possible to observe that the Ej,
for CT and E,, for RS is higher when compared to HQ. This
behavior is related to the presence of electron withdrawing
groups bonded to the aromatic ring, decreasing its electron
density as well as on the hydroxyl oxygen atom, hindering the
loss of one electron from it.

In this context, the energy analyzes of molecular orbitals
(Exomo), according to molecular orbital theory®*® the tendency
of a compound losing or receiving an electron is mainly
dependent on the energy of highest occupied molecular orbital
(HOMO). Generally, a higher HOMO energy means that the
compound is easily oxidized.****

Other important features that are directly linked to the
ability to loss and receive electrons are the ionization potential
(IP) and electronic affinity (EA), respectively. According to the
Koopmans' theorem,*”*® the first ionization energy of a molec-
ular system is equal to the negative of the orbital energy of the
highest occupied molecular orbital (HOMO). A similar theorem
exists in DFT for relating the exact IP and EA to the HOMO and
LUMO energies; although both, the derivation and the precise
statement, differ from that of Koopmans' theorem. Then, by
using DFT calculations, IP can be considered as the absolute
value of HOMO requiring some corrections®>~*° and EA can be
also estimated from the energy.*”

Taking into account the above information, Table 1 shows
the estimations of IP and EA values in vacuum or in water as

OH OH o o o) 0
OH o o o ) ¢

HQI HQ2 HQ3

HQ4 HQs5 HQ6

OH OH o o o 0
b OH o o o o’ o
= = = = =

CT1 CT2 CT3

o

RS1 RS2 RS3

CT4 CTS CTé

HO HO o o ) o)
HO o o o o o

RS4 RSS RS6

Fig. 7 Electrochemical oxidation pathway for (a) HQ, (b) CT and (c) RS, considering the possible formation of quinones as by-

p rod u CtS . 14,15,17,33,35,37
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implicit solvent. IP is considered as the necessary energy to
withdraw an electron from the specie, while the EA is related to
the energy released by the studied specie when it receives an
electron, becoming more stable. In this context, IP values for
HQ, CT and RS are very similar (in vacuum and implicit
solvent); indicating that, the oxidation of all isomers is
reasonably easy. Nevertheless, RS presents a smaller HOMO and
higher IP values (higher energy to withdraw electrons from the
organic species), indicating that no easy oxidation is performed;
therefore, a higher energy is necessary to occur. In fact, this
behavior is in accordance with the voltammetric results because

A

View Article Online
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in all cases, the oxidation of the isomers to their quinones is
attained.“*>*>

On the other hand, significant differences are observed
between the EA values for HQ, CT and RS (see Table 1). The
energy released by HQ and CT is higher and these values are
very similar in both cases, indicating that, the product formed is
very stable (in vacuum or implicit solvent). Conversely, when an
electron is received by the quinone formed from RS, lower EA
energy is released (in vacuum or in implicit solvent), disfavoring
the formation of a stable product and consequently, the
reduction of RS-quinone is not suitable. In fact, no

EnergyleV it
o o
a ¥ o‘ ¢
o _
O / : 2
i —— 7 : |
with Solvent i e S —
ALY ' k| ; |
: S e—
oH i : ; L
P — i i P
[; I B r AG=352L iaG33.4
— ; - T AG=31.00 AG=35T2 L iaGe33.18
a4 ; ! 0 : AG=28.92 i
| —— ' AG=26.00 S ¢
: AG=15.06 : !
o AG=12T7 ;

e ——
o :"
EEET— H .|
H V @/d [ —
; : {
]
_“
OH ; : : ? ]
4 — | :A‘G=34A85 EA:G=33'55
— 5 14G=51.29 | AG=34.63 | AG-33.43
S — 1REESHAS | iAG=29.04 '
on i S | AG=25.93
a7 AG=14.59 (et
; | AG=12.48
..... P A RN e pa e SOt B SERRRES I P, ). S - S
=
C {
IANG=3442
" ; : L | IAG=34.41
| e ——— ‘AG=31.58 ;g e
oA i ] | AG=33.86 | IAG=29.44
— i tse ] B
i ' tAG=2574 ;. : 3 o
i J ' 5 : ke
1 e
AG=14.88 o
i 'AG=12.65 '  AG=0.49
HO L | §
—— femimmn - -
L AG=0.41

Fig. 8 Reaction pathways obtained, in terms of eV, from structures optimized by B3LYP/6-311++G (d, p): (a) HQ; (b) CT and (c) RS are oxidized at

BDD surface.
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voltammetric signals are observed during reduction scan at RS
experiments. This result also demonstrates that the solvation of
species plays an important role in the oxidation or reduction
processes as well as the charge formed at the Nernst layer (film
of hydroxyl radicals formed at higher potentials on BDD
surface') because these effects decrease the approximation
close the surface, and consequently, the interaction to efficient
electron-transfer. Then, the HOMO energy for above isomers
was calculated by DFT, and the results are also shown in Table
1. Last assumption is in agreement with the oxidation poten-
tials experimentally determined for the compounds as well as
the IP values. As shown in Fig. 1 and Table 1, these isomers can
be oxidized at different potentials. For HQ, oxidation begins at
0.701 V vs. Ag/AgCl, while an optimal oxidation condition (peak
potential) is under a potential of 0.845 V. These results suggest
that, for the effective HQ oxidation; the potential of electrode
must exceed 0.845 V. The other isomers compounds can also be
similarly interpreted and the predictions can be done according
to their CV profiles. However, in the case of RS, there are two
peaks which can be ascribed as the oxidation of RS to two
hydroxyl groups,'*'*'7**3%%7 jincreasing the difficulty to be
oxidized, as already stated by the IP values. Additionally, when
two carbons change from sp” to sp® hybridization, this fact also
influences the stability of the compound analyzed.***>733

For HQ and CT, the quasi-reversibility of the reaction was
experimentally observed when the characteristic peaks related
to oxidation and reduction, were attained at CV profiles.*
Meanwhile, for RS, the reaction considers the generation of
a quinone, which is not stable thermodynamically and it was
confirmed because no cathodic peak was recorded™”*** as well
as it was long-established by the EA values obtained in vacuum
and implicit solvent.

From the data discussed above, the mechanisms
proposed'*!#17:33:3537 (gee, Fig. 7) for electro-oxidation of isomers
were analyzed by DFT calculations in order to verify the aspect
of reversibility and energies (in terms of eV) by using the effect
of water implicit solvent and also in the vacuum system. Fig. 8
shows the potential-energy surface plots for mechanism
proposals in Fig. 7. From these results, it is possible to infer
important thermodynamic aspects about these reactions. The
anion and the radical are the main intermediates with higher
energies, HQ (Fig. 8a), CT (Fig. 8b) and RS (Fig. 8c). However,
the intermediate with two radical oxygen groups in the molecule
is the most energetic structure. Another important feature is
that, the energy barriers of the intermediates are closer,
including the radical with the corresponding quinone, at the
reaction pathways for HQ and CT. This fact indicates that is
possible the reversibility because no significant energy barrier
must be overcome after that the quinone was formed. It is
supported by the IP and EA values, which indicate that, lower
energies are necessary to lost electrons from HQ and CT, while,
the opposite process is achieved releasing higher energies,
showing at the reduction is possible, thermodynamically
speaking.

Conversely, the radical intermediate, at RS oxidation
(Fig. 8¢), is a reactive species that could form the correspondent
quinone or a polymeric product, avoiding that it returns to its

3490 | RSC Adv., 2018, 8, 3483-3492
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original state. In fact, IP values indicate that RS oxidation is
feasible even when more energetic requirements, thermody-
namically speaking, are necessary respect to HQ and CT. But,
the reduction process is not suitable.

The third intermediate of each reaction has an energetic
decrease due to the solvent effect by water solvation, stabilizing
charge of dianion. Meanwhile, when HQ and CT are in the form
of HQ5 and CT5 (see Fig. 7), these can became HQ6 and CT6 via
electronic arrangement without difficulty. Conversely, the
formation of polymer films is feasible from the RS4 and RS5
intermediates (see Fig. 7).

In this frame, theoretical calculation methods by the use of
natural bond orbital (NBO) method>"***>"*° as tool for analyzing
the orbital interactions, stabilization energies caused by elec-
tron transfer, and hyperconjugation stabilization energies, is
possible. The NBOs are one of the consequences of natural
localized orbitals set that include natural atomic (NAO), hybrid
(NHO) and semi-localized molecular orbital (NLMO) sets,
intermediate between basis atomic orbitals (AOs) and canonical
molecular orbitals (MOs).>” The NBO method involves pop-
ulation analysis, which distributes computed electron density
to orbitals in the way a chemist thinks in terms of physical
organic chemistry. Then DFT calculations were employed to
find NBO, since the direct electro-oxidation reactions occur via
withdrawal of electrons from of the three isomers examined
(Fig. 7). The proposal is that the electrons are withdrawal from
the anion of each one of the isomers in the reaction. This orbital
energy information reveals facts on molecular properties that
are directly related to the experimental results of electroana-
Iytical measurements exhibited above.

The calculations showed the following relationship about
the energy (E) of the highest occupied molecular orbital
(HOMO) calculated:

Ewnomo-n) > Emomo-ct) > Eromo-rs)

Based on these results, the smaller the HOMO energy the
greater the potential of oxidation peak. This theoretical asser-
tion is in accordance with the experimental results (Table 1 and
Fig. 1) because the lower the energy of the HOMO orbital, more
stable and higher energy required to withdrawal the electrons
that are in the orbital.

4. Conclusions

In summary, the association of electrochemical techniques with
computational simulations led us to understand the electro-
oxidation of HQ, CT and RS on BDD surface. Regarding the CV
results, HQ, CT and RS are oxidized directly on BDD surface,
however, RS also is indirectly oxidized by reactive oxygen
species. In terms of DP voltammetry, the above effects influence
the electroanalytical procedure for the determination and
quantification of these isomers with BDD, showing a linear
range of 1.8 x 107> and 3 x 10~* M, with detection limits of
15.47 and 16.34 pM, for HQ and CT, respectively, with repeat-
ability of 4.1% (n = 5), and reproducibility of 1.5% (n = 6).

n
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DFT studies clearly showed that the values of IP and EA with
implicit solvent and vacuum system have a relation with the
behavior of the oxidative potentials registered by using vol-
tammetries, where higher IP values are related to the isomer
with higher E,,. On the other hand, experimental measure-
ments and theoretical calculations demonstrated that, the vol-
tammetric profiles are related to NBO because the isomers with
lower HOMO energy are more stable, showing a higher Ep,. It
also denotes that, HOMO energies is related to the difficulty to
be oxidized (losing an electron) of each one of the isomers
examined. These results open a new front of studies in the
understanding and relation to models of the electrochemical
profiles with molecular properties obtained computationally.
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