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ABSTRACT: Understanding the physicochemical properties of organic compounds with potential biological uses is central in
current research topics. Thus, students must pursue the integration of different fields of chemistry to obtain and understand the
physicochemical parameters that characterize the mechanism of action of key organics compounds. This proposal encourages the use
of computational chemistry in conjunction with experimentally reported data, to study the general oxidation mechanism of a
commonly used commercial antioxidant, phenol butylated hydroxyanisole (BHA). The present methodology will let students handle
and analyze both thermodynamic and kinetic information. Results allow proposing all possible BHA oxidation paths and concluding
which one of them is the most likely to occur, based on the evaluation of theoretical and experimental data. Overall, students are
allowed to experience a systematic approach to studying the physicochemical behavior of one organic molecule within a research-like
environment.

KEYWORDS: Upper-Division Undergraduate, Organic Chemistry, Computed-Based Learning, Molecular Properties/Structure

■ INTRODUCTION

In the teaching of organic chemistry, the use of computational
methods helps to illustrate trends in the properties and
reactivity of molecules. One of the most important processes
studied in bioorganic molecules is their oxidation mechanism
which allows understanding their bioactivity. The main
thermodynamic parameters which describe these oxidation
reactions are the standard oxidation potential (E°) and pKa

values of involved molecules. These parameters could be
computationally calculated in very good agreement with
experimental data using computational chemistry. As an
example, the oxidation mechanism of ascorbic acid was studied
calculating the pKa and reduction potentials of the main
molecules involved in its mechanism using the density
functional theory (DFT) method B3LYP/6-31+G(d,p) and
CBS-QB3 levels of theory with the SMD implicit solvent
model and explicit waters.1

Electrochemical techniques have the advantage of linking
thermodynamics and the kinetics aspects of a redox couple.
This is the case of cyclic voltammetry (CV) which is applied in

several fields of science, such as the development of
biosensors,2 sensing and detection of antioxidants,3 under-
potential deposition,4 and batteries technology5 (a brief
description in the Supporting Information). Much of the
basic theory of voltammetric methods allows the discernment
of a particular mechanism and acquisition of kinetic and
thermodynamic information through the analysis of exper-
imental CV and its digital simulations.6−8

The present lecture is based on the study of one antioxidant
mechanism. Food antioxidant additives represent an important
class of compounds that are widely used in the food industry to
preserve and improve the foodstuff characteristics such as
color, flavor, and nutritional value, among others.9 Synthetic
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antioxidants, in particular phenolic ones, are usually applied for
oily and fatty products to prevent oxidative processes caused
by lipid peroxidation.10 The most common preserving
additives are sterically hindered phenols butylated hydrox-
yanisole (BHA), tert-butyl hydroquinone (TBHQ), butylated
hydroxytoluene (BHT), and mixtures of them.
The electrochemical behavior of BHA, TBHQ, and BHT

was studied by cyclic voltammetry (CV) in numerous
works.11−21 While most of them seek to obtain analytical
information, we have found a few examples where
physicochemical aspects are addressed in depth. This is so
because the study of the oxidation of phenol and its derivates is
challenging, both experimentally and theoretically, due to
multiple side chain reactions that suffer reactive intermediates
to give an irreversible oxidation mechanism. For example, since
the half-peak potential, E1/2 (mean value between oxidation
and reduction potential peaks used to calculate E°), is not
always available, the potential peak (Ep) is generally used as an
approximation. In this context, computational approaches take
relevance.
The main goal of this physical chemistry Laboratory

Experiment is that students can use two different simulations
methods, DFT calculations, and CV simulations, to study and
analyze the thermodynamics and kinetics of BHA, to
understand its oxidation mechanism.
The following concepts can be introduced to students:

• The use of f irst-principles calculations to study the
thermodynamics of BHA and its oxidation mechanism.

• The implementation of cyclic voltammetry simulations
to obtain thermodynamic and kinetic information by
comparison with experimental voltammograms.

• The use of DFT and CV simulations in a comple-
mentary way to study the oxidation mechanism of BHA.

■ DENSITY FUNCTIONAL THEORY CALCULATIONS
Density functional theory (DFT) is a type of electronic
structure calculation. The main practical difficulty for all
electronic structure theories is the proper treatment of
electron−electron interactions in species that contain two or
more electrons. DFT requires the computation of the total
electron density. However, this simulation technique generally
uses a wave function to compute some parts of the energy and
the electron density to compute other parts of the energy.22

Modern implementations of DFT can provide accurate
calculations at a low computational cost.23 This fact has led
to a steady increase in the use of density functional theory for
the study of larger molecules.
Students shall utilize DFT to calculate the energy of all

molecules represented in the BHA mechanism. Calculations
were performed by the Gaussian 09 rev. E01 series of programs
using the hybrid density functional B3LYP, basis sets 6-
31+G(d,p), and the SMD implicit solvation model.24−26 The
calculations could be adapted for the use of any available
electronic structure software. Slight differences in free energies
calculations could be found depending on the selection of basis
set and functional and software package choice. We encourage
students to use the same basis set and functional to reproduce
the results reported.
For BHA, students must (i) build the input molecular

geometry, (ii) obtain the lowest-energy geometric config-
uration performing a “geometry optimization” for geometrical
isomers, and (iii) perform a frequency calculation on the

optimized geometries to obtain important thermodynamic
corrections and to verify the identity of each geometry as an
energetic minimum by the absence of imaginary frequencies
(Figure 1).27 Finally, the most stable structure is used to build

the input of the parent molecules radical cation, radical, anion,
dication, and cation. Geometry optimizations and frequency
calculations must be done for each parent molecule (the
coordinates of the optimized molecules are provided in
“Coordinates” in the Supporting Information). This sequence
of calculations is representative of the general procedure used
in routine computational investigations and provides students
with a good introduction to the application of electronic
structure programs.
Using the Gibbs free energies obtained from calculations the

students must calculate pKa and E° for the oxidation process.
The pKa calculation was based on the proton dissociation

reaction shown in eq 1.26,28 The pKa of molecule HA (generic
acid) was calculated according to eq 2, where Gaq,A‑* and Gaq,HA*
are the standard free energy of deprotonated and protonated
species, respectively, calculated directly in aqueous solution at
298.15 K.

⎯ →⎯⎯⎯ +
Δ *

− +HA A H
G

aq aq aq
aq

(1)

=
Δ *

=
* + * − *− +

pK
G

RT

G G G

RT2.303 2.303a
aq aq,A aq,H aq,HA

(2)

The Gibbs free energy of a proton in the aqueous phase is
calculated using the following equations.26,28

* = ° + Δ * + Δ →
+ + +G G G Gaq,H g,H aq,solv H

1 atm 1 M
(3)

Gg,H+° = −6.287 kcal/mol at 298 K.28 ΔGaq,solv H+* = −265.9
kcal/mol is the aqueous phase solvation free energy of the
proton, taken from the literature.29 ΔG1atm→1M = RT (24.46) =
1.89 kcal/mol is a correction term for the change in a standard
state of 1 atm to 1 mol/L. The symbols * and ° denote the
standard state of 1 mol/L and 1 atm, respectively.

* = + +−
i
k
jjjjj

y
{
zzzzzG E ZPVE

electronic and thermal
free energy correctionaq,A

* = + +
i
k
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y
{
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electronic and thermal
free energy correctionaq,HA

Figure 1. DFT optimized structure of BHA.
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where E = electronic energy for A− or HA obtained by
structure optimization; ZPVE = zero-point vibrational energy
in solution.
For a reduction reaction,

+ ⎯ →⎯⎯⎯⎯⎯⎯⎯− Δ *
−neA A

G n
aq aq

red(aq)

(4)

the standard reduction potential is

° = −
Δ *

−E
G

nF
SHEred(aq)

red(aq)

(5)

where ΔG*red(aq) is the Gibbs free energy of the reduction in
standard conditions, n is the number of electrons transferred in
the process, F is Faraday’s constant (23.06 kcal (mol V)−1),
and SHE is the absolute potential of the standard hydrogen
electrode (4.281 V).29,30 The Gibbs free energy for reduction
is

Δ * = − − °− −G G G nG e(A ) (A) ( )n
red(aq) aq aq g (6)

where Gg°(e
−) is the gas-phase free energy of one electron. At

298 K, the gas phase Gibbs energy of an electron is Gg°(e
−) =

0.867 kcal/mol and is obtained from the literature values of
Hg°(e

−) = 0.752 kcal/mol and Sg°(e
−) = 5.434 kcal/(mol K).31

All pKa and E calculations were summarized in an Excel file
“BHA.xlsx” in Supporting Information.

■ CYCLIC VOLTAMMETRY: MECHANISMS AND
SIMULATIONS

During a voltammetric experiment, different physicochemical
sources can modify the current response when applying a
potential ramp, namely, coupled chemical reactions, multi-
electron transfer steps, and kinetic limitations. A simple way to
extract all this valuable information is by fitting experimental
voltammograms with numerical simulations, given a mecha-
nism that correctly describes the reaction and implementing
the fundamental equations of electrochemistry.
The notation used in this work for an electron transfer step

is E, while homogeneous chemical reactions are represented
with the letter C. The simplest mechanism in an electro-
chemical reaction is a single electron transfer (E), as shown in
Figure 2a. For an oxidation reaction, this is

+ −F neA B
k

k

b

f

(7)

In this equation kf and kb are the rate constants for the forward
and backward reactions, respectively. These constants can be
calculated with the Butler−Volmer scheme:8

= α− −k k e nF E E RT
f

0 (1 ) ( )/0

(8)

= α− −k k e nF E E RT
b

0 ( )/0

(9)

= −i nFA c k c k( )A,0 b B,0 f (10)

where k0 is the standard heterogeneous rate constant, E is the
working electrode potential, E0 is the standard potential (eq 5),
R is the universal gas constant and T is the temperature. Then,
i is the current response, α is the transfer coefficient, A is the
electrode surface area and cA,0 and cB,0 are the concentration of
species A and B at the electrode surface, respectively. For
example, the variations on the sweep rate (v) or k0 yield

different current responses, as shown in Figure 2 panels a and
b, respectively.
The EC reaction (eq 11) consists of a redox step (E)

followed by a chemical reaction (C).

+

→

−F neA B

B Y

k

k

k

b

f

1 (11)

In this case, step C is considered irreversible, so the rate of the
chemical reaction (determined by the homogeneous rate
constant,k1), compared to the rate of the electron transfer
reaction, will determine the height of one of the current peaks,
as shown in Figure 2c.
Also, multiple electron transfer processes, such as two

consecutive electron transfer steps (EE mechanism), may
occur (eq 12).

+

+

−

−

H Ioo

H Ioo

n e E

n e E

A B ,

B Y ,

k

k

k

k

1 1
0

2 2
0

b,1

f,1

b,2

f,2

(12)

The shape of the voltammogram in this case will strongly
depend on the thermodynamics of each reaction. If the second
process is more favored compared with the first (E1

0 > E2
0), a

single voltammetric peak will be observed in each potential
sweep. Conversely, if the first peak is more favored than the

Figure 2. Illustrative examples of voltammetric general responses for
(a) a single electron transfer (E) when increasing sweep rate, in
arbitrary units (au); (b) a single electron transfer (E) when varying k0

(au); (c) EC reaction when varying k1 (au); (d) EE reaction varying
E1
0 and E2

0 (au). Simulations were performed with dimensionless
coordinates as defined in ref, 7 so solutions are independent of bulk
concentration, diffusion coefficient, and electrode dimensions. The
solid black arrows indicate if the parameter increases (arrow pointing
up) or decreases (arrow pointing down). The behavior of the current
response from these changes is highlighted with a broken arrow.
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second (E1
0 < E2

0), the presence of one or two peaks will depend
on how close the standard potentials are. The latter condition
is represented in Figure 2d.
Similar to the mechanisms presented above as an

introduction, other reactions may occur in an electrochemical
environment, such as CE, EEC, and CEE.
The fundamental equations and the resolution of partial

differential equations with the finite differences method are
provided in “Simulations” in the Supporting Information. An
introduction to the mathematical modeling in electrochemistry
can be found in ref 32. Also, in this regard, we recommend
turning to the educational work of Brown,6 that served as the
basis for our CV codes written in C++. Additionally, we can
also cite the work of Wang et al.33 to develop and use a
voltammetric simulator and a Web site for simulating cyclic
voltammetry experiments (http://limhes.net/ecsim/).
The fitting of the experimental voltammogram can be made

with computational programs34 starting from guessed values.
However, students need to exercise fitting the curves manually,
since this gives a useful tool to learn the basic concepts of

electrochemistry by handling them. We recommend a
bibliographic search of the unknown parameters before the
fitting step, to get a reliable starting point.

■ RESULTS

DFT Calculations

The BHA oxidation mechanism could be analyzed into
individual electron transfer and proton transfer steps to
understand the fundamental electrochemistry of the global
process (Figure 3A). Each electron transfer process is
characterized by a standard oxidation potential (Eox1° , Eox2° ,
Eox2a° , and Eox2b° ) and each acid−base process by a pKa value
(pKa, pKa ox, and pKa oxb) (Figure 3A). Finally, if a chemical
reaction is coupled, it can be described by the hydrolysis
constant, Kh, to form tert-butyl-p-benzoquinone (TBQ)
(Figure 3A).
To compute the pKa and E° values proposed in Figure 3, the

water-phase calculated electronic and thermal free energies
(G(aq)) for BHA and parent molecules (in energy units of
Hartree) are listed in Table 1. To convert to energy units of

Figure 3. (A) pKa and E° values represented in the step-by-step BHA oxidation mechanism. (B−D) Possible coupled electrochemical mechanisms.
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kcal mol−1 the following factor is used, 1 hartree = 627.5095
kcal mol−1. All results are summarized in the Supporting
Information. The oxidation potentials were referred to the Ag/
AgCl electrode by the sum of −0.,223 V to the values obtained
with eq 5.
The experimental pKa of BHA was not reported in the

bibliography but must be similar to the pKa of phenol (10),
35

2-t-butylphenol (11.24),36 2,4-di-t-butylphenol (11.57),36 and
BHT (12.23).37 The deprotonation reaction of BHA presents a
calculated pKa of 17 (Figure 3A), this value being higher than
expected. This is so because the BHA anion has more spread-
out electron densities than neutral BHA; the calculation of
solvation energies of anion species needs more complex
treatment and this is outside the goal of the present
manuscript.26 The pKa for oxidized species BHA.+ and
BHA2+ (pKa ox and pKa oxb) are negatives indicating that they
are strong acids (the proton transfer reactions are thermody-
namically favored).
The first electron transfer has an Eox1° lower than the second,

Eox2° , which implies that the first oxidation step is a single
electron transference and not two consecutive electron
processes (Figure 3A). If this reaction was made from
BHA−, an anion, the oxidation potential (Eox2a° ) will be more
favored; but this electron transfer is ruled by the pH. After, the
deprotonation of BHA.+ to produce BHA·, a new electron
transference is possible with an Eox2b° equal to Eox1° which allows
the formation of BHA+ (Figure 3A). In conclusion, at
physiologic pH (approximately 7), the oxidation of BHA

could be described as a two-electron and one proton transfer
process (Figure 3B). On the other hand, due to the high
acidity of BHA.+ it is possible to propose a first step involving a
coupled electron and proton transfer (Eox‑coupled° ) followed by a
second electron transference (Figure 3C). Finally, due to Eox1°
= Eox2b° , the student could state the possibility of a two-electron
and one proton transference described by Eox‑coupled2° (Figure
3D). All these mechanisms are coupled with a hydrolysis
reaction with water to produce TBQ.
The oxidation potentials of coupled electron and proton

transfers could be calculated using the proton enthalpy in eq 6;
being Eox‑coupled° = 0.51 V and Eox‑coupled2° = 0.59 V. The BHA
oxidation mechanism has been studied using CV. The anodic
peak potential reported was in the range of 0.44−0.60 V in
aqueous systems, neutral to acidic pH, referenced to Ag/AgCl
electrode, a working glassy carbon electrode, and carbon
composite electrode, and different supporting electro-
lytes.11,18,20,21,38 Both, Eox‑coupled° and Eox‑coupled2° are in good
agreement with the reported values.
At this point, it is necessary to complement these results

with the CV section.

Cyclic Voltammetry

In this section, the students will explore the kinetics and
thermodynamics of BHA by using CV simulations. For this
task, the oxidation mechanisms proposed for BHA in the
section DFT Calculations (Figures 3C,D) are used for
modeling numerical simulations. As observed, these mecha-
nisms are EEC and EC. We will focus first on EC and then on
EEC. Finally, we will contrast the oxidation potentials obtained
with DFT with data obtained from the voltammetric analysis.
The experimental cyclic voltammogram was taken from

Freitas and Fatibello-Filho.38 The authors reported working
with a sweep speed of 50 mV·s−1 using a three part electrode
with a composite carbon electrode (particulate carbon with
solid paraffin) as the working electrode and Ag/AgCl as the
reference electrode, thus all potentials are referred to Ag/AgCl;
and a platinum counter electrode. The cell was filled with 0.10
M of KNO3 in 10% of C2H5OH as the support electrolyte, at
pH 6.7, and a BHA concentration of 2 × 10−8 mol/cm3. It was
necessary to extract the solvent response to discard sources
that affect the current response that were not considered in the
theoretical model, since simulations only consider the current
given by the redox reaction (pure faradaic current).
Because of the challenges of studying phenol derivates from

a theoretical point of view, as commented in the introduction,
errors of 50 to 150 mv in computationally E0 are generally
admissible.39,40 Also, several works have informed that less
than 100 mV is a suitable quantity;39,41,42 so, we will take this
last value as acceptance criteria.

(a). EC Mechanism (2 Electrons and 1 Proton
Transfer). We propose three different fits, EC-1, EC-2, and
EC-3 (Table 2 and Figure 4), using 700 points in time and 100
points in space for the simulation grid. The bulk concentration
of BHA (cBHA) and sweep rate (v) were those from
experimental conditions. The diffusion coefficient was tacked
as a fixed value. We used D = 8.0 × 10−7 cm2/s, which is close
to that obtained for BHA experimentally with a bare glassy
carbon electrode (7.28 × 10−7 cm2/s).43 Although the
electrodes from the last cite and that from Freitas and
Fatibello-Filho38 are not the same, both are made with
carbonaceous materials, and thus, we can safely presume that
for bare electrodes there will not be large differences. D will be

Table 1. DFT Calculated Energies for Optimized
Geometries
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the same for all species. The homogeneous rate constant, k1 =
10 s−1, was also taken as a fixed value. We found that the last
quantity is high enough to consume most of the oxidation
products to simulate an irreversible chemical step C. The rest
of the quantities were considered as fitting variable parameters.
As observed in Figure 4a, the three fits present reasonable

responses, with small differences. In most systems α lies
between 0.3 and 0.7,8 so we used 0.3, 0.5, and 0.7. In each case,
different E0 and k0 were obtained. As observed, as α increases,
higher values of E0 and k0 are needed to fit the experimental
curve. Regarding a heterogeneous charge transfer constant, we
did not find experimental determinations of k0 for BHA in the
literature. So, we will use kphenol

0 = 7 × 10−4 cm/s44 as a
reference point. It is expected that kBHA

0 > kphenol
0 since the BHA

substituents (t-butyl and O-methyl) stabilizes the oxidation
products with respect to the phenol oxidation products.
The students can also evaluate the charge transfer

reversibility with eq 13, which depends on kinetic parameters
and operating conditions.8,45

Λ =

=

Λ ≥

> Λ > ‐

Λ ≤

α

α

− +

− +

l

m
oooooo

n
oooooo

k RT nFDv( / )

15 reversible

15 10 quasi reversible

10 irreversible

0 1/2

2(1 )

2(1 )
(13)

According to this definition, all fits are under quasi-reversibility
conditions.

(b). EEC Mechanism (2 Steps of 1 Electron Transfer
and 1 Proton Transfer). For this mechanism, we will follow
the same procedure and fixed values of D, α, k1, cBHA and v as
in the previous case. 7000 points in time and 300 points in
space were needed to perform numerical simulations. We will
assume that the charge transfer constants for the consecutive E
charge transfer steps are the same (k0(1) = k0(2) = k0). We will
also take that α is the same for both redox steps and that E1

0 =
E2
0 = E0, since the theoretical values calculated with DFT are

close. All values used in the simulations are shown in Table 3.

As observed in Figure 4b the current response for EEC is
similar to that of EC, but in the present case, the simulated
curves are similar to each other. The similarity between the
current responses of EEC-1, EEC-2, and EEC-3 compared to
EC-1, EC-2, and EC-3 can be understood by comparing the
parameters in Table 3 and Table 2. As observed, different k0

and E0 are more likely in the two-step reaction. Also, in the
three EEC cases k0 is in the order of 10−3 cm/s, that is, larger
than that of phenol; while in the EC reaction, EC3 is the only
fit that exceeds the phenol value. Students can check with eq
13 the quasi-reversibility nature in all cases.
In the Supporting Information, Figure S3, we show that a

difference of 173 mV between E1
0 and E2

0 must be observed to
well distinguish a pair of peaks.
One last comment to these last sections: Although the

coincidences between experimental and theoretical curves are
acceptable, different peak widths are observed. This is so
because we have not considered the influence of capacitive
charging current in digital simulations,8 apart from minor
numerical sources of error. To account for nonfaradaic sources,
the work of Orlik is a good option.46 Otherwise, slower scan
rates than 50 mV/s (5 mV/s or less) are needed to reduce
experimental charging contributions as much as possible. This
is a useful consideration in the case of performing experimental
measurements.

Table 2. Experimental Parameters and Values Used to Fit
the Experimental BHA Voltammogram Considering an EC
Mechanism

parameter EC-1 EC-2 EC-3

cBHA [mol/cm3] 2.0 × 10−8 2.0 × 10−8 2.0 × 10−8

v [mV/s] 50 50 50
n 2 2 2
D [cm2/s] 8.0 × 10−7 8.0 × 10−7 8.0 × 10−7

k1 [s
−1] 10 10 10

A [cm2] 0.29 0.32 0.32
α 0.3 0.5 0.7
E0 [V] 0.490 0.523 0.545
k0 [cm/s] 5.0 × 10−5 5.0 × 10−4 1.5 × 10−3

Figure 4. (a) EC numerical simulations with parameters of Table 2
and BHA voltammogram from ref 38. The names of the fits are
marked in the figure. (b) EEC numerical simulations with parameters
of Table 3 and BHA voltammogram from ref 38. The names of the fits
are marked in the figure. Experimental voltammogram reproduced
with permission from ref 38. Copyright 2010 Elsevier.

Table 3. Experimental Parameters and Values Used to Fit
the Experimental BHA Voltammogram Considering an EEC
Mechanism

parameter EEC-1 EEC-2 EEC-3

cBHA [mol/cm3] 2.0 × 10−8 2.0 × 10−8 2.0 × 10−8

v [mV/s] 50 50 50
n(1) 1 1 1
n(2) 1 1 1
D [cm2/s] 8.0 × 10−7 8.0 × 10−7 8.0 × 10−7

k1 [s
−1] 10 10 10

A [cm2] 0.32 0.32 0.32
α 0.3 0.5 0.7
E0 [V] 0.5 0.527 0.538
k0 [cm/s] 1.5 × 10−3 3.4 × 10−3 5.4 × 10−3
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Analyzing DFT and Cyclic Voltammetry Results

In this section, the calculated DFT potentials (E0) for EC and
EEC mechanisms are used as input values in eqs 8 and 9, for
simulating CV. According to the section DFT Calculations, the
oxidative potential calculated for the EC mechanism is 0.59 V,
while those for EEC are E1

0 = 0.67 V and E2
0 = 0.67 V.

At this stage, it is important to note that corrections need to
be made to properly compare experimental and theoretical E0.
Students should distinguish that DFT calculations were
performed for pH = 0, since experimental conditions present
pH = 6.7. As observed in several experimental works, pH
changes may cause appreciable differences in the equilibrium
potentials,47 so this factor must be considered in the analysis.
An easy way to adjust the experimental potential to pH = 0

is by plotting an anodic potential vs pH curve. The work38

informs a slope of 29.5 mV/pH for BHA, so this means that
the experimental potentials need to be corrected by +198 mV
to shift experimental E0 from pH = 6.7 to pH = 0.
Experimental and simulated voltammograms are shown in

Figure 5. As observed qualitatively by comparing potential
peaks, the best approach is that of EEC-1. EC peak potentials
look far from the experimental case, more than 100 mV.

Table 4 shows pH corrected and uncorrected potentials, the
theoretical ones, and the resulting difference between the
experimental and theoretical oxidative potentials at pH = 0.
The colors in the last case emphasize if the difference is minor
of 100 mV (green), out of this range (red), or close to the
limiting value (orange). As observed, the most appropriate
mechanism is EEC, because the potential errors are under 100
mV in all cases. The best approach is that for EEC-1, (<30
mV). This result also coincides with the predictions made that
k0 for BHA must be greater than that of phenol.

■ CONCLUSION
A pedagogical procedure has been presented in this educa-
tional work where students can research redox mechanisms by
coupling different simulation techniques. In this regard, we
encourage teachers and students to replicate this methodology
coupled with an experimental cyclic voltammetry lab, either for
BHA or for other organic molecules. The use of experimental
information from bibliography, as was done in the present
work, is another good option, especially in the framework of
CODIV-19 pandemic where attendance to laboratories has
been reduced.
DFT calculations allowed students to discuss acid−bases

and electrochemistry properties of a common antioxidant.
Besides, the students could attribute to the phenol system the
BHA properties and analyze how different medium conditions
modify its behavior, taking into account also the discussion of
the bibliography presented. It is important to remark on the
necessity of complementing these calculations with exper-
imental techniques and CV simulations to expand student
knowledge about BHA.
Digital voltammetric simulations allowed students to

reproduce the response of the experimental BHA voltammo-
gram by using the proposed mechanisms from DFT
calculations. Kinetic and thermodynamic information was
extracted from these simulations. The EC mechanism was
previously suggested, while the occurrence of the EEC
mechanism is a proposal of the present work. The EEC
mechanism yielded the best results.
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