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O comportamento eletroquimico do 4cido cafeico (H,CAF) em meio aquoso foi estudado na
faixa de pH 2,0-8,5 aplicando-se as técnicas voltametria ciclica, eletrolise com potencial controlado
e espectroscopia UV-vis. A eletro-oxidagdo envolve a transferéncia reversivel de dois elétrons e de
dois protons em solugdes de pH até 5,5, de acordo com o mecanismo uma etapa-dois elétrons. Em
solucdes de pH superiores a 5,5 a eletro-oxidagdo do H,CAF segue um mecanismo EC,. O principal
produto desta oxidagdo ¢ a 0-quinona correspondente (0-HCAF), a qual decompde-se rapidamente
em soluc¢des de pH superior a 7,4, obedecendo a uma cinética de primeira ordem. Na faixa de pH 2,0-
8,5, o potencial formal (E”’) varia linearmente com o pH, gerando uma reta com coeficiente angular
de —60,83 mV/pH. Em paralelo, a corrente de pico anddica (ipa) diminui de modo nao-linear. Os
processos sdo controlados por difusdo em toda a faixa de pH estudada.

The electrochemical behavior of caffeic acid (H,CAF) in aqueous solutions with pH 2.0 to 8.5 was
studied by cyclic voltammetry, controlled potential electrolysis and UV-vis spectroscopy. The electro-
oxidation of H,CAF involves a reversible transfer of two electrons and two protons in solutions of
pHup to 5.5, in agreement with the one step-two electron mechanism. In solutions of pH higher than
5.5, the process of electro-oxidation of H,CAF follows an EC, mechanism. The main oxidation
product is the corresponding o-quinone (o-HCAF), which is decomposed quickly at pH higher than
7.4 obeying a first order kinetics. In the pH range investigated, the formal potential (E*) varies
linearly with pH, generating a straight line with an angular coefficient of -60.83 mV/pH. In parallel,
the anodic peak current (ipﬂ) decreases in a nonlinear mode. The processes are controlled by diffusion

over the whole pH range studied.

Keywords: caffeic acid, oxidation, electrochemistry, UV-vis spectroscopy

Introduction

Caffeic acid (H,CAF), 3-(3,4-dihydroxyphenyl)-2-
propenoic acid (Figure 1), is the phenylpropenoid most
encountered in nature and has proven medicinal properties,
especially as an antioxidant agent."? Despite this, few studies
have been dedicated to the oxidation mechanism of this
substance. The enzymatic oxidation is the most important
reaction of H,CAF in the presence of polyphenoloxidase.’
However, non-enzymatic oxidation can take place in the
presence of oxygen, particularly in alkaline medium.*
Previous studies® showed that the chemical oxidation of
H,CAF promoted by sodium periodate leads to the formation
of the corresponding o-quinone (o-HCAF), 3-(cyclohex-1,5-

* e-mail: spin@qmc.ufsc.br

dien-3,4-dione)-2-propenoic acid. In acidic conditions a
disproportion of 0-HCAF occurs, leading to the formation
of two isomers of 2,5-(3',4'-dihydroxyphenyl)
tetrahydrofuran-3,4-dicarboxylic acid. The electro-
oxidation of H,CAF in non-aqueous solution’ - acetonitrile
- occurs in two stages, leading to the formation of the semi-
quinone and then to the corresponding o-quinone and
involves the transfer of two electrons and two protons. In
aqueous solution (pH 4.0) the electro-oxidation also
involves the transfer of two electrons but there is little
information about the products formed. As can be deduced
from the structural formula (Figure 1), the electro-oxidation
of H,CAF is pH-dependent, and this aspect has been poorly
explored in the literature. Electro-oxidation of organic
compounds is carried out almost always in non-aqueous
solutions due to solubility characteristics. However, this is
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Figure 1. Chemical structure of caffeic acid (H,CAF)

not the case of H,CAF. The objectives of the present work
are, therefore, to study the electrochemical behavior of
H,CAF in solutions with pH 2.0 to 8.5, to characterize the
products and to propose a mechanism for its electro-
oxidation in aqueous solution.

Experimental
Chemicals

All the reagents used in this study are of analytical
grade acquired from Aldrich (H,CAF) and Merck (H,PO,,
K HPO,, KH,PO,, KOH and citric acid). They were used
without previous purification. Distilled and deionized
water was used for all solution preparations.

Cyclic Voltammetry

Cyclic voltammograms were obtained in a 15-mL three-
electrode cell, with a glassy carbon working electrode
(A =0.0314 cm?), a graphite rod counter electrode, and an
aqueous saturated calomel reference electrode (SCE). All
potentials in the text are quoted versus this reference
electrode. The working electrode was carefully polished
before each experiment with 0.05 gm alumina paste and
ultrasonically rinsed in deionized water. IXE curves were
recorded with an EG & G PAR model 263 A potentiostat/
galvanostat with M270 software coupled to a personal
computer. Buffers formed by citric acid and K,HPO, or
KH_PO, (both 0.05 mol L") with pH adjusted with KOH or
H,PO, for the studied values (2.0; 3.5; 5.5; 7.4; 8.5) were
used as supporting electrolyte. H,CAF was added directly
into the cell (final concentration 0.8 mmol L) after
attainment of a cyclic voltammogram of the electrode
immersed in the H,CAF free solution. The solutions were
purged with nitrogen for 8 min and the experiments were
done at room temperature.

Controlled Potential Electrolysis

Chronoamperometry was performed to determine the
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number of electrons transferred in the electro-oxidation
process and to calculate, using the Cottrell equation,®’ the
diffusion coefficient of the species implicated. The
experiments were carried out under the same conditions
described for the cyclic voltammetry. The applied potential
was 50 mV more positive than the anodic peak potential
(E,). For the determination of the number of electrons
involved in the electro-oxidation process in solutions of
different pH, the current decrease was observed until zero.
The charge was obtained by integration of the resulting
curve and the number of electrons was calculated.
Controlled potential electrolysis was also carried out under
the same conditions to identify the product of H,CAF
oxidation, but graphite rods were used as working and
auxiliary electrodes (the voltammetric response of H,CAF
is equivalent at glassy carbon and graphite electrodes).
Aliquots were extracted from the electrochemical cell and
analyzed by UV-vis spectroscopy in a HITACHI U-3000
spectrophotometer before and after 10 min of electrolysis.
The temperature of the solutions was controlled at 5 °C
(Microquimica MQBTC 99-20 thermostat).

Chemical oxidation of the H,CAF

The main objective of this experiment was to identify
the product of H,CAF oxidation and to follow its
disappearance kinetics, in view of its instability. The
solutions used in this study were prepared in a way similar
to the solutions used in the previous experiments, but with
a constant ionic strength (u = 0.5 mol L") controlled with
KCI. H,CAF was oxidized with KMnO, which was added
to oxidize 50% of the organic compound, admitting that
the oxidation product was the corresponding o-quinone.’
An excess of KMnO, was avoided to hinder the possible
cleavage of the double bond of the propenoic group in
acidic conditions. The identification of o-quinone was
done by UV-vis spectroscopy and its disappearance was
monitored at 400 nm (characteristic for o-HCAF
absorption). The experiments were extended up to 1600 s
after the addition of the oxidizing agent.

Results and Discussion
Cyclic Voltammetry

Figure 2 shows a typical cyclic voltammogram at a
glassy carbon working electrode in a pH 2.0 solution
containing 0.8 mmol L' H,CAF, for a scan rate (v) of 100
mV s The cyclic voltammogram is characteristic of an
electrochemically reversible reaction showing only one
anodic peak (Epa =507 mV) and one cathodic peak (EpC =
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Figure 2. Cyclic voltammogram for 0.8 mmol L' H,CAF in pH 2.0
solution at a glassy carbon electrode, v = 100 mV s

415 mV). The voltammogram profile does not change
significantly even after 20 cycles. The ratio ipc . ipa'l =0.954
confirms the reversibility of the system under these
conditions. The formal potential (E”) of the electro-
chemically reversible couple that quickly changes
electrons with the working electrode is centered between
E  andE_.*Forthe systeminstudy (E, +E )2=461mV.
It is interesting to note that this value is very close to the
standard potential (E°) and to the formal potential (E”) in
different acidic conditions of the redox couple quinone-
hydroquinone (E* =455 mV and E” =452 mV in 1.0 mol L"!
H,SO,, HCIO, and HCI).’ This result suggests that the couple
implicated in the electro-oxidation of caffeic acid in pH
2.0 solutions is H,CAF-0-HCAF involving the transfer of
two electrons and two protons. However the value of E. -
E,,=51mV is not expected for this type of electron
transfer. This value should be close to 30 mV for a
reversible two-electron transfer. The difference between
the obtained and expected value indicates, however, that
the charge transfer is not sufficiently fast under the studied
conditions and that reaction is not completely reversible,
as demonstrated below.

Influence of pH

The influence of pH on the cyclic voltammograms at a
glassy carbon electrode in 0.8 mmol L' H,CAF solutions,
v=100mV s, is shown in Figure 3. It is observed that the
profile of the IXE curves is the same in the pH range studied,
indicating that the electro-oxidation of H,CAF follows
the same reaction mechanism. However, with the increase
of pH, the anodic and cathodic peak potentials are shifted
toward less positive values. The shift of E to less positive
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values indicates an increase in the nucleophilicity of the
organic compound,'® and that its antioxidant activity is
thermodynamically favored with the pH increase. Some
authors have described the same dependence for oxidation
of H,CAF, gallic acid and derivatives.""'> On the other
hand, in 50/50 (v/v) water-methanol solvent, the anodic
peak potential shifts to more positive values with an
increase in pH.? In addition we observed that the separation
between the peak potentials is also pH-dependent. The
large separation between the anodic and cathodic peak
potentials in the pH 8.5 cyclic voltammogram is a
manifestation of sluggish heterogeneous electron transfer
kinetics.® Figure 4 shows the linear decrease of E” as a
function of pH with -60.83 mV pH' slope (correlation
coefficient r =-0.9907). This value is close to that expected
for Nernstian systems with electron transfer followed by
deprotonation. Figures 3 and 4 show that ipa decreases in a
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Figure 3. Cyclic voltammograms for 0.8 mmol L"' H,CAF in pH (a)

2.0; (b) 3.5; (c) 5.5; (d) 7.4 and (e) 8.5 solutions at a glassy carbon
electrode, v = 100 mV s
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Figure 4. Formal potential and anodic peak current as a function of
pH for 0.8 mmol L' H,CAF
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nonlinear way with increasing pH. The decrease of ipa asa
function of pH can be associated to the concentration and
to the diffusion coefficient of the electro-active species
that effectively are being oxidized, as demonstrated below.
Figure 5 shows the composition of the H,CAF solutions
(alpha values) as a function of pH. Under the conditions of
air experiments we have: pH 2.0: 99% of H,CAF and 1%
of H,CAF"; pH 3.5: 88% of H,CAF and 12% of H CAF"; pH
5.5: 8% of H,CAF and 92% of H,CAF; pH 7.4: 94% of
H,CAF and 6% of HCAF*; pH 8.5: 58% of H,CAF-and 42%
of HCAF?Z, Thus, at this time, if one accepts that the
oxidation processes of these species are represented by
the reactions shown in Figure 6, the dependence of ipa with
pH can be explained as follows: at pH 2.0 and 3.5, ipa
practically does not change, therefore the species that is
being oxidized is H,CAF, its concentration at the two pH
being practically the same. The current for the
electrochemical reaction (at a mass transport rate) of an
electro-active material with a diffusion coefficient, D, is
described by the Cottrel equation:®’

i - nFADl/ZCb/ﬂl/Zt]/Z

where D is the diffusion coefficient (cm* s') and C, is the
bulk concentration of substrate. n, F, A and t have their
usual significance. Under diffusion (mass transport)
control, a plot of i versus t'? will be linear and, from the
slope, the value of D can be obtained. Chronoamperometry
was performed and a diffusion coefficient D = 2.3 x 107
cm’ s (pH 2.0) was obtained. When the pH progressively
changes from 3.5 to 8.5, it is observed that ipa becomes
more pH dependent. As the number of electrons involved
in the process is always the same, the decrease of iml is
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certainly associated with a reduction of the concentration
and/or of the diffusion coefficient of the involved species.
As at pH 3.5 there are already more than one species in
solution, it is impossible to associate the diffusion
coefficient calculated from the Cottrell equation with the
diffusion coefficient of one particular species. Under these
conditions, the obtained value would be a compilation of
the diffusion coefficients of all species present, as
considered by Schifino et al.'* We also observed that the
diffusion coefficient gradually diminishes from 2.3 x 107
cm? s7't0 0.49 x 10-° cm? s when the pH is increased from
2.0to 8.5. This indicates, in a first approach, that the species
would have gradually smaller diffusion coefficients as they
were being deprotonated.

It is important to note that the dependence of E, with
pH is attenuated when the pH changes from 7.4 to 8.5
(Figure 3). This behavior can be explained by the increase
of the concentration of HCAF?* in solution. In the
oxidation of HCAF?, only one proton is involved (Figure
6, reaction 3), while in the oxidation of the other species
two protons are involved.

-2¢e

+2e

|

8
H

10 12 14

Figure 5. Composition of H,CAF solutions as a function of pH (pK
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Figure 6. Oxidation reactions for H,CAF (reaction 1), H,CAF" (re-
action 2), HCAF?* (reaction 3) and CAF* (reaction 4)
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In solutions of pH higher than 8.5 the reduction peak
was not observed (data not shown), which indicates that
the product of oxidation of H,CAF became unstable and
an irreversible homogeneous chemical reaction occurs. For
this reason we limited our studies to the pH range 2.0-8.5.

Influence of the scan rate

The influence of the scan rate on the anodic peak
potential (Epa) is shown in Figure 7 for the pH range studied.
It is verified that the system under study presents a
reversible behavior for scan rates up to 100 mV s and an
increasing irreversibility for faster scan rates. In parallel,
the anodic peak current (ipa) increases linearly with v"?
(Figure 8), indicating that the process is diffusion limited

over the whole pH range studied.
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Figure 7. Influence of the scan rate on the anodic peak potential
(Epa) for 0.8 mmol L' H,CAF solutions of different pH
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Figure 8. Influence of the scan rate on anodic peak current (ipa) for
0.8 mmol L' H,CAF solutions of different pH
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Influence of slow scan rates in alkaline solutions

Figure 9 shows cyclic voltammograms at a glassy
carbon working electrode in pH 2.0 and 8.5 solutions
containing 0.8 mmol L' H,CAF,v=5mV s". Itis observed
that at pH 2.0 the electro-oxidation of H,CAF is reversible
(ipc.ipa'l ~ 1). This ratio decreased as the pH increased and,
at pH 8.5, the reduction peak was not observed, denoting
that the product of H,CAF oxidation (that is the
corresponding o-quinone (0-HCAF)) became unstable,
resulting, therefore, in only partial reduction. We observed
that 0o-HCAF is more stable in solutions of pH < 5.5. For
solutions of pH > 7.4 the stability of o-HCAF diminished
significantly, implying an expressive increase of its
disappearance rate. The instability of o-HCAF at pH > 7.4
suggests the involvement of HCAF? ions, which have a
high nucleophilicity. The influence of the nucleophiles
on the stability of o-quinones was also suggested by
Nematollahi et al."”” At pH < 5 (in the presence of H,CAF
and H,CAFions) 0-HCAF is stable, while at higher pH (in
the presence of only HCAF? ), o-HCAF is less stable.

4- b .
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Figure 9. Cyclic voltammograms for 0.8 mmol L' H,CAF in pH (a)
2.0 and (b) 8.5 solutions at a glassy carbon electrode, v = 5 mV s!

Controlled potential electrolysis

Electrolyses with controlled potentials were carried out
to confirm the number of electrons involved and to identify
0-HCAF as the product of oxidation of H,CAF. The number
of electrons involved in the oxidation of H,CAF in the pH
range studied was found to be two (Table 1). The
identification of o-HCAF was carried out by UV-vis
spectroscopy. Electrolysis was performed with the cell
temperature kept at 5 °C, in view of the instability of o-
HCAF at higher temperatures.
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Table 1. Parameters obtained from chronoamperometric experi-
ments

pH Charge / (mC) Number of electrons
2.0 2355 1.912
3.5 2424 1.968
5.5 2323 1.886
7.4 2192 1.780
8.5 2619 2.126

Figure 10 shows the UV-vis spectra for 0.8 mmol L'
H,CAF in pH 2.0 solution for t = 0 and after 10 min of
electrolysis. No absorption band was observed before
electrolysis (t = 0). A large band around 400 nm was
observed after electrolysis which was attributed to o-HCAF,
since this substance presents a characteristic absorption
band at this wavelength.? This absorption band was also
observed in aliquots of solutions with pH higher than 2.0,
presenting a small wavelength shift to lower energy
(406 nm at pH 7.4).
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Figure 10. UV-vis spectra for 0.8 mmol L' H,CAF in pH 2.0 solu-
tion after (a) zero and (b) 10 min of electrolysis, temperature = 5 °C

These studies therefore confirmed that, in the process
of H,CAF electro-oxidation, two electrons are involved
and that the main product formed is the corresponding o-
quinone.

Kinetic study of the disappearance of 0o-HCAF

During these studies we observed that the o-quinone
resulting from the oxidation of H,CAF was fairly unstable
at room temperature, which is a characteristic behavior of
many quinones, mainly in the presence of nucleophiles.
Therefore, this behavior was studied as a function of pH.
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Chemical oxidation of H,CAF with KMnO, was promoted
and an absorption band around 400 nm, attributed to o-
HCAF, repeats.’ The decrease of the absorption band at
400 nm as a function of time allows one to study the
kinetics of o-HCAF disappearance,'® as shown in Figure
11. The kinetics of disappearance of o-HCAF involves a
first-order reaction, as recognized by other authors.? In pH
< 5.5 solutions 0-HCAF is sufficiently stable. When the
pH is higher than 5.5 the o-HCAF instability increases, as
it can be verified observing an enhancement of kinetics of
its disappearance. These results are in accordance with
those observed in the electrochemical experiments, where
an increasing irreversibility at pH higher than 5.5 was
shown. As mentioned previously, this behavior suggests
that HCAF?* ions are related to the instability of o-HCAF.
However this approach is beyond the objective of this
work.
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Figure 11. Effect of pH on the experimental rate constant (k) for o-
HCAF disappearance. lonic strength = 0.5 mol L°'; Temperature =
25 °C

Conclusions

The results obtained in these studies show that H,CAF
is reversibly oxidized in solutions of pH up to 5.5. The
electro-oxidation follows a mechanism involving only one
step with the transfer of two electrons and two protons.
The H,CAF oxidation product was identified as being the
corresponding o-quinone. For pH values higher than 5.5
0-HCAF becomes unstable, with a chemically
homogeneous irreversible reaction with a first order
kinetics occurring. Under these conditions the mechanism
is of the EC, type. The proposed electro-oxidation
mechanisms shown in Figure 12 take these comments into
consideration. Reaction 1 can be accepted for H,CAF and
H,CAF-in solutions of pH up to 5.5. A fast reaction follows
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Figure 12. Proposed mechanisms for the electro-oxidation of H,CAF

a one step-two electron type mechanism. The intermediates
cannot be identified by electrochemical methods under
our experimental conditions, but the results obtained
indicate that the reaction occurs with charge transfer,
followed by deprotonation, supporting the proposed
mechanisms. Although the H.CAF" species are present even
at pH 8.5, from pH 7.4 (and even at slightly acid pH) there
are also HCAF?* groups present. In the oxidation of HCAF*
two electrons are also involved but the reaction is less
dependent on pH (Figure 12, reaction 2). We believe that
HCAF? is also responsible for the instability of the o-
quinone formed and is the basis of a slow irreversible
chemical reaction with first order kinetics.
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