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A comparative study of the electropolymerization of two natural phenolic isomers, carvacrol (Carv) and
thymol (TOH) on copper was made. They are components of Origanum vulgare and Thymus vulgaris
essential oils. Polymerized layers (polyCarv and polyTOH) were attained by cyclic voltammetry (CV).
Electrochemical techniques complemented by ATR-FTIR, XPS, SEM and AFM surface analyses were used
to evaluate the composition and protective characteristics of the films. Results revealed that the

Keywords: electrochemical response in chloride solutions was dissimilar. Copper ions release by polyCarv in
carvacrol chloride solutions was lower than 30% of that obtained with TOH treatments. PolyCarv is a highly
thymol protective, transparent film, remarkably different from the brownish, rough and non-protective film
f]l:\lr]lzfaryer obtained with TOH. ATR-FTIR results showed that the oxidation of adsorbed Carv and TOH led to cetonic

structures while after electropolymerization ether bonds were also found. However, polyCarv and
polyTOH showed important differences in v-OH band. Deconvolution of C1s signal of XPS spectra led to
four contributions with different proportions for polyCarv and polyTOH. Accordingly, Cpn)-O is 50% of
total C1s for polyCarv and 30% for polyTOH. C1s/O1s relationships were also different. AFM and SEM
observations showed the presence of round flakes, smaller for polyCarv (5nm height) than for TOH
(35 nm height). A compact layer was found in case of polyCarv but cauliflower and sticks structures with
cracks were found for polyTOH. In summary, results showed the important impact of the molecular
structure on the composition, structure and protective characteristics of the polymeric layers. A
mechanism is proposed to interpret these results.

electropolymerization

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Copper and copper-based alloys are materials suitable for
versatile purposes. They are used in construction for outdoor
applications due to their attractive appearance and advantageous
mechanical, thermal and conductivity properties together with
their simple fabrication and joining. For industrial purposes they
are extensively applied in piping, tubing, condensers and heat
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exchangers because of their adequate resistance to corrosion and
biofouling. They have also been proposed for containers for nuclear
wastes buried and exposed to ground-waters [1]. Other advantages
are their reduced maintenance costs, prolonged service life,
increased reliability and high recyclability [1-3].

In spite of its valuable properties copper is vulnerable against
corrosion in chloride environments [4]. Apart from the economical
costs involved in substitution or repair of the copper-containing
system, corrosion process leads to the release of copper ions that
contaminate aqueous environments and represents a potential risk
for biological systems [5]. Chloride ions adsorb on copper and CuCl
is formed which may lead to soluble CuCl,~ complex or hydrolyze
to form atacamite (Cuy(OH)sCl) [4].

Several kinds of coatings have been proposed to reduce
corrosion when metals are susceptible to environmental
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interactions [6]. Coating may act as ionic filter able to mitigate
current transfer between anodic and cathodic areas, or obstruct the
diffusion of oxygen to inhibit cathodic reaction. Several organic
inhibitors form thin films of adsorbed molecules that cover copper
active sites hindering the adsorption of chlorides and the
formation of corrosion products. Many of them are hetero-cycles
that are added to the corrosive solutions [7-11]. Several Inhibitory
treatments were also developed with the aim of improving the
shielding action achieved with adsorptive films. However, due to
the more strict environmental regulations that have been
implemented in recent years, corrosion inhibitors are required
to have an environmentally friendly profile. They are expected to
be non bioaccumulative, biodegradable and have a low toxicity
level. Thus, current research is focused to the exploration of
environmentally compatible, nonpolluting corrosion inhibitors.
This search leads to natural factories like plants, rich sources of
phytocompounds that can readily satisfy these requirements.
Natural compounds are frequently low-cost, ecocompatible,
renewable and readily available. Importantly, they can be extracted
inexpensive by simple procedures. Consequently, substantial effort
has been made in recent years to investigate the corrosion
inhibiting efficacy of these natural products with low or “zero”
environmental impact [12-18]. It is well known that aromatic
plants like Origanum vulgare and Thymus vulgaris are sources of
phenolic compounds (PC). Interestingly, electrochemical studies
with some synthetic PC have revealed that they can be electro-
polymerized on metallic surfaces and showed excellent corrosion
protection [19,20]. Thus, new strategies based in electropolyme-
rization process of natural PC with low effect in the environment
may be developed. Among non synthetic compounds two of the
main components of Origanum vulgare and Thymus vulgaris
essential oils (carvacrol and thymol) are PC that seem to be
suitable for the development of an ecofriendly treatment [21].
Considering previous reports about different substituted PC [22],
we hypothesized that both carvacrol (Carv) and thymol (TOH), due
to their phenolic structures, are able to form electropolymerized
layers on copper surface but their shielding action against
corrosion may be different. Thus, the aim of this work is to
elucidate if the molecule structure of these structural isomers
impacts on their electropolymerization mechanism and on the
protective characteristics of the nanolayers formed on copper.
Apart from the importance of the fundamental aspects of this
investigation, related the electropolymerization mechanisms of
two PC isomers, Carv and TOH, results should be very useful in
relation to the selection of the species of the aromatic plants that
will be the best sources of the essential oils to be used as corrosion
inhibitors. For example, they will provide information to select the
best species between, Origanum vulgare, reach in Carv and
Origanum X applii or Thymus vulgaris whose main component is
TOH [23-25].

2. Experimental
2.1. Chemicals

Carv (Sigma, St. Louis, MO, USA), and TOH (Sigma, St. Louis, MO,
USA) which chemical structures are shown in Fig. 1 were used in
the experiments. All chemicals consumed in the assays were of
analytical grade and ultrapure water was employed to prepare the
solutions.

2.2. Cu samples and generation of electropolymerized layers.
Cylindrical copper bars (99.7% electrolytic metal copper, 0.9 cm

diameter) (Merck, Darmstadt, Germany), whose lateral surfaces
were covered with polyoxymethylene, leaving an exposed area of

OH

OH

Thymol Carvacrol

Fig. 1. Chemical structure of thymol and carvacrol.

0.626 cm? were used as working electrodes for electrochemical
experiments. Each electrode was mechanically polished with
emery paper of different grain sizes using water as lubricant and
then washed with water and ethanol, and dried with nitrogen. The
electrode surface was carefully observed under optical microscope
(Olympus BX51, Olympus Corp., Tokyo, Japan), before and after the
experiments, to evaluate possible changes in color and/or texture
of copper.

Electrochemical assays were made in a conventional cell with
double wall to allow the circulation of water at constant
temperature. A platinum foil was used as counter electrode and
a saturated calomel electrode (SCE) as reference electrode. The
potential values in the text are referred to the SCE.

Electropolymerized films of Carv and TOH (polyCarv and
polyTOH) were attained using cyclic voltammetry (CV) by
successive cycling the electrode potential at 50mVs~' (39 cycles)
within 0.3V-1.0V potential range. This electrochemical method-
ology was a modification of that reported by Guenbour [26,27]. In
our case 0.1M Carv or 0.1 M TOH, 70:30 water/ethanol (EtOH)
alkaline solution (0.3 M NaOH) [26-28] was used as electrolyte for
CV electropolymerization treatment. The presence of EtOH in Carv
and TOH solutions is necessary to improve PC solubility. Each test
was run in triplicate to verify the reproducibility of the data. In all
cases a potentiostat-galvanostat TEQO3 was used. Control experi-
ments using 0.3M NaOH with and without EtOH were also
recorded.

For surface analysis and copper ion release measurements,
copper disks obtained from a pure copper sheet (99.7%, 0.1 mm
thick, 6 mm diameter) (Merck, Darmstadt, Germany) were used.
These disks were washed with (5% v/v) H,SO,, vigorously rinsed
with ultrapure water and then dried with nitrogen. The polyCarv/
polyTOH formation on the disks was carried out with the copper
sheets as previously described for cylindrical copper samples.

2.3. Measurement of copper ions release

The copper ion release from the copper disks covered by
polyCarv or polyTOH films (polyCarvCu, polyTOHCu) after their
immersion in 3 ml of KCl solution (0.136 M) for 1day, 3 days and
6 days at room temperature was measured by colorimetric analysis
and by atomic absorption spectroscopy. Colorimetric method is
based on the addition of 1-(2 pyridylazo)-2-naphthol (PAN) to the
samples. This dye forms colored complexes with Cu(Il) which are
suitable for spectrophotometric analysis. Briefly, an appropriate
volume of H,SO4, was added to each sample to reach a final
concentration of 0.25M. An aliquot of 100l of these acidic
samples was mixed with 100 .l of 4 mM PAN ethanolic dissolution
and 800 .l of water. The absorbance was measured in a Shimadzu
UV 1800 spectrometer at A=560 nm, maximum of the absorption
spectra of the copper(Il)-PAN complex. The copper content in an
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unknown sample was determined by comparing with a calibration
curve [29].

The concentration of cupric ions was also determined by Flame
atomic absorption spectrometer. Shimadzu AA-7000 (Kyoto,
Japan) was used for the determination of soluble copper
concentration, after total dissolution with 1 ml 0.28 M nitric acid.
Hollow cathode lamps were employed as radiation sources (limit
of detection =0.02 p.g ml~ !, obtained using internal quality control,
according standard procedures).

2.4. Electrochemical tests to evaluate corrosion protection.

Open circuit potential (OCP) evolution was evaluated for bare and
polyCarvCu and polyTOHCu electrodes during 3 h in KCI solution.

Potentiodynamic cycling between the OCP and 0.07V at
50mVs~! in 0.136 M KCl was employed to evaluate the stability
of the protective layer by recording 20 successive cycles.

Polarization studies were also performed to evaluate the
corrosion protection of the layers in 0.136 M KCl in the potential
range close to OCP (from OCP to +0.3 V) at 1 mV s~ ! using different
electrodes for each assay. Chloride ions concentration was selected
taking into account the concentration of chlorides in biological
media and in saline aqueous ecosystems.

2.5. Surface analysis by XPS, ATR-FTIR and AFM.

XPS measurements were performed using Al Ka source (XR50,
Specs GmbH) and a hemispherical electron energy analyzed
(PHOIBOS 100, Specs GmbH) operating at 40 and 10 eV pass energy.
A two-point calibration of the energy scale was performed using
sputtered cleaned gold (Au 4f7/2, binding energy BE=84.00eV)
and copper (Cu 2p3/2, BE=932.67 eV) samples. C1s at 285 eV was
used as charging reference. Auger parameter was calculated and
used to survey the chemical modification for surface copper
species, independently of the static charge of the substrate. ATR-
FTIR spectra were obtained in a Varian 660 spectrometer equipped
with an attenuated total reflection (ATR) accessory (MIRacle ATR,
Pike technologies) with a ZnSe prism. In all cases, each spectrum
was the result of 256 scans taken with a resolution of 2cm™.

Tapping® mode AFM (Nanoscope V; Bruker, Santa Barbara, CA)
in topographic mode was used to characterize the substrates, using
silicon tips (ArrowTM NCR; NanoWorld, Neuchatel, Switzerland;
spring constant, 42 N/m; resonance frequency, 285kHz). Nano-
scope 7.30 and Nanoscope Analyis 1.5 softwares were employed to
obtain the images (Bruker).

Scanning electron microscopy (SEM) images of polyCarvCu and
polyTOHCu were taken using an environmental scanning electron
microscope FEI Quanta 200.

3. Results and Discussion
3.1. Formation of polymeric films from carvacrol and thymol

Potentiodynamic measurements were performed by successive
voltamperommetric cycles carried out in different solutions. Fig. 2
shows a sudden current increase in alkaline 70:30 water/EtOH
solution, with a nearly linear i/E relationship for potentials higher
than 0.4 V. Fig. 1S illustrates the i/E profiles obtained during the 1st
and 2nd cycles between —1.0 V and +0.3 V with the control solution
(0.3 M NaOH) in the absence of EtOH. During the first cycles current
values show an i/E response with a marked increase of current at
potentials more anodic than 0.7V, similar to that reported in the
literature [30,31], attributed to the oxidation of copper. Thus, in
agreement with previous works [26,32-34] the abrupt increase of
current at 0.4V (Fig. 2) can be attributed to the oxidation of EtOH
on copper that reaches a maximum at potentials higher than 0.8V
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Fig. 2. First and second voltamperometric cycles made at 50mVs~! with Cu
electrodes in (—) 0.1 M Carv, or (----- )0.1 M TOH in 0.3 M NaOH 70/30 water/EtOH
solution; (————_) Control without PhD monomer. A control without EtOH is
shown as Supplementary material (Fig. 1S).

(not shown). Fig. 2 also shows the 1st and 2nd cycles obtained with
the addition of 0.1 M Carv and 0.1 M TOH. If Carv is added to the
solution, an anodic peak that initiates close to 0.3 V was recorded,
with current densities higher than those of the plain EtOH-
containing solution at this potential. This indicates that the
oxidation of Carv on Cu begins at potentials lower than that of
EtOH. Subsequently, at potentials higher than 0.5V current
decreased sharply and very low currents were recorded during
the return scan and the following cycles. A similar behavior was
reported for phenol and phenol derivatives on different electrodes
[19,35-39]. It can be inferred that the oxidation products of Carv
remained on the surface and blocked the active sites hindering the
oxidation of fresh EtOH and Carv from the bulk. Upon increasing
the number of cycles, current decreased continuously reaching
values close to 0.3 A cm 2 after 39 cycles. After this treatment the
electrode surface was covered by a transparent film of polyCarv.

When TOH was added to the plain EtOH-containing solution a
high current peak at 0.45V with a shoulder on the anodic side
(0.6 V) were recorded (Fig. 2). They were followed by a current
decrease reaching a minimum at 0.8 V with an important increase
thereafter. During the cathodic scan another anodic contribution
was depicted (0.6 V), indicating that oxidation activity persisted
during the return scan. Even though an important current decrease
was observed during the second scan, current values were higher
than those recorded for Carv. Thus, during the earlier cycles,
electrochemical behavior of TOH is markedly different from that of
Carv. Upon increasing the number of cycles, current density
decreased and after the fifth cycle current values were in the order
of 400 pnAcm~2 at 1V (after the 39th cycle it was 110 wAcm™2)
notably higher than that obtained with Carv (0.3 wAcm™2).

Substantial differences in the surface appearance of polyCarv
and polyTOH films were noticed since a brownish layer was formed
in case of polyTOH that contrasts with the transparent one
developed with Carv (Fig. 3 insets). SEM images showed a
homogeneous layer in case of polyCarv and a rough surface in
case of polyTOH (Fig. 3). The image of polyTOH shows a ditch with
sticks similar to those reported for polyphenol [39].

3.2. Electrochemical response of polymer coated copper in chloride
solutions

3.2.1. Open circuit potential (OCP) records
OCP evolution was evaluated for bare and polymeric film-
coated Cu electrodes during 200 min in 0.136 M KCl solution
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Fig. 3. SEM microphotographs showing the electropolymerized layer (CV, 39 cycles) obtained with Carv (polyCarvCu) and TOH (polyTOHCu). Insets show images obtained
with optical microscopy. A brownish rough layer can be observed in case of polyTOHCu.

Table 1
Open circuit potential values (OCP) for polyCarv, polyTOH and bare copper after
different periods (5 min, 80 min, 200 min).

Table 2
Electrochemical current efficiency (IE%) at 100mV, 200mV, 300mV (SCE) for
polyCarv and polyTOH.

OPC(5miny/mV OPC(gomin)/mV OPC(200min)/mV Electrode 1E(100mv)/% 1E200mv)/% 1E(300mv)/%
polyCarv -107.6 £ 0.1 -107.6 +30.4 -116.1+229 polyCarv 99.7+0.2 98.6 + 1.1 95.7+15
polyTOH 1123404 1091 +24.8 1117495 polyTOH 984406 957413 894118
Bare Cu -171.9+ 211 -203.9+6.8 -205.9+3.2

(Table 1). The curves show a similar potential evolution but OCP
values were c.a. 70mV more anodic in case of samples with
polyTOH and polyCarv layers.

3.2.2. Anodic polarization curves

In order to test the protective characteristics of polyCarv and
polyTOH layers formed after CV treatments anodic polarization
curves were recorded in 0.136 M KCl solution. Polarization curves
for bare Cu, polyCarvCu and polyTOHCu electrodes in the potential
range between OCP and +0.3V are shown in Fig. 4. It can be
observed that, at potencials>0.0V, current densities for
polyCarvCu are lower than those measured for polyTOHCu
demonstrating the better shielding propierties of the polyCarv
layer in chloride environments.

1.0

0.8+

-1 I00 ' (IJ . 160 ' 260 I 300
E vs SCE/mV

Fig. 4. Polarization curves made at 1 mV s~! with copper in 0.136 M KCl without (a)
and with electropolymerized layer of polyTOH (b) and polyCarv (c).

Table 2 shows current efficiencies (IE%) that were calculated
according to:

R
IE% (Ei) = —5— x 100
1

i° is the current density corresponding to bare Cu and i is the
current density of the polyCarvCu or polyTOHCu measured at
Ei=Ecor, 100mV, 200 mV or 300 mV (Table 2).

Treatments with Carv and TOH show (Table 2) high IE% values,
IE% >95% for Carv and IE% > 89% for TOH at potentials more anodic
than Ecorr.

3.2.3. Cyclic potentiodynamic response of polymer coated Cu

The electrochemical response of the polyCarvCu and
polyTOHCu was also tested by cycling the electrode in a potential
range close to the OCP (from OCP to +0.07V) in 0.136 M KCl
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Fig. 5. Voltamperometric cycles (1st, 2nd, 10th, 20th cycles) obtained by cycling the

copper electrodes between the OCP and 0.07V at 5mVs~! in 0136 M KCl. (__)
polyCarvCu; (... ... ) polyTOHCu. Inset: Detail of polyCarvCu curves.
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solution. Fig. 5 shows that current values for polyTOH coating are
initially low but upon cycling they increase and a peak is formed at
—0.025V. The shape of the curves becomes similar to that of the
control obtained with the bare electrode indicating that polyTOH
layer is markedly more labile than polyCarv layer. Consequently,
the loose polyTOH layer progressively loses its protective
characteristic in chloride solutions and oxidation of copper
probably takes place on poorly sheltered sites. Conversely, the
current density in case of polyCarv is lower than 1uwAcm—2
confirming the higher stability and inhibitory action of polyCarvCu.

3.2.4. Copper ions release in the presence and in the absence of the
electropolymerized layers

Measurements of copper ions released by copper disk with and
without the electropolymerization treatments in 0.136 M KCI
solution (Fig. 6) are in agreement with the electrochemical
behavior of polyCarvCu and polyTOHCu. They show that concen-
tration of copper ions increases with time and after 6days of
immersion the content of copper ions reached the highest value in
case of bare copper while the best protective performance was
achieved by polyCarvCu. It can be noticed that treatments of 1 cycle
and 39 cycles with Carv are more effective than those of TOH. The
higher the number of cycles, the better the protection.

3.3. Surface analysis

3.3.1. ATR-FTIR analysis of polymer coated Cu

The infrared spectra of pure Carv, and TOH (Fig. 7) show the
characteristic contributions attributed to v-OH, bend OH and C-O
structures at 3386, 1458 and 1250 cm™! respectively, for Carv, and
3223, 1380 and 1244cm™! for TOH [40]. The spectra of TOH
adsorbed on Cu (adTOH) and that of polyTOH are compared in
Fig. 2S (Supplementary Information). adTOH spectrum shows the
distinctive contributions of pure TOH with additional signals
attributed to cetonic structures (1640 cm™') that account for the
presence of adTOH on copper surface and the evidence of its
oxidation under OCP conditions (a similar spectrum is obtained for
adCarv). Interestingly, marked differences between adTOH and
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Fig. 6. Copper ion release from treated Cu samples after their immersion for 1, 3
and 6 days in KClI solution (0.136 M) obtained by a colorimetric method (PAN). (m)
polyCarvCu 1 cycle; (4) polyCarvCu 39 cycles; () polyTOHCu 1 cycle; (4)
polyTOHCu 39 cycles. Inset: (@) Copper ion release from bare Cu. Measurements by
atomic absorption spectroscopy are also included (e) in the main graph and in the
inset. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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Fig. 7. ATR-FTIR spectra of Carv (pure drug), polyCarvCu, TOH (pure drug) and
polyTOHCu. Detail of the polyTOHCu spectrum is shown in Fig. 3S.

polyTOH spectra in the 3000cm~'-3550cm™! region can be
noticed.

PolyTOH and polyCarv spectra formed after cycling in the +0.3V
— +1.0V potential range are compared in Fig. 7. Peaks at 1494, 1454
and 1176 cm ™}, characteristics of polysustituted PC that account for
the polymerized state of the layer can be detected. Importantly, the
peaks at 1644 cm ! (polyCarv) and 1640 cm ! (polyTOH) indicate
the presence of cetonic structures (quinoidal C=0O stretch)
[19,41,42]. In addition, peaks at 1243, 1494, 1620 and ~1040 cm ™!
are also detected and can be assigned to ether bonds for phenolic
derivatives [19,41,43,44]. Quinoidal and ether bonds denote the
oxidation of TOH and Carv during the electropolymerization
process.

The spectrum of polyTOHCu shows a signal at 3531 cm™! that is
absent in that of polyCarv. This peak is known as hydrogen bond
free v-OH band (HyF/v-OH) because some authors believe that this
OH cannot form H bridges with other molecules such as those of
solvent, TOH, etc. [40-42]. Another possibility to explain the
presence of HyF/v-OH is the existence of dimmers, oligomers or
quinones structures confined within the polymeric matrix with OH
unable to form H bridges [44]. Others authors [37,41,43] reported
that this contribution may be assigned to water occluded in the
polymeric layer. Additionally, a broad peak at 3447 cm™~' was only
detected for polyTOHCu (see the detail at higher magnification in
supplemental data Fig. 3S) and may be attributed to the OH
stretching vibration of hydrogen-bonded O-H - O=C [44].

3.3.2. XPS analysis of polymer coated Cu

The XPS spectra of the Cu2p region for bare Cu, polyCarvCu and
polyTOH are shown in Fig. 8. They depict low signals for Cu with
electropolymerized layers, probably due to the low capacitance of
the polymeric films.

Table 3 shows the surface atomic percentage of Cl1s, Ol1s and
Cup2p3/2 of each sample and the Auger parameters (AP) calculated
for Cu. AP for bare Cu is in agreement with the metallic copper
value reported in the NIST database. However, the AP values
decrease upon cycling reaching a value close to that of Cu'* present
in Cu,0 species. Fig. 8A1 corresponds to the survey spectra of
polyCarv and polyTOH films and Fig. 8A2 shows the typical Cu?*
shake up satellites, relatively enhanced, at higher binding energies
than the characteristic Cu2p3/2-Cu2p1/2 lines. This indicates, by
the Auger parameter, the joint presence of Cu?* and Cu'* species.
The organic layer obtained on the Cu surface by
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Table 3
Surface composition obtained by XPS analysis.
Cls% Cu2p3/2% O1s% C/O APCu 0O/Cu

Bare Cu 80,51 5,04 13,01 6,2 1851,338 2,6
adCarvCu 52,68 10,04 3410 1,5 1850269 3,4
polyCarvCu (1 Cycle) 66,16 0,73 22,58 29 1847693 31,1
polyCarvCu (5 Cycles) 71,04 0,61 20,15 3,5 1847475 33,0
polyCarvCu (39 Cycles) 78,52 0,38 1935 4,1 1846,875 51,2
adTOHCu 52,39 9,67 34,77 1,5 1849974 3,6
polyTOHCu (1 Cycle) 69,87 0,90 16,73 4,2 1848,319 18,6
polyTOHCu (5 Cycles) 79,42 0,70 15,31 5,2 1847606 21,7
polyTOHCu (39 Cycles) 77,90 0,44 20,29 3,8 1846,809 464

electropolymerization probably attenuates most of the underneath
metallic photoelectron signal. Therefore mostly the copper-
polymer interface shapes Cu2p signal in both films. The intensity
of the signal decreases upon cycling, with lower intensities in case
of TOH. The attenuation of the Cu photoelectron signal can be
related to the increased thickness of the polymeric layer. Thus, the
chemical information of the signal corresponds to a few atomic
layers in copper depth.

O1s % for polyCarvCu and polyTOHCu are markedly lower than
those of adCarv and adTOH and C1s/O1s relationships are higher
for polymerized layers. Initially the higher values correspond to
TOH but, unlike Carv, after 39 cycles the relationship decreases
mainly due to the increase in the oxygen content.

Cl1s contributions were mainly fitted with four components
(Fig. 8B1, B2): i) 284.8 eV attributed to C-C and C-H; ii) (285.5eV,
285.7eV) associated C(pn)-O; iii) (291.4eV, 292.1eV) due to the
T->1r* transition satellite of the aromatic structure [45] for
polyCarv and polyTOH, respectively. Considering that (iii), related
to aromatic structures) is nearly zero in case of adCarvCu and

adTOHCu it could be inferred that there is a higher number of Carv
or TOH molecules on Cu surface with polyCarvCu/polyTOHCu than
in the case of adCarvCu/adTOHCu. A fourth contribution (iv)
(286.8 eV, 286,7 eV, for polyCarv and polyTOH, respectively) could
be assigned to C quinone group (C=0) [35,46-48] in agreement
with the signal detected by ATR-FTIR analysis.

The evolution of the composition of polyCarv and polyTOH films
on Cu substrates during cycling is different for each compound.
Thus, contribution (ii) of polyTOH (C(ph)-0) increases upon cycling
and this increase is more noticeable than that of polyCarv.
Accordingly, after 39 cycles the relative contribution of (ii) to the
total C1s peak is 50% for polyCarvCu and 30% for polyTOHCu,
respectively. This can be associated to the way each isomer anchors
on copper surface and the grade of susceptibility to form polymeric
structures due to steric hindrance, that leads to a higher oxidation,
i.e. higher number of O per molecule, in case of polyTOH layer.

3.3.3. AFM imaging

AFM images show (Fig. 9) the surface morphology of polyCarv
and polyTOH after the cycling process (39 cycles). A closed packed
morphology fully covered the Cu surface and round nanoflakes can
be distinguished on the surface. The line profile of the AFM image
suggests that these particles may be less than 5 nm high in case of
polyCarvCu while globular particles close to 35 nm high that form a
cauliflower like structures [49] were distinguished for polyTOH.
Roughness parameters included in Fig. 9 confirm the higher
roughness of polyTOH layer.

3.4. Electropolymerization mechanism

The proposed mechanism to interpret the complex oxidation
processes of Carv and TOH were adapted from those reported by
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Fig. 9. AFM images corresponding to polyCarvCu (a) and polyTOHCu (b). Section analyses (inset) and details are shown on the left.

Garfias-Garcia et al. [50] and Bao et al. [39] for polypyrrole and
polyphenol, respectively, and involve the reactions shown below.

Firstly, and according to ATR-FTIR results (see Fig. 2S), the
molecules adsorbed on the metal surface (Reaction (1)). Contribu-
tion in the region close to 3300 cm™' absent in the control without
Carv/TOH is associated to the adsorbed molecules. These single
adsorbed molecules may be oxidized and form adsorbed dimers in
one or two steps (Egs. (2)-(4)):

PhD(,c)— PhDaq) (1)
PhD(,q) + PhD(aq) <> PhDyaqy + 26~ + 2H" 5, (2)
PhD(,q) < PhD**(aqy+ €~ (3)
PhD° 34y * PhD(aq) <> PhDady+ €~ + 2H" (5 (4)
PhDy(ad) < PhDy(aqy” +H* (4a)
PhDy(aq)” < PhDy(aq) +€~ (4b)

where PhD is the phenolic derivative Carv or TOH. Electrooxidation
leads to quinone and ether polymeric structures detected by ATR-
FTIR spectra. Alternatively, the dimer may lose a proton because it
is favorable in basic media and according to Eq. (4a) formation of
PhD5,q)~ anions could take place. Subsequently, during polymeri-
zation the lost of one electron occurs (Eq. (4b)) [39].

There should be various kinds of dimers as a result of the
carbon-oxygen and carbon-carbon coupling. Some dimers may
not form ether bonds and will make the polymer retain a large
amount of phenol hydroxyls in the structure [39]. According to
ATR-FTIR results these types of dimers seem to be more frequent in
case of TOH electropolymerization.

PhD cathions and cathionic dimers that return to the solution or
remain at the interface may also be formed:

ZPhD(aC) — 2PhD°+(aC)+267 5)
2PhD°*(5¢) <> PhD*"5,( (6)
PhD**(ac) <> PhDaacy+ 2H"(ac) (7)

Thus, successive oxidations may transform dimers in oligomers
that return to the solution (Egs. (8)-(11)) close to the metal or
remain adsorbed and may form aggregates on the surface (Eqs. (12)
and (13)).

PhDp(ac) < PhD** ooy +e” (8)
PhDja¢) < PhD*¥jae)+ €™ 9
PhD®*1(acy* PhD**j(ac) = PhD?*4n(a0) (10)
PhD?"j1n(ac) <> PhDjuncs)+ 2H" (acy (11)
PhDp(aa) <+ PhD**jaqy+ €~ (12)
PhD**,(24)+ PhD(ag) < PhDjuqsy+ €~ +2H" 40y (13)
PhDy(s)+ PhD(4¢) <+ PhDppaq(s)+ 2™+ 2H" 40y (14)

In the Reactions (5)-(11) PhD(,), represents the monomer
species in solution, close to the metal, PhD°*(,¢) a cation radical
formed by oxidation of the monomer, PhD (a); and PhD 5, is the
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dimer in solution, PhDya,e and PhDjao represent different
oligomers in solution close to the metal or within the open layer
of polyTOH and PhD j.(s) is an insoluble oligomer.

The electrooxidation process [ 12-14] in case of Carv leads to the
formation of 2D layer that blocks the metal surface. In Reaction
(12) PhD°"jaq) is an adsorbed radical cation oligomer resulting
from the oxidation of the oligomer PhD .4y which further
oxidation leads to PhDyn.1s) (Reaction (13)) or to PhDpuq(s)
(Reaction (14)).

According to Fig. 1, OH group of TOH is close to the isopropyl
group and the formation of an ordered and compact 2D polymeric
layer is probably hindered in due to steric impediments. In case of
polyphenol it was found that the mayor portion of the coating
grows following a flake-like mode (50 nm flakes) that builds layers
parallel to the metal with only a minor portion of the polymer that
grows in a linear mode, forming sticks [39]. SEM and AFM
observations (Figs. 3 and 9) seem to indicate that polyCarv coating
mainly grows following a flake-like mode but, unlike polyphenol,
the flakes are very small (5 nm height), forming a compact 2D layer.
Conversely, the TOH polymerization mostly yields larger flakes
(35 nm height) that follows either stick structures that are vertical
to the metal plane or cauliflower structures. In view of ATR-FTIR
results, more —OH groups may remain unbound on sticks and
cauliflower surfaces of polyTOH. This way of growing also leads to
the formation of cracks like that shown in Fig. 3 (similar to those of
polyphenol [39]) that decreases the protective action of the layer.
Thus, polyTOH soft open layer may allow the transport of ions that,
according to copper ions measurements, favors the copper
corrosion process.

4. Conclusions

TOH and Carv, natural compounds components of some
essential oils, adsorb on copper surface and the oxidation of the
adsorbed species leads to cetonic structures. However, the
electropolymerized layers of these structural isomers are quite
different. Results show the high impact of —OH position in the
phenolic ring on the electropolymerization process that influence
on the appearance, composition, structure and protective charac-
teristics of the polymeric layers.

The analysis of the electrochemical, surface studies, spectro-
scopic results and copper ions release measurements revealed that
different mechanisms are involved in the electropolymerization
processes of Carv and TOH.

During potentiodynamic cycles Carv and TOH oxidize on Cu,
blocking the surface at different degrees with the oxidation
products that were detected by ATR-FTIR and XPS analysis. These
oxidation products include quinoidal and ether bonds that hinder
the access to the active sites of the metal surface. However, ATR-
FTIR results for polyTOH show peaks at 3530 and 3450cm™},
absent in case of polyCarv, attributed to hydrogen free v-OH or
water confined within the polymeric matrix. Different C1s/O1s
relationships were also found by XPS for polyCarv and polyTOH
layers. Deconvolution of Cls signal of XPS spectra leads to four
contributions with different proportions for polyCarv and poly-
TOH.

The polyCarv layer formed after several potentiodynamic cycles
is transparent and shows high protection against corrosion while
that of polyTOH is brownish and weakly protective. TOH
polymerization mostly yields larger flakes (35nm height) than
those of polyCarv (5nm height) and leads to either cauliflower
structures or to stick structures that are vertical to the metal plane
where cracks are found. Thus, copper ions release by polyTOH in
chloride solutions was markedly higher than that of polyCarv.

Results are important in relation to the selection of the species
of the aromatic plants that will be the best sources of the essential

oils to be used as ecofriendly corrosion inhibitors. Thus, according
to electrochemical data, Origanum vulgare, very reach in Carv,
should be a better source than Origanum X applii and Thymus
vulgaris whose main component is TOH.
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