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Abstract A new pyrimidine heterocyclic derivative, namely
2-ethylthio-4-(p-methoxyphenyl)-6-oxo-1,6-dihydropyrimidine-
S-carbonitrile (EPD) was prepared and its inhibition perfor-
mance towards copper corrosion in 3.5% NaCl solutions
was studied by potentiodynamic polarization, electrochem-
ical impedance spectroscopy (EIS) and electrochemical
frequency modulation (EFM) measurements. Experimental
investigations showed that EPD reduces markedly the
copper corrosion in 3.5% NaCl solutions. EFM can be used
as a rapid and non destructive technique for corrosion rate
measurements without prior knowledge of Tafel constants.
Monte Carlo simulation technique incorporating molecular
mechanics and molecular dynamics can be used to simulate
the adsorption of pyrimidine derivative (EPD) on the Cu
(111) surface in 3.5% NaCl.

Keywords Copper- EFM - EIS - Polarization - Corrosion -
Modeling

K. F. Khaled (P<) - K. M. Abdel-Azim - N. S. Abdelshafi
Electrochemistry Research Laboratory, Chemistry Department,
Faculty of Education, Ain Shams University,

Roxy,

Cairo, Egypt

e-mail: khaledrice2003@yahoo.com

K. F. Khaled

Materials and Corrosion Laboratory, Chemistry Department,
Faculty of Science, Taif University,

Hawiya,

888 Taif, Kingdom of Saudi Arabia

M. N. H. Hamed

Faculty of Education, Chemistry Department,
Ain Shams University,

Roxy,

Cairo, Egypt

Introduction

Copper and its alloys have wide field of applications in
industry and technology because they are easily available
and economically suitable, though they rank quite high
among the construction materials which undergo corro-
sion at high rates. The corrosion studies given in the
literature related to these metals have concentrated mainly
on their anodic polarization characteristics. From these
studies, it is known that in neutral or nearly neutral pH
conditions, highly protective copper oxides or hydroxides
can be formed on the metal surface. In the presence of
CI' ions the formation of such oxide or hydroxide films
makes the events much more complex in the corrosion of
copper.

The dissolution reactions of copper in chloride solution
can be given as below:

Cu + ClI"ZCuClyys + e~ (1)
CuClygs + C1I” =CuCly (2)
Cu + 2CI" =CuCl;, + ¢ (slow) (3)

Meanwhile, copper oxide and hydroxide can be
formed. The cathodic reaction consists of reduction of
oxygen:

0, + 2H,0 + 4e~ =40H~ (4)

The insoluble corrosion products forming on the surface
may slow down the rate of anodic dissolution and oxygen
reduction reactions. It is already known that copper
corrosion could occur in chloride solutions, via degradation
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of corrosion products, and complex formations with
chlorides. It is explained that the rate of anodic dissolution
is proportional to the rate of diffusion of CuCl, into the
solution, that in low chloride concentration CuCl may form
at the beginning and then the dissolution will proceed in the
form of CuCl;, the presence of insoluble corrosion
products on the metal surface will not be able to prevent
the reduction of oxygen [1, 2].

One of the most important methods in the protection of
copper against corrosion is the use of organic inhibitors.
Organic compounds containing polar groups including
nitrogen, sulfur, and oxygen [3—15] have been reported to
inhibit copper corrosion. The inhibiting action of these
organic compounds is usually attributed to their interactions
with the copper surface via their adsorption. Polar func-
tional groups are regarded as the reaction center that
stabilizes the adsorption process [16]. In general, the
adsorption of an inhibitor on a metal surface depends on
the nature and the surface charge of the metal, the
adsorption mode, its chemical structure and the type of
the electrolyte solution [17].

El-Sayed M. Sherif investigated the influence of 2-
amino-5-ethylthio-1,3,4-thiadiazole (AETD) on copper cor-
rosion in aerated HCI solution [18] as well as the influence
of 2-amino-5- ethylthio-1,3,4-thiadiazole (AETD) [11], 2-
amino-5-ethyl-1,3,4-thiadiazole (AETDA) [19] and 5-(phenyl)-
4H-1,2,4-triazole-3-thiole (PTAT) [20] in NaCl solution. It is
expected that these compounds show high inhibition efficiency
since they are heterocyclic compounds containing more donor
atoms, besides that they are non-toxic and cheap. AETD,
AETDA, and PTAT proved to be good mixed-type copper
corrosion inhibitors and the inhibition efficiency increased with
concentration.

Substituted uracils are studied as copper corrosion
inhibitors in 3% NaCl [21]. These derivatives include:
uracil, 5,6-dihydrouracil; 5-amino-uracil; 2-thiouracil; 5-
methyl-thiouracil; dithiouracil, so the substituent influence
can be estimated. F. Zucchi et al. [22] studied the inhibiting
action of tetrazole derivatives in 0.1 M NaCl solution. The
following compounds are tested: tetrazole (T), S-mercapto-
I-methyl-tetrazole (5Mc-1Me-T), 5- mercapto(Na salt)-1-
methyl-tetrazole (SNaMc-1Me-T), 5-mercapto-1-acetic acid
(Na salt)-tetrazole (SMc-1Ac-T), 5S-mercapto-1-phenyl-tetrazole
(5Mc-1Ph-T), 5-phenyl-tetrazole (SPh-T) and 5-amino tetrazole
(5NH,-T) in the range of pH from 4 to 8 and at temperatures
of 40 and 80°C.

The purpose of the present work is to test the hypothesis that
2-ethylthio-4-(p-methoxyphenyl)-6-oxo-1,6-dihydropyrimidine-
S-carbonitrile (EPD), which was synthesized in our labora-
tory, inhibits corrosion of copper when added to stagnant
3.5% NaCl solutions. The study has been carried out by
using potentiodynamic polarization, electrochemical im-
pedance spectroscopy, EIS and electrochemical frequency
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modulation, EFM. The experimental results will be
supported by the DFT calculation and molecular dynamics
simulations which can provide an interpretation between
the electronic and structural properties of the investigated
compounds and their experimental results as corrosion
inhibitors.

Experimental
Materials and chemicals

Cylindrical rods of copper specimens obtained from
Johnson Mattey (Puratronic, 99.999%) were mounted in
Teflon. An epoxy resin was used to fill the space between
Teflon and copper electrode. The circular cross sectional area
of the copper rod exposed to the corrosive medium, used in
electrochemical measurements, was (0.28 cm?). The EPD is
added to the 3.5% NaCl at concentrations of 5x10 >, 10 %,
5x10~* and 10>M. The aggressive environment used was
solution of 3.5% NaCl prepared from analytical reagent-
grade chemicals. All other chemicals were of AR grade and
the solutions were prepared using bidistilled water.

Synthesis of EPD

In this study, a new pyrimidine heterocyclic derivative,
namely 2-ethylthio-4-(p-methoxyphenyl)-6-oxo0-1,6-
dihydropyrimidine-5-carbonitrile (EPD) was prepared in our
laboratory where a mixture of 2-mercapto-4-(p-methoxyphenyl)-
6-0x0-1,6-dihydropyrimidine-5-carbonitrile (0.01 mol) and
ethyl iodide (0.01 mol) in ethanolic potassium hydroxide
solution (prepared by dissolving 0.56 g, 0.01 mole of
KOH in 50 ml ethanol) was heated under reflux for 5 h.
The reaction mixture was cooled and poured gradually
onto crushed ice. The solid obtained was filtered off and
recrystallized from ethanol to give EPD as yellow crystals,
with yield 83% and m.p. 250°C.

The IR spectrum of compound EPD showed absorption
bands at 3131 (NH), 3020 (aromatic-CH), 2933 (aliphatic-
CH), 2218 (CN), 1651 (C=0 of cyclic amide), 1603 and
1573 em-1 (C=N and C=C), The 'H NMR spectrum
(DMSO-dg) of which exhibited signals at 6 1.36 (t, 3H,
CHj; of ethylthio group), 3.25 (q, 2H, CH, of ethylthio
group), 3.89 (s, 3H, OCH3), 7.12-8.11 (m, 4H, Ar-H), and
8.28 ppm (s, 1H, NH). The structure of EPD was presented
in Fig. 1

Electrochemical measurements
The electrochemical measurements were performed in a

typical three-compartment glass cell consisted of the copper
specimen as working electrode, platinum counter electrode,
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Fig. 1 2-ethylthio-4-(p-methoxyphenyl)-6-oxo-1,6-dihydropyrimi-
dine-5-carbonitrile (EPD)

and a saturated calomel electrode as the reference electrode.
The counter electrode was separated from the working
electrode compartment by fritted glass. The reference
electrode was connected to a Luggin capillary to minimize
IR drop. Solutions were prepared from bidistilled water of
resistivity 13 M) cm, the copper electrode was abraded
with different grit emery papers size up to 4/0 grade,
cleaned with acetone, washed with bidistilled water and
finally dried.

Tafel polarization curves were obtained by changing the
electrode potential automatically from (=700 to +300 mVgcg)
at open circuit potential with a scan rate of 1.0 mV s .
Impedance measurements were carried out in frequency
range from 100 kHz to 40 mHz with an amplitude of
10 mV peak-to-peak using ac signals at open circuit
potential. Electrochemical frequency modulation, EFM,
was carried out using two frequencies, 2 and 5 Hz. The
base frequency was 1 Hz, so the waveform repeats after 1 s.
The higher frequency must be at least two times the lower one.
The higher frequency must also be sufficiently slow that the
charging of the double layer does not contribute to the
current response. Often, 10 Hz is a reasonable limit.

The electrode potential was allowed to stabilize 60 min
before starting the measurements. All experiments were
conducted at 25+ 1°C. Measurements were performed using
Gamry Instrument Potentiostat/Galvanostat/ZRA. This
includes a Gamry framework system based on the
ESA400, Gamry applications that include dcl05 for dc
corrosion measurements, EIS300 for electrochemical im-
pedance spectroscopy and EFM 140 for electrochemical
frequency modulation measurements along with a computer
for collecting data. Echem Analyst 5.58 software was used
for plotting, graphing, and fitting data.

Computational details

The semi-empirical computational methods have been
used most successfully in finding correlation between

theoretically calculated properties and experimentally
determined inhibition efficiency for uniform corrosion
[23-33]. The electronic properties of inhibitors, effects of
the frontier molecular orbital energies, the differences
between lowest unoccupied molecular orbital (LUMO)
and highest occupied molecular orbital (HOMO) energies
(EL—Eyp), electronic charges on reactive centers, dipole
moments, and conformation of molecules have been
investigated. The geometry optimization process is
carried out for the studied EPD compound using an
iterative process, in which the atomic coordinates are
adjusted until the total energy of a structure is minimized,
i.e., it corresponds to a local minimum in the potential
energy surface. The forces on the atoms in the EPD
molecules are calculated from the potential energy
expression and will, therefore, depend on the force field
that is selected.

Interaction between EPD and Cu (111) surface was
carried out in a simulation box (13.45Ax13.45Ax43.34A)
with periodic boundary conditions to model a representa-
tive part of the interface devoid of any arbitrary boundary
effects. The Cu (111) was first built and relaxed by
minimizing its energy using molecular mechanics, then
the surface area of Cu (111) was increased and its
periodicity is changed by constructing a super cell, and
then a vacuum slab with 30 A thicknesses was built on the
Cu (111) surface. The number of layers in the structure
was chosen so that the depth of the surface is greater than
the non-bond cutoff used in calculation. Using six layers
of Cu atoms gives a sufficient depth that the inhibitor
molecules will only be involved in non-bond interactions
with Cu atoms in the layers of the surface, without
increasing the calculation time unreasonably. This struc-
ture then converted to have 3D periodicity. As 3D
periodic boundary conditions are used, it is important
that the size of the vacuum slab is great enough (30A)
that the non-bond calculations for the adsorbate (EPD
molecules) does not interact with the periodic image of
the bottom layer of atoms in the surface. After minimizing
the Cu (111) surface and EPD molecules, the corrosion
system will be built by layer builder to place the inhibitor
molecules on Cu (111) surface, and the behaviors of the
EPD molecules on the Cu (111) surface were simulated
using the COMPASS (condensed phase optimized molec-
ular potentials for atomistic simulation studies) force
field.

The Discover molecular dynamics module in Materials
Studio 5.0 software from Accelrys Inc. [34] allows selecting
a thermodynamic ensemble and the associated parameters,
defining simulation time, temperature and pressuring and
initiating a dynamics calculation. The molecular dynamics
simulations procedures have been described elsewhere [35].
The interaction energy, Ecu.inhibitor» Of the Cu (111) surface
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with EPD was calculated according to the following
equation:

ECu—inhibitor = Ecomplex - (ECu—surface + Einhibitor) (5)

where Ecomplex 18 the total energy of the Cu(111) surface
together with the adsorbed inhibitor molecule, Ecy_surface
and Ejnivicor are the total energy of the Cu (111) surface and
free inhibitor molecule, respectively. The binding energy
between EPD and a Cu (111) surfaces was the negative
value of the interaction energy [36], as follow:

Ebinding = —ECu—inhibitor (6)

Results and discussion
Electrochemical measurements
Polarization curve measurements

The anodic copper dissolution was controlled by both
electro-dissolution of copper and diffusion of soluble
CuCl; to the bulk solution [37]. Figure 2 shows typical
polarization curves for copper in chloride media. The three
distinct regions that appeared were the active dissolution
region (apparent Tafel region), the active-to-passive transi-
tion region, and the limiting current region. In the inhibitor-
free solution, the anodic polarization curve of copper (blank
curve in Fig. 2) showed a monotonic increase of current
with potential until the current reached the maximum value.
After this maximum current density value, the current
density declined rapidly with potential increase, forming an
anodic current peak that was related to CuCl film formation.

10 T T T T T

108

1 0-9 ! 1 L L )

Fig. 2 Anodic and cathodic polarization curves for copper in 3.5%
NaCl solutions in the absence and presence of various concentrations
of EPD at 25°C+1
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In the presence of EPD, both the cathodic and anodic
current densities were greatly decreased over a wide
potential range from —700 to +300 mVgcg. It was found
from Fig. 2 that EPD had a much greater influence on the
anodic current in 3.5%NaCl solution than that on the
cathodic current.

It is also seen that increasing the EPD concentrations,
decreases the cathodic, anodic, and corrosion currents (icor)
and consequently the corrosion rates.

It has been shown that in the Tafel extrapolation method,
the use of both the anodic and cathodic Tafel regions is
undoubtedly preferred over the use of only one Tafel region
[38]. However, the corrosion rate can also be determined by
Tafel extrapolation of either the cathodic or anodic polariza-
tion curve alone. If only one polarization curve is used, it is
generally the cathodic curve which usually produces a longer
and better-defined Tafel region. Anodic polarization may
sometimes produce concentration effects, due to passivation
and dissolution, as well as roughening of the surface which
can lead to deviations from Tafel behavior.

The situation here is different; the anodic dissolution of
copper in aerated 3.5% NaCl solutions obeys, as previously
mentioned, Tafel’s law. The anodic curve is, therefore
preferred over the cathodic one for evaluation of corrosion
currents, i.., by the Tafel extrapolation method. However,
the cathodic polarization curve deviate from the Tafel
behavior, exhibiting a limiting diffusion current, may be
due to the reduction of dissolved oxygen. Accordingly, there
is an uncertainty and source of error in the numerical values
of the cathodic Tafel slopes calculated by the software. This
is the reason why values of the cathodic Tafel slopes,
calculated from the software, are not included here.

Addition of 107*M of EPD reduces to a great extent the
cathodic and anodic currents, 7., The corresponding
electrochemical kinetics parameters such as corrosion
potential (E..), anodic Tafel slopes (8,) and corrosion
current density (i.o.), obtained by extrapolation of the Tafel
lines are presented in Table 1. The inhibitor efficiency was
evaluated from dc measurements using the following
equation [39]:

6p% = (1 _ l.zorr

lCOIT

) x 100 (7)
where i, and ic, correspond to uninhibited and inhibited
current densities, respectively.

Inspection of Table 1, shows that the addition of
different concentration of MPD decreases corrosion current
densities and increases the inhibition efficiencies 6,%.

Electrochemical impedance spectroscopy (EIS)

The other way to evaluate the inhibition effect of EPD is
using electrochemical impedance spectroscopy, EIS. An
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Table 1 Electrochemical ] ] S .

kinetic parameters obtained by Concentration, (M lcoms LACT —Ecom, mMVscE B MmVscE dec %o

potentiodynamic technique for

copper in 3.5% NaCl without Blank 11.3 293 227 -

and with various concentrations EPD 5x107° 4.9 293 194 82.7

of EPD at 25°C1 107 42 273 207 85.2
5x107* 3.1 306 227 89.1
107 2.4 263 170 91.5

equivalent circuit, such as shown in Fig. 3, was used to
consider all the process involved in the electrical response
of the system. R, represents the solution resistance, R,, is the
polarization resistance and can be defined also as the
charge-transfer resistance, CPE; and CPE, are constant
phase elements (CPEs), Rp' is another polarization resis-
tance and W, is a CPE constant related to Warburg
impedance. The different elements were evaluated by a
fitting procedure.

Impedance measurements on the copper electrode were
performed open to air at the open circuit potential. Figure 4
shows that the Nyquist plots for copper in 3.5% NaCl
solution with and without EPD, respectively. The shape of
the impedance diagrams of copper in 3.5% NaCl is similar
to those found in the literature [40]. The presence of EPD
increases the impedance but does not change the other
aspects of corrosion mechanism occurred due to its
addition. Figure 4 shows the Nyquist plots for copper in
3.5% NaCl without and with different concentrations of
MPD. Symbols represent the measured data and solid lines
represent the fitting data obtained using the equivalent
circuit [19] presented in Fig. 3. The parameters obtained by
fitting the experimental data using the equivalent circuit,
and the calculated inhibition efficiencies are listed in
Table 2. The Nyquist plots presented in Fig. 4 clearly
demonstrate that the shapes of these plots for inhibited
copper electrode are not substantially different from those
of uninhibited electrode. Addition of EPD molecules
increases the impedance but does not change other aspects
of the electrode behavior. Nyquist spectra presented in
Fig. 4 are modeled using an equivalent circuit model
similar to the one proposed by several authors [41, 42].

Fig. 3 Equivalent circuit used

The impedance spectra obtained for copper in 3.5%
NaCl contains depressed semicircle with the center under
the real axis, such behavior is characteristic for solid
electrodes often referred to as frequency dispersion and
attributed to the roughness and other inhomogenities of the
solid electrode [6, 43].

Deviation of this kind often referred to as frequency
dispersion. Therefore, a constant phase element (CPE)
instead of a capacitive element is used in Fig. 3 to
get a more accurate fit of experimental data sets using
generally more complicated equivalent circuits. The imped-
ance, Z, of CPE has the form [44]:

Zevs = [0(jo)"] ! (8)

where Q is the CPE constant, which is a combination of
properties related to the surface and electro-active species,
/*=—1 the imaginary number, w the angular frequency and
is a CPE exponent which can be used as a measure of the
heterogeneity or roughness of the surface. Depending on
the value of n, CPE can represent resistance (=0, Q=1/R),
capacitance (n=1, O=C), inductance (n=—1, Q=1/L) or
CPE constant related to Warburg impedance (n=0.5, Q=W).

Parameters derived from EIS measurements and inhibi-
tion efficiency is given in Table 2. Addition of EPD
increases the values of R, and Rp', and lowers constants of
CPE; and CPE, and this effect is seen to be increased as
the concentrations of MPD increase. The CPEs with their
n values 1>n>0 represent double-layer capacitors with
some pores [19]. The CPEs decrease upon increase in EPD
concentrations, which are expected to cover the charged
surfaces and reducing the capacitive effects. This decrease
in CPE results from a decrease in local dielectric constant

!

to model impedance data for e
copper in 3.5% NaCl solutions ni
in the absence and presence of
various concentrations of = [[ VA —
EPD at 25°C+1 e Rs —g WE.
CPEZ
12
p——
—Rp |
VY=
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Fig. 4 Nyquist plots for copper in 3.5% NaCl solutions in the absence
and presence of various concentrations of EPD at 25°C+1

and/or an increase in the thickness of the double layer,
suggested that EPD molecules inhibit the copper corrosion
by adsorption at the copper/NaCl interface The semicircles
at high frequencies in Fig. 4 are generally associated with the
relaxation of electrical double-layer capacitors and the
diameters of the high-frequency semicircles can be considered
as the charge-transfer resistance (R,=R,,) [6]. Therefore, the
inhibition efficiency, 715% of EPD for the copper electrode
can be calculated from the charge-transfer resistance as
follows [6]:

RO
TEs% = (1 - —P> x 100 9)
Ry
where R} and R, are the polarization resistances for
uninhibited and inhibited solutions, respectively. The CPEs
are almost like Warburg impedance with their n values close
to 0.5 in presence of EPD [19], which suggests that the
electron transfer reaction corresponding to the second
semicircle takes place through the surface layer and limits
the mass transport (Warburg). The presence of the CPE
constant related to Warburg (W) impedance in the circuit
confirms also that the mass transport is limited by the
surface passive film. The values of copper system could be

interpreted as follows: the double-layer capacitance were
in the range (1.3 to 0.3 pAcm %), and simulated as a
constant phase element (CPE;) with n; value close to 0.8,
indicating that the behavior corresponds to a capacitor
with some imperfections, such as rough and porous. The
first resistance R, corresponds to the oxidation of the
metal, after this oxidation a copper oxide film is formed.
This film has a higher resistance due to passive character-
istics. The capacity CPE, of this film was simulated as a
constant phase element too, with n, value close to 0.5,
indicating the porous nature of the film [45]. The presence
of EPD on the copper surface, both resistances increase.
The first resistance R, increases as a consequence of the
presence of the oxide film, which avoids the penetration of
the electrolyte to the copper surface. The second resistance
R’ is the resistance of the EPD film. The capacity of the
coated copper electrode is lower than the bare electrode,
due to the presence of the film, which decreases the
amount of the electrolyte in contact with the copper metal.
From the values of R, and R}, it is possible to estimate the
inhibition efficiency of the EPD on the copper surface as
described earlier in Eq. 9.

Electrochemical frequency modulation

The electrochemical frequency modulation (EFM) tech-
nique is a new tool for monitoring the electrochemical
corrosion. The theory of EFM technique is previously
reported [46]. Electrochemical frequency modulation tech-
nique has many features [44]. EFM is a nondestructive
technique, a rapid test that gives directly values of the
corrosion current without a prior knowledge of Tafel
constants and has a great strength due to the causality
factors, which serve as an internal check on the validity of
the EFM measurements.

Figure 5 representing the EFM intermodulation spectra
(spectra of current response as a function of frequency) of
copper in 3.5% NaCl devoid of and containing various
concentrations of EPD at 25°C=1.The inhibition efficiency,

Table 2 Electrochemical parameters calculated from EIS measurements on copper electrode in 3.5% NaCl solutions without and with various
concentrations of EPD derivatives 25+1°C using equivalent circuit presented in Fig. 3

Inhibitor R, Q cm? Ry, Q em®> CPE; 27 'em™2s" g, Ry'; /f2cm? CPE, 27'em™2s™ »,  CPE constant Ters%
related to Warburg
impedance
2 'em2s!/2

Blank 113 733 1.3x10°¢ 089 6.1 13.5%x10°° 0.52 203x10°¢

EPD 5x107° 90 4234 0.6x107¢ 0.77 12.5 6.3%107¢ 032 11.4x10°° 83
1074 96 4949 0.5x10°° 0.82 13.5 43x107° 045 5.6x10° 86
5x107% 93 6694 0.4x107° 0.79 14.6 3.5%x107° 0.53 3.8x10°° 89
1073 90 8674 0.3x10°° 0.81 18.9 23%x10°° 048 22x10°° 92

@ Springer



J Solid State Electrochem (2011) 15:663—-673

669

104 T T T T

Current density /A cm™
) =]
& o

—

2
%
.

8 10 12 14 16 18

Frequancy / Hz

10.3 L 1 1 1
0 2 4 6
10° 7 T T T T T - r S—
L ]
—o—510°M
"E 10‘6’ E
o
<
e
g 107}
=
s
£
(3 108 ¢ }T o
109 i L L " L L " L "
0 2 4 6 8 10 12 14 16 18
Frequancy / Hz
1e-4 T T T T T T T T T
1e-5} —o— 5 10°'M -
E
E 1eBf 3
£
w
g 1e-T} J
-
E
E 1e-8f 1
=
o
1e-9F E
1e-10 1 L s s L 1 L L s

0 2 4 6 8 10 12 14 16 18
Frequancy / Hz

10% ) T - v - . T - :
-4
10| —— 10°M ]
'E ]
=]
< o7
-Q 10‘ 3 k|
g
=
= 108¢ E
E 3
=
]
109 E
10.10 L 1 I 1 1 i 1 1 I
0 2 4 6 8 10 12 14 16 18
Frequancy / Hz
104 T T T T : T T T T
- —o— 10°M
g
o
<
= 106 L .
EJD
1%
-E L
€ 107 3
£
(s
108 .
10-9 i L 1 i 1 I I 1 i

0 2 4 6 8 10 12 14 16 18
Frequancy / Hz

Fig. 5 Intermodulation spectra recorded for copper electrode in 3.5% NaCl solutions in the absence and presence of various concentrations of

EPD at 25°C=+1

eerpm%0, of EPD was calculated at different concentration
using equation presented below:

errm% = (1 - zrf) x 100
corr

(10)

where 0. and i are corrosion current density in the

absence and presence of MPD compound, respectively.

The calculated electrochemical parameters (icor, ¢, (a,
CF-2, CF-3, and egpm%) are given in Table 3. As can be
seen from Table 3, the corrosion current densities decrease
with increase in EPD concentrations. The causality factors
in Table 3 indicate that the measured data are of good
quality. The standard values for CF-2 and CF-3 are 2.0 and
3.0, respectively. The causality factors are calculated from
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Table 3 Electrochemical kinetic parameters obtained by EFM technique for copper in 3.5% NaCl with various concentrations of EPD at 25°C+1

Concentration, M icom MWACM 2 Ba MVscp dec! Be, MV dec ! C.R, mpy eprm%o CF-2 CF-3
Blank 71.7 71.7 119.1 117.1 1.9 1.4
EPD 5%x107° 7.7 61.9 106.4 13.2 89.2 1.9 2.3
1074 7.0 63.9 91.5 12.6 90.2 1.7 2.8
5x107* 4.6 65.7 99.4 104 93.6 1.9 1.9
1073 3.8 74.4 103.2 8.9 94.6 1.7 2.2

the frequency spectrum of the current response. If the
causality factors differ significantly from the theoretical
values of 2.0 and 3.0, then it can be deduced that the
measurements are influenced by noise. If the causality
factors are approximately equal to the predicted values of
2.0 and 3.0, there is a causal relationship between the
perturbation signal and the response signal. Then the data
are assumed to be reliable [46].

In Table 3, Addition of increasing concentration of EPD
to NaCl solutions decreases the corrosion current density
(icorr), indicating that EPD inhibits the NaCl corrosion of
copper through adsorption. The calculated inhibition effi-
ciency egpm% enhances with EPD concentration.

Computational study
Molecular dynamics simulations

Monte Carlo simulation, molecular dynamics were per-
formed on a system comprising EPD molecule and copper
surface. EPD is placed on the surface, optimized and then
quench molecular dynamics is run. Figure 6 shows the
optimization energy curves for the studied molecule (EPD),
before putting it on the copper surface. Total energy,
average total energy, van der Waals energy, electrostatic
energy and intramolecular energy for EPD/copper surface
are presented in Fig. 7. The structures of the adsorbate

-3.2380x10°
-3.2382x108 [ EPD
-3.2384x108 [
-3.2386x106

-3.2388x108 |

Energy / kJ mol”

-3.2390x108 [

-3.2392x108 |

-3. 1 L . .

3230410 g 10 20 30 40
Optimization step

Fig. 6 Optimization energy curves for EPD before putting them on

the copper surface
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components (EPD) are minimized until they satisfy certain
specified criteria. Monte Carlo docking was done on each of
the 100 conformations and each of the docked structures was
energetically relaxed. The Monte Carlo simulation process
tries to find the lowest energy for the whole system [35].
The outputs and descriptors calculated by the Monte
Carlo simulation are presented in Table 4. The parameters
presented in Table 4 include total energy, in kJ mol ™", of the
substrate—adsorbate configuration. The total energy is
defined as the sum of the energies of the adsorbate
components, the rigid adsorption energy, and the deformation
energy. In this study, the substrate energy (copper surface) is
taken as zero. Also, adsorption energy in kJ mol ™', reports
energy released (or required) when the relaxed adsorbate
components are adsorbed on the substrate. The adsorption
energy is defined as the sum of the rigid adsorption energy
and the deformation energy for the adsorbate components.
The rigid adsorption energy, reports the energy, in kJ mol ',
released (or required) when the unrelaxed adsorbate compo-
nents (i.e., before the geometry optimization step) are
adsorbed on the substrate. The deformation energy, reports
the energy, in kJ mol ™', released when the adsorbed
adsorbate components are relaxed on the substrate surface.
Table 4 shows also (dE,gs/dN;), which reports the energy,
in kJ mol ', of substrate—adsorbate configurations where one
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Fig. 7 Total energy distribution for EPD/copper system during energy
optimization process
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Table 4 Quantum chemical and molecular dynamics parameters
derived for EPD calculated with DFT method in aqueous phase

Property Value
Total energy, kJ mol ™' —294,785.4
u, D 5.7
Egowmo, kJ mol ™! —840.4
Erumos kJ mol ™! -75.3
AE, kJ mol ™ 769.9
I = —Enomo 840.4
A = —Erumo 75.3
x=>+4)/2 457.8
n=(-4)/2 382.5
AN = fata, 0007
Ecu-innibitors KJ mol ™! -2,111.2
Evinding kJ mol™ 2,111.2
Adsorption energy, kJ mol ' -1,875
Rigid adsorption, energy kJ mol ™’ -379.2
Deformation energy, kJ mol ! —1,495.8
dE,4/dN;, kJ mol ! -1,875

of the adsorbate components has been removed. As can be
seen from Table 4, EPD gives high adsorption energy during
the simulation process. High values of adsorption energy
indicate that EPD molecule will give high inhibition
efficiency. The best adsorption configuration for the studied
compound is shown in Fig. 8. The vertical distance,
calculated from molecular dynamics, between the flat EPD
molecules and copper surface was about 2.9A; this result
indicates that the interaction between the EPD molecules and
the copper surface is enough to inhibit corrosion.

Quantum chemical study

EPD may be adsorbed on the copper surface through three
modes according to their molecular structures. The first is
as a neutral molecule via chemisorptions mechanism
involved sharing electron pair between electronegative
atoms and copper/copper oxide surface. In fact, the essence
of the adsorption is by coordinating bond through the
electronegative atoms donating its electron pair. It is worthy
to note that nitrogen, oxygen, sulfur atoms, and unsaturated
system in EPD structure have the most probability to form a
coordinating bond. The second is through intermolecular
force, which is relevant to the dipole of the EPD molecules.
The third is through plane-conjugating system constituting
the two aromatic rings, which interact through three kinds
of mechanism. One is the pyrimidine donating a 7t electron
to metal surface; the second is the pyrimidine accepting the
electron from copper surface; while the last are the
interactions of hyper conjugations. Quantum chemical

calculations were performed in order to confirm the
adsorption mechanism. Table 4 shows some of the key
quantum chemical parameters were computed using the
PM3-SCF method. These are mainly the energies of the
highest occupied (Eyomo) and lowest unoccupied (Erymo)
molecular orbitals and total energy (Ey,). These quantum
chemical parameters were obtained after geometric optimi-
zation with respect to the all nuclear coordinates.

The number of transferred electrons (AN) was also
calculated depending on the quantum chemical method as
in the following equation:

Xcu — Xinh
=21~ 11
2(Mcy+1inn) (an

where xcu and x;nn, denote the absolute electronegativity of
copper and the EPD molecule, respectively; nc, and 7,
denote the absolute hardness of copper and the inhibitor
molecule, respectively. These quantities are related to electron
affinity (4) and ionization potential (/) which are useful in
their ability to help predict chemical behavior [47].

1+4
_ 12
: (12)

I1—4
_ 13
n=-— (13)

I and A are related in turn to Egomo and Erumo

I = _EHOMO (14)
A= —Erumo (15)

Values of y and n were calculated by using the values of
I and A4 obtained from quantum chemical calculation. Using
a theoretical y value of 463.12 kJ mol 'according to
Pearson's electronegativity scale and 7 value of 0 kJ mol ™

Fig. 8 Most suitable configuration for adsorption of EPD on Cu (111)
substrate obtained by Monte Carlo simulation technique
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for copper [48], AN, the fraction of electrons transferred
from inhibitor to the copper surface, was calculated. Values
of AN showed inhibition effect resulted from electrons
donation. Agreeing with Lukovits' study [49], if AN<3.6,
the inhibition efficiency increased with increasing electron-
donating ability at the metal surface. In this study, EPD was
the donor of electrons and the copper oxide surface was the
acceptor. EPD was bound to the copper oxide surface, and
thus formed inhibitive adsorption layer against corrosion.

Inhibition mechanism

Adsorption of EPD can be described by two main types of
interactions: physical adsorption and chemisorption. In
general, physical adsorption requires the presence of both
the electrically charged surface of the metal and charged
species in solution. A chemisorption process, on the other
hand, involves charge sharing or charge-transfer from the
inhibitor molecules to the metal surface to form a
coordinate type of a bond. This is possible in the case of
a positive as well as a negative charge of the surface. The
presence of a transition metal, having vacant, low-energy
electron orbitals (Cu” and Cu?" ) and of an inhibitor with
molecules having relatively loosely bound electrons or
hetero-atoms with a lone pair of electrons is necessary [50].

In neutral NaCl solutions, EPD may be adsorbed on the
metal surface in the form of neutral molecules involving the
displacement of water molecules from the metal surface and
sharing of electrons between the nitrogen atoms and the
metal surface (chemical adsorption).

Also, the presence of EPD molecules may induce the
formation of semiconductive copper oxides as in case of
benzotriazoles [51]. This was possibly responsible for the
improvement of corrosion resistance.

The type of intermediates that formed on Cu surface in
3.5% NaCl can be explained according to the potential-pH
diagram. The presence of Cu,O may facilitate adsorption
via H-bond formation. Another possible mechanism,
therefore may be adsorption assisted by hydrogen bond
formation between unprotonated N, O, and S atoms in EPD
molecule and the oxidized surface (Cu,O) species. Unpro-
tonated N, O, and S atoms may adsorb by direct chemical
adsorption or by hydrogen bonding to a surface oxidized
species. The extent of adsorption by the respective modes
depends on the nature of the metal surface. The adsorption
layer acts as an additional barrier to the corrosive attack and
enhances the performance of the passive layer as a result.

The criteria for inhibitor selection can also be inferred
from the above considerations. A good inhibitor must have
strong affinity for the bare metal atoms. The requirement is
different in the presence of the oxide species, a passive
oxide film is formed on the electrode surface, where
hydrogen bond formation accounts for most of the

@ Springer

inhibition action. An effective inhibitor is one that forms
hydrogen bonds easily with the oxidized surface. These
findings could be further explained on the basis that in
presence of dissolved oxygen (the role of dissolved oxygen
in oxide formation have been discussed elsewhere [52],
where the metal surface is oxidized, the ability of a EPD to
provide corrosion inhibition is related to its tendency to
form hydrogen bonds with the oxide species on the metal
surface. It is quite evident from the chemical structure of
EPD molecule that it has NH and SH bonds. These results
confirmed the importance of hydrogen bonding in effective
corrosion inhibition in presence of oxide species.

Conclusions

Experimental investigations showed that EPD reduces
markedly the copper corrosion in 3.5% NaCl solutions,
and this reduction in corrosion rates enhances with
concentration of this compound. Polarization studies show
that this compound acts as mixed-type inhibitor. The results
of EIS indicate that the value of CPEs tends to decrease and
both charge-transfer resistance and inhibition efficiency
tend to increase by increasing the inhibitor concentration.
This result can be attributed to increase of the thickness of
the electrical double layer. EFM can be used as a rapid and
non destructive technique for corrosion rate measurements
without prior knowledge of Tafel constants. Molecular
dynamic simulations are performed to investigate the
adsorption behavior of MPD on copper surface. Monte
Carlo simulation technique incorporating molecular me-
chanics and molecular dynamics can be used to simulate
the adsorption of pyrimidine derivative (EPD) on the Cu
(111) surface in 3.5% NaCl.
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