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Three imidazole-based compounds (imidazole, 2-mercaptobenzimidazole, and 2-mercapto-1-methylbenzimida-
zole) were studied as corrosion inhibitors of Cu, Zn, and a family of Cu-xZn brass alloys (x = 10—40 wt%) in
3 wt% NaCl solution. The composition of inhibitor layers on the surface was studied using X-ray photoelectron
and infrared spectroscopies. The molecular adsorption modes on Cu and Zn were modelled using density-
functional theory (DFT) calculations. Mercapto-based inhibitors act as efficient inhibitors on all materials

XPS studied due to the formation of inhibitor layer through bonding with nitrogen and sulphur atoms. In contrast,
imidazole is a moderate inhibitor for Zn, while it is much less efficient for Cu.

1. Introduction

The ability to design the configuration of an organic molecule,
including its skeleton structure and additional functional group(s), to
optimise the corrosion inhibition properties of a particular metallic
material in a given environment is the ultimate goal of corrosion in-
hibitor research. Traditionally, this process was based on empirical
procedures, including a large number of experiments screening various
types of organic compounds. Even if such screening is systematic, it is
slow and probably only partially successful. Moreover, even a small
change in molecular configuration or substrate composition may
significantly affect inhibition efficiency. Contemporary studies are
focused on linking molecular characteristics to corrosion efficiency;
these include experimental high-throughput methods of testing a large
number of potential molecular compounds as inhibitors [1-3] and
various computational approaches [4,5], ranging from explicit model-
ling of inhibitor-surface interactions [6], machine-learning screening
models [7], to multi-scale modelling utilising the integrated computa-
tional materials engineering (ICME) paradigm [8].

Among the most efficient inhibitors for copper are triazole- and
imidazole-based inhibitors [9-12]. The research focus of our experi-
mental and computational modelling studies in the last decade was on

* Corresponding authors.

benzotriazole (BTAH), benzimidazole (BimH), and their derivatives.
Among corrosion inhibitors for copper, BTAH has been by far the most
studied compound [10-12,18]. It has been known since 1947 as an
outstanding corrosion inhibitor for copper and its alloys [12]. BTAH,
with the chemical formula CeHsNs, is a heterocyclic compound con-
taining a benzene ring and an azole ring with three nitrogen atoms. It
has a strong ability to form N—Cu chemical bonds in deprotonated form
[13]. In NaCl solution containing more than 0.05mM BTAH, a barrier
Cu(I)-BTA network is formed, which causes the reduction of current
density in both cathodic and, especially, anodic regions [13,14]. DFT
modelling revealed that BTAH shows a strong affinity to form inter-
molecular organometallic aggregates, which seem crucial for
outstanding corrosion inhibition due to the formation of compact barrier
film [6,13,14]. Derivatives of BTAH and other triazoles, such as amino
derivatives of 1,2,4-triazole were also considered [15], among which
3-amino-1,2,4-triazole was shown to be the most effective inhibitor, but
still much less than BTAH itself [13]. Additional benzene ring added to
BTAH to form naphthotriazole increases corrosion efficiency, but due to
high price, naphthotriazole is not used as a corrosion inhibitor [16,17].

In addition to triazoles, another important group of inhibitors for
copper are imidazole derivatives [18]. These compounds were investi-
gated in our previous works with emphasis on their usability as
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corrosion inhibitors using electrochemical and surface analytical tech-
niques [19-23], whereas their adsorption modes on metal surfaces were
characterised by DFT calculations [20,22,24]. To shed light on how
various functional groups affect the properties of imidazole, the role of
mercapto, benzene, and methyl groups on imidazole ring was studied on
copper [19,20,24] and iron [25] at 1 mM concentration in 3 wt% NaCl.
Benzimidazole is superior to imidazole; adding the mercapto group in-
creases its efficiency even more. 2-mercaptobenzimidazole (MBI), with
chemical formula C;HgN3S, exists in two tautomer forms, the thione and
the thiol (Fig. 1). The thermodynamically preferable tautomer form of
the molecule is thione, which has exocyclic C=S and two endocyclic
C—N bonds, whereas thiol has endocyclic C=N and C—N bonds and an
exocyclic C—SH bond. Comparatively, the thiol form contains both
C—N-H (pyrrole) and C—=N-C (pyridine) nitrogen atoms, whereas
thione contains only the pyrrole type. Deprotonated molecules bind
considerably stronger than neutral molecules; dissociation is particu-
larly facile for the thiol tautomer, which involves the S—H bond cleavage
[24]. For thione, the dissociation proceeds via the N—H bond breaking,
resulting in the thiolate structure analogous to the one originating from
the S—H cleaved thiol [24]. Eventually, the molecule is bonded via
N—Cu and S—Cu bonds to the substrate. It is also noteworthy that
mercapto derivatives show a low tendency to form soluble cupric
complexes [24], contributing to their efficiency. In contrast to the
mercapto group, the role of the methyl group is still under debate: for
2-mercapto-1-methylimidazole, its efficiency depends on the concen-
tration and the substrate: it is efficient for inhibiting corrosion of iron at
all concentrations [25], but for copper, it is efficient only at low con-
centrations [19]. This finding confirms that the inhibition effect of a
given inhibitor strongly depends on the substrate and that the efficiency
of the inhibitor cannot be predicted per se without considering the
substrate [4,26].

The surface-analytical characterisation of MBI by X-ray photoelec-
tron spectroscopy (XPS) was carried out by Chadwick and Hashemi
already in 1979 [27] and its good anticorrosion properties were reported
by Xue et al. in 1991 [28]. Since then, several comprehensive studies on
MBI have been reported on copper, emphasising the complex structure
between the inhibitor and cuprous species at the surface [29-32]. It was
reported that MBI is also an efficient corrosion inhibitor for aluminium
alloys [2]. Recently, the structure of MBI deposited on clean and
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pre-oxidised Cu(111) was investigated by sophisticated surface analyt-
ical tools [33]. A multilayer of MBI can block the initial stages of
oxidation of copper under low oxygen pressures at room temperature,
and the molecular layer is stable up to 500 °C [33].

In the present work, we continue our previous studies on imidazole-
based inhibitors of copper and focus on three organic com-
pounds—imidazole (Imd), 2-mercaptobenzimidazole (MBI), and 2-mer-
capto-1-methylbenzimidazole (MMBI)—as corrosion inhibitors for
copper, zinc, and copper-zinc alloys (brasses, Cu-xZn, where x is the
weight % of Zn). It was previously reported that BTAH is an efficient
inhibitor for brasses with Zn concentration ranging from 10 and 40 wt%,
particularly for Cu-10Zn [34], but the utility of mercaptobenzimidazoles
is less explored. Therefore, this work aims to compare the efficiency of
Imd, MBI, and MMBI compounds on Cu, Cu-xZn alloys, and Zn in NaCl
solution and to elucidate the mechanism of inhibition using electro-
chemical linear and potentiodynamic polarisation measurements, X-ray
photoelectron and infrared spectroscopies, and DFT modelling. All three
inhibitors are imidazole-based (Fig. 1). Imidazole is an aromatic,
five-membered heterocycle compound classified as diazole, i.e., with
two nitrogen atoms. MBI and MMBI have a six-membered heterocyclic
benzene ring fused with the imidazole ring. Both can exist in thione and
thiol tautomer forms, as explained above. The difference between MBI
and MMBI is that MMBI has a methyl group attached to nitrogen instead
of hydrogen.

2. Experimental
2.1. Materials

Samples were cut from 2 mm thick foil in the form of discs of 15 mm
diameter. Copper (99.95 % purity) and zinc (99.5 % purity) were sup-
plied by Goodfellow Cambridge Ltd, and copper-zinc alloys by Wieland-
Werke AG, Ulm, Germany. The Cu-xZn alloys are denoted according to
their zinc content, where x is zinc content in wt%: Cu-10Zn, Cu-20Zn,
Cu-30Zn and Cu-40Zn.

Metal samples were ground using, successively, 1200, 2400 and
4000-grit SiC emery papers (LaboPol-5, Struers, Ballerup, Denmark),
cleaned ultrasonically in ethanol for 5 minutes, rinsed with deionised
water, and dried in a stream of N.

2-mercapto-1-methyl-
benzimidazole (MMBI)

SH-BimMe
-0.5eV

CH3
/

thione
(superior)

S-BimMeH

Fig. 1. Molecular skeletal structures of imidazole (Imd), 2-mercaptobenzimidazole (MBI), and 2-mercapto-1-methylbenzimidazole (MMBI). The mercapto molecules
display two tautomeric forms, thiol and thione, with the latter being more stable by about 0.5 eV [21]. The labels referring to specific molecular structures are also

given (ImiH; SH-BimH and S-BimH,; SH-BimMe and S-BimMeH).
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2.2. Chemicals and solution

Samples were immersed in 3 wt% NaCl aqueous solution with or
without the addition of imidazole (Imd), 2-mercaptobenzimidazole
(MBI), or 2-mercapto-1-methylbenzimidazole (MMBI) at 1 mM con-
centration. Structures of these organic compounds are presented in
Fig. 1. Compounds were supplied in the form of crystalline powder by
Sigma Aldrich (purity for Imd 99.5 %, MBI 98 %, and MMBI 95 %), and
NaCl by Carlo Erba (pro analysis) and used without further purification.
Solutions were prepared using Mili-Q water (Millipore, Billerica, MA,
USA, resistivity 18.2 MQ cm at 25°C). The pH of the blank NaCl solution
is 5.9; the addition of 1 mM organic compound changes the pH to 8.3 for
Imd, 5.7 for MBI, and 5.6 for MMBI.

2.3. Molecular labels

The labels Imd, MBI, and MMBI designate the imidazole, 2-mercap-
tobenzimidazole, and 2-mercapto-1-methylbenzimidazole compounds,
respectively. These labels refer to compounds without a specific refer-
ence to a particular molecular form. However, as presented in Table 1
and described below, more specific labels are used when referring to a
particular molecular form.

The MolH label is used as a generic designation of an intact molecule,
whereas a molecule from which an H atom was abstracted is labelled as
Mol. Specific labels for imidazole are ImiH for the intact molecule and
Imi for the molecule with an H atom abstracted. Furthermore, Imics and
Imiy; designate the molecule with H abstracted from the C2 and N1
atoms, respectively. The intact MBI and MMBI molecules can exist in
two tautomer forms: thiol (R—SH), labelled as SH-BimH and SH-BimMe
for MBI and MMBI, respectively, and thione (R=S), labelled as S-BimHj;
and S-BimMeH (Fig. 1). The MMBI and MMBI molecules from which an
H atom was abstracted are labelled as S-BimH and S-BimMe,
respectively.

2.4. Electrochemical measurements

Electrochemical measurements were performed in a three-electrode
corrosion cell (Flat Cell, Ametek PAR, K0235, volume 250 mL) at room
temperature. The working electrode was the metal substrate with an
area of 1.0 cm? exposed surface to the corrosive medium. A platinum
mesh was used as the counter electrode, and a saturated calomel elec-
trode (SCE) (E = 0.242 V vs. standard hydrogen electrode) was used as
the reference electrode. All potentials in the text refer to the SCE scale.

Measurements were performed with potentiostat/galvanostat Auto-
lab PGSTAT 12 (Metrohm Autolab, Nova® software 2.1.3, Utrecht, The
Netherlands). For each sample, measurements were performed in at
least triplicate. First, time-resolved linear polarisation resistance (LPR)
measurements were recorded for 100 h in 3 wt% NaCl with and without
added organic compounds, using the range from —10 mV to +10 mV vs.
open circuit potential (E,.) at a potential scan rate of 0.1 mV/s; mea-
surements were conducted at 1, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90, and
100 h of immersion. Polarisation resistance (Rp,) was determined as the
slope of the fitted potential (E) vs. current density (jeorr) curve using the
Nova 2.1.3 software. Values of R, are presented as a function of
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immersion time.

Second, a separate set of experiments was conducted for potentio-
dynamic (PD) measurements. Upon immersion in an electrolyte (3 wt%
NaCl with and without added organic compounds), the sample was
allowed to rest at E,; two separate sets of measurements were con-
ducted at different stabilisation time at E,., namely of 1 h and 30 h.
Following the stabilisation, the polarisation curve was recorded at
1 mV/s potential scan rate, starting at 250 mV below E,. and then
increasing the potential in the anodic direction. Corrosion current
density (jeorr) and corrosion potential (E.,) were determined using
Tafel analysis with the Nova® 2.1.3 software. A representative mea-
surement was chosen and presented in plots, whilst in tables, the results
are given as mean value + standard deviation.

2.5. Spectroscopic analysis

Spectroscopic analysis was carried out for samples immersed for 30 h
in NaCl solution with and without added organic compound.

The samples were analysed using a Fourier-Transform Infrared
Spectrometer (FTIR; Perkin Elmer Spectrum 100, Massachusetts, USA)
in the attenuated total reflectance (ATR) mode (a diamond crystal/KRS-
5 substrate). The FTIR spectra of the samples were recorded in the range
4000—400 cm ! with a resolution of 4 cm™! and presented as trans-
mittance. As reference samples, Imd, MBI, and MMBI solid powder
crystals were analysed.

To examine the interactions between metal surfaces and inhibitors in
real time, we employed the ATR-FTIR methodology using the Kretsch-
mann geometry [35]. In this setup, a thin layer of the metal substrate is
deposited onto an internal reflection element (IRE). When molecules
from a supporting electrolyte interact with this metallic layer, resulting
products are analyzed in situ using an infrared beam that passes through
the deposited layer and reaches the interface. By measuring the
ATR-FTIR peaks, we could correlate them with chemical changes near
the metal surface, as the experimental conditions are controlled by the
supporting electrolyte.

X-ray photoelectron spectroscopy (XPS) was carried out using a PHI-
TFA XPS spectrometer (Physical Electronic Inc.). The vacuum during the
XPS analysis was in the range of 10~° mbar. The analysed area was
0.4 mm in diameter, and the analysed depth was about 3-5 nm. X-rays
were provided from a monochromatic Al source at a photon energy of
1486.6 eV. Survey and high-energy resolution spectra were recorded.
The high-energy resolution spectra were acquired with an energy ana-
lyser operating at a resolution of ca. 0.6 eV and a pass energy of 29.3 eV.
XPS spectra were analysed by Multipak software, version 8.0 (Physical
Electronics Inc.). During data processing, the spectra were corrected by
setting the C 1 s peak to binding energy (Ep) 284.8 eV, characteristic of
C—C/C—H bonds. The accuracy of the binding energies was + 0.3 eV.
Survey XPS spectra were used to deduce the elemental composition of
the coating surfaces based on the total intensity of particular element
peaks and using values of photoionisation cross sections (C 1 s = 0.857,
01s=2.510,Cu2pz;=15.04, Zn 2p3,» = 17.026, N 1 s = 1.540, S 2p
= 1.544, Cl 2p = 2.09) [36,37].

Table 1
The labels used to designate the imidazole, 2-mercaptobenzimidazole, and 2-mercapto-1-methylbenzimidazole compounds and the respective specific molecular
forms.
imidazole 2-mercaptobenzimidazole 2-mercapto-1-methylbenzimidazole generic
compound Imd MBI MMBI /
. . SH-BimH (thiol) SH-BimMe (thiol)
tact molecul ImiH MolH
intact molecute m S-BimH, (thione) S-BimMeH (thione) ©
molecule with H abstracted Imi® S-BimH S-BimMe Mol

¢ In addition, the labels Imiy; and Imic, designate the imidazole molecule with H abstracted from N1 and C2, respectively.
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supercell = (4x4)
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molecular coverage = 1/16 ML
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Fig. 2. Top-view snapshots of the utilised Cu and Zn surface models with the supercells indicated by green dashed parallelograms. For each row, the supercell specs
and utilised molecular coverages are given. To illustrate molecular coverage, the rightmost snapshot in each row shows a surface model with one molecule per

supercell adsorbed. Description of rows from top to bottom: (i) O- and OH-covered Cu(111)-(4x4), (ii) O- and OH-covered Cu(lll)—<

4 2

covered Zn(OOl)—( 11

2.6. DFT calculations

DFT calculations were performed with the PBE+D" method consist-
ing of Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional
[38] and a reparametrised D2 empirical dispersion correction of Grimme
[39] using the PWscf code from Quantum ESPRESSO distribution [40,
41]. The double prime in the PBE+D" label indicates the reparametrised
Cs parameter of Cu to the value of 140 Ry Bohr ® [42] to reduce the
molecule—surface overbinding of the original PBE+D2 method [43-45]
(the original Grimme’s Cg value for Cu is 375 Ry Bohr%). Kohn-Sham
orbitals were described with a plane wave basis set using a kinetic en-
ergy cutoff of 30 Ry, and the cutoff for the electron density was 240 Ry.
Core electrons were treated implicitly with the
ultrasoft-pseudopotentials [46,47].

Copper and zinc surfaces were described by several different surface
models based on O- and OH-covered Cu(111) and Zn(001). In addition, a
hydroxylated ZnO(001) was used as a simple model of the oxidised Zn
surface. All these slab models correspond to close-packed surfaces
because Cu is an fcc and Zn an hep metal, and ZnO has a wurtzite crystal
structure consisting of interpenetrating hcp sublattices of Zn and O ions.
These surface models, labeled as O/Cu(111), OH/Cu(111), O/Zn(001),
OH/Zn(001), and OH/Zn0O(001), are shown in Fig. 2. Two different
supercells were used for copper surfaces: a larger (4x4) supercell to
model the adsorption of azole molecules at low coverage and a smaller
supercell for modelling molecular adsorption at high coverage. Molec-
ular adsorption on zinc surfaces was modelled only at high coverage

4

2
11 ), (iii) O- and OH-

>, and (iv) hydroxylated ZnO(001)-(2x2) surface models. For each surface model, the O or OH coverage is stated in ML units.

4
-1
(2x2) supercell for hydroxylated ZnO(001). Different coverages of O
and OH were used. For the larger (4x4) supercell, the coverage of O and
OH was set to 1/4 ML and 1/2 ML, respectively, where the coverage in
the ML (monolayer) units is defined as the inverse of the number of
surface metal atoms per adsorbate. In contrast, for the smaller

using the ( f) supercell for O- and OH-covered Zn(001) and a

(_41 ?) supercell, the following coverages were used: 1/6 and 1/

3 ML for O, and 1/6 and 1/2 ML for OH. The coverage of OH on the
hydroxylated ZnO(001) was 1/2 ML.

The thickness of all slab models was four metal layers (Fig. S1), and
the in-plane lattice spacing was set compatible with the respective
calculated bulk lattice parameters. The calculated bulk lattice parame-
ters are a = 3.65 A for fce-Cu, a = 2.63 A and ¢ = 5.04 A for hep-Zn, and
a =3.26 A and ¢ = 5.27 A for wurtzite-ZnO. For the Cu- and Zn-based
slabs, the bottommost metal layer was fixed to the bulk positions,
whereas all degrees of freedom were relaxed for hydroxylated ZnO
(001). Both sides of the ZnO(001) slab were hydroxylated by 1/2 ML of
OH (Fig. S1) to cancel the dipole perpendicular to the slab surface
because pristine ZnO(001) is a Tasker type-3 polar surface [48].

The hydroxylated ZnO(001) slab was modelled with the PBE+U+D"
scheme using the simplified version of GGA+U method of Cococcioni
and de Gironcoli [49] with the U parameter of 7 eV for d-states of Zn
ions and 6 eV for p-states of O ions (only the lattice O ions were
described with the +U scheme, excluding the O atoms of the OH
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groups). Brillouin zone integrations were performed with shifted
k-meshes, i.e., 3x3x1 k-mesh for Cu(111)-(4x4), 4x7x1 k-mesh for

the ( _41

for ZnO(001)-(2x2). A Methfessel-Paxton smearing [50] with the
smearing parameter of 0.03 Ry was used.

Independently of the surface model, one azole molecule per supercell
was adsorbed on the top side of the slab, corresponding to the coverage
of 1.1 molecule/nm? for the larger Cu(111)—(4x4) supercell and 2.9

4
-1

f) supercell of Cu(111) and Zn(001), and 3x3x1 k-mesh

molecule/nm? for the smaller Cu(lll)—( f) supercell. For Zn

(OO])—( 741 f) and ZnO(001)-(2x2), the molecular coverage cor-
responds to 2.8 molecule/nm? (Fig. 2). Periodic replicas of slabs were
separated by at least 18 A thick implicit solvent region along the surface-
normal direction (this value corresponds to the distance between the top
of the admolecule and the bottom of the adjacent slab). A quadratic
correction to the electrostatic potential along the axis perpendicular to
the slab plane was used to correct for electric field artefacts that develop
along the direction normal to the slab due to periodic boundary condi-
tions [51].

Calculations were performed in the aqueous phase with the solvent
described implicitly using the self-consistent continuum solvation model
of Andreussi et al. [52] as implemented in the Environ plugin for
Quantum ESPRESSO. Molecular graphics were produced by the XCryS-
Den [53] graphical package.

2.7. Adsorption modes, energies, and Gibbs energies

We consider both intact (non-dissociative) and dissociative modes of
adsorption, the latter proceeding via deprotonation. The non-
dissociative adsorption can be written as:

MolH + * — MolH*, (€8]

where the label MolH designates an intact molecule, * stands for the free
adsorption site, and MolH* for the intact adsorbed molecule. The cor-
responding adsorption energy is calculated as:

Eads = EMolH/Slab(aq) - EMolH(aq) - Eslab(aq)’ (2)

where EpolH/slab(ag)y EMolH(aq)» and Eglapaq) are total energies of the
molecule/slab adsorption system, standalone molecule, and bare slab,
respectively; the "(aq)" subscript indicates that all these systems are
immersed into an implicit aqueous solvent.

As for dissociative adsorption, it should be noted that the currently
utilised surface models contain either O adatoms or OH groups on the
surface. On O-covered surfaces, dissociative adsorption can proceed via
deprotonation as:

MolH + * 4+ O* - Mol* + OH*, 3

where O* stands for the chemisorbed O adatom. The respective disso-
ciative adsorption energy is calculated as:

Egiss-ads = E(Mol+OH)/slab(aq) — EMolH(aq) — E0/slab(aq)> @

where EolH+0H)/slabtag) and Eo/slabaq) Stand for total energies of the
(Mol+OH)/slab adsorption system and the pristine O-covered slab
immersed into the implicit aqueous solvent, respectively. On an OH-
covered surface, dissociative adsorption can proceed via a condensa-
tion mechanism:

MolH 4+ OH* — Mol* + H,0, 5)

where OH* stands for the surface OH group. Note that the water
molecule is liberated during the adsorption reaction. The respective
condensation adsorption energy is calculated as:

Econd-ads = EMol/slab(aq) + EHZO(aq) - EMolH(aq) - EOH/slab(aq)’ (6)
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where Enol/slab(aq) and Eon/slab(ag) are the total energies of the adsorption
system and the pristine OH-covered slab immersed into the implicit
aqueous solvent, respectively, and Ep2o(aq) is the total energy of a water
molecule in the liquid phase, i.e., a self-solvated water molecule.

Gibbs adsorption energies were estimated using the framework
described in Ref. [54]. The Gibbs energy at partial pressure (p) and
temperature (T) can be written as:

G(p’T) =Ep + Gcorr(p’T): @)

where Ej is the Kohn-Sham total energy, calculated at T = 0 K without
the zero-point energy (ZPE), as obtained from DFT calculations, and
Georr is the difference between the G(p,T) and Ey, which incorporates all
terms, such as thermal energy, volume work, and the entropy TS term.
The reason for such a decomposition is that calculating Kohn-Sham total
energies at 0 K without ZPE is computationally much easier and less CPU
intensive than calculating vibrational frequencies needed for calculating
ZPE and vibrational contribution to Gibbs energy. For a molecular
compound, the Geo(p,T) term is:

Gcorr(psT) = Eqy(T) + PV - TStrv(p,T), ®
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Fig. 3. Polarisation resistance (Rp) as a function of immersion time measured
for Cu, Zn, and Cu-xZn alloys in 3 wt% NaCl with 1 mM of (a) Imd, (b) MBI, and
(c) MMBI.
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where E(T) stands for translational + rotational + vibrational thermal
energies at temperature T with ZPE included, Syv(p,T) is the trans-
lational + rotational + vibrational entropy at p and T, and pV is the
volume work. For molecules, the contributions from translational and
rotational modes were considered using the ideal-gas approximation
and the rigid-rotor model, respectively.® For extended systems (surfaces
and adsorbates thereon), only the vibrational contribution to thermal
energy and entropy is taken into account, and the pV term can be
neglected because it is insignificant (solids have about a thousand times
smaller volume than gasses at ambient pressure).

To obtain the standard Gibbs energy of a solvated molecular species,
one also needs to account for different standard states in the gas phase
(partial pressure of 1 atm) and solution (concentration of 1 M). The free
energy of solvated species at 1 M concentration can be thus written as:

GM.(a) G1™@) 4 kTIn (’Tl&l’)
latm
grmin 2446 3m) ©
1 atm
Glam.(a) 4 .08 eV
and
Glatm,(aq) _ glatm,(g) Gsolvs o

where G'¥™®) and G'™@D are the standard gas-phase and aqueous-
phase Gibbs energies at the partial pressure of 1 atm and the concen-
tration of 1 M, respectively, and k is the Boltzmann constant (k is used in
favour of R because we use eV units). The labels "IM" and "latm" are
symbolic representations of the respective concentrations; at 298.15 K,
1 M corresponds to 24.46 atm, hence "1M"/"1atm" = 24.46. Gy is the
Gibbs free energy of solvation. It is worth noting that our calculations
are performed in the implicit aqueous solvent with the G, term already
implicitly contained in the Ej energy of Eq. (7), which is a convenient
feature of implicit solvent calculations.

We calculated the Gibbs energies at 1 mM concentration that was
used in experiments. Hence:

G'mM @) — G0 1 kTIn (71 1“3{“) =GM@ _0.18 eV an

During condensation adsorption, a water molecule is liberated into the
aqueous solvent. The concentration of a liquid water at 298.15K is
55.34 M. Hence, the free energy of a self-solvated water molecules is:

55.34 M

G = G +len(—1 v

) = G™ME 4 0.10eV. 12)

Because calculating vibrational contributions to Gibbs energy is
computationally much heavier than calculating other terms, an
approximate but useful estimate of the adsorption Gibbs energy can be
obtained by neglecting the vibrational contributions for all involved
species. According to our experience, the vibrational contributions to
adsorption Gibbs energy are usually within +0.1 eV due to considerable
cancellation between reactants and products [55]. The corresponding
estimate for the aqueous-phase adsorption Gibbs energy at 1 mM con-
centration and 298.15 K can thus be written as:

2
3 The ideal-gas translational partition function is g, = (;’;{’;@) V, where m is

the mass of the molecule, k is the Boltzmann constant, T is the temperature, and
V is the volume per ideal-gas particle. For a non-linear molecule, the rotational

1 V/8a(kT)’Ialslc
Orot n

partition function is grot = , where o6, is the rotational sym-
metry number, and I, Is, and I¢ are the three eigenvalues of the moment of
inertia tensor, which depends on the mass distribution within the molecule. The

corresponding entropies are Si. = k (In g + 5/2) and Syoc = k (In groc + 3/2).
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GlmMA(aq) ~ Eads +

ads

Groto+transt (MoIH/slab) — Gl (MolH)
Groto+transl (Slab) (1 3)
A Lads  — G}:t‘zl)vfrtransl(MOIH)ﬁ

where, for extended systems, the roto-translational contribution to
adsorption Gibbs energy is set to zero because macroscopic objects are
immobile, Gyotottransi(MolH/slab) — Gyotortransi(slab) = 0. It is worth
noting that the dependence of the Gibbs energy on concentration is
included in the translational contribution. For dissociative adsorption,
the relation between the adsorption Gibbs energy and adsorption energy
is analogous to Eq. (13), i.e.:

G ~ Ediss-ads — Giotortrans(MOlH). (14

In contrast, the relation is more involved for condensation adsorption
due to the liberation of a water molecule. Hence, the corresponding
adsorption Gibbs energy is:

Gl mM,(aq)

~ 1mM
cond-ads ~~ cond-ads G

roto-+transl

(MOlH) + G55.34M (Hgo) (15)

roto-+transl

It is worth reiterating that solvation contribution to the adsorption
Gibbs energy is already included in the adsorption energy term (E,gs,
Eads-diss» O Eads-cond), @ convenient feature of implicit solvent calcula-
tions. The so-calculated corrections to the adsorption Gibbs energy at
1 mM concentration and 298.15 K are:

Forimd : GV — 4. +0.80 eV
G = Egiss-ags +0.80 eV 16)
Giﬂlﬁ? = Econd-ads + 0.51 eV

For MBI: G.™C9Y — E,4 +0.91 eV
Gt = Egigs-ags +0.91 €V a7)
Giﬂ-’iﬁ? = Econd-ads + 0.61 €V

For MMBI: G.™Y = E,q, +0.92 eV

G(ligs]\fla;iq) = Egiss-ads + 0.92 €V (18)
Gz;h;;i\e:i(ls) = Econd-ads + 0.62 €V

It is worth noting that, for mercapto molecules, adsorption energies
and adsorption Gibbs energies are calculated with respect to more stable
thione tautomers.

3. Results and discussion
3.1. Polarisation resistance as a function of prolonged immersion time

Upon prolonged immersion in NaCl with and without inhibitor
added, the metal surface changes; e.g., it either dissolves, forms a pas-
sive oxide or inhibitor-oxide layer, or forms soluble complexes. It is,
therefore, prudent to investigate the electrochemical behaviour as a
function of time. The dependence of R, during 100 h immersion seems
to be a reliable and non-invasive method for assessing intrinsic inhibitor
performance in lab screening studies [21,23]. Diagrams showing R;, vs.
immersion time for 100 h for Cu, Cu-10Zn, Cu-20Zn, Cu-40Zn, and Zn in
3 wt% NaCl solution with added inhibitor are presented in Fig. 3 for the
three considered compounds. The inhibition action of imidazole is the
lowest among the three inhibitors. Depending on the substrate, it
reached values between 4 kQ cm? for Zn and 9 kQ cm? for Cu after 100 h
immersion. The values for Cu-xZn alloys are closer to that of Cu. In the
presence of MBI and MMBI, R, values increased by two orders of
magnitude for Cu and Cu-xZn alloys and one order of magnitude for Zn
compared to the values in imidazole-containing NaCl. Please note that
the measurements for Cu in blank NaCl after 100 h of immersion gave R,
values of 20 kQ cm? and for Zn less than 1 kQ cm? (results not shown).
These long-term measurements thus show that MBI and MMBI are
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Fig. 4. Potentiodynamic polarisation curves of (a) Cu, (b) Zn, (c) Cu-10Zn, and (d) Cu-40Zn recorded in 3 wt% NaCl with and without added 1 mM Imd, MBI, and
MMBI. Stabilisation time at the E,. was 1 h. Electrochemical parameters are given in Table 2.

considerably better inhibitors for Cu than imidazole, which is also valid
for Cu-xZn alloys. Moreover, they also seem to protect zinc metal,
although to a much lesser extent than other studied materials.

3.2. Potentiodynamic polarisation curves

Potentiodynamic polarisation curves were recorded for Cu, Zn, and
the Cu-xZn alloys to study the electrochemical behaviour of these ma-
terials in a broad potential range aiming to compare the materials
among each other, as well as the inhibition effect of individual inhibitors
on the corrosion of each material separately. Polarisation curves are
depicted in Fig. 4a-d and electrochemical parameters deduced from the
curves (Ecorrs jeorr) are presented in Table 2. Fig. 4a shows the polar-
isation curves of Cu samples. In the blank NaCl solution, the primary
cathodic reaction is the oxygen reduction (reaction 19), while the anodic
reaction is the formation of cuprous chloride complexes CuCls, either
through the direct reaction of Cu with chloride ions with intermediate
formation of CuCl (reactions 20-22), or through a prior dissolution of
copper as cuprous ions, subsequently reacting with the chloride ions
(reactions 23 and 24) [56,57]:

O3 + 2H0 + 4e — 40H (19)
Cu + 2C1" = CuCly + e~ (20)
Cu + Cl” = CuCl+e™ 21
CuCl + CI™ = CuCly (22)
Cu=Cu' +e” (23)
Cu™ + 2Cl~ = CuCly 24)

The current density increased exponentially above Ecor up to ca.
0.05 V, reaching values up to 10 mA cm™2. Then, a current peak was
formed, reducing the current density by one order of magnitude. This

Table 2

Electrochemical parameters deduced after 1 h stabilisation at E,. for Cu, Cu-
10Zn, Cu-40Zn, and Zn in 3 wt% NaCl with and without 1 mM inhibitor
added (Fig. 4). Mean values and standard deviations are given. The current
density values at the selected potentials are presented to compare the behaviour
in the anodic region (last column).

Electrochemical parameter

Solution
Ecorr [V] Jeorr [nA/cm’] je—ov [pA/em’]
Cu
NaCl —0.244 + 0.012 1.573 + 0.169 7889 + 685
NaCl+Imd —0.204 + 0.016 0.508 + 0.139 3950 + 2588
NaCl+MBI —0.204 + 0.037 0.039 £+ 0.013 268 + 84
NaCl+MMBI —0.216 + 0.015 0.045 + 0.007 150 + 69
Cu-10Zn
NaCl —0.266 + 0.021 1.456 + 0.484 8066 + 4839
NaCl+Imd —0.265 + 0.006 0.389 + 0.305 1823 + 506
NaCl+MBI —0.226 + 0.010 0.085 + 0.020 52 + 40
NaCl+MMBI —0.183 £+ 0.019 0.063 + 0.041 29 + 27
Ecorr Jeore JE——0.2vV
vl [pA/cm?] [pA/em?]
Cu-40Zn
NaCl —0.260 + 0.010 2.114 + 0.313 41 +3
NaCl+Imd —0.274 + 0.010 0.763 + 0.264 13+11
NaCl+MBI —0.335 + 0.053 0.088 + 0.030 0.3 +£0.2
NaCl+MMBI —0.304 + 0.035 0.113 + 0.010 0.6 + 0.3
Ecorr jcorr jE:—O.QS v
vl [pA/cm?] [pA/em?]
n
NacCl —1.084 + 0.004 5.21 +£1.54 6146 + 851
NaCl+Imd —1.034 + 0.047 0.283 + 0.220 2479 + 160
NaCl+MBI —1.014 + 0.019 0.511 + 0.275 23 + 12
NaCl+MMBI —1.027 £ 0.025 0.380 + 0.106 18+9




1. Milosev et al.

peak is related to the formation of CuCl (reaction 21), covering the
surface and subsequently reacting with chloride ions forming CuCly.
Further oxidation of copper and cuprous ions occurs in this region,
forming cupric ions (reaction 25).

CuClagads) = Cu®t 4+ 2C1° + e~ (25)

Fig. 4a also shows that adding Imd, MBI, and MMBI shifted the E.q.
up to 40 mV more positively (Table 2). The effect of Imd on the cathodic
current density was insignificant. However, the values were smaller for
ca. one order of magnitude for the other two inhibitors. The main effect
for all three inhibitors occurred in the anodic range, where the increase
in current density with potential was much slower than in NaCl only.
Additionally, the current density of the anodic peak was established at
smaller currents, i.e., from ca. 10mAcm 2 in NaCl down to
0.1 mA cm ™2 with MMBI added. Following the anodic peak, a passive
range was established up to ca. 0.1 V for MMBI. At more positive po-
tentials, the current density increased abruptly due to the localised
breakdown of the passive film at the breakdown potential (Epreax)-

Due to the lower electronegativity of Zn, its E.o in NaCl solution is
located at more negative potentials compared to Cu, i.e., at —1.08 V
(Fig. 4b). The main cathodic reaction on Zn in aerated NaCl differs from
that on Cu. At potentials about 500 mV lower than E.q, hydrogen
evolution occurs by reduction of water (reaction 26), and the ZnO film
formed during exposure to air is reduced to Zn [58-60]. As the potential
becomes more positive, the rate of Hy evolution decreases. The oxygen
reduction occurs through the 4e™ oxygen reduction process (reaction
27). At ca. —1.1 V, the oxidation of ZnO occurs by precipitation during
cathodic alkanization (reaction 28). This film is not protective due to its
porous nature [58,60]. A 4e” oxygen reduction ceases, and that of the
2e” process takes place in the vicinity of E.q,y (reactions 29 and 30):

2H70 + 2e” — Hy + 20H™ (26)
Oy + 2H20 + 4e” — 40H™ 27)
Zn + 20H™ - ZnO + Hy0 + 2e~ (28)
Oz + 2H20 + 2e~ — HO3 + OH™ (29)
HO2 + H20 + 2~ — 30H™ (30)

Above E.,y = —1.08 V, dissolution of zinc begins (reaction 31) [58,
60]. During prolonged immersion, Zn?" ions can react with OH™ to form
Zn(OH),, parts of which can be dehydrated to form ZnO (reaction 32)
[60], as also shown by the XPS analysis below. In the presence of
chloride ions, the formation of zinc chloride hydroxide can form (reac-
tion 33) [60].

Zn — Zn*' + 2e” (31)
Zn** + 20H" — Zn(OH), — ZnO + H,0 (32)
5Zn*" 4 80H™ 4 2Cl~ + H,0 — Zns(OH)4Cly-H,0 (33)

The addition of Imd, MBI, and MMBI to NaCl strongly influenced the
electrochemical response of Zn and shifted the E¢, for ca. 100 mV more
positively. The positive shift was the most pronounced for Imd, as well as
the decrease in the jeorr. In the anodic branch, the increase in current
density with potential was slower with inhibitors added. Comparing the
effect of Imd on Cu and Zn, it can be stated that after 1 h at the E,, Imd is
a more efficient inhibitor for Zn corrosion than for Cu since the decrease
in jeorr was almost 19-fold for Zn and 3-fold for Cu (Table 2).

Polarisation curves of the Cu-xZn alloys in NaCl generally resemble
more Cu than Zn, as reported previously [34], but with increasing Zn
content, the resemblance to the Zn curve became evident, especially in
the cathodic branch. In Fig. 4c and d, the results are presented for
Cu-10Zn and Cu-40Zn, whereas results for all four alloys are given in
Supplemental information (Fig. S2). With increasing Zn content, the
inhibitor action is somewhat reduced but still much improved compared
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to Zn metal (Fig. S3). Deduced electrochemical parameters for Cu,
Cu-xZn, and Zn in NaCl with and without inhibitors added are presented
graphically in Fig. S4. Values of jeo decreased the most for MBI an
MMBI (Fig. S4a). As for the Ecq trend of Cu-xZn, Imd, MBI, and MMBI
exhibit the E.o values closer to that of Cu metal than Zn metal with ca.
1 V more negative Ecop; (Fig. S4b). Compared to the blank NaCl solution,
the addition of inhibitors induced a positive E. shift indicating they act
like mixed inhibitors with the predominant anodic effect; however, for
Cu-xZn alloys with higher Zn content, a negative shift was observed,
indicating their significant effect on the cathodic reaction too, as
observed in polarisation curves (Fig. 4). Regarding the reduction in jeorr,
Imd acts as the weakest inhibitor, whilst MBI and MMBI are stronger
inhibitors and behave similarly. All considered Cu-xZn alloys benefit
strongly from the inhibitor actions.

To elucidate the effect of immersion time on the electrochemical
behaviour, we selected to conduct another set of polarisation curves
after changing the stabilisation time at E,. from 1 h to 30 h (Fig. 5, S5,
and S6, and Table 3). For Cu and Cu-10Zn alloy, the shape of the curves
generally remains similar, with jor somewhat increasing. More signif-
icant changes occurred in the anodic region: the current density at the
plateau following the peak at ca. —0.05 V was reduced, and its extent
increased. As a comparative parameter,” the current density at 0 V was
taken for Cu and Cu-10Zn alloy (jg_¢ v); for the Cu-40Zn alloy and Zn,
the values at —0.2 V and —0.95 V were taken, respectively (jg—_¢.2 v and
JjE=—0.95v); these parameters are presented in Tables 2 and 3. Evidently,
the jg_o v values were smaller after prolonged immersion of Cu and Cu-
10Zn in NaCl containing MBI and, especially, MMBI. For the Cu-40Zn
alloy, the jg—_o2v values were smaller for more than one order of
magnitude as the immersion time increased from 1 h to 30 h in a solu-
tion containing mercapto-based inhibitors. The inhibitive action of
imidazole deteriorated with immersion time for all materials investi-
gated. These results confirm much better inhibitive action of MBI and
MMBI than that of Imd.

3.3. Spectroscopic analysis of the surfaces

Spectroscopic analyses, including ATR-FTIR and XPS, were per-
formed on samples immersed for 30 h in 3 wt% NaCl with and without
(blank) added 1 mM Imd, MBI, and MMBI. Longer immersion time was
chosen to form well-developed inhibitor layers. FTIR analysis was con-
ducted on only Cu and Zn metals since the results were qualitative and
difficult to record and interpret due to low inhibitor content. XPS spectra
were recorded for Cu and Zn metals and Cu-10Zn and Cu-40Zn alloys.

Additionally, another set of experiments was conducted to record in
situ ATR-FTIR spectra during the immersion of a metal sample in an
organic solvent containing an organic inhibitor. Tetrahydrofuran (THF)
was used instead of aqueous solvent to avoid the effect of the solvent on
the peak shape. Spectra were recorded for Cu and Zn as a function of
immersion time in the THF solvent containing MBI and MMBI inhibitors.

3.3.1. Fourier transform infrared spectroscopy

The infrared vibrational spectroscopic technique has been widely
used to identify functional groups in a molecule since each specific
chemical bond often has a unique energy absorption band. IR spectra of
the Imd, MBI, and MMBI compounds, adsorbed on a copper substrate in
3 wt% NaCl solution have been examined (Fig. 6). In addition, the
spectra of copper surface exposed to NaCl (designated as the blank
sample) and solid powder inhibitor compounds (labelled (s)) are pre-
sented as a reference. The assignment of the IR bands is given in Table 4.

The IR spectrum of the sample in the absence of inhibitors, desig-
nated as blank, distinguishes three distinct frequency ranges

* Due to the variety of complex shapes of anodic curves, it would be difficult
to determine the exact values of breakdown potentials for all the materials
investigated.
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Fig. 5. Potentiodynamic polarisation curves of (a) Cu, (b) Zn, (¢) Cu-10Zn, and (d) Cu-40Zn recorded in 3 wt% NaCl with and without added 1 mM Imd, MBI, and
MMBI. Stabilisation time at the E,. was 30 h. Electrochemical parameters are given in Table 3.

Table 3

Electrochemical parameters deduced after 30 h stabilisation at E,. for Cu, Cu-
10Zn, Cu-40Zn, and Zn in 3 wt% NaCl with and without 1 mM inhibitor
added (Fig. 5). Mean values and standard deviations are given. The current
density values at the selected potentials are presented to compare the behaviour
in the anodic region (last column).

. Electrochemical parameter
Solution

Ecorr [V] Jeorr [nA/cm®] je—ov [nA/em?]
Cu
NaCl —0.243 + 0.042 2.050 + 0.295 6797 + 3150
NaCl+Imd —0.173 + 0.023 0.855 + 0.485 4607 + 2228
NaCl++MBI —0.168 + 0.011 0.123 + 0.030 7+5
NaCl++MMBI —0.194 + 0.035 0.228 + 0.066 13+ 0.2
Cu-10Zn
NaCl —0.243 + 0.021 4.960 + 0.693 6180 + 3503
NaCl+Imd —0.284 + 0.017 1.245 + 0.069 2974 + 245
NaCl++MBI —0.190 + 0.020 0.155 + 0.030 13+ 0.7
NaCl+MMBI —0.188 + 0.026 0.042 + 0.009 5+2
Ecorr Jeorr JE——0.2vV
vl [pA/cm?] [uA/cm?]
Cu-40Zn
NaCl —0.218 + 0.008 3.700 + 0.650 7+3
NaCl+Imd —0.263 + 0.004 1.530 + 0.495 52 4+ 32
NaCl++MBI —0.236 + 0.012 0.033 + 0.020 0.04 + 0.02
NaCl+MMBI —0.221 + 0.009 0.053 + 0.030 0.2+ 0.1
Ecorr jcorr jE:—0.95 \4
vl [pA/cm?] [pA/em?]
Zn
NaCl —1.056 + 0.018 19.67 + 0.76 5044 + 333
NaCl+Imd —~1.067 + 0.032 8.379 + 3.833 2330 + 747
NaCl++MBI —~1.005 + 0.017 0.626 + 0.543 4+0
NaCl+MMBI —0.949 + 0.006 6.258 + 0.680 3+2

characteristic of copper oxidation under atmospheric conditions and in
aerated chloride solutions (Fig. 6). In the low-frequency region (denoted
as 1) (Fig. 6a), the peaks related to the Cu-O stretching were observed
around 460 cm™ !, 530 cm™!, and 585 cm ™! [61,62], followed by the
intense vibration at 640 cm™! corresponding to the Cuy—O stretching,
which is in good agreement with the previous results [2,61,62]. The
second characteristic region between 1000 and 800 em™! (denoted as 2
in Fig. 6a) is related to the presence of clinoatacamite (hydroxychloride
polymorph, Cuy(OH)3Cl) formed as the corrosion product at the Cu
surface. The third characteristic region between 3500 and 3200 cm™*
(region 3) is due to the hydroxyl stretching [63,64].

Alteration in vibrational frequencies upon the addition of inhibitor
was expected due to the interaction between inhibitor molecules and the
copper surface. However, after exposure of copper specimen to
imidazole-containing solution, no significant change occurred compared
to the blank sample, except that the Cuy-O stretching vibration at
640 cm ™! vanished, indicating the suppression of Cu(I) oxide (Fig. 6a).
The small peak located around 1090 cm™! could correspond to a certain
degree of adsorption, i.e., incomplete coverage by the inhibitor, how-
ever, the peak around 740 cm™! characteristic of the aromatic C-H
stretching is missing. Accordingly, it can be concluded that Imd did not
sufficiently adsorb on the copper surface to be detected by FTIR (vide
infra XPS results), leading to insufficient corrosion protection (Table 3).

On the other hand, for the Cu specimens prepared in the presence of
MBI (Fig. 6b), the band at 2975 em ! can be associated with the C-H
stretching of methyl and that at 1491 cm™! is assigned to the C-C
stretching vibrations in the aromatic ring [65,66]. Moreover, the fre-
quency of around 740 cm™! is assigned to the out-of-plane bending vi-
bration of the phenyl ring [66]. In the high-frequency range, the peak
around 3320 cm 2, corresponding to the O-H stretching, indicates the
hydroxylated surface [66,67]. Furthermore, direct evidence of the
presence of MBI is the imino-group peak at 1627 em™? corresponding to
C=N, and peaks at 1366 cm ' and 1270 cm ™' corresponding to C-N.
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Fig. 6. FTIR spectra recorded for Cu samples immersed for 30 h in 3 wt% NaCl with and without added 1 mM (a) Imd, (b) MBI, and (c) MMBI. Spectra recorded in
blank 3 wt% NacCl are also presented together with reference spectra for inhibitor compounds. The positions of characteristic bands denoting the reference C—C,

C—N, and C—S bonds are presented by vertical lines.

Table 4
The list of characteristic bands in the FTIR spectra of Figs. 6 and 7.

Wave number Vibration (Cu Wave number Vibration (Zn

(em™ sample) (ecm™) sample)

460,530,585 i OSTEHINEON 55 Zn-0 stretching
Cu—O stretching of

640 Cu,0

737742 CfH.out-of-plane 750,743/741 CfH'out»of-plane
bending bending

1050 ?nhlbltoVr—Cu 1090 C—H.ln-plane
interaction bending

800—1000 OH™ bending 670 C—C bending

1130-1340 N-CS-N 1606 C=Cor C=N

stretching
1225/1231 C=S stretching 1226/1236 C=S stretching
1427, 1491 C=C—C stretching 1400-1600 CIC?.C
stretching
1627/1632 C=N stretching 1617/1612 C—=N stretching
. 1282/1277/ .

1270, 1366 C—N stretching 1289, 1319 C—N stretching

1472 —‘CHz,‘—CH3 1475 —?Hz,.—CHs
scissoring scissoring

2930 C—H stretching of 2030 C—H stretching of
methyl methyl

3200—-3500 O—H stretching 3200—-3500 O—H stretching

These results are in accordance with the previous results related to
experimentally obtained and calculated stretching vibrations [2,66,67,
68,69].

Finally, the N-CS-N stretching arising from the C=S functional
group occurs in the 1340-1130 cm ™! range [67,70]. The powdered MBI
compound, used as a reference, exhibits this peak around 1160 cem L,
which disappeared for adsorbed MBI together with the appearance of
the new vibration at 1050 cm™!, indicating the opening of the C=S
double bond, probably due to molecular adsorption bonding via its S
atom (e.g. thiolate adsorption mode). Also, the vibration at 1225 cm!
can be assigned to the C=S stretching. The existence of adsorbed thiones
(C=S) and thiolates (C-S—Cu), but not thiols (C-SH), has a solid foun-
dation in DFT calculations [24]. It is noteworthy to mention that the
assignment of the band due to the C-S stretching vibration is compli-
cated in infrared spectroscopy, whereas the C-S (thiolate) stretching
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vibrations exhibit strong spectral activity in Raman spectra, which
makes it easy to identify [69].

Compared to MBI, the MMBI molecule has an additional methyl
functional group attached to the nitrogen atom of the imidazole ring.
Hence, it is reasonable to expect similar vibrational frequencies to those
of the MBI sample. The strong absorption at 1472 cm ™! and pronounced
peak around 2930 cm~ ! are attributed to the methyl group [65,71]. In
addition, the band located at 1095 em™! is associated with the C-H
in-plane bending. The presence of the inhibitor on the metal surface was
confirmed by vibration frequency at 1632 cm ™, designated to the C=N
imino group, and absorptions around 1330 cm ™! and around 1290 cm ™!
assigned to the C-N group. The presence of inhibitors is also evidenced
by the C-H in-plane bending mode of benzene [68] and the aromatic
C-H out-of-plane bending vibration at 742 em L Finally, the absence of
the band at 1005 ecm ™, evident in the MMBI reference spectrum, could
probably be due to the chemisorption.

The spectra of the Zn sample after exposure to 3 wt% chloride-
containing solutions with and without added Imd, MBI, and MMBI are
presented in Fig. 7. Characteristic absorption of Zn-O at 559 cm ™! is
evidenced for the blank sample (Fig. 7a) [72]. The Zn sample treated
with Imd, unlike the Cu treated with Imd, shows a variety of vibrations.
The existence of an aromatic ring is readily determined from the C-H
and C=C-C ring-related vibrations. The frequency at 759 cm™! is
assigned to the C-H out-of-plane bending [65] followed by aromatic
C-H in-plane bending, C—C bending, and C—C stretching of the
five-membered heterocyclic ring [65—67] at 1090 cm_l, 670 cm_l, and
1606 cm™!, respectively. It is sometimes difficult to assign a
double-bonded nitrogen group, such as the imino group (C=N), because
it exhibits absorption close to the C=C stretching region [65]. There-
fore, the evolution of absorption at 1606 cm™! cannot be unambigu-
ously assigned to either C=N or C=C stretching vibrations [2,65,73].
The evidence of secondary amine (C-N) stretching vibrations appearing
at 1282 cm™! and 1319 cm™! confirms the presence of Imd on the sur-
face of the zinc substrate [65,66,74]. Despite the strong adsorption of
Imd on the surface of Zn, which is in correlation with electrochemical
measurements after 1 h of immersion, a degree of inhibition signifi-
cantly diminished after 30 h of immersion (Fig. 5).

The spectra of MBI (Fig. 7b) and MMBI (Fig. 7c) for Zn are charac-
terised by well-defined sharp peaks compared to those for Cu. The
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Fig. 7. FTIR spectra recorded for Zn samples immersed for 30 h in 3 wt% NaCl with and without added 1 mM (a) Imd, (b) MBI, and (c) MMBI. Spectra recorded in
blank 3 wt% NaCl are also presented together with reference spectra for inhibitor compounds. The positions of characteristic bands of the reference C—C, C—N and

C—S bonds are presented by vertical lines.

absorption bands for both Zn and Cu are consistent. The aromatic ring
C=C-C vibrations, centred around 1600 cm™! and 1400 cm ™%, appear
as a pair of band structures with some splitting (marked with the grey
square) [65]. Further, 743 cm™' was designated to aromatic C-H
out-of-plane bending vibration [65,66]. The imino group (C=N) is
attributed to the stretching vibration at 1617 cm™! [67,73]. Further, the
absorption at 1277 cm™! corresponds to aromatic secondary amine
stretching (C-N) [65]. The evidence of the presence of MBI on the sur-
face of zinc is complemented by the existence of C=S stretching vibra-
tion at 1226 cm ! in the case when it is a part of nitrogen-containing
thiocarbonyl derivatives (N-CS-N) (Fig. 7b) [67].

The spectrum collected for MMBI (Fig. 7c¢) exhibits frequencies
around 740 cm™! and 1090 em™!, which can be associated with the
aromatic C-H out-of-plane and the C-H in-plane bending vibrations,
respectively [65]. A comparison of the spectrum of MBI (Fig. 7b) with
the spectrum of MMBI (Fig. 7c) shows a distinctly different absorption
within the marked grey region. Namely, the strong absorption at
1475 cm ™! (Fig. 7¢) is indicative of the scissoring of a methylene/methyl
group [65,71], consistent with the molecular structure of MMBI con-
taining the methyl group (Fig. 1c). Additionally, the C-H stretching vi-
bration around 2930 cm™! is characteristic of the methyl group. The
intense peaks at 1289 cm™! and 1612 cm™! can be attributed to the
stretching vibration of aromatic amine (C-N) and imino group (C=N),
respectively [65—67,74]. Finally, the band at 1236 cm ! corresponds to
the stretching vibration of C=S [67].

It should be emphasised that, despite being the technique for routine
analysis, it was not straightforward to record FTIR spectra due to a very
small amount of the inhibitors on the substrate surface. Therefore, this
technique was used only for the detection of functional groups,
providing complementary and confirmatory sample information.
Further information on the chemical composition and chemical specia-
tion were obtained quantitively based on the XPS analysis.

Fig. 8 shows ATR-FTIR spectra of MBI and MMBI on pure Cu and Zn
films deposited on the Ge crystal exhibiting the interaction kinetics. The
peaks at 910-920, 1080-1090 and 2870-2980 cm ™' originate from
C—C, C—N, and C—H, respectively. The spectra of both inhibitors exhibit
clear peaks originating from the molecular backbone, indicating an
interaction of the inhibitor with the surfaces. However, the higher peak
intensity obtained for MBI than MMBI may indicate slightly higher
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Fig. 8. In-situ FTIR spectra of Cu and Zn samples exposed to 1 mM inhibitors
dissolved in THF. From bottom to top: MBI on Cu, MMBI on Cu, MBI on Zn, and
MMBI on Zn. The peaks marked with rectangles are discussed in the text.

coverage of MBI on both surfaces. Also, increasing peak intensity of both
inhibitors by time on Cu surfaces indicates a gradual increased surface
coverage, whereas the relatively similar peak intensities of 20 and
30 min exposure imply saturation after 20 min. However, the peak in-
tensities of both inhibitors are similar on Zn surfaces, which could be
due to quick but limited interactions of inhibitors with the surfaces.

3.3.2. X-ray photoelectron spectroscopy

The chemical composition of Cu, Zn, and Cu-xZn alloy surfaces after
immersion for 30 hours in NaCl with and without 1 mM Imd, MBI, and
MMBI are presented in Table 5. A high oxygen content on the Cu surface
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Table 5

Chemical composition deduced from XPS survey spectra of layers formed during
30 h immersion of Cu, Cu-10Zn, Cu-40Zn, and Zn in 3 wt% NaCl with and
without 1 mM inhibitor added.

Atomic %

NaCl NaCl + Imd
Element Cu- Cu- Cu- Cu-

G oz 40z P Y qozm 40z BB
C 547  29.9 28.2 216 491 290 488 46.6
o 260 357 38.6 537 275 3458 193 16.1
N ; 1.3 - . 27 51 17.7 21.9
Zn ; 17 283 247 - 33 9.9 15.4
Cu 121 285 42 ; 134 205 2.7 ;
c 31 29 0.7 . 73 7.3 16
S - - - - - -

NaCl ++ MBI NaCl +MMBI
C 68.8 68.8 67.5 704 684 67.0 75.8 72.1
o 70 55 8.7 62 68 45 . 48
N 106  14.0 11.8 126 125 128 126 12.2
Zn ; - 13 40 - 0.5 43 4.1
Cu 55 48 3.8 ; 33 41 0.2
c ; ; 16 ; ; ;
s 82 7.0 6.9 68 9.0 11.0 7.1 6.8

indicates that after immersion in NaCl, the surface is covered by an oxide
layer (Cup0). Some chloride was detected, indicating the formation of
an oxychloride compound. For the Zn sample, no chloride was detected
after immersion in NaCl, while the high oxygen content indicates the
formation of zinc oxide. Although ZnO is thermodynamically stable
above pH 8, in the pH range between 7 and 10, zinc dissolution can
result in the formation of Zn oxide or oxychloride (reactions 31 and 32)
[60].

The surface of the Cu-10Zn sample contained high Cu content and
also some Zn, while vice versa was valid for Cu-40Zn, in accordance with
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the increasing content of Zn in the alloy. Chloride was identified on both
layers but with a higher content on the Cu-10Zn samples. Reduced Cl
content at the surface of Cu-40Zn and Zn compared to Cu-10Zn and Cu
may be related to the high solubility of ZnCly (ZnCly is highly soluble,
CuCl; is soluble, and CuCl is only sparingly soluble in water). In all cases,
an abundant carbon content is related to adventitious carbon (Table 5).

Adding Imd in the NaCl solution caused several changes at the sur-
face. For Cu-40Zn and Zn, metal concentrations significantly decreased.
Nitrogen originating from imidazole was detected for all four materials,
but its concentration was up to 5 times larger on Cu-40Zn and Zn
samples than on Cu-10Zn and Zn. These results indicate that the surface
is covered by an imidazole-based mixed organic-oxide layer. Chloride
concentration increased twofold on Cu and Cu-10Zn compared to that in
NaCl, suggesting that chloride is incorporated in the surface layer. Since
copper chloride-containing compounds are highly soluble, it can be
hypothesised that the content of dissolved chloride species is signifi-
cantly higher; therefore, XPS data confirm that Imd is not an efficient
inhibitor for Cu and Cu-10Zn. In contrast, no Cl was detected in the layer
formed on Zn. The lack of Cl detection and high N and low O concen-
trations suggest that Imd on Zn and Cu-40Zn forms an organic-
containing layer which can prevent chloride ingress, opposite to that
on Cu and Cu-10Zn. This observation may also be related to the higher
stability of ZnO in a more alkaline solution of pH 8.3 caused by adding
imidazole. At pH 8.3, ZnO is more stable than in near-neutral (or slightly
acidic) NaCl solutions with and without the addition of two mercapto-
based inhibitors (pH = 5.6-5.7) [58].

Even more significant changes are observed after immersion in MBI
and MMBI containing NaCl solutions (Table 5). Carbon concentration in
all layers exceeded 67 at%, while oxygen was reduced to the range of
4.5-8.7 at%. Nitrogen was detected on all surfaces. The changes were
more pronounced for Cu and Cu-10Zn in the presence of MBI and MMBI
than Imd. Further, sulphur appeared for the mercapto-based inhibitors
with concentrations of 6.8-11 at%. Cl, Cu, and Zn contents were
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Fig. 9. High-energy resolution XPS spectra of (a) Cu 2p, (b) Cu Auger [L3M4sMy4;s], (¢) Zn 2p, and (d) Zn Auger [L3My4sMy4s] of Cu, Cu-10Zn, Cu-40Zn, and Zn
samples immersed for 30 h in 3 wt% NaCl with and without 1 mM Imd, MBI, and MMBI. Spectra were not normalised on the intensity scale, but the position of
binding energy was adjusted to the C 1 s peak at 284.8 eV. Vertical lines denote the position of reference species, as described in the text.
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strongly reduced, indicating that the organic layers containing inhibitor
species were formed.

Figs. 9-11 show the chemical speciation of the elements based on the
high-energy resolution XPS spectra, aligned according to the position of
C 1 s peak (284.8 eV). The spectra were not normalised on the intensity
scale to better present the intensity of individual peaks relative to
different substrates and inhibitors. After 30 h immersion in 3 wt% NaCl
solution, Cu 2p3,, peak was located at 932.5 eV and is consistent with
the formation of cuprous Cu(I) oxide (Fig. 9a). Cupric Cu(I) species,
which would be identified by a satellite peak ca. 10 eV above the Cu 2p3,
2 peak, were not detected. The presence of cuprous species is also
corroborated by the position of the Auger [Cu(L3M45M45)] peak at
569.9 eV (Fig. 9b); metallic Cu, which shows an Auger peak at 567.6 eV,
is absent [75]. The centre of the Zn 2p3 /2 peak was located at 1021.5 eV
(Fig. 9¢) and is consistent with the formation of both Zn and ZnO [75].
However, the position of the centre of Auger [Zn(L3M45M45)] peak at
498.3 eV indicates that the major product is ZnO (Fig. 9d). Considering a
rather broad low-binding energy envelope, another peak at 496.5 eV
related to ZnOy could also be present. The peak of Zn metal expected at
494.9 eV is absent [75]. Each Auger [L3M4 5sM4 5] Cu and Zn peak can be
described by at least four functions, each consisting of a Gaussian/Lor-
entzian part and an asymmetric tail function [75]. The Cu-10Zn alloy
exhibited similar spectra as Cu, whereas the Cu-40Zn alloy expressed a
smaller intensity of Cu peaks and a larger intensity of Zn peaks (Fig. 9),
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consistent with their relative contents in the alloy. Thus, the layer
formed on Cu-10Zn is predominantly CupO with a small content of ZnO,
and that on Cu-40Zn is predominantly ZnO with a small content of Cu,0,
as reported previously [75]. As evidenced in Fig. 9, the position of Auger
peaks is somewhat dependent on the substrate material [75,76].

When the NaCl solution contained inhibitors, the intensity of Cu and
Zn peaks was significantly reduced. In the [Cu(L3M4 5M4 5)] spectra, the
formation of the inhibitor-containing layer can be recognised by the
broadening of the Auger peaks due to the formation of the peak at
571.8 eV (Fig. 9b). In the [Zn(L3M45M45)] spectra, the related feature
can be observed by the widening of the high energy envelope which
could be described by the peak at 500.2 eV (Fig. 9d). Similar results
were reported previously by our group for Cu, Zn, and Cu-xZn alloys in
NaCl containing benzotriazole [76].

Carbon 1 s peaks were centred at 284.8 eV for all samples analysed
(Fig. 10a). Compared to the spectra recorded after immersion in blank
NaCl solution, the presence of the organic inhibitors led to an increase of
the full width at half maximum, indicating the contribution of organi-
cally bonded species, i.e., C—O (286.5eV), C—N (286.1 eV), C-S
(286.9 eV), C=N (287.5 eV), and C=0 (288.4 eV) at the high-binding
energy envelope. The intensity of C 1s peak increased from blank
NaCl to NaCl+MMBI, indicating an increasing concentration of carbon
in the surface layer. The opposite trend was observed for oxygen
(Fig. 10b); the O 1 s spectra were more intense for the samples immersed

.. (@C1s (b) O 1s
AR =L, Cu-40Zn MBI |
Cu-40Zn MMBI | | A A7\ \ S N Cu-40zn MBI
I o < N 12 I A SO T i~ T T
S\ i L «. Cu-40Zn Imd
'/ . . o o — - ..'s - —y —
Shapuralu s IS N S 77\
Cu-40zZn Imd| | A .. ya \
cud0znNatl L1/ | cudozn Nagk” N
Cu-tozn MMl LT Y eeeeds...CUS10Zn MBI
7R RN SO L e - Cu-10Zn MBI
g |Cu-10Zn MBI Jor'l . SRt ALLTTIRRRITRRRUERORY
e®e®%0cccsccepoe’ ®tecscccccced ..' ..... ... 10Zn Imd
% Cu-10Zn Imd dooof 0 0eue,, cornseesee®’ R T Cu-.....n..r.n..
L~ feccccccccccccpocconop ®eeccccced o .
= °0%, - . .
£ [Cu10Z0NaBLLLI" | “ecenrenenerens . b I0ZnE
m _.‘.......... .OCDIOC..'...‘ﬂ
P Zn MMBI
2 / ‘ T ——
21 !
S |znmmel q / Zn MBI —
p— B / i L
< [znwmBI 1 / w___//
1Zn Imd | LA |
Zn N L~ L
VAN ’
L7\ Zn NaCl
I v \ A=< Cu MMBI
CuMvBl | 47| e N I TR bt
[CuMBL__|_Larl | N1 bee--- B e R L
7T 15«
Cu Imd N v d
------- ——ar N Tmmeed 7 ~——__Culmd
VAR —— AN T mmmaElSd
Cu NaCl a8 17\
u Na 4 -
e bt W | ST B Wt --'.-—-r"’.’ 1 . 1 \—.‘qq]—Ngg-
292 290 288 286 284 282 280 36 534 532 530 528 526

Binding energy / eV

Binding energy / eV
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in the blank NaCl and NaCl+Imd, while the samples exposed to
NaCl+MBI and NaCl+MMBI exhibited smaller peak intensities due to
the prevalence of organic species on the surfaces as indicated by
chemical composition (Table 5). It is noteworthy that for the samples
immersed in NaCl containing Imd, a shift of peak centre to higher
binding energy occurred, i.e., from 530.4-530.6 eV to 531.6-531.8 eV,
which reflects the formation of a mixed Imd-containing organic layer.
The binding energy of 532.5 eV is related to adsorbed water molecules.

Based on FTIR spectra, it was concluded that the MBI and MMBI
inhibitors are bonded to the Cu surface. The presence of both C=N and
C—N bonds was evident in FTIR spectra (Fig. 6). In contrast, C=S and
C—S bonds were difficult to unambiguously confirm by FTIR due to
overlapping with other vibrations (Fig. 6). Therefore, N 1 s and S 2p XPS
spectra are of particular interest since they offer additional insight into
the understanding of the bonding of inhibitor molecules to the metal
surfaces [19]. Nitrogen is present in all three inhibitors, but sulphur is
contained in only mercapto-based inhibitors. A previous study showed
that two-component peaks were identified in the N 1 s spectrum for
mercapto-based MBI: the peak at 400.0—400.6 eV ascribed to C—-NH—C
(pyrrole N) and the peak at 398.8—399.0 eV to C=N—C (pyridine N)
[19]. Angle-resolved XPS spectra showed that pyridine N atoms point
towards the metal surface, and pyrrole N atoms are oriented upwards.
The existence of both pyrrole and pyridine nitrogen was taken as
experimental proof that molecules are present in thiolate form [19]. In
contrast, non-mercapto benzimidazole inhibitor showed only one peak
at 400 eV [19]. Nitrogen spectra in Fig. 11a present several important
issues. When the samples were immersed in NaCl+Imd, only one peak
appeared in N 1 s spectra centred at ca. 398.8 eV (Fig. 11a). The in-
tensity of this peak, ascribed to pyridine C=N—C bond, increased from
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Cu, followed by alloys, to Zn metal, in accordance with Table 5. It is not
entirely clear why only one peak, ascribed to pyridine N, is resolved in
the XPS spectrum for the sample immersed in NaCl containing Imd. FTIR
spectra could not identify the adsorption of Imd at the surface (Fig. 6a).
It is, therefore, difficult to reconcile the results of these two techniques
(FTIR requires a sufficiently large amount of compound, while XPS has a
nanometric analysis depth). Further, the ratio of pyrrole and pyridine
peaks depends on the take-off angle, as shown previously [19]. None-
theless, these results show that Imd is present on the surface of Zn and
Cu-40Zn more abundantly than on Cu and Cu-10Zn, in line with FTIR
results (Figs. 6,7). In terms of corrosion efficiency, however, its presence
does not assure long-term protection (Fig. 5, Table 3).

Two peaks centred at 398.8 eV and 400.6 eV for mercapto-based
compounds appeared, indicating the presence of both thione and thio-
late species, as suggested previously [2,19]. For MBI on Cu and Zn, the
pyridine C=N—C peak at 398.8 eV prevailed over pyrrole C—-NH—C
peak at 400.6 eV. For MMBI, the pyrrole peak prevailed over the pyri-
dine peak; this observation is consistent for all materials. Similar spectra
for MBI with two nitrogen peaks were obtained by Finsgar [32], who
observed the prevalence of the peak at lower Ey, closer to the interface
with the substrate, similar to our previous reports [2,19].

It is also important to analyse S 2p spectra, as the corresponding C=S
and C—S bonding is difficult to resolve in FTIR spectra (Figs. 6,7). In XPS
spectra, the centre of the S 2p peak is located at 162.2 eV (Fig. 11b).
Most S 2p spectra are not well resolved into 2p3,5 and 2p; 5 peaks due to
a small chemical shift among them (1.18 eV) and are usually interpreted
as a single peak, which represents a doublet [19,32]. However, spectra
recorded for the mercapto-based samples exhibit two well-resolved
peaks (162.2 eV and 163.6 eV), possibly indicating the presence of
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Fig. 11. High-energy resolution XPS spectra of (a) N 1 s, (b) S 2p, and (c) Cl 2p of Cu, Cu-10Zn, Cu-40Zn, and Zn samples immersed for 30 h in 3 wt% NacCl with and
without 1 mM Imd, MBI, and MMBI. Spectra were not normalised on the intensity scale, but the position of binding energy was adjusted to the C 1 s peak at 284.8 eV.

Vertical lines denote the position of reference species, as described in the text.
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both C—S and C=S species, associated with the presence of thiolate and
thione (Fig. 11a). The spectrum for MBI is similar to our previous report,
where the peak centred at 162.3 eV was ascribed to the S—Cu bonding
[2]. Literature data allow the postulation of two different sulphur spe-
cies. However, the issue is not well clarified: for 2-mercaptobenzothia-
zole, the S 2p peak at 164 eV was ascribed to thiolate [77], peak at
164.5 eV to endocyclic sulphur atom, and at 162.3 eV to exocyclic
sulphur atom [78]; for 3-amino-5-mercapto-1,2,4,-triazole the peak at
162 eV was related to thiolate group and that at 164 eV to thione
tautomer [79]. Recently, Wu et al. ascribed the S 2p3/» at 161.8 eV to the
S—Cu bond, whereas the peak at 162.4 eV is related to S in a non-bonded
MBI molecule [33]. Finsgar reported the presence of two peaks in the
MBI molecule corresponding to a non-bonded (162.3 eV) and bonded
(163.5 eV) molecule [32]. It would be reasonable to assume that peaks
at higher E, in N 1s and S 2p spectra are related to each other and
represent the mixture of adsorbed thiones and thiolates.

Fig. 11c shows Cl 2p spectra for Cu and Cu-10Zn samples immersed
into the blank NaCl and Imd-containing solutions. For other samples, the
Cl signal was not detected, presumably due to the higher solubility of
zinc-chloride than copper-chloride complexes, as discussed above.
Similar to S 2p spectra, the splitting between 2p3,5 and 2p; /2 peaks is
rather small (1.3-1.5 eV). The peaks at 198.4 eV and 199.8 eV may be
ascribed to copper chloride and oxychloride compounds, respectively,
reported previously at E;, between 198.4 eV and 199.4 eV [19].

3.4. DFT calculations

Adsorption characteristics of imidazole and 2-mercaptobenzimida-
zole on metallic and oxidised Cu surfaces have already been studied
with DFT calculations in previous publications [2,20,22,24,42, 80-89].
In contrast, the adsorption of azoles on zinc and brass surfaces [90,91]
has been much less explored by DFT methods than on Cu surfaces. Here,
we extend the previous calculations by considering the adsorption on
various models of zinc and copper surfaces (cf. Fig. 2) and, in addition to
imidazole and 2-mercaptobenzimidazole, also characterise the adsorp-
tion of 2-mercapto-1-methylbenzimidazole.

3.4.1. Preliminaries

MBI and MMBI can exist in two tautomer forms: thiol (R—SH),
labelled as SH-BimH and SH-BimMe for MBI and MMBI, respectively,
and thione (R=S), labelled as S-BimH; and S-BimMeH (Fig. 1 and
Table 1). Thione is significantly more stable than thiol, by about 0.5 eV
[21,24]. Hence, MBI and MMBI molecules exist almost exclusively in a
thione form at room temperature. Furthermore, it was demonstrated in
our previous publication [24] that adsorbed thiol would dissociate
immediately via cleavage of the S—H bond, resulting in adsorbed thio-
late. For these reasons, only adsorbed thiones and thiolates were
considered in calculations, and all adsorption energies of mercapto
molecules are calculated with respect to solvated thione tautomers in
the (implicit) aqueous solvent.

The adsorption of azoles on copper surfaces has been studied in
detail by DFT calculations in the literature [6,24,45,81-83,92]. An
essential insight of these studies is that the adsorption bonding of
dissociated molecules with the cleaved X-H bond is much stronger than
those of intact molecules. However, the thermodynamic stability of the
two adsorption modes is not as different due to the energy cost associ-
ated with the bond-breaking in dissociative adsorption. On bare copper
surfaces, the dissociation barrier for the N-H bond cleavage is about
1 eV [24,93]. However, on oxidised copper surfaces, the surface O* and
OH* groups considerably lower this activation barrier to values below
0.1 eV [82,85]. In this context, imidazoles behave differently from tri-
azoles and mercaptoazoles due to their specific molecular geometry. In
particular, calculations demonstrate that for the X-H bond breaking to
be thermodynamically favoured, the adsorbed molecule needs to bond
to the surface with at least two of its atoms [82,83]. However, imidazole
has two N atoms on the opposite side of the molecule and cannot easily
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fulfil this requirement. Consequently, for imidazole, the cleavage of the
C-H bond is thermodynamically preferred over the cleavage of the N-H
bond on copper surfaces [82,85], but the barrier is considerably higher
(in range from 0.6 to 0.9 eV) than for the cleavage of the N-H bond of
triazoles [82,85] and mercaptoazoles [94]. Similar trends were also
observed during the current calculations. In particular, imidazole’s
C2-H bond cleavage is usually preferred over the N1-H bond breaking,
particularly on copper surfaces. As for mercaptobenzimidazoles, we
observed that in some cases, the surface OH* groups induce molecular
deprotonation during an adsorption relaxation calculation by forming
the water molecule, i.e., MolH* + OH* — Mol* + HyO*.

It is worth mentioning that only O- and OH-covered Cu(111) models
are considered herein for copper surfaces, whereas the adsorption of Imd
and MBI molecules on Cuy0O-based models was considered in our pre-
vious publications [2,42,82,83]. However, the current copper-based
models are sufficient to capture the molecular adsorption characteris-
tics qualitatively.

3.4.2. Adsorption structures and energies

To provide a better link with experiments, we currently address the
adsorption of the azole compounds on ten different models of copper
and zinc surfaces, described in Section 2.6 and Fig. 2, which are more
relevant than bare metal surfaces in the context of corrosion. The reason
for using different surface models is to try to account for surface het-
erogeneities and different surface chemistries.

We performed a thorough configurational search of potential
adsorption structures of Imd, MBI, and MMBI molecules. In total, we
considered 150 different adsorption structures, and here, we only pre-
sent the most stable identified adsorption structures for each adsorption
mode and surface model. The corresponding adsorption structures on O/
Cu(111) and OH/Cu(111) are shown in Fig. 12 for molecular adsorption
at low coverage of 1.1 molecule/nm? and in Fig. 13 for molecular
adsorption at high coverage of 2.9 molecule/nm?. Fig. 14 shows the
molecular high coverage structures on O/Zn(001) and OH/Zn(001), and
Fig. 15 shows the corresponding structures on hydroxylated ZnO(001).
The adsorption Gibbs energies of these structures at the concentration of
1 mM and temperature of 298.15 K are presented in Tables 6 and 7. To
help systemise these results, Fig. 16 schematically presents identified
adsorption forms of the three molecules on Cu and Zn surfaces, and
Fig. 17 presents the span of their adsorption Gibbs energies on the
considered surface models.

Cu and Zn surfaces display different adsorption characteristics not
only for azole molecules but also toward chemisorbed O* adatoms and
OH* groups. According to our calculations, O* adatoms adsorb onto fcc
sites on Cu(111) and hcep sites on Zn(001). In contrast, on Cu(111), the
most stable adsorption sites for OH* are fcc at low coverage and bridge
at high coverage, the latter being preferred due to the formation of
hydrogen bonds between neighbouring OH* groups. On Zn(001), the
most stable OH* adsorption site is the bridge, irrespective of the
coverage. The utilised O- and OH-covered Cu(111) and Zn(001) models
(Fig. 2) were built according to these adsorption preferences. It is further
worth noting that bulk Zn is a much "softer" metal than Cu, i.e., it has a
twice smaller bulk modulus (70 GPa) than Cu (140 Gpa) [95] and a
much weaker cohesion energy: the calculated values are —1.24 eV/atom
for hep-Zn and —3.46 eV/atom for fce-Cu. Therefore, it is not surprising
that in adsorption calculations, we observed that Zn(001)-based models
are quite deformable with a substantial adsorption-induced buckling of
surface Zn atoms.

An important observation from Figs. 12-15 is that MBI and MMBI
display analogous adsorption structures, with MMBI adsorbing slightly
stronger than MBI; the average difference of tabulated adsorption Gibbs
energy values in Tables 6 and 7 between the two compounds is 0.04 eV,
which is not surprising because the methyl group of MMBI is not
involved in adsorption bonding with the surface, and, therefore, should
not have a significant effect on adsorption bonding.

According to adsorption Gibbs energy results of Tables 6 and 7, all
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Fig. 13. Similar to Fig. 12 but for the high-coverage adsorption structures of imidazole, 2-mercaptobenzimidazole, and 2-mercapto-1-methylbenzimidazole on 1/
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Table 6
Low-coverage adsorption Gibbs energies (at ¢ = 1 mM and T = 298.15 K) esti-
mated in aqueous phase with Eqs. (13), (14), and (15) for intact, dissociative,

> and dissociative-condensation adsorbed imidazole, 2-mercaptobenzimidazole,
g and 2-mercapto-1-methylbenzimidazole on O- and OH-covered Cu(111)-
5 (4x4). The snapshots of the corresponding adsorption structures are shown in
Y Fig. 12.
”g Adsorption Gibbs energies (eV)
'z 1/4ML O @ 1/2 ML OH @
o Cu(111)-(4x4) Cu(111)-(4x4)
- imidazole
! ImiH + * — ImiH* ~0.43 +0.18
| ImiH + O* — Imi* + OH* —0.45

c ImiH + OH* — Imi* + H,0 —0.15

o 2-mercaptobenzimidazole

a > S-BimH, + * — S-BimHy* -0.35 -0.07

o [ S-BimH; + O* — S-BimH* + OH* —0.94

g = S-BimH, + OH* — S-BimH* + H,0 ~0.23

© - 2-mercapto-1-methylbenzimidazole

o L S-BimMeH + * — S-BimMeH* -0.36 ~0.09

o < S-BimMeH + O* — S-BimMe* + OH* -0.92

ks o S-BimMeH + OH* — S-BimMe* + Hy0 —0.22

8 1

Q2

©

three molecular compounds adsorb significantly more exergonic on O/
Cu(111) than OH/Cu(111). For imidazole, intact ImiH and C2-
deprotonated Imi (Imicy) display similar stability on O/Cu(111) with
the adsorption Gibbs energy (at c = 1 mM and T = 298.15 K) of about
—0.4 eV at low molecular coverage (Table 6) and —0.2 eV at high mo-
lecular coverage (Table 7). Intact adsorbed ImiH binds with its N3 atom
to a single Cu atom and, moreover, usually forms the C-H---O hydrogen
bond with the nearby O* or OH*. C2-deprotonated Imi binds with its C2
to two Cu atoms and with N3 to another Cu atom, and usually forms the
N-H:--O hydrogen bond with the nearby OH*. In contrast to imidazole,
dissociative adsorption (including condensation adsorption) is more
exergonic than intact adsorption for MBI and MMBI on copper surfaces,
with the dissociative and condensation adsorption Gibbs energies (at ¢ =
1 mM and T = 298.15 K) reaching the values of about —1.0 eV and
—0.7 eV, respectively (Table 7). Two different forms of dissociatively
adsorbed S-BimH and S-BimMe can be observed in Fig. 13, i.e., the
molecules can adsorb by forming either the S-Cu and N-Cu chemical
bonds or only the S-Cu chemical bond, with the N atom forming the
N---HO hydrogen bond with the nearby OH* group. It is further worth
noting that on bare Cu(111), the S atom of S-BimX (X = Hy, H, MeH, or
Me) prefers to bond with two Cu atoms [24], but on O/Cu(111) and
OH/Cu(111), the S atom can shift toward the top site to bond with only
one Cu atom either due to the N-H---O hydrogen bond (thiones only),
N---H-O hydrogen bond (thiolates only) or due to unavailability of a free
bridge site due to nearby O* or OH* groups.

In contrast to Cu surfaces, where molecular adsorption on O-covered
surfaces is more stable than on OH-covered surfaces, the vice versa is
true on Zn surfaces. For imidazole, intact adsorption mode is signifi-
cantly more stable than dissociative (including condensation) adsorp-
tion, and the most exergonic value of adsorption Gibbs energy (at ¢ =
1 mM and T = 298.15 K) is about —0.7 eV (to be compared with about
—0.2 eV on Cu surfaces). The intact adsorbed ImiH binds with the N3
atom to a single Zn atom and forms the C-H---O hydrogen bond with the
nearby O* or OH*, whereas C2-deprotonated Imi binds with its C2 to a
single Zn atom (in contrast, C2 binds to two Cu atoms on Cu surfaces)
and with N3 to another Zn atom, and usually forms the N-H---O
hydrogen bond with the nearby OH*. In contrast to imidazole, disso-
ciative condensation adsorption is more exergonic than intact adsorp-
I tion for MBI and MMBI on zinc surfaces, but there are also instances of
significantly exergonic intact adsorption. In particular, the most exer-
gonic values of adsorption Gibbs energy (atc =1 mM and T = 298.15 K)
are, for condensation adsorption, about —0.8 eV for MBI and —0.9 eV for
MMBI and, for intact adsorption, about —0.7 eV for both molecules
(Table 7). On Zn(001)-based surface models, the S atom of the MBI and
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Table 7
High-coverage adsorption Gibbs energies (at ¢ = 1 mM and T = 298.15 K) estimated in aqueous phase with Egs. (13), (14), and (15) for intact, dissociative, and
dissociative-condensation adsorbed imidazole, 2-mercaptobenzimidazole, and 2-mercapto-1-methylbenzimidazole on O- and OH-covered Cu(lll)—( 741 f) and

Zn(OOl)—( :11 f), and on hydroxylated ZnO(001)-(2x2). The snapshots of the corresponding adsorption structures are shown in Figs. 13-15.

Adsorption Gibbs energies (eV)

O @ Cu(111) OH @ Cu(111) O @ Zn(001) OH @ Zn(001) OH @ Zn0O(001)

Adf"rp“o“ reaction O or OH coverage — 1/6 ML 1/3 ML 1/6 ML 1/2 ML 1/6 ML 1/3 ML 1/6 ML 1/2 ML 1/2 ML
imidazole

ImiH + * —» ImiH* -0.20 —0.20 +0.21 +0.47 +0.26 —0.05 +0.27 —-0.74 -0.12

ImiH + O* — Imi* + OH* —0.22 —-0.15 +0.98 +0.08

ImiH + OH* — Imi* + Hy0 +0.24 +0.04 +0.66 —0.39 +0.24
2-mercaptobenzimidazole

S-BimH, + * — S-BimH,* —0.58 -0.37 —0.14 n/a’ —0.01 —0.43 +0.09 —0.69 —-0.37

S-BimH; + O* — S-BimH* + OH* —0.94 —0.34 -+0.01 —0.56

S-BimH, + OH* — S-BimH* + H,0 —0.67 —0.10 —0.25 —0.80 —0.40
2-mercapto-1-methylbenzimidazole

S-BimMeH + * — S-BimMeH* —0.65 —0.40 —0.22 n/a’ —0.08 —0.46 +0.01 —0.72 —0.36

S-BimMeH + O* — S-BimMe* + OH* -1.00 —0.38 —0.02 —0.62

S-BimMeH + OH* — S-BimMe* + H,0 —0.70 —0.16 —0.29 —0.87 —0.41

2 Does not exist because it dissociates without barrier as MolH 4+ OH* — Mol* + H,0%*,
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Fig. 16. A simplified skeletal representation of identified adsorption modes of Imd (top row) and MBI and MMBI (bottom row) on Cu and Zn surfaces. The label "Cu
or Zn" indicates that the corresponding adsorption structure was identified on both metal substrates, while the label “O(H)” indicates both O and OH. For mercapto
molecules, S can bond to either a single metal atom or two metal atoms, as indicated in the inset.

MMBI compounds prefer to bond with a single Zn atom for both thiones the N atom forming the N---HO hydrogen bond with the nearby OH*

and thiolates. In contrast, on hydroxylated ZnO(001), the S atom bonds group. To help memorise various adsorption modes of Imd, MBI, and
with two surface Zn ions. Similarly to Cu surfaces, also on Zn surfaces, MMBI molecules on Cu and Zn surfaces, Fig. 16 presents skeletal rep-
two different forms of dissociatively adsorbed S-BimH and S-BimMe can resentations of the molecular adsorption structures described above.

be observed in Fig. 14, i.e., the molecules can adsorb by forming either To systemise a relatively large set of adsorption Gibbs energies of

the S-Zn and N-Zn chemical bonds or only the S-Zn chemical bond, with Tables 6 and 7, Fig. 17 presents them graphically. This figure reveals
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Fig. 17. The aqueous-phase adsorption Gibbs energies (at c = 1 mM and T =
298.15 K) for the studied adsorption modes of imidazole (Imd), 2-mercaptoben-
zimidazole (MBI), and 2-mercapto-1-methylbenzimidazole (MMBI) on the
models of Cu and Zn surfaces, presented in Fig. 2. Here, the adsorption Gibbs
energies of adsorption structures shown in Figs. 12-15 are considered; indi-
vidual adsorption Gibbs energy values are shown by horizontal lines, whereas
the span from the minimum to maximum value of a given molecule on a given
material is shown by rectangular bars.

that the adsorption of MBI and MMBI is more exergonic than that of
imidazole. Broadly speaking, the adsorption Gibbs energies range from
about 0 to —1 eV for MBI and MMBI on Cu and Zn surfaces, suggesting
that these molecules display high adsorption affinity. In contrast, the
adsorption Gibbs energies for imidazole straddle the zero value, sug-
gesting that its adsorption affinity depends on surface details. While the
adsorption Gibbs energies on Cu surfaces range from +0.5 to —0.4 eV,
the corresponding range on Zn surfaces is from +1.0 eV to —0.7 eV.
Therefore, the range of values is much broader on Zn surfaces, where
adsorption also reaches more exergonic values. By cherry-picking these
results, the lack of experimental detection of imidazole on Cu surfaces
and the experimental observation of imidazole on Zn surfaces can be
explained by assuming that under experimental conditions, the chem-
istry of Cu surfaces is compatible with the current models, which give
endergonic adsorption Gibbs energies, and vice versa for the Zn surfaces.

An important insight provided by current calculations is that
adsorption energies strongly depend on the surface model. For a given
molecule on a given metal, the calculated adsorption (Gibbs) energies
can vary within ranges as wide as 1 eV. This observation implies that one
should be careful with the interpretation when adsorption calculations
are performed only on a single surface model due to the surface het-
erogeneity of the samples used in experiments and because their atomic
surface structure is rarely (if ever) known.

4. Conclusions

The action of organic Imd, MBI, and MMBI compounds as corrosion
inhibitors for Cu, Cu-xZn, and Zn samples was studied. The aim of this
work was threefold. In the first part, electrochemical measurements
were conducted in 3 wt% NaCl with and without adding 1 mM Imd,
MBI, and MMBI to determine the long-term corrosion inhibition effi-
ciency and mechanism of inhibition as a function of the type of organic
compound and type of substrate. In the second part, surface analysis of
the samples immersed in NaCl with and without adding Imd, MBI, and
MMBI was carried out to reveal the surface composition, elemental
speciation, and bonding types. In the third part, various adsorption
modes of organic molecules were calculated for different surface models
of Cu and Zn surfaces.

i. Linear polarisation resistance measurements conducted for 100 h
revealed that MBI and MMBI are efficient corrosion inhibitors for
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Cu, Cu-xZn alloys, and Zn, whereas Imd is less efficient. Poten-
tiodynamic polarisation curves confirmed the LPR results
regarding efficiency and provided insight into the mechanisms:
all three compounds acted as mixed inhibitors with a stronger
inhibitory action on the anodic reaction, i.e., Cu and Zn dissolu-
tion. Polarisation curves of the Cu-xZn alloys generally resemble
more Cu than Zn, as reported previously but with increasing Zn
content, the resemblance to the Zn curve became evident. When
adding MBI and MMBI, forming organic inhibitor layers reduced
anodic current density by several orders of magnitude. The layers
formed by adding Imd were less efficient in terms of corrosion
protection, especially for Cu and Cu-10Zn. Imd was fairly effi-
cient on Cu-40Zn and Zn; however, on Zn, the effect faded after a
prolonged immersion of 30 h. In contrast, the degree of inhibition
assured by MBI and MMBI even improved by prolonged
immersion.

i. Based on the FTIR and XPS analyses, it can be stated that the

immersion of Cu, Zn, and Cu-xZn samples results in the formation
of the inhibitor-containing layer at the surface. FTIR can recog-
nise some organic functional groups more readily than XPS, i.e.,
C=N and C—N bonds, phenyl ring, and C=S bond in layers
formed by MBI and MMBI. XPS confirmed the presence of C=N
and C—N and showed that the ratio between these peaks changes
for different inhibitors (predominantly C=N for Imd, and both
C=N and C—N for MBI and MMBI with the prevalence of the
latter in MMBI). The presence of the C—S bond was difficult to
prove by both FTIR and XPS. The formation of the imidazole-
containing layer was ambiguous by FTIR but clear by XPS. It
was further shown by XPS that the imidazole-based layer is more
abundant on Zn and Cu-40Zn than on Cu and Cu-10Zn. This
finding may be related to the increased stability of ZnO at pH 8.3
in the presence of imidazole. In contrast, the layers of mercapto-
based inhibitors seem to be similar regardless of the substrate.
Using DFT calculations, a thorough configurational search of
potential adsorption structures of Imd, MBI, and MMBI molecules
was performed on several different models of copper and zinc
surfaces. An important insight provided by current calculations is
that adsorption energies strongly depend on the surface model.
For a given molecule on a given metal, the calculated adsorption
(Gibbs) energies can vary within ranges as broad as 1 eV. This
observation implies that one should be careful with the inter-
pretation when adsorption calculations are performed only on a
single surface model due to the surface heterogeneity of the
samples used in experiments and because their atomic surface
structure is rarely (if ever) known.

iv. DFT calculations reveal that chemisorbed O atoms and surface

hydroxyls groups promote molecular deprotonation upon
adsorption, particularly for MBI and MMBI, for which deproto-
nated adsorption modes (i.e., thiolates) are more stable than
intact adsorbed thiones. However, in some cases, also intact thi-
ones adsorb strongly. In contrast, for imidazole, the deprotonated
adsorption is either inferior (for Zn) or, at most, comparable in
stability to the intact adsorption (on Cu). While on Cu surfaces,
the C2-deprotonated imidazole is thermodynamically superior to
the N1-deprotonated imidazole and of similar stability as the
intact imidazole, the opposite is true on Zn surfaces (i.e., the
intact imidazole is superior to the deprotonated one, and N1-
deprotonated is more stable than C2-deprotonated).

. The adsorption of MBI and MMBI is, in general, more exergonic

than that of imidazole, with the calculated adsorption Gibbs en-
ergies (at room temperature and 1 mM concentration) ranging
from about 0 to —1 eV, suggesting that these molecules display
high adsorption affinity. In contrast, the values for imidazole
straddle the zero value, implying that its adsorption affinity de-
pends on surface details. The calculated adsorption Gibbs en-
ergies of imidazole can reach more exergonic values on Zn than
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Cu surfaces, which seems in agreement with spectroscopic ex-
periments that detected imidazole on Zn samples, while its
presence on Cu samples was not unambiguous proved.
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