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Metal surfaces are usually either oxidized or at least covered with species such as O and OH under ambient
conditions. We show by DFT calculations that chemisorbed O and OH species promote deprotonation of azole
molecules on copper surfaces, as exemplified herein by imidazole, benzotriazole, and Cu(111). Deprotonation
involves the N-H bond cleavage, although imidazole can also deprotonate via the C-H cleavage. Calculated
deprotonation activation energies are considerably smaller for the cleavage of the N-H bond (0.01 eV for
benzotriazole and about 0.1 eV for imidazole) than for the cleavage of the C-H bond (from 0.6 to 0.9 eV for
imidazole), although the cleavage of C-H bond is thermodynamically preferred for imidazole. Deprotonation
reaction energies do not depend strongly on the coverage of O and OH, and for coverages from 1/16 to
1/4 ML, reaction energies typically alter by about +0.1 eV. The importance of molecular deprotonation
upon adsorption is in higher stability of the resulting adsorption states, which increases the persistence of
chemisorbed molecules. In particular, deprotonated benzotriazole molecules are by about 1 eV more stable
on O/Cu(111) and OH/Cu(111) compared to an adsorbed intact molecule on bare Cu(111). In contrast, for

imidazole, the magnitude of such stabilization is significantly weaker (from 0.3 to 0.7 eV).

1. Introduction

One way to mitigate corrosion is to use organic corrosion inhibitors,
which are substances that effectively reduce the rate of corrosion of
metals and alloys already when used in relatively low concentrations.
It is generally accepted that inhibitors reduce corrosion by adsorbing
to the surface, thus protecting it [1]. It is, therefore, not surprising
that many computational studies, based on density-functional theory
(DFT), addressed the adsorption of corrosion inhibitors. However, most
of them considered bare metal surfaces (e.g., see the recent review [2]).
Obot etal [3] criticized such calculations as naive because metal sur-
faces are probably never clean in real environments; even during
active dissolution, they are likely covered with adsorbed species such
as O, OH, H, and Cl. For this reason, we addressed in our previous
publication [4] how such species (hereinafter labeled as Xads)) affect
the non-dissociative adsorption of imidazole on copper surfaces, where
imidazole was used as an archetypal toy model of azole!' corrosion
inhibitors. We showed that such species could affect the azole-surface
interaction in three ways: (i) via modification of the surface work
function, which affects the molecule-surface bonding. This effect de-
pends linearly on the coverage of X4, and can either stabilize or

destabilize the adsorbed azole molecule. (ii) Chemisorbed species, such
as O and OH, can form stabilizing hydrogen bonds with adsorbed azole
molecules; and (iii) chemisorbed O and Cl enhance the N-Cu bond
between the nearby adsorbed imidazole and the surface. This effect
decreases with decreasing coverage of X ,q), but does not vanish at zero
coverage.

There is at least one further effect of how the X .4, species affect the
adsorption of azole molecules that was not considered in our previous
publication [4] and is therefore considered herein. This effect is the
aftermath of the effect (ii), i.e., once the hydrogen bond between either
O or OH and nearby azole is formed, the adsorbed molecule can be
further stabilized by deprotonation that involves a proton shift from a
molecule to chemisorbed O or OH. To this end, we consider dissociative
adsorption of imidazole and benzotriazole molecules—their skeletal
structures are shown in Fig. 1—on Cu(111) covered with either O,q;
or OH,q)- While imidazole is seldom used as a corrosion inhibitor [5],
it can be seen as an archetypal model of imidazole-based corrosion
inhibitors. In contrast, benzotriazole is an outstanding and widely used
corrosion inhibitor for copper [6]. Although adsorption of imidazole
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Fig. 1. Skeletal structures of imidazole and benzotriazole molecules. The numbering
of atoms and molecular shorthand labels are also indicated.

and benzotriazole on copper surfaces have been widely studied by
DFT methods [7-20], the issues considered herein have not yet been
thoroughly addressed. The choice of these two molecules was moti-
vated by the following consideration. Deprotonation of benzotriazole
involves the cleavage of the N-H bond [21], whereas deprotonation of
adsorbed imidazole can also involve the cleavage of the C-H bond [22].
These two molecules thus cover the two qualitatively different cases:
deprotonation of an azole molecule either at a heteroatom or at a C
atom.

A stabilization of adsorbed inhibitor molecules by O ,q,, and OH,4,
is relevant for corrosion inhibition because, under the premise that
inhibitors reduce corrosion by adsorbing to the surface, they should
adsorb strong enough, or else they would quickly desorb. We thus also
estimate the residence times of adsorbed molecules on Cu(111) and
show that chemisorbed O and OH can stabilize adsorbed benzotriazole
to such an extent that its adsorption can be considered irreversible at
room temperature.

2. Technical details
2.1. Computational method

DFT calculations were performed with Quantum ESPRESSO [23,
24] using the PBE+D” method [25] that consists of the Perdew—
Burke-Ernzerhof (PBE) exchange—correlation functional [26] and a
reparametrized? D2 empirical dispersion correction of Grimme [27].
Kohn-Sham orbitals were described with a plane wave basis set using
a kinetic energy cutoff of 30 Ry (240 Ry for the charge density). Core
electrons were represented by ultrasoft-pseudo potentials [28,29]. The
PWTK scripting environment [30] was used to automate computational
workflows.

Cu(111) was modeled by a periodic multi-slab model consisting
of four (111) layers. The bottom layer was constrained to the bulk
positions compatible with the calculated equilibrium Cu bulk lattice
parameter of 3.65 A. Adsorbates were adsorbed on the top side of the
slab, and a dipole correction of Bengtsson [31] was applied. Brillouin-
zone integrations were performed with the special point technique [32]
using the Methfessel-Paxton smearing [33] of 0.03 Ry and a shifted
4 x 4 x 1 k-point mesh for the (4 x 4)-Cu(111) supercell.

Dissociation activation energies were calculated with the climbing
image nudged elastic band (CI-NEB) method [34,35], where a reaction
pathway is modeled as a minimum energy path (MEP) between a
reactant (initial state, IS) and a product (final state, FS). A transition
state (TS) is the maximum energy configuration on the MEP, and the
activation energy (E*) is calculated as the difference between the TS
and IS energies:

E* = Erg — Egg. M

2 The C, parameter of Cu was reparametrized from the original value
of 375 Ry/Bohr® to the value of 140 Ry/Bohr® [25] as to reduce the
molecule-surface overbinding of the original PBE+D2 method.
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The threshold for the magnitude of the atomic force components in
CI-NEB calculations was set to 50 meV/A.

Calculations presented herein correspond to in-vacuo calculations
unless explicitly stated otherwise. However, some calculations were
also performed with an aqueous solvent described implicitly by the
soft-sphere-continuum-solvation method [36] as implemented in the
Environ plugin [37] for Quantum ESPRESSO. Due to convergence
problems, we could only perform single-point SCF calculations on the
structures relaxed in a vacuum.

Molecular graphics were produced by the xcrysden graphical
package [38]. XY plots were plotted with the Ghuplot program [39],
and post-processing of figures was done in Inkscape [40].

2.2. Definitions of labels

MolH is used as a generic label to indicate a molecule, and the
ImiH and BTAH labels are used as shortcuts for the imidazole and
benzotriazole molecules, respectively. X is used as a generic label to
designate the O and OH species. The Cu(111) surface, covered with
X species, is labeled as X/Cu(111), whereas a molecule adsorbed on
X/Cu(111) is labeled as either MolH @ X/Cu(111) or MolH + X @
Cu(111), depending on the focus.

Mol (note that H is omitted) is used as a generic label to indicate
a deprotonated molecule, whereas the Imi and BTA labels denote
deprotonated imidazole and benzotriazole molecules, respectively.

2.3. Surface coverage

The surface coverage is expressed in monolayer (ML) units, defined
as the inverse of the number of surface Cu atoms per adsorbate. Herein,
we consider only 1/16 ML coverage of MolH, corresponding to one
molecule per (4 x4)-Cu(111) supercell. For X ,q,), coverages from 1/16
to 4/16 ML are considered (i.e., the number of X,4) species per (4x4)—
Cu(111) supercell ranges from one to four). For this reason, the stated
coverage always corresponds to the coverage of X,y unless explicitly
stated otherwise.

2.4. Energy equations

The molecular adsorption binding energy (E,) is calculated as:

Ey, = Envtoiycuiin — (Ecuiiny + Evon)> (2)

where Eyjou/cyi11y 18 the total energy of a molecule/Cu(111) system,
Ecy(111) is the total energy of a bare Cu(111) slab, and Eyqy is the total
energy of an isolated molecule.

To address how X, species affect the molecular non-dissociative
adsorption binding energy, we defined AE, as:

AE, = E| — Ey, 3)

where E, is the molecular binding energy on bare Cu(111), calculated
with Eq. (2), whereas E{) is the molecular binding energy on X/Cu(111),
calculated as:

Ey = Entoi/x/cuiy — (Ex/cunny + Ewiorn) S

where Eyioi/x/cui1n) @nd Ex g1y are total energies of the MolH @
X/Cu(111) co-adsorption system and X/Cu(111), respectively.

A change of energy as a system goes from one state (say, state
A) to another state (state B) is denoted by a generic label AE and is
calculated as:

AE = Ey — E,, (5)

where E, and Ejy are total energies of states A and B, respectively.

Adsorption energies are calculated with respect to an isolated MolH
molecule in a vacuum. Depending on the substrate, adsorption energy
of non-dissociative adsorption is equivalent to either E{) or Ey, i.e.:

Eads = EMolH/surf - (Esurf + EMO]H)’ (6)
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where “surf” stands for either X/Cu(111) or bare Cu(111). For depro-
tonated molecules, adsorption energy is calculated as:

i
E = Enotsty/surf — (Egurt + Entol)s @)

ads

where Eyor4m/surt 1S the total energy of an adsorption system with H
and deprotonated Mol coadsorbed on the surface; the superscript “diss”
in ES indicates “dissociative” adsorption.

3. Results and discussion

X(ads) SPecies do not only affect the non-dissociative adsorption of
azole molecules, as demonstrated in our previous publication [4], but in
some cases also promote a bond-breaking, such as molecular deprotona-
tion, leading to further stabilization of adsorbed molecules [22,41,42].
Here we consider the following two molecular deprotonation reactions:

MolH ,45) + Oags) = Mol(yq5) + OH ) ®
and
MOIH(ads) + OH(ads) - MOl(ads) + HZO(ads)' (9)

Note that O,y and OH .y reactants are consumed in these two reac-
tions. For this reason, from now on, the coverage of O,4;) and OH,4, al-
ways corresponds to the coverage of reactant O, and OH,q). The cor-
responding deprotonation reaction energies (AEqe,q,) are calculated
as:

AEdeproto = EFS - EIS’ 10)

where E;g and Egg stand for total energies of initial (reactants) and
final (products) states in reaction (8) or (9).

The total stabilization of molecular adsorption (AE
X(ads) is given by the sum of AEy, and AEgqpor0, i€

tot
stab

) induced by

AE;J::b =AE, + AEdeproto’ an

where AE, corresponds to the X, induced enhancement of the MolH
adsorption bonding and AEye,, to the additional stabilization due to
a deprotonation reaction.

3.1. Dissociative adsorption on bare Cu(111)

To better appreciate the role of Oy, and OH,, in molecular
deprotonation reactions on copper surfaces, let us first consider disso-
ciation reactions involving the Mol-H cleavage on bare Cu(111), i.e.:

MolH,g5) = Mol(yqq) + Hggy)- (12)

However, on bare Cu(111) this reaction would be more appropri-
ately referred to as H-abstraction rather than deprotonation because
H adsorbed to bare Cu(111) is negatively charged (its Bader charge
is —0.32 [4]), hence it is hydride- and not proton-like. Also on Cu,0O
surfaces, H is negatively charged if adsorbed to Cu ions, but it is
proton-like if adsorbed to O ions [42].

Fig. 2 presents the PBE+D” calculated H-abstraction reaction ener-
gies for BTAH and ImiH adsorbed on bare Cu(111) along with the corre-
sponding initial- and final-state structures (these calculations were per-
formed with one molecule per (4 x4)-Cu(111) supercell). H-abstraction
of BTAH involves the N1-H bond cleavage, and the reaction energy
is slightly exothermic, AE = -0.18 eV at 1/16 ML,> whereas the
activation barrier was calculated in our older study [21] to be about

3 This value of AE is more exothermic than the value of about +0.1 eV
reported in our older study [21]. The reason is that in the older study, the
value corresponds to BTA and H co-adsorbed to adjacent nearest-neighbor sites
where they experience some lateral repulsion.
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H+ BTANY
N1-H cleaved

ImiH H + Imi©?

C2-H cleaved

AE = +0.58 eV

N1-H cleaved
(parallel)

H + Imi®

H + Imi™" parallel

Fig. 2. H-abstractions from BTAH (top) and ImiH (middle and bottom) adsorbed on
bare (4 x 4)-Cu(111). The PBE+D”-calculated reaction energies (AE) are given. The
superscript in the BTANY label indicates that H-abstraction involved the cleavage of the
N1-H bond and analogously for the Imi™" and Imi“ labels. Note that for imidazole,
the cleavage of the C2-H bond is superior to the N1-H bond cleavage.

1 eV. In contrast to BTAH, the N1-H bond cleavage of imidazole was
calculated to be significantly endothermic, both on Cu(111) [43] and
Cu,O surfaces [42]. According to the current PBE+D” results (Fig. 2),
the reaction energy for the N1-H bond cleavage of adsorbed ImiH is
+0.92 eV for perpendicular and +0.58 eV for parallel adsorbed Imi.
The inferiority of the imidazole N1-H cleavage can be attributed to
its molecular geometry because it has the two N atoms on opposite
sides of the molecule and a “deprotonated” molecule needs to form at
least two strong molecule-surface bonds to compensate for the broken
N-H bond [22,42-44]. The other, more stable alternative is parallel
adsorption of imidazole, where both N atoms bond to the surface, but
these two N-Cu bonds are strained. Hence even in this case, the N1-H
cleavage of imidazole is considerably inferior to that of BTAH.

Although it seems chemically intuitive that deprotonation of imi-
dazole should proceed via the cleavage of the N1-H bond, we found
in the previous publication [22] that on Cu,O surfaces (and also on
Fe(100) [45]), the cleavage of the C2-H bond is instead thermo-
dynamically preferred. Current results (Fig. 2) also show this to be
the case on bare Cu(111), where the reaction energy of +0.2 eV is
substantially smaller (less endothermic) than for the cleavage of the
N1-H bond. In the following subsection, we show that the C2-H bond
cleavage of imidazole is thermodynamically preferred over the N1-H
bond cleavage also on O/Cu(111) and OH/Cu(111).
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Fig. 3. C2-H and N1-H bond cleavages of ImiH on (4 X 4-X/Cu(111), X = O (left) and OH (right). The smaller top-view snapshots on the left in (a,b) show the most stable
identified ImiH adsorption structures (labeled as “stablest”), whereas the perspective side-view snapshots in (a,b) show the structures used in the NEB bond-cleavage calculations.
The relative stability among the shown structures is indicated by AE. The C2-H bond cleavage is preferred over the N1-H one by 0.26 and 0.09 eV on O/Cu(111) and OH/Cu(111),
respectively. The proton (H atom) that reacts is highlighted in yellow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)

BTAH ags) + Oads) — BTA(ags) ¥ OHags),  AEqeproto = ~0.37 eV

AE,=-0.65¢eV

|

initial state transition state final state

BTAH (ags) + OHagsy = BTA(aas) + H2Oads),  AEdeproto = —0.42 €V

AE, =

(

initial state transition state final state

Fig. 4. Deprotonation of BTAH on Cu(111) induced by O, (top row) and OH,, (bottom row) at 1/16 ML. From left to right: BTAH adsorbed on Cu(111), BTAH adsorbed near
O,s) and OH,y, thereon (labeled as the initial state), transition state of deprotonation, and deprotonated BTA (final state). PBE+D” calculated characteristic energies and bond
lengths are also stated, i.e., AE, = X, induced stabilization of BTAH; AE,.,,, = deprotonation reaction energy; E* = deprotonation activation energy.
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stablest OH + ImiH

initial state

transition state

final state

IMiHags) + OH(ags) — 1Migagsy + HaO(aas)

Fig. 5. Similar to Fig. 4, but for the C2-H bond cleavage of imidazole. On the far left, ImiH on Cu(111) and the most stable identified ImiH structures on O/Cu(111) [top] and
OH/Cu(111) [bottom] are shown, followed by (from left to right) the reaction initial-, transition-, and final-state structures. Two reaction paths are considered for the O, induced
deprotonation of ImiH. The upper reaction path results in OH adsorbed onto an fcc-hollow site, whereas in the lower reaction path, the final state consists of OH adsorbed to a
bridge site and an N1H---O hydrogen bond between deprotonated imidazole and OH. The latter final state is marginally more stable than the former, by 0.06 eV, but the former
reaction path displays a significantly smaller deprotonation barrier (0.63 eV) compared to the latter one (0.89 eV).

3.2. N1-H vs. C2-H bond cleavage of imidazole on X/Cu(111)

Fig. 3 presents the PBE+D” calculated reaction energies for the
N1-H and C2-H bond-cleavage reactions on (4 x 4)-0/Cu(111) and
(4x4)-OH/Cu(111). Here, the reaction energies are considerably more
favorable than on bare Cu(111). In contrast to Cu(111), C2-H bond-
cleavage reaction is exothermic on both surfaces, whereas the N1-H
cleavage is marginally exothermic only on OH/Cu(111). The C2-H
bond cleavage is thermodynamically preferred over the N1-H cleavage
by 0.26 and 0.09 eV on O/Cu(111) and OH/Cu(111), respectively.

We should comment that the most stable identified adsorption struc-
tures of ImiH on O/Cu(111) and OH/Cu(111)—shown on the far left in
Figs. 3a and 3b—are usually not directly used in the NEB bond-cleavage
calculations. In such cases, the reaction consists of two elementary
steps: rearrangement of ImiH to an adequately oriented structure fol-
lowed by the actual bond-cleavage step.* On (4 X 4)-0/Cu(111), the

4 With respect to the adsorption site designation used in our previous
publication [4], the most stable ImiH structures are adsorbed onto the blue site
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IMiH age) + Ofags) = IMiags) + OHags)

AE =-0.12 eV

oICu(111)

initial state transition state final state

IMiH ags) + O(ads) = IMicads) + OHaas) AE =-0.03 eV

OHICu(111)

final state

transition state

initial state

Fig. 6. The N1-H bond-cleavage reactions of imidazole on O/Cu(111) [top row] and
OH/Cu(111) [bottom row]. PBE+D” calculated activation energies, reaction energies,
and H-bond lengths are also stated (note that the shown initial-state ImiH structure
on O/Cu(111) is by 0.18 eV less stable than the stablest ImiH structure, see Fig. 3).
The proton (H atom) that reacts is highlighted in yellow. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

most stable identified ImiH structure is by 0.03 eV and 0.18 eV more
stable than those used for the C2-H and N1-H cleavage reactions,
respectively, whereas on (4 x 4)-OH/Cu(111), these differences are
0.06 eV and 0.00 eV, respectively. Hence, on OH/Cu(111), the tilted
ImiH structure used for the N1-H cleavage reaction is as stable as the
structure labeled the “stablest” in Fig. 3b. The high stability of the
tilted structure is due to the H-bond with the nearby OH group, i.e., the
N1H---O bond.

For the sake of completeness, both the C2-H and N1-H bond-
cleavage reactions of imidazole are considered in more detail in the
following subsection.

3.3. Deprotonations on X/Cu(111) at low 1/16 ML coverage

Calculated activation and reaction energies along with the initial,
transition, and final-state structures for deprotonation reactions (8) and
(9) on X/Cu(111) are shown in Fig. 4 for BTAH and in Figs. 5 (C2-H
bond cleavage) and 6 (N1-H bond cleavage) for ImiH. The reactions
were modeled at a molecular coverage of 1/16 ML using the (4 x 4)-
MolH @ X/Cu(111) systems, i.e., the (4 x 4) supercell contained one X
species and one MolH molecule.

3.3.1. N1-H bond cleavage of benzotriazole

Fig. 4 reveals that at 1/16 ML coverage, O ,q,, and OH,, stabilize
an intact adsorbed BTAH by 0.65 and 0.27 eV, respectively, which
can be attributed to the three effects explained in the introduction.
BTAH,4 forms a strong NH---O hydrogen bond with O,y and OH,qy)-.
The strength of this hydrogen bond is estimated to be about 0.3 +
0.1 eV [46]. Therefore, the formed hydrogen bond almost entirely ex-
plains the OH,q;) induced stabilization of adsorbed BTAH. In contrast,
O(ags) also enhances the N-Cu bond between the nearby adsorbed azole
and the surface [4], which is why the O induced stabilization of

and those used herein for the C2-H bond-cleavage reaction onto the yellow
site.
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intact adsorbed BTAH (AE;, = —0.65 V) is much stronger than the one
induced by OH 4 (AE, = —0.27 V).

Adsorbed BTAH can further stabilize by about 0.4 eV by proton
transfer from its N1 atom to either O, or OH . The calculated
reaction energies of deprotonation reactions (8) and (9) at 1/16 ML
are —0.37 and —0.42 eV, respectively. The results of Fig. 4 reveal that
deprotonation of BTAH,4, is not only thermodynamically favorable
but also kinetically fast because the calculated activation energies are
exceedingly small, being only 0.02 and 0.01 eV for reactions (8) and
(9), respectively. These results are consistent with experimental studies
that reported deprotonation of pyrazole [47] and triazole [48] on
0O/Cu(100) at low temperatures. The results are also compatible with
the previous computational study [42] that reported exceedingly small
or even vanishing activation energies for deprotonation of triazole
and tetrazole on Cu,O surfaces near oxygen vacancies (the role of
oxygen vacancy is to allow deprotonated azole to form several N-Cu
bonds). O,q, and OH,, thus promote deprotonation of BTAH both
thermodynamically and kinetically (for comparison, on clean Cu(111),
the reaction energy is —0.18 eV (Fig. 2) and activation energy is about
1 eV [21]).

The total stabilization (AE;f;b) of adsorbed benzotriazole induced
by Ogqs) and OH g, at 1/16 ML is —1.02 and —0.69 eV, respectively
(cf. Fig. 4). Although these values depend on the X4 coverage, as
shown in the next subsection, they are sizable enough to conclude
that both O,y and OH,;, significantly stabilize adsorbed benzotria-
zole and induce its deprotonation, resulting in BTA,4 on the copper
surface.

3.3.2. C2-H bond cleavage of imidazole

Fig. 5 reveals that the calculated activation energies for the C2-
H bond cleavage of imidazole are sizable (from 0.6 to 0.9 eV), and
the corresponding reaction energies are less exothermic (AEgepo0 2
—0.2 eV) than for benzotriazole (AEyq, ~ —0.4 eV). Furthermore,
ImiH g is stabilized considerably less than BTAHq, by O and
OH,q), because the formed CH:--O hydrogen bond between imidazole
and X,q,) is considerably weaker than the NH---O hydrogen bond [46]
between BTAHq, and X4,. These aspects contribute to the out-
come that O, and OH g, stabilize imidazole considerably less than
benzotriazole. In particular at 1/16 ML coverage of X,qs), the total sta-
bilization (AE!, ) of adsorbed imidazole induced by O,q,) and OH,,q, is
—0.46 and —0.11 eV, respectively, whereas the corresponding values for
benzotriazole are —1.02 and —0.69 eV. All these values can be deduced
from Figs. 4 and 5.

For the C2-H bond-cleavage reaction on OH/Cu(111), two different
reaction paths are presented in Fig. 5. They both involve the same
initial state. The upper shown reaction path results in the final state
with OH adsorbed into an fcc-hollow site (OH;..). In contrast, the lower
shown reaction path results in OH adsorbed to a bridge site (OH,,)
that forms an O---HN1 hydrogen bond with deprotonated imidazole.
Although the final state with OH;, (upper reaction path) is marginally
less stable (by 0.06 eV) than the final state with OH,, (lower reaction
path), its deprotonation activation barrier of 0.63 eV is significantly
lower than the activation energy of 0.89 eV for the reaction path
leading to OH,,. As for the second imidazole deprotonation reaction,
ImiH,q5) + OH(pqs) — Imi,g5) + HyO(nqs), the calculated activation energy
is 0.89 eV. Although the deprotonation barriers of 0.63 and 0.89 eV
are sizable, they can be overcome at room temperature.” These two
activation energies are smaller than the barrier of 1.1 eV reported

5 A typical time scale (r) of an elementary reaction event can be estimated
from the inverted Arrhenius equation, 7 = v~'exp(E*/kT), where v is the
frequency prefactor and k is the Boltzmann constant. According to transition
state theory, a typical value of v is 10> s71. At room temperature, this value of
v gives 7 of about 4 ms and 100 s for reactions with E* of 0.63 and 0.89 eV,
respectively.
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Fig. 7. Dependence of the BTAH (left) and ImiH (right) deprotonation reaction energies (AEy,,) on the coverage of X, reactant. Beware of the different energy scales for
BTAH and ImiH. Blue squares correspond to reactions with OH,,, and red circles to reactions with O,. Curves are drawn to guide the eye. Different lateral configurations of
adsorbates were considered, and the solid data points refer to the most stable identified reactant and product configurations at each coverage. In contrast, open points correspond
to other less stable reactant and product configurations. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

for the C2-H bond cleavage of imidazole on Cu,0(111) near oxygen
vacancy [22]. Sizable activation energies for the cleavage of the C-H
bond are compatible with the experimental study [47] that reported the
C-H bond cleavage of pyrazole on O/Cu(100) at elevated temperatures.

3.3.3. N1-H bond cleavage of imidazole

Although the N1-H bond cleavage of adsorbed imidazole is ther-
modynamically inferior to the C2-H bond cleavage (see Fig. 3), the
calculations reveal that, kinetically, the N1-H bond cleavage is much
easier with the activation energies of only about 0.1 eV on both
0O/Cu(111) and OH/Cu(111) (Fig. 6). It is worth noting from Fig. 6 that
during the N1-H bond cleavage, the position of the imidazole molecule
is relatively intact; it is only the proton that shifts from N1 to O, or
OH(ads)'

With respect to the ImiH initial-state structures of Fig. 6, the N1-
H bond-cleavage reactions are slightly exothermic on both surfaces.
However, on O/Cu(111), the shown tilted ImiH initial-state structure
is by 0.18 eV less stable than the stablest ImiH structure (see Fig. 3).
In contrast, on OH/Cu(111) the tilted ImiH initial-state structure is
as stable as the stablest perpendicular ImiH structure. Hence, with
respect to the most stable ImiH structure, the N1-H bond cleavage is
endothermic by 0.06 eV on O/Cu(111) and exothermic by 0.03 eV on
OH/Cu(111).

3.4. Role of the X ,q45) coverage

The above results refer to the X4, coverage of 1/16 ML, corre-
sponding to the (4 x 4)-Cu(111) supercell containing one X species
and one MolH molecule. To shed some light on how the coverage of
Xds) affects the deprotonation reaction energies, we considered the
X(ads) COVerages from 1/16 to 1/4 ML. To this end, calculations were
performed with the (4 x 4)-Cu(111) supercell containing one MolH
molecule and n X species with n ranging from 1 to 4. The corresponding
deprotonation reactions can be written as:

MolH 45) + 1O(y45) = Molgq) + OHyqg) + (n = 1)O g5 (13)
and
MolH 45y + nOH 45y = Mol 45y + HyOaqs) + (n — 1DOH 45 (14)

To make results more reliable, we performed a configurational
search and calculated 98 different lateral configurations (their snap-
shots are shown in Figs. S1-S8 in the Supplementary material). For
imidazole, only the thermodynamically favored C2-H bond cleavage

was considered. The corresponding PBE+D” calculated A Egp,, results
are shown in Fig. 7. The solid points refer to reactions involving the
most stable identified reactant and product configurations at each X4,
coverage (the respective snapshots are shown in Figs. S9-S12 in the
Supplementary material). In contrast, open points correspond to other
less stable reactant and product configurations.

Fig. 7 shows that all calculated deprotonation reaction energies
are exothermic and do not show a strong dependence on the Xq;
coverage. Referring to the most stable configurations (solid points), the
largest difference between AEg,, at low and high X coverage
appears for BTAH on OH-covered surface, where the value at 4/16 ML
is more exothermic by 0.15 eV compared to low 1/16 ML coverage.
The trends can be summarized as follows (referring again to the most
stable points):

1. The BTAH,45) + Oy reaction: AEg,, monotonically in-
creases (becomes more endothermic) with the O, coverage,
but the increase is only 0.12 eV at the highest coverage.

2. The BTAH 4, + OH,4;) reaction: reaction energies become more
exothermic as the OH,,4,) coverage increases (except at 2/16 ML)
such that at the highest coverage, the reaction is more exother-
mic by 0.15 eV compared to the low 1/16 ML coverage.

3. The ImiH 45 + Oy reaction: AEye,.q, i rather insensitive to
the Oq, coverage because all the values are within [-0.26,
—0.20] eV.

4. The ImiHq, + OHq reaction: AEq,, decreases by about
0.1 eV (becomes more exothermic) from 1/16 to 3/16 ML and
then increases.

Based on these results (Fig. 7), we can thus conclude that the depro-
tonation reactions are favorable at least up to the 4/16 ML coverage
of X(,4s). Furthermore, based on the observation that deprotonation
reaction energies do not show a strong dependence on the X4, cover-
age, we can also anticipate that activation energies should not depend
strongly on the X, coverage. This reasoning is supported by a thor-
ough study [49], which shows that dissociation reactions obey the
Bronsted-Evans-Polanyi linear relation between activation (E*) and
reaction (AE) energies, E* = a+ bAE. For the X-H cleavage reactions,
the b factor is close to one [49], implying that AE and E* vary
similarly.

To conjecture what would happen at even higher X, coverage
than currently considered, it is worth observing that deprotonated
molecules bond to more surface Cu atoms than intact molecules (intact
ImiH and BTAH on X/Cu(111) bond to a single surface Cu atom,
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whereas deprotonated molecules bond to two or three Cu atoms). We
can therefore anticipate that if the coverage of X4, would become so
high that nearly all adsorption sites are occupied, then deprotonation
could remain feasible at X4, vacancies (i.e., surface patches with
unoccupied surface sites), as confirmed for deprotonation of triazole
and tetrazole at oxygen vacancies on Cu,O0(111) [42].

Let us also quantify the total stabilization of molecular adsorption
induced by Xy, AEY, of Eq. (11). AEY is the sum of the AE,
and AEg,q, contributions, corresponding to the X4 induced en-
hancement of the MolH adsorption bonding (the AE, term) and the
additional stabilization due to a deprotonation reaction (A Egeproro)- TO
this end, we will analyze only the most stable cases corresponding to
the solid data points in Fig. 7. The corresponding PBE+D” calculated
results are shown in Fig. 8 for all four considered combinations (MolH
= BTAH or ImiH; X = O or OH). It should be noted that the AE,
values were calculated for compatible MolH + nX @ Cu(111) and nX @
Cu(111) structures, where compatibility was achieved by removing the
molecule from MolH + nX @ Cu(111) and relaxing the so obtained nX
@ Cu(111) structure; the corresponding bare nX @ Cu(111), reactant
MolH + nX @ Cu(111), and product Mol + XH + (n—1)X @ Cu(111)
structures are shown in Figs. S$9-S12 in the Supplementary material.

We first discuss the stabilization induced by O (left column
of Fig. 8). In addition to exothermic AEgy, discussed above, the
AE, values are also exothermic. For BTAH, the total O, induced

stabilization, AEY , is about —1 eV for the O coverages up to

3/16 ML, whereas at 4/16 ML, the stabilization is slightly weaker,
—0.94 eV. For ImiH, the total O, induced stabilization is weaker than
for BTAH and ranges from about —0.5 eV at 1/16 ML to about —0.7 eV
at 4/16 ML.

As for the OH,q4, induced stabilization (right column of Fig. 8),
AE, tends to become more exothermic as the OH,y,) coverage increases
(with some oscillation at 3/16 ML), such that at the high 4/16 ML cov-
erage AE, is by about 0.25 eV more exothermic than at low 1/16 ML
coverage. For BTAH, the total OH, induced stabilization, AEY
strengthens with coverage and reaches about —1.1 eV at 4/16 ML. For
ImiH, the total OH,q,, induced stabilization is considerably weaker than
for BTAH, being about —0.1 eV at low 1/6 ML and about —0.3 eV at

higher coverages.

The finding that the AE values are considerably less exothermic
for ImiH than for BTAH can be explained by observing that deprotona-
tion of BTAH involves the cleavage of the N-H bond, whereas for ImiH
the C-H bond is cleaved. The latter bond is more difficult to cleave
because the corresponding activation energies are sizable (Fig. 5). In
contrast, the activation energies for the cleavage of the N-H bonds are
considerably smaller, i.e., vanishing for BTAH (Fig. 4) and about 0.1 eV
for ImiH (Fig. 6). However, the N1-H deprotonated imidazole forms
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Table 1

PBE+D" calculated adsorption energies of non-dissociative and dissociative adsorption
of BTAH and ImiH on bare Cu(111), O/Cu(111), and OH/Cu(111). Calculations were
performed at a molecular coverage of 1/16 ML using the (4 x 4)-Cu(111) supercell.
Oy stands for the surface coverage of O, or OH . AE, is the difference between
a given non-dissociative E,; on X/Cu(111) and that on bare Cu(111), whereas AE}::h

is the difference between a given dissociative E;‘(‘I‘: on X/Cu(111) and non-dissociative

E,y on bare Cu(111).
Surface Oy  Adsorption E,  AE, Adsorption EY  AE!
(ML) mode (eV) (eV) mode V) (eV)
non-dissociative disociative
BTAH H + BTA®NY
Cu(111) 0 -0.74 / -0.92 -0.18
O/Cu(111) 1/16 -1.37 -0.64 -1.74 -1.00
2/16 -1.45 -0.72 -1.77 -1.03
3/16 -1.46 -0.72 -1.75 -1.01
4/16 -1.43 -0.69 -1.68 -0.94
OH/Cu(111) 1/16 -1.01 -0.27 -1.42 -0.68
2/16 -1.29 -0.55 -1.66 -0.92
3/16 -1.17 -0.43 -1.68 -0.94
4/16 -1.26 -0.52 -1.82 -1.08
non-dissociative disociative
ImiH H + Imi®
Cu(111) 0 -0.83 / -0.63 +0.20
0/Cu(111) 1/16 -1.09 -0.26 -1.29 -0.46
2/16 -1.21 -0.38 -1.47 -0.64
3/16 -1.28 -0.45 -1.49 -0.66
4/16 -1.31 -0.48 -1.55 -0.72
OH/Cu(111) 1/16 -0.82 +0.01 -0.94 -0.11
2/16 -0.94 -0.11 -1.12 -0.29
3/16 -0.93 -0.10 -1.17 -0.34
4/16 -1.05 -0.22 -1.14 -0.31

only one N-Cu bond,® whereas the C2-H deprotonated imidazole forms
N-Cu and C-Cu bonds and is, therefore, more stable despite its much
higher activation energy.

3.5. Adsorption energies and persistence of molecules on surfaces

So far, the focus of the discussion was on the Oy, and OH,q
induced stabilization of molecular adsorption via the AEy, and AE o0
contributions. To complete the discussion, we now discuss the adsorp-
tion energies presented in Table 1. On bare Cu(111) at molecular
coverage of 1/16 ML, the PBE+D” calculated non-dissociative ad-
sorption energies of BTAH and ImiH are —0.74 eV and -0.83 eV,
respectively. It is worth commenting that the adsorption energies of
azoles depend on the coverage due to long-ranged lateral intermolecu-
lar interactions, which result from sizable permanent dipole moments
of azole molecules [50-52].

For BTAH, the O, and OH,,,, induced AE'", stabilization reaches
the value of about —1.0 to —1.1 eV, hence the corresponding dissociative
adsorption energies are sizable, around —1.7 to —1.8 eV. Such a strong
enhancement of adsorption energy has important consequences because
it exponentially increases a molecular residence time on a surface. A
typical residence time (r) can be estimated from the inverted Arrhenius
equation, 7 = v~! exp(Eg4.,/kT), where v is the frequency prefactor, Eq
is the desorption energy, and k is the Boltzmann constant. By assuming
that desorption energy is given by the magnitude of adsorption energy
and using the value of v = 10'% s~! for the frequency prefactor of
desorption [53-55], a typical residence time of BTAH on Cu(111)
(E,4 = —0.74 eV) and X/Cu(111) (E;'jizs ~ —1.7 eV) at room temperature

¢ Imidazole has two N atoms on the opposite side of the molecule and
can form either one strong N-Cu bond or two strained N-Cu bonds with the
surface.
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Table 2

Comparison between the in-vacuo and approximate aqueous-phase activation (E*)
and reaction (AE,,) energies for BTAH and ImiH deprotonation on O/Cu(111)
and OH/Cu(111); aqueous-phase values are written in parentheses. Calculations were
performed at a molecular coverage of 1/16 ML using the (4 x 4)-X/Cu(111) supercell.
Both N1-H and C2-H bond cleavages are considered for imidazole.

Reaction E* (eV) AEgeproro (€V)
vacuum (aqueous) vacuum (aqueous)
BTAH 9+ Opuay— BTAqgy+ OHgy 0.02 (0.01) —0.37 (<0.28)
BTAH 4+ OH(,4— BTA 49+ Hy04 0.01 (0.01) —0.42 (-0.38)
[miH(dds) + O(ads, — lmi(mm + OH(ads)
N1-H bond cleavage 0.11 (0.14) +0.06 (+0.23)
C2-H bond cleavage 0.63 (0.73) —0.20 (+0.04)
ImiH 4 + OHggy) — Imiggg + HyOfpq)
N1-H bond cleavage 0.10 (0.08) —0.03 (+0.09)
C2-H bond cleavage 0.89 (0.88) -0.12 (+0.02)

is estimated to 0.3 millisecond and about 200,000 years, respectively.
BTAH thus quickly desorbs from bare Cu(111), whereas on O/Cu(111)
and OH/Cu(111), its dissociative adsorption appears irreversible for the
human perception of time.

For ImiH, the strongest dissociative adsorption energies are about
—1.5and —1.2 eV on O/Cu(111) and OH/Cu(111), respectively. But for
ImiH, the activation barriers for the C2-H bond cleavage are sizable on
X/Cu(111), from 0.63 to 0.89 eV (Fig. 5). The analysis of the adsorp-
tion and activation energies reveals that adsorption energies of ImiH
on O/Cu(111) are strong enough to make deprotonation kinetically
preferred over desorption. In contrast, on OH/Cu(111), it is usually the
opposite.” For this reason, the analysis of molecular residence times for
both non-dissociative and dissociative adsorption is relevant for ImiH.
At room temperature, a typical residence time of non-dissociatively
adsorbed ImiH on Cu(111) is about 10 milliseconds. On O/Cu(111), it
is about 10 days (for the strongest calculated E, 4 of —1.3 eV), and on
OH/Cu(111), it is about 1 minute (for the strongest E,;, of —1.05 eV).
For dissociative adsorption of ImiH on O/Cu(111), the estimated typical
residence times at room temperature range from about 10 days (for the
weakest EZ of —1.3 eV) to about 500 years (for the strongest ESS of
—1.55 eV).

It should be noted that the above surface residence times for de-
protonated molecules were estimated by assuming a recombinative
two-step desorption. The first step in this two-step desorption is proto-
nation of Mol and the second step is desorption of MolH. For both
steps, a frequency prefactor of 10¢ s~1 was assumed.

3.6. Effect of aqueous solvent on adsorption and deprotonation

All the calculations presented above were performed at the solid/
vacuum interface, although the solid/water interface is relevant in the
context of corrosion. For this reason, we also tried to estimate the effect
of the aqueous solvent on adsorption, activation, and reaction ener-
gies using the implicit soft-sphere-continuum-solvation method [36]
as implemented in the Environ plugin [37] for Quantum ESPRESSO.

7 Note that the pre-exponential factors v are 1 to 3 orders of magnitude
higher for desorption than dissociation; we assumed the values of v =
10'% and 10" s~ for desorption and deprotonation, respectively (note that
with this assumption, a possible proton tunneling during deprotonation is
neglected). A difference of three orders of magnitude in v corresponds to the
following difference in activation energy (AE*) between the two processes:
AE* = 3kT In 10, which equals 0.18 eV at room temperature. Non-dissociative
adsorption energies of ImiH on O/Cu(111) range from —1.1 to —1.3 eV, whereas
deprotonation activation energies range from 0.6 to 0.9 eV. Deprotonation is
thus kinetically preferred even for the “worst” case combination of the two
energies. The situation is different for OH/Cu(111), where non-dissociative
adsorption energies of ImiH range from —0.8 to —1.1 eV and deprotonation
activation energy is 0.9 eV. Hence, in this case, deprotonation is usually
kinetically inferior to desorption.
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Table 3

Average adsorption energies of BTAH and ImiH on OH/Cu(111), O/Cu(111), Cu(111) as obtained with in-vacuo and approximate aqueous-phase calculations; aqueous-phase values
are written in parentheses. Differences between aqueous-phase and in-vacuo average adsorption energies are also reported, i.e., A(E,) = (E,(aqueous)) — (E, 4 (vacuum)) and
A(E;‘j‘f) is defined likewise. Average adsorption energies are calculated as (E, ) = i(E:d/ *y Ei{ 0 +Efd/ oy Efd/ 6), where E,, stands for either E,4 or Ei;:‘ and the superscript n/16
indicates that E,, corresponds to the X, coverage of n/16 ML. For bare Cu(111), the reported values correspond to adsorption energies at a molecular coverage of 1/16 ML.

Surface Adsorption mode (Eys) (V) A(E,) (eV) Adsorption mode (Ef"j‘:) (eV) A(Efé:‘) (eV)
vacuum (aqueous) vacuum (aqueous)
non-dissociative BTAH disociative H + BTA®ND
Cu(111) —0.74% (-0.38%) 0.36 —0.92% (-0.61*) 0.31
0/Cu(111) -1.43 (-0.85) 0.58 -1.74 (-1.06) 0.68
OH/Cu(111) -1.18 (-0.78) 0.40 -1.64 (—1.20) 0.44
non-dissociative ImiH disociative H + Imi“?
Cu(111) —0.83% (-0.53%) 0.30 —0.63% (-0.13%) 0.50
0O/Cu(111) -1.22 (-0.70) 0.52 -1.45 (—0.65) 0.80
OH/Cu(111) —-0.94 (—0.65) 0.29 -1.09 (—=0.67) 0.42

aCorresponds to the adsorption energy at a molecular coverage of 1/16 ML.

Due to convergence problems, we could only perform single-point imidazole’s N-H cleavage can be attributed to its molecular structure
SCF calculations of the structures relaxed in a vacuum. Hence, the with the two N atoms on opposite sides of the molecule.

corresponding results should be taken cautiously and serve only as an Current findings can be generalized to other azole molecules by
indication. conjecturing that, on copper surfaces, deprotonations involving the

As for deprotonation reactions, a comparison with the in-vacuo
results (Table 2) reveals that the presence of the implicit aqueous
solvent only weakly affects the activation barriers. The most significant
difference occurs for the ImiH g, + Oq5) — Imi(ygs) + OH ) T€ACtON,
where the activation energy is 0.1 eV higher than in a vacuum. In
contrast, the reaction energies are affected more significantly, and
the current results indicate that the presence of an aqueous solvent
makes deprotonations of adsorbed molecules less exothermic by 0.1
to 0.2 eV. Consequently, deprotonation of imidazole becomes weakly

heteroatom-H bond cleavage display much smaller activation barriers
than deprotonations involving the C-H bond cleavage. Indeed, small
(or even vanishing) activation energies were also observed for the N—
H bond cleavage of triazole, tetrazole, and mercaptobenzimidazole on
oxidized copper surfaces [42,56] and for the S-H bond cleavage of
mercaptobenzimidazole on Cu(111) [57,58].

The X, induced total stabilization (AE;, + AEgey,) is stronger
for BTAH than for ImiH. It reaches the magnitude of about 1 eV for

endothermic at the solid/water interface, but the imidazole’s C2-H benzotriazole on X/Cu(111) and about 0.7 eV and 0.3 eV for imidazole
bond cleavage remains thermodynamically superior to the N1-H bond on O/Cu(111) and OH/Cu(111), respectively. The increased energy
cleavage. stability of adsorbed molecules exponentially increases their persistence
The aqueous solvent also diminishes the adsorption energy magni- on surfaces. This observation is relevant in the context of corrosion
tudes, which is reasonable because, during adsorption, both a molecule inhibition because inhibitor molecules must persist on the surface to
and a surface around the adsorption site must partially desolvate. This inhibit corrosion. For BTAH, dissociative adsorption energies reach the
trend is evident from Table S1 in the Supplementary material, which is value of about —1.8 eV on O/Cu(111) and OH/Cu(111), which is a value
an extended version of Table 1 with both in-vacuo and aqueous-phase strong enough to make the adsorption of BTAH irreversible (within the
adsorption energies reported. To facilitate the comprehension of these human time-frame) at room temperature.
extensive data, the values were averaged over the Xy coverages, and A critique of the presented results is that calculations were per-

the corresponding average adsorption energies are reported in Table 3.
This table reveals that the aqueous solvent significantly diminishes the
adsorption energy magnitudes, from 0.3 to 0.6 eV for non-dissociative
adsorption and from 0.3 to 0.8 eV for dissociative adsorption. Conse-
quently, the strongest calculated adsorption energy at the solid/water
interface is about —1.2 eV for BTAH and about —0.7 eV for ImiH.

formed at the solid/vacuum interface, while the solid/water interface
is relevant in the context of corrosion. Hence, by using an implicit
solvent method, we also roughly estimated the effect of water solvent
on molecular adsorption and subsequent deprotonation. These calcula-
tions revealed that the aqueous solvent weakly affects the activation
barriers for the deprotonation of adsorbed molecules (typically a few
tens of meV), whereas the deprotonation reaction energies become
less exothermic by up to about 0.2 eV. In contrast, adsorption energy

With DFT calculations, we scrutinized how chemisorbed O and OH magnitudes reduce considerably in the aqueous phase, from 0.3 to
affect the adsorption of benzotriazole and imidazole on Cu(111). The 0.8 eV. Despite this significant reduction, the adsorption energy still
focus was on deprotonation reactions promoted by O, and OH,ygq), appears sufficiently strong for BTAH to persist on the surface at room
where the role of their coverage was also addressed. temperature.

The X,45) induced stabilization of molecular adsorption is twofold:
(i) X5y can enhance adsorption bonding of intact azole molecules
(the AE, contribution); for both imidazole and benzotriazole, O
displays more stabilizing AE, than OH,. (i) The adsorbed molecules

4. Conclusions
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cleavage with a marginally small activation barrier of the order of 0.01
eV. The N-H bond cleavage with an activation barrier of about 0.1 eV is
also kinetically feasible for imidazole, although the C-H bond cleavage
is thermodynamically preferred (but shows considerably higher activa-
tion energies, from 0.6 to 0.9 eV). The thermodynamic inferiority of Data will be made available on request.
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