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Abstract
The applicability of various models of oxidized metal surfaces – bare metal cations, clusters of various size, and exten-

ded (periodic) slabs – that are used in the field of quantum-chemical modeling of corrosion inhibitors is examined and

discussed. As representative model systems imidazole inhibitor, MgO surface, and solvated Mg2+ ion are considered by

means of density-functional-theory calculations. Although the results of cluster models are prone to cluster size and sha-

pe effects, the clusters of moderate size seem useful at least for qualitative purposes. In contrast, the bare metal cations

are useless not only as models of oxidized surfaces but also as models of solvated cations, because they bind molecules

several times stronger than the more appropriate models. In particular, bare Mg2+ binds imidazole by 5.9 eV, while the

slab model of MgO(001) by only 0.35 eV. Such binding is even stronger for 3+ cations, e.g., bare Al3+ binds imidazole

by 17.9 eV. The reasons for these fantastically strong binding energies are discussed and it is shown that the strong bon-

ding is predominantly due to electron charge transfer from molecule to metal cation, which stems from differences bet-

ween molecular and metal ionization potentials.
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1. Introduction

Quantum chemical calculations of corrosion inhi-
bitors have become very fashionable in corrosion inhibi-
tion studies (e.g., see the Review 1). The purpose of
such calculations is aimed at either better understanding
of atomic-scale details, interpretation of experimental
findings, or screening of new corrosion inhibitors utili-
zing kind of QSAR/QSPR (quantitative-structure-acti-
vity-relationship/quantitative-structure-property-rela-
tionship) approach. In large majority of cases such scree-
ning consists of calculating several electronic parame-
ters of inhibitor molecules – either in gas- or in aqueous-
phase with the solvent treated implicitly by continuum
models – and associating them to the experimentally de-
termined corrosion inhibition efficiency via some corre-
lation analysis. Such approach was critically examined
in Ref. 2, where it was pointed out that, in general, mole-
cular electronic properties cannot be directly related to
corrosion inhibition efficiency, because the actual rela-

tion is far more involved; anticipations based solely on
molecular properties become especially unreliable when
bond-breaking and bond-making take place, for exam-
ple, during the adsorption of corrosion inhibitor molecu-
les.3,4 To go beyond this approach several researchers at-
tempted to explicitly model the inhibitor–surface inte-
raction, where the materials were either represented by
metal ion,5–7 atom,7–13 cluster,14–19 or slab3,4,20–37 models.
Among these models, the bare metal ion models stand
out, because fantastically strong binding energies (Eb)
were reported for interaction between organic molecules
and metal ions with the Eb magnitudes reaching a few
tens of eV.5,6,38 These magnitudes are indeed incredibly
large if compared to the bond strength of the N≡N triple
bond (9.8 eV),39 which is among the strongest known
molecular chemical bonds.40

Several technologically important metals are of inte-
rest in corrosion inhibition studies, e.g., iron, copper, zinc,
aluminum, magnesium, and their alloys. In addition to
metallic state (i.e., formal oxidation state of zero), metals
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in oxidized states are also relevant in this context, e.g.,
Fe2+, Fe3+, Cu+, Cu2+, Zn2+, Al3+, and Mg2+, where the su-
perscripts indicate the formal oxidation states (not to be
confused with the actual charge as deduced from, say,
quantum-mechanical calculations; see the Results sec-
tion). The listed examples of metal cations hence span the
oxidation states from 1+ to 3+, yet for the sake of definite-
ness the presentation will focus on oxidation state of 2+
exemplified for Magnesium (one example of Al3+ will be
also presented). The Mg was chosen, because it is a sim-
ple s-type metal thus having much simpler electronic
structure than transition metals. As a model of oxidized
surface the MgO(001) is considered, even though the bulk
Mg(OH)2 is more stable than the bulk MgO.41 The reason
for this choice is that bulk Mg(OH)2 is a layered material
consisting of HO–Mg–OH five-layers, where the Mg ions
extend along the (001) plane with the perpendicular OH
groups fully decorating them from below and above;42,43

the OH groups therefore completely cover the layer of Mg
ions and hence sterically prevent the interaction of foreign
molecular species with them. 

benzotriazole being a notable example.47 For this reason,
the modeling of interaction between corrosion inhibitors
and solvated metal cations is also addressed. 

2. Technical Details

Calculations were performed within the framework
of Density-Functional-Theory (DFT) using the hybrid
B3LYP functional48 and the local Gaussian-type-orbital
basis set. Molecular calculations in the gas- and aque-
ous-phases were performed using the GAUSSIAN pro-
gram,49 while calculations with periodic-boundary-con-
ditions were performed using the CRYSTAL program.50

Molecular graphics were produced by XCRYSDEN graphi-
cal package.51 Unless explicitly stated otherwise, a 6-
311++G(d,p) basis set was used for molecular calcula-
tions, which is a triple-zeta basis set augmented with po-
larization and diffuse functions. This basis set contains
too diffuse functions for periodic calculations, hence a
smaller basis set was used correspondingly (see below).
Structures of molecular and smaller cluster systems we-
re fully relaxed, whereas for larger cluster models only
the imidazole molecule and the atoms close to the ad-
sorption site were relaxed (more details are specified be-
low). Some molecular calculations were also performed
in aqueous-phase with the solvent described implicitly
by the SMD continuum solvation model52 using the inte-
gral equation formalism.53,54 

Chemical species in gas- and aqueous-phase are la-
beled as X(g) and X(aq), while the physical properties cor-
responding to these phases are labeled as Y(g) and Y(aq),
respectively (currently, the label (aq) implies the implicit
description of aqueous-phase by the continuum SMD mo-
del). For brevity reasons the label (g) will be often omit-
ted, yet the label (aq) will be always stated explicitly. 

Binding energy (Eb) between two fragments that
constitute a given system in the gas-phase is calculated
as: 

Eb = EA–B – EA – EB, (1)

where EA–B is the total energy of the A–B system, while EA
and EB are the total energies of the isolated A and B frag-
ments, respectively (for example, A = imidazole and B =
MgO(001) surface). The Eb will be also designated as Eb

(g)

to explicitly indicate its reference to gas-phase. All the re-
ported binding energies are corrected for basis-set super-
position-error (BSSE) using the Boys–Bernardi counter-
poise correction.55 For the 6-311++G(d,p) calculations a
typical BSSE correction of Eb is about 0.05 eV, whereas
for larger clusters and slabs, where smaller basis sets were
used, it is about 0.2 eV. 

The following models representing the Mg in 2+
oxidation state – labeled also as Mg(II) – will be conside-
red:

Figure 1. Ball-and-stick model of imidazole and its skeleton struc-

ture with pyrrol- and pyridine-type N atoms indicated explicitly

(top). The coloring of atoms as used in this work is also shown

(bottom).

Imidazole will be used as a representative organic
corrosion inhibitor. Its derivatives – e.g., benzimidazole
and merkapto-benzimidazole – are known as efficient in-
hibitors for versatile metallic materials,44–46 but because
the main point of this paper is conceptual, a simpler imi-
dazole was chosen instead. Its structure is shown in Fi-
gure 1. 

The purpose of this publication is to examine and
discuss the usability of various models that are used to re-
present oxidized metal surfaces in the field of corrosion
inhibitors  and to point out why the isolated metal ions are
inadequate models of oxidized metals; the origin of the
above mentioned fantastically strong binding energies
will be also explained. 

The solvated metal cations and their interaction with
corrosion inhibitor molecules are also of interest in cor-
rosion inhibition context, because it is known that some
organic inhibitors form complexes with metal cations,
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I Isolated Mg2+ ion: it can be seen either as a simple
model of an oxidized magnesium surface (e.g., MgO
or Mg(OH)2) or as solvated Mg2+ ion. It will be
shown that isolated Mg2+ ion is a very poor model for
both of them. 

II [Mg(H2O)n]
2+ complexes, n ∈ [1, 6]: they can be seen

as simple models of solvated Mg2+ ion. It is known that
metallic cations are very strongly solvated in water, i.e.,
they are chemically bonded with the first shell of water
molecules and form complexes,56 e.g., [Mg(H2O)6]

2+,57

[Al(H2O)6]
3+,58 and [Fe(H2O)6]

3+.59 The formation ener-
gy of the first-shell complexes represents a significant
part of the whole solvation energy.60

III Five-atom Mg(OH)2 cluster: it can be seen as a very
small cluster representation of either the Mg(OH)2 or
the MgO surfaces, where for the latter the cluster’s
oxygen dangling bonds are saturated with hydrogens
(such saturation is often used in cluster model repre-
sentation of surfaces, albeit mainly for covalent ma-
terials).61

IV MgO(001)[9,1], MgO(001)[9,9], and MgO(001)[21,21,9]
clusters: these are two- and three-layer cluster mo-
del representations of MgO(001) surface, where the
subscripts indicate the number of atoms in each la-
yer. These clusters are cut from the optimized struc-
ture of bulk MgO as calculated by the CRYSTAL pro-
gram (see below). For the smaller [9,1] and [9,9]
clusters only the central Mg ion in the first layer
was relaxed and other ions were fixed, whereas for
the larger [21,21,9] cluster six atoms were allowed
to relax, i.e., the central Mg ion in the first-layer
and its five nearest neighbor O atoms. These six
atoms were described with 6-311++G(d) basis set
(for all the clusters), whereas other atoms were des-
cribed by a smaller 6-31G(d) basis set. 

V MgO(001) slab: this is a periodic slab model of 
MgO(001) surface. The slab consists of four (001)
layers. The in-plane lattice spacing was fixed at cal-
culated equilibrium MgO bulk lattice parameter of
4.23 Å, which is in good agreement with the experi-
mental value of 4.21 Å.39 The bottom layer of the
slab was kept frozen to the bulk positions, while all
other degrees of freedom were relaxed. Adsorption

calculations were modeled with (3 × 3), (4 × 4), and
(5 × 5) supercells; the Eb was then extrapolated to ze-
ro coverage, because the lateral dipole–dipole inte-
ractions between adsorbed imidazoles are very long
ranged due to imidazole’s large dipole moment of
3.8 D.27,62 These calculations were performed with
the following basis sets: 311G(p) of Bredow et al.63

for H; 6-31G(d) of Gatti et al.64 for C and N; 
8-411G(d) of Bredow et al.65 for O; and 8-511G(d)
of Valenzano et al.66 for Mg.

3. Results and Discussion

Optimized structures of imidazole molecule inte-
racting via its pyridine-type N atom with various models
of Mg(II) are shown in Figure 2. The corresponding bin-
ding energies (Eb) and N–Mg bond-lengths are also sta-
ted. The following two observations are evident: (i) the
charged models of Mg(II) bind imidazole considerably
stronger than the neutral models. The strong binding is
in particularly exaggerated for the bare Mg2+ ion model.
(ii) The Eb of the neutral models of Mg(II) does not con-
verge smoothly to the value given by the extended slab
model as the cluster size increases, but shows oscilla-
tions instead, i.e., the smallest five-atom Mg(OH)2 clu-
ster binds imidazole considerably stronger, while the
[9,1] and [9,9] cluster-models of MgO(001) bind it wea-
ker than the extended slab model, yet the largest three-
layer [21,21,9] cluster-model binds again stronger. Also
the N–Mg distance displays analogous oscillations ver-
sus cluster-size, because it correlates well with the Eb,
i.e., the stronger is the Eb the shorter is the distance.
Such oscillations of binding (adsorption) energy with
cluster size (and shape) are well known and are perhaps
the most pronounced for ionic and metallic surfaces.67–71

Several methods have been devised in nineties to dimi-
nish them, e.g., bond-preparation rule,72 the method of
Russier-Mijoule,69 multipole-expansion embedding –
which is particularly suitable for ionic surfaces, because
it is able to properly account for the Madelung poten-
tial70,73 – and embedding schemes based on Green func-
tion formalism.67,68,74

Figure 2. B3LYP optimized structures of imidazole interacting via its pyridine-type N atom with various models of Mg(II). The binding energies

(Eb) and the imidazole–Mg distances (i.e., N–Mg bond lengths) are also stated.
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Despite the cluster-size oscillations the clusters of
moderate size, treated without any special preparation,
seem useful at least for qualitative purposes,75 while the
usability of very small clusters appears questionable. In
contrast, the bare metal cations (Mg2+ in the current case)
are useless as models of oxidized surfaces. 

Contrary to the finite-size cluster models, the perio-
dic slab model circumvents the problem of the cluster-size
oscillations, while its adsorption and other properties con-
verge rapidly with the slab thickness.76,77 A convenient
feature of the slab model is that the coverage dependence
can be easily accounted for by either changing the size of
the surface supercell or by changing the number of adsor-
bed molecules in a sufficiently large supercell. As for di-
sadvantages, let us mention that a special care must be ta-
ken when treating charged systems, because long range
Coulomb interactions dictate the use of charge neutrality
in periodic calculations. It is also not possible to directly
perform calculations in the limit of zero coverage and cal-
culations at very low coverage are computationally expen-
sive. This is relevant for modeling the adsorption of polar
molecules with large dipole moment, because the resul-
ting lateral dipole–dipole interactions can be very long
ranged.25,27,62 In the current case, the calculated adsorption
energies of imidazole on MgO(001) are –0.26, –0.31, and
–0.33 eV at 1/9, 1/16, and 1/25 monolayer coverage, res-

pectively, while the value extrapolated to zero coverage is
0.35 eV; the coverage is defined as number of imidazole
molecules per surface Mg ion. 

Having roughly established the usability of various
models, it is of some interest to compare the computatio-
nal costs of these models. Such considerations can be
helpful when planning extensive studies on a number of
different corrosion inhibitors on different materials. Figu-
re 3 displays the actual time (wall time) taken by a modern
desktop computer to perform a converged single-point
SCF (self-consistent-field) calculation of systems shown
in Figure 2; the corresponding number of electrons of the-
se systems is also plotted. It can be seen that the wall time
of small cluster models is on the order of 1 minute, for lar-
ger [21,21,9] cluster model it is on the order of 1 hour,
while for slab models it is in the range from several hours
to 1 day, depending on the size of the slab. 

3. 1. Bare Mg2+ as a Model of Oxidized Mg
Surface
Why the bare Mg2+ binds so much stronger than ot-

her models? The reason is mainly due to instability of iso-
lated Mg2+ ion. The first ionization potential (IP) of Mg is
7.7 eV, while the second IP is 15.0 eV.39 Hence, it costs
22.7 eV to create Mg2+ ion from Mg, i.e.:

Mg → Mg2+ + 2e–, 
ΔE = IP1st + IP2nd = 22.7 eV

(2)

where the labels IP1st and IP2nd stand for first and second
IP, respectively. The B3LYP calculated IP1st and IP2nd are
7.7 and 15.5 eV, respectively, resulting in the ΔE value (cf.
Eq (2)) of 23.2 eV. Calculated values are thus in fair
agreement with experimental values. The ΔE value of 23
eV implies that isolated Mg2+ ion is highly electronegati-
ve. It will thus seize some fraction of electrons from a mo-

Figure 3. Top panel: wall clock times (on 16 CPU cores of dual

CPU AMD Opteron(tm) 6128) of converged single-point SCF calcu-

lations for systems shown in Figure 2. Bottom panel: number of

electrons in the considered systems. Ordinate axes are in logarith-

mic scale with base 4.

Figure 4. Energies of isolated Mg (left, red) and imidazole (right,

blue) as functions of their charge; the ΔE = 0 corresponds to neutral

species. The energy change of each species due to transfer of x =
0.62 electrons from imidazole to Mg2+, reaction (3a), is schemati-

cally indicated by arrows.
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lecular species it interacts with; note that the IP1st +
IP2nd value of 23 eV is in between the IP1st of He (24.6 eV)
and Ne (21.6 eV), which have the largest IP among all the
elements.

To foresee that the strong binding between molecule
and Mg2+ ion is mainly due to electron charge transfer
from molecule to Mg2+ ion, let us decompose the forma-
tion of the [imidazole–Mg]2+ complex into two conceptu-
al steps: (i) transfer of electron charge from molecule to
Mg2+ (keeping the two species completely separated) and
(ii) formation of the actual bond, i.e.: 

charge transfer:
imidazole + Mg2+ → imidazolex+ + Mg(2–x)+, (3a)

bond formation:
imidazolex+ + Mg(2–x)+ → [imidazole–Mg]2+, (3b)

where the x+ and (2–x)+ are the charges of imidazole and
Mg, respectively, at relaxed geometry of [imidazo-
le–Mg]2+ complex. The Hirshfeld population analysis78

was utilized to estimate the respective charges and it gives
the value of x = 0.62. The binding energy between imida-
zole and Mg2+ can be correspondingly written as: 

Eb = Ect + Ebf, (4)

where subscripts ct and bf stand for charge-transfer and
bond-formation, respectively, while the Ect and Ebf indica-
te the energy change of reactions (3a) and (3b), respecti-
vely. Because for isolated systems the total energy is a
piecewise linear function of the electron number (N) ha-
ving the ∂E/∂N discontinuities at integer values of N,79 the
energy change due to electron charge transfer of reac-
tion (3a) can be written as: 

Ect = x(IP1st
imidazole – IP2nd

Mg ) for x ∈ [0,1]. (5)

This concept is schematically illustrated in Figure 4.
Because the IP2nd of Mg is considerably larger than the
IP1st of imidazole, the energy gain due to the electron
charge transfer is substantial; the B3LYP calculated adia-
batic IP1st of imidazole is 8.77 eV, hence Ect = 0.62(8.77 –
15.46) eV = –4.15 eV. This implies that the Ect contributes
70% to the binding energy between imidazole and Mg2+,
while further 30% (corresponding to –1.75 eV) comes
from the subsequent bond formation, Eq (3b). 

It should be noted that situation is radically different
when Mg(II) ion is embedded in either crystal lattice or
water solvent, because there it is stabilized considerably
by the surrounding species (i.e., by oxygen counter-ions
in the case of bulk MgO and by water molecules in the ca-
se of solvated Mg2+). Consequently, the actual charge of
Mg(II) in such environments is not +2, but can be signifi-
cantly smaller; e.g., the calculated charge of Mg(II) is
+1.75 and +0.5 in bulk MgO and [Mg(H2O)6]

2+ complex,

Figure 5. Energy of [imidazole–Mg]2+ system in singlet (red) and

triplet (blue) states versus the N–Mg distance; d0 stands for equili-

brium N–Mg distance of [imidazole–Mg]2+ complex, while E∞ is

the energy of well separated (d → ∞) imidazole+ and Mg+ cations.

The curve labeled 1/d
∼

represents the Coulomb electrostatic repul-

sion between two unit charges (see text); d
∼

corresponds to the di-

stance between Mg ion and barycenter of imidazole.

respectively. 
Let us point out an important issue with respect to

stability of [imidazole–Mg]2+ complex. According 
to Eq (5), the Ect contribution is optimal at x = 1 (this cor-
responds to Mg+ and imidazole+ cations), where Ect =
IP1st

imidazole – IP2nd
Mg = –6.7 eV.* This value is larger in mag-

nitude than the Eb of [imidazole–Mg]2+ complex, hence
the complex is meta-stable because the well separated
Mg+ and imidazole+ cations are by 0.8 eV more stable.
This is shown graphically in Figure 5, which plots the en-
ergy as a function of the N–Mg distance (d) for [imida-
zole–Mg]2+ system. A minimum can be seen around the
equilibrium N–Mg distance (d0) for the singlet state (red
curve). However, for distances d – d0 ≥ 1 Å the singlet
state becomes less stable than the triplet state (blue cur-
ve); this latter state leads to standalone Mg+ and imidazo-
le+ cations as d → ∞ (note that both cations have a single
unpaired electron). Indeed, at large distances, say d – d0

> 10 Å, the triplet state closely follows the c · 1/d
∼

curve,
which represents Coulomb electrostatic interaction bet-
ween two unit charges, where d

∼
corresponds to the di-

stance between the Mg ion and the barycenter of imida-
zole molecule, and c is a conversion factor such that d

∼

can be specified in Å (c = a0Eh = 14.39 eV Å, where a0 is
Bohr radius, 0.529 Å, and Eh is Hartree atomic unit of en-
ergy, 27.21 eV). 

Although the 1/d
∼

approximation is not valid at
short N–Mg distances as can be apprehended from Figu-
re 5, it is conceptually useful to understand why for the
[imidazole–Mg]2+ complex the x < 1 (cf. Eq (3)); note
that the x = 1 is favored by charge transfer contribution
as discussed above. According to 1/d

∼
approximation, the

Coulomb repulsion between the two fragments of [imi-

* Note that Eq (5) is valid only for x ∈ [0, 1], but because the IP2nd of imidazole
(16.1 eV) is larger than the IP1st of Mg (7.7 eV) there will be no charge transfer be-
yond the x = 1. 
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dazole–Mg]2+ complex is proportional to x(2–x)/d. Hen-
ce, for x ∈ [0, 1] it is minimal at x = 0 and maximal at x
= 1, thus showing the opposite trend to charge transfer
contribution. The actual value of x is therefore a compro-
mise (Hirshfeld population analysis gives x = 0.62 as
mentioned above). 

The bottom line of all these arguments is that the
bare Mg2+ is rather useless as a model of oxidized metal
surface. To further support this claim, let us mention that
the nominal binding between molecule and bare metal
cations is even far larger in magnitude for 3+ cations. Ta-
ke the Al3+ as an example. The B3LYP calculated bin-
ding energy between imidazole and Al3+ within the
[imidazole–Al]3+ complex is the incredible –17.9 eV.
Again, this is largely due to charge transfer from imida-
zole to Al3+, yet despite the enormous magnitude of
Eb the [imidazole–Al]3+ complex is nevertheless meta-
stable (for similar reason as the [imidazole–Mg]2+ com-
plex), because the well separated imidazole2+ and Al+ ca-
tions are by 5.2 eV more stable; namely, the first three
IPs of Al are 6.0, 18.9, and 29.0 eV, while the first two
adiabatic IPs of imidazole are 8.7 eV and 16.1 eV
(B3LYP values). The IP2nd of Al is thus larger than the
IP2nd of imidazole, which implies that the most conve-
nient charge redistribution is the following: imidazole +
Al3+ → imidazole2+ + Al+. The corresponding change of
energy equals IP1st

imidazol + IP2nd
imidazol – IP2nd

Al – IP3rd
Al =

–23.1 eV, which is by 5.2 eV more negative than the bin-
ding energy between imidazole and Al(III) within the
[imidazole–Al]3+ complex. 

3. 2. Bare Mg2+ and [[Mg(H2O)n]]2+ as Models
of Solvated Ion
Bare metal cations are thus useless as models of oxi-

dized metal surfaces, but are they at least useful as models
of solvated metal ions? The answer is again no and the ar-

guments go along the lines discussed above. Namely, bare
metal cations are so reactive that they will chemically in-
teract with whatever molecular species they encounter, the
water molecules being no exception. The B3LYP calcula-
ted adiabatic IP1st of water molecule is 12.7 eV, hence be-
ing smaller than the IP2nd of Mg. This implies a non-negli-
gible charge transfer and a strong chemical interaction
between Mg2+ and water molecules; e.g., the calculated
Eb between a single water molecule and Mg2+ ion is
–3.5 eV. Indeed, it is known that metallic cations are so
strongly solvated in water as to be chemically bonded
with the first shell of water molecules thus forming com-
plexes,56,80 in particular case the [Mg(H2O)6]

2+.57 The in-
terplay between the chemical bonding and charge deloca-
lization within the [Mg(H2O)n]2+ complexes is shown in
Figure 6, which plots the Hirshfeld charge of Mg(II) and
cumulative binding energy between water molecules and
Mg2+ ion as functions of the number of coordinated water
molecules; the cumulative binding energy is calculated
as: 

Eb
cumulative = Ecomplex –  EMg2+ – nEH2O, (6)

where Ecomplex, EMg2+, and EH2O are total energies of
[Mg(H2O)n]2+ complex, Mg2+ ion, and water molecule,
respectively. It can be seen that the magnitude of cumulati-
ve binding energy increases and the Hirshfeld charge of
Mg(II) decreases as the number of coordinated water mo-
lecules increases. The Mg2+ is strongly bound by 13.6 eV
within the [Mg(H2O)6]

2+ complex, while the positive char-
ge is delocalized over the whole complex: according to
Hirshfeld population analysis the charge of Mg(II) is about
+0.5, while the charge on each water molecule is +0.25. 

The [Mg(H2O)6]
2+ complex would be therefore

much better model of solvated Mg2+ than the bare Mg2+.
Let us now calculate the interaction of imidazole with sol-
vated Mg2+ ion using the [Mg(H2O)6]

2+ model. Within this

Figure 6. Left: B3LYP calculated cumulative binding energy between water molecules and Mg2+ ion (red curve) and the Hirshfeld charge of

Mg(II) ion (blue curve) versus the number of water molecules for [Mg(H2O)n]
2+ complexes, n ∈ [0, 6]. Right: optimized structures of

[Mg(H2O)n]
2+ complexes.
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complex the Mg(II) is highly coordinated with water mo-
lecules, hence imidazole will have to substitute one water
molecule resulting in [imidazole–Mg(H2O)5]

2+ complex
(shown in Figure 2). The binding energy between the imi-
dazole and [Mg(H2O)5]

2+ is –2.1 eV. This value is consi-
derably smaller in magnitude than the Eb of the plain [imi-
dazole–Mg]2+, yet it does not take into account the work
needed to substitute one water molecule. The correspon-
ding net energy of the interaction can be therefore estima-
ted by considering the substitution reaction: 

imidazole + [Mg(H2O)6]
2+ →

→ [imidazole–Mg(H2O)5]
2+ + H2O, (7)

ΔE ≡ ΔEsr = [Eproducts – Ereactants], 

where Eproducts (Ereactants) corresponds to sum of total ener-
gies of product (reactant) species; the energy change of
reaction is labeled as ΔEsr, where the subscript sr stands
for substitution-reaction. The calculated ΔEsr is –0.9 eV.
Although, this value is considerably smaller in magnitude
than the binding energy between imidazole and
[Mg(H2O)5]

2+, its exothermicity is nevertheless still signi-
ficantly overestimated (see below). Further improvement
can be achieved by treating all the four species involved in
reaction (7) as solvated in water, i.e.: 

imidazole(aq) + [Mg(H2O)6]
2+

(aq) →
→ [imidazole–Mg(H2O)5]

2+
(aq) + H2O(aq), 

(8)

where the solvation effects are estimated implicitly by
continuum description of solvent (the SMD model is cur-
rently utilized); the subscript (aq) hence stands for impli-
cit description of aqueous-phase. The so calculated
ΔEsr of reaction (8) is only –0.08 eV. The magnitude of
this value is too small to claim that imidazole would form
complex with Mg2+ ion in aqueous solution, taking into
account the uncertainties due to approximations of the
computational model and the neglect of entropic effects
that may relatively disfavor the reaction (8), i.e., the en-
tropy likely reduces during this reaction. 

A relevant question at this point is how well the pu-
rely implicit solvent model describes the solvated Mg2+

ion in comparison with the hybrid implicit-explicit
[Mg(H2O)n]

2+ model. It is known that adding the explicit
first-shell water molecules considerably improves the ac-
curacy of the calculated ion solvation free energies,81 but
in the current context the relevant quantity is the net inte-
raction between imidazole and solvated Mg2+ ion. Within
the purely implicit solvent model, the reaction (8) reads: 

imidazole(aq) + Mg2+
(aq) [imidazole– Mg]2+

(aq). (9)

Although this reaction does not look as substitution
reaction, it should be noted that the substitution is impli-
citly modeled, i.e., both imidazole and Mg2+ have to par-
tially loose its solvation shell before they can interact with
each other. The resulting calculated value of this reaction
is –1.2 eV, which is 30% larger in magnitude than the
ΔEsr of reaction (7) and an order of magnitude more exot-
hermic that the value of –0.08 eV given by the hybrid im-
plicit-explicit [Mg(H2O)n]

2+ model, reaction (8). The rea-
son for the huge difference between purely implicit and
hybrid implicit-explicit models is due to strong interaction
of metal cation with first-shell water molecules (cf. Figu-
re 6), i.e., continuum solvent models cannot adequately
describe chemical bonds that form between the Mg(II) ca-
tion and first-shell water molecules. 

3. 3. Implicit Solvent Description of Solvated
Cluster Models of Oxidized Mg(II) 
Surfaces
In contrast to bare Mg2+, other models of oxidized

Mg(II) surfaces – i.e., cluster and slab models of MgO –
interact considerably weaker with imidazole (cf. Figure 2)
and consequently also with water; the calculated Eb bet-
ween a single water molecule and the MgO(001)[21,21,9]
cluster is –0.4 eV (to be compared to –3.5 eV for Mg2+).
Consequently, the pure implicit description of solvent
should be more adequate in this case. For this reason, the

Table 1. B3LYP calculated interaction energies (Eb
(g) and Eint

(aq)) and N–Mg distances (d (g)
N–Mg and d (aq)

N–Mg) of imida-

zole interacting with various models of Mg(II) in gas-phase and aqueous-phase with the solvent treated implicit-

ly by the SMD model.

Eb
(g) Eint

(aq) d(g)
N–Mg d(aq)

N–Mg
(eV) (eV) (Å) (Å)

[imidazole–Mg]2+ –5.9 –1.2 1.97 2.04 

[imidazole–Mg(H2O)5]
2+ –2.1 (–0.9a) –0.3 (–0.08b) 2.14 2.18 

imidazole–Mg(OH)2 –1.3 –0.7 2.11 2.11 

imidazole–MgO(0 0 1)[9,1] –0.1 does not bind 2.50 / 

imidazole–MgO(0 0 1)[9,9] –0.25 +0.02 2.32 2.42 

imidazole–MgO(0 0 1)[21,21,9] –0.8 –0.6 2.23 2.39 

imidazole–MgO(0 0 1)slab –0.35 / 2.24 / 

aCalculated according to reaction (7).  bCalculated according to reaction (8).
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interaction of imidazole with cluster models of oxidized
Mg surface was also modeled in the implicitly described
aqueous-phase using the continuum SMD solvent model.
The corresponding net interaction energies (Eint

(aq)) were
calculated according to the reaction: 

imidazole(aq) + Mg(II)(aq) →
→ imidazole–Mg(II)(aq),

(10a)

hence:

E(aq)
int = E(ag)

imidazole– Mg(II) – E(ag)
imidazole – E(ag)

Mg(II),             (10b)

where Mg(II) stands for the given model of oxidized Mg
surface, while various E(aq) terms are the total energies of
corresponding species as obtained from the implicit sol-
vent calculations. Although the Eint

(aq) is the aqueous-phase
analogue to gas-phase Eb

(g), it is subscripted by “int” to in-
dicate that it measures the net energy of interaction and not
the gross binding energy, i.e., both fragments have to par-
tially loose its solvation shell before they can interact and
the corresponding energy cost is included in the Eint

(aq). 
Table 1 tabulates the imidazole–Mg(II) interaction

energies and N–Mg distances as calculated in gas- and
aqueous-phases; for the extended slab model only the gas-
phase calculations were performed. The comparison bet-
ween the gas- and aqueous-phase values reveals that (i)
Eint

(aq) displays smaller magnitudes than Eb and (ii) the
N–Mg distances are elongated as passing from gas- to
aqueous-phase. The reason is that the adsorption at so-
lid/water interface is influenced by competitive interplay
between molecule–surface, molecule–water, and wa-
ter–surface interactions.4,24

4. Conclusions

In this paper various models of oxidized metal surfa-
ces that are used in the field of corrosion inhibitors were
examined and discussed. It was shown that it matters how
the model of the surface is chosen, because not all the mo-
dels provide adequate description. The usability of very
small cluster models appears questionable, while the clu-
sters of moderate size, although susceptible to cluster-size
effects, seem useful at least for qualitative purposes. In
contrast, the bare metal cations – in particular the 2+ and
3+ cations – are useless as models of oxidized surfaces. It
was demonstrated that bare Mg2+ and Al3+ cations give ex-
ceedingly strong bonding with imidazole molecule, which
is predominantly due to electron charge transfer contribu-
tion that stems from differences between molecular and
metal ionization potentials; the situation is radically diffe-
rent when metal cations are embedded in either crystal lat-
tice or water solvent, because there they are stabilized
considerably by surrounding species. Furthermore, the
[molecule–Mg]2+ and [molecule–Al]3+ complexes have

little physical significance because they are less stable
than the well separated cations: imidazole+ /Mg+ and imi-
dazole2+/Al+. In addition to these unrealistic binding ener-
gies also note that metal cation is a very small spherical
(or roughly so) object, while real surfaces are extended
planar objects (or nearly so if atomic-scale surface defects
are considered). A metal cation or a very small cluster mo-
del may therefore not provide adequate steric environment
in particular for the parallel adsorption modes. 
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Povzetek
Prou~ili smo uporabnost razli~nih modelov oksidirane kovinske povr{ine (tj. gole kovinske katione, gru~e razli~nih ve-

likosti in periodi~ne modele plo{~), ki se uporabljajo na podro~ju kvantnokemijskega modeliranja inhibitorjev korozije.

Za vzor~ni modelni sistem smo na podlagi teorije gostotnega funkcionala obravnavali imidazol kot inhibitor korozije,

povr{ino MgO, in solvatiran kation Mg2+. ^eprav so rezultati gru~nega modela odvisni od velikosti in oblike gru~e, se

zdi, da so gru~e srednje velikosti uporabne vsaj za kvalitativne namene. Nasprotno pa so goli kovinski kationi neuporab-

ni ne le kot model oksidiranih povr{in, ampak tudi kot model solvatiranih kationov, saj ve`ejo molekule nekajkrat

mo~nej{e kot bolj ustrezni modeli. Na primer, goli Mg2+ se ve`e na imidazol z jakostjo 5,9 eV, medtem ko model plo{~e

MgO(001) ve`e imidazol samo z jakostjo 0,35 eV. Tak{na vezava je {e mo~nej{a za 3+ katione; tj. goli Al3+ se ve`e na

imidazol z jakostjo 17,9 eV. Pokazali smo, da je razlog za te fantasti~ne jakosti vezi predvsem v prenosu znatne koli~ine

elektronskega naboja od molekule do kovinskega kationa, ki je posledica razlik med ionizacijskimi potenciali molekule

in kovine.


