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In this study, the adsorption of Sn atom at various sites on the MgO(100) surface was
characterized using a theoretical approach based on density functional theory calculations.
Both regular adsorption centers (O2� and Mg2þ) and defects (such as neutral and charged
O and Mg vacancies) were considered. Several key parameters for these sites with the
adsorbed Sn atom were determined to provide its geometric, energetic, and electronic
characterization. The interaction between Sn and the Mg vacancy sites is very strong and is
associated with a relatively small distance of the adsorbed Sn atom from the surface and
with a large electronic charge transfer from Sn to the surface. A much smaller strength of
Sn atom adsorption is observed for the O vacancies and regular sites. Among them, the Fs0

center binds the Sn atom strongest and, in consequence, this atom acquires a significant
amount of electronic charge.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
1. Introduction

Magnesium oxide (MgO) plays an important role in
heterogeneous catalysis [1,2]. Its single crystal (100) surface
has received a great deal of attention because this surface
itself is catalytically active toward some reactions [2e4], and
in addition, it can serve as a substrate for supported metal
catalysts [5e9]. The (100) face is more stable in terms of its
surface energy than other faces of MgO [10,11]. It is also easy
to prepare [12] and possesses well-defined stoichiometry
and a simple rock-salt structure that does not exhibit any
significant relaxation [13,14]. Due to these features,
MgO(100) constitutes a useful model surface for funda-
mental studies of supported metal catalysts [15]. On an
MgO(100) single crystal there are always surface defects (ca.
1012e1013 defects/cm2) [16] that modify catalytic properties
of both the surface and adsorbed metals [17]. For instance,
some surface point defects, such as oxygen vacancies, trap
electronic charge and thus can promote catalytic reactions
dz.pl, p.a.matczak@
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through electron transfer [18]. Furthermore, it is known that
metals deposited on MgO exhibit diverse catalytic proper-
ties, depending on the kind of adsorption site, whether it is a
regular site or a defect [19e21].

In the field of heterogeneous catalysis, catalysts con-
taining tin deposited on MgO have found applications in
the selective hydrogenation of a,b-unsaturated aldehydes
[22] and the selective dehydrogenation of alkanes [23,24].
In these catalysts, platinum is doped with tin to introduce
desired promoting effects [25]. Tin in the PteSn/MgO cat-
alysts suppresses side reactions on the support surface and
inhibits Pt particle sintering [22]. It is known that the ac-
tivity of the PteSn catalyst in butadiene hydrogenation is
lower than that of the Pt catalyst but the former is more
selective toward the formation of butenes, which is
industrially important [26]. The presence of Sn in a catalyst
may also open a new reaction path, as it happens for ben-
zene production from acetylene on Sn/Pt(111) [27]. A
promising application of tin-modified Pt catalysts for the
electrooxidation of CO, formaldehyde, formic acid, and
methanol was also reported [28].
ll rights reserved.
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A microscopic view of metal adsorption on MgO(100)
can be easily obtained from electronic structure methods
based on density functional theory (DFT) [17,29]. Such
methods are capable of (1) providing an electronic
description of adsorption sites and (2) estimating the
strength of metalesurface interactions. There are plenty of
theoretical studies in which DFT calculations have been
carried out to characterize metal adsorption on MgO(100),
for example, Refs. [30e47]. Most of these studies are
focused on the adsorption of transition metal atoms [30
e44]. As compared to the large number of theoretical
studies devoted to the adsorption of Pt on MgO(100)
[30,32,33,37,39,40,42], little attention has been paid to the
theoretical characterization of Sn adsorption on this sur-
face. To our knowledge, one theoretical study dealing with
Sn/MgO(100) is available [48]. In this study, molecular dy-
namics calculations were performed to simulate the wet-
ting behavior of liquid tin on MgO(100). Similarly, there
have been merely a few efforts devoted to the theoretical
examination of Sn adsorption on other oxides, such as
CeO2(111) [49], Fe3O4(100) [50], and g-Al2O3(110) [51].

The aforementioned distinct lack of electronic structure
investigations of Sn/MgO(100) has encouraged us to
perform DFT calculations for a series of model systems
simulating a Sn atom adsorbed at various sites on the
MgO(100) surface. Both regular sites (O2� andMg2þ surface
adsorption centers) and defective sites (such as neutral and
charged O and Mg surface vacancies) are taken into ac-
count. Geometric, energetic, and electronic properties of
the Sn atom adsorbed at these sites are calculated in this
study to characterize Sn adsorption on MgO(100) at the
atomic level.

2. Computational methods

The applied computational methodology makes use of
the B3LYP hybrid density functional [52e54], which has
been successfully used to study metal adsorption on
MgO(100) [34,35,38,39,41,42]. This functional is combined
with the DFT-D3(BJ) empirical dispersion correction
[55,56] to account for dispersion interactions. In a recent
Fig. 1. Mg13O13 clusters used in the models representing the O2� (left) and Mg2þ (ri
are shown.
study of N2O adsorption on MgO(100) [57], it was shown
that this correction performed better than other kinds of
Grimme's dispersion corrections proposed for B3LYP (the
choice of dispersion correction is discussed further in
Section S2 of Supporting Information). The regular and
defective adsorption sites on MgO(100) are simulated by
means of respective embedded cluster models (details can
be found in Section S1 of Supporting Information). In short,
stoichiometric two-layer clusters Mg13O13 are used to
represent the surface O2� and Mg2þ centers (see Fig. 1).
These clusters possess the structure of an ideal MgO crystal
lattice. Clusters simulating the defective sites are formed by
removing the central atom or ion from the surface layer of
the Mg13O13 clusters. The removal of O, O�, O2�, Mg, Mgþ,
or Mg2þ produces a center labeled as Fs0, Fsþ, Fs2þ, Vs

0, Vs
�,

or Vs
2�, respectively (see Table 1). These labels are widely

used to classify point defects on MgO [17,18]. Their super-
scripts indicate the formal charge of a defect, whereas their
subscripts refer to defect location on the surface. All the
clusters are embedded in a large array of ±2 point charges
placed at the positions of an ideal MgO lattice. The positive
point charges at the boundary with the clusters are
replaced by total ion model potentials. A single Sn atom is
adsorbed in the center of the clusters and the perpendic-
ular distance from the Sn atom to the surface layer of
clusters is optimized. During the Sn adsorption, the Mg and
O atoms directly interacting with Sn are allowed to relax,
whereas more distant Mg and O atoms are kept frozen.
Further in this study, the denotation “Sn/site” refers to a
structure with its Sn atom adsorbed at a given site on
MgO(100).

For all considered clusters, their Mg and O atoms
directly involved in the interaction with the Sn atom are
described by the 6-31þG(d) basis set [58e60]. These atoms
are surrounded by Mg and O treated with 6-31G(d). The 6-
31G basis set is ascribed to the Mg and O atoms that are
most distant from each adsorption center. The suitability of
such a mixed basis set scheme for modeling MgO(100) by
means of cluster models was confirmed in several previous
works [61e63]. The total ion model potentials use the
LANL2 effective core potential of Mg2þ [64]. The LANL08d
ght) centers. Optimized structures of the clusters with the adsorbed Sn atom



Table 1
Summary of the nomenclature used to identify the regular and defective
sites on MgO(100).

Label Description

O2� Five-coordinated surface O2� anion
Mg2þ Five-coordinated surface Mg2þ cation
Fs0 Missing surface O atom. Two electrons

are trapped at this site
Fsþ Missing surface O� anion. One electron

is trapped at this site
Fs2þ Missing surface O2� anion
Vs

0 Missing surface Mg atom. Two electron holes
are associated with this site

Vs
� Missing surface Mgþ cation. One electron hole

is associated with this site
Vs

2� Missing surface Mg2þ cation
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basis set is assigned to the Sn atom [65]. This basis set in-
cludes 1p1d polarization functions [66].

Two electronic states are considered for each surface
site with the Sn atom adsorbed. One is a low-spin state that
corresponds to either a singlet (for Sn/O2�, Sn/Mg2þ,
Sn=Fs0, Sn=Fs2þ, Sn=Vs

0, and Sn=Vs
2�) or doublet configu-

ration (for Sn=Fsþ and Sn=Vs
�). The second is a high-spin

state that is assumed to exhibit either a quartet (for
Sn=Fsþ and Sn=Vs

�) or triplet multiplicity (for Sn at the rest
of adsorption centers).

The adsorption energy Eads of a single Sn atom at a given
site is defined as

Eads ¼ EtotðSn=siteÞ � EtotðSnÞ � EtotðsiteÞ
where Etot(Sn/site) is the total energy of the Sn/site struc-
ture, Etot(Sn) is the energy of the isolated Sn atom, and
Etot(site) is the energy of embedded cluster simulating a
given adsorption site. If Etot(site) is calculated for the ge-
ometry taken from the Sn/site structure, the binding energy
Ebin is obtained. Ebin for the low-spin structures assumes
the singlet multiplicity of Sn. Although Eads evaluates the
energetic effect associated with the formation of a Sn/site
structure from its isolated constituents, Ebin estimates the
Table 2
Distance between Sn and the surface (dSn‒surf), relative total energy (DE),
structures in their low- and high-spin states.a

Sn/site Spin state dSn‒surf DE

Sn/O2� Low 2.418 (2.422) 0.82
High 2.422 (2.436) 0.00

Sn/Mg2þ Low 2.985 (3.171) 0.77
High 3.146 (3.524) 0.00

Sn=Fs0 Low 2.207 (2.274) 0.73
High 2.209 (2.278) 0.00

Sn=Fsþ Low 2.359 (2.356) 0.19
High 2.317 (2.324) 0.00

Sn=Fs2þ Low 2.308 (2.571) 0.15
High 2.328 (2.702) 0.00

Sn=Vs
0 Low 0.840 (0.909) 0.00

High 0.366 (0.427) 2.33
Sn=Vs

� Low 0.843 (0.892) 0.00
High 0.378 (0.418) 1.79

Sn=Vs
2� Low 0.809 (0.874) 0.00

High 0.827 (0.870) 0.03

a dSnesurf are presented in Å and all energies are presented in eV. For eac
of the structure possessing the lowest total energy. Results obtained from
strength of Snesite interaction for the Sn/site structure. The
Ebin energies reported in this study are counterpoise cor-
rected [67]. The charge q and spin density acquired by the
Sn atom adsorbed at the investigated centers are expressed
in terms of the Bader topological analysis of electron den-
sity [68].

Gaussian 09 D.01 software [69] has been used to carry
out all computations except the Bader analysis calculations
that have been done with the Multiwfn 3.4 program [70].

3. Results and discussion

Table 2 presents essential geometric and energetic pa-
rameters describing the Sn atom adsorption at the studied
sites. It is evident that the Sn atom prefers being adsorbed
at the O2� center on the nondefective MgO(100) surface.
The corresponding Eads values clearly indicate the existence
of a thermodynamic force toward the formation of Sn/O2�

structure. In contrast, the occurrence of Sn/Mg2þ is asso-
ciated with a very small energetic effect. Only this structure
in its high-spin state can be formed in an exothermic pro-
cess (Eads < 0). The comparison of Eads obtained from
B3LYP-D3(BJ) and B3LYP reveals that the favorable effect of
adsorption for Sn/Mg2þ in the high-spin state is attributed
almost entirely to dispersion interactions. The strong
preference of the Sn atom to adsorb at the O2� center rather
than at the Mg2þ center is also reflected by the distance of
the adsorbed Sn atom from each center (see dSn‒surf in Table
2). As a matter of fact, both Sn/Mg2þ structures are char-
acterized by large values of dSn‒surf.

From the values of the relative total energy DE shown in
Table 2, it is clear that the Sn atom adsorption at the O2�

and Mg2þ centers tends to conserve the high-spin state of
Sn (its ground state exhibits a triplet configuration). The
Eads values of Sn/O2� in both the high- and low-spin states
are negative but the formation of Sn/O2� in the high-spin
state is thermodynamically more favorable. The formation
of Sn/Mg2þ does not provide a sufficient energy for spin
pairing in Sn (Eads > 0 in the low-spin state).
adsorption energy (Eads), and binding energy (Ebin) for the Sn/site

Eads Ebin

(0.81) �1.11 (�0.49) �2.27 (�1.65)
(0.00) �1.93 (�1.30) �2.02 (�1.40)
(0.89) 0.27 (0.82) �0.72 (�0.16)
(0.00) �0.50 (�0.07) �0.52 (�0.02)
(0.72) �2.32 (�1.65) �3.29 (�2.62)
(0.00) �3.05 (�2.37) �2.97 (�2.30)
(0.17) �1.90 (�1.25) �2.78 (�2.13)
(0.00) �2.09 (�1.42) �2.04 (�1.35)
(0.24) �1.26 (�0.51) �2.25 (�1.50)
(0.00) �1.41 (�0.75) �1.34 (�0.71)
(0.00) �11.17 (�10.06) �12.11 (�11.17)
(2.45) �8.84 (�7.61) �10.21 (�9.15)
(0.00) �8.56 (�7.56) �9.99 (�9.03)
(1.93) �6.77 (�5.63) �7.78 (�6.72)
(0.28) �8.00 (�6.99) �9.82 (�8.85)
(0.00) �7.97 (�7.27) �8.86 (�8.17)

h kind of the adsorption site, DE are calculated relative to the energy
B3LYP calculations are given in parentheses.



Fig. 2. Binding energies (Ebin in eV) versus distances between Sn and the
MgO(100) surface (dSnesurf in Å) for all studied Sn/site structures in their
high-spin states.
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The strong preference of Sn/O2� over Sn/Mg2þ is in line
with the findings made for the adsorption of transition
metal atoms on MgO(100) [31,71,72]. Moreover, it was re-
ported that the interaction between Mg2þ centers and
several second-row transition metal atoms, such as Pd and
Ag, was virtually zero [31]. The Eads value of�1.93 eV for Sn/
O2� in the high-spin state indicates that the adsorption of
Sn at the O2� center is more exothermic than that of many
transition metals at this center [31,73].

The Sn atom adsorption is energetically favorable for all
studied defective sites. For three O vacancy sites, the Eads
values vary in the order Fs0 < Fsþ < Fs2þ, which indicates
that the formation of Sn=Fs0 structure is thermodynami-
cally preferred. The favorable energetic effects of the Sn-
atom adsorption at Fs0 and Fsþ are larger in magnitude
than Eads for Sn/O2�. In this regard, the Fs0 and Fsþ centers
contrast with Fs2þ where the adsorption of the Sn atom in
the high-spin state turns out to be less likely than at the
O2� center. This is obviously illustrated by the less negative
Eads value of the high-spin Sn=Fs2þ structure as compared
to Eads for Sn/O2� in its high-spin state. Another reason for
the little likelihood of Sn=Fs2þ formation is the low density
of Fs2þ centers on MgO(100), which is due to their high
formation energy [74]. The Fs0 centers constitute the ma-
jority of oxygen vacancies created by the electron
bombardment of MgO(100) [18,75]. A stronger thermody-
namic force toward adsorption at Fs0 rather than at O2�was
previously detected for several first- and second-row
transition metals (Co, Ni, Cu, Pd, and Ag) [31,73]. More-
over, the adsorption of Sn at Fs0 produces a more
exothermic effect than the adsorption of all first-row
transition metals, except Ni, at this center [73]. The Sn
atom shows highly energetic adsorption at three Mg va-
cancy sites, with the Eads values falling in the range from
�6.77 to �11.17 eV. These values are many times greater in
magnitude than Eads calculated for two regular and three O
vacancy sites. Consequently, it can be inferred from Eads
that on the defective MgO(100) surface the Sn atom pref-
erentially sits at three Mg vacancy sites, in particular at the
Vs

0 center. It should be noted, however, that the concen-
tration of surface Mg vacancy sites is probably lower than
that of O vacancies on MgO(100). According to an electron
energy loss spectroscopy study of MgO(100) growth on
Ag(100), it has been suggested that Mg vacancies may not
be as abundant as O vacancies [76]. It is known from
theoretical studies [74,77] that the formation energy of Vs

0

centers on MgO(100) is very high, larger than that of Fs0.
This seems to be in line with the low density of Mg va-
cancies on theMgO(100) surface. The comparison of dSn‒surf
for all defective sites reveals that the Sn atom is particularly
close to the surface upon its adsorption at the Mg vacancy
sites.

As evidenced by the DE values in Table 2, the high-spin
states of Sn=Fs0, Sn=Fsþ, and Sn=Fs2þ are more stable than
their low-spin counterparts. In other words, the Sn atom
adsorbed at the Fs0, Fsþ, or Fs2þ center tends to maintain its
atomic spin state. On the other hand, the low-spin states of
Sn=Vs

0 and Sn=Vs
� are thermodynamically favored. This

results in quenching the magnetic moment of Sn adsorbed
at Vs

0 and Vs
�. For an isolated Sn atom, its transition energy

from a triplet to a singlet requires 0.99 eV at the B3LYP/
LANL08d level of theory. Because the stabilization of Sn=Vs
0

in its low-spin state amounts to 2.33 eV, this is large
enough to quench the spin state to a singlet. Similarly, the
stabilization of the low-spin Sn=Vs

� structure provides
enough energy to reach partial coupling between unpaired
electrons. It is worth reminding that the ground state of Vs

0

center is a triplet [77], which fosters coupling unpaired
electrons from Sn and Vs

0. The comparison of DE with the
tripletesinglet transition energy of an isolated Sn atom
reveals that the adsorption sites favoring the high-spin
state of Sn induce a decrease in the transition energy
(DE < 0.99 eV). An analogous decrease in the energy
required to reach a low-spin state was previously observed
for many first-row transition metal atoms adsorbed at O2�

and Fs0 [43]. In the case of Sn=Vs
2�, its low- and high-spin

states lie too close to one another to designate the preferred
spin state unambiguously.

The strength of the interaction between Sn and each
adsorption site in the studied Sn/site structures can be
estimated by Ebin, as shown in Table 2. The values of Ebin are
well correlated with the Eads values; the correlation be-
tween Ebin and Eads is characterized by the coefficient of
determination R2 ¼ 0.984. Therefore, trends in Ebin mimic
those discussed above for Eads. In particular, Ebin correlates
inversely with dSn‒surf (see Fig. 2). As the strength of Snesite
interaction increases, the corresponding Snesurface
distance decreases. By comparing Ebin with Eads, it is
possible to evaluate an effect associated with the structural
relaxation of surface centers upon Sn atom adsorption. It is
particularly straightforward for the Sn/site structures in
their high-spin states because in such cases the difference
between Ebin and Eads can be entirely attributed to this ef-
fect. Ebin does not differ much from Eads for two regular and
three O vacancy sites, which implies a rather minor relax-
ation of these sites upon the formation of high-spin Sn/site
structures. In addition, the relaxation of adsorption sites
can obviously be expressed in terms of their geometrical
parameters. Table 3 presents displacements Dd in the po-
sitions of atoms belonging to the surface layer of each
studied adsorption site. For the high-spin Sn/O2� and Sn/



Table 3
Displacements (Dd) in the positions of atoms in the surface layer of adsorption sites for the Sn/site structures in their low- and high-spin states.a

Sn/site Spin state Ddx(O) Ddx(Mg4) Ddyz(Mg4) Ddx(Mg) Ddx(O4) Ddyz(O4)

Sn/O2� Low 0.171 �0.026 �0.074
High 0.154 0.019 �0.068

Sn/Mg2þ Low �0.021 �0.003 �0.005
High 0.121 0.023 �0.024

Sn=Fs0 Low 0.029 �0.071
High 0.028 �0.053

Sn=Fsþ Low �0.025 �0.008
High 0.037 �0.034

Sn=Fs2þ Low �0.032 0.040
High 0.018 0.024

Sn=Vs
0 Low 0.049 0.134

High �0.011 0.207
Sn=Vs

� Low 0.010 0.163
High �0.020 0.230

Sn=Vs
2� Low 0.007 0.186

High �0.010 0.202

a All displacements are presented in Å. Dd are calculated relative to the structures of isolated adsorption centers.

Table 4
Charge (q) and spin density for the Sn atom in the low- and high-spin Sn/
site structures.a

Sn/site Spin state q Spin density

Sn/O2� Low �0.113 0.000
High �0.109 1.724

Sn/Mg2þ Low �0.015 0.000
High �0.012 1.818

Sn=Fs0 Low �1.405 0.000
High �1.417 1.680

Sn=Fsþ Low �0.653 0.885
High �0.665 2.425

Sn=Fs2þ Low 0.052 0.000
High 0.048 1.632

Sn=Vs
0 Low 1.337 0.000

High 1.893 0.600
Sn=Vs

� Low 1.334 0.008
High 1.883 0.604

Sn=Vs
2� Low 1.327 0.000

High 1.310 0.014

a All values are presented in atomic units.
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Mg2þ structures, their O2� or Mg2þ atom beneath the
adsorbed Sn atom ismoved vertically upward, that is, in the
direction normal to the surface. The corresponding dis-
placements Ddx are below 0.2 Å, and they are qualitatively
similar to those observed for the adsorption of many
transition metal atoms [37]. The adsorption of Sn at three O
vacancy sites results in small or even negligible displace-
ments of four Mg atoms surrounding each O vacancy. This
is the reason for the very small differences between Ebin
and Eads for Sn=Fs

0, Sn=Fsþ, and Sn=Fs2þ in their high-spin
states. The Sn atom adsorption at three Mg vacancy sites
more noticeably affects the structure of these sites. In
particular, four O atoms surrounding each Mg vacancy in
the surface layer show a lateral shift: they are moved out-
ward in the surface plane (Ddyz(O4) > 0). This structural
rearrangement greatly contributes to the difference be-
tween Ebin and Eads for Sn=Vs

0, Sn=Vs
�, and Sn=Vs

2� in their
high-spin states.

The vast majority of the studied Sn/site structures
shows the dSn‒surf distances that are only marginally
affected by the inclusion of dispersion correction into
B3LYP calculations. A more evident effect of dispersion
correction on dSn‒surf can be observed for Sn/Mg2þ and
Sn=Fs2þ. In the case of the former, this can be easily
explained by the fact that the Snesite interaction in Sn/
Mg2þ is very weak and governed by dispersion forces. The
effect of dispersion correction on Ebin for Sn adsorbed at
three Mg vacancy sites does not exceed 15%. For the O2�

and three O vacancy sites, the dispersion correction causes
a strengthening in the Snesite interaction, amounting up to
50%. Unsurprisingly, the effect of dispersion correction is
greatest for Ebin in Sn/Mg2þ.

An important factor determining the reactivity of metal
atoms adsorbed on a surface is the amount of electronic
charge acquired by these atoms [78e80]. This charge re-
sults from the electron redistribution between the atoms
and the surface, which is sensitive to their interaction. For
each Sn/site structure, the partial atomic charge of Sn was
calculated and the resulting q values are listed in Table 4.
These q values may also be regarded as an approximate
indication of charge transfers between Sn and the
adsorption sites. Accordingly, a very limited charge transfer
between the Sn atom and the O2� center is observed for
both Sn/O2� structures. In this respect, the Sn atom
adsorption is not very different from the adsorption of
transition metal atoms at the O2� center [37]. The Sn atom
behaves as aweak electron acceptor when adsorbed at O2�.
However, it remains essentially neutral at the Mg2þ center,
reflecting the weakness of SneMg2þ interaction. Similarly
to Sn/O2�, the Sn=Fs0 and Sn=Fsþ structures demonstrate
charge transfers from the adsorption sites to the Sn atom.
The charge transfer is particularly pronounced for Sn=Fs0.
This is expected because the Fs0 vacancy possesses two
extra electrons that are largely localized in the center of this
vacancy, whereas the Fsþ vacancy has only one extra elec-
tron [74]. Moreover, Sn=Fs0 is characterized by a larger
charge transfer than Sn/O2� because the two extra elec-
trons of Fs0 are more polarizable than those of the surface
O2� anion. The direction of charge transfer is reversed for
Sn=Fs2þ and the Sn atom donates ca. 0.05 electron to the
Fs2þ center. This direction is in agreement with the
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tendency of Fs2þ to accept electronic charge and to form a
more stable Fsþ center [74]. Table 4 also presents the spin
density on the Sn atom in the Sn/site structures. The spin
density values for Sn adsorbed at two regular and three O
vacancy sites indicate that their respective high-spin Sn/
site structures exhibit the spin density concentratedmainly
on the Sn atom. The adsorption of Sn at three Mg vacancy
sites leads to a reduction in the electronic charge of Sn. The
magnitude of this reduction decreases in the order
Sn=Vs

0 > Sn=Vs
� > Sn=Vs

2�. The great charge transfer from
Sn to Vs

0 results from the strong electron-deficient char-
acter of the Vs

0 center. The three Mg vacancy sites are able
to ionize the Sn atom,which loses at least 1.3 electrons. This
finding agrees in part with previous results reported for the
adsorption of Rb, Pd, and Ag atoms [31]. These atoms
formed a (di)cation at the Vs

0 and Vs
� centers but not at the

Vs
2� center. Furthermore, the Pd2þ cation practically

replaced the missing Mg2þ cation of the Vs
0 site. For the

high-spin Sn=Vs
0 and Sn=Vs

� structures, their dSnesurf dis-
tances are indeed very short yet not short enough to insert
the Sn atom into the cavity of the Vs

0 or Vs
� site. The

ionization of the Sn atom by the Mg vacancy sites leads to
the occurrence of a strong electrostatic stabilization effect.
The occurrence of such an effect is supported by the sig-
nificant magnitude of the corresponding Ebin values. The
spin density in the high-spin Sn=Vs

0, Sn=Vs
�, and Sn=Vs

2�

structures is distributed, to a large extent, inside and
around the vacancies. In consequence, the spin density
values for the Sn atom in these structures are much smaller
than those of Sn adsorbed at three O vacancy sites. An
extreme spin delocalization toward the adsorption site is
detected for the high-spin Sn=Vs

2� structure. Although the
spin multiplicity of the low-spin Sn=Vs

� structure is a
doublet, the spin density value for its Sn atom is almost
equal to zero. This implies that the magnetic moment of Sn
in the low-spin Sn=Vs

� structure is practically quenched.

4. Conclusions

In this study, the adsorption of Sn at various non-
defective and defective sites on the MgO(100) surface has
been characterized at the atomic level, using a theoretical
approach based on the B3LYP-D3(BJ) density functional and
embedded cluster models of the surface. Of the considered
nondefective adsorption sites, the Sn atom preferably oc-
cupies the O2� center, with not very large adsorption en-
ergy, on the order of 1e2 eV. The energetic effects of the Sn-
atom adsorption at the Fs0, Fsþ, and Fs2þ centers do not
differ much from that of Sn/O2�. In contrast to the three O
vacancy centers, the Mg vacancy sites bind the Sn atom
very strongly, with the corresponding adsorption energies
ranging from ca. �7 to �11 eV. The stability of spin states
for the Sn/site structures is usually governed by Hund's
rule, which favors the high-spin multiplicity of the adsor-
bed atom. Only the Sn=Vs

0 and Sn=Vs
� structures, for which

the strength of Sn‒site interaction is greatest, tend to
reduce the number of their unpaired electrons. The
magnitude of electronic charge acquired by the Sn atom
upon adsorption depends heavily on the kind of adsorption
site. The Sn atom adsorbed at the Fs0 and Fsþ centers ac-
cepts a large amount of electronic charge, whereas a
considerable charge transfer from Sn to the surface is
observed for three Mg vacancy sites.

We hope that the presented characterization of a single
Sn atom adsorbed at various sites on MgO(100) may be an
important step toward understanding many processes
involving Sn and MgO(100), for example, the nucleation of
Sn nanoparticles on this surface. Furthermore, this char-
acterization is an essential prerequisite for the future
investigation of reactions activated by catalysts containing
Sn deposited on MgO.
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