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The interaction of CO with Au atoms adsorbed on terrace and low-coordinates sites (edge and corner) of
the MgO(1 0 0) surface was studied using the density functional theory (DFT) in combination with
embedded cluster models. Surface anionic (0?~) and neutral oxygen vacancy (F;) sites were considered.
In all the cases, the CO stretching frequencies are shifted with respect to free CO with values between
—232 and —358 cm™'. In particular, the values for Au on Fs at edge and corner are shifted to higher
stretching frequencies by 100 and 59 cm™', respectively, with respect to the value on a perfect
MgO(1 0 0) surface. This result is in agreement with recent scanning tunneling microscopy and infrared
Model catalysts R . . 1 .
€O adsorption spectroscopy experiments where a.correspondmg shift of 70 cm™" was observed by comparing the mea-
DFT surements on perfect and O-deficient MgO(1 0 0) surfaces. However, these results are different than
expected because Au atoms on F; centers are negatively charged and, therefore, according to the generally
accepted scheme the CO frequency should be red-shifted with respect to the adsorption on anionic five-
coordinated site where the Au atom is essentially neutral. The following picture emerges from the pres-
ent results: the single occupied HOMO(a) of Au atom on Fs at low-coordinated sites consists in two lobes
extended sideward the Au atom. For symmetry reasons, this MO overlaps efficiently with the 21" MO of
CO. This bonding contribution to the Au-CO link is counteracted by a Pauli repulsion between the 56 MO
of CO and more internal orbitals (the HOMO-1(a) and the HOMO(B)) centered on Au. In consequence, CO
is forced to vibrate against a region with a high electron density. This is the so-called “wall effect” which
by itself contributes to higher CO frequency values.
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1. Introduction

Nowadays it is possible to prepare model catalysts consisting in
size-selected metal aggregates deposited on well-defined surfaces.
Surprisingly, it was observed that already supported single atoms
are chemically active for several reactions [1]. The electronic struc-
ture of the metal particles is directly affected by the surface defects
where they are anchored, which in turn determine their catalytic
activity [2].

By means of infrared (IR) spectroscopy, CO stretching frequency
is usually used as a reporter of the nature of the adsorbed metal
aggregates [3,4]. This is because the CO vibrational frequency is
very sensitive to small changes in the electron density of the metal
adsorption site. As a general trend, CO frequency shifts to higher
values with respect to free CO on positively charged particles
(blue-shift) and to lower frequencies on negatively charged parti-
cles (red-shift). On neutral particles the frequencies are often
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red-shifted but to a lesser extent than on negative clusters.
Although several factors are responsible for the CO frequency shifts
[5], they are usually interpreted in terms of the donation/backdo-
nation mechanism. In this scheme, the 5¢ (the HOMO) and 27
(the LUMO) orbitals of CO interacts with the metal particle. While
the former is generally considered as weakly antibonding, the lat-
ter is strongly antibonding. With positively metal centers, CO acts
as a Lewis base by means of the donation from the 5 orbital to
empty orbitals of the metal. In this case, the backdonation from
the metal to the 27" orbital is very low. As a result, the CO fre-
quency shifts to higher values. With negative particles, the dona-
tion from 5 is negligible but the backdonation to 27 is relevant
yielding a weakening of the C-O bond and a decreasing of C-0O fre-
quency values.

In particular, in gold catalysts supported on a variety of oxides
the following spectral ranges were reported: (i) 2124/2175 cm™!
assigned to positively charged Au particles; (ii) 2088/2136 cm™!
assigned to neutral particles; and (iii) 2000/2070 cm~' assigned
to negatively charged particles. The corresponding frequency shifts
with respect to free CO are —19/+32cm~', —55/—7 cm~! and
—143/-73 cm™!, respectively [4,6].
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Recently, Au/MgO model catalysts were investigated at ultra-
high vacuum conditions by Sterrer et al. [6] by using scanning tun-
neling spectroscopy (STM) and electron paramagnetic resonance
(EPR). On the perfect MgO(1 0 0) surface, gold aggregates interact
with regular anionic sites. Upon CO adsorption, a signal at
2120 cm~ ! was detected which was attributed to neutral Au clus-
ters. This value corresponds to a shift of —23 cm™, falling into the
range assigned to neutral metal particles. Later, the same proce-
dure was applied to a defective MgO(1 0 0) surface, in which O-
vacancies were created by electronic bombardment. These defects
corresponds mainly to F; o F{ centers, generated by the removal of
a neutral O atom and an O™ anion, respectively. As a consequence,
at F; (F,) sites two (one) electrons are trapped inside the cavity. In
this situation, upon CO adsorption a broad band at 2070 cm~! was
observed which corresponds to a shift of —73 cm~!. This band was
assigned to negative Au clusters. Indeed, when gold particles inter-
act with F; or F centers a charge transfer occurs from the cavity to
the metal [6-9]. Besides, the CO frequency shift is very sensible to
the size particle; it decreases as the size increases owing to a high-
er charge dilution. As a consequence, a lower backdonation to CO is
produced with the concomitant lower red-shift. This phenomenon
can then explain the observed large band broadening.

At the same time, the above mentioned experimental group
performed a similar study but only considering Au atoms [10].
Combined analyses using EPR and STM show that while on perfect
MgO(1 0 0) surface the metal atoms adsorb on regular five-coordi-
nated anionic sites, on the defective surface they are mainly lo-
cated on O-vacancies at topological defects such as steps, corners
or kinks. The CO frequency values present signals at 1853 cm™!
for Au atom deposited on the perfect MgO(1 0 0) surface and at
1923 cm™! for Au atom on O-deficient samples. These values are
red-shifted by —290 and —220 cm™!, respectively, and are much
below any other reported value for supported Au catalysts. On
the other hand, for Au atoms interacting with electron-rich defects
(such us F, or F, centers) one should expect a higher red-shift than
on a regular anionic sites because in the former case the negative
charged Au atom should provide a large amount of charge to the
27" orbital. But, very surprisingly, the CO frequency is blue-shifted
by 70 cm~! with respect to the adsorption on a regular anionic site.

From theoretical calculations the following picture was sug-
gested [10]: on a perfect MgO(1 0 0) surface, the adsorbed AuCO
is essentially neutral. The presence of CO induces a net electron
transfer into the 27" antibonding orbital resulting in a Au*-CO~
complex. However, according to this interpretation, such as charge
transfer is not present on Fs centers. In this way, the electron-with-
drawing capability of the AuCO species would be stronger on five-
coordinated oxygen anions than at F; centers at MgO terrace. On
the other hand, it has been recently discovered by means of theo-
retical DFT approaches that negative charged Au atoms can be pro-
duced when they are deposited on free-defect ultrathin MgO on
Mo(1 00) or on Ag(100) [11]. In these systems the electrons flow
by tunneling from the metal (Ag or Mo) to the Au atom. The calcu-
lations show that when a CO molecule is adsorbed on this negative
charged Au atom its frequency is red-shifted by —186 cm~! with
respect to free CO. It was suggested that a Pauli repulsion should
be present between Au~ and the 5¢ of CO, yielding to a rather long
Au-CO distance and a relatively low charge transfer from Au to 21"
MO of CO.

The adsorption of Au atoms on MgO(1 0 0) surface have been
thoroughly studied in the past, mainly by using periodic supercell
approaches [7,12-16]. However, the deposition on topological de-
fects, such as steps, edges and corners, has received much less
attention [7,17]. These low-coordinated sites are found to be more
reactive than terrace on both oxide and metal surfaces [18-20]. Be-
sides, as it was already mentioned, STM images show that Au
atoms interact with O-vacancies located on this type of topological

defects. The main objective of this work is to investigate the origin
of the unexpected lower red-shift of the CO frequency when this
molecule is adsorbed on a negatively charged Au atom in compar-
ison with the adsorption on a neutral Au atom. For that purpose
anionic sites and neutral O-vacancies (Fs) located at terrace, edge
and corner sites of the MgO(1 0 0) surface were considered.

2. Computational details

Density functional theory (DFT) molecular orbital calculations
were carried out using the gradient corrected Becke’s three param-
eters hybrid exchange functional in combination with the correla-
tion functional of Lee, Yang and Parr (B3LYP) [21]. This method was
widely used in the past to study adsorption processes yielding reli-
able results both on oxides and metal clusters. All the calculations
have been performed using the Gaussian-03 program package [22].

The terrace site at MgO(100) surface was represented by a
cluster of 26 atoms, Mg;3043, consisting of two layers (first layer:
Mg40o; second layer: Mgg0,). To take into account the Madelung
field due to the rest of the extended surface, the cluster was
embedded in an array of +2 point charges. Moreover, the positive
point charges at the interface were replaced by effective core
potentials (ECP) corresponding to Mg?* to account for the finite
size of the cations and to avoid spurious charge polarization. The
Mg,30,3(Mg-ECP);¢ is represented in Fig. 1a. This methodology
was widely used previously for the study of both bulk and surface
properties giving results which are in good agreement with those
obtained by periodic calculations [23-25]. For edge and corner
sites we used a similar modelling by means of the Mg;,012(Mg-
ECP);4 and Mg;00,0(Mg-ECP)g clusters, respectively (Fig. 1b and c).

The O ion which represents the adsorption site and the nearest
four O neighbours (three for corner site) were described by the
6-31+G(d) basis set. This extended basis set was adopted to have
a proper description of the central surface anions. The atomic orbi-
tals of the four Mg ions (three for corner site) linked directly with
the O adsorption site were described by 6—-31G(d). The use of a set
of polarization functions in this basis set is essential to describe the
electron localization in the vacancy for clusters representing the Fg
sites (see later). The rest of Mg and O ions were represented by
6—31G. The 6-31+G(d) basis set was employed for the atoms of
the CO molecule. For Au, the LANL2DZ basis set was used, which
describes the 19 valence 5s525p®5d'%6s! electrons with a
[5s,6p,4d/3s,3p,2d] basis set and the one-electron interaction with
the 60 core electrons with a relativistic pseudopotential [26,27].
The combination of Pople-type and LANL2DZ-type basis sets was
used previously by Giordano et al. [25] to study the AuCO and
AuCO/MgO systems at B3LYP level. These authors showed that
the 6—-311+G(d) basis for CO and LANL2DZ basis with two extra f
functions for Au give C-0 frequency shifts that are only 10% or less
different than those calculated with the 6—-31G(d) basis for CO and
a LANL2DZ basis for Au. On the other hand, interatomic distances
and adsorption energies are only 5% and 15% or less different,
respectively.

During the geometrical optimization procedure the coordinates
of atoms belonging to the adsorbed CO molecule and the metal
particle, and those of the five oxide surface atoms closest to the
Au particle (four for corner site) were fully optimized without
imposing geometric constrains. On sites free of vacancies, only
the adsorption on the anionic site was studied because it is well
known that this is the preferred adsorption site for most transition
metal atoms [28].

A neutral O vacancy was represented by eliminating an O atom
to the above-described clusters (Fig. 2). In these cases, the geomet-
rical optimization included the four Mg atoms surrounding the va-
cancy (three for corner site).
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Fig. 1. Schematic representation of Au atoms deposited on anionic sites (0%"): (a) terrace; (b) edge; (c) corner. Red (dark grey) spheres: oxygen atoms. Green (light grey)
spheres: Mg atoms. Small green (light grey) spheres: Mg-ECPs. Large yellow (grey) spheres: Au atoms. Point charges are not shown. (For interpretation of the references to

colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Schematic representation of Au atoms deposited on F; sites: (a) terrace; (b) edge; (c) corner. Red (dark grey) spheres: oxygen atoms. Green (light grey) spheres: Mg
atoms. Small green (light grey) spheres: Mg-ECPs. Large yellow (grey) spheres: Au atoms. Point charges are not shown. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

We define the binding energy of the Au atom on MgO as the dif-
ference between the energy of the Au/MgO system and the sum of
energies for the separated fragments (MgO +Au atom at gas
phase):

Eg(Au) = —[E(Au/MgO, site) — E(Au) — E(MgO, site)] (1)

with site = 0°~ or F; at terrace, edge or corner. Similarly, we define
the binding energy of CO molecule on Au/MgO as

E(CO) = —[E(CO/Au/MgO, site) — E(Au/MgO, site) — E(CO)]  (2)

In both cases, positive values correspond to exothermic pro-
cesses. The binding energies were corrected by considering the ba-
sis set superposition error (BSSE), calculated according to the
counter-poise correction [29].

When embedded clusters are used a key issue to consider is the
cluster size dependence of the binding energies. To check this, the
adsorption of a Au atom on Q% at terrace site was investigated for
the following Mg,0, clusters: Mgs0s(Mg-ECP);2, Mg;30,3(Mg-
ECP),6 and Mg;;0,,(Mg-ECP),s. All these clusters were constructed
using the above mentioned embedding technique and the same ba-
sis sets. The results show that the binding energy for the first one is
about 0.15 eV greater while for the third one is nearly 0.05 eV
smaller. Then, the values obtained using the second cluster can
be considered sufficiently accurate to evaluate the Au-MgO
interaction.

C-0 vibrational frequencies are computed by determining the
second derivatives of the energy with respect to the Cartesian nu-
clear coordinates and then transforming to mass-weighted coordi-
nates. Our numerical accuracy for the frequency calculations is in

the order of hundredth of cm™!. In relation with the effect of the
cluster size, our experience have shown that the stretching fre-
quency of adsorbed CO is about 10-15 cm™~! lower for smaller clus-
ters than the ones used here, and less than 10 cm™' different for
bigger ones.

For simplicity, anionic centers located on the different surface
sites will be denoted as “terrace(0%")”, “edge(0%)" and “cor-
ner(0%7)”. For F; sites we used an equivalent nomenclature, that
is to say, “terrace(F;)”, “edge(F;)” and “corner(F;)”.

The atomic net charges were calculated following the Natural
Bond Orbital (NBO) scheme [30], which gives realistic values for
the charge partitioning. In particular, it has been very useful for
the interpretation of IR frequency shifts of NO at free and sup-
ported AuNO complex [9,31]. This method transforms a delocal-
ized many-electron wave-function into a localized set of Lewis-
type (¢ and m bonds, lone pair and core) and non-Lewis-type
(" and ©" antibonds and Rydberg) orbitals. The interaction
among orbitals belonging to these two groups is used as a mea-
sure of the electronic delocalization within a certain molecular
system.

The core level binding energies (CLBE) of the C(1s) and O(1s)
levels of adsorbed CO were also computed. When, for instance,
the CO molecule gains electron charge upon adsorption, the core
levels shift to smaller binding energies due to the increased cou-
lombic repulsion. However, since other factors contribute to these
energy shifts, CLBE are often use only as a qualitative measure of an
atomic charge [32]. By convention, shifts to smaller binding ener-
gies correspond to negative values and they are indicated as
Ag(Cor O, 1s).
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The spin density (SD) was expressed in terms of the Miilliken
population analysis. Although the NBO approach gives more reli-
able atomic charge values than the Miilliken scheme, the corre-
sponding spin densities calculated from both analyses show
similar trends. Here, we decided to report the Miilliken spin densi-
ties in order to compare our values with those obtained by Giord-
ano et al. [25].

3. Results and discussion

DFT calculations on Au; adsorption on anionic and F; sites of
MgO(1 0 0) were previously performed by several authors using
mainly periodic methods. In Table 1 we compare our results with
those obtained using the following GGA functionals: PW91 [33],
PBE [34] and revised-PBE (RPBE) [35]. We can see that the binding
energy values obtained at our level of calculation agree fairly well
with the other reported results. They are somewhat lower than
those obtained using PW91 and PBE functionals, and slightly high-
er than those done using RPBE. On the other hand, while the bind-
ing energy difference between on anionic and Fs sites is in the
range 2.17-2.28 eV for PW91, PBE and B3LYP (this work), it is low-
er at the RPBE level (1.84 eV).

A more detailed examination of the values at Table 1 shows that
as a general trend the binding energies at RPBE level are about 20-
25% smaller than using PW91 and PBE. This trend is the same as
that obtained in the past for other systems. Indeed, Hammer
et al. have studied the adsorption of small molecules on late-tran-
sition metal surfaces using these GGA functionals [35]. While
PW91 and PBE systematically overestimate the corresponding
experimental adsorption energies, RPBE gives more reliable results.
In average, the adsorption energies obtained with RPBE are about
20% smaller than those calculated with PW91 and PBE [35].

In Table 2, the calculated values of binding energies (Eg(Au)),
atomic charges (q) and spin densities (SD) for the deposition of
the Au atom on anionic centers on terrace, edge and corner are pre-
sented. Binding energy values show that Au atom adsorbs follow-
ing the sequence corner(0?~) > edge(0%") > terrace(0?"). In Fig. 1
the corresponding Au-0 distances are reported. Notice that these
distances show a decreasing behaviour with: (i) increasing binding
energy and (ii) decreasing coordination number of the oxygen
atom to which the Au atom is anchored. The Au charge is low
and similar for the three cases (about —0.1e). The spin density is
concentrated mainly on Au atoms, being somewhat higher on
terrace(0%").

In Table 3, the calculated values of Eg(Au), atomic charges and
spin densities for Au atom on F; sites are summarized. Notice that
Au adsorbs more strongly than on anionic centers, being the
edge(F;) the preferred site. It is well known that on Fs centers the
charge transfer to the metal atom is substantial, a phenomenon re-
lated with the high polarizability of the charge inside the vacancy
and the high electron affinity of gold [6-9]. It is interesting to point
out how the coordination of Au atom changes on these Fs sites
(Fig. 2). It coordinates with four Mg?" on terrace(F;), with two
Mg?* on edge(F;) and with three Mg?* on corner(F;). In Fig. 2 the
corresponding Au-Mg?* distances are reported. Also in this case

Table 1
Calculated binding energies (Eq. (1)) of adsorbed Au atom on MgO(1 0 0) (terrace
sites). Comparison with other reported values.

Terrace(0?") Terrace(Fs) Functional/code References
0.90 3.12 PW91/VASP [12]

0.89 3.17 PW91/VASP [7]

0.87 3.04 PBE/PWscf [13]

0.73 2.93 B3LYP/GO3 This work
0.66 2.50 RPBE/DACAPO [14]

Table 2

Main energetic and electronic population parameters for Au atoms deposited on
anionic sites of MgO(1 0 0). Energies are expressed in eV and charges in electron units.
SD is the spin density.

Terrace(0?") Edge(0%") Corner(0?")
Eg(Au) 0.73 0.90 1.05
q(Au) ~0.13 —0.14 —0.15
q(0%") -1.74 -1.71 -1.73
SD(Au) 0.76 0.72 0.72
SD(0?") 024 024 020
Table 3

Main energetic and electronic population parameters for Au atoms deposited on Fg
sites of MgO(1 0 0). Energies are expressed in eV and charges in electron units. SD is
the spin density.

Terrace(Fs) Edge(Fs) Corner(F;)
Eg(Au) 293 3.14 3.07
q(Au) -0.88 -0.74 —0.82
SD(Au) 0.44 0.55 0.50

these distances show a decreasing behaviour with: (i) increasing
binding energy and (ii) decreasing coordination number of the
Au atom. In particular, on edge(F;) the relatively short Au-Mg?*
distance can be related to the more contracted electronic cloud
around the Au atom (see later) and with the lowest negative charge
on Au.

To study the charge distribution after deposition, the charge
density difference Ap = p(Au;/MgO) - p(MgO) - p(Au,) was calcu-
lated, by subtracting from the total charge density of the Au;/MgO
system the densities of the component fragments, and mapped it
on the plane that contains the metal atom (Fig. 3). For terrace(0%"),
we can observe a depletion of the charge density on the O anion
and a charge accumulation around the Au atom. The lack of accu-
mulation of electron density in the region between the Au atom
and the oxide surface indicates that the intraunit polarization of
Au atom makes an important contribution to the Au-MgO bonding
[7]. For edge(0*7) and corner(O*~) the Ap maps are similar (not
shown).

From the Ap maps we can see that on terrace(F;) the electronic
density is accumulated surrounding the Au atom including the
interface region (Fig. 3b). On edge(F;) and corner(Fs) the situation
is fairly different (Fig. 3c and d). In these cases the electronic den-
sity accumulation is toward two nearby cations, forming two lobes.
The origin of this particular shape can be understood by an inspec-
tion of the HOMO(a) (singly occupied) of the Au;/MgO systems
(Fig. 4). On terrace(F;) the HOMO(o) presents two lobes, one in-
ward and the other outward the surface (Fig. 4b). On edge(F;)
and corner(F;) these lobes are orientated in a different way, being
exposed outward the surface and extended sideward the Au atom
(Fig. 2c and d). Then, the Ap shape at low-coordinated sites is due
to the participation of the corresponding HOMO(a) to the total
electron density which contributes to a charge accumulation in
these regions.

The results concerning the CO adsorption on Au;/MgO on 0%~
sites are reported in Table 4 and Fig. 5. On corner(0?") site CO ad-
sorbs more strongly with a binding energy of 0.69 eV. For edge(-
0%7) and terrace(0?") the corresponding values are 0.52 and
0.51 eV, respectively. Giordano et al. have calculated adsorption
energies on terrace(0%) by means of different methods obtaining
a relatively wide range [25]. For example, they found a value of
about 0.6 eV (without BSSE correction) using cluster models and
B3LYP, i.e., a similar approach than here. At PW91 level in combi-
nation with the supercell approximation, they calculated a binding
energy of 0.81 eV. Using the unrestricted coupled-cluster singles
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Fig. 3. Charge density difference, Ap = p(Au;/MgO) — p(MgO) - p(Au;), for Au atom deposited on: (a) terrace(0%"); (b) terrace(F); (c) edge(Fs); (d) corner(F,). In ¢, Ap is
mapped along the [1 1 0] plane. In d, Ap is mapped along a plane normal to the [1 1 1] plane. Dotted lines correspond to regions with Ap <0, and solid lines to regions with

Ap > 0. Contour levels for mapping are: 1.0, 0.5, £0.25.. ..+ 0.00012 a.u.

Fig. 4. Schematic representation of the single occupied HOMO(c) of Au atom deposited on: (a) terrace(0?"); (b) terrace(Fs); (c) edge(F,) and (d) corner(Fs).

Table 4

Main energetic and electronic population parameters for CO adsorbed on Au atoms
deposited on anionic sites of MgO(1 00). CO stretching frequency (v) and its shift
with respect to free CO (Av) are also shown. Energies are expressed in eV, charges in
electron units and frequencies in cm~'. SD, spin densities; Ag, core level binding
energies (CLBE).

Terrace(0?") Edge(0?") Corner(0?")

Ex(CO) 0.51 0.52 0.69
q(Au) +0.23 +0.26 +0.29
q(C) +0.20 +0.19 +0.15
q(0) —053 ~052 ~0.56
q(co) ~033 ~0.33 —041
SD(Au) 032 029 023
SD(C) 045 0.44 051
SD(0) 0.15 0.14 0.15
A&(C,15) 247 217 _355
A&(0,15) ~323 ~295 —433
v 1871 1897 1845
Av —332 —-306 —358

and doubles with the perturbative estimate of the triples contribu-
tion [CCSD(T)] methodology and the embedded O(Mg-ECP)s mini-
mal cluster the value is relatively low, 0.35 eV.

On terrace(0?") the calculated atomic spin densities (SD) are:
SD(C) = 0.45, SD(0)=0.15 and SD(Au) = 0.32. Giordano at al. [25]
also found high SD on CO with values varying from 0.6 to 0.8 on
CO (and from 0.1 to 0.3 on Au), depending on the computational
method. On the other hand, the SD distribution for free AuCO is
more concentrated on the Au atom: SD(C)=0.17, SD(O)=0.05
and SD(Au) = 0.84, similarly to the data reported by Giordano at
al. [25]. These SD distributions are compatible with the appearance
of an important electronic charge transfer to CO to yield the
Au’CO~ complex. A complex like that was proposed on

MgO(100)inref. [11] and could account for the observed red-shift
of the CO stretching frequency on Au;/MgO. The SD distribution on
C, 0 and Au atoms for the edge(0?") and corner(0?~) sites follow
the same trend than for the terrace(0?") site.

In order to complement the information obtained from SD re-
sults and to study the charge distribution from another point of
view, NBO atomic charges and CLBE shifts were also computed.
The calculated NBO charges for the CO adsorption on Au atoms
at 0%~ sites are shown in Table 4. The total CO charge is —0.33e
for terrace(0%~) and edge(0?~), and —0.41e for corner(0%"). Thus,
the NBO analysis does not support a so relevant charge transfer
from Au to CO as suggested by the SD values. The CLBE values
are all negative showing the same direction of charge transfer for
CO. Besides, their relative values are in qualitative agreement with
NBO charges: the shift is greater on corner(0?) indicating a large
amount of negative charge for CO at this site (for the sake of com-
parison, the corresponding A¢ values for the isolated CO™ anion are
—7.90eV and —8.23 eV for C(1s) and O(1s), respectively). On the
other hand, the AuCO fragment has a total NBO charge in the range
—0.07 to —0.12e, becoming only slightly negative charged.

Concerning the CO frequency values, dramatic red-shifts were
found on 0%~ sites between —358 and —306 cm™!, following the
sequence: corner(0%~) > terrace(0O?~) > edge(0?~). At the cor-
ner(0?7) site, the electronic cloud in the Au atom is relatively more
polarizable than in the other cases because the first Mg?* neigh-
bours are very distant (the Au-Mg?* distance is 3.724 A). As a con-
sequence, there is a substantial charge transfer to CO, populating
the antibonding 27" orbital and largely shifting the CO stretching
frequency. The difference observed between terrace(0?~) and
edge(0%") in the CO frequency values cannot be directly related
to the NBO charge of CO because they are similar for both geome-
tries. However, CLBE values seem to indicate a minor CO negative
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Fig. 5. Schematic representation of CO adsorbed on Au atoms deposited on anionic sites (0>"): (a) terrace; (b) edge; (c) corner. Black spheres: C atoms. The rest of the colour
scheme is the same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

charge at edge(0?"). It is likely that the backdonation might be
somewhat different in these sites yielding to the observed differ-
ence in the CO frequencies.

The CO frequency value of 1871 cm™' obtained here on ter-
race(0?) is different than that reported by Sterrer et al.,
1910 cm™! [10]. They used a similar embedded technique but a
smaller cluster, MggOg(Mg-ECP);s, and a smaller basis set,
6—-31G(d). Notice that this behaviour was just outlined in Section
2.

1

It is interesting to point out that the CO interaction with Au
atom at gas phase was recently studied using different DFT func-
tionals and more accurate wave-function based (ab initio) methods
[25,36]. The performance of various DFT functionals varies widely
being the hybrid B3LYP the one that presents best results, in com-
parison with those obtained at CCSD(T) level [36]. It was observed
that the calculation of the CO frequency is very delicate, because
small errors in the Au-C-0 angle can result in large errors in the
CO frequency. However, this dependence between CO frequency
and the tilt angle is not present when the AuCO complex is ad-
sorbed on MgO [25]. In this case the charge transfer to CO leads
to a much deeper potential for bending.

We have also performed an analysis on free AuCO at the same
level of calculation than for supported Au. The Au-C distance is
2.089 A, somewhat longer than on MgO at anionic sites. The CO
charge is lower than on supported Au, —0.12e. Hence, the CO
stretching frequency is shifted by —141 cm™!, a value that is much
smaller in magnitude than that for the supported case. So, the dra-
matic red-shift observed for supported Au on 02" sites is a clear
indication of a strong support effect. As we observe in the Ap maps
(Fig. 3a), the MgO surface acts in such a way that the electronic
charge is accumulated upward the Au atom, favouring the interac-
tion with the 2" MO of CO.

In Fig. 6 the optimized geometries of CO adsorption on Au atom
on F, are presented. In all cases we started with the CO molecule
above the gold as initial geometry. On terrace(F;) the CO molecule
finalizes with a relatively long Au-C distance with the CO interact-
ing rather laterally with Au. Conversely, CO keeps above the Au
atom on edge(F;) and corner(F;). In these sites the Au-C distance
is nearly 0.2 A shorter and the Au-C-0 angle 10-20° greater than
on terrace(Fs).

For Au atoms supported on F; sites, CO adsorbs weakly than on
anionic sites (Table 5). Noticeably, NBO charges for CO are not sub-
stantially different than on 02~ sites. The charge of the AuCO com-
plex (—1.02e for terrace(F;) and corner(F;), and —0.92e for edge(F;))
is somewhat higher than for a single adsorbed Au (—0.88e). Thus,

CO induces a little amount of charge transfer from the vacancy to
the adsorbed complex. The corresponding CLBE shifts are not so
different than those for 02~ sites, suggesting a rather similar
charge transfer to CO, in agreement with NBO results. The SD is
about 0.6-0.7 for the AuCO complex; the rest of it is spread out to-
ward the cavity. It is noteworthy that the SD for the AuCO complex
on the regular sites is nearly 0.3 greater, showing a larger localiza-
tion in these cases. The same observation is obtained if we com-
pare the SDs for the single adsorbed Au atom on regular and
defective sites. This should be related to a greater spin pairing of
Au and vacancy electrons, in agreement with the larger binding
energies for Au atom on F; sites.

The difference in the geometries between Fs at topological de-
fects and terrace(Fs) can be understood by considering the interac-
tion of the HOMO(«) of the Au/MgO system with the 21" MO of CO.
By symmetry, this interaction of bonding character is highly fa-
voured on edge(Fs) and corner(Fs) because the two lobes of this
HOMO are exposed outside the surface (Figs. 4c and d and 7c
and d). On terrace(F;) one of the lobes is inward the surface; thus,
in this case the overlap is less favoured and the Au-CO interaction
is rather lateral (Figs. 4b and 7b). Counteracting this bonding inter-
action, there is a strongly antibonding interaction produced be-
tween the 56 MO of CO and more internal orbitals of the Au/
MgO system, the HOMO-1(a) and the HOMO(B), both spheroidal
orbitals centered at the Au atom and with very similar orbital ener-
gies (Fig. 7e-g). A very strong Pauli repulsion takes place in this sit-
uation. This can explain the relatively weak CO bonding with Au at
Fs centers. On the other hand, the interaction of bonding character
between the 2r° MO and the HOMO(at) of Au; on terrace(0?") is
produced by means of only one lobe of 2" MO as it is shown in
Fig. 7a. The corresponding pictures for edge(0?~) and corner(0%")
are very similar (not shown). On anionic sites the 56 MO of CO
overlaps with Au orbitals producing a very strong bonding contri-
bution (donation).

In relation with the CO frequency shifts on Au at F; sites, we can
observe that the frequency shift on terrace(F;) is practically the
same that on terrace(O?~). In comparison, Sterrer et al. have found
a value which is 28 cm™! lesser than on terrace(F;) [10]. However,
their periodic supercell calculations show a linear AuCO complex,
fairly different than the geometry optimized with our cluster
approximation (see Fig. 6a).

In comparison with terrace(Fs), the CO frequency shift is less
pronounced on edge(Fs) and corner(F;) sites, with values of —232
and —273 cm™!, respectively. With respect to the terrace(0?~) site
these values correspond to blue-shifts of 100 and 59 cm™!, respec-
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Fig. 6. Schematic representation of CO adsorbed on Au atoms deposited on F; sites: (a) terrace; (b) edge; (c) corner. Black spheres: C atoms. The rest of the colour scheme is
the same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5

Main energetic and electronic population parameters for CO adsorbed on Au atoms
deposited on F; sites of MgO(1 00). CO stretching frequency (v) and its shift with
respect to free CO (Av) are also shown. Energies are expressed in eV, charges in
electron units and frequencies in cm—1. SD, spin densities; Ag, core level binding
energies (CLBE).

Terrace(Fs) Edge(Fs) Corner(Fs)
E5(CO) 0.14 0.25 0.26
q(Au) —0.65 ~0.59 ~0.65
q(C) +0.18 +0.19 +0.16
q(0) —-0.55 -0.52 -0.53
q(CO) —0.37 —033 —037
SD(Au) 0.29 0.40 0.39
SD(C) 0.26 0.23 0.30
SD(0) 0.09 0.05 0.05
Aé (C1s) ~3.09 -1.97 ~2.76
Ag (0,1s) -3.46 -2.39 -3.15
v 1873 1971 1930
Av —330 —-232 -273

tively, in line with the shift of 70 cm~! observed by IR spectroscopy
on defective and perfect MgO(1 0 0) surface [10]. As above com-
mented, at edge(F;) and corner(F;) sites, the CO molecule overlaps
efficiently with Au by means of the 2" MO. When CO vibrates, it
does against a region with a high electron density which acts to
“stiffen” the motion of the C atom. This effect is usually known
as “wall effect” which by itself contributes to change the CO fre-
quency to higher values [37,38]. As a consequence, the red-shift
is lower on F; at low-coordinated sites than on terrace(0%") as sug-
gested by experimental measurements. On the other hand, on ter-
race(Fs), the Au-C distance is relatively long and CO is oriented in
such a way that it does not vibrate directly against the charged Au
atom. In this case the wall effect is therefore relatively poor and the
corresponding frequency strongly red-shifted.

Moreover, it is pertinent to interpret why the red-shift on
edge(F;) is lower than on corner(F;) (—232 vs. =273 cm™!). As it
was already mentioned, the Au atom on edge(F;) has a lower neg-

Fig. 7. (a-d): Schematic representation of the single occupied HOMO(a) of CO adsorbed on supported Au. (a) Terrace(0%"); (b) terrace(Fs); (c) edge(F); (d) corner(F;). These
MOs are produced from the interaction between the 2" MO of CO and the HOMO(at) of Au/MgO (see Fig. 4). (e-g): Antibonding interaction between the 56 MO of CO and the

HOMO-1(a) (or HOMO(B)) of Au/MgO. (e) Terrace(Fs); (f) edge(Fs); (g) corner(Fs).
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ative charge and furthermore it is less diffuse than on corner(F;). In
consequence, the backdonation to 27" is relatively low, a fact that
is reflected on the smaller negative charge on CO and the lesser
CLBE shift. As a result, the C-O distance is shorter on edge(F;)
and lower the red-shift.

Finally, it is very interesting to compare the present results of
CO adsorption on Au;/MgO(terrace) with those corresponding to
NO (a molecule with an additional electron than CO) [9]. The
adsorption of NO is stronger than CO; the binding energies for
NO are —1.08 and —0.49 eV on gold atoms deposited on 0%~ and
F; sites, respectively. The greater binding energy can be interpreted
in terms of the spin density distribution at the metallic site: NO is a
radical with an unpaired electron mainly located on the N atom
and it can couple strongly with other species with an unpaired
electron such as MgO-supported Au,. The NO charge on Au/ter-
race(0?")is —0.37e, i.e., similar than for CO on this same site. How-
ever, it is higher on Au/terrace(Fs): —0.57e. This charge populates
the antibonding 21t" MO of NO producing a remarkable red-shift
of 397 cm™'. On the other hand, on terrace(0?>) this shift is
—-336cm™".

An interesting question to be answered is if the “wall effect” is
also present for NO at low coordination sites. On Au atoms depos-
ited on 0%~ at terrace, edge and corner sites, the NO frequency shift
varies in the range of —330 and —360 cm ™' [39]. On the other hand,
for a Au atom supported on F; at these same sites the NO frequency
shift varies between —400 and —440 cm~'. For NO the bonding/
backbonding mechanism involves only the 2x° MO with a rela-
tively poor participation of 56 [9,40]. Hence, in this case the shifts
are those that one intuitively would expect if only changes at the
21" MO populations are taken into account.

4. Conclusions

CO adsorbs on atomic Au deposited on anionic (0?) sites fol-
lowing the sequence: corner > edge =~ terrace, with binding ener-
gies varying in the range of 0.51-0.69 eV. On neutral oxygen
vacancies (Fs centers) the adsorption is weaker (0.14-0.26 eV).
The calculated NBO charges support the existence of the Au®*C0O®~
complex on the anionic site. Interestingly, on F; the predicted CO
charge is not very different than on 0?"; it changes from about
—0.3 to —0.4e for all the sites.

Concerning the CO frequency values, dramatic red-shifts were
found on 0%~ sites. The calculated shifts are: —358, —332 and
—306 cm™! for corner, terrace and edge, respectively. At corner
site, the electronic cloud on the Au atom is relatively more diffuse
than on the other cases because the first Mg?* neighbours are very
distant. In consequence, there is a higher charge transfer to CO
with the corresponding larger red-shift.

On terrace(F;), the red-shift is very similar than on terrace(0%").
However, the red-shift is less pronounced on edge(Fs) and cor-
ner(F,): —232 and —273 cm™!, respectively. The available experi-
mental measurements indicate that Au adsorbs on terrace at
perfect MgO(1 00) and at topological defects on O-deficient sur-
faces. Upon CO adsorption, the observed IR features on defective
surface is blue-shifted by 70 cm~! with respect to the perfect sur-
face. Our calculations predicted blue-shifts by 100 and 59 cm™~" at
edge(F;) and corner(F;), respectively. These results are rather unex-
pected because following the generally accepted scheme the shifts
at Fs should be larger owing to the expected negative charge on Au
at these sites.

A molecular-orbital-based reasoning suggests the following pic-
ture. On terrace(Fs) the HOMO(a), mainly centered on Au, presents
two lobes: one inward and the other outward the surface. On
edge(Fs) and corner(Fs) these lobes are orientated in a different

way, being exposed outward the surface and extended sideward
the Au atom. By symmetry, the interaction of the 2" MO of CO
is highly favoured on F; at low-coordinated sites. In fact, the Au-
C distance is 0.2 A shorter than on terrace(F,). When CO vibrates,
it does against a region with a high electron density which acts
to “stiffen” the motion of the C atom. This is the so-called “wall
effect” which contributes to change the CO frequency to higher val-
ues. As a consequence, the red-shift is lower on F at low-coordi-
nated sites than on terrace(0?"), as indicated by experimental
measurements.
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