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The adsorption of nitric oxide (NO) on Aun (n=1–3) particles deposited on anionic (O2−) sites of MgO has
been studied using the DFT (Density Functional Theory) approach. The regular O2− sites of MgO(100) and the
sites in edge and corner topological defects with high symmetry of MgO were considered. The adhesion
energy of Aun to MgO is larger for Au2 and Au3 due to higher polarization effects. On the other hand, the
interaction strength of NOwith supported Aun particles dependsmainly on the electronic configuration (open
or closed shell) of the particle; the Au particles with odd number of atoms show larger NO binding energies. A
comparison was performed with the reactivity of free Aun particles. From this, it is possible to conclude that
the support enhances the NO–Aun bonding strength for the monomer, weakens this interaction in the case of
the dimer, and does not have an effect in the trimers. Besides, the NO–Aun bonding is essentially insensitive to
the coordination of the anionic site where the Aun particle is linked. A large red-shift of the N–O stretching
frequency was obtained, particularly for the Au particles with odd number of atoms, due to a negative charge
transfer from Au to NO.
mas Catalíticos, Departamento
8000 Bahía Blanca, Argentina.

l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Supported Au nanoparticles present an extraordinary activity to
catalyze different reactions at low operating temperatures, such as the
oxidation of CO, the partial oxidation of hydrocarbons and the
reduction of NOx [1]. TiO2 have been used as the typical support for Au
particles, but other oxides like MgO, SiO2 and Al2O3 were also
considered [1–4].

Nitrogen oxides are air-pollutants produced by combustion
engines. Therefore, the necessity to develop efficient catalytic
converters for the post-processing of the exhaust gases has stimulated
extensive investigations of the adsorption and decomposition of NOx

molecules on the surfaces of metallic catalysts (for reviews see, for
example, Refs. [5,6]).

In particular, the catalytic reduction of nitrogen oxides towards N2

and O2 is one of the most important reactions that takes place in the
three-way catalysts [7,8]. A highly practical and suitable method to
remove NOx seems to be the catalytic reduction using compounds
such as CO, hydrogen and hydrocarbons contained in exhaust gases.
Ueda and Haruta [4] found that Au catalysts supported in a variety of
metallic oxides show a great catalytic activity in the reduction of NO
with hydrocarbons such as propene, propane, ethene and ethane.
As one of the key factors to understand certain catalytic
mechanisms, the adsorption of NO molecules on unsupported Au
particles has been experimentally studied. For example, Citra et al. [9]
analyzed the reaction of Au clusters with NO at very low temperatures
producing neutral complexes like AuNO and Au(NO)2 as principal
products. On the other hand, Ding et al. [10] performed theoretical
studies for the adsorption of NO on Au clusters with 1 to 6 atoms in
neutral as well as in positively and negatively charged states. They
found that all these Au aggregates are able to adsorb NO with greater
adsorption energies for cationic clusters.

MgO is usually used as a model support due to its simple crystal
structure and because it presents different types of defects which are
relatively easy to be included in the simulations. The deposition of Au
aggregates on the MgO(100) surface has been deeply studied using
the DFT approach [11–19]. Most of the theoretical works dealing with
the adsorptive and catalytic properties of Au/MgO have used CO as
probe molecule. Basic aspects, such as the CO-induced modification of
the Au–MgO interface [20], the vibrational properties of CO adsorbed
on Au1/MgO [21,22], and the paramagnetic behavior of CO/Au/MgO
[23] were investigated. Besides, it was observed that three-dimen-
sional and two-dimensional nanoclusters deposited on MgO [24–26]
and MgO/Mo [27], respectively, show a remarkable activity for CO
oxidation.

Among the very small Au particles, Au1 and Au3 present the
highest NO adsorption energies [10]. Therefore, the study of the NO
adsorption capability of these tiny particles in a supported state could
be of great interest. In a previous work [28] we have presented a
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Fig. 1. a) Mg13O13(Mg-ECP)16 cluster used for modeling the MgO(100) surface. b) Mg12O12(Mg-ECP)14 cluster used for modeling the edge topological defect of MgO due to the
intersection of two [100] and [010] oriented planes. c) Mg10O10(Mg-ECP)9 cluster used for modeling the corner topological defect of MgO due to the intersection of three [100], [010]
and [001] oriented planes. Red spheres: O. Green spheres: Mg. Small green spheres: Mg-ECPs. Point charges are not shown.
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molecular orbital study on the NO interaction with Au monomers and
dimers anchored on the MgO(100) surface. We found that when the
Au atom is adsorbed on an anionic site it essentially retains its spin
and for this reason it can couple efficiently with NO (a radical);
conversely, when the Au atom is deposited on an O-vacancy the Au–
NO bond is relatively weak because of the partial spin delocalization
toward the cavity. In the present paper, we extend the study by
considering O2− sites at edge and corner topological defects of MgO
and also including the gold trimer.

Thiswork is divided in two sections: 1) adhesion of Auparticles (1–3
atoms) in a O2− site of theMgO(100) surface (terrace site) aswell as on
O2− sites at topological defects (edge and corner sites); and 2)
adsorption of NO on Au particles supported on the same sites of MgO.

2. Computational details

Density Functional Theory (DFT)molecular orbital calculationswere
performedusing thegradient correctedBecke's threeparameters hybrid
exchange functional in combination with the correlation functional of
Lee, Yang and Parr (B3LYP) [29]. All the calculations have been carried
outusing theGaussian-03programpackage [30]. The terrace site atMgO
Fig. 2. Schematic representations of Aun (n=1–3) clusters deposited on a O2− site of the
spheres: Mg (including Mg-ECPs). Yellow spheres: Au.
(100) surface was represented by a Mg13O13 cluster consisting of two
layers (first layer: Mg4O9; second layer: Mg9O4). 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. Besides, the positive
point charges at the interface between the cluster region and the region
of point charges were replaced by effective core potentials (ECP)
corresponding to the Mg2+ cation to account for its finite size and to
avoid spurious charge polarization. The corresponding Mg13O13(Mg-
ECP)16 cluster is represented in Fig. 1a. This embedding technique was
used previously for the study of both bulk and surface properties giving
results which are in good agreement with those obtained by periodic
calculations [21,31–33]. For the topological defects, a similar modeling
was used resulting in the following clusters: Mg12O12(Mg-ECP)14 (edge
sites) andMg10O10(Mg-ECP)9 (corner sites) (Fig. 1b and c, respectively).

While the atomic orbitals of the oxygen ion acting as the
adsorption site and its nearest four O neighbors (three for corner
site) were described by the 6–31+G(d) basis set, those of the exposed
Mg ions (four for terrace and edge sites, three for corner site) directly
bonded with the O adsorption site were expressed using the 6–31G
(d) basis set; for the rest of theMg and O ions of the cluster, the 6–31G
basis set was used. The 6–31+G(d) basis set was employed for the
MgO(100) surface. a) Monomer; b) dimer; and c)–e) trimers. Red spheres: O. Green
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Table 1
Main energetic and electronic population parameters for Au particles deposited on
anionic sites of MgO(100) (terrace).

Au1/MgO Au2/MgO Au3/MgO

Fig. 2c Fig. 2d Fig. 2e

Eadh (eV) 0.73 1.34 1.36 1.30 1.32
Enucl – 2.56 0.80 0.77 0.79
q[Au(1)] (e) −0.13 0.14 0.23 0.12 0.14
q[Au(2)] – −0.28 −0.14 −0.11 −0.14
q[Au(3)] – – −0.23 −0.23 −0.15
q(Aun) −0.13 −0.14 −0.14 −0.22 −0.15
SD[Au(1)] 0.76 – 0.00 0.23 0.23
SD[Au(2)] – – 0.32 0.00 0.00
SD[Au(3)] – – 0.70 0.55 0.59
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atoms of the NO molecule. On the other hand, for Au, the Los Alamos
basis set was used (LANL2DZ), which describes the 19 valence
5s25p65d106s1 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 [34,35]. In the geometrical optimization procedure,
the atomic coordinates of the adsorbate (Aun or NO/Aun) were fully
optimized, together with the coordinates of the central oxygen anion
(the adsorption site) and the four surface Mg cations directly bonded
to it (three for corner site). Only the adsorption on anionic sites was
studied because it is well established that these are the preferred
adsorption sites for transition metals [36].

We define the adhesion energy (Eadh) of the Aun particle on MgO
as follows:

Eadh = − E Aun =MgOð Þ−E MgOð Þ−E Aunð Þ½ �; n = 1;2;3: ð1Þ

The nucleation energy (Enucl) is an important parameter to study
the atom-by-atom growth of a particle from atoms in the gas phase. It
is defined as the energy associated with the formation of a Au particle
when an atom of the gaseous phase bonds with a pre-adsorbed
metallic particle:

Enucl = − E Aun =MgOð Þ−E Aun−1 =MgOð Þ−E Au1ð Þ½ �; n = 2;3: ð2Þ

On the other hand, we define the binding energy (EB) of NO
molecule on Au/MgO as

EB = − E NO= Aun =MgOð Þ−E Aun =MgOð Þ−E NOð Þ½ �; n = 1;2;3: ð3Þ

Positive values correspond to exothermic processes. The basis set
superposition error (BSSE) was corrected following the counter-poise
procedure [37]. We have analyzed the cluster size dependence of the
binding energies in a previous work [21].

N–O vibrational frequencies were computed by determining the
second derivatives of the energy with respect to the Cartesian nuclear
Fig. 3. Schematic representations of Aun (n=1–3) clusters deposited on a O2− site of the edge
to colors, see the figure legends of Fig. 2.
coordinates and then transforming to mass-weighted coordinates.
The frequency values were scaled according to the factor of 0.9465,
calculated as the ratio between the empirical and the calculated
frequency values for the isolated NO molecule (1876/1982).

The net atomic charges and the spin density (SD) were calculated
following the Natural Bond Orbital (NBO) method [38]. This approach
for the charge partitioning was recently applied to analyze the
interaction of CO and NO with coinage metals [9,10,39,40]. The
direction of charge transfer predicted from NBO atomic charge values
is consistent with calculated core level shifts [21] and with dipole
moment changes [41]. The SD values obtained with the NBO method
are only slightly different than those obtained with the Mulliken
population analysis used in a previous work [28].

3. Results and discussion

3.1. Adhesion of Aun at (100) terraces and topological defects of MgO

In Fig. 2 the optimized geometries of Au supported particles
anchored on terrace sites of MgO(100) are shown. In Table 1, the
corresponding values of adhesion and nucleation energies, atomic
charges and spin densities have been summarized. For dimers and
trimers, the different Au atoms are identified by numbers: Au(1), Au
(2) and Au(3) (also in Fig. 2). For Au2, different initial geometries
converge to the same structure, namely, that perpendicular to the
surface (Fig. 2b). On the other hand, for Au3, three different
geometries were found. The most stable configuration is a nearly
isosceles triangle with its shortest side perpendicular to the surface
(Fig. 2c). In the second geometry, the trimer overturns towards the
surface, anchoring to two O2− sites (Fig. 2d); in the third case, the
trimer adopts a quasi-linear perpendicular orientation (Fig. 2e). The
three geometries have very similar adhesion energies.

It is clear from Table 1 that the gold adhesion to the oxide surface is
more favorable for Au2 and Au3 than for Au atom. The nucleation
energy (Enucl) value for Au2, i.e., the energy implied in linking one Au
atom to a Au atom previously adsorbed, is muchmore significant than
the binding energy of an isolated Au to a O2− site (2.56 eV vs. 0.73 eV).
In free molecule condition, the calculated nucleation energy (in this
case, the dimerization energy) is 1.86 eV; then, the Au–Au bond is
favored in 0.7 eV owing to the effect of the support. A very similar
value was reported by Del Vitto et al. [11] (0.6 eV) using periodic
supercells. In the case of trimers, the nucleation energy is much lower
than that for the dimer (around 0.8 eV).

Analyzing the atomic charges, we notice that when a Au atom
interacts with MgO, a very small electronic transfer is produced from
the oxide to the metallic atom (0.13e). Results from EPR (Electron
Paramagnetic Resonance) spectroscopy of Au atoms deposited on
MgO(100) suggest that single gold atoms are essentially neutral [42].
On the other hand, the analysis of the electronic charge distribution
reported in Refs. [11] and [28] shows an important polarization
topological defect of MgO. a)Monomer; b) dimer; and c)–d) trimers. For the references
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Table 2
Main energetic and electronic population parameters for Au particles deposited on
anionic sites at the edge defect.

Au1/MgO Au2/MgO Au3/MgO

Fig. 3c Fig. 3d

Eadh (eV) 0.90 1.55 1.75 1.51
Enucl – 2.40 1.00 0.77
q[Au(1)] (e) −0.14 0.15 0.04 0.13
q[Au(2)] – −0.29 −0.11 −0.15
q[Au(3)] – – −0.16 −0.15
q(Aun) −0.14 −0.14 −0.23 −0.17
SD[Au(1)] 0.72 – 0.23 0.13
SD[Au(2)] – – 0.20 0.10
SD[Au(3)] – – 0.47 0.60
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contribution to the bond between Au and the five-coordinated oxygen
anion (O5c), due to the intraunit polarization of the adsorbed Au atom.
For the Au2 and Au3 clusters, an electronic charge transfer occurs from
the oxygen anion with a value similar than that for the monomer; the
Au atom directly linked with the O2− site becomes positively charged,
whereas the others are negatively charged. Therefore, also Au2 and
Au3 particles undergo a polarization induced by the interaction with
the oxide surface.

Aside from the polarization contribution, some covalent mixing in
the Au1–O5c bond was suggested by Del Vitto et al. [11]. From our
study, we observe a decrease of the SD(Au) value, from 1 to 0.73,
when such atom changes from being free to be anchored on a terrace
site. In the last situation, the O5c anion linked with Au attains a non
negligible SD value, 0.24; this is compatible with the partial shearing
of one fourth of an electron up (from Au) and one fourth of an electron
down (from O5c) in a covalent contribution to the Au–O5c bond. For
the Au3/MgO system the total spin is entirely localized on the metallic
particle for the nearly isosceles configuration (Fig. 2c), and it has a
value of about 0.8 for the other two structures indicating some
covalentmixingwith the surface. For the dimer, the SD is zero because
the Au2/MgO system is a singlet in its fundamental state. On the other
hand, the different reactivities of monomer and dimer to bind with an
additional Au atom in the nucleation process can be explained by
means of this SD distribution. While the adsorbed monomer has an
open shell structure, the dimer presents a closed one; thus, the
interaction is much more favored in Au1/MgO because in this case a
direct coupling between two species with unpaired electrons is
produced.

In Fig. 3, the optimized geometries of Au supported particles
anchored on a MgO edge are shown. This topological defect is
Fig. 4. Schematic representations of Aun (n=1–3) clusters deposited on a O2− site of the co
references to colors, see the figure legends of Fig. 2.
modeled by the intersection of two [100] and [010] oriented planes. In
Table 2, the main energetic and electronic population parameters
corresponding to this site have been summarized. The dimer shows
similar geometry as for the terrace site, perpendicular to the edge, but
residing nearly in its bisecting plane (Fig. 3b). On the other hand, the
trimers show only two geometric configurations that are similar to
the overturned triangle and the quasi-linear trimers on terrace. Other
triangle conformers were tested as starting geometries, but all of them
converged to the overturned triangle, which in turns is an indication
of the higher reactivity of the four-coordinated oxygen anions (O4c).

The higher reactivity of O4c is also evidenced in the Eadh values of
Table 2 which are about 0.2 eV larger than on terrace. For the trimer
with the overturned triangle geometry the stability difference is
greater: 0.4 eV. In the same way as for terrace, an electronic charge
transfer is produced from the oxygen anion to the Au particle; this
charge is mainly localized on the terminal Au atoms of Au2 and Au3,
indicating also here a metal–oxide interaction of polarization type.
The spin is mainly concentrated over the Au3 particle with a total SD
value between 0.8 and 0.9. For the atomic case, the SD values are
similar than for the terrace (SD(Au)=0.72; SD(O4c)=0.24) indicat-
ing also here some covalent contribution.

Finally, the calculations corresponding to the Au supported
particles anchored in a corner site of MgO are shown in Fig. 4. This
site was modeled by the intersection of three [100], [010] and [001]
oriented planes. From Fig. 4 and Table 3we notice that for Au1 and Au2
two different geometrical configurations were obtained, with very
near adhesion energies. The dimers adopt geometries where the two
Au atoms and the O anion are aligned. The geometrical configurations
of the trimers are similar to those on terrace. Regarding the corner
reactivity, for the most stable conformers the adhesion energy is 0.2–
0.3 eV larger on corner than on edge. Also in this case, for Au2 and Au3,
the support induces an internal charge transfer to the terminal Au
atoms and the spin on Au3 is located mainly on the metal particle.

Considering the above comments about the behavior of Au
particles on different anionic sites of MgO, we can conclude that in
general for each type of site (terrace, edge or corner) the bond
strength between the metallic particle and the anionic site of MgO
follows the order: Au3NAu2NAu1, though the Eadh difference between
the dimer and the trimer is not significant (less than 0.2 eV).
Moreover, for each type of particle (Au1, Au2 or Au3) the bond
strength follows the order: cornerNedgeN terrace (see Fig. 5). Con-
sidering the nucleation energy of each metallic particle, the
incorporation of the second Au atom is significantly more favored
than the third one, irrespective of the type of site (terrace, edge or
corner).
rner topological defect of MgO. a–b) Monomers; c–d) dimers; and e–f) trimers. For the
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Table 3
Main energetic and electronic population parameters for Au particles deposited on
anionic sites at the corner defect.

Au1/MgO Au2/MgO Au3/MgO

Fig. 4a Fig. 4b Fig. 4c Fig. 4d Fig. 4e Fig. 4f Fig. 4g

Eadh (eV) 1.11 1.05 1.89 1.90 2.00 2.04 1.85
Enucl – – 2.61 2.62 0.87 0.95 0.75
q[Au(1)] (e) −0.15 −0.15 0.21 0.19 0.33 0.17 0.22
q[Au(2)] – – −0.37 −0.34 −0.25 −0.20 −0.19
q[Au(3)] – – – – −0.27 −0.20 −0.21
q(Aun) −0.15 −0.15 −0.16 −0.15 −0.19 −0.23 −0.19
SD[Au(1)] 0.69 0.72 – – 0.00 0.21 0.20
SD[Au(2)] – – – – 0.40 0.00 0.14
SD[Au(3)] – – – – 0.61 0.53 0.58
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Fig. 5. Adhesion energies (Eadh in eV) vs. the number of Au atoms in Aun particles
deposited on terrace, edge and corner. For the trimers, only the result for the most
stable structure is reported.
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Taking into account the relative high mobility of Au aggregates on
MgO(100) [43] it is interesting to consider the energetic changes
taking place during the diffusion process from the O2− site on terrace
to the more reactive site at a corner defect. From our results, the
energetic stabilizations for that process are: 0.4 eV for Au1, 0.6 eV for
Au2 and 0.7 eV for Au3. However, from previous calculations we can
deduce that the corresponding stabilization is much higher for the
diffusion toward another type of surface defects, namely the O-
vacancies of MgO, in particular those produced by removing a neutral
O atom. For example, Au1 stabilizes in the range of 2.2–2.4 eV for the
diffusion from O2− on terrace to an O-vacancy on terrace or
topological defects [21]. For Au2 a similar value was obtained
Fig. 6. Schematic representations of NO adsorbed on Aun (n=1–3) clusters deposited on a O
O. Green spheres: Mg (including Mg-ECPs). Yellow spheres: Au. Grey spheres: N.
considering the diffusion from O2− to an O-vacancy both on terrace
[28]. Hence, although the energetic stabilization on topological
defects is not negligible, in defect-rich MgO surfaces it would be
expected that O-vacancies, rather than O2− centers at topological
defects, could act as efficient traps for the diffusing Au particles.

3.2. Adsorption of NO on Aun (n=1, 2, 3) supported in anionic sites (O2−)
of MgO

In Fig. 6, the optimized geometries of NO adsorption on Aun/MgO
(terrace sites) are shown, and in Table 4 the corresponding values of
binding energies, atomic charges and spin densities. The N–O
stretching frequencies were also included. In all the cases the NO
molecule adopts a tilted orientation with respect to the Au atom
which it is bonded; the Au–N–O angle is 116.7° for the adsorbed
monomer, and 126.8° for the dimer (Fig. 6a and b). Regarding the
trimer, two structures were obtained: one locating the NO molecule
over Au(2) of Fig. 2c and the other over Au(3) of Fig. 2d as starting
geometries. The adsorption over the quasi-lineal Au3 structure was
not considered. In both cases, the NO molecule tilts towards the MgO
surface, and a bond between the O atom of NO and a surface Mg2+

cation is produced. The final optimized geometries correspond to Au–
N–O angles of about 120° (Fig. 6c and d). In both configurations the O
atom of NO acquires a considerable negative charge, −0.3e, which
allows an electrostatic interaction with a surface Mg2+ cation at the
border of the cluster. Actually, it is one of the ECPs at the interface
with the embedding of point charges. In order to test if this interaction
is well represented by this cluster, the calculation was repeated with a
larger cluster, Mg25O25(Mg-ECP)25, in which this Mg-ECP was
replaced by a Mg atom and the entire cluster was enlarged
accordingly. This was performed for the configuration of Fig. 6d. We
observed that the Au–Au, Au–NO and N–O distances were very similar
for the two clusters. On the other hand, the calculated value of EB for
NO is only 0.1 eV higher than the value with the smaller cluster. Thus,
the Mg13O13(ECP-Mg)16 cluster seems to represent in a reasonable
way the interaction with the adsorbate.

In Fig. 7 and Table 5, the main results corresponding to the NO
adsorption on Aun/MgO for the edge defect are shown. As on terrace,
only one configuration is possible for monomer and dimer; on the
other hand, for the trimer two different geometrical configurations
were found, as shown in Fig. 7c and d. The N–O bond tilts with a Au–
N–O angle of about 120° in all the cases. In the first configuration of
trimers, shown in Fig. 7c, the NO molecule links to Au(1) producing a
very important weakening of the Au(1)–Au(2) bond which becomes
about 0.6 Å longer with respect to the bond in the adsorbed trimer
without NO. This configuration can be considered as formed by two
independent adsorbed species, Au2 and Au1NO; indeed, the Au–Au
distance (2.587 Å) is very similar to that of Au2 in the edge (2.580 Å,
see Fig. 3b), and the Au1NO species is very similar to the situation
2− site of the MgO(100) surface. a) Monomer; b) dimer; and c–d) trimers. Red spheres:

image of Fig.�5


Table 4
Main energetic and electronic population parameters for NO adsorbed on Au particles
deposited on a terrace site. NO stretching frequency (ν) and its shift with respect to free
NO (Δν) are also shown.

NO/Au1/MgO NO/Au2/MgO NO/Au3/MgO

Fig. 6c Fig. 6d

Ea (eV) 1.07 0.23 0.87 0.70
q[Au(1)] (e) 0.26 0.00 0.23 0.21
q[Au(2)] – 0.00 0.13 −0.16
q[Au(3)] – – −0.17 0.09
q(O) −0.30 −0.20 −0.31 −0.30
q(N) −0.07 0.07 −0.03 −0.02
q(NO) −0.37 −0.13 −0.34 −0.32
SD[Au(1)] – 0.05 – –

SD[Au(2)] – 0.00 – –

SD[Au(3)] – – – –

SD(O) – 0.32 – –

SD(N) – 0.61 – –

νNO (cm−1) 1540 1716 1570 1594
ΔνNO −336 −160 −306 −282

Table 5
Main energetic and electronic population parameters for NO adsorbed on Au particles
deposited on an edge site. NO stretching frequency (ν) and its shift with respect to free
NO (Δν) are also shown.

NO/Au1/MgO NO/Au2/MgO NO/Au3/MgO

Fig. 7c Fig. 7d

Ea (eV) 1.06 0.22 0.82 0.32
q[Au(1)] (e) 0.27 0.03 0.26 0.27
q[Au(2)] – −0.01 0.03 0.21
q[Au(3)] – – −0.02 −0.29
q(O) −0.30 −0.21 −0.31 −0.26
q(N) −0.08 0.05 −0.20 −0.09
q(NO) −0.38 −0.16 −0.51 −0.36
SD[Au(1)] – 0.03 – –

SD[Au(2)] – 0.00 – –

SD[Au(3)] – – – –

SD(O) – 0.21 – –

SD(N) – 0.62 – –

νNO (cm−1) 1546 1714 1515 1593
ΔνNO −330 −162 −361 −283
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when this species is adsorbed isolated (see Fig. 7a). On the other hand,
when NO adsorbs on the Au(2) atom, the triangle structure is
preserved (Fig. 6d), but EB is much lesser.

Finally in Fig. 8, the optimized geometries of the NO adsorption on
Aun/MgO for corner site are shown, and in Table 6 the main molecular
parameters corresponding to these geometries. For Au1 and Au2, the
NO adsorption on only one of the isoenergetic configurations
previously shown in Fig. 4a and b (for Au1/MgO) and in Fig. 4c and
d (for Au2/MgO) was considered. On the other hand, two different
geometrical configurations are possible for the trimer. The N–O bond
tilts with a Au–N–O angle of about 120°. In the trimer shown in Fig. 8c,
the Au3NO species adopts a conformation that is analogous to that of
Fig. 6c (on terrace), but now the N atom is relatively near to a four-
coordinated O2−, with a N–O4c distance of 2.42 Å. In the second
configuration, shown in Fig. 8d, NO molecule links to Au(3) atom of
the trimer, weakening the Au(2)–Au(3) bond. In the resulting
geometry, the Au2 species is on the corner and the Au1NO species is
on the edge, with similar geometries than those of the same species
but independently adsorbed.

For all the cases (terrace, edge and corner) the N–O distance for the
adsorbed NO molecule is longer than calculated for the free molecule
(1.158 Å). This stretching is higher for the monomer and trimer
(0.03–0.05 Å longer) than that for the dimers (0.01–0.02 Å longer).

From the EB values of Tables 4–6 we observe that the stabilization
of NO on Aun/MgO follows the order: Au1NAu3≫Au2. On the other
hand, the Au–NO distance follows the order: Au2NAu3NAu1, in line
with the energetic sequence. In Fig. 9 the different values of EB
calculated for the adsorption of NO have been summarized together as
a function of the number of Au atoms. For Au3, the results for the most
stable configurations were reported. An interesting feature is that the
Au–NO interaction is rather insensitive to the topological site where
Fig. 7. Schematic representations of NO adsorbed on Aun (n=1–3) clusters deposited on a O
the references to colors, see the figure legends of Fig. 6.
the Au particle is anchored. A way of evaluating the effect of the
support on the NO adsorption on Au is to compare the results for the
NO/Aun/MgO systems with those of NO on free particles. In the latter
case the binding energies are 0.73, 0.56 and 0.85 eV, for Au1, Au2 and
Au3, respectively (see Fig. 9). Therefore, the support acts favoring the
adsorption in Au1/MgO and disfavoring in Au2/MgO. In Au3/MgO the
effect of the support is essentially neutral.

Both for terrace and topological defects, an electronic charge
transfer takes place from the metal to the NO molecule, being more
notorious on Au1 and Au3 where the charge of NO is in the range of
−0.37/−0.46e and −0.32/−0.53e, respectively. On Au2 it is much
lower: −0.13/−0.22e. In the case of the free AunNO species, the
charge of NO is considerably smaller: −0.06, −0.03 and −0.05e for
Au1NO, Au2NO and Au3NO, respectively. The latter results are very
similar to those reported in Refs. [9] and [10], also using DFT. In
general, the net charge of the adsorbed AunNO complexes is
approximately the same than that of the adsorbed Aun (Tables 1–3).
Nevertheless, an internal electronic charge transference occurs from
the Aun particle to the NO molecule, being much higher for Au1 and
Au3.

NO molecule adsorbs strongly on Au1/MgO and Au3/MgO, which
are systems with an odd number of electrons and high SD in the
metallic particle. In these cases, the NO molecule (a radical) strongly
interacts with the Au particle through a covalent bond. For Au2, a
system with closed shell, the adsorption is much weaker. The same
trend has been observed in recent calculations performed by Ding et
al. [10] with DFT for the interaction of NO with very small Au particles
at free state. Of all the particles analyzed (Au1–Au6), Au1 and Au3

present the highest NO adsorption energies; the Au–NO bond strength
decreases monotonically, going from Au4 to Au6. Thus, Au1 and Au3,
particles with an odd number of electrons, couple very efficiently with
2− site of the edge topological defect of MgO. a) Monomer. b) Dimer. c)–d) Trimers. For

image of Fig.�7


Fig. 8. Schematic representations of NO adsorbed on Aun (n=1–3) clusters deposited on a O2− site of the corner topological defect of MgO. a) Monomer; b) dimer; and c–d) trimers.
For the references to colors, see the figure legends of Fig. 6.
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a radical as NO. Moreover the bonding takes place through the N atom
because the SD is localized mainly on this atom in the NO molecule.
Interestingly, Au5 present a low capability to adsorb NO because the
spin is highly diluted over the particle.

As it wasmentioned above, the effect of the support is very different
for Au1 and Au3. In previous works it was shown that in Au1/MgO the
spin is concentrated in a region above the Au atom [11,28] so that it
becomesvery reactive against radicals likeNO.On the other hand, in Au3
the spin is distributed over the whole particles both at free and
supported states, and hence the support acts without modifying the
NO–Au link. The relative high capability of supported Au1 to interact
with a radical like NO could be of great interest for experimentalists in
order to design new materials capable to catalyze reactions involving
NO and even to construct sensors for the detection of NO or other gases
with similar open shell electronic structure.

With regard to the frequencies of N–O stretching reported in
Tables 4–6 we notice that a red-shift of −330/−362, −160/−194
and −306/−390 cm−1 is predicted for NO adsorbed on Au1/MgO,
Au2/MgO and Au3/MgO, respectively, with respect to the frequency
for isolated NO. The red-shift is much lower for Au2, where the
bonding between NO and the particle is weaker. From theΔν values of
Tables 4–6 we can observe that the red-shift is rather insensitive to
the coordination of the O2− site where the Au particle is anchored. The
relative larger red-shift of NO adsorbed in Au1/MgO and Au3/MgO in
comparisonwith that of Au2/MgO can be related to the larger negative
charge acquired by the NO molecule. As the electronic charge goes
mainly to the 2π* orbital of NO, which is antibonding, the N–O
distance increases and the frequency decreases more significantly for
Au1/MgO and Au3/MgO.

The system NO/Au/MgO has been experimentally studied by
Solymosi et al. [2]. The peaks detected at 1718 cm−1 and 1697 cm−1

(ΔνNO=−158 cm−1 and −179 cm−1, respectively) were assigned
Table 6
Main energetic and electronic population parameters for NO adsorbed on Au particles
deposited on a corner site. NO stretching frequency (ν) and its shift with respect to free
NO (Δν) are also shown.

NO/Au1/MgO NO/Au2/MgO NO/Au3/MgO

Fig. 8c Fig. 8d

Ea (eV) 1.19 0.22 0.82 0.86
q[Au(1)] (e) 0.32 0.31 0.30 0.08
q[Au(2)] – −0.07 −0.23 −0.04
q[Au(3)] – – 0.11 0.25
q(O) −0.34 −0.25 −0.34 −0.33
q(N) −0.12 0.03 −0.11 −0.20
q(NO) −0.46 −0.22 −0.47 −0.53
SD[Au(1)] – 0.00 – –

SD[Au(2)] – 0.00 – –

SD[Au(3)] – – – –

SD(O) – 0.34 – –

SD(N) – 0.65 – –

νNO (cm−1) 1514 1682 1517 1486
ΔνNO −362 −194 −359 −390
to AuNO− species. Nevertheless, these results are not in principle
comparable with ours since the Au particle size in these catalysts is
large, with a dispersion of about 7%. On the other hand, for the NO/Au/
TiO2 system, Debeila et al. [44] found a larger red-shift of−222 cm−1.
The authors suggested that this shift is due to the interaction of NO
with the Au–TiO2 interface and/or to the adsorption on Au particles in
the vicinities of O-vacancies. Unfortunately, no experimental works
devoted to the adsorption of NO on tiny supported Au particles have
been published yet. However, recently Sterrer et al. [22] performed
UHV experiments on the CO adsorption on MgO-supported Au atoms,
finding a significant red-shift of −291 cm−1 for C–O stretching, far
below of other values reported for gold-based systems.

4. Conclusions

The main conclusions of the present work can be summarized as
follows:

– The adhesion of gold is greater for Au2 and Au3 than for Au1, being
the interaction of polarization type.

– The reactivity of these Au particles in relation to NO adsorption can
be explained considering the electronic configuration of Aun/MgO
systems. Open shell systems as Au1/MgO and Au3/MgO are very
reactive while Au2/MgO, with a close shell structure, is poorly
reactive.

– Comparing with the interaction of NO with free Au particles, the
MgO support enhances the NO–Aun bonding strength in the case of
monomers, weakens this bond in the case of dimers and does not
have an effect in the trimers. In this comparison, the increases of
the NO binding energy for Au1, by going from isolated to supported
Au particles, are 0.34, 0.33 and 0.46 eV for terrace, edge and corner,
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respectively. In Au3, the dilution of the spin on both free and
supported states can explain the slight effect of the support. In the
case of monomer, supported Au1 is more reactive than the free
species because, by the effect of the support, the spin concentrates
in a region above the Au atom making it very reactive against a
radical like NO.

– The adsorbed NO–Aun species has nearly the same net charge than
that of the Aun particle before adsorption. However, an internal
Au→NO electronic transfer is produced.

– The N–O stretching frequency shows a significant red-shift, from
−300 to−390 cm−1 in the case of Au1/MgO and Au3/MgO, and in
the range −160/−190 cm−1 in the case of Au2/MgO. These shifts
correlate with the amount of negative charge of NO.

– The NO–Aun bonding is relatively insensitive to the coordination of
the anionic site where the Aun particle is anchored. Nevertheless,
and particularly for the trimers, different geometrical configura-
tions for the NO–Aun species are possible.
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