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Abstract

In this work, the adsorption of the NO dimer on BaO(100) was studied using the density functional theory (DFT). N2O2 interacts
with the surface mainly in three different ways. In the more favoured orientation it adsorbs N-down forming a partially covalent bond
with the surface with a charge electron delocalization over the adsorbate. In Tilted and O-down orientations, the dimer interacts in an
electrostatic way with the surface Ba cations. The latter bonding modes are possible because an almost full electronic transfer from BaO
to N2O2 takes place, producing the N2O2

� species. In all these cases, the N–N distance of dimer decreases substantially due to the occu-
pation of its 2b1 orbital, which has a very strong N–N bonding character. The results suggest that the formation of NO dimer should take
place only at relatively high NO coverages.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The production of air pollutants such as hydrocarbons,
carbon monoxide (CO) and nitrogen oxides (NOx) gener-
ated by automobiles has become a serious environmental
problem. For this purpose, the three way catalysts
(TWC) were introduced to remove these gases in gasoline
engines. However, an inconvenience is that the TWC are
not able to reduce NOx under an excess of oxygen. A pos-
sible solution comprises the storage concept, where the air–
fuel ratio is altered between successive steps of oxygen
excess and fuel excess mixtures [1]. During the first phase,
the NOx is trapped in a specific storage component of the
catalyst. Then, in the second phase, it is regenerated and
NOx desorbs reacting with hydrocarbons and CO to pro-
duce CO2, H2O and N2 on the surface of precious metals.
The periodic sequence of these operating processes pro-
vides a high efficiency (more than 90%) for NOx reduction.
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These new catalysts have two components: (i) a storage
component, typically barium oxide (BaO) which acts as
NOx traps; (ii) an oxidizing and NOx reducing component,
typically Pt. In the past, some experimental studies were
addressed to elucidate the NOx storage mechanism [2,3].

Due to the great importance of the BaO surface as NOx

trap, some theoretical works have been performed to study
the interaction of NOx species with BaO surfaces by means
of quantum-chemical methods [4–10]. In a series of papers,
Broqvist et al. have modeled the possible mechanism for
NO2 storage using a periodic density functional theory
(DFT) method [4,9,10]. On the other hand, Branda et al.
have considered from DFT calculations [7] the NO and
NO2 adsorption on terrace, step and corner sites of a
BaO surface. They found that while NO is covalently
bonded to these sites, NO2 oxidizes the surface and forms
a stable NO2

� species. For both NO and NO2, the low-
coordinated defects exhibit a much larger reactivity than
the flat terrace.

The dimer of nitrogen monoxide (N2O2) is a possible
intermediate in the reduction of NO in the gas phase [11]
and in catalyzed reactions on surfaces [12–15]. At 70–90
K, N2O is formed from N2O2 on the Ag(111) surface
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Fig. 1. Optimal geometry of NO molecule adsorbed on a surface O anion
of BaO(100). The cluster is Ba21O21(A) and NO is N-down. Gray spheres:
O; white spheres: Ba; black sphere: N.
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[12]. Morover, at much higher temperatures (in the range
400–600K) N2O and N2 are formed from N2O2 adsorbed
on CaO and SrO [15]. The presence of this dimer on BaO
surfaces was suggested from IR studies by Prinetto et al.
[3]. Two intensive bands at 1375 and 1310 cm�1 observed
upon NO adsorption on BaO/Al2O3 and Pt–BaO/Al2O3

samples were attributed to N–N stretching modes. How-
ever, these signals were no present after admission of a
NO/O2 mixture over the same samples.

Recently, the adsorption of NO dimer on MgO(100)
was studied by performing cluster ab initio alculations
[16,17]. Cis-N2O2 adsorbs very weakly over this surface
and only on the magnesium cations. Its geometrical struc-
ture is characterized by a relatively long N–N distance of
1.81 Å, in comparison with typical N–N covalent bonds
(�1.1 Å). The interaction of NO molecules with the surface
is strong only at defect sites and prevents the formation of
dimers [16]. Cluster DFT calculations carried out for
CaO(1 00) indicated that the adsorbed dimer adopts a
geometry in which both NO monomers interact with the
same five-coordinated oxygen, O5c, and with the molecular
plane being tilted towards the surface [18]. In this case, the
value of N–N distance (1.63 Å) is shorter than on
MgO(100). Very recently, the NO reaction on CaO(100)
was investigated using ab initio molecular dynamics [19].
A two-step process was observed, producing first monova-
lent anionic dimers, N2O2

�, and later on, divalent anionic
dimers, N2O2

2�. The formation of these species was possi-
ble at the expense of the oxidation of NO to NO+. The final
divalent anionic dimers could be the precursors for N2O
and N2.

In the present work, the interaction of the NO dimer
with the BaO(1 00) surface is studied from a theoretical
point of view. For that purpose, the energies and electronic
structure were determined by means of the DFT formal-
ism. To our knowledge this is the first theoretical approach
dedicated to the N2O2/BaO system. The main interest was
to establish its inherent adsorption properties as a basis for
other comparative and experimental works.

2. Computational method and cluster model

Our calculations were performed within the density
functional theory (DFT) formalism, by using the ADF
(Amsterdam Density Functional) package [20]. Computa-
tions were run using the local density approximation
(LDA) with the Vosko–Wilk–Nusair functional. General-
ized gradient (GGA) corrections are applied self-consis-
tently through the Becke–Perdew (B88–P86) formulas
[21]. For geometry optimization, the quasi Newton tech-
nique was employed.

It is generally recognized that the free neutral N2O2 mol-
ecule presents important correlation effects [22]. This obser-
vation can be related with the nearly degenerated 2p*

orbital of the weakly bounded NO monomers. The ground
state is a singlet which adopts the symmetric-cis conforma-
tion [22,23]. Meanwhile this electronic configuration can
not be predicted using the usually available DFT function-
als, multireference-type methods attained the same elec-
tronic configuration as experiment [22]. When the
negatively charged dimer N2O2

� is considered, the situa-
tion is quite different. In this case, the molecule stabilizes
noticeably and the N–N distance shortens about 0.8 Å with
respect to the neutral dimer [24]. Concomitantly, the cou-
pling between the 2p* orbitals becomes stronger, producing
a greater splitting of these energy levels. As a consequence,
the electron correlation effects should be less important. In
this case, the DFT results agree with high quality configu-
ration interaction calculations, showing that the ground
state for cis N2O2

� has B1 symmetry and that the first
two excited states have A1 and B2 symmetries [24]. In fact,
for this anion DFT methods correctly predict infrared fre-
quencies, intensities and isotopic frequency ratios [25]. As it
will be shown later, when N2O2 adsorbs on BaO it acquires
a significant negative charge. Then, taking into account the
above considerations, a study of the N2O2 adsorption
within DFT formalism is expected to give accurate results.
Moreover, an advantage of using DFT is that it correctly
reproduces the electron affinity of N2O2, which is relevant
when dealing with charged dimers [19].

The BaO(1 00) surface was represented by clusters of 42
atoms, Ba21O21, consisting of two layers. One of the clus-
ters (cluster A) has a central oxygen atom in the first layer
(with Ba12O9 composition). The other possible cluster
(cluster B) has inverted the positions of barium and oxygen
atoms with respect to cluster A. In Fig. 1, a view of cluster
A has been displayed. As the other alkaline earth oxides,
BaO have the rock salt (NaCl) structure. Several recent
periodic supercell calculations indicate that the (100) sur-
faces of these oxides present very slight relaxations [8,26].
For this reason, the experimental bulk Ba–O distance of
2.76 Å was applied to generate the atomic coordinates. A
Slater-type basis set was used for all the atoms. The inclu-
sion of 1s levels in the selfconsistency produces negligible
modifications of adsorption energies, showing that they
are unrelevant to study the bonding of NO with BaO.
Then, to accelerate the calculations the inner atomic states
of oxygen and nitrogen (1s) were treated by the frozen-core
approximation. The core of barium (1s2s2p3s3p3d4s4p4d)
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was modeled using a relativistically corrected core potential
created with the DIRAC utility of the ADF program. The
DIRAC calculation is performed with the local density
approximation (LDA); nevertheless, the fully relativistic
Hamiltonian is employed, including spin–orbit coupling.
The relativistic effects were considered by using the zero
order regular approximation (ZORA) formalism [27]. The
ZORA Hamiltonian splits into a spin–orbit term (regular-
ized at the nucleus) and a remaining scalar relativistic part.
By using this approximation, the atomic structure results
are very near to that of full Dirac calculation. For example,
the ionization potential for the elements of the sixth period
are only 0.2% lower [27]. On the other hand, the ZORA
constitutes an efficient way for the calculation of bonding
energies in molecules, giving results which are very close
to the experimental energies [28]. A triple-f plus polariza-
tion basis was used for the central 18 atoms (9 in the first
layer and 9 in the second layer) and a double-f basis for
the other atoms of each cluster. Based on the geometrical
structures reported in the literature for N2O2 adsorption
on MgO and CaO [17,18,29], five different bonding modes
were considered. For time computing convenience, the
geometry of the dimer was optimized keeping a specific
symmetry (Cs or C2v) of the dimer/oxide cluster system.
Moreover, only the central atom in the first layer of cluster
A or B was allowed to relax during the optimization pro-
cess. In order to minimize the effects coming from the pres-
ence of cluster borders and for reproducing the Madelung
potential at the adsorption site an embedding of point
charges (PC’s) was used. In doing so, a full ionic model
have been assumed. The alkaline earth oxides with NaCl
structure as MgO and BaO have a large ionic character.
It was demonstrated that a large array having more than
200 PC’s (6 · 6 · 6) is enough to predict the cohesive
energy [30]. In our case, an array of about 800 PC’s was
employed (10 · 10 · 8). As the geometric optimization cal-
culation with this kind of embedding was not implemented
in the self-consistent cycles of the used ADF package, an
indirect procedure was outlined. First, the adsorbate geom-
etry was optimized using a Ba21O21 cluster. Then, we took
this geometry and we made a single point calculation with
the same cluster, but including an embedding of PC’s. Such
a procedure can be considered as adequate if we take into
account the results obtained in other previous theoretical
studies. For instance, in earlier works for the adsorption
of small molecules (NH3, CO, NOx) on alkaline-earth oxi-
des as MgO (see Ref. [31]) it was shown that the use of rea-
sonably large clusters without considering an embedding of
point charges gives optimized geometrical distances which
differ at most �0.1 Å with respect the results with such
embedding. On the other hand, more recently Grönbeck
et al. have studied the NO2 adsorption on BaO [10]. The
NO2/BaO system can be considered similar to the one ana-
lysed in this work because both NO2 and N2O2 species have
large electron affinities. The authors investigated size effects
by comparing the results for (BaO)x clusters (x = 4, 6, 9,
12) with an extended BaO(1 00) surface. Adsorption energy
and geometrical parameters values show a weak depen-
dence on size. The value of NO2 binding energy calculated
for an extended BaO(1 00) surface is somewhat higher,
indicating that the main effect of the long range electro-
static interactions is to stabilize the NO2–BaO bond.

The adsorption energy Eads was evaluated according to
the following total energies difference: Eads = �ET(mole-
cule/BaO cluster) + ET(molecule) + ET(BaO cluster). The
importance of the basis set superposition error (BSSE) on
the adsorption energy was evaluated for the largest and
smallest adsorption energy values and we found that the
absolute error is negligible, of about 0.05 eV. These results
are in agreement with a previous work using the same basis
sets [32]. Therefore, in the reported adsorption energy val-
ues this correction has not been included. The atomic net
charge, spin density (SD) and overlap population (OP) val-
ues were calculated following the Mülliken scheme. The
electronic structure of the adsorbate/surface bond was also
analyzed from the projected density of states (PDOS)
curves. They were computed by applying a 0.10 eV
Lorentzian broadening to each energy eigenvalue of adsor-
bate/BaO system.

3. Results and discussion

3.1. NO adsorption on BaO(1 00)

From previous theoretical studies it was established that
whereas the NO molecule physisorbs on terrace sites of
MgO(1 00), it chemisorbs on CaO(1 00) and BaO(1 00) sur-
faces with adsorption energies of about 0.6 and 0.8 eV,
respectively [7,18]. On the latter surfaces, the adsorption
occurs on the O5c site with an O5c–N–O angle of about
110� and with the O5c–N distance longer than the N–O
one.

In Table 1, the main molecular and surface properties
for NO adsorbed on the Ba21O21 (A) cluster are reported.
The N–O distance stretches from 1.166 Å at gas phase to
1.283 Å when NO adsorbs on Ba21O21 (A) cluster. The
NO molecule binds with the O5c anion through the N
atom, with an O5c–NO distance of 1.6 Å (Fig. 1) and an
adsorption energy of �1.0 eV. Additionally, it is tilted from
the surface normal with an O–N–O5c angle of 109.8�. The
O atom of NO is equidistant from the two neighboring Ba
cations, being the Ba–O distance equal to 2.93 Å, a value
close to that of the bulk Ba–O (equal to 2.76 Å). For the
sake of comparison, the results from other DFT calcula-
tions performed with an embedded Ba9O9 cluster are also
exhibited in Table 1 [7]. Notice that the adsorption ener-
gies, distances, angles and spin densities values so calcu-
lated are in good agreement with our results.

The NO Mülliken net charge is negative, of nearly �0.6e

(Table 1). As the free NO molecule is neutral, this situation
corresponds to an electronic charge transfer from the BaO
surface. Indeed, the magnitude of negative charge of the
nearest oxygen atom O5c of BaO surface decreases by
�0.2e. This electronic charge is localized along the NO



Table 1
Main adsorption properties for NO on BaO(100) surface

Ba21O21(A) Ba9O9; Ref. 7b

Eads (eV)a 0.96 0.80
d(N–O) (Å) 1.283 (1.166)c 1.28
d(N–O5c) 1.596 1.53
d(O–Ba5c) 2.926 2.92
\O5c –N–O (�) 109.8 109.4

q(N) (e) 0.00 (+0.14)c –
q(O) �0.56 (�0.14)c –
q(O5c)

d �0.94 (�1.17) e –
q(Ba5c)

d +0.95 (+1.07)e –

SD(N) 0.58 (0.72)c 0.63
SD(O) 0.32 (0.28)c 0.31
SD(O5c) 0.04 0.03
SD(Ba5c) 0.01 –

OP(N–O5c) 0.115 –
OP(N–O) 0.345 (0.479)c –

a Eads = �E(NO/BaO) + E(BaO) + E(NO).
b B3LYP calculation. The Ba9O9 cluster is embedded by effective core

potentials + PC’s.
c The values in parentheses correspond to the free NO molecule.
d O5c corresponds to the central O of the first layer and Ba5c to its

surface first nearest neighbours.
e The values in parentheses correspond to the bare Ba21O21 (A) cluster.
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molecule because the net atomic charges of N and O mod-
ify by 0.14 and 0.42e, respectively, with respect to the free
molecule. In this way, while the nitrogen atom is nearly
neutral, the oxygen atom acquires a net atomic charge of
�0.56e. The OP value of N–O5c bond (�0.1) is consistent
with a partially covalent bond (Table 1). This result can
Table 2
Main adsorption properties for N2O2 on BaO(100)

N-down (I) (Fig. 2) N-down (II) (Fig. 2)

Ma 1 1
E0ads(eV)b 0.79 0.68
Edim

c 0.62 0.41

q(N) (e) 0.44d/�0.01 0.41d/0.01
q(O) �0.66d/�0.49 �0.62d/�0.50
q(N2O2) �0.72 �0.70
q(O5c) �0.90 (�1.17)e �0.91
q(Ba5c) +0.96(+1.07)e +0.96

SD(N) – –
SD(O) – –
SD(N2O2) – –
SD(O5c) – –
SD(Ba5c) – –

OP(N–O5c) 0.339 0.341
OP(O–Ba5c) – –
OP(N–N) 0.660 0.761
OP(N–O) 0.460d/0.490 0.502d/0.491

a M means for multiplicity.
b Adsorption energy per NO molecule: E0ads ¼ 1=2½�EðN2O2=BaOÞ þ EðBaO
c Edim = �E(N2O2/BaO) + E(NO/BaO) + E(NO).
d N and O atoms closest to the surface.
e The values in parentheses correspond to the bare Ba21O21 (A) cluster.
f The values in parentheses correspond to the bare Ba21O21 (B) cluster.
be rationalized taking into account that a BaO to NO elec-
tron transfer takes place (see above). The latter yields a
polarization of N–O5c bond that moves the shared electron
pair towards the N atom. Besides, the intramolecular N–O
bond weakens, as it can be appreciated by the 28% decrease
of OP(N–O) with respect to the free molecule value.

Comparing the spin density values for N and O atoms of
adsorbed NO (Table 1), we observe that they are 19%
lower and 14% higher, respectively, than those of free
NO. However, the unpaired spin is distributed so that its
larger fraction (about 50%) is localized on the nitrogen
atom. Looking in more detail, we notice that a small por-
tion of the spin (�0.1 of SD) becomes delocalized on the
BaO surface.
3.2. N2O2 adsorption on BaO(1 00)

In Table 2, the main molecular and surface properties
for N2O2 adsorbed on BaO(1 00) are summarized. Five dif-
ferent bonding modes were considered taking into account
three different types of interaction with the surface: (i) N-
down: the N atom is directly linked with a surface O2� site.
In this case, the dimer atoms can move only in two different
normal planes (Fig. 2): one intersecting the surface O2�

anions (N-down (I)) and the other intersecting the surface
O2�–Ba2+– O2� ions (N-down (II)); (ii) tilted: the N atoms
interact with the an O2� site and the O atoms are tilted
towards the Ba2+ sites (Fig. 3); (iii) O-down: the O atoms
point to the surface and link with the Ba2+ site (Fig. 4).
In this case, as for N-down modes, the adsorbate molecule
Tilted (Fig. 3) O-down (I) (Fig. 4) O-down (II) (Fig. 4)

3 3 3
0.51 0.37 0.35
0.06 �0.21 �0.26

0.08 0.10 0.10
�0.52 �0.42 �0.42
�0.90 �0.64 �0.64
�1.06 �1.14 (�1.16)f �1.14
+0.99 +0.80(+0.75)f +0.78

0.17 0.23 0.24
0.25 0.35 0.36
0.84 1.16 1.20
0.36 0.10 0.10
0.00 0.00 0.00

0.008 – –
0.114 0.095 0.094
0.606 0.613 0.610
0.432 0.441 0.446

Þ þ 2EðNOÞ�.



Fig. 2. Optimal geometries of N2O2 adsorbed N-down on a surface O anion of BaO(100). The cluster is Ba21O21(A). Left: structure I. Right: structure II.
Gray spheres: O; white spheres: Ba; black spheres: N.

Fig. 3. Optimal structure of N2O2 adsorbed in Tilted orientation on a surface O anion of BaO(100). The cluster is Ba21O21(A). Gray spheres: O; white
spheres: Ba; black spheres: N.

Fig. 4. Optimal structures of N2O2 adsorbed O-down on a surface Ba cation of BaO(100). The cluster is Ba21O21(B). Left: structure I. Right: structure II.
Gray spheres: O; white spheres: Ba; black spheres: N.
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is geometrically constrained in two different normal planes
(O-down (I) and (II)).

For all the geometrical structures, both triplet and sin-
glet electronic configurations were examined. For N-down,
the singlet was the most stable configuration, being the
triplet 1.3 eV less stable. Conversely, for Tilted and O-
down orientations, the triplet was the most favoured elec-
tronic configuration, being only 0.2 eV more stable than
the singlet (Table 2).

The stability of the adsorbed dimer was evaluated by
means of the adsorption energies expressed per NO mono-
mer. They are defined as E0ads ¼ 1=2½�EðN2O2=BaOÞþ
EðBaOÞ þ 2EðNOÞ�. The N-down modes are the most
favoured with a mean adsorption energy of 0.73 eV (Table
2). The other types of adsorption, Tilted and O-down, pres-
ent mean E0ads values of 0.51 and 0.35 eV, respectively. The
N–N intramolecular distances (Figs. 2–4) are in the range
of 1.35–1.44 Å for all the adsorbed structures. These values
are similar to that calculated for free N2O2

� (1.45 Å) but
significantly shorter than for neutral N2O2 dimer (which
is � 2.0 Å at DFT level [33] and 2.24 Å from experimental
measurements [23]). Concerning the interatomic distances
between the adsorbate molecule and the oxide surface,
whereas the N–O5c distance is about 1.4 Å for N-down, it
is close to 2.7 Å for tilted and for O-down.

The N-down modes can be viewed as the result of the
interaction between a NO molecule at gas phase with a
pre-adsorbed NO. In fact, the geometry for the NO mole-
cule of dimer which is closer to the surface is analogous
than that of the isolated adsorbed NO. For N-down (I),
the O–N–O5c angle varies from 109.8� when the single
NO is adsorbed, to 117.0� when the dimer is produced.
On the other hand, the N–O5c and O–Ba5c distances
shorten from 1.60 to 1.45 Å, and from 2.93 to 2.80 Å,
respectively. In order to study this interaction with more
detail, the dimer formation energy was defined as
Edim = �E(N2O2/BaO) + E(NO/BaO) + E(NO). The cor-
responding values are summarized in Table 2. While this
dimerization process is favoured for N-down, it is not
favoured for O-down. Besides, it is very weakly favoured
for Tilted adsorption. The calculated value of Edim for N-
down (I) geometry (0.62 eV) is smaller than that for the
NO adsorption on a clean BaO surface (0.96 eV). As a
consequence, a NO molecule prefers to adsorb on a clean
surface rather than on a pre-adsorbed NO. Similar results
were found for the NO dimer formation on CaO(1 00) by
Di Valentin et al. [18]. However, as it was clearly discussed
by these authors, the adsorbate-adsorbate interaction is
usually repulsive and, then, at a relatively high coverage
it should be a major trend to form NO dimers. To check
this point, a calculation adsorbing two NO molecules on
two adjacent O2� sites was performed. The result indicates
that this situation is 0.17 eV less stable with respect to two
separated NO ad-molecules.

Another way to study the relative stability of the dimer
can be achieved by comparing the adsorption energy values
for NO and N2O2 (Tables 1 and 2). The adsorption energy
value is 1.58 eV (two times the E0ads value of Table 2), when
two molecules adsorb simultaneously on a O2� site of BaO
for N-down (I) geometry. By comparison, the same energy
is 1.92 eV when two molecules adsorb separately. Thus, the
adsorbed dimer is less stable by 0.34 eV with respect to two
separated NO molecules. For CaO, a similar calculation
gives an energy difference of 0.51 or 0.65 eV (depending
on the type of embedding) [18]. These results show that
there is a somewhat higher trend to form NO dimers on
BaO than on CaO. In fact, taking into account the great
ability of dimer to take an electron, an increasing facility
to form N2O2 on alkaline-earth-metal oxides when going
from MgO to BaO is expected, because in this way the sur-
face basicity also increases [7]. Thus, among these oxides,
BaO should be considered the best catalyst for NO reduc-
tion to N2 or N2O because it produces easily intermediate
NO dimers. In these species a strong N–N bond is present,
an obvious requirement for the nitric oxide reduction.

The N2O2 Mulliken net charge is negative in all the
cases, ranging from �0.65 and �0.70e for O-down and
N-down, respectively, to �0.90e for Tilted (Table 2). This
negative charge corresponds, as in the case of NO mole-
cule, to an electronic charge transfer from the BaO surface.
Its amount is �0.1 to 0.3e greater than for the monomer.
Notice that for N-down modes, the O5c atom and its sur-
rounding Ba5c atoms give 0.7e to N2O2, just the electronic
charge value taken by N2O2. This well localized character
of charge transfer can be related to the relative short
N2O2–BaO distance, as a consequence of the formation
of a partially covalent bond between adsorbed molecule
and surface (see later). If we consider the cases of Tilted
and O-down orientations, the nearest O and Ba ions of
the BaO surface release only 0.4 and 0.1e, respectively.
Then, the surface region that brings its electronic charge
to N2O2 is spatially more extended. Notice that for
N-down this charge becomes unevenly distributed along
the N2O2 molecule, while in the Tilted and O-down modes
the electronic charge is distributed rather homogeneously
both on N and O atoms.

Regarding the OP values, those of the N–O5c bond for
the N-down modes (�0.34) indicate a significant covalent
contribution, which is stronger than in the case of the
monomer adsorption (�0.11; see Table 1). On the other
hand, the OP(N–O5c) and the OP(O–Ba5c) values for Tilted
and O-down (�0.0 and �0.1, respectively) are consistent
with the formation of ionic bonds. The same consequence
can be inferred from the OP(O–Ba5c) values for Tilted
adsorption (�0.11). In fact, for Tilted and O-down orienta-
tions, the NO dimer can be viewed as a N2O2

� species
which interacts electrostaticaly with the neighbouring Ba
cations. Indeed, the distance between the O atom of dimer
with the closest Ba2+ is 2.78 and 2.76 Å for O-down and
Tilted modes, respectively, essentially the same than that
for bulk Ba2+–O2� (2.76 Å). Besides, the OP(N–N) values
are similar to that for the free N2O2

� species (0.645).
Moreover, because for the Tilted and O-down adsorp-

tion geometries the electronic configuration corresponds
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to a triplet, the more relevant spin densities of N2O2 have
been evaluated (Table 2). The spin is homogeneously dis-
tributed in this molecule, with a SD value of 0.15–0.25
on the N atoms and of 0.25–0.35 on the O atoms. The
greater calculated values are for the O-down structures.
The spin density accumulated on N2O2 molecule ranges
from 0.80 to 1.20; therefore, the rest of spin density
becomes localized on the BaO substrate.

Besides, the electronic structure for the N2O2/BaO sys-
tem has been analyzed considering the projected density
of states (PDOS) for the most important valence molecular
orbitals of N2O2. In Figs. 5 and 6, the calculated PDOS of
7a1 and 2b1 molecular orbitals for different types of adsorp-
tion are displayed. The one electron 7a1 and 2b1 orbitals of
-13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2
Energy (eV)

PD
O

S

(a) 2b1

(b) 7a1

Fig. 5. PDOS of 7a1 and 2b1 molecular orbitals for dimer N-down (I)
adsorption. The vertical dashed line corresponds to the Fermi level. In the
insets, the pictures of the one electron HOMO (7a1) and LUMO (2b1)
levels for free neutral N2O2 are shown. The counter diagram of the 2b1

molecular orbital is plotted at 0.4 Å above the molecular plane.

-13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 0 1 2
Energy (eV)

PD
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S

(b) 7a1

(a) 2b1

Fig. 6. PDOS of 7a1 and 2b1 molecular orbitals for dimer Tilted
adsorption. The vertical dashed line corresponds to the Fermi level.
neutral N2O2 (the HOMO and the LUMO, respectively)
are formed by coupling the 2p* orbitals of NO monomers.
A sketch of these orbitals is also depicted in Fig. 5. These
orbitals are characterized by a bonding N–N interaction,
and an antibonding N–O interaction. For N-down (I)
(Fig. 5), the N2O2 7a1 molecular orbital undergoes a high
degree of coupling with the O(p) orbitals than the 2b1

one. This can be explained because the 7a1 orbital has a
lobe located at the N atom that points directly to the p
orbitals of the surface O anion. Additionally, the 2b1 orbi-
tal lies below the Fermi level and, as a consequence, this
orbital gains two electrons. For the dimer adsorbed in
the Tilted orientation (Fig. 6), the hybridization is less sig-
nificant showing an interaction mainly ionic with the sur-
face. For O-down, the PDOS curves is very similar (not
shown). In both cases, whereas the 2b1 orbital gains one
electron, the 7a1 one remains with two electrons, thus
resembling the electronic configuration for free N2O2

�

ð. . . 6b2
22b1

17a2
1Þ.
4. Conclusions

In the most stable geometry, the NO dimer interacts
with the surface accordingly to an N-down orientation,
forming a partially covalent bond with the surface with a
great delocalization over the adsorbate. Two other types
of adsorption were found, Tilted and O-down, where an
ionic bond is produced with the surface Ba cations. The lat-
ter bonding modes occur due to a significant electron trans-
fer from BaO to N2O2, producing a N2O2

� species. In all
cases, the N–N distance of the dimer decreases substan-
tially due to the occupation of the 2b1 orbital, which has
a very strong N–N bonding character.

The NO molecule prefers to adsorb on a clean surface
rather than on a pre-adsorbed NO. Moreover, due to the
adsorbate-adsorbate repulsive interaction, the formation
of the NO dimer should take place only at relatively high
NO coverages.

The PDOS of the 7a1 molecular orbital for the N-down
type of adsorption shows a high degree of coupling with
the O(p) orbitals of the oxide. The 2b1 orbital lies below
the Fermi level and, as a consequence, this orbital gains
two electrons. For the Tilted and O-down modes, the
PDOS profiles show an interaction mainly ionic with the
surface. In both cases, whereas the 2b1 orbital gains one
electron, the 7a1 one remains with two electrons; thus,
the dimer electronic configuration resembles that of free
N2O2

� species.
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