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The adsorption of NO and NOmolecules at the BaO surface has been investigated by means of density
functional theory (DFT) cluster model calculations. Regular adsorption sites at flat terraces have been compared
with those on steps and corners. The properties of the adsorbed molecules have been monitored by computing
various observable properties, such as core level binding energies, hyperfine coupling constants, and vibrational
frequencies. NO binds strongly at the oxide anions at terraces, steps, and corners of the BaO surface. The
bonding has a substantial polarity due to delocalization of charge from the surface to the adsorbate, but
cannot be described as a full charge transfer interaction. The spin is almost entirely localized on the NO
adsorbed molecule. N(hinds to the BaO surface in two different ways, N-down and O-down. In both
orientations the oxide anion on the surface is oxidized with formation of agr d@ecies which interacts
electrostatically with the neighboring Ba cations. The spin is localized on the surface anions by the effect of
the creation of a hole in the O(2p) valence shell. The O-down mode is more stable on terrace sites, while on
low-coordinated sites the two orientations have similar stabilities. For both NO apdhd@w-coordinated

sites exhibit a much larger reactivity than the flat terraces. The formation ab@s in the case of N
adsorption can be very important for the further reactivity of the surface.

1. Introduction surface basicity increases going down the séfiésand a
rationalization of the different reactivity of MgO versus CaO
flat terraces has been provided in terms of the reduction of the
nMadelung potential in CaO due to the longer cati@mion
distanced3 This effect is expected to lead to a highly reactive
BaO surface. However, this does not rule out the possibility
that special reactions take place at defect sites such as steps or
corners. Also, in this case it has been possible to rationalize
%he different behavior of these sites compared to the five-
coordinated terrace sites on the basis of a reduced Madelung
field.13

In this work we have studied the interaction of isolated NO
and NQ molecules with the regular, step, and corner sites at
the BaO surface using embedded cluster models. Thus, coopera-
tive effects recently discovered in the adsorption of ,NiD
oxide surfaces have not been consider#e have determined
observable properties such as the binding energy, the vibrational
frequency, the shifts in core level binding energies, and the
%yperfine coupling constants. The results show that the BaO
surface is much more reactive than the MgO one, and that low-

alkaline-earth-metal oxides has been reported by Pettersson e oordinated sites are more active than the terrace sites. NO binds
P y uch more strongly on these low-coordinated sites than on the

8 : ;
al® In both these studies only flat (100) terrace sites have beenflat terraces, but the bonding mechanism is similar in the two

considered, and the complexity due to the presence of surfacecases' For N@a full charge transfer occurs from the oxide
defects has not been addressed.

. . anions of the surface to the molecules adsorbed at steps and
Surface dgfects on other alkaline-earth oxides play a fund_a- corners, while only partial charge transfer occurs on the terrace
mental role in several .processes..For a ra.th'er unreactive Ox'desites. This shows that the study of chemical properties of the
like MgO they de_termme the entire reactivity of the_ SYStem, Ba0 surface must also include the analysis of the surface
the (100) faces being completely in&Hrhings may be different

. roperties of the defect sites.
when one goes from MgO to BaO. It is well-known that the prop

The interaction of NQwith oxide surfaces turns out to be
an important aspect in the catalytic conversion of car exhausts.
Several investigations have been dedicated to the adsorptio
and reactivity of NQ on alumina-supported BaO particle3.
The reactions taking place are rather complex as they include
competition of NQ with CO, bonding, reaction with hydroxyl
groups, various oxidation steps, etc. BaO is used as a storag
catalyst which traps N@and releases NO through conversion
of surface nitrites to nitrates. So far, a lot of attention has been
dedicated to the interaction of gas-phasexd@ecies with the
surface of a model system like Mg, with fewer studies
dedicated to heavier alkaline-earth oxides. From a theoretical
point of view very few studies have been reported on the BaO
surface®™® In a periodic supercell density functional theory
(DFT) study Brogvist et al.have investigated, for the first time,
the interaction of N@with the surface of BaO, the subsequent

that lead to the release of NO. Very recently, a comparative
cluster model DFT study of Nfadsorption on the series of

2. Computational Details
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Figure 1. Optimal structure of an NO molecule adsorbed on ap O l
oxide anion at the terrace sites of the BaO surface (left, side view; Figure 3. Optimal structure of an NO molecule adsorbed on ap O
right, top view). The surface is represented by a@8Ba*ss cluster oxide anion at the corner sites of the BaO surface (left, side view; right,
embedded in point charges (not shown). Yellow spheres, O; sky-blue top view). The surface is represented by a;BeBa*i, cluster
sphere, N; large blue spheres, Ba; small blue spheres, Ba*. embedded in point charges (not shown). Yellow spheres, O; sky-blue
: sphere, N; large blue spheres, Ba; small blue spheres, Ba*.
1.34 4
09.7 =% 1424 . . . . .
; ! \‘{ to the bonding with the oxide anions in the béfkThe NO and
T

NO; molecules have been treated at the all-electron level using
the 6-31G* basis set. The interaction energies have been

corrected by the basis set superposition error (BSSE) using the
counterpoise correctioft.

Geometry optimizations have been performed by means of
analytical gradients with no symmetry constraints. For adsorp-
Figure 2. Optimal structure of an NO molecule adsorbed on ap O tion on the terrace sites the adsorbed NO orzMﬂ)|ecu|es

OX|de.an|0n at the step sites of the BaO surface (left, side view; right, and either the central oxide anion or the two central barium
top view). The surface is represented by ai;BaBa*is cluster

embedded in point charges (not shown). Yellow spheres, O; sky-blue cations, according to the adsorption mode, were free to relax;

T

el
|

sphere, N; large blue spheres, Ba; small blue spheres, Ba*. on the step and the corner sites, beside the central oxygen anion,
also the four and the three Ba neighbors, respectively, have been
three-parameter hybrid exchange functidhah combination included in the geometry optimization.
with the correlation functional of Lee, Yang, and Parr Vibrational frequencies have been computed by determining
(B3LYP). the second derivatives of the total energy with respect to the
To calculate the properties of NO and M@nolecules internal coordinates. With the present approach theON

adsorbed on the BaO surface, we employed an embedded clustestretching frequencies computed for the free NO and; NO
model approach. The BaO(100) surface is represented by finitemolecules are overestimated with respect to experiment by about
BaO stoichiometric clusters embedded 4t2 point charges 5%. Thus, a scaling factor 0.95 has been applied to all the
(PCs). In doing this a full ionic model has been assumed. computed frequencies. The vibrational frequencies have been
Accurate analyses of the bonding show that the degree of determined only for the terrace sites since these are the majority
ionicity in alkaline-earth oxides with NaCl structure decreases of the surface sites.

going from MgO to BaO but that even BaO has about 90%  \ye have determined the core level binding energies of the

ionic charactet® The large array of PCs is aimed at reproducing O(1s) and N(Ls) levels of the adsorbed NO and,N®@lecules
the Madelung potential at the adsorption site. To avoid the 54 of the oxide anion where they are bound. The core level

artificial polarization &f the & anions at the cluster border  gpifs \ith respect to the separate noninteracting units, BaO and
mdgced by the PC%?,'. we have rep_laced the pqsmve RCS at NOor NO», or the corresponding anions, N@r NO,™, provide
the mterfacet li.y effe?tlt\r/]e c?r(_etpot_entlali (tiG?BE)h'Cp pm\fl'_(:]e a qualitative, not a quantitative, measure of the charge transfer
a representation of the ninite sizeé of the “bacation. the from the surface to the adsorbate since several effects contribute
interface Ba cations treated in this way are denoted in the to the final shift?28 We used changes of the KohSham

. N . . . :
following as Ba*. No basis functions are assomated with these Figenvalues,—ei, as a measure of the shifts in core level binding
atoms. This approach has been used in the past in the study o . . :

energies occurring upon adsorption.

other ionic oxides such as MgO and has been compared to . .

periodic approaches and more elaborate embedding schemes NO and NQ are paramagnetic molecules. Their spin proper-

based on Green’s functioRs. ties on the BaO surface are accessible to electron paramagnetic
Various BaO adsorption sites have been considered: regularresonance, EPR. The hyperfine interaction of the electron spin

(100) terraces, , four-coordinated anions at steps;Cand with the nuclear spin of thé’O and“N nuclides has been

three-coordinated anions at cornerse. he clusters used are dgtermlned. The hyperfine S.pm'Ham'lton'?mh’c - S'A'I' IS
BasOsBa*1 for terrace, BaOm:Ba*1s for step, and BaOio- given in terms of the hyperfine matriX, which describes the

Ba*1, for corner; see Figures-13. A Ba—O distance of 2.76 A coupling between the electronic and the nuclear sﬁr_Tshe _
has been used to construct the clusters. The O atoms have beef®MPONeNts oA can be represented as the sum of an isotropic
described with a 6-3tG* basis set. The Ba atoms have been Part &so, related to the Fermi contact term, and the malx
treated with a small core ECP which includes in the valence Which represents the “classical” dipolar interaction between two
the 58586 electrons: the Ba basis set is that originally derived Magnetic (electronic and nuclear) moments. Typical anisotropic
by Hay and Wad# with the contraction scheme implemented interactions can be observed when the unpaired electron is in
in the Gaussian98 co#gLANL2DZ) 2 and augmented by one directional orbitals such as p, d, f, etc. TAhgensor can therefore

d polarization function directly optimized on the & cluster be represented in matrix notation As= aiso + B.

(ag = 0.275). The addition of one d polarization function is The calculations have been performed using the Gaussian98
important since it has been shown that the 5d states contributeprogram packagé
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3. Results and Discussion TABLE 1: Computed Properties of the NO Molecule Bound
o o at Various Sites of the BaO Surface
3.1. The BaO Surface.The description of the reactivity of terrace. @ step. Q comer. Q
the BaO surface depends critically on the reproduction of some ! P, 4o P =
key properties, such as the energy gap and the position of the Eas €V 0.80 1.65 1.37
. Aq(Ono) +0.66 +0.79 +0.73
top of the O(2p) valence band. Cluster models are inadequate AG(NO) 0.80 104 102
to properly reproduce these quantities, but one can use the g,inq,) 0.03 0.10 0.08
corresponding HOME&LUMO energy gap as a crude measure  spin(N) 0.63 0.67 0.70
of the band gap of the material or the vertical ionization potential ~ spin(O) 0.31 0.21 0.19
(IP) as an indication of the position of the top of the valence  @iso(On), G —2.1 6.4 —4.7
band with respect to the vacuum level. With theyBsBa*1¢ aso(N). G 132 b 14.9
- aiso(0), G -17.1 -12.2 —-10.0
model of the regular (100) surface the HOMOUMO gap is »(N—0), cn 1235
2.84 eV. The band gap in the bulk oxide is 3.8 &% Usually é(O—Né), cnrt 670
the gap on the surface is reduced compared to the bulk; in MgO  Ae(Or,1s), eV +3.0 +2.2 +1.6
the gap for the (100) surface, 6.8 eV, is about 1 eV smaller Ae€(N,1s), eV —-3.8 —-5.8 5.2
than for the bulk, 7.8 eV¥2 Assuming a similar reduction for A€(O,1s), eV —6.0 —8.3 —7.5

BaO, the computed value of 2.8 eV seems quite realistic. The 2 E.q= adsorption energy, corrected for the BS3(X) = change
vertical IP for the same cluster is 4.09 eV; the hole created in in Mulliken charge on atom X going from the noninteracting systems
the ionization process is delocalized over the oxygen atoms of to the surface complex; spin(%; spin population on atom Xaiso(X)
the cluster. This suggests that the top of the O(2p) valence band™ 'SOtropic coupling constant for atom X;ando are the stretching
. o and bending vibrational modeAg = core level binding energy shift
is positioned e_lbou_t 4.1ev below the vacuum Iev_el. However, computed with respect to the free BaO cluster and NO moleédlee
some uncertainty in the calculation of this value is due to the anisotropic dipolar part of tha matrix isB; = 7.6 G,B, = 6.7 G,Bs
absence of long-range polarization effects which stabilize the = —14.3 G.cThe anisotropic dipolar part of tha matrix is B; =
ionized state, thus reducing the value of the IP. For comparison,—11.0 G,B, = —10.7 G,B; = 21.7 G.¢ The anisotropic dipolar part
the position of the top of the valence band in MgO is about 6.7 of the A matrix isB, = 14.0 G,B, = 13.3 G,Bs = —27.3 G.
eV below the vacuum levék The fact that the top of the valence
band in BaO is more than 2 eV higher than in MgO is consistent (BEs) of the O(1s) and N(1s) levels of the NO molecule. Going
with the smaller Madelung potential in the heavier oxide and from the NO to the NO gas-phase molecules, both the O(1s)
has important consequences for the explanation of the differentand the N(1s) core levels shift by about 10 eV to smaller BEs
reactivity of the two surfaces. Of course, lower IPs are found as a result of the increased Coulomb repulsion due to the extra
for the low-coordinated sites: 3.42 eV for a step and 3.69 eV electron in the valence. When NO is adsorbed on the BaO
for a corner. Thus, an enhanced donor ability is expected for terrace, the shifts are large and in the same directich8 eV
these sites. for N(1s) and—6.0 eV for O(1s), Table 1. At the same time,
These results show that the use of an embedding in point We notice a net shift of the 1s level of theGurface atom to
charges to represent the electrostatic potential of a fully ionic higher binding energiesAe = +3.0 eV, Table 1. These results
material produces reasonable results in terms of electronic clearly indicate the occurrence of a substantial charge flow from
structure of the BaO surface. In the following we will provide the filled 2p levels of the & anion to ther levels of the NO
additional support to this conclusion based on the comparison molecule.
of cluster calculations with periodic calculations reported in the ~ This donation of charge results in another observable property,
literature? the elongation of the NO bond which goes from 1.16 A in
3.2. NO Adsorption on BaO.Recent accurate investigations gas-phase NO to 1.28 A in adsorbed NO. This elongation causes
have shown that NO does only physisorb on the MgO(100) & consequent decrease in the-@ stretching frequency. The

surfacet The NO molecules form weakly bound (NQJimers3 N—O stretching computed with the present exchange-correlation
which desorb from the surface around 8G*On the low-  functional and basis set for free NO is 1883 Cm(after
coordinated cations of the Mgo Surface, the S||ght|y |arger application of the Scaling factor); the eXperimental value is 1876
electric field allows stabilization of isolated NO molecuteEhe cm~.3> Upon adsorption, the NO stretching shifts to 1235

weak interaction is mainly due to electrostatic forces. Only low- ¢m* (Table 1), a value which is even lower than that computed
coordinated anion sites give rise to the formation of chemisorbed for the gas-phase NGion, 1389 cn™. In this respect one has
NO species which are stable up to 450 K. These species howevef0 mention that it has been observed that the computed
are not very abundart. frequencies of molecules adsorbed on ionic substrates are often
On the BaO(100) surface the NO molecule binds quite too low due to both_ Iimitations_of _the DFT approach and the
strongly with the @; anions Esq= 0.80 eV, forming a relatively presence of. nonuniform electric fields generated by the sur-
short G—NO distance, 1.53 A (Figure 1). Thus, NO chemi- rounding point charge¥.
sorbed at terrace sites should be thermally stable up to room To summarize, the BaO surface exhibits a strong reactivity
temperature. The molecule is tilted from the surface normal, of the regular surface sites toward NO, at variance with the
forming an O-N—Os angle of 109. The partially negatively ~ MgO surface. Next we consider the low-coordinated sites at
charged O atom of the NO molecule is equidistant from the Steps and corners. On polycrystalline materials these sites can
two neighboring Ba cations on the surfacéBa—ON) = 2.92 represent 10% or more of the total number of exposed ions.
A). The spin is entirely localized on the NO molecule, as shown  NO binds on an @.ion on a step, Figure 2, or on arg@on
by both the spin density values and by the hyperfine isotropic on a corner, Figure 3, witlk,q values of 1.65 and 1.37 eV,
coupling constants, Table 1. AlImost no spin density is found respectively, Table 1. Thus, the binding is up to 2 times that
on the surface oxide anion. The bonding has a covalent charactefound on the terrace sites, indicating a strong preference for
with a significant charge delocalization over NO. The occurrence NO to bind at low coordinated sites. No significant changes
of a flow of charge is shown by the Mulliken charges (Table are observed in the spin distribution and in the hyperfine
1), but even more by the shift in the core level binding energies coupling constants compared to adsorption at terraces, Table
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TABLE 2: Computed Properties of the NO, Molecule
%}; (N-Down, Acidic) Bound at Various Oxide Anions of the

?j‘[w—b’_:ﬂ" BaO Surfaceé
L__l._ﬁ_[ _SJ terrace, @ step, Qc corner, Qc

N Eas €V 0.94 1.81 1.82
I____t?‘.' AQ(On) +0.45 +0.56 +0.64
N Aq(NO,) ~058 -088 ~0.84
| Spin(Qw) 0.56 0.85 0.85
Figure 4. Spin density plot for an NO molecule adsorbed on a step ~ SPIN(N) 0.22 0.01 0.01
site of the BaO surface. spin(0) 0.10 0.02 0.01
2ieo(Onc), G ~31.0 —31.7 -318
a(N), G 42.0 3.9 34
ae(0), G 55 —0.2 -03
Vasyn(N—0), cnmt 1370
Vem(N—0), cnm 1231
0(0—NO), cn1? 734
Ae(One 15), eV +2.8 +2.6 +25
Ae(N,1s), eV -35 —6.4 —5.4
Ae(O.15), eV -39 63 53

a E,q= adsorption energy, corrected for the BSRI§(X) = change
in Mulliken charge on atom X going from the noninteracting systems

) . to the surface complex; spin(%§ spin population on atom Xgiso(X)
Figure 5. Optimal structure of an NPmolecule adsorbed N-down  _ jsqtropic coupling constant for atom X:and o are the stretching
on an Q. oxide anion at the terrace sites of the BaO surface. The surface 44 bending vibrational modeds = core level binding energy shift

is represented by a BasBa*ss Cluster embedded in point charges (not  compyted with respect to the free BaO cluster and Nidlecule.> The
shown). Yellow spheres, Oi sky-blue sphere, N; large blue spheres, gnisotropic dipolar part of tha matrix isB, = 37.9 G,B, = 37.7 G,
Ba; small blue spheres, Ba*. Bs = —75.7 G.¢ The anisotropic dipolar part of the matrix isB; =

) . ) . —0.5 G,B, = —0.3 G,B3 = 0.8 G.9The anisotropic dipolar part of
1: the unpaired electron is almost entirely localized onsthe  the A matrix isB, = 1.7 G,B, = 0.8 G,B; = —2.5 G.

level of the NO molecule, Figure 4. The hyperfine coupling
constants show that there is a nonnegligible dipolar contribution identified as an N@ nitrite anion. This is shown by several
to the A matrix (seeB values in Table 1), consistent with the effects. First, the population analysis shows a reduction of the

fact that the unpaired electron is localized on #tfeorbital on negative charge on the surface oxygen and a corresponding
the NO molecule. The strong bonding results in a shegt=O increase on the Nfadsorbate. However, Mulliken charges
NO bonding, about 1.4 A, and in a very long- distance, suffer from various limitations and other measures provide better

1.34-1.35 A; see Figures 2 and 3. The charge transfer, as proof of the charge transfer. The most important one is the
measured by the core level shifts of the N and O atoms, is evenanalysis of the spin density. The bond formation in fact results
more pronounced than for the terrace case, with shifts5f-6 in an unpaired electron which is only partly localized on the
eV for the N(1s) level and of abouit8 eV for the O(1s), Table NO, molecule and for the rest resides on the substrate; see Table
1. Correspondingly, the 1s level of the surface oxide anion shifts 2. Since the oxide anions of the BaO surface are almost fully
to larger BEs, Table 1. However, also in the case of the low- reduced, @16 the presence of a spin density on the surface
coordinated sites the bonding should be better seen as a strongxygen indicates removal of electrons from this site. This results
covalent interaction (see, e.g., the shogt-EN distance) with also in a large coupling constant of the unpaired electron with
substantial donation to the empty NO levels. the G nucleus of =31 G (Table 2). In principle, EPR

3.3. NO, Adsorption on BaO. NO, adsorption on the (100)  experiments on at¥O-enriched BaO sample should be able to
surface of BaO has been studied recently by plane wavesconfirm this prediction.
periodic supercell’ and cluster modélkalculations. According The analysis of the core levels further shows the occurrence
to the periodic calculation of Brogvist et dithe molecule binds  of the charge transfer. The N(1s) level shifts 6.5 eV to
to an Q¢ anion in an N-down orientation with a binding energy smaller BEs; the O(1s) level of the two O atoms of the ,NO
of 0.8 eV, a long @—NO, distance of 2.39 A, and an-N\D molecule shifts by—3.9 eV. At the same time, there is a
bond length of 1.25 A.This structure is very similar to that  considerable stabilization of the 1s level of thg Surface anion,
obtained on the basis of cluster model calculations. In particular, indicating oxidation of this atom by interaction with NO'he
our BaOgBa*1s embedded cluster results and those obtained net charge transfer has important effects on the geometry of
by Pettersson et 8l(see Figure 5 and Figure 1 in ref 7) agree the adsorbate. The-NO bond length, which in free NgOs 1.21
completely. Our computed bond parameterskage= 0.94 eV, A, becomes 1.24 A on the surface; also, theN\>-O bond
r(Osc—NO,) = 2.16 A,r(N—0) = 1.24 A, ande(ONO) = 122 angle changes and goes from 184 122; see Figure 5. Notice
(Figure 5). Apart from a slightly stronger bonding and shorter that on the terrace sites thes©N bond length, 2.16 A, is
surface-adsorbate distance, supercell and cluster model resultssignificantly longer than in the NO case, 1.51 A. This is due to
are quite similar. However, a recent supercell DFT calculation a reduction of the covalent character of the-€N bonding in
by Schneider finds for the same orientation of N@h BaO- favor of a more pronounced ionic character. Once the charge
(100) a short @—NO, distance, 1.44 A, and a stronger bonding, transfer has occurred, the NO fragment binds through
1.5 eV? Schneider attributes this discrepancy to the size of the electrostatic forces to the neighboring Ba cations and is
clusters or of the supercells used in the calculatfdns, clearly practically detached from the surface anion where the redox
more work is required to clarify this point. On the other hand, process has occurred.
the question is not very relevant because the N-down orientation The structural change reflects also a shift in the vibrations.
is not the most stable one, as we will discuss below. Gas-phase Nghas three vibrational modes at 1621 ¢r(vasyn),

The bonding analysis presents some interesting aspects. By1L320 cn? (vsym), and 648 cm? (d); the calculated values
reacting with the BaO surface, N@rms a species that can be (scaled) are 1624, 1327, and 711 dmrespectively. On the
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Figure 6. Spin density plot for an N@molecule adsorbed on a step
site of the BaO surface.

Figure 8. Optimal structure of an N©Pmolecule adsorbed N-down
on an Q¢ oxide anion at the corner sites of the BaO surface (left, side
view; right, top view). The surface is represented by a;BaBa*i,
cluster embedded in point charges (not shown). Yellow spheres, O;

118.4° | sky-blue sphere, N; large blue spheres, Ba; small blue spheres, Ba*.
"261/_’233%0“ 1.26 A
| I A ! M
L 4 ] m 278A; 1188 2784
.06
| - |

Figure 7. Optimal structure of an NOmolecule adsorbed N-down
on an Qc oxide anion at the step sites of the BaO surface (left, side l 1

view; right, top view). The surface is represented by a;BaBa*i3

cluster embedded in point charges (not shown). Yellow spheres, O; Figure 9. Optimal structure of an NPmolecule adsorbed O-down
sky-blue sphere, N; large blue spheres, Ba; small blue spheres, Ba*.on a Ba. cation at the terrace sites of the BaO surface. The surface is
represented by a B@sBa*;s cluster embedded in point charges (not
shown). Yellow spheres, O; sky-blue sphere, N; large blue spheres,

terrace sites, we compute the corresponding modes at 1370 cm Ba; small blue spheres, Ba*

(Vasym, 1231 et (vsym), and 734 cm? (3), with significant

red shifts. These modes can be compared with those computed 1152°
for the gas-phase NO anion, 1281 cm! (veyn), 1261 cnrl oA
(Vasym, and 748 cm? (9). 288A | ‘-._.. 284 A

The conclusions about the bonding nature of the,NO .-
molecule are fully consistent with those reported by Brogvist — —r.d' f--*hv——"
et al.” who also found a partial delocalization of the spin density l l |

L_‘-—— = 9

and the formation of an ionic interaction between the adsorbate

and the substrate. In the following we show that this is even e
more pronounced for steps and corners, a fact that cannot be l_ h__l
neglected in the analysis of the surface reactivity.

Steps and corners exhibit an enhanced reactivity towargd NO 1

On the low-coordinated anions the bonding of the molecule is

?128 ev (T‘?‘b'e 2), i.e., much larger than on the terraces. Thus’on a Ba, cation at the step sites of the BaO surface. The surface is
nitrite species at steps and corners are therma_lly very Stable-represented by a B#D:.Ba*1; cluster embedded in point charges (not
The other interesting aspect is that on these sites the charg&hown). Yellow spheres, O; sky-blue sphere, N: large blue spheres,
transfer is even more pronounced than on terraces. This is showrBa; small blue spheres, Ba*.

in particular by the spin density, which is almost entirely on

the Q. anion with no residual spin on the N@dsorbate; see  diffusion of this species on the surface. Furthermore, the
Table 2 and Figure 6. The isotropic hyperfine coupling constants diffusion of the NQ~ species leaves on the surface a very
with the N and O atoms of the NG@nolecule are close to zero  reactive O paramagnetic center which can be involved in
or very small (Table 2); on the other hand, large values of both subsequent reactions involving radical species.

aiso andB coupling constants are found for the surface oxygen  The fact that the N@ adsorbates interacts electrostatically
at a step, consistent with a large p character of the unpairedwith the surface results in a loss of directionality of the bond,
electron. This indicates that a full electron has been donatedand other adsorption modes are possible, such as the O-down
from the surface to the adsorbate. The bonding can be classifiedorientation; see Figures-d.1 and Table 3. This configuration
as a net charge-transfer interaction. This has important conse-has been found also on M§Cand confirmed as the most stable
guences for the geometry of the adsorbate; see Figures 7 and 8or the sequence MgO, CaO, SrO, B&@ this orientation on
The surface-adsorbate interaction is in fact dominated by the terrace sites, the two oxygen atoms of N closer to the
electrostatic forces. The NO unit tries to maximize its surface and interact with a pair of Ba cations at a distance of
interaction with the surface cations, and is partially detached 2.78 A (Figure 9). The structural changes with respect to free
from the surface oxide anion; see Figures 7 and 8. The distanceNO, are even larger than for the N-down orientatiaifiN—O)

of the Oy or Oz anions to the adsorbate increases to 2.88 and = 1.26 A and o(ONO) = 116. This reflects a stronger
3.09 A, despite the strong stabilization. The fact that the surface interaction,E.q = 1.40 eV, in agreement with the results of ref
complex has these bonding characteristics is very important for 8. The spin density is delocalized over the two neargsafiions

the subsequent reactivity of the species. In fact, the loss of instead of being localized on a single oxygen as for the O-down
covalent interaction with the surface oxygen and the formation mode. The degree of charge transfer from BaO to, Gven
of a negatively charged NO anion may imply a relatively easy = more pronounced than for the N-down orientation. Moderate

Figure 10. Optimal structure of an NOmolecule adsorbed O-down
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278 A - eV instead of 0.9 eV. On the steps and corners, however, the
5 0 . energy difference between the two orientations is too small (0.1
} l eV) to draw firm conclusions about the preferred adsorption
126 A "’}\' | mode. On the step and corner sites the;M@lecule lies 2.8
278 _FV 2.9 A above the Ba cations, (Figures 10 and 1()l—0O) and
a __|_.-_. o(ONO) are similar to those for the N-down mode. Also, the
\_,_..L—"-’-‘«'.—-—'—" charge transfer and spin density distribution are identical and
1 characteristic of a nitrite species. The hyperfine coupling
l 1 constants computed for the N@dsorbate are almost zero,
indicating complete electron transfer from the surface.
Figure 11. Optimal structure of an NPmolecule adsorbed O-down We conclude that while on terraces O-down N©®favored

on Bag cations at the corner sites of the BaO surface. The surface is and presents a higher degree of charge transfer with respect to
represented by a Bg:oBa*1, cluster embedded in point charges (not  the N-down orientation, on low-coordinated sites the two
shown). Yellow spheres, Oi sky-blue sphere, N; large blue spheres, 34sorption modes are equally stable and characterized by a
Ba; small blue spheres, Ba. complete electron transfer leading to formation of true nitrite

TABLE 3: Computed Properties of the NO, Molecule species, electrostatically adsorbed on the surface.
(O-Down, Basic) Bound at Ba Cations on the BaO Surface
terrace, Ba.  step,Ba.  corner, Ba. 4. Conclusions

Eaa €V 1.40 1.89 1.94 The high reactivity of the BaO surface toward nitrogen oxides
Aq(Oro) +0.19 +0.55 +0.50 is a direct consequence of the electronic structure of the material.
Ag(NO,) —0.90 —0.89 —0.87 The surface basicity of the alkaline-earth oxides increases going
spin(Qx) 0.27 0.84 0.87 , S
spin(N) 0.0 0.0 0.0 from MgO to BaO. This _change, which in the past has _been
spin(O) 0.0 0.0 0.0 rationalized in terms of different charges of the oxide anions,
aiso(One), G —-10.3 -30.9 —31.9 is easily explained in terms of the change in the Madelung
aiso(N), G 0.0 0.2 0.5 potentialt® The &~ anion is unstable in the gas phase, where
a*'SO(ORI'_GO N 1232'0 0z —01 it dissociates into O + €~, but becomes stable in ionic oxides
ZTIE{N—O))’C% 1295 because of the effect of the Madelung potential. A strong
5(VO,NO)”C,TT1 749 Madelung potential leads to a stable, less bastc, $pecies; a
Ae(Op,18), eV +1.39 +3.37 +3.60 weak Madelung potential leads to an unstable, more basic, O
Ae(N,1s), eV —5.68 —5.82 —5.57 anion. On the oxides with NaCl-type structure the Madelung
A€(0,1s), eV —5.61 —5.48 —5.70 potential is largest in the bulk, slightly reduced on the (100)

2 Eoq = adsorption energy, corrected for the BS3E(X) = change terraces, and decreases considerably on low-coordinated an-
in Mulliken charge on atom X going from the noninteracting systems ions2° In this way it is possible to explain also the different
to the surface complex; spin(X} spin population on atom Xaiso(X) reactivity (basicity) of oxide anions located in different positions
= isotropic coupling constant for atom X;and¢ are the stretching of the surface. When one compares the same sites, e.g., terraces,

and bending vibrational modede = core level binding energy shift . . .
computed with respect to the free BaO cluster and MOlecule.” Two on different oxides, e.g., MgO and BaO, the change in the

Osanions, identical by symmetry, are involved in the charge transfer Madelung potential is given by the longer catieamion distance
from the surface to the moleculeThe anisotropic dipolar part of the ~ (@ssuming no variations in the ionic charges). This means that
A matrix isB, = 37.7 G,B, = 37.4 G,Bs = —75.1 G.9 The anisotropic the Madelung field is much lower on the terrace sites of BaO

dipolar part of theA matrix isB; = —0.1 G,B, = 0.0 G,B; = 0.1 G. than on those of MgO. The direct consequence is that the top
eGTrI‘Be 3“'58"?20 dipolar part of th& matrix isB, = 0.3 G,B, = 0.2 of the O(2p) valence band (donor levels) on MgO is at lower
,Bs = —0. .

energy (more stable) than in BaO, and that completely different
. . . . . reactivities can be expected.
isotropic and large anisotropic coupling constants are CO”.‘F’“ted This is indeed the case for the interaction of NO and;NO
{82;5?;&?ir?xzypgﬁ?bi?;fns closest to WCa sign of spin molecules with the two oxides. Qn MgO virt.ually no reactivity
] : is observed, except for some minority species forming at a few

Core level shifts are larger than those for the N-down |ow-coordinated sites (corners, kinks, efc.BaO, on the
orientation, except for adsorption at terraces. Here, since thecontrary, shows a strong reactivity already on the terrace sites,
charge transfer involves mainly twosQanions, the positive  \yhere both NO and N©form very stable surface complexes.
shift in the O(1s) leveli+1.33 eV, is reduced compared to the  The fact that the (100) flat terraces are so reactive, however,
N-down case. The elongation of theJD bonds causes a strong  does not mean that extended or point defects have no role in
red shift of the stretching frequencies: 1236 ¢nwasym and the surface reactivity. In this study we have shown that oxide
1290 cnm* (veym). The bending mode is only slightly affected:  anjons at steps and corners exhibit the tendency to interact much
749 cntt (0). These values are almost coincident with those more strongly with the adsorbed molecules, a fact that can have
computed for the free N species. Experimentally, bands at  jmportant consequences for the global reactivity of the surface.
~1215, ~1290-1310, ~1400, and~1540 cnt* have been While NO is bound covalently to the surface (but the bonding
measured in IR spectf&* It is tempting to assign the bands  has a substantial polar character due to the flow of charge from
observed at 1215 and 1290315 cn* to the species described  BaQ to the adsorbed molecule), bl6xidizes the surface and
above, but the poor resolution of the IR spectra and the presencgorms a stable N@ diamagnetic species which interacts
of other species on the surface make this assignment purelyglectrostatically with the surface cations. This leaves on the
tentative. surface paramagneticQons incorporated in the lattice of the

The interaction energy for for the O-down orientation is in BaO surface. These centers are very reactive (e.g., they are
general larger than that for the N-down mode. This is quite believed to be the species which promote the methane coupling
evident for the terrace sites, where the adsorption energy is 1.4reaction)!! The charge-transfer process is more effective on low-
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coordinated sites such as steps and corners but occurs also on (17) Nygren, M. A.; Petterson, L. G.; Barandiaran, Z.; SeijoJ LChem.

the terrace sites. In this respect the reaction with, M@ds to

Phys.1994 100, 2010.
(18) Mejias, J. A.; Marquez, A. M.; Fernandez Sanz, J.; Fernandez-

an activation of the surface with creation of new reactive centers. garcia, M.: Ricart, J. M.: Sousa, C.: lllas, Surf. Sci.1995 327, 59.
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