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Proton abstraction ability of MgO: a DFT cluster model
study of the role of surface geometry
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Abstract

Methanol and isocyanic acid adsorptions on a defective MgO surface have been studied. Equilibrium geometries, adsorption
energies, atomic and molecular charges and electronic densities were obtained using a density functional theory method.
Oxide surface atoms with different coordination numbers show very different reactivity giving both molecular and dissociated
adsorbed species. The methanol molecule requires lower coordination numbers of the active site than the isocyanic acid
molecule for dissociative adsorption. The role of the acidic and basic sites has been considered and analyzed in terms of
natural bond orbital charges. The main vibration frequencies have been compared with available infrared spectroscopic data.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

It has been recognized that acidic and basic prop-
erties of oxide catalysts and oxide supports play
an important role in a great deal of catalytic pro-
cesses such as oxidation, reduction, hydrogenation
and hydrocracking. A complete description of these
properties on a solid oxide surface requires the de-
termination of the acid and base strength, and the
amount and nature of the acidic and basic sites. The
interpretation of chemisorption and spectroscopic
data and the use of theoretical methods of investiga-
tion demonstrated the dominant role of local factors
in this area of heterogeneous catalysis and revealed
the presence of three principal types of active sites
of oxide catalysts: (i) Brönsted acid sites usually rep-
resented by rather strongly hydroxyl groups formed
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due to the partial hydrolysis of oxide surface, which
are involved in intermediate protonation of reactants;
(ii) Lewis acid sites and/or acid–base pairs consisting
of non-transition metal cations produced by dehydro-
genation of oxide surfaces, which are involved in cat-
alytic hydrogenation, dehydrogenation and hydrogen
exchange interactions; (iii) transition metal ions acting
as active sites both in catalytic redox reactions and in
coordination-type catalysis[1]. For the determination
of strength and amount of a solid acid or a solid basis
site, different titration methods using gaseous base
and acid molecules, respectively, are usually used
[2]. On the other hand, infrared spectroscopic studies
of certain molecular probes is the usual technique to
distinguish between Brönsted and Lewis acid sites.

The MgO has been considered as an ideal system
in order to study the catalytic properties of oxides,
due to fundamentally to its very simple cubic crys-
talline structure with strict 1:1 stoichiometry and its
electronic structure that implies only s–p electrons.
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Moreover, the oxides of simple metals like MgO,
BaO and CaO are known by their basic properties,
related mainly from the strong Lewis basicity of sur-
face oxygen anions[2]. It is believed that several
reactions of catalytic interest comprise primarily the
rupture of a heterolytic bond where the basic charac-
ter of an O2− anion combines with the acid character
of a Mg2+ cation. This behavior can be observed
in relatively simple reactions as the H2 dissociation
and the dehydrogenation of CH4 [3], and in more
complex reactions as the hydrogenation of olefins
[2]. Nevertheless, the acidic character of Mg cations
predominates in the case of molecular adsorption[4],
where the molecule resides on the cationic site.

On the other hand, it is well documented that the
catalytic properties of MgO are noticeably only when
the MgO surface has defects. In this way, MgO seems
to be also an ideal system for modeling the influence
of defects like terraces, steps, corners and vacancies. A
considerable deal of works has been focused to study
the structural aspects as well as the reactive proper-
ties of surface defects of MgO. The works published
by Soave and Pacchioni[5] and Nakajima and Doren
[6] summarize the essential aspects of these studies.
Several molecules (CH3OH [7–9], H2 [10], CH4 [11],
H2O [12], NO2 [13], H2S [14], CO [5,15], CO2 and
SO2 [16], O2

− and CO− [17]) have been considered
regarding the adsorption equilibrium geometry and the
possibility of an eventual molecular dissociation.

The experimental results related to the adsorption of
acid molecules like formic and acetic acid, methanol,
ethanol, acetylene and water performed by Peng and
Barteau[18] show that the Brönsted acid dissociates
on acid–base pairs of defective MgO surfaces. The
adsorption of methanol on MgO has been studied by
several techniques. Thermal desorption spectroscopy
(TDS) measurements performed on powered MgO
[19] and on smooth and defective (0 0 1) surfaces of
MgO [18] revealed that only when low coordination
adsorption sites are present, methanol dissociates.
Infrared spectroscopy (IR) spectra[20] indicate the
presence of at least four different species. In the ad-
sorption of methanol two bonds, specifically O–H
and C–O, could play a role in the dissociation and
transformation of this molecule. Our previous theo-
retical approach to this question[7] and the exper-
imental results[18,19] indicate that the most stable
and stoichiometric (0 0 1) face of MgO is inert for

the dissociation of methanol. The adsorbed molecule
is linked by a hydrogen bond with the surface where
the hydroxyl of methanol and an O2− anion of the
surface participate.

It has been observed that the isocyanate species
(NCO) is produced in the catalytic reduction of NO
by CO or by non-saturated hydrocarbons[21] on late
transition metal supported catalysts. Infrared studies
indicate that isocyanate is formed on the metal and
spills over onto the support (MgO, Al2O3, SiO2,
ZSM5, for example) where it finally resides and
accumulates[22]. Very recently, some experimen-
tal studies performed over Rh/TiO2 and Cu/Al2O3
systems suggested that NCO could act as an interme-
diate in the production of N2O or N2 [23]. Moreover,
NCO can be the source of the formation of HCN and
C2N2, hazardous gases which can also act as cata-
lyst poisons. Recently, it has been suggested that the
isocyanic acid (HNCO) may be a significant interme-
diate during the warm-up phase in catalytic converters
of mixtures of NO, CO and H2 over Pt/SiO2 [24].
During these processes the isocyanic acid can be
produced or re-adsorbed on the metallic phase or on
the support[24]. From here the interest to study the
adsorption of this molecule directly on different ox-
ides. By the other hand, because it is not possible to
produce NCO over oxides via the NO+ CO reaction,
researches use isocyanic acid directly as adsorbing
species which adsorbs dissociatively yielding NCO
and H[16]. Solymosi and Bánsági have studied using
this procedure the NCO behavior over some dehy-
drated oxides usually acting as supports. They con-
cluded that the NCO stability decreases in the follow-
ing order: SiO2 > Al2O3 > MgO > Cr2O3 > TiO2
[22].

In the present work we analyze the interaction of
two different molecules, methanol and isocyanic acid,
with the surface of MgO. As it will be shown below
these molecules show a different proton abstraction
capability due to their different Brönsted acidity. Nev-
ertheless the acid–base interaction between the broken
O–H or N–H bond of the molecule and the surface
ions of MgO is very similar.

The work is organized as follows. First, the theo-
retical method and models will be described. Second,
the calculation results will be presented and discussed
for each different system. Finally, the conclusions will
be given.
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2. Computational details

The adsorption of two different molecules,
methanol and isocyanic acid, were modeled on a
non-perfect (1 0 0) face of MgO. For the first one,
the staggered conformation was considered due to its
greater energetic stability with respect to the eclipsed
rotamer[7]. In a previous work, the effect of varying
the MgO cluster size on the molecular adsorption
properties was analyzed concluding that the (MgO)12
cluster gives satisfactory results with reasonably ac-
curacy[7,8]. Thus, a cluster model with the (MgO)12
formula was employed to represent the local structure
of the MgO surface. Moreover some tests including
charge embedding were carried out and negligible dif-
ferences were found with respect to the non-embedded
cluster [7]. The geometrical optimization procedure
was performed considering that the molecules were
initially close to the surface active site at their free
optimized structures. These molecules were adsorbed
on three different Mg–O pairs of the substrate acting
as adsorption sites with different geometrical environ-
ment. They are pictured inFig. 1. The following three
pairs have been considered, classified according to
the ion coordination: (a) Mg5cO5c; (b) Mg4cO4c; (c)
Mg3cO3c, where the sub-indexes “mc” and “nc” design
the coordination number of Mg and O, respectively.

The geometries for adsorbed methanol and iso-
cyanic acid molecules were fully optimized. The MgO
cluster geometry was taken from reference[25] where
the Mg–O distance is 2.106 Å. Experiments show
that the flat MgO(1 0 0) surface is close to the bulk
geometry[26]. By this reason the substrate model
was not relaxed in the optimization process. However,
relaxation could be important for O3c and Mg3c.

Fig. 1. Schematic graph of a stepped MgO(1 0 0) surface with possible positions of a pair of active sites.

The molecular orbitals and energies were calculated
within the density functional theory (DFT) formal-
ism, using the hybrid functional which mixes the Lee
et al. functional for the correlation part and Becke’s
three-parameter functional for exchange (B3LYP)
[27,28]. A Gaussian basis set was employed; specifi-
cally, the locally dense 6-31G. An extra basis set were
added in atoms which were directly involved in the
adsorption process. Thus, d-type orbitals for O, Mg,
Si, C and N atoms and p-type orbitals for the H atom
were incorporated. The net atomic and molecular
charges were obtained with the natural bond orbital
(NBO) analysis[29,30]. Besides, the overlap popula-
tion (OP) values were calculated with the Mülliken
population analysis[31]. All the calculations reported
in this work were performed using the Gaussian’98
package[32].

The error in the adsorption energy calculation due
to the basis set superposition error (BSSE) was cor-
rected using the counterpoise method[33]. This ap-
proximation is particularly suited for systems which
do not undergo a strong geometrical relaxation after
bonding formation[34]. Therefore this correction was
applied only for molecular adsorptions. As a first ap-
proach, for comparison reasons only the non-corrected
values were considered.

3. Results and discussion

3.1. Methanol on MgO

The adsorption energies and some concerned rel-
evant geometrical data for the three considered cases
of methanol adsorption on MgO are summarized in
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Table 1
Main molecular properties of methanol adsorbed on MgO surface: adsorption energy (Eads), methanol intramolecular, d(Oa–H) and d(C–Oa),
and methanol-surface, d(Os · · · H) and d(Mg · · · Oa), interatomic distances and methanol COH angle at equilibrium and some selected OPsa

Isolated CH3OH Mg5cO5c Mg4cO4c Mg3cO3c

Eads (eV) – 0.59 (0.27) 1.01 (0.73) 2.39 (–)
d(Os · · · H) (Å) – 1.791 1.675 0.966
d(Mg · · · Oa) (Å) – 2.396 2.114 1.847
d(Oa–H) (Å) 0.966 0.990 1.006 2.695
d(C–Oa) (Å) 1.437 1.443 1.446 1.406
COH (◦) 107.2 110.0 113.3 –
OP(H,Os) – 0.102 0.090 0.566
OP(Oa,Mg) – 0.352 0.352 0.692
OP(Oa,H) 0.576 0.422 0.424 –
OP(C,Oa) 0.394 0.338 0.318 0.470

a Eads= E(MgO cluster)+E(methanol)−E(MgO cluster and methanol). In parenthesis, the BSSE corrected adsorption energy. Positive
values correspond to exothermic adsorption processes. The letters a and s in the subscripts represents adsorbate and substrate, respectively.

Table 1. The data comprise: methanol intramolec-
ular O–H and C–O interatomic distances (d(Oa–H)
and d(C–Oa), respectively), methanol-surface Os–H
and Mg–Oa interatomic distances (d(Os · · · H) and
d(Mg · · · Oa), respectively) and methanol∠COH
angle, all at equilibrium. Notice that Os and Oa cor-
respond to the substrate and adsorbate oxygen atoms,
respectively.

The geometrical optimization show that in all cases
the hydroxyl group is oriented in such a way that the
methanol O atom is directly linked with a Mg cation
while the methanol H atom is directly linked with a O
anion (seeFigs. 2a, 3a and 4a).

Fig. 2. Optimized geometries of methanol and isocyanic acid on Mg5cO5c site of MgO cluster.

The adsorption energies vary from a low value
to a high one, which can be classified as “weak
adsorbed” methanol (Eads ∼ 0.5 eV) for Mg5cO5c
and “strong adsorbed” methanol (Eads ∼ 1 eV or
greater) for Mg4cO4c and Mg3cO3c. The d(Os · · · H)
and d(Mg· · · Oa) distances for the highest coordina-
tion are longer than the same distances for the lowest
coordination, in relationship with the strength of the
methanol–magnesia interaction. The corresponding
atomic configurations are shown inFigs. 2a, 3a and 4a.
We want to notice that the weak adsorbed methanol
undergoes only a slight distortion of its geometry with
respect to the free molecule, as it will be shown in
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Fig. 3. Optimized geometries of methanol and isocyanic acid on Mg4cO4c site of MgO cluster.

a subsequent paragraph. This situation can be as-
similated to a hydrogen interaction where the H of
hydroxyl group of methanol mediates between an
oxygen of the surface and the proper oxygen of
hydroxyl group.

The stronger adsorption sites, i.e., Mg4cO4c and
Mg3cO3c sites, are able to produce an “molecu-
lar adsorption” (Mg4cO4c site) or a “dissociative
adsorption” (Mg3cO3c site). The dissociative state, on
Mg3cO3c site, is exothermic with respect to the less
favorable (Mg5cO5c) non-dissociative one by almost
1.8 eV. The dissociation of methanol molecule implies
the complete scission of the O–H bond, producing a
dissociated state similar to species III proposed by
Tench et al.[20] to explain their IR results. Recent
theoretical studies of methanol adsorption on the
stoichiometric (1 1 0) face of TiO2 have shown that
at medium coverage the methanol O–H bond breaks
preferentially over the C–O bond, while the opposite
is obtained atθ = 1 [35].

Fig. 4. Optimized geometries of methanol and isocyanic acid on Mg3cO3c site of MgO cluster.

The significant influence of the coordination num-
ber on the adsorbate internal distances must be un-
derlined. The methanol O–H distance increases, in
comparison with the free methanol molecule, by
0.03–0.05 Å for the non-dissociative states and by
1.74 Å when the dissociation is complete. On the other
hand the methanol C–O bond length is similar in all
the cases. Only for the dissociative state a small de-
crease of 0.03 Å is observed. The∠COH angle shows,
in comparison with the free methanol molecule, a
small three degrees opening for the weak adsorption
state and six degrees for the strong adsorption state.

The OP(H,Os) overlap population gives us a mea-
sure of the occupation degree of bonding molecular
orbitals formed between the methanol molecule and
the MgO surface. Notice inTable 1that the overlap
populations OP(H,Os) for the methanol adsorption in
terrace (Mg5cO5c) and in step (Mg4cO4c) are simi-
lar and low in agreement with the idea that in these
cases a covalent bond is not formed with the surface.
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Nevertheless the adsorption energy in the second case
is significantly larger than for pentacoordinated site
(Mg5cO5c). The reason for this particular behavior
will be discussed later in this section. Conversely,
the OP(H,Os) and OP(Oa,Mg) values are remark-
ably large when the dissociation is reached, approx-
imately six and two times respectively longer than
the corresponding value to the non-dissociative ad-
sorptions. The OP(Oa,H) follows the opposite trend
of the OP(H,Os). Evidently, the interaction between
the surface and the molecule provokes a weakening
of the Oa–H bond. It can be observed that in general
the OP(C,Oa) almost do not change. Only when the
molecule is dissociated this bond is stronger than the
same bond for free methanol.

In Table 2NBO charges for some relevant atoms and
other species that characterize the methanol–substrate
interactions are reported. The methanol molecule is
only slightly negatively charged near the MgO surface
for the non-dissociative adsorption, however the net
charge for the dissociated fragments becomes nega-
tive and noticeably high in magnitude (seeTable 2),
with changes of−0.385e and+0.061e for the methox-
ide and H fragments, respectively. It suggests a basic
behavior of the substrate, with more basic character
in those sites where the methanol dissociation takes
place.

The NBO charges of the oxygen and magnesium
atoms of pure magnesia surface are showed in the
third and fourth entries ofTable 2. Comparing the ox-
ide oxygen charge for the different sites we observe

Table 2
Selected NBO charges for some relevant atoms and other species
in the CH3OH–MgO surface interactions (for comparison the first
column shows the charges of the isolated methanol; charges are
given in a.u.)a

Isolated CH3OH Mg5cO5c Mg4cO4c Mg3cO3c

Q(CH3OH) – −0.058 −0.048 –
Q(CH3O) −0.472 −0.547 −0.562 −0.857
Q(Os)isol – −1.671 −1.611 −1.513
Q(Mg)isol – 1.563 1.588 1.529
Q(Os)ads – −1.646 −1.586 −1.366
Q(Mg)ads – 1.576 1.611 1.647
Q(Oa) −0.745 −0.826 −0.865 −1.089
Q(H) 0.472 0.489 0.514 0.533

a isol, ads, a and s in subscripts represents isolated, adsorbed,
adsorbate and substrate, respectively.

that it is an increasing function (in absolute value)
of the anion coordination number, gaining nearly
0.160e when the anion coordination number changes
from O3c to O5c, suggesting the following basicity
sequence: Mg5cO5c < Mg4cO4c < Mg3cO3c.

On the other hand, the Mg positive charge in-
creases (by 0.059e) when the cation coordination
number changes from Mg3c to Mg4c, but decreases
(by 0.025e) when it changes from Mg4c to Mg5c. This
could be related to a cluster size effect. If the surface
with methanol adsorbed and the bare magnesia sur-
face are compared (see from third to sixth entries),
both the Os and Mg atoms lose electronic charge
when the molecule is adsorbed. The loss of negative
charge of the MgO pair when the methanol molecule
interacts with the oxide surface is 0.038e, 0.048e and
0.265e for Mg5cO5c, Mg4cO4c and Mg3cO3c, respec-
tively. When the methanol dissociation occurs, i.e.,
for Mg3cO3c site, the loss of the negative charge is
significant. These observations are in agreement with
the negative charge taken from the methanol molecule
and indicate that the basic behavior of the oxide sur-
face increases with decreasing the coordination num-
ber. The negative charge of surface O atom and the
positive charge of Mg atom decreases and increases
continuously in magnitude, respectively, when the
methanol molecule is adsorbed on the MgO pairs. The
negative charge of surface oxygen atom follows the
same trend as commented above for the bare surface.

The NBO charges of the oxygen and the hydrogen
atoms belonging to the methanol hydroxyl are also
reported inTable 2. It is clear that there is an im-
portant charge polarization of the (Oa–H) link for the
stronger adsorbed methanol with respect to the weak
chemisorbed methanol. Indeed, while the methanol
molecule net charge changes by only+0.01e, the
positive charge of H atom increases in magnitude by
0.025e and the negative charge of O atom increases
in magnitude by 0.039e, in going from the Mg5cO5c
site to the Mg4cO4c site. The corresponding charge
changes (in magnitude) of O and Mg ions of the ox-
ide surface are of−0.060e and+0.035e, respectively.
Moreover the net charge for the site Mg5cO5c is neg-
ative while that for the Mg4cO4c site is positive. The
only way to explain these important redistribution of
charges for Mg4cO4c is the presence of dispersion
electrostatic forces of more localized effect than those
in the weak adsorption situation. The corresponding
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energy interaction is greater than for methanol on the
Mg5cO5c site.

The electron density Laplacian∇2ρ was obtained
for the three representative cases of the molecule–
substrate interactions: (i) weak adsorption, Mg5cO5c
(see Fig. 5a); (ii) strong molecular adsorption,
Mg4cO4c (seeFig. 6a); (iii) strong dissociative ad-
sorption, Mg3cO3c (seeFig. 7a). The mapping of∇2ρ

was performed on different planes, in order to show
the most important interactions above commented.
To plot the ∇2ρ contour lines, the (1 0 0) face was
selected for case (i) while the (1 1 0) face was consid-
ered for cases (ii) and (iii). The dashed lines indicate
regions of gain of density and the solid lines corre-
spond to regions of loss of density. Therefore, there
is a defined H–Oa covalent bond for case (i). On the
other hand, for case (ii) a squeezing appears along the
line connecting these atoms which is a clear evidence
of the bond ionization. For case (iii), we observe that
after the scission of Oa–H bond a defined covalent
Os–H bond is formed corresponding to a surface hy-
droxyl and the formation of a ionic Mg–Oa bond.
Moreover, the Mg–Os is clearly ionic for all of these
cases.

Fig. 5. Laplacian∇2ρ(r) distribution of charge for methanol (a) and isocyanic acid (b) on Mg5cO5c site of MgO cluster. The short dashed
lines indicate regions of electron charge accumulation and the solid lines correspond to regions of electron charge depletion.

The main vibrational frequencies for adsorbed (dis-
sociated or not) methanol are summarized inTable 3.
Following previous IR studies of Tench et al.[20]
for methanol on MgO powder and theoretical and
experimental IR studies of Di Valentin et al.[9] for
methanol on MgO(1 0 0), bands about 1100 cm−1 can
be associated with the CO stretching frequencies. At
low methanol coverages two strong bands at 1114
and 1068 cm−1 were observed. Looking at the results
in Table 3the first experimental band could be related
to dissociative adsorption species on the Mg3cO3c
pairs and the second band to the weak and strong
molecular adsorptions. In addition, in the CH stretch-
ing frequency region three bands at 2925, 2843 and
2800 cm−1 were observed[9,20]. Our calculated val-
ues are slightly lower than the experimental ones and
they are not dependent on the geometry of the MgO
pair. Nevertheless, it should be noted that the theoret-
ical frequency values often overestimate the experi-
mental ones[32]. Finally, the region about 3500 cm−1

is characteristic of the stretching vibrations of the hy-
droxyl group. At low methanol coverages two strong
bands were observed at 3600–3570 and 3330 cm−1

and a third small band at 3740 cm−1 [9,20]. Looking
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Fig. 6. Laplacian∇2ρ(r) distribution of charge for methanol (a) and isocyanic acid (b) on Mg4cO4c site of MgO cluster. Electron charge
regions are same as given inFig. 5.

at Table 3, the band at 3330 cm−1 could be assigned
to the �(OH) vibrations for methanol in the weak
molecular form (Mg5cO5c pairs) while the band at
3600 cm−1 could correspond to the�(OsH) vibration
of the hydroxyl formed after the complete methanol
dissociation (Mg3cO3c pair).

Table 3
Selected frequency modes corresponding to the main stretching vibrations found for the isolated and adsorbed methanol (cm−1)

Isolated CH3OH Mg5cO5c Mg4cO4c Mg3cO3c Experimental data

Isolated CH3OHa Adsorbed CH3OHb

ν(O–H) 3819 3358 3110 3863 3600 3330
3600
3740

ν(C–O) 1035 1024 1032 1142 1045 1114
1068

ν(C–H) 3001 3017 3022 2926 – 2800
3052 3084 3095 2959 – 2843
3136 3135 3164 2972 – 2925

a Experimental data from Ref.[20].
b Experimental data from Ref.[36].

3.2. Isocyanic acid on MgO

The main molecular properties of isocyanic acid
adsorbed on the three considered sites of MgO sur-
face are summarized inTable 4. They comprise: ad-
sorption energy (Eads), isocyanic acid intramolecular
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Fig. 7. Laplacian∇2ρ(r) distribution of charge for methanol (a) and isocyanic acid (b) on Mg3cO3c site of MgO cluster. Electron charge
regions are same as given inFig. 5.

Table 4
Main molecular properties of isocyanic acid adsorbed on MgO surface: adsorption energy (Eads), isocyanic acid intramolecular, d(N–H),
d(N–C) and d(C–Oa), and isocyanic acid-surface, d(Os · · · H) and d(Mg · · · N), interatomic distances and isocyanic acid HNC and NCO
angles at equilibrium and some selected OPsa

Isolated HNCO Mg5cO5c Mg4cO4c Mg3cO3c

Eads (eV) – 0.45 (0.26) 1.05 3.02
d(Os · · · H) (Å) – 1.664 1.028 0.964
d(Mg · · · N) (Å) – 3.191 2.116 1.950
d(N–H) (Å) 1.008 1.056 1.540 3.152
d(N–C) (Å) 1.218 1.214 1.207 1.202
d(C–Oa) (Å) 1.174 1.178 1.189 1.193
HNC (◦) 124.7 131.1 – –
NCO (◦) 172.2 174.0 179.0 179.2
OP(H,Os) – 0.173 0.390 0.572
OP(N,Mg) – 0.096 0.391 0.616
OP(N,H) 0.696 0.446 – –
OP(N,C) 1.116 1.050 1.297 1.304
OP(C,Oa) 1.229 1.211 1.176 1.158

a Eads= E(MgO cluster)+E(isocyanic acid)−E(MgO cluster and isocyanic acid). In parenthesis the BSSE corrected adsorption energy.
Positive values correspond to exothermic adsorption processes. The letters a and s in the subscripts represents adsorbate and substrate,
respectively.
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N–H, N–C and C–O distances (d (N–H), d(N–C) and
d(C–O), respectively), interatomic isocyanic acid-
surface Os · · · H and Mg· · · N distances (d(Os · · · H)

and d(Mg · · · N), respectively), and isocyanic acid
∠HNC and∠NCO bond angles, all at equilibrium.

The intermolecular distances clearly show that the
isocyanic acid is dissociated on the Mg4cO4c and
Mg3cO3c pairs (seeFigs. 3b and 4b). However, the
adsorption energies on these sites are very differ-
ent. While the energy value for the tetracoordinated
site is similar to that of methanol (∼1 eV), the cor-
responding value to the tricoordinated site is quite
large (∼3 eV). Conversely, the molecular adsorption
energy (∼0.5 eV) on the terrace site (Mg5cO5c pairs)
and the respective geometrical data correspond to
a weak adsorption situation. The geometrical opti-
mization on this site shows that a hydrogen bond is
formed between the oxygen of the oxide surface and
the isocyanate group (seeFig. 2b).

Notice that the kind of adsorption process on the
tri- and pentacoordinated sites is analogous for both
studied molecules, corresponding to a dissociative ad-
sorption and weak molecular adsorption, respectively.
On the other hand, while the adsorption process on
the tetracoordinated site for the isocyanic acid is a
dissociative adsorption without activation barrier, for
the methanol molecule we have a strong molecular
adsorbed species (see above). This important differ-
ence could be related with the greater acidic character
of the isocyanic acid in comparison with the methanol
molecule, resulting in a stronger interaction with the
basic oxygen ions of the surface and an easier proton
abstraction. This property also affects the adsorption
on the other sites. Looking atTables 1 and 4we
observe that the H–Os distance for methanol on the
pentacoordinated site is greater (by∼0.13 Å) than the
H–Os distance for isocyanic acid on the same terrace
site (Mg5cO5c). In addition, the intramolecular N–H
bond of the acid undergoes a stretching with respect
to the free molecule that is greater than the stretching
of the intramolecular O–H bond of methanol (0.048 Å
versus 0.024 Å). We observe that in the case of total
abstraction of the H cation on the tricoordinated sites,
the higherEads for isocyanic acid with respect to that
of methanol can be related also to the higher acidity
of HCNO. Besides, the (N–C) distance decreases and
the (C–O) distance increases when the dissociation
occurs (seeTable 4).

The intramolecular∠HNC and∠NCO angles in-
crease slightly when the acid is adsorbed, although the
NCO group practically retains its linear geometry in
all the cases considered.

The main OPs corresponding to the isocyanic
acid–oxide interaction are summarized inTable 4.
The hydrogen bond formed between the acid and the
MgO is stronger than the respective bond between
the methanol and the same oxide in terrace site (com-
pare the OP(H,Os) for both molecules in this site)
in line with the shorter H–Os distance. As expected,
the OP(H,Os) for the tetra- and tricoordinated sites
increases noticeably with respect to the pentacoor-
dinated site (two and three times, respectively), due
to the Os–H bond formation after complete H+ ab-
straction. The OP(N,Mg) in the pentacoordinated site
is almost negligible and increases four and six times
respectively for tetra- and tricoordinated sites, due to
the N–Mg bond formation after this H+ abstraction.
The same behavior is observed for the methanol–MgO
interaction on the tricoordinated site. Looking at the
OP(N,C) and OP(C,O) overlap populations, we ob-
serve that the N–C bond strength increases as the
coordination number of the MgO oxide site decreases
while the C–O bond exhibits the opposite trend. Both
observations are in agreement with the correspond-
ing shortening and stretching for these bonds, above
discussed.

NBO charges for some relevant atoms and other
species in the adsorbate–substrate interactions are
displayed inTable 5. As it can be observed at the
first row of Table 5 the isocyanic acid takes neg-
ative charge from the Mg5cO5c site when it is ad-
sorbed. These charge transfer is greater than that of
methanol adsorbed on Mg5cO5c and Mg4cO4c sites
(seeTable 2). The NCO group of HNCO takes an im-
portant negative charge after H+ abstraction on tetra-
and tricoordinated sites (by∼0.4e) in comparison
with the free molecule.

The above mentioned increase of basicity of MgO
surface with the diminution of the anion–cation pair
coordination number can also be observed in the case
of HNCO adsorption. Indeed, the loss of negative
charge of the MgO pair when the isocyanic acid re-
acts with the oxide surface is of 0.062e, 0.197e and
0.291e on Mg5cO5c, Mg4cO4c and Mg3cO3c sites, re-
spectively. The individual atomic charges of O and Mg
atoms of MgO pairs over which reside the adsorbed
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Table 5
Selected NBO charges for some relevant atoms and other species
in the HNCO–MgO surface interactions (for comparison the first
column shows the charges of the isolated isocyanic acid; charges
are given in a.u.)a

Isolated
HNCO

Mg5cO5c Mg4cO4c Mg3cO3c

Q(HNCO) 0.000 −0.113 – –
Q(NCO) −0.433 −0.525 −0.801 −0.894
Q(Os)isol – −1.671 −1.611 −1.513
Q(Mg)isol – 1.563 1.588 1.529
Q(Os)ads – −1.626 −1.449 −1.358
Q(Mg)ads – 1.580 1.623 1.665
Q(H) 0.433 0.412 0.505 0.528
Q(N) −0.781 −0.846 −1.042 −1.084
Q(C) 0.841 0.832 0.807 0.775
Q(Oa) −0.494 −0.511 −0.566 −0.585

a isol, ads, a and s in subscripts represents isolated, adsorbed,
adsorbate and substrate, respectively.

acid molecule (as a whole entity or fragmented) fol-
low the same trends as those observed for methanol.
Notice, nevertheless, that the charge transfer from the
MgO pairs to the acid is more significant than the re-
spective transfer to the methanol.

The last four entries ofTable 5 belong to the
atomic charge values of the atoms of adsorbed species
(isocyanic acid or dissociated fragments). Here, the
change undergone by the nitrogen atom is remark-
able, which increases its negative charge by near 0.3e
with respect to the free molecule when it is disso-
ciated on the tetra- and tricoordinated sites. This is
an indication of a N–Mg bond with a strong ionic
character.

The electron density Laplacian∇2ρ was obtained
for the three representative cases of the molecule–
substrate interactions: (i) weak adsorption, Mg5cO5c
(seeFig. 5b) and (ii) and (iii) strong dissociative ad-
sorptions, Mg4cO4c and Mg3cO3c (seeFigs. 6b and 7b,
respectively). The (1 0 0) face was selected for case (i)

Table 6
Selected frequency modes corresponding to the main stretching vibrations found for the isolated and adsorbed isocyanic acid (cm−1)

Isolated HNCO Mg5cO5c Mg4cO4c Mg3cO3c Experimental dataa

νsym(NCO) 1339 1328 1399 1410 –
νasym(NCO) 2357 2339 2311 2342 2223
ν(NH) 3701 2787 – – –
ν(OH) – – 2630 3881 –

a Assigned to Mg–NCO species, from Ref.[22].

while the (1 1 0) face was considered for cases (ii) and
(iii) to plot the ∇2ρ contour lines.

Looking atFig. 5b, it can be observed that there is
a H–N covalent bond in HNCO molecule adsorbed on
the Mg5cO5c site, which turns to a ionic bond on the
tetracoordinated site and disappears on the tricoordi-
nated one (seeFigs. 6b and 7b). Practically the oppo-
site occurs for the Os–H bond. There is a hydrogen
bond on the terrace site and a covalent bond on lower
coordination sites.

The frequency modes corresponding to the main
stretching vibrations calculated for the isolated and
adsorbed isocyanic acid are summarized inTable 6.
Contrary to the experimental data reported in the
literature for methanol on MgO, only the NCO
asymmetric stretching vibration frequency has been
measured and published[22]. As it can be observed
the calculated values of this vibrational mode are in
general smaller, at least 15 cm−1, when compared to
the free molecule. Nevertheless they are similar in all
the studied species, varying by about 45 cm−1. The
experimental value is in mean a 5% lower than the
calculated values[32]. The NCO symmetric stretch-
ing vibration frequency undergoes a higher variation
(by ∼80 cm−1) increasing with the H+ abstraction.

The important shift to lower wave numbers found
for the�(NH) (∼1000 cm−1) when the acid is weakly
adsorbed can be understood in terms of the stretching
undergone by the N–H bond (∼0.05 Å). This is a con-
sequence of the hydrogen bond interaction produced
with the oxide surface. Similar phenomena were ob-
served on the�(OH) of the methanol molecule when
it is adsorbed on the penta- and tetracoordinated sites.

The last frequency mode shown inTable 6 is
�(OsH). As it could be seen before, the OH stretching
typical value is around 3800 cm−1. Notice that the
OsH stretching value obtained on the Mg4cO4c site
is much lower (by 1251 cm−1) than the respective



164 M.M. Branda et al. / Catalysis Today 85 (2003) 153–165

value on the Mg3cO3c site. This remarkably differ-
ence together with the Os–H bond stretching on the
tetracoordinated site with respect to the tricoordinated
site (0.064 Å) can be attributed to the electrostatic
interaction between H and NCO.

4. Conclusions

The adsorption studies performed in this work
show that the importance of basicity properties of
the magnesium oxide surface depend both on the
oxide site geometry and on the acidity of molecule
interacting with the MgO. The terrace site (pentacoor-
dinated atoms of regular MgO(1 1 1) surface) has the
low reactivity producing associative adsorption for
methanol and isocyanic acid. The kink site (tricoordi-
nated atoms) is the more reactive one and it activates
complete H abstraction of these molecules without
activation barrier. On the other hand, on the step site
(tetracoordinated atoms) only the isocyanic acid un-
dergoes complete H abstraction. This higher catalytic
reactivity shown by lower coordination oxygen basic
sites is in agreement with experimental and theoretical
results for other molecule/substrate systems.

These two adsorbed molecules both in the non-
dissociative and dissociative states show a negative
net charge, which is very small for the first kind of
species and much more significant for the dissociated
ones. The calculated adsorption energies vary from
typical hydrogen bond (∼0.5 eV) to chemical adsorp-
tion (∼3 eV) values. Moreover, the adsorption ener-
gies are similar for both molecules adsorbed on O4c
and O5c. The isocyanic acid dissociates more easily
on O4c due to its intrinsic acidic character.
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