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Abstract

The methanol adsorption on several defects of the magnesium oxide surface were studied. Structural and electronic

study with geometrical optimization and natural bond orbital (NBO) analysis were performed using a density func-

tional theory (DFT) method. Oxygen and magnesium with different coordination numbers have very different reactivity

in this surface producing dissociated and non-dissociated species. These results are in agreement with infrared spec-

troscopy observations where CH3OH, OCH3 and OH species were found in defective MgO surfaces.
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1. Introduction

The MgO has been considered as an ideal sys-

tem in order to study the catalytic properties of
oxides, due fundamentally to its very simple cubic

crystalline structure. Moreover the oxides of sim-

ple metals like MgO, BaO and CaO are known by

their basic properties [1]. They come mainly from

the strong Lewis basicity of surface oxygen anions.

It is believed that several reactions of catalytic

interest comprise primarily the rupture of a het-

erolytic bond where the basic character of an O2�

anion predominates over the acid character of a

Mg2þ cation. This behavior can be observed in

relatively simple reactions as the H2 dissociation

and the dehydrogenation of CH4 [2], and in more

complex reactions as the hydrogenation of olefins

[1]. 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. The oxygen vacancies

are very interesting because they act as electron

traps which can be detected by electronic para-

magnetic resonance spectroscopy [3]. This is par-
ticularly noticeably in the case of MgO doped with

Li, a highly active system for production of C2H4.

The experimental results have been related mainly

to the density of produced vacancies than to the

density of Liþ cations [4].

A considerable deal of works has been focused

to study the structural aspects as well as the
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reactive properties 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. The adsorption catalytic

site and its immediate environment are usually

represented by a ‘‘cluster’’ of atoms which size
requires a careful analysis. In particular the effect

of the cluster size has been studied in a previous

work [7] focused on the MgO(1 0 0) surface. The

cluster sometimes is surrounded by an ensemble of

model potentials acting as an ‘‘embedding’’, in

order to simulate the influence of the rest of the

solid. The substrate can also be represented by a

‘‘slab’’ whose atoms must satisfy periodic condi-
tions. Several molecules (CH3OH [7], H2 [8], CH4
[9], H2O [10], NO2 [11], H2S [12], CO [5,13], CO2
and SO2 [14], O

�
2 and CO

� [15]) have been con-

sidered regarding the adsorption equilibrium

geometry and the possibility of an eventual mole-

cular dissociation. In the adsorption of methanol

two bonds, specifically O–H and C–O, could play

a role in the dissociation and transformation of
this molecule. Our theoretical approach to this

question [7] and the experimental results [16,17]

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 hy-

droxyl of methanol and an O2� anion of the sur-

face participate.
The adsorption of methanol on MgO has been

studied by several techniques. Thermal desorption

spectroscopy measurements performed on pow-

ered MgO [18] and on smooth and defective (0 0 1)

surfaces of MgO [17] revealed that only when low

coordination adsorption sites are present, metha-

nol dissociates. Infrared (IR) spectroscopy spectra

[19], indicate the presence of at least four different
species. Two species, named as I and II, are weakly

adsorbed, disappearing after evacuation [19].

Species I is a physisorbed methanol molecule.

Species II is a methanol molecule linked by a hy-

drogen bond to a acidic–basic Mg/O pair, requir-

ing a stronger evacuation. It was suggested that

the different frequencies corresponding to the OH

stretching could be associated with an ensemble of
different atomic configurations for the acidic–basic

pairs. The other species observed at greater de-

sorption temperatures, named as III and IV, are

dissociated molecules [19]. Species III corresponds

to a methoxy group linked to a magnesium ion

and an adjacent hydrogen atom forming a hy-

droxyl group with an exposed oxygen ion of the

surface. Species IV has been assigned to a surface
methyl group linked to an oxygen ion and a hy-

droxyl group residing on a Mg ion. Nuclear

magnetic resonance (NMR) [20] techniques have

also been used. Only species III has been observed

in a NMR study performed at room temperatures

[20].

The goal of the present work is to perform a

more detailed study of the influence of coordina-
tion number of the adsorption site on the ad-

sorption process itself and to analyze how this

reaction is related with the electronic structure of

the active site.

2. Computational details

Calculations were carried out in a model system

containing a methanol molecule adsorbed on a

non-perfect (1 0 0) face of MgO. The staggered

rotamer was the selected conformation for the

methanol because of its greater energetic stability

with respect to the eclipsed rotamer [7]. A cluster

consisting of 12 oxygen atoms and 12 magnesium

atoms, (MgO)12, was employed to represent the
local structure of the MgO surface. The cluster size

was analyzed in a preceding paper finding that the

(MgO)12 formula was suitable to this adsorption

study [7]. Seven different sites for methanol ad-

sorption on this cluster have been considered, se-

lected in such a way to represent possible defects of

the MgO(1 0 0) surface. They are depicted in Fig.

1. As the oxygen or magnesium ions can have
different coordination number, the following seven

OncMgmc pairs have been considered, classified

according to the ion coordination: (a) O5cMg5c, (b)

O5cMg4c, (c) O4cMg5c, (d) O4cMg4c, (e) O4cMg3c, (f)

O3cMg4c, (g) O3cMg3c, where the subindexes ‘‘nc’’
and ‘‘mc’’ design the coordination number of O
and Mg, respectively.

The one-electron orbitals, eigenenergies and to-
tal molecular energy for adsorbed methanol were

calculated using the gradient corrected density
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functional theory (DFT) with the hybrid Becke3

functional for exchange [21] and the Lee–Yang–

Parr correlation functional [22], B3LYP. A
Gaussian basis set was employed, specifically, the

locally dense 6-31G. In this basis set the following

polarization functions were added for atoms di-

rectly involved in the adsorption process: d-type

orbitals for O and Mg atoms and p orbitals for the

hydroxyl H atom. The adsorbed methanol geo-

metry was fully optimized. The optimization pro-

cedure began taking as the initial configuration
that of the methanol over a Mg–O pair of the

substrate. The cluster geometry was taken from

Ref. [23] where the Mg–O distance is 2.106 �AA. The
substrate cluster was not relaxed in the optimiza-

tion process. The main vibrational frequencies for

adsorbed (dissociated or not) methanol have also

been computed and compared with experiments.

The adsorption energies were computed as the
difference between the sum of the energies of the

separated fragments and the energy of the meth-

anol/MgO system. The full counterpoise procedure

was applied to correct the basis set superposition

error (BSSE) [24]. Due to the fact that this method

is particularly suitable when the fragments do not

undergo important modifications of their geome-

tries after bond formation, the correction was
applied only in some cases (see below). As a first

approach, for comparison reasons only the non-

corrected values were considered.

Electron delocalization interactions that takes

place in the methanol molecule and between the

methanol and the MgO cluster were studied em-

ploying the natural bond orbital (NBO) [25,26]

population analysis. Within this approach local-

ized orbitals with occupation numbers close to 2

correspond either to core, bonds and/or lone pairs,
localized orbitals with occupation numbers nota-

bly smaller than one, to antibonds and Rydberg

orbitals. Their respective occupation numbers are

given by the density-matrix element as calculated

in the NBO basis. Since the Fock-like matrix is not

diagonal in the NBO basis, it is also possible to

evaluate, by means of second order perturbation

theory, the delocalization energy, DEð2Þ, associated
to the charge delocalization from a highly occu-

pied orbital to an almost unoccupied orbital

[25,26]. All calculations reported in this work were

carried out with the Gaussian 98 package of pro-

grams [27].

3. Results and discussion

The geometrically optimized methanol adsorbed

on the seven different sites of the MgO surface are

showed in Figs. 2–4.

In Table 1 the main molecular properties of

methanol adsorbed on these sites are summarized.

They comprise: adsorption energy, Eads, methanol
intramolecular O–H and C–O interatomic dis-
tances, d(Oa–Ha) and d(Ca–Oa), methanol–surface
Os–Ha, Mgs–Oa and H(methyl)–Os (second oxy-

gen neighbor) interatomic distances, d(Os� � �Ha),
d(Mgs� � �Oa) and d(Hmethyl� � �Os), and methanol
COH angle at equilibrium.

Looking at the Eads values for Mg5cO5c, Mg4cO5c
and Mg5cO4c cases, they can be classified as ‘‘weak

Fig. 1. Schematic graph of the MgO(1 0 0) surface with possible defects.
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adsorbed’’ methanol (Eads � 0:5 eV), while for
Mg4cO4c,Mg3cO4c,Mg4cO3c andMg3cO3c cases they

correspond to ‘‘strong adsorbed’’ methanol (Eads �
1 eV or greater). The d(Os� � �Ha), d(Mgs� � �Oa)
distances are longer than 1.7 and 2.1 �AA, respec-
tively, for the higher coordinations, and shorter

than 1.7 and 2.1 �AA, respectively, for the lower
coordinations, in relationship with the strength of

the methanol–magnesia interaction. The corre-

sponding atomic configurations are shown in Fig.

2. Notice that in all cases the hydroxyl group is

oriented in such a way that the methanol O atom is

Fig. 2. ‘‘Weak methanol adsorption ’’ on (a) Mg5cO5c, (b) Mg5cO4c and (c) Mg4cO5c cases.

Fig. 3. ‘‘Strong associative methanol adsorption’’ on (a) Mg4cO4c and (b) Mg4cO3c cases.

Fig. 4. ‘‘Strong dissociative methanol adsorption’’ on (a) Mg3cO4c and (b) Mg3cO3c cases.
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directly linked with a Mg cation while the metha-
nol H atom is directly linked with a O anion. More

specifically, the weak adsorbed methanol under-

goes a slight distortion of its geometry: an elon-

gation of 0.03 �AA in O–H bond and a 3� opening of
COH angle with respect to the free molecule val-

ues. Besides, the methanol molecule presents a

bending toward the surface due to an electro-

static interaction between a H atom of the
methyl group and an O surface atom (situated by

2.7–3.0 �AA apart). This situation could, in principle,
correspond to a hydrogen bond formed between

the carbon atom of methyl and the oxygen anion

on of MgO.

The methanol adsorption over penta-coordi-

nated Mg5cO5c site was studied in a former work

under Hartree–Fock formalism [7]. The d(Mgs � � �
Oa) distance is 0.84 �AA shorter in that work in

comparison with the present one using DFT. On

the other hand, the Eads values are only comparable
if MP2 correction in the HF calculations is in-

cluded. Those results, both the distance and the

energy, indicate the importance of correlation ef-

fects in the description of the methanol–magnesia

interaction.
As it was discussed above the sites for which one

ion is penta-coordinated and the other tetra-

coordinated show an adsorptive behavior similar

to that observed for the Mg5cO5c site, both in en-

ergy and in internal methanol geometry. Not-

withstanding, changes in the adsorbate–substrate

interface occur when the coordination number of

one element decreases from 5 to 4 keeping the
other one unchanged. Indeed, the Mgs� � �Oa dis-
tance decreases for Mg4c with respect to Mg5c. The

same situation takes place with the Os� � �Ha dis-
tance when the oxygen coordination number

changes from 5 to 4, although in this case the

change is much less important. This indicates that

the decrease of the coordination number increases

the bond strength in both cases.
The stronger adsorption sites (i.e., Mg4cO4c,

Mg3cO4c, Mg4cO3c and Mg3cO3c sites), are able to

produce an ‘‘associative adsorption’’ (Mg4cO4c and

Mg4cO3c sites) or a ‘‘complete dissociation’’

(Mg3cO4c and Mg3cO3c sites). The dissociative state

is exothermic with respect to the less favourable

(Mg5cO5c) non-dissociative one by almost 1.0 eV

for the Mg3cO4c site and by almost 1.8 eV for the
Mg3cO3c site. The diminution of the Mg coordi-

nation number is more important for the surface

activity than the diminution of the oxygen coor-

dination number. Indeed, the complete dissocia-

tion only happens for Mg3c:Mg3cO3c and Mg3cO4c.

The first one, where the coordination number of

oxygen is also 3, presents the higher adsorption

energy. It should be noted that the order in ad-
sorption energies calculated in this work: Mg3c-

O3c >Mg3cO4c >Mg4cO3c is the same as it was

reported in HF calculations performed to study

the H2 dissociation on MgO [8]. 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. to

Table 1

Main molecular properties of methanol adsorbed on MgO surface: adsorption energy (Eads), methanol intramolecular, d(O–H) and
d(C–O), and methanol–surface, d(Os� � �Ha), d(Mg� � �Oa), d(Hmethyl� � �Os), interatomic distances and methanol COH angle at

equilibrium

Isolat. meth. Mg5cO5c Mg4cO5c Mg5cO4c Mg4cO4c Mg4cO3c Mg3cO4c Mg3cO3c

Eads (eV)a – 0.59 0.61 0.62 1.01 1.27 1.60 2.39

(0.27) (0.31) (0.31) (0.73) (0.99) – –

d(Os� � �Ha) (�AA) – 1.79 1.93 1.74 1.67 1.43 1.03 0.97

d(Mgs� � �Oa) (�AA) – 2.40 2.25 2.43 2.11 2.11 1.90 1.85

d(Oa–Ha) (�AA) 0.96 0.99 0.98 0.99 1.01 1.07 1.58 2.70

d(Ca–Oa) (�AA) 1.44 1.44 1.44 1.44 1.45 1.44 1.42 1.41

d(HM� � �Os) (�AA) – 2.80 2.70 2.84 – – – –

(CÔOH)a 107.2� 110.0� 110.2� 110.2� 113.3� 113.4� 129.7� 151.6�

a: adsorbate, s: substrate, HM� � �Os: bond between the hydrogen of the methyl group and the closest Os atom (see Fig. 2).
aEads ¼ E(MgO cluster) +E(methanol))E(MgO cluster and methanol). In parenthesis, the BSSE corrected adsorption energy.

Positive values correspond to exothermic adsorption processes.
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explain their IR results [19]. Recent theoretical

studies of methanol adsorption on the stoichio-

metric (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 op-

posite is obtained at h ¼ 1 [28].
In cases where the geometry did not undergo

significant modifications, i.e., for non-dissociative

methanol adsorption, the BSSE corrected Eads
values have also been reported. This correction

can be relevant (up to 50%) for the highest coor-

dinations, nevertheless it does not modify the

classification of adsorbed methanol species above

commented.
The significant influence of the coordination

number on the adsorbate internal distances must

be underlined. The methanol O–H distance in-

creases, in comparison with the free methanol

molecule, by 0.02–0.11 �AA for the non-dissociative
states and by 0.6 �AA or greater when the dissocia-
tion is complete. In the last situation the

d(Ha� � �Os) values near 1 �AA are typical distances
for those of a hydroxyl group. On the other hand

the methanol C–O bond length is similar in all the

cases. Only for the dissociative states a small de-

crease of 0.2 �AA is observed. The COH angle un-

dergoes, in comparison with the hydrogen bond

states, a small 3� opening for the strong non-dis-
sociative states and a very significant increase of

nearly 19� and greater when the methanol mole-
cule dissociates.

In Table 2 several NBO parameters that char-
acterize the adsorbate–substrate charge transfer

interactions are displayed. The methanol molecule

is only slightly negative charged near the MgO

surface for the non-dissociative adsorption, how-

ever the net charge for the dissociated fragments

becomes remarkably relevant (around )0.3e). It
suggests a basic behavior of the substrate, with

more basic character in those sites with smaller
coordination number.

The charge transfer interaction from the oxygen

lone pairs of the substrate, Os, to the methanol

(Oa–Ha) bond is similar when the oxygen have

four or five coordination number and increases

when this oxygen is three-coordinated. In the

methanol complete dissociation (Mg3c) the charge

is transferred from the oxygen lone pair of the
adsorbate, Oa, to the (Os–Ha) bond formed be-

tween the hydrogen of the dissociated methanol

and the substrate oxygen. This interaction is al-

most zero when the dissociation is produced over

Table 2

Selected NBO parameters corresponding to adsorbate––substrate interactions (different adsorption sites)a

Mg5cO5c Mg4cO5c Mg5cO4c Mg4cO4c Mg4cO3c Mg3cO4c Mg3cO3c

Q(CH3OH)b )0.058 )0.039 )0.066 )0.048 )0.087 )0.267 )0.324
RnðOsÞ ! ðOa–HaÞ	c 27.35 17.54 34.64 28.67 82.85 – –

RnðOaÞ ! ðOs–HaÞ	c – – – – – 52.23 0.33

RnðOaÞ ! n	ðMgÞc 13.68 13.77 12.50 19.82 24.35 36.40 –

Occ.(Oa–Ha)	d 0.077 0.060 0.086 0.092 0.142 – –

Occ.(Os–Ha)	d – – – – – 0.115 0.011

Q(Oa)e (ads) )0.826 )0.821 )0.832 )0.865 )0.899 )1.043 )1.089
Q(Ha)e (ads) 0.489 0.494 0.487 0.514 0.529 0.516 0.533

Q(Os)e (iso) )1.671 )1.673 )1.604 )1.611 )1.508 )1.615 )1.513
Q(Mgs)e (iso) 1.563 1.588 1.564 1.588 1.589 1.529 1.529

Q(Os)e (ads) )1.646 )1.656 )1.584 )1.586 )1.498 )1.450 )1.366
Q(Mgs)e (ads) 1.576 1.613 1.578 1.611 1.621 1.628 1.647

aCharges are given in a.u.; interaction energies are given in kcal/mol. �a� stands for adsorbate, �s� stands for substrate, �ads� means
adsorbed and �iso� means isolated.
b Total charge transferred from the substrate to the adsorbate.
c �n� stands for a lone pair, �R � for both oxygen lone pairs and 	 means an antibond.
dNBO occupation number.
eAtomic NBO charge.
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the site Mg3cO3c because of the long distance be-
tween the Oa atom and the (Os–Ha) bond.

The other important charge transfer interaction

between the methanol and the oxide is from the

oxygen of the adsorbate, Oa, to the magnesium

surface atom. It can be observed that this charge

transfer increases when the coordination numbers

decrease, particularly for the three-coordinated

Mg. This variation implies a greater Lewis acid
character for the Mg when the coordination

number is low.

The (Oa–Ha)	 bond occupation number is in

agreement with the preceding observation of the

charge transfer from the Os to the (Oa–Ha)	 hy-

droxyl bond. The non-negligible (Os–Ha)	 occu-

pation number (sixth entrance in Table 2) appears

due to the charge transfer from the oxygen Oa to
this bond, which is occupied only when the dis-

sociation is complete.

The natural charges of the oxygen and the hy-

drogen atoms belonging to the methanol hydroxyl

are showed in Table 2. It is clear that there is an

important charge polarization of the (Oa–Ha) link

for the stronger adsorbed methanol with respect to

the weak chemisorbed methanol. The oxygen
charge is about )1e in the methoxide group for the
dissociation cases.

The natural charges of the oxygen and magne-

sium atoms of pure magnesia surface are showed

in the ninth and tenth entries of Table 2. Com-

paring the oxide oxygen charge for the different

sites we observe 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 O3 to O5. On the other

hand, the Mg positive charge increases (by 0.025e)
when the cation coordination number changes

from Mg5 to Mg4, but decreases more significantly

(by 0.035e) when it changes from Mg5 to Mg3. If

the surface with methanol adsorbed and the bare
magnesia surface are compared, both the Os and

Mgs atoms lose electronic charge when the mole-

cule is adsorbed. When the methanol dissociation

occurs, i.e., for Mg3cO4c and Mg3cO3c sites, the lost

of the negative charge is significant. This is in

agreement with the negative charge taken from the

methanol molecule. It seems to be that the basic

behavior of the oxide surface increases with the
diminution of the coordination number.

Overlap populations calculated according to

M€uulliken [29] for the methanol adsorbed on dif-
ferent sites of magnesium oxide surface are sum-

marized in Table 3. The OP(Ha,Os) shows the

strength of the link between the methanol and the

MgO surface. Notice that the adsorption energy

increases (Table 1) in the same way as the (Oa–Ha)
bond is weakened and the (Os� � �Ha) link fortifies.
The OP(Os,Ha) value is more important when the

dissociation is reached.

The results of Table 3 indicate that maintaining

the same coordination number for the oxygen, the

overlap is lower when the coordination number of

the Mg atom is higher. Moreover, the comparison

between sites with the same Mg coordination
number shows a greater overlap if the oxygen co-

ordination number decreases. Our results are in

agreement with previous quantum mechanical

calculations performed on model MgO structures

at HF level and fixed geometries [30]. These cal-

culations revealed the effect of surface structure on

the basic strength of O2� ion. According to that

work, the main factors generating stronger basicity
are: (i) fewer Mg atoms coordinated to the central

oxygen atom in the basic site and (ii) more O at-

oms coordinated to the Mg atoms adjacent to the

central oxygen atom. It is worth commenting that

the OP(Oa,Mg) increases in the same way as the

OP(Ha,Os). On the other hand, the OP(Oa,Ha)

Table 3

Overlap populations for the methanol adsorbed on different places of magnesium oxide surface

Mg5cO5c Mg4cO5c Mg5cO4c Mg4cO4c Mg4cO3c Mg3cO4c Mg3cO3c

OP(Ha,Os) 0.051 0.038 0.057 0.045 0.065 0.181 0.283

OP(Oa,Mg) 0.176 0.122 0.184 0.176 0.209 0.237 0.346

OP(Oa,Ha) 0.211 0.232 0.207 0.212 0.189 0.082 0.003

OP(C,Oa) 0.169 0.168 0.166 0.159 0.170 0.211 0.235
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follows the opposite trend of the OP(Ha,Os). Ev-

idently, the interaction between the surface and the
molecule provokes a weakening of the Oa–Ha

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.

The electron density Laplacian r2q was ob-

tained for three representative cases of the mole-

cule–substrate interactions: (i) weak adsorption,
Mg5O5 (see Fig. 5), (ii) strong associative adsorp-

tion, Mg4O3 (see Fig. 6) and (iii) strong dissocia-

tive adsorption, Mg3O3 (see Fig. 7). The mapping

of r2q was performed on different planes, in order
to show the most important interactions above

commented. To plot the r2q contour lines, the
(1 0 0) face was selected for case (i) while the (1 1 0)

face was considered for cases (ii) and (iii). The
dashed lines indicate regions of gain of density and

the solid lines correspond to regions of loose of

density. Therefore, there is a defined Ha–Oa co-

valent bond for case (i). On the other hand, for the

case (ii) a squeezing appears along the line con-

necting these atoms, which is a clear evidence of

the bond ionization. For the case (iii), we observe

that after the scission of Oa–Ha bond, we have a

defined covalent Os–Ha bond, corresponding to a

surface hydroxyl and the formation of a ionic

Mgs–Oa bond. Moreover, the MgOs is clearly

ionic for all of these cases.

An analysis of main vibrational frequencies for
adsorbed (dissociated or not) methanol merits a

particular attention because they can be directly

compared with experimental results of Ref. [19].

Our computed values are reported in Table 4.

According to previous IR studies of Tench et al.

[19] for methanol on MgO, bands about 1100 cm�1

were associated with the CO stretching frequen-

cies. At low methanol coverages two strong bands
at 1114 and 1068 cm�1 are present. Looking at our

results in Table 4 the first experimental band could

be related to dissociative adsorption forms on the

Mg3cO4c and Mg3cO3c pairs and the second band

to the weak and strong associative adsorptions. In

the CH stretching frequency region, three bands at

2925, 2843 and 2800 cm�1 were observed [19].

Moreover, these authors related two weak bands
at 1458 and 1423 cm�1 with bending vibrations of

the CH3 groups. Our calculated frequencies are

only slightly lower than the experimental values

and they are not dependent on the geometry of the

MgO pair. The region about 3500 cm�1 is char-

acteristic 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

[19]. This last band is enhanced by evacuation.

Looking at Table 4, we notice that the band at

3330 cm�1 could be assigned to the m(OH) vibra-
tions for methanol in the weak associative forms

(Mg5cO5c, Mg4cO5c and Mg5cO4c pairs). On the

other hand, the band at 3600 cm�1 could corre-

spond to the m(OsH) vibration of the hydroxyl
formed after the complete methanol dissociation

(Mg3cO3c pair). Finally, we could rationalize the

stretching frequency diminution obtained for the

strong associative adsorption (Mg4cO3c pair) and

for the first dissociative adsorption (Mg3cO4c pair)

with an important OH bond lengthening. Indeed,

as it can be observed in Table 1 these OH bond are

all greater than 1.00 �AA. Particularly, the OH bond
corresponding to the more strong associative ad-

sorption (Mg4cO3c pair) is very strengthened.

Fig. 5. Electron density Laplacianr2q for the weak adsorption
case, Mg5cO5c. The contour lines are given for a cut along the

(1 0 0) plane. The short dashed lines indicate regions of electron

charge accumulation and the solid lines correspond to regions

of electron charge depletion.
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Fig. 6. Electron density Laplacian r2q for the strong associative adsorption case, Mg4cO3c. The contour lines are given for a cut along
the (1 1 0) plane. The short dashed lines indicate regions of electron charge accumulation and the solid lines correspond to regions of

electron charge depletion.

Fig. 7. Electron density Laplacianr2q for the strong dissociative adsorption case, Mg3cO3c. The contour lines are given for a cut along
the (1 1 0) plane. The short dashed lines indicate regions of electron charge accumulation and the solid lines correspond to regions of

electron charge depletion.
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4. Conclusions

The surface reactivity of the magnesium oxide

strongly depends to the site selected for the mole-

cule adsorption. The (1 0 0) face without defects

has a low reactivity producing a weak adsorption

but the adsorption on steps, edges and kinks is

stronger. The reactivity increases when the coor-
dination number of the surface atoms decreases.

The calculated adsorption energy varies from

typical hydrogen bond values (�0.6 eV) to chem-
ical adsorption ones (�2.4 eV). The methanol
molecule is dissociated on pairs with three-coor-

dinated magnesium. In all studied cases the ad-

sorbed molecule has negative charge which is very

small for the non-dissociated species and much
more significant for the dissociated species. Our

theoretical results show the existence of different

species on the MgO surface when the methanol

molecule is adsorbed. This is in agreement with

previous IR spectroscopy observations, where

CH3OH, OCH3 and OH species were found.

Note added in proof

Very recently, in a work of C. Di Valentin, A.

Del Vitto and G. Pacchioni; S. Abbet, A.S. W€oorz,
K. Judai and U. Heiz, published in J. Phys. Chem.

B, vol. 106 (46) (2002) 11961–11969, the chemi-
sorption and reactivity of methanol on MgO thin

film has been also studied. Their results are in

general agreement with those reported here.
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