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Water dissociation on a defective MgO„100… surface: Role of divacancies
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Surface divacancy at MgO~100! and its reactivity with water are studied by first-principles simulations.
Among the most frequent point defects at MgO~100!, the divacancy is estimated to be stable with respect to the
formation of neutral oxygen and magnesium vacancies in moderate O environments. A single water molecule
dissociates spontaneously at the divacancy. The final product of this exothermic reaction consists of a surface
Mg vacancy with two adsorbed hydrogens—the (VMg,2H) complex—which shows peculiar atomic and elec-
tronic structures. In particular, the stretching frequencies of the hydroxyl groups are downshifted noticeably,
which can explain recent infrared data collected on wet MgO powders. The trend towards an aggregation of the
brucite-like intrusions (VMg,2H) is pointed out in relation with the complex behavior of the MgO~100! surface
upon exposure to water.

DOI: 10.1103/PhysRevB.69.195413 PACS number~s!: 73.20.Hb, 71.15.Pd, 82.65.1r, 82.30.Lp
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I. INTRODUCTION

Most oxide surfaces react readily with water and beco
partially covered with water molecules or hydroxyl grou
upon exposure to air under ambient conditions, with imp
tant consequences for surface processes such as catalys
gas sensing. Whereas it is widely accepted that binding
tween molecular water and most oxide surfaces is domin
by electrostatic effects, namely the interaction of the H2O
electric dipole with the surface ions, a comprehensive un
standing of the mechanisms by which dissociative adsorp
occurs, the role of surface defects such as vacancies or s
and the interaction between the adsorbed molecules is
lacking.1

As a model substrate, MgO has been one of most wid
studied oxides. Although a considerable experimental
theoretical effort has gone into the study of H2O adsorption
on MgO~100!, a clear picture has yet to emerge. The am
guity regarding water dissociation, in particular, still cons
tutes a challenge.1 Infrared spectra taken on MgO powde
exposed to water2 show the signatures of hydroxyl group
Recently, a convincing experimental proof of water dissoc
tion has been reported.3 However, the preparation of the su
face and the ambient water pressure and temperature pla
major role on surface hydroxylation. LEED and photoem
sion data showed two distinct behaviors on low defect d
sity MgO~100! surfaces, which were interpreted as water b
ing chemisorbed preferentially at defect sites, and then
terraces, for increasing coverage.4 The defects were assume
to be mainly steps on cleaved surfaces, apart from
Ar1-sputtered surfaces, which should contain point defe
as well.5 Nevertheless, terraces may mask the activity o
low concentration of point defects. Repeated wa
adsorption-desorption cycles on poly-crystalline samples
MgO showed a progressive inhibition towards wa
dissociation,6 which was interpreted as due to the saturat
of defects.

From the theoretical point of view, it is well establishe
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that the outcome of the water–surface interaction does
pend on the orientation,7–9 and that extended defects such
steps and kinks favor water dissociation.10–12 Such a behav-
ior can be linked to the more basic~acidic! character of
under-coordinated O~Mg! atoms.7,13 More generally, the in-
terplay between the adsorption mode and energy, as we
the relation of the structural and vibrational properties of
adsorbed groups to the local environment of the adsorp
sites, have been admitted. However, only recently it has
come clear that an accurate modeling of the precise struc
and electronic characteristics of the substrate, adeq
boundary conditions, and a realistic treatment of the interm
lecular interactions, are needed to account for the exp
ments with sufficient accuracy. For example, contrary to
common opinion gained from model calculations that perf
MgO~100! does not dissociate water, recent first-princip
calculations14–18 showed that a mixed molecular and diss
ciative water adsorption takes place at 1 ML coverage, a
result of interactions between the co-adsorbed moleculesAb
initio calculations of MgO clusters embedded in a dielect
continuum suggested that water dissociation at
MgO~100! terraces may be stabilized at the MgO–water
terface by the polarization of the surrounding molecules.19

Theoretical studies of the role of the precise surface m
phology on the thermodynamics and kinetics of water dis
ciation, which are relevant for a better understanding of
experiments, focused more on the role of extended than p
defects. A semi-empirical calculation of the energetics of
sorbed water and hydroxyl groups on mono-atomic steps
(Fs) and Mg (VMgs

) surface vacancies, has recent
appeared.20 Very little is known on water dissociation a
MgO divacancies, which may in principle exist in non
negligible concentrations at the~100! surface. In fact, unlike
others defects, divacancies do not modify the surface stoi
ometry and are not detected by many experimental te
niques. Nevertheless, when an electron is trapped, for
stance after the adsorption of a well chosen probe molec
©2004 The American Physical Society13-1
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such defects can be monitored by electron paramagn
resonance spectroscopy.21,22

In line with our previous works on the interaction of wat
with MgO,14,16,23the aim of the present study is to provide
first-principles description of the local minima and transiti
states for the interaction of a H2O molecule with a divacancy
at the MgO~100! surface, in the limit of very low water cov
erage. The coherency of the computational approach m
possible a comparative analysis of the adsorption of wate
the O vacancy and the MgO divacancy, the characteriza
of the dissociation products and the study of their proper
with respect to those of analogous species adsorbed on
perfect surface.

The paper is organized as follows: first, we summarize
characteristics of an isolated divacancy on the MgO~100!
surface. Then, we present the energetic and structural re
obtained for the molecular and dissociative channels of w
adsorption on the divacancy, which results in the format
of a (VMg,2H) complex. We also describe the structural a
vibrational characteristics of the surface hydroxyl grou
compare them to those calculated for OH2 groups in other
surface environments, and discuss our results in the ligh
existing models for MgO surface sites able to dissociate
ter. Finally, the question of the interaction between
(VMg,2H) complexes at higher coverage is briefly address

II. COMPUTATIONAL SETTINGS

First-principles simulations are carried out within the de
sity functional theory~DFT! in the generalized gradient ap
proximation ~GGA! for the exchange and correlatio
energy.24,25 We use norm-conserving, separable pseu
potentials,26,27 including thes, p, andd projectors for O and
Mg, and s and p projectors for H. Plane waves of kineti
energy up to 25 Hartree are used for expanding the Ko
Sham orbitals, ensuring a convergence of the total energ
the isolated water molecule and of the cohesive energy
bulk MgO to within 30 and 10 meV, respectively. Th
present approach has already proven its adequacy for a
curate treatment of defects on oxide surfaces,28 of hydrogen
bonds, and of water adsorption and dissociation.14,16,23 We
remind that for an isolated water molecule, the compu
O–H bond length and the bond angle are equal to 0.97
and 103.5°. The calculated O–O distance in a water dime
2.89 Å ~that estimated from microwave spectra is 2.98 Å29!
and the dimer binding energy is (1861) kJ/mol~to be com-
pared to the experimental estimates which range betwee
and 19 kJ/mol30!. For the MgO~100! surface, we use the
same slab approach as the one outlined in Refs. 28 and
The supercell consists of a four-layer-thick MgO~100! slab
separated by an equivalent vacuum thickness. The (&
32&) surface unit cell is sampled with theḠ point. The
surface defects and the adsorbed molecules are placed o
side of the slab only. In the geometry optimization proc
dure, all the atoms except those in the fourth MgO layer
mobile. Apart from the constrained optimization runs, t
residual atomic forces in the final geometries do not exc
10 meV/Å.
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In the present study we consider a single surface d
cancy and a single water molecule within the (2&32&)
surface cell, which corresponds to a1

8 coverage of water
molecules regularly arranged. The distance between their
riodic images is of.9 Å. We have performed additiona
calculations on the isolated divacancy using a (434) surface
unit cell ~corresponding to a 12.0 Å distance between
periodic images!, in order to estimate the effect due to th
surface unit cell size. We have found that the calculated
mation energy of divacancy changes by less than 2% only~It
is partially due to a compensation between an increas
contribution due to a more extended relaxation:110%, and
to a decreasing contribution due to a weaker direct, attrac
interaction:28%, as deduced from ‘‘rigid’’ calculations.! We
have also verified that the difference of Mg–O bond leng
modifications around the vacancy estimated with the t
unit cells does not exceed 1.5%.

We have estimated the vibrational frequencies of O
bond stretch from the Morse curve fitted to the compu
total energyE versus the O–H bondlengthdOH. The latter
one has been obtained by performing a full structural rel
ation at constraineddOH, thus taking into account the inter
action of the hydroxyl group with the substrate and the
fect. In all cases we have used seven values ofdOH, spaced
uniformly by 0.02 Å. A comparison between the experime
tal and the calculated frequencies of free H2O and OH2 mol-
ecules reveals a systematic underestimate of about 200 c21.
Tests carried out on these two molecules indicate that sh
as large as 100 cm21 come from the use of soft pseudop
tentials, which could be avoided if a smaller cutoff radius f
O is chosen. However, this would imply a twice as big e
ergy cutoff and thus a significant increase of the compu
tional burden. The remaining discrepancy with the expe
mental values may be ascribed to the use of the G
approximation, which is known to underestimate the O
stretching frequencies in brucite and portlandite.31 Neverthe-
less, the pseudopotential-induced differences of the struct
and energetic characteristics is of the order of 1%, and
stretching frequency shift among the frequencies compu
with the softer and the harder pseudopotentials is cons
within precision of our estimation. For theVMgs

complex, a
weak coupling between the two hydroxyls can be shown
direct diagonalization of the dynamical matrix involving th
OH groups, which yields a splitting as large as few te
cm21, depending on the actual configuration. Such a sm
effect is comparable to the variation of the anharmonic co
ponents when passing from one OH bonding configuration
another. Therefore, in the following, we adopt the softer
pseudopotential and discuss frequency shifts rather than
solute values.

III. THE ISOLATED SURFACE DIVACANCY

The formation of a surface divacancy, denoted herea
by Ts ~from ‘‘tub’’ 32!, corresponds to the extraction of tw
neighboring Mg and O atoms from the outermost surfa
plane. According to our calculations, the Ts formation energy
~see Table I! is equal to 2.95 eV. Larger formation energi
3-2
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WATER DISSOCIATION ON A DEFECTIVE MgO~100! . . . PHYSICAL REVIEW B69, 195413 ~2004!
obtained in embedded cluster calculations~4.03 eV by HF,32

3.92 eV by DFT-B3LYP22,34! may probably be due to th
limited size of clusters and to constraints on atomic rel
ations in this kind of calculations.22 The isolated Fs plus
VMgs

point defects are by far less stable than the Ts one.

Indeed, the computed energy released in the reactions
1VMgs

→Ts at the MgO~100! surface is equal to 4.20 eV. A
it has been suggested,32,35 the recombination of these tw
surface defects is thus expected on thermodynamical b
However, to our knowledge, adirect evaluation of the rela-
tive stability of those surface point defects had not been p
formed so far. Since the MgO(100)1Ts system is stoichio-
metric, while MgO(100)1Fs and MgO(100)1VMgs

are not,
a meaningful comparison can only be done as a function
the excess oxygen chemical potential~i.e., with respect to a
reservoir of gaseous O2). The reader is referred to th
literature36,37 for a discussion of the formation energy of su
face defects as a function of the actual stoichiometry. O
results for the formation energies of Ts and Fs at MgO~100!
are summarized in Fig. 1. We see that, while in O-poor c

TABLE I. Computed reaction enthalpyDHr
(0) in eV, at zero

temperature. Zero-point effects are not included. For the first re
tion, the experimental value is210.24 eV.33

DHr
(0) ~eV!

Mg~c!1
1

2
O2~gas!→MgO~c!

29.7

MgO~100!→MgO~100!1Ts1MgO~c! 2.95

MgO~100!→MgO~100!1Fs1
1

2
O2~gas!

5.53

FIG. 1. ~Color online! The computed free energies of formatio
of the Ts , Fs and VMgs

point defects are compared to the perfe
MgO~100! surface as a function of the O excess chemical poten
DmO—defined asmO—1/2mO2(gas)

. DmO is bounded from below by
the formation energy of the MgO crystal with respect to the sta
elemental phases~i.e., gaseous O2 and crystalline Mg!.
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ditions ~UHV conditions! the Fs center is favored, Ts is ther-
modynamically more stable for moderately rich O enviro
ments. Since it is always less stable than the per
MgO~100! surface, the occurrence of the Ts defect should
thus be linked to kinetic effects upon growth or surfac
particle interaction, such as ion bombardment. This is c
sistent with recent first-principle calculations, which indica
that the MgO ad-molecule should hardly diffuse at roo
temperatures,38 making the recombination reactio
MgO(100)1Ts1MgO(ad)→MgO(100) rather unlikely.

The stoichiometry is the main distinction between thes
and the Fs defects, and it is responsible for their qualitative
different electronic and structural properties, as well as th
specific reactivity. Structural relaxation around a divacan
is non-negligible: the relaxation energy amounts to.3 eV
~to be compared to 0.2 eV in the case of the Fs center!, and
the atomic in-plane displacements from their bulk-like eq
librium positions are of the order of 7%~to be compared to
1% on the clean surface and 3% around the Fs defect28!,
approaching what has been found on stepped MgO~100!
surfaces.39 The overall shape of the relaxed defect is clea
rounded and corresponds to a bond shortening for atom
the divacancy edges, accompanied by a bond dilation
atoms in the corners~see Fig. 2!. Among the former ones, the
strongest effect is seen on the under-coordinated Mg io
which experience 7% and 2% contractions of the bonds
their O neighbors in the surface plane and below, resp
tively. The relaxation of the under-coordinated anions is
little weaker, and the contraction amounts to 6% and 1%,
the in-plane and inter-plane Mg-O bonds, respectively.

c-

t
al

e

FIG. 2. ~Color online! Densities of states~DOS! and top view of
the atomic structure~inset! of an isolated water molecule phys
isorbed at a divacancy. The two different adsorption configuratio
labeled Am and Bm , give rise to almost superposable DOS. T
surface magnesium and oxygen atoms are represented by
green and red circles respectively, whereas small white circles
resent hydrogen atoms. As a reference, we present the energi
molecular orbitals of a free water molecule~dots! and DOS pro-
jected on two low-coordinated oxygen ions O~4! and O~5!, as cal-
culated without adsorbed water molecule.
3-3
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EALET, GONIAKOWSKI, AND FINOCCHI PHYSICAL REVIEW B69, 195413 ~2004!
variance, the fivefold coordinated ions at the vacancy corn
exhibit an elongation of the Mg–O distances~of about 11%
and 4% for Mg and O ions, respectively! with their neigh-
bors, which are fivefold coordinated, too. Nevertheless,
stress that the latter values are likely the most biased by
size of the surface unit cell.

Oxygen sites at the Ts corners@O~5!# have a full surface
first coordination shell, while the edge sites@O~4!# are only
fourfold coordinated. As a consequence, the nonbond
states of the O~4! atoms are up-shifted with respect to th
clean surface valence band maximum by 0.3 eV. This can
attributed to a weakening of the Madelung field, which
only partially compensated by the contraction of the rema
ing O–Mg bonds.39 The modifications of the DOS remai
thus relatively small, and contrarily to the case of the neu
Fs center, no gap states are present and no electron del
ization in space regions off the atomic sites takes place.

Although the structural and electronic characteristics
the Ts defects may be thought as analogous to those
mono-atomic steps on MgO~100!, it has been stressed in Re
32 that the electrostatic field at Ts displays a strong dissym
metry, being positive~negative! close to the missing Mg~O!.
This, and the spatial disposition of low-coordinated io
point out the fourfold coordinated ions at Ts edges as the
most promising for surface reactions.

IV. WATER ADSORPTION

Interaction of an isolated water molecule with the surfa
divacancy (MgO(100)1Ts1H2O(gas)) gives rise to stable
atomic configurations in both molecular and dissociative
sorption modes. In the following, we discuss the correspo
ing structural and energetic characteristics, and estimate
energy barriers separating the different configurations.

A. Molecular adsorption

Table II and Figure 2 summarize the structural and el
tronic properties of an isolated water molecule physisor
at a Ts center. For comparison, the corresponding results
water adsorption on the perfect MgO~100! surface are given
in Table II.

The two alternative configurations of molecularly a
sorbed water are significantly different. Although the co
figuration Bm happens to be quite similar to that of an is
lated water molecule at the perfect MgO~100! surface, it

TABLE II. Adsorption energy and structural characteristics
an isolated water molecule physisorbed at the Ts center and on the
perfect MgO~100! surface.

Am Bm Perfect surface

Eads ~eV! 0.67 0.45 0.42
dO-Mg ~Å! 2.17 2.16 2.23
dO-H ~Å! 0.99, 0.99 0.96, 0.96 0.96, 1.00
zO ~Å! 2.09 2.13 2.19
dH-Os

~Å! 1.86, 1.79 1.76 1.78
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corresponds to a plateau of the potential energy surf
rather than to a minimum. The adsorbed molecule exp
ences very tiny forces~less then 50 meV/Å!, which can be
affected by the actual choice of the exchange and correla
energy. The adsorption is reinforced, regarding the hydro
bonds~seedH-Os

) as well as the interaction of the molecu

dipole moment with the surface~seedO-Mg). Both effects can
be associated to the lower, fourfold coordination of the io
at the divacancy edge, as compared to the fivefold coo
nated sites at the perfect surface. However, the overall
crease of the adsorption energy remains relatively mode

The configuration Am is much more unusual. We notic
the formation of two quasi-symmetric hydrogen bonds b
tween the molecule and the surface anions and the resu
considerable increase of adsorption energy. The weake
and change of symmetry of the surface electrostatic field
the divacancy gives the adsorbed molecule more freed
and enables the creation of two hydrogen bonds, at varia
with the perfect MgO~100! surface and with the configura
tion Bm , where only one hydrogen bond between the a
molecule and the surface is formed.

However, differences between the two adsorbed confi
rations affect little their respective DOS. This is why in Fi
2 we present the DOS corresponding to the Am configuration
only. With respect to the free water molecule, the main mo
fication consists of a downshift of the 3a1 and 1b1 orbitals.
The latter being much stronger as compared to molec
water adsorption on the perfect MgO~100! surface and on the
Fs center,23 they can be directly related to the increase of t
surface-molecule interaction~seedO-Mg). We also notice that
the levels of fourfold coordinated O atom~up-shifted by 0.3
eV with respect to the perfect surface valence band!, lower
by 0.1 eV after water adsorption.

B. Dissociative adsorption

The two physisorbed configurations presented in the p
vious section exhibit a significantly different stability to
wards dissociation. The molecule in the Bm configuration
dissociates spontaneously towards the surface complex
noted Bd in Fig. 3 and Table III. However, the actual value
the barrier, if there is any, might be very sensitive to differe
treatments of the exchange-correlation energy. The alte
tive dissociated configuration, denoted as Ad , can be reached
from the molecular configuration Am ~the corresponding bar
rier is equal to.1.6 eV! or from Bd , through an energy
barrier of about 0.7 eV. As a reference, in Table III w
present also the results obtained for the configuration
which one of the two H is bound to a fivefold coordinate
oxygen site at the MgO~100! terrace. In this configuration
denoted hereafter as Cd , a single OH group remains at th
vacancy.

Water dissociation at Ts is strongly exothermic–the larg
est calculated energy gain amounts to 2.96 eV. We notice
the energy gained in dissociating the water molecule co
pensates the formation energy of the Ts defect on the clean
surface ~2.95 eV!. This is due to the conjunction of two
factors: on one hand, for all three configurations, the oxyg
initially in the water molecule, replaces the missing O ato
3-4
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in the divacancy. On the other hand, the bonds formed
tween the hydrogen and the oxygen atoms at the vaca
edge are almost parallel to the surface plane~seezH in Table
III !, so that the protons lie in the electrostatic trap left by
missing Mg cation. The electrostatic gain is thus an imp
tant contribution to the energy released in the divacancy
droxylation. The dilated O–H bond~as compared to 0.963 Å
in the calculated free OH2 molecule! reflects the competition
between the covalent character of the OH bond and the e
of proton trapping by the electrostatic field of the VMg center.
The slightly larger Eads in the Ad configuration can be ex
plained by the smaller repulsion between the H1 in the va-
cancy, as revealed by the comparison ofdH-H between Ad
and Bd in Table III. These results are in line with a previou
analysis of the electrostatic potential and its gradient clos
the bare VMg defect at MgO~001!.40

We notice, however, that the above effects influence o
little the electronic structure and that both Ad and Bd con-
figurations give rise to an equivalent DOS~Fig. 3!, which
resembles closely that of a free OH2 molecule. The differ-
ences between the DOS of OH groups issued from w

TABLE III. Adsorption energy and structural parameters of t
three configurations of water molecule dissociated at an isol
surface divacancy.

Ad Bd Cd

Eads ~eV! 2.96 2.83 2.55
dO-Mg ~Å! 2* 2.21, 2.10,

2.24
2* 2.14, 2.26,

2.32
2* 2.19, 2.14,

2.23
dO-H ~Å! 0.97 0.97 -
zH ~Å! 0.35, 0.35 0.35, 0.35 0.29
dH-Os

~Å! 0.967 0.969 0.970
dH-H ~Å! 2.44 2.07 -

FIG. 3. ~Color online! DOS and atomic structures~insets! of a
water molecule dissociated at the divacancy. The two distinct c
figurations are labeled Ad and Bd . They give rise to similar DOS
As a reference we give the molecular levels of a free OH2 molecule
~dots! and the DOS of H1 adsorbed on a perfect MgO surface.
19541
e-
cy

e
-
y-

ct

to

ly

er

dissociation at the divacancy and of a H1 adsorbed on per-
fect MgO~100! concern mainly the 1p orbital and are due to
a different hybridization of the 2p orbitals of the surface
oxygen ion. We also notice a small overall shift due to
slightly weakening of the electrostatic potential at the ox
gen ions in the case of OH groups at the vacancy edge.

The Ad and Bd configurations issued from the water di
sociation at the surface divacancy can be seen as two dis
realization of the (VMg,2H) complex, according to the reac
tion: MgO(100)1Ts1H2O(gas)→MgO(100)1(VMg,2H). In
principle, such a complex can alternatively be obtained b
homolytic dissociation of a molecular hydrogen at the s
face Mg vacancy: MgO(100)1VMg1H2(gas)→MgO(100)
1(VMg,2H). Similarly to these reactions, the replacement
the calcium ions by two protons each has been recently
vestigated theoretically on the CaO~100! surfaces.41

In spite of the relevance of H2 dissociation for catalysis
little is known on the role of VMg centers. The barrier for
dissociation calculated byab initio quantum chemical
method has been estimated to 1.7 eV, leading to the for
tion of two OH bonds almost parallel to the surface plan
and with lengths of 1.0 Å.42 Such a configuration is clearly
similar to our (VMg,2H) complex. However, since Mg vacan
cies should seldom appear on the clean MgO~100! surface at
thermodynamic equilibrium~see Fig. 1!, we think that the
hydroxylation of divacancies is actually the main proce
able to produce (VMg,2H) complexes.

In order to better understand the properties of such a
face complex, we remind that a neutral VMg center is char-
acterized by two holes distributed over the neighboring o
gen ions, which results in a lower electronic occupation
anions.43 As a consequence, this surface defect acts a
strong electron acceptor. This, together with the argum
based on surface electrostatics~restitution of the positive
charge in place of the missing cation!, results in a strong
preference for a homolytic dissociation of H2 . The corre-
sponding dissociation energy @E(VMg,2H)2E(VMg)
2E(H2)# is equal to 5.28 eV/hydrogen molecule, in goo
agreement with the value of 5.4 eV reported in Ref. 42
confirms the stability of the (VMg,2H) complex, for which
we thus do not expect a desorption of molecular hydrogen
it was shown to be the case for water recombination with
oxygen vacancy:23 MgO(100)1Fs1H2O→MgO(100)
1H2(gas).

V. THE „VMg,2H… COMPLEX

In this section, we focus on the (VMg,2H) complexes is-
sued from the interaction of water molecules with the surfa
Ts centers. In particular, we discuss their diffusion at t
surface, and show that there is an attractive interaction
tween them. We also study the high-frequency part of
vibrational spectrum, in order to provide an easily recogn
able fingerprint for the occurrence of (VMg,2H) on real wet
MgO~100! samples.

A. Diffusion

In the previous section, we characterized the structu
properties of the (VMg,2H) complex, yet one may wonde
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whether it can propagate on the surface. Although its di
sion should likely depend on the surface stoichiometry,
presence of another point or extended defects and, more
portantly, on the actual water coverage, a first answer to
question can be given by looking at the energy barrier for
isolated (VMg,2H) complex to diffuse at the flat MgO~100!
surface.

Even for such a model system, the diffusion is not
simple process, but rather involves multiple barriers that c
respond to distinct physical events. The first half of the p
with the smallest barrier that we find through constrain
molecular dynamics runs44 is sketched in Figs. 4~a!–4~c!.
The second half is symmetric and has not been drawn. It
be described as follows: Starting from configuration Ad @Fig.
4~a!#, one of the protons raises upon the surface plane
binds to a neighboring oxygen@Fig. 4~b!#. The corresponding
energy barrier is estimated to.1.1 eV. At the same time, the
Mg atom moves toward the VMgs

site, below the surface
plane. The saddle point configuration@Fig. 4~c!, .1.3 eV

FIG. 4. ~Color online! Top view of selected configurations alon
the computed diffusion path of the (VMg,2H) complex.~a! Ad initial
configuration, point group C2v . ~b! Proton diffusion, accompanied
by the motion of the Mg atom.~c! saddle-point configuration, poin
group C2 . ~d! saddle-point configuration for the VMgs

diffusion at
the dry MgO~100! surface. The~e! and~f! configurations represen
additional saddle points, as discussed in the text. The effect o
periodic boundary conditions has been pointed out by draw
some of the periodic images outside the two-dimensional unit c
19541
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above the energy of the most stable Ad configuration# is re-
markably symmetric: the magnesium is exactly midway b
tween two VMgs

sites, each close to a hydroxyl group. Th
magnesium is about 0.07 Å under the average position of
surface layer, while the two oxygen neighbors are pushed
by 0.30 Å, with Mg–O bond lengths equal to 1.83 Å. Such
rather short Mg–O bond~to be compared to 2.14 Å, as com
puted in bulk MgO! correlates with the reduced Mg and
coordination numbers~2 and 4, respectively!. Accordingly,
the diffusing Mg can form rather short bonds, without bei
forced to move below the surface plane considerably, so
limit the elastic stress accompanying its diffusion. For t
sake of comparison, this energy barrier is close to that co
puted for the diffusion of VMgs

at the clean MgO~100! sur-
face @see Fig. 4~d!#, which amounts to about 1.1 eV.

In this respect, it has to be pointed out the indirect, b
important, role played by the OH groups. Indeed, if the d
fusing Mg passes one or two surface hydroxyl groups,
corresponding Mg–O equilibrium bond length would tend
increase considerably but steric effects prevent it from do
that, thus provoking a rather big and long-range elas
stress. For instance, starting from the Ad configuration@Fig.
4~a!#, but constraining the Mg midway between an oxyg
atom and a OH group~still letting its vertical position free!
and optimizing all remaining atomic coordinates, we obta
the ~e! configuration in Fig. 4. Its energy is.1.9 eV higher
than~a! and.0.6 eV higher than the saddle point~c!. When
the Mg is put midway between two OH groups@Fig. 4~f!#,
which can be obtained starting from the Bd metastable con-
figuration in Fig. 3, the energy raises more than 3 eV, mu
higher than our computed saddle point energy. Once
saddle point represented in Fig. 4~c! is attained, the next step
for a complete migration of the (VMg,2H) complex towards a
new equilibrium configuration (Cd first, then Ad or Bd as in
Fig. 3, after the proton diffusion! is the concerted diffusion
of the adsorbed proton and the magnesium atom, alon
sequence that is symmetric with respect to the~a! to ~c! path.

Quantum effects on the proton motion, which were n
taken into account in our simulations, should modify such
path considerably and decrease the energy barriers alon
Furthermore, the consideration of larger unit cells would
lax some of the mechanical stress accompanying
(VMg,2H) diffusion. For all these reasons, the values p
vided here, and in particular the lowest diffusion barrier
1.3 eV, can be considered as an upper estimate on the en
barriers along the diffusion of the (VMg,2H) complex.

B. Mutual interaction

In this section, we focus on the mutual interaction b
tween the (VMg,2H) complexes issued from the interactio
of a water molecule with a Ts center. It is worth stressing tha
their composition is equivalent to that of a bruci
(Mg(OH)2) unit embedded in the surface layer
MgO~100!. For an arbitrary concentration, this equivalen
can be summarized as follows:

lMgO1m~VMg,2H!↔~ l 22m!MgO1mMg~OH!2 .
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It is clear that the largest surface concentrationns5m/ l of
the (VMg,2H) complexes is equal to one-half (l 22m50),
and corresponds to the formation of a layer of Mg(OH2
stoichiometry on top of a stoichiometric MgO~100! surface.
If considered as point defects, the concentration-depen
formation energyEf(ns) of (VMg,2H) can be deduced from
the following reactions:

MgO~100!1nsH2O~gas!→ ~1!

MgO~100!1ns@Ts1MgO~c!1H2O~gas!#→ ~2!

MgO~100!1ns~VMg,2H!1nsMgO~c! . ~3!

Comparing the total energies of the final and initial sta
we obtain

nsEf~ns!5E@MgO~100!1ns~VMg,2H!#1nsE@MgO~c!#

2E@MgO~100!#2nsE@H2O~gas!#. ~4!

Reaction~1! corresponds to the formation ofns Ts centers
on the MgO~100! surface~for ns51/8 it amounts to 2.95
eV!. Reaction~2! represents the dissociative adsorption
water on each of them~for ns51/8 it amounts to22.96 eV!.
Therefore, according to Eq.~4!, the formation energyEf(ns)
of the brucite-like intrusions can also be obtained as a dif
ence between the dissociation energy of water on the Ts cen-
ter, diminished by the formation energy of the latter one. F
the lowest surface concentration that we considerns
51/8), which approaches the situation of an isolated bru
intrusion ~see Fig. 3!, the calculated formation energy is a
most null@Ef(1/8)520.01 eV#, within our numerical accu-
racy. This result can be compared to the replacement en
of a CaO unit by a water molecule, which amounts to20.44
eV on the CaO~100! surface.41

In order to estimate the character of the interaction
tween the brucite-like intrusions we performed calculatio
corresponding tons51/2, in the same two-dimensional un
cell. The computed atomic structure of this configurati
@due to its resemblance to a distorted (1120̄) brucite layer,
hereafter we refer to it as 1ML Mg(OH)2] is represented in
Fig. 5. The formation energyEf(1/2) calculated for this
structure amounts to20.68 eV, which corresponds to an e
dothermic reaction. The differenceEf(1/8)2Ef(1/2)
.0.7 eV can be thus considered as a measure of a stro
attractive character of the interaction between the (VMg,2H)
complexes.

C. Vibrational characteristics

In order to get an insight on the spectroscopic signatur
the (VMg,2H) complex, we have estimated the vibration
frequency of the stretching mode of the OH bonds in the Ad ,
Bd , and Cd configurations. The harmonic frequenciesv were
obtained from the fit of a Morse curve to the calculated to
energy as a function of oxygen–proton bondlengthdO-H . In
19541
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Fig. 6 we present the dependence of the calculated freque
shift Dv on the modification of the equilibrium bond lengt
of the corresponding hydroxyl group,DdO-H . We use the
data obtained for a free OH2 molecule as a reference:Dv
50 andDdO-H50. For the sake of comparison we add t
results obtained for an isolated H1 at the oxygen site of the
perfect MgO~100! surface and for an isolated OH2 group
bridging two magnesium sites of the same surface. As
ready pointed out,45 there is a relatively small frequency shi

FIG. 5. ~Color online! Top view of the outermost layer ofns

51/2 (VMg,2H) complexes on the MgO~100! surface~‘‘distorted

brucite (112̄0) layer’’!.

FIG. 6. ~Color online! Frequency shiftsDv as a function of
modification of the equilibrium bond length of the correspondi
hydroxyl group,DdO-H , plotted with respect to the free OH mo
ecule.
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between the free OH2 molecule and isolated protons or O
groups adsorbed on the perfect MgO~100! surface. Con-
versely, the stretching frequencies of the OH groups in
isolated (VMg,2H) complex are systematically downshifte
According to our calculations, this shift can amount to
much as 150 cm21 ~conf. Bd).

It is clear from Fig. 6 that the principal reason for th
frequency modification is to be traced back to the dilation
the corresponding OH bond length. In fact, our results rev
a proportionality between these two quantities that is valid
a relatively large range ofDdO-H . Such a relation has alread
been suggested on a basis of analytical models and cal
tions, either semi-empirical or based on various fir
principles hamiltonians, for differently coordinated surfa
OH groups.7,46 In the present case, however, the strong d
tion of OH bondlength~for the most shifted, Bd and Cd con-
figurations, the calculatedDdO-H is of the order of21%! is
to be related to the interaction with the electrostatic envir
ment of the Mg vacancy, rather than to a lower coordinat
of the vacancy-edge site~which in fact would produce a
shortening of OH distance!, whereas, it results from the com
bination of two electrostatic effects: proton trapping by t
magnesium vacancy and repulsion between the two pro
~compare the correspondingdH-H in Table III!. The latter can
be held responsible for the considerably differentDdO-H ~and
thus Dv! found for Ad and Cd configurations. The finer
modifications of the calculated frequency shift (Bd versus Cd
configurations! are due also to a different coupling betwe
the vibration modes of the two hydroxyl groups.

These results clearly show that the distinctive features
the electrostatic field around point defects at the MgO s
face can be relevant enough to dominate the characteri
of surface OH radicals and question the general validity
simple models relatingDv merely to the coordination num
ber of the OH radicals. Moreover, the relatively low vibr
tion frequencies that are associated with the (VMg,2H) com-
plex should be detectable experimentally well out of t
usual structures located around and above 3500 cm21. In
fact, recent results of hydride oxidation of MgO by O2 or
H2O show a distinctive feature at 3294 cm21, which the
authors associate with a very strong—so far unknown
proton acceptor.47 The same feature is observed at Mg
powders exposed simultaneously to H2 and O2.48 The
present results suggest that (VMg,2H) complexes could con
stitute a model of the site responsible for such low frequ
cies.

VI. SUMMARY AND CONCLUSIONS

The main results of our study on interaction of an isola
water molecule with a divacancy on the~100! surface of
MgO by first-principles methods can be summarized as
lows:

Water dissociates spontaneously onTs . The final state, in
which the oxygen ion of the water molecule recombines w
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the divacancy, is equivalent to a H2 molecule dissociated at
surface magnesium vacancy, and involves two symme
surface OH groups. Such a (VMg,2H) complex is character
ized by a peculiar electrostatic field and is much more sta
against hydrogen desorption than H adsorbed on per
MgO~100! terraces.

The (VMg,2H) complex on the MgO(100) surface show
noticeable and easily identifiable vibration modes for the O
groups. Conversely to the usual arguments that predict a s
tematic reinforcing of the OH bond and a frequency upsh
as the coordination decreases,2 we have shown that, despit
the reduced O coordination, in the (VMg,2H) complex the
electrostatic effects dominate, resulting in a well pronounc
decrease of the OH stretching frequency with respect to
perfect surface. This effect could explain the origin of t
unusual infrared signatures obtained recently on MgO po
ders exposed to oxygen and hydrogen.48

Although the occurrence ofTs point defects is not favor-
able on clean MgO(100) terraces in thermodynamic equil
rium, it can become competitive upon hydroxylation. Indeed,
the energetic cost of creating a divacancy is almost co
pletely compensated by the energy released in the disso
tion of a water molecule. Since the (VMg,2H) complexes
show an attractive interaction, that can make them even m
competitive at high concentrations. This fact stresses the
portance of accounting for the surface–adsorbate and
adsorbate–adsorbate interaction on the same level, as
thermodynamic and kinetic properties of the resulting s
face configurations can be largely affected.

As far as the stoichiometry is concerned,the (VMg,2H)
complex corresponds to a local brucite-like intrusion on t
MgO(100) surface. Our simulations suggest the possibili
for such intrusions to form brucite-like clusters that m
have a precursor role in the surface transformation upon
peated exposure to water.49

The formation of the (VMg,2H) complex is therefore rel-
evant in two respects: First, the Mg vacancy can play a f
damental role since, being a very strong proton accepto
opens the way to the hydroxylation of the MgO~100! surface.
Its stability must also be reconsidered in humid enviro
ments. Second, the complex could act as a precursor to
dissociation and dissolution of MgO through the formati
of brucite-like intrusions. The differences in bond lengt
and coordination numbers for the O atom in such OH gro
can be detected experimentally, and we point out that sim
molecules, such as H2O, can constitute effective probes fo
point defects on magnesium oxide surfaces.
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