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OH FREQUENCY CALCULATIONS FOR THE
HYDROXYLATED MGO(001) SURFACE

MARIA ALFREDSSONf and KERSTI HERMANSSON

Department of Material Chemistry, The Angstrdm Laboratory, Uppsala University, Box
538, SE-751 21 Uppsala, Sweden

(Revised 1 April 2001; In final form 1 August 2001)

We have performed periodic Hartree—Fock calculations for OH groups adsorbed on the MgO(001)
surface considering different surface coverages. Six types of OH groups are discussed: OH, OH', H+,
H' and hydrogen-bonded OH and H. It is found that when both OH and H are present on the surface,
the two groups are best described as OH . We suggest that the highest-frequency fundamental band
(~3750cm ™" in the experimental OH spectrum) is assigned to OH ™~ groups adsorbed on top of Mg?*,
while H* adsorbed on top of O®~ give rise to the broader band at ~3550cm™".

Keywords: Hartree—Fock; MgO; Hydroxylated surface

INTRODUCTION

MgO is one of the simplest ceramic materials. Its {001} surface is known to be
highly stable and unreconstructed. These properties make magnesium oxide a
prototype system for the study of adsorption processes at oxide surfaces. Infrared
(IR) spectroscopy and electron energy loss spectroscopy (EELS) have been
successful in characterising adsorbed molecules on surfaces. At ambient
temperature, protons are usually present on the MgO surface in the form of OH
groups, formed by dissociative adsorption of water [1—4]. This interpretation is
based on the fact that the characteristic water bending band at ~1600cm ™', is no
longer observed in the IR spectrum of the hydroxylated MgO surface. The
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interpretation of the experimental IR spectrum of OH groups on MgO(001) is
complicated, however. One reason is the overlap of bands from O—H groups on
different phases, on different sites, with different orientations, with couplings to
neighbouring OH groups, etc. as proposed by, for example, Knozinger et al. [1].
The purpose of the present study is to contribute to the interpretation of
experimental vibrational spectra of adsorbed OH groups on the MgO surface. The
IR measurements [1—4] show a sharper band at ~3750 cm” ! (~50 cm ! wide)
and a broader band centred around 3550 cm ™' (~200 cm ! wide), on heating the
band at ~3550cm ™' decreases in intensity and vanish at a coverage (6)
corresponding to less than 0.25 monolayers [3], while the band at ~3750cm ™'
gets weaker, but sharper and is downshifted by ~20cm ™.

Theoretical investigations of OH groups and their presence on the MgO surface
are presented in, for instance Refs. [5—11]. Hartree—Fock calculations [5], using
a local pseudo potential to represent the crystal effect, indicate that various OH
species form on the surface depending on the water coverage and number of
reaction steps investigated. According to these authors, two OH species, from
now on referred to as groups C and D (Fig. 1c) form in the first reaction step.
Adsorption energies and geometries for the OH groups have also been presented
in Refs. [6—11], where it was suggested that an OH ™ ion adsorbed on top of the
Mg site is more stabile than a proton adsorbed on top of the O*~ ion.

The importance of considering both dissociated and physisorbed water for a
monolayer of water on the non-defective {001} surface of MgO are shown in
recent periodic plane-wave-basis pseudopotential calculations [12—14]. It is
shown in Ref. [15] that an island of three or more coupled water molecules
dissociates. Harmonic vibrational frequencies determined for both a chemisorbed
and physisorbed state of the water molecule on the MgO(001) non-defective
surface shows that the stretching frequencies of the “free” OH bonds
(corresponding to the group denoted ‘C’ in Fig. lc) are higher than the OH

v ’ !,

(0] H
| D
Mg—O—l\!Ig—O —Mg O—Mg—O'—Mg—O Mg—O—Mg—0O—Mg

isolated isolated H-bonded

a) b) c)

FIGURE 1  Schematic pictures of the four different types of OH groups suggested by Knozinger et al.
[1]. The groups are denoted (a) A, (b) B and (c) C and D. When the ad-molecule is OH™ we use types
Al and B1, and for OH we use types A2 and B2.
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stretching frequency of the group denoted D (Fig. 1c) in our study [14]. With
reference to these findings and IR measurements by Knozinger et al. [1] we will
here exclusively discuss the case of dissociated water.

The current paper is primarily concerned with OH vibrational frequencies,
examining the properties of different OH-groups adsorbed on the MgO(001)
surface. We have performed periodic Hartree—Fock calculations on the
hydroxylated {001} surface of MgO, considering different surface coverages.
Four types of OH groups denoted, A, B, C and D (Fig. 1) were first proposed by
Andersson et al. [16] and later used by Knozinger et al. [1] in their assignment of
the bands in their experimental spectra. In the present paper, we will particularly
refer to the results by Knozinger ef al.[1], who assigned the peak at 3750 cm ™' to
the geometrically and structurally different groups A, B and C (see Fig. 1), while
the broader peak at 3550 cm ™' was assigned to group D. In the present study, we
have gone one step further and will discuss two types of group A and two types of
B as defined below (where ‘s’ denotes substrate):

Mg>* + OH™ — [Mg,OH] ", (A1)
Mg>* + OH' — [Mg,0H]*", (A2)
0} +H"—[OH], (B1)
0¥ +H —[OH]*". (B2)

In this paper, we discuss the frequency shifts for OH groups Al, A2, BI, B2, C
and D, adsorbed on the ideal MgO(001). We have found no previous periodic
Hartree—Fock calculations concerning the vibration of OH groups on MgO
surfaces. The experimental band at ~3750cm ™' corresponds to an upshift of
~190cm ™! regardless of whether we choose OH ™ or OH as the reference state,
since both are about the same frequency (v"™(OH ) = 3556cm™ ' [17] and
v (OH") = 3563 cm ™' [18,19]). The broad band centred around 3550 cm ™'

thus corresponds to a downshift of more than 10cm ™.

METHOD

Geometries

In the model employed, we have no access to derivatives of the energies and, as a
consequence, full geometry optimisations of the systems are limited. It also
restricts our possibility to use more sophisticated vibrational models (where the
vibrational modes are obtained from the appropriate eigenvalues). We therefore
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FIGURE 2 Surface coverages discussed in this work. (a) 6=1.00, (b) 6=0.50, (c) 6=0.25, (d) 6=0.11 and (e) #=0.06 monolayers. The crosses mark adsorbed
molecules, while the rings mark cations and anions. d is the shortest adsorbate—adsorbate distance for each cell.
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want to emphasise that the aim of the current investigation is to understand the
trends of different OH-groups, and not to reproduce experimental frequencies as
in Ref. [14].

For all systems investigated, the OH and OH groups were adsorbed in a
perpendicular fashion (with the O atom down) on top of the Mg>* ion on an ideal
MgO(001) surface, while the H* and H were placed above the O~ ion. The slab
geometry was kept fixed with a Mg,—Oj distance of 2.105 A (the experimental
value [20]), while R(Mg—0) and r(OH) for the adsorbed species were allowed to
relax. Five different ordered overlayer structures have been studied: p(1 X 1);
c(2 X 2); p(2 X 2); p(3 X 3); and p(4 X 4) (Fig. 2). These five surface
structures correspond to surface coverages (0) of 1.00, 0.50, 0.25, 0.11 and 0.06
monolayers, respectively.

We have constructed 1-, and 2-layer periodic slabs and small finite clusters of
the MgO substrate. The clusters discussed in this paper are shown in Fig. 3; two
“bare” clusters as well as the smaller MggOg cluster embedded in 18 point
charges (PC) representing the larger Mg;50,5 cluster. Before adsorption of the
charged or uncharged species, all clusters and the infinite slabs were neutral. The
molecules were adsorbed on only one side of the slab.

Periodic Slab and Cluster Calculations

Open-shell and closed-shell restricted Hartree—Fock calculations for the infinite
1- and 2-dimensional slab were performed with the program CRYSTAL95 (CR95)
[21]. Cluster calculations were performed with the GAUSSIAN94 package (G94)

=
Gl RGN RON

a) b)

FIGURE 3 The neutral substrate clusters (a) MgeOg and (b) Mg;50,s. In the Mg;50,5 cluster, the
MgOg cluster is marked by a square. The atoms outside the marked square were replaced by point-
charges in the embedded MgeOg cluster. The OH species in (a) is adsorbed perpendicular to the
surface on top of an ion.
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[22]. For all calculations, we used the 8-511G*/8-411G* [23,24] basis set for
Mg**/0”” in the slab and the 6-31G* [25-27] basis set for O and H in the
adsorbed molecules.

Cluster calculations with the G94program helped us determine the degree of
coupling between the intra-molecular stretching vibration of an adsorbed isolated
OH group and other surface modes: zero coupling was found, and we will,
therefore, assume that, for low coverages the OH group vibrates as an uncoupled
1-dimensional vibrator. In G94, the frequencies were obtained within the
harmonic approximation by diagonalisation of the force constant matrix in G94.

CR95 is an ab initio program for periodic systems in which linear
combinations of Bloch functions form crystalline orbitals, where the Bloch
functions are in turn combinations of Gaussian type functions, which allows us to
make direct comparisons with the molecular calculations performed with G94.
First, the R(Mg—O0) distance was optimised by fitting a fifth-order polynomial to
the potential energy curve obtained from single point calculations. To calculate
the harmonic w(O-H) stretching frequency, second- and higher-order force
constants were derived from the potential curve constructed from single-point
energy calculations, in which the centre-of-mass (c.0.m.) of the OH molecule was
kept fixed and the R(MgO) distance kept fixed at the optimised value obtained in
step 1. A fifth-order polynomial was fitted to the potential curve:

V = Vo + koAr? + k3Ar® + kaAr* + ksArd + - Ar=r — re.
The harmonic vibrational frequencies were obtained from:

1 e

- )
2mc Vm

where m is the reduced mass of OH. The O;—H group was treated in the same
way, i.e. its c.o.m. was kept fixed.

In the periodic calculations, we study the in-phase stretching vibrations, since
adsorbed molecules in neighbouring surface cells are necessarily identical. This
means that the intramolecular stretching mode studied is actually a coupled mode
where all molecules in different cells move in phase. In an earlier paper [28] we
introduced the following definitions:

A(J‘}fm'mation-nf—layer = w(ad‘layer) - w(mOIGCUIe(g)%
Awyds-ot-layer = w(ad-layer/slab) — w(ad-layer),
Awads = Wformation-of-layer + Wads-of-layer

where Aw,q, corresponds to the experimentally observed stretching vibrational
frequency shift.
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TABLE I Harmonic frequencies calculated with G94 for the OH ™ ion and OH radical for different basis sets. The last column shows the experimental values.

6-31G* [24-27] 6-31G** [24-27] cc-pVTZ [29] cc-pVQZ [29] Extended [17] Expt. [18,19]
OH™ 3739 3827 3933 4000 4068 3738
OH 4009 4156 4052 4051 4051 3739

HOVAANS (100)ODON
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In this paper, we are forced to use a rather modest basis set because of the very
costly big-cluster and periodic frequency calculations involved. With the 6-31G*
basis set, which we have used for the OH groups in this paper, the harmonic
frequency for the OH  ion is much “less converged” than the OH radical
frequency compared to the frequencies calculated with the extended (nearly
saturated) basis set of Werner et al. [17] (see Table I). The extended basis set
gives harmonic frequencies which are overestimated by ~330 cm ™' compared to
experiment due to correlation effects. It is also seen that w(OH ) is more
sensitive to basis set effects than w(OH); the former has not yet converged to the
extended-basis set value for the cc-pVQZ basis set. These results, plus the fact
that we are not including correlation energy effects, make it more reasonable to
discuss chemical issues in this papers in terms of frequency shifts, rather than
absolute frequencies. Fortunately, harmonic OH frequency shifts for small
clusters calculated at the Hartree—Fock/6-31G* level are known to well
reproduce experimental frequency shifts.

RESULTS

Frequencies As a function of System Size

In the present paper, we compare frequencies obtained with small clusters to
those obtained by periodic slab calculations. The harmonic vibrational
frequencies for one isolated OH ™ group adsorbed on the MgeOq, Mg;50;5 and
MgOs+18 point-charges (PCs) clusters (Fig. 3) have been compared with the
results for a periodic 1-layer slab with 6 = 0.06 monolayers (Fig. 2e). Starting
with the “bare” clusters it is seen in Fig.4 that when the cluster size increases
from MggOg to Mg;50;5 w(O—H) is upshifted by ~30 cm ™ !, and for the periodic
slab with 6 = 0.06 monolayers w(O—H) decreases by the same amount compared
to the Mg;50;5 value. One reason for this behaviour could be that the OH™
groups interact with neighbouring molecules in the ad-layer. However, Table 11
indicates that the molecule—molecule perturbation seems almost vanished for
6 = 0.06 monolayers for the 1-layer slab. In Fig. 4 it is also seen that the r(OH)
and r(Mg—-O0) distances decrease when the finite cluster size increases, while the
bond lengths in the infinite system increase compared to the Mg;50,5 cluster. The
result is that the bond lengths in the MggOg and 1-layer slab are almost the same.
Ferrari and Pacchioni [30] studied the electrostatic potential (EP) at various
distances from an Mg”* site on the MgO surface, which was represented as
clusters with different shapes and sizes as well as with periodic calculations
(same code as in the present paper). For their choice of clusters, it was found that
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FIGURE4 r(OH), R(MMg-0) and w(OH) for OH " adsorbed on Mg2+ (case Al) using the three clusters (Fig. 3) and the 1-layer slab with 6=0.06 monolayers (Fig.
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TABLE Il Comparison between the 1-and 2-layer substrate for the OH™ ion (case A1) or an OH radical (case A2) placed above the Mg** ion in a perpendicular

fashion with respect to the molecule axis. Our computed harmonic w(OH) frequencies for the free OH ™ ion and OH radical are 3709 and 3992 cm ™ ', respectively
when employing the CR95 program.

Group Al Group A2
Coverage
1-layer 2-layer 1-layer
RMg-0)(A) #OH) w(O-H)(m ") RMg-0)(A) rOH) wO-H)(@em ") RMg-0)(A) rOH) wO-H)cm™")

0=6% 2.09 0.95 3994 2.13 0.95 3974 221 0.97 2994
6=11% 2.12 0.95 3993 2.14 0.94 3970 221 0.96 3581
6=25% 2.20 0.95 3880 221 0.94 3877 221 0.95 4046
6=50% 231 0.96 3658 2.32 0.96 3646 1.97 0.94 4210
6=100% 231 0.99 3232 2.32 0.99 3227 1.80 0.94 4329

L9
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the EP above their smaller neutral clusters happened to be in better agreement
with the periodic slab calculation than even their largest neutral Mg,;0,; cluster.
Other studies (e.g. [31]) have shown that edge effects can still be important in a
MgO cluster with as many as 80 atoms. This would be an explanation to the
behaviour seen in Fig. 4. The small cluster, MggOg, has also been embedded in 18
PCs with formal charges of +2 and — 2, respectively, representing the larger
cluster Mg;50,5 (see Fig. 2b and figure caption). The OH frequency calculated
for this small cluster is larger than in either of the other two clusters,
demonstrating the difficulties with embedding a cluster in the “correct”
environment. We conclude that it is not an easy task to model the frequencies
using cluster calculations.

In Ref. [28], it was found that the vibrational frequency shifts for small polar
and non-polar molecules could be correctly reproduced by a 1-layer ionic slab.
OH ', on the other hand, is a charged molecule and here we have, therefore,
compared w(O—H) for the 1- and 2-layer slab. In Table II we present geometries
and w(O—H) for the two substrates. We conclude that the 1-layer slab gives bond
distances and frequencies in good agreement with the 2-layer slab for the OH™
ad-layers. Cases B1 and B2 are supposedly more sensitive to the modelling of the
substrate thickness due to the fact that the ion is bound directly to the surface. The
r(Os—H) distance in the 1-layer slab was optimised to 1.02 A, and the 2-layer slab
gives the same value. The corresponding frequencies are 3152 and 3189 cm™ ',
respectively. We therefore conclude that the 1-layer slab is also thick enough for
our investigation of the adsorption of the hydroxyl ion.

Cases Al and A2

We summarise here the main differences between the adsorption of OH ™ and OH
on top of the Mg?* sites in MgO(001) slab. We start by describing the OH ™ case
(Al). When the layer is formed there are two competing factors: (i) molecule—
molecule interactions within the ad-layer (repulsive); and (ii) the adsorbate—
substrate interactions (attractive). It is interesting to note that as the R(Mg—0)
distance decreases (the attractive term becomes more dominating) the intra-
molecular bond distance, (OH), decreases as well. This is typical behaviour for
the OH  ion, but is contrary to the usual behaviour found for most molecules
(including H,0), where a stronger intermolecular bond, or substrate—adsorbate
bond leads to a weakening of the intramolecular bond. This phenomenon has
been discussed in the literature [32]. In the upper part of Fig. 5 and Table II it is
seen that all RMg—O0) distances are larger than the bulk value, but the distance
decreases when the coverage decreases and it approaches the experimental bulk
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Coverage(0©)

FIGURES R(Mg-O) as a function of coverage for groups Al and A2 are shown in the upper part of
the picture. The experimental value [20] is marked. In the lower part of the picture r(OH) for the
groups Al and A2. The optimised r(OH) distance in the isolated OH ™ and OH (0.96 A) is marked.

value, suggesting a stronger substrate —adsorbate interaction. In the lower part of
Fig. 5 and Table II it is seen that the r(OH) distance increases when 6 increases.
For coverages 8 = 50% the r(OH) distance is longer than in the isolated OH  ion
indicating a weakening of the OH bond compared to the isolated ion as the ad-
layer is formed. In Fig. 6a the frequency shift for the OH ion is shown as a
function of coverage and it is seen that for coverages =25% Aw,4s for an OH ™
ion adsorbed on Mg?* is higher than for the isolated OH™ ion
(0™(OH )=3709cm "), while for larger coverages it is downshifted. The
molecule—molecule and adsorbate—substrate contributions to the frequency
shifts are also presented in Fig. 6a as A®fyrmation-of-layer aNd A®ags.of-layers
respectively. It is found that the Aw,gsof-layer term is almost constant for all
coverages while A®sormation-of-layer SHOWS a large variation as a function of
coverage. As already mentioned, for 6=0.06 monolayers the A®rormation-of-iayer 1S
almost equal to zero indicating no interlayer perturbation. We then conclude that
for 6 lower than ~0.40 monolayers, the dominating term is the Aw®,ds-of-layer
which is the substrate—adsorbate interaction term, while for higher coverage the
Wformation-of-layer (adsorbate—adsorbate) interaction term dominates. The result is
that Aw,q is upshifted for 6 smaller than ~0.40 monolayers and downshifted for
higher coverage. In Ref. [33] the frequencies of an OH  ion in an electric field
were discussed and it was found that the frequency is upshifted in the free
Mg>*---OH complex.

When the OH radical is adsorbed on the MgO(100) surface (case A2) we see a
different result than for the OH ™ ion (see Figs. 5 and 6b). Let us start with the
bond distances shown in Fig. 5. Contrary to the OH  ion, the R(Mg—0) distance
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For computational details see text.
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increases for higher coverages. It is also noticeable that R(Mg—0O) for coverages
higher than 6=0.40 is smaller than the bulk value. Moreover, for case A2, a
shorter R(Mg—0) distance results in a shortening of #(OH) distance, i.e. 7(OH)
distance increases when the coverage decreases. A corresponding trend is also
observed in the frequencies, since one almost always finds a very good (and well
documented) correlation between the intramolecular bond distance and the
stretching frequency (exception: see case C, below). In Fig. 6b it is seen that
Aw,y(OH) is downshifted for low coverages (0 = 11%) and upshifted for higher
coverages. For all coverages Awformation-of-layer 15 between 0 and 50 cm!; this
results in a negligible contribution to the Aw,y term, i.e. Aw,q, is dominated by
the Aw,qs.of-layer term for all layers, which was not the case for the OH ™ ad-layer.

The experimentally observed IR band centred around 3750cm ™' [1] was
suggested to consist of the three contributing groups A, B and C. The high
frequency component (~3760cm ') was assigned to isolated 1-coordinated OH
groups (see Fig. la). We thus compare this experimental band to our Aw,g
stretching frequencies for low coverage (6 = 0.11 monolayers). Experimentally,
this band, centred at 3750cm ', corresponds to an upshift of ~190 cm !
compared to the free OH ™ ion. In Fig. 64, it is seen that Aw,4s for the OH ™ ad-
layer (case Al) in our calculations are upshifted by ~300cm ™' for coverages
lower than ~0.25. For 6~0.25 monolayers, our upshift is ~200 cm” !, while for
higher coverages it is downshifted. When the ad-layer is represented by OH
molecules (case A2), Aw,, is downshifted by up to 1000cm™' for low
coverages. Based on this observation, we exclude the OH molecule as a likely
contributor to the experimental IR band. For coverages higher than ~0.30, we also
discard OH™ groups as plausible contributors to this band since Aw,qy, are all
downshifted instead of upshifted compared to isolated OH  ions, and they are,
thus, better assigned to the broad peak observed at 3550 cm ™ ! However, this case
can probably also be excluded due the high repulsive interactions within the OH
ad-layer (¢f HF in Ref. [28]). When Knozinger et al. [1] discussed group A, they
are really referring to isolated OH  groups, and not to a situation like our
0= 1.00.

Cases B1 and B2

In this section we concentrate on the group denoted B in Fig. 1b and, as for group
A discussed above, two possible species are compared, namely H* and H defined
as B1 and B2 in the Introduction, respectively. Let us start with H* (case B1)
adsorbed on top of the 0>~ ion on the MgO(001) surface. This group gives rise to
a second type of OH  group, different from group Al discussed earlier, because
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TABLE III  Distances and harmonic frequencies for H" (group B1) and OH- - -H* (groups C and D)
adsorbed on the MgO(001) surfaces.

OH---H
Coverage
Group Bl Group C Group D
Aw Aw Aw

r(O-H) (cm™")  R(Mg-0) r(OH) (em™") R(O,—H) (em™")
0.06 0.98 —=31 2.03 0.94 373 0.98 —24
0.11 0.98 —51 1.93 0.94 491 0.98 —87
0.25 0.98 —104 1.91 0.94 507 0.98 —102
0.50 0.99 =211 1.85 0.94 644 0.99 — 145
1.00 1.02 —557 1.85 0.94 461 1.50 —2415

of the different coordination to the surface. In Table III, r(OH) distances for the
H* ion are given as a function of coverage. It is seen that as for OH ™ (group A1),
the r(OH) distance decreases as the coverage becomes lower, indicating a
stronger bond. However, the r(OH) distances in this group are slightly longer
compared to group A1, resulting in a lower absolute frequency than group Al, i.e.
while group A shows an upshift compared to the free OH ~ ion for low coverages
group, B1 shows a downshift, as is also the case for the experimental peak at
~3550cm ™', In Table I1I, it is seen that the frequency becomes more downshifted
as the coverages increases. At =1.00, the downshift is ~550 cm ™', suggesting
that this H" coverage hardly exists on the hydroxylated surface and, as for group
Al, we excluded high coverages due to large lateral interactions and the
definition of group B. The »(OH) distance for the H (B2) species is longer than
1.60 A for all coverages discussed here, resulting in frequencies downshifted by
more than 2000cm ™' compared to the experimental downshift of ~100cm ™.
This seems unphysical, suggesting that this group is not a possible species on the
hydroxylated surface and will not be further discussed here.

Cases C and D

Until now, our discussion has concentrated on [OH] ~ groups not bonded to each
other. Experimentally, at the initial step of the hydroxylation, higher water
coverage appears and we expect groups A and B to co-exist on the surface and
possibly form a hydrogen bond to each other. The resulting groups are denoted C
and D (Fig. 1). In the present investigation, C and D groups are not allowed to
relax completely, since they are not allowed to tilt. The result is that the R(O- - -H)
distance becomes too long for a hydrogen bond to form. The 6=1.00 case, gives
the shortest R(O- - -H) distance (2.134 A), which is too long for a hydrogen bond.
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TABLE IV Mulliken atomic and group charges for the A1, A2, B1, C and D groups when adsorbed on the MgO(001) surface.

Group Al (OH ")

Group A2 (OH)

Group B1 (H")

Group C (OH ")

Group D (H")

Coverage

0 q(0) q(H) g(OH)  ¢(O) gH)  q(OH)  ¢(0) qH)  q(OH)  ¢(O) gqH)  ¢(OH)  ¢(0) qH)  q(OH)
0.06 —-122 4029 —093 —0.57 4047 —0.08 —132 4036 —095 —123 4032 —092 —132 4036 —0.96
0.11 —-122  +028 —093 —0.58 +048 —0.10 —132 +037 -—-095 —123 +036 —087 —135 +0.37 -
0.25 —1.18 4024 —095 —0.61 +047 —0.14 —132 +039 -093 —122 4039 —083 —139 4039 —1.00
0.50 -1.10  +0.16 —095 —0.82 +046 —036 —131 +042 —090 —123 +042 —081 —145 +045 —1.00
1.00 -0.88 —005 —092 —097 +044 —052 —130 +054 —075 —1.04 +039 —066 —161 +051 —1.10
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Let us start with group C and the R(Mg—O) distance (Table III), which we note
is lengthened when the coverage decreases, opposite to the effect seen for group
Al earlier. The opposite trend is seen for the charges (Table IV): while group C
becomes more negatively charged, group Al becomes less negatively charged
when the coverage decreases. For both groups, g(OH) converges towards
—0.90e. The opposite trend in the R(Mg—O) distance is also reflected in the
frequency shifts: when the coverage decreases, group C is more upshifted while
group A becomes more downshifted. We notice that group Al is less upshifted
than group C and the R(Mg—O) distances in groups Al and C become more
similar when the coverage decreases, with the result that Aw,y, becomes more
similar. This could explain the downshift of the peak at ~3750cm ™' observed
experimentally when the coverage decreases. The r(OH) behaviour for case C is
interesting because it is constant: 7(OH) is ~0.94 A for all coverages. We note
from Table III that w(OH) goes through a maximum as the coverage changes
from 6=0.06 to 6=1.00. In these cases, the well known w vs. r relation is no longer
valid, since two branches of the w vs. r are actually sampled as discussed in Ref.
[33]. The consequence is that w can go through rather large changes here while
remains almost constant.

The r(OH) in group D is almost constant (0.98 A) for all coverages. This is also
the distance observed for group B1. However, group D is more negatively
charged than group B1 and while g(OH) decreases for group D, g(OH) for group
B1 increases when the coverage decreases. This means that, as for groups Al and
C, g(OH) for the two groups are almost the same for 6=0.06 monolayers. The
very similar R(Mg—O0) distance for groups Bl and D result in an almost equal
downshift for the two groups. One main difference occurs for 6=1.00 where
r(OH) is lengthened by ~0.5 A for group D, but not for group B1. This unrealistic
lengthening is probably a consequence of the fact that we imposed
‘perpendicular’ OH geometries. Calculations releasing this constraint are
planned and will be presented elsewhere.

ASSIGNMENT AND CONCLUSION

This paper deals with the interpretation of the experimental IR spectrum for
hydroxylated MgO surfaces. Two main topics are discussed: whether the
proposed sites A,B, C and D contribute the observed IR bands and whether the
adsorbed OH and H groups are better described as OH and H or OH™ and H™.

Our calculations suggest that OH and H are probably not present on the
MgO(001) surface. We base our statement on the fact that our calculated
frequency shifts for both OH and H resulted in downshifts of up to ~2000 cm '
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with respect to the free isolated ions. To verify this conclusion, i.e. excluding the
OH and H, Mulliken charges for the two groups C and D were calculated. It was
found that both groups C and D come out as being OH  groups at the surface (see
Table IV).

Our calculated frequency shifts give that both groups A and C upshift when
adsorbed on top of the Mg** ion. Experimentally, the highest band (at 3750 cm ™)
has been suggested to contain groups A, B and C. Our calculations support the
assignment of Al and C to the experimental band ~3750cm ™', but not B. This
result is also in agreement with harmonic OH frequencies reported in Ref. [14].
We also found that the R(Mg—O) distance and Mulliken charges for the two
groups converge towards the same value when the coverage decreases. When
heating, the band splits into two peaks, Knozinger et al. [1]suggested the split of
the band to be caused by the fact that the frequencies of groups A and B splits. We
instead suggest the splitting of the band to be due to the different groups Al and C
and also suggest that C disappear before Al on heating. This would also explain
the downshift of the peak seen experimentally, since our calculations show that C
becomes more downshifted when the coverages decreases.

Our calculations imply that the broad experimental peak at 3550cm™ ',
contains groups B1 and D, which corresponds to a proton adsorbed on the surface
O?~ ion. Both of these groups have very similar R(Mg—0) distances and display
similar downshifts. The Mulliken charges of these groups show an electron
charge transfer from H towards O (see Table IV), which indicates that the proton
is less bound than the A1 and C groups. This in turn implies a lower dissociation
energy, which would explain why this peak disappears first when the
hydroxylated MgO sample is heated.

One reason for the broadness of the experimental bands could be the presence
of “islands” with different coverages on the surface. Another reason is the
different geometries of the hydroxyl groups. To verify our results, we, therefore,
need to introduce more angle flexibility in the optimisations and preferably also
take different surface defects and phases into account.
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