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Abstract: The infrared OH stretching frequencies of the various types of hydroxyl groups on MgO surfaces
have been calculated by periodic (VASP) and cluster (Gaussian) DFT simulations. Surface irregularities
(mono and diatomic steps, corners, step divacancies, and kinks) have been considered to model the IR
spectra of hydroxylated MgO powders. A good correspondence between calculated and experimental
frequencies is obtained with the B3LYP functional. Hydrogen-bonding is the parameter which influences
most the IR frequency of OH groups, followed by location of OH groups in concave or convex areas of the
surface and then oxygen coordination. The evolution of experimental IR spectra upon evacuation at
increasing temperature can be rationalized on the basis of calculated thermal stabilities of each kind of OH
groups. A new model is finally proposed to help assign the experimental bands, in terms of hydrogen-
bonding, local topology of the hydroxylated sites, and coordination of oxygen.

1. Introduction

Because water is present in many industrial processes
hydroxylation of oxide catalysts has become a most important

topic in the surface chemistry of oxides. The interaction of water

with solid surfaces and the hydroxyl groups generated have been

much studied by infrared (IR) spectroscopy, particularly in the

case of acidic catalysts where the vibration frequency is often

used to evaluate the proton Brgnsted aci¢iiyRecently IR
and density functional theory (DFT) data obtained for J&nd
y-alumina nanoparticlés'! have shown that the nature, con-
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centration, and thermal stability of hydroxyl groups are related
to the particles’ morphology and are key parameters which

'control the acig-base properties and reactivity of oxide surfaces.

Over the last years, solids with basic properties (layered
double hydroxides, alkaline exchanged zeolites, alkaline earth
OXIdeS etc.) have attracted much attention and the origin of
their basicity has been investigated. In the case of MgO, where
surface oxide ions & ¢ exhibit low coordination (LC, with L
= 3 for corners, 4 for edges, 5 for terracésmorphology is
also expected to change the basic properties of hydroxylated
surfaces. However, if hydroxyl groups are known to influence
the catalytic activity of basic oxides in several systémsg?
their characterization by IR is still a matter of discussion,
particularly because of the concomitant existence of carbonates
and hydrogen carbonates. For example, on MgO, surface
carbonates are still present up to 673 K at pressures belo 10
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The spectrum at 473 K (Figure 1a) is composed of two main
bands: a broad one at low frequency (32@®50 cntl)
hereafter referred to as the broad band, and a sharp one at high
frequency (3656-3800 cnt?) hereafter referred to as the sharp
band. Evolution of the spectra upon increasing the temperature
under vacuum (Figure 1) shows that (i) both bands contain
(573 K) several components and (ii) the broad band which disappears
673 K) at about 773 K is less stable.

(773 K) Two types of hydroxyls are expected to form by heterolytic
853 K) dissociation of water on Mg _c—0? ¢ pairs according to eq

943K , ) . :
1033 [l) 1: those obtained upon protonation of oxide aniods @ and

Lo
e
M~
™

- 3685
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- 3540

473 K)

absorbance

3800 ' ' asoo 3zoe OH H+
(b) . | | .
M92+|_c_027L'c +H,0= M92+LC -0 L'c 1)

those obtained upon hydroxylation of magnesium cations
Mg?*ic.

The IR frequencies are expected to depend on 'l ,ahd
hydrogen-bonding. The significant number of types of OH
groups explains the composite nature of the two IR bands and
the successive models proposed to assign them.

Anderson’s Model. This first modeP* completed by Tsyga-
nenko et al?° is based on the presence of the two types of OH
groups expected from eq 1 and called A, related to hydroxyls
on Mg¢?", and B, involving G~ ions. The authors considered

absorbance

3780 3730 3680

(¢) that on mainly exposed (100) planes, OH groups of type B are
lO'ZA closer to the surface, and thus more sensitive to hydrogen-
bonding. On this basis, the broad band is assigned to type B
hydroxyls, corresponding to'l= 5 in eq 1, and the sharp one
o to “free” type A hydroxyls, with L= 5.
9 Shido’s Model. Shido et aP8 refined Anderson’s model and
g distinguished three components within each of the two bands,
) according to the coordination numbers L and ih eq 1.
3 Ty = s00 eC 7713 K) Neglecting any shift of the bands caused by hydrogen-bonding,
N 580 (853 K) and using an electrostatic model, the authors assigned the sharp
&70 O43K) band to type A OH groups with
720 (993 K)
(1033 K) ¥ (Mgsc—OH) > 7 (Mg,c—OH) > 7 (Mgyc—OH)
i n I " 1 I : Iy 1
3780 3730 3680 and the broad one to type B hydroxyls with
v/ cmt B B _
Figure 1. IR spectra of hydroxylated MgO powder (obtained by evacuation V(Ogc—H) > 7 (Oc—H) > ¥ (Osc—H).
at 773 K to remove carbonates followed by hydration and subsequent
evacuation in the 4731033 K range and at 18 Pa (10 mbar)), as a Coluccia’s Model. The previous models were rejected by

function of dehydroxylation temperature, reproduced from ref 22. Panels a ; 3,27
and b show sample exhibiting (100) and “high index” planes. Panel ¢ shows Coluccia et af because the IR bands of types A and B

sample exhibiting “high index” planes only. The temperatures expressed hyerXyls exhibited different th?rmal stabilities (the Stoec_hio'
in degrees Kelvin have been added into brackets. metric removal of water should imply same thermal evolutions

for types A and B hydroxyls). Considering the appearance of

Pa?! Thus, the study of the ©H stretching frequency region  both frequency domains upon hydroge#? and ammoni#-3!
requires decarbonatation followed by rehydration. adsorption, the authors proposed to differentiate the hydroxyls
Typical spectra obtained by Kamger et aP? are shown in

Figure 1 for a hydroxylated MgO powdered sample, synthesized ?4 nggg‘;g;’- J.; Horlock, R. F.; Olivier, J. Fans. Farad. Socl965 61,

by CVD (chemical vapor deposition). Similar spectra were (25) Tsyganenko, A. A.; Filimonov, V. NJ. Mol. Struct.1973 19, 579-589.

obtained by Coluccia et &3 for MgO samples synthesized by ~ ?® ggﬁzﬂgﬁ;ﬁku’a' K.; wasawa, 3. Chem. Soc. Faraday Trans1889

in situ decomposition of Mg(OH)under vacuum at 1123 K.  (27) Egllluccia, S.; Lavagnino, S.; MarcheseMat. Chem. Phys1988 18, 445~

(28) Colﬁccia, S.; Boccuzzi, F.; Ghiotti, G.; Morterra,LChem. Soc. Faraday

(21) Mekhemer, G. A. H.; Halawy, S. A.; Mohamed, M. A.; Zaki, MJ1.Phys. Trans. 11982 78, 2111-2119.

Chem. B2004 108 13379-13386. (29) Knazinger, E.; Jacob, K. H.; Hofmann, B. Chem. Soc. Faraday Trans.
(22) Knazinger, E.; Jacob, K. H.; Singh, S.; Hofmann,Srf. Sci.1993 290, 1993 89, 1101-1107.

388—-402. (30) Coluccia, S.; Garrone, E.; Borello, B. Chem. Soc., Faraday Trans. 1
(23) Coluccia, S.; Marchese, L.; Lavagnino, S.; Anpo, $fectrochim. Acta 1983 79, 607-613.

1987 43A 1573-1576. (31) Echterhoff, R.; Kiiginger, E.Surf. Sci.199Q 230, 237—244.
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H and TiQ, surfaced?113*Most of the IR studies related to MgO-
J) (100) plane® 37 have not taken into account the complex
hydration configuration evidenced by other studi&dg? Even
| M J) when an accurate geometry is used, the theoretical frequencies
Mg ¢ -0 ¢ e~ c predicted in the 35562500 cnt! rangé®4° are much lower
than the experimental daté;> probably because of the use of
Z'ypeA TypeB GGA (generalized gradient approximation) functionals known
isolated, isolated, to overestimate binding energies in hydrogen-bonded sy$iefs.
monocoordinated multicoordinated TPD result42485455show that, at 3 1078 Pa, on MgO(100)
H terraces at room temperature, no water remains, which is
J) confirmed by calculations, even at #0Pa?® it thus cannot be
...... H involved in the IR bands of Figure 1 and will not be considered
| J) in the present work. Irregularities on the MgO surface are thus
MQLC_ L'c expected to play an important role in the thermal evolution of
Type C Type D the IR spectra.
hydrogen bond acceptor, hydrogen bond donor, IR frequencies of water adsorbed on edges or in valleys of
monocoordinated multicoordinated steps evaluated earlf&8 lead to two main domains: high

Figure 2. The four types of OH group defined by Kriager et af? to
assign their IR spectra.

on the basis of L and 'L OH groups on (100) planes were
assumed to be all hydrogen-bonded leading to lower frequency

perturbation was thought to be limited for 3C (corners) and 4C
(edges) ions. The broad band was thus assigned to hydroxyls
with L, L' = 5, and the sharp one to OH on ions of lower
coordination, L, L = 3, 4.

Morrow’s Model. Morrow®2 pointed out that Coluccia’s
model was not consistent with the higher intensity of the sharp
band for the monolayer coverage. Assuming that hydroxyls
Mgsc—OH (L = 5) on (100) planes are less affected by
hydrogen-bonding than those involving oxygensd@ L' =

5), he assigned the broad band to the latter hydroxyls and the

sharp one to all other OH groups.

Knozinger's Model. On the basis of ammonia adsorption
experiments on partially hydroxylated MgO surfa€s and
of the thermal stability of the bands as a function of sample
morphology (Figure lac), Kniézinger et aP? classified the
hydroxyls on the basis of hydrogen-bonding into four types

wavenumbers are obtained for hydroxyls bonded to?Mg
cations and low frequencies are obtained for protonated oxide
ions. Because of the level of calculatiofis®the absolute values
obtained are nevertheless not directly comparable to experi-

7’mental data. Ealet et &.modeled the hydration of a terrace
whatever the hydrogen-bond acceptor or donor nature. This y

divacancy, leading to two £2—H in a very confined environ-
ment, and calculated the corresponding frequencies. Although
the authors did not quote any absolute value, indication for a
strong red-shift compared to free HQvas provided.

It appears there has been no systematic study of the influence
of coordination and hydrogen-bonding on stretching frequencies
of water adsorbed on irregularities of MgO, described in a
realistic way. Water dissociation on steps, corners, and step
vacancies was modeled earffgny a periodic approach (within
the density functional theory (DFT) framework and a GGA
functional, using the Vienna ab initio simulation package (VASP

(34) Dzwigaj, S.; Arrouvel, C.; Breysse, M.; Geantet, C.; Inoue, S.; Toulhoat,
H.; Raybaud PJ. Catal. 2005 236, 245-250.

(35 Abdel Halim, W. S.; Shalabi, A. $\ppl. Surf. Sci2004 221, 53-61.
(36) Langel, W.; Parrlnello MJ. Chem. Phys1995 103 3240-3252.

(3

(38

Giordano, L.; Gonlakowskl J.; SuzannePllys. Re. Lett. 1998 81, 1271
12

(Figure 2). The stretching frequencies of types A and B (39) Odelius, M.Phys. Re. Lett. 1999 82, 3919-3922.
hydroxyls, assigned for the first time to mono- and multicoor- (40) Sitte, L. D.; Alavi, A.; Lynden-Bell, R MJ. Chem. Phys200Q 113 3344

: . 50.
dinated hydroxyls, respectively, were both part of the sharp (41) Lynden-Bell, R. M,; Sitte, L. D.; Alavi, ASurf. Sci.2002, 496 L1-L6.
band. Moreover, experimental results and theoretical calculations(42) Kim, Y. D.; Stultz, J.; Goodman, D. W. Phys. Chem. B00Z 106, 1515

)
6)
7) Alfredsson, M.; Hermansson, Klol. Simul.2002 28, 663—-681.
)
)
)

on small clusters led to assign the high-frequency side (3730
3770 cnt?l) of this band to isolated hydroxyls on Mg (type
A), and the low-frequency side (374@730 cn1?) to isolated

type B hydroxyls and also to monocoordinated hydrogen-bond @
acceptor type C hydroxyls. The broad band was assigned to(47

multicoordinated hydrogen-bond donor type D hydroxyls. The
various assignments are gathered in Table 1, using the terminol-
ogy of Knczinger et ak?

The inconsistency of the models prompted us to systematl-

cally study the role of ion coordination, hydrogen-bonding, and,
more generally local, environment on the vibrational properties
of OH groups.

Computational modeling has become a very powerful tool
to help assign IR spectra of OH groups of hydroxylateg4l
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Table 1. Assignments of IR Bands in the O—H Stretching Region of Hydroxylated MgO from Various Authors, Using the A, B, C, D
Terminology for OH Types from Reference 22 (Figure 2)2

Authors Year | References Assignments
Anderson et al. 1965 24 Cwith L. =5 D with L' =5
A with: B with:
Shido et al. 1989 26 L=5L=4L=3 L'=3 L' =4 L=35

O] —

Coluccia et al. 1988 23,27 A BwithL, L’ =3, 4 C.DwithL. L' =5

Morrow 1990 32 A Bwith L, L' =34 D with L” =

| —

A B, C D
Knozingeretal.| 1993 22 ——
P Cc ABC D
Chizallet et al. 2007 resent
work
. - -1 | |
Experimental spectrum v(cm™)
3800 3650 3200

aThe A and C types are proposed in the present work (isolated and hydrogen-bond acceptdr €&e section 4.3). The white and black rectangles
relate to the sharp and broad experimental bands, respectively.

Monoatomic step kink and adsorptive propertigs®4 of MgO, a systematic study of
Mg(:f.)..o Monoatomic water adsorption on realistic defects has never been undertaken.
step divacancy Mg corner The influence of the coordination number of ions on the
Mosondll ﬁﬁ @ (C3 and C-Mg,) stretching frequency can thus be studied. The coverage with
P L water is also varied in periodic systems to study the influence
(0 ﬁﬂ of hydrogen-bonding. The anharmonic vibration frequencies can
i then be determined, both for periodic and cluster systems.

Diatomic step : 2. Computational Methods
edge (S2-ON)
valley (S2-IN) 2.1. Periodic Approach.The methods used, the systems modeled,
as well as their hydroxylation and thermodynamic properties were
0 gner described in a previous wofR.

(G and €00 2.1.1. Methods.The periodic calculations are performed in the DFT

Figure 3. Schematic representation of irregularities on the MgO surface framework and the GGA exchange-correlation functional of Perdew
(0?7, red spheres; My, green spheres), adapted from Figure 11 of ref 12. and Wang PW9 as implemented in VASP 4% The one-electron

The terminologies used for the periodic and cluster systems are given in Lo .
brackets, see section 2 and ref 56. wave function is developed on a basis set of plane waves and the

code)). The thermal stability of the resulting OH groups was %) fgfggfom' G.; Ricart, J. M., lllas, B. Am. Chem. S04994 116 10152~
also studie@® The modeled irregularitiédare schematized in ~ (59) C6agi,,_Sé;ZNeyman, K. M.; Kiginger, H.; Rech, N.Surf. Sci.2001, 479,
. 169-182.
Figure 3 _ (60) Sushko, P. V.; Gavartin, J. L.; Shluger, A.L.Phys. Chem. B002 106,
The aim of the present work is to study how the topology of 2269-2276. L
R 61) Diwald, O.; Sterrer, M.; Kiminger, E.; Sushko, P. V.; Shluger, A. 0.
MgO surfaces and water coverage (depending on temperature Chem. Phys2002 116, 1707-1712.
influence the IR spectra and to finally propose one assignment (62

1

Di Valentin, C.; Giordano, L.; Pacchioni, G.;" &, N.Surf. Sci.2003
; ; . . . Lo 522 175-184.
consistent with experimental data. We refine the earlier periodic (63) Ricci, D.; Di Valentin, C.; Pacchioni, G.; Sushko, P. V.; Shluger, A. L.;

)
)
)
)G' llo, E.J. Am. Chem. So@003 125 738-747
ildi i lamello, E.J. Am. em. SO .
Strucmrege by blfuldmg Fhe correspondlng C|USt,erS’ S0 as to (64) Chiesa, M.; Giamello, E.; Di Valentin, C.; Pacchioni, G.; Sojka, Z.; Van
benefit from hybrid functionals (not implemented in VASP yet). Doorslaer, SJ. Am. Chem. So@005 127, 16935-16944.
f ; ; ; ; (65) Perdew, J.; Wang, YPhys. Re. B 1992 45, 13244-13249.
Despite that cluster calculations with appropn_ate embeddmg_ 66) Kresse. G.. Hafner, Phys. Re. B 1994 49, 1425114269,
schemes have been found to successfully describe the electronigs7) Kresse, G.; Furthiiler, J. Comput. Mat. Sci1996 6, 15-50.
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interaction between core and valence electrons is described by theTable 2. Label, Formula (Mg* Corresponds to Magnesium Atoms

projector augmented waves (PAW) appro&thzrom preliminary
studies on water and its dimer (results not shown), a PAW core radius

Described by Effective Core Potentials), and Embedding (Number
of Point Charges) for the Model Clusters Describing the Various
Surface Sites

of 1.52 A for oxygen and an energy cutoff value of 400 eV were chosen

since larger radii (and lower cutoff) overestimate OH bond lengths and number of
underestimate hydrogen-bond length. The convergence criterion for the label formula embedding charges
electronic self-consistent cycle has been fixed at®1€V per cell. S1-1w MgqO15H2Mg* 10 2100
Geometry optimizations are performed within a conjugate-gradient ~ S2-ON-1w Mg dO1:H2Mg* 10 1470
algorithm until the convergence criterion on forces GL8V-AY) is S2-IN-1w M@2O10H. 913

. . . . C-1w-Osc Mgl3014H2Mg* 12 962
reached. The slabs are not symmetrical, which induces a net dipole C-1w-Mgsc Mg-O10HMg* 10 974
and consequently a spurious electrostatic interaction between the slab  p-1w-Mgsc—0sc MggO11HoMg* 13 2096
and its periodic images along teexis (see ref 56). A dipolar correction K-1w-Mgsc—Osc Mg10014H2Mg* o 2098
along the perpendicular to the slab has been applied to remove this ef-  K-1w-Mgac—Oac Mg21015H2Mg* 10 2091

fect. This correction does not exceed 0.05% of the total cohesive energy.

The harmonic G-H stretching wavenumbers, are calculated
numerically, with a displacement &f0.005 A around the equilibrium
position. Preliminary calculations have shown that the coupling with
the surface modes can be neglected, so that only the O and H atoms
hydroxyls are allowed to move. The anharmonicity corrections are
performed following the method used by Bates €falnd Loffreda et
al’%71 The potential energy surface is explored manually, by varying
the O—H distance in the range-0.08 A so that the first vibrational-
state energy is not exceeded, the mass center of the hydroxyl being
fixed. A grid of 11 points is used to fit the potential energy variations
with a third-order development of the Morse potential, and the
anharmonic stretching frequeney, = ¥n — Vsnirt is deduced from the
resolution of the Schidinger equation for the Morse potential and from
the fit parameters.

2.1.2. Systems and NomenclaturéAmong all hydroxyls formed
on 4C and 3C iort§ considered, only the most stable configurations
deduced from a thermodynamic approach performed for a pressure of
1072 Pa (used in Kipinger's experimentd are studied here. Moreover,
various hydroxyl coverages are considered, with the following nomen-
clature: system— nugv (Where nags Stands for the number of water
molecules per unit cell).

2.2. Cluster Approach. 2.2.1. MethodsCluster calculations are

performed in the framework of the DFT. The GGA exchange
c)]1:orrelation functional of Perdew and Wang PW&®0it used to allow
accurate comparison with periodic systems, and the hybrid B3LYP
functional?73is employed to better describe hydrogen-bonded systems.
The Gaussian 03 package is used, with Gaussian basis sets. The
convergence criterion for the electronic self-consistent cycle is fixed
at 10® Ha (2.7 10° eV) per cluster. Geometry optimizations are
performed with the default convergence criteria of Gaussian 03.

In Gaussian 03, harmonic vibrational frequencies are computed by
analytic calculation of the second derivative of the energy with respect
to the Cartesian nuclear coordinates and then transforming to mass-
weighted coordinates. Moreover, anharmonic frequencies are de-
termined by the same methods than those exposed for periodic systems
in section 2.1.1.

2.2.2. SystemsEach cluster has its periodic analogue. To limit the
size of the cluster, only monohydrated systems are described. In most
cases, water atoms, atoms on which water is adsorbed (including those
on which bridging of the HO ion is formed upon adsorption) and
their nearest neighbors are relaxed. The next nearest neighbors are
: . described by a complete Gaussian basis set and were kept fixed during

_4C ions are modeled by monatomic steps, referred to as S1, andyeometry optimization. When next nearest (second order) neighbors
diatomic ste_ps, referred to as S2. Related systems with various hydroxyl o oxygen atoms, their third-order neighbors (magnesium atoms) are
coverages include S1, S2-ON and S2-IN (S2 hydroxylated on the edge jescrined by a LANL2 effective core potential, o as to prevent their
and in the valley Qf the_step, respectively). For the sake of c_Iarlty, th_e artificial polarization by the embedding speci&s® Clusters are
most stable configuration of the monohydrated monatomic step is gmpedded in an array of point charges expanded over at least four layers
denoted S1-1w (versus S1-1w-H in ref 56). in all directions. The characteristics (terminology, formula, and

3C ions, modeled by the corner systems C3 (large enough to modelempedding) of the clusters are given in Table 2. The initial geometry
at the same time Mgsc and G sc terminated cornef§) are hydroxy- is deduced from the corresponding hydrated periodic system, and further
lated by one or two water molecules. A single water molecule on C3 gepmetry optimization is performed with the functional chosen. Several
can adsorb on eithersf~ or Mg*'sc, leading to C3-1w-@- and C3- Gaussian basis sets were compared and the 8-Gt1 basis was
1w-Mgsc configurations, respectively, that finally independently rep-  sejected, presenting a good compromise between accuracy and size.
resent the behavior of Osc and M@*sc terminated corners, respec-  The study of size effects on the smallest cluster (C-1wsdylghows

tively. For nags = 2 the most stable configuration consists in the that it allows a fully converged description of-®1 bond lengths and
adsorption of two water molecules parallel to the edge linking the ¢onverged hydrogen-bond lengths within 0.1%.

corners and is referred to as C3-2w-side.
3C ions in a confined environment are modeled by a divacancy, 3- Results

referred to as D, performed in the edge of S1 and by kinks, called K, 3 1 Comparison of Periodic and Clusters SystemsAs
performed by formally removing four atoms in the edge of S1. D and oy 1 9ined earlier for periodic systerfffsalmost all the defects
K are monohydrated. For D-1w, the most stable configuration corre- modeled dissociate water to form hydroxyl groups in a config-

sponds to D-1w-Mg—Osc, that is, with Mg *sc hydroxylated and . o . . .
0202* orotonated Iﬁtth;gase of Kinks K_foM;Om gnd k1w  uration which is surface site dependent. The edge of diatomic

Mgac—Osc are the most stable configurations because of the stabilizing
bridging of the hydroxyl by three Mg ions.
The geometry obtain&dwas re-optimized using a smaller PAW (74) Frisch, M. J.; et alGaussian 03revision C.02; Gaussian, Inc.: Wallingford,
CT, 2004

radius for oxygen and an energy cutoff value of 400 eV to improve (75) Sushko, P. V.; Shiuger, A. L.; Catlow, C. R. 8urf. Sci200Q 450, 153
the description of the vibrational properties of OH groups. 170

(72) Becke, A. D.J. Chem. Phys1993 98, 5648-5652.
(73) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785-789.

(76) Nygjren, M. A.; Pettersson, L. G. M. Chem. Phys1994 100, 2010-
2018.
(77) Yudanov, I. V.; Pacchioni, G.; Neyman, K.;"&Hh, N.J. Phys. Chem. B

(68) Kresse, G.; Joubert, [Phys. Re. B 1999 59, 1758-1775.

(69) Bates, S.; Dwyer, hem. Phys. Lettl994 225, 427-430. 1997 101, 2786-2792.

(70) Loffreda, D.; Simon, D.; Sautet, Ehem. Phys. Letf1998 291, 15-23. (78) Neyman, K. M.; Rech, N.; Pacchioni, GAppl. Catal. A200Q 191, 3—13.

(71) Loffreda, D. Ph.D. Thesis, Ecole Normale Stgere de Lyon, Universite (79) Nasluzov, V. A.; Rivanenkov, V. V.; Gordienko, A. B.; Neyman, K. M;
Claude Bernard-Lyon 1, 1999. Birkenheuer, U.; Rsch, N.J. Chem. Phys2001, 115 8157-8171.
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Table 3. O—H Bond and Hydrogen-Bond Lengths (A) Calculated for Periodic Systems and Clusters?
Mch—O—H OL'C_H H-bond
clusters clusters clusters
system OH type periodic PW91 PWo1 B3LYP OH type periodic PW91 PW91 B3LYP periodic PW91 PwWo1 B3LYP
S1-
1w Opc-H 0.968 0.966 0.959 L-H 0.991 0.991 0.976 1.881 1871  1.950
3w Oxc-H 0.967 QcH 0.987 2.034
S2-ON-
1w Oic-H 0.966 0.962 0.955 £L-H 1.054 1.026  1.002 1.475 1536  1.590
3w Oic-H 0.965 QcH 1.079 1.420
OicH 0.965
S2-IN-
1w Opc-H 0.967 0.966 0.958 £-H 1.025 1.029 1.004 1.637 1.657 1.733
3w Oxc-H 0.966 QcH 1.013 1.737
C3/C-
1w-Os¢c OicH 0.964 0.963 0.956 €-H 0.996 0.995 0.980 1.760 1.737  1.805
1w-Mgsc O1cH 0.962 0.961 0954 L-H 1.007 1.003  0.985 1.732 1.749  1.840
2w-side Mg@c-Oic-H 0.964 QcH 0.997 1.780
MgzcOicH 0.962 QcH 1.006 1.762
D-
1w-Mgsc-Osc OscH 0.968 0.966 0.959 &-H 0.968 0.965 0.958
K-
Iw- Mgac-Osc OszcH 0.969 0.968 0.960 £-H 0.974 0.973 0.964
Iw- MgacOsc Opc—H 0.968 0.971 0961 §—H 0.968 0.966  0.958
aFor S2-ON-3w, the three water molecules are not equivalent. For clusters, only monohydrated systems are considered.
Table 4. Anharmonic Frequencies (cm~1) of OH Groups Calculated for Periodic Systems and Clusters.
Mg.c-O-H 0,/C-H
Van (M) Van (cm™Y)
periodic clusters periodic clusters
system OH type PW91 B3LYP OH type PW91 B3LYP
S1-
1w Oxc—H 3652(157) 3781(127) Qic—H 3144(214) 3418(172)
3w Oxc—H 3685 Qc—H 3266
S2-ON-
1w Oic—H 3693(160) 3843(126) Qic—H 1822(428y 2798(274)
3w O;c—H 3704 Qc—H 2407
Oic—H 3699 Qc—H 1622
S2-IN-
1w Oxc—H 3692(139) 3786(129) Gc—H 2453(312) 2819(248)
3w Oxc—H 3703 Qc—H 2675
C3/C-
1w-Os¢c O1c—H 3713(160) 3821(128) Qc—H 3047(226) 3330(180)
1w-Mgsc O1c—H 3749(168) 3861(128) Qic—H 2832(247) 3194(240)
2w-side Mgc-Oic—H 3715 Qc—H 3053
Mg3c-O1c—H 3753 Qc—H 2864
D-
1w-Mgsc-Osc Osc—H 3657(174) 3792(124) Qc—H 3656 3808
K-
1w- Mgac-Osc Osc—H 3643(163) 3768(129) Qic—H 3548(162) 3699(130)
1w- Mgac-Osc Ooc—H 3654(146) 3738(129) Qc—H 3661(163) 3792(128)

a Anharmonic shifts are reported in parentheses. Frequencies reported in bold are calculated according to the method given in section 2.1.1. The other
ones are deduced from the valuergfix calculated for the monohydrated analogues. For clusters, only monohydrated systems are cohJitereery
low value is explained by strong coupling with+0—H bending modes, insofar as the adsorbed water molecule is only slightly dissociated. This effect is
less pronounced with the B3LYP functional, which leads to enhanced dissociation compared to PW91. This explains the significant difference between
PW91 and B3LYP results for S2-ON-1w.

steps (S2-ON) is the defect where dissociation is the most dissociation are generally hydrogen-bonded, except for D and
difficult, as shown by a very strong hydrogen-bonding between K, where isolated OH groups are obtained.
the resulting proton and hydroxyl. On other systems, contrary  Clusters optimized within the PW91 functional exhibit almost
to expectation, monocoordinated OH groups are not alwaysthe same geometry as their periodic analogues (maximum
formed (Figure 2), but hydroxylation of Mg.c also provides differences: 0.4% for hydrogen-bond acceptor OH groups,
O,c—H (S1 for instance) and £—H (for D and K) when 2.7% for hydrogen-bond donor OH groups, 4.1% for hydrogen-
bridging between several Mg c is possible. bonds), thus validating the structure chosen for the clusters.
These results are confirmed by the cluster approach, whatevertHowever, use of the B3LYP functional systematically leads to
the functional used. ©H bond and hydrogen-bond lengths are shorter O-H bonds (by 2.5%) and longer hydrogen-bond
given in Table 3. The proton and hydroxyl issued from water (by 5.2%) compared to clusters optimized within the PW91
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Figure 4. For all considered hydroxylated structures, plots of (a) the anharmonic frequency as a function of anharmonic shift; (b) the anharmonic frequency
as a function of ©-H bond length. Periodic systems are considered with the PW91 functional, and cluster models are considered with the B3LYP functional.

functional. This corresponds to the description of weak interac- clusters, respectively) in comparison to experimental anharmonic
tions more accurate by hybrid functionals than by GGA, in stretching frequencies (greater than 3200 HOn the contrary,
line with literature data for hydroxyls of a wide range of solid the greater values obtained with B3LYP show that a better fit
compound®-8%-85 and in the study of the water and its dimer with experimental data is expected from calculation of anhar-
(results not reported). For all hydrogen-bonded systems, monic shifts using this functional for clusters, given in Table
don is larger for hydrogen-bond donor hydroxyls than 4. Anharmonic frequencies obtained with this method for
for hydrogen-bond acceptor hydroxyls, in line with earlier periodic systems are also given for the sake of comparison and
data’6.87 to identify the influence of the coverage with water (not studied
The periodic approach allows a study of the influence of the with the cluster approach).
coverage of the surface with water. Surprisingly, for S1, S2-  The order of magnitude of calculated anharmonicity shifts is
IN, and C3, increasing the coverage induces a decrease df O in line with data either calculatéu1:82:858891 or experimentally
bond lengths and an increase of the hydrogen-bond length. Inobtained? for various OH-containing solids (to the best of our
fact, increasing the water content leads to water dissociation inknowledge, no experimental anharmonicity shifts measurements
a more symmetrical way, insofar as a proton has a higher have ever been reported for MgO). Anharmonicity shifts
probability to be surrounded by two nearly equivalent hydroxyls, markedly depend upon the nature of the OH group: hydrogen-
coming from two different water molecules, as witnessed by bond donor OH groups all exhibit higher anharmonic shifts than
the weakening in hydrogen-bonding (Table 3). Such effect is hydrogen-bond acceptors or isolated OH groups. Inside each
however not observed, and even opposite, on S2-ON. category of hydroxyls, there is no clear influence of oxygen
This could mean that the edge of diatomic steps is not coordination on anharmonic shift. Comparison of K-1w-#g
dissociating enough to enable the formation of the more Osc and K-1w-Mgc—Osc leads to
symmetrical structure observed for S1-3w. Steric hindrance _ _ _
between adsorbed water molecules, or screening of the Made- Vanit{ Oac—H) = Vi Osc—H) & Vgpin(Opc—H)
lung field induced by other ions on the edge may prevail over
symmetry, leading to strengthening of hydrogen-bonding as the

coverage increases. above 3600 cmt

Ex.cept for thg hardly dISSOC|a“n9. S?'ON'lw system, har- Anharmonic frequencies are almost linearly correlated to
monic frequencies calculated for periodic systems and cIustersO_H distances (Figure 4b) as obtained for a wide range of
optimized Within the PW91 functional (not shown) arein good compound$394showing that the stretching frequency, and thus
agreement (difference from 0.1 to 2.4%). This further validates the anharmonicity shift, are closely linked to the OH bond

the :ttr)uctgrehchoser! f?r the cll_Jsters. lcons'SteﬂtBW'mshsrterstrength. Note that the variation to linear behavior observed for
O—H bonds, harmonic frequencies are larger with B3 than o points related to S2-ON-3w (Figure 4b) is probably due to

WI'[:;] 2PWQﬁ. . . he h o § ) the strong coupling between the stretching and bending vibration
.2. Anharmonic Frequencies.The harmonic frequencies modes observed in this particular case.

related to hydrogen-bond donor OH groups calculated thanks
to PW91 (periodic and clusters) are largely underestimated 4. Discussion
(2050-3480 and 27143375 cn1! for periodic systems and

The anharmonic frequency is rather correlatedstg; itself,
as evidenced by Figure 4a, despite a quite scattered distribution

4.1. Parameters Governing the Stretching Frequencies.
Anharmonic stretching frequencies for each kind of system are

(80) O'Malley, P. J.; Farnworth, K. 1. Phys. Chem. B998 102, 4507
4515

(81) Baranek, P.; Lichanot, A.; Orlando, R.; DovesiGhem. Phys. Let2001, (88) Raybaud, P.; Digne, M.; Iftimie, R.; Wellens, W.; Euzen, P.; Toulhoat, H.
340, 362-369. J. Catal.2001, 201, 236—246.

(82) Ugliengo, P.; Pascale, F.;'Mava, M.; Labguerie, P.; Tosoni, S.; Dovesi, (89) Arrouvel, C.; Toulhoat, H.; Breysse, M.; Raybaud,JPCatal.2004 226,
R.J. Phys. Chem. B004, 108 13632-13637. 260-272.

(83) Pascale, F.; Tosoni, S.; Zicovich-Wilson, C.; Ugliengo, P.; Orlando, R.; (90) Sillar, K.; Burk, P.Chem. Phys. LetR004 393 285-289.

Dovesi, R.Chem. Phys. Let2004 396, 308-315. (91) Mihaleva, V. V.; Van, Santen, R. A.; Jansen, A. R1.hem. Phys2004
(84) Tosoni, S.; Doll, K.; Ugliengo, RChem. Mater2006 18, 2135-2143. 120, 9212-9221.
(85) Farnworth, K. J.; O'Malley, P. J. Phys. Chem1996 100, 1814-1819. (92) Kustov, L. M.; Borovkov, V. Y.; Kazansky, V. Bl. Catal.1981, 72, 149—
(86) Goniakowski, J.; Noguera, Gurf. Sci.1995 330, 337—349. 159.
(87) Costa, D.; Chizallet, C.; Ealet, B.; Goniakowski, J.; Finocchi].FChem. (93) Novak, A.Struct. Bonding (Berlin1974 18, 177-216.

Phys.2006 125 054702-054710. (94) Lutz, H. D.Struct. Bondingl988 69, 97—125.
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Figure 5. Diagram showing the influence of hydrogen-bonding, local topology (concave or convex), and oxygen coordination on the calculated stretching
frequency of OH groups for MgO (monohydrated systems only). The first set of values refers to periodic calculations with the PW91 functional, and the
second refers to cluster results with the B3LYP functional.

summarized in Figure 5. The influence of factors involved in account the existence of hydrogen-bonding. Coluccia €t4l.
determining the stretching frequency of a given OH group is and Knainger et af? assigned the higher frequency band to
shown as a function of the interplay existing with its environ- isolated OH groups.
ment (hydrogen-bonding, interaction with the lattice in concave  The present work shows that (i) isolated hydroxyls are
areas, coordination). For the sake of clarity, only monohydrated observed only on kinks and step divancancies, whereas hydrogen-
systems are represented. bonding is present in all other cases; (ii) their frequency which
Hydrogen-bonding is the parameter which influences most belongs to the high frequency domain, as predicted by Coluccia
the stretching frequency, as discussed above for anharmonicet al232” and Knainger et al2? is often lower than for
shifts 2394 Hydroxyl groups fall into two categories: hydrogen- hydrogen-bond acceptor OH groups, a result which is quite
bond donors at lower frequencies and other hydroxyl groups at unexpected.
higher frequencies. Frequencies of hydrogen-bond donors Isolated and hydrogen-bond acceptor OH groups can be
depend more upon hydrogen-bonding than hydrogen-bonddistinguished on the basis of their location in concave or convex
acceptors (see in Table 4 the differences of 404 and 282 cm areas (defined earligras reproduced in Figure 6).

in periodic and clusters systems, respectively, fag-€H in Indeed, owing to the possibility of bridging in concave areas

S1-1w and K-1w-Mgc—0O4c compared to the small differences  (formation of Qc—H and Q¢—H for D and K, and of Qc—H

between Gc—H in S1-1w and K-1w-Mgc—03c¢). for S1 and S2-IN), isolated and hydrogen-bond acceptor OH
These results are in line with Andersotfsind Morrow’s? groups interact more strongly with their environment resulting

models, restricted however to (100) plane of MgO (site of low in lower frequencies than those for hydrogen-bond acceptor
coordination sites were not considered). Although they consid- O;c—H in convex areas (C3 and S2-ON). Moreover, inside each
ered the influence of hydrogen-bonding on the stretching category (concave or convex), the stretching frequency of
frequency, Coluccia et 8%:27did not discuss the donor/acceptor hydrogen-bond acceptor and isolated OH groups increases as
character of hydrogen-bonding. Most authors emphasized thethe coordination number of oxygen of the hydroxyl decreases:
role of isolated OH groups. Shido etZldid not take into 7(01c—H) > ¥(Oxc—H) ~ ¥(O3c—H) > $(O4c—H).
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a{:igure 7. Simulated IR spectra (cluster approach, B3LYP) for a MgO
rpowder hydroxylated at a water pressure of4Pa and at 473 K. Surface
sites present on cubic particles or on very irregular particles are displayed
independently. The dotted box encloses the sharp band and the gray one

However, comparison of £—H for S1-1w with Qc—H for the broad band.
D1w-Mgs;c—Osc indicates that the influence of hydrogen- _
bonding prevails over oxygen coordination on the OH frequency. ~ The (100) planes, the edges S2-ON, and valleys S2-IN being
For hydrogen-bond donor OH groups, the coordination of fully dehydrated at 473 K, the frequencies of hydrogen-bonded
oxygen and their location (concave/convex areas) act now asdonor OH groups (2798 and 2819 chfor B3LYP cluster
two competing parameters. As a matter of fact, the location no M0dels, respectively) are not observed. Two main groups appear
longer prevails over the coordination of oxygen, as exemplified at high @an = 3699-3861 cn1* for B3LYP clusters) and low
by the lower frequency of @—H for S2-IN-1w (concave) than  frequency Tan = 3194-3418 cn1* for B3LYP clusters). This
that of Qic—H for Cy/C-1w-Mgsc (convex). In fact, hydrogen- ~ adrees rather well with experimental data and confirms the
bond donor OH groups interact more weakly with the corre- existence of irregularities on real MgO samples. The shift of.
sponding hydrogen-bond acceptor in concave areas than inthe broad band to lower frequenples compared to the experi-
convex areas as shown, for example, by hydrogen-bond |engthmental broad band can be explained by the overestimation of
of Ouc—H for S1-1w and G/C-1w-Mgsc in Table 3. As a result, the strength of hydrogen bonds due to DFT, as reported e&lier.
the hydrogen-bond donor OH groups globally exhibit slightty ~ The morphology of the sample greatly influences the shape
higher frequencies in concave areas than in convex areas.  Of the spectrum as shown by the comparison of the high-
Finally, the influence of water coverage can be discussed on frequency bands presented on Figure 1 panels a and b ((100)
the basis of periodic studies. The effect on frequencies is similar Planes and high index planes, according td'&nger et af?),
to the one already given on distances in section 3.1. Becauseand Figure 1c (*high index planes” only). Perfect cubic particles
of the symmetry effect, the anharmonic frequency increases with are expected to exhibit only terraces, edges (depicted by S2-
coverage for S1 and4C and more slightly for S2-IN and for ~ ON), and corners (C3/C), whereas samples with irregularities
the Oc—H for S2-ON. This effect is unexpected at first sight, should mainly exhibit monatomic steps, valleys, kinks, and
insofar as the increase of coverage is expected to increase thélivancancies. These expectations are confirmed by Figure 7
occurrence of hydrogen-bonding leading to lower values in Which predicts that the low-frequency side of the sharp band is
frequencies. The only exception is thac®H of the S2-ON more intense on the irregular powder than on the regular one,
system which is probably not dissociating enough. These in line with experimental spectra near 3725 ¢r(Figure 1b,c).
features should not be generalized to higher water pressuresJhe present model thus enables an explanation of the differences

where nondissociated molecules adsorbed on hydroxyls underin shapes of the sharp band of morphologically different samples

K

PV
D élf C3 and C5 —(" | |
=

Figure 6. Schematized representation of concave and convex areas: gener
case (top) and examples. Arrows depict the surface area where watel
adsorption takes place. (Reproduced from Figure 8 of ref 56).

study could change this trend. (Knozinger et aP? did not give any experimental data on the
4.2. Comparison of Theoretical Results with Experimental ~ broad band).
Data. 4.2.1. Frequency RangesTo compare the theoretical 4.2.2. Thermal Evolutions.Calculated stretching frequencies

results with experimental data (Figure 1), it is first important can be plotted as a function of temperature insofar as the stability
to determine which OH species exist at 473 K under a water of each system is known from thermodynamic calculatfns.
pressure of 1 Pa, on the basis of previous wotkThe The expected spectra are given in Figure 8. Most experimental
corresponding simulated spectra obtained at 473 K with the data (Figure 1) can be explained theoretically (Figure 8).
clusters approach with the B3LYP functional are shown in  Indeed, the broad band (3268650 cnTl) experimentally
Figure 7. The results obtained with the PW91 functional (for disappears at lower temperature than the sharp band at high
either cluster or periodic systems) only differ by the absolute frequency. This fact is well predicted by calculations, although
values of the calculated stretching frequency, the relative bandat lower temperature than experimentally (610 instead of 773
positions being similar. K). Moreover, above 573 K, the experimental shift of the sharp
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Figure 9. (a) Simulated IR spectra (cluster approach, B3LYP) of MgO
powder hydroxylated at 1@ Pa and 300 K. (b) Part of the spectrum
associated with the protonation oxide ion3 Cc.
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Figure 8. Simulated IR spectra (cluster approach, B3LYP) of hydroxylated
MgO powder as a function of temperature, for= 10-2 Pa. The inset on 97 . . . . )
the left shows an extended view of the sharp band at high frequency. €t al?” assigned this band to isolatedd>H, in agreement with

calculations performed with small unembedded clusters,

band from 3750 to 3725 cm, as the temperature increases, whereas Kiiginger et aP? assigned it to multicoordinated
can be explained by (i) the decrease of the-€H frequency isolated OH groups. These proposals are in line with the present
on monatomic steps S1 with coverage, and (i) the disappearancework, as the high-frequency side of the sharp band is expected
of O;cH on edges and corners at lower temperature than OHto exist only in the case of water dissociation, and its
groups on kinks and divacancies, leading to lower frequencies.low-frequency side involves multicoordinated isolated OH
However, the high-frequency side of the sharp band is expectedgroups on kinks or divancancies. Moreover, whe®Noxygen
to disappear near 550 K from calculations, whereas it is observeddonor) is introduced after Hadsorptior?® new bands at 3746
between 943 and 1033 K experimentally: only qualitative trends and 3762 cm® appear thus confirming that the high-frequency
can be expected from calculations. These discrepancies betweeside of the sharp band is specific to hydroxyl adsorption on
experimental and calculated characteristic temperatures mayMg?".c. However, no conclusion can be made on the ability of
originate from the systematic error on the absolute value of a given Mgt c—0? ¢ to dissociate hydrogen or molecules
desorption temperatures on the theoretical side (variation with others than water, so that no conclusion on the coordination (3,
temperature of entropic terms for condensed phases and kinetict, and/or 5) of the protonated oxygen can be drawn here.
limitation of desorption have been neglected) and to the To conclude, the model proposed in Figure 5 for OH groups
uncertainty of the pressure measurements on the experimentatelated to water dissociation is also suitable to assign the IR
side. spectra obtained upon adsorption of other molecules, providing

Moreover, on the more regular sample (Figure 1b), the low- the respective acidities and the different nature of hydrogen-
frequency side of the sharp band decreases in intensity betweeronds are taken into account. This is another validation of the
473 and 573 K, resulting in the shift of its maximum from 3740 present work.
to 3750 cntl. This low-temperature feature may be related to 4.3, Synopsis: New Model for the Assignment of IR
phenomena not taken into account in the present work, such asspectra. None of the models of the literature (Table 1) leads
interactions between OH groups and additional water moleculesto the same assignment of the spectra reported in Figure 5. The
or with OH groups remaining on terraces. Nevertheless, the A, B, C, D terminology of Kriginger et aP2 can be used to
experimental trends observed above 573 K are well reproducedpropose a new model, but A hydroxyls have not been evidenced,
by calculations, thus enabling a validation of the picture of the and isolated and hydrogen-bond acceptass<H are not taken
surface as a function of temperature, as reported e&tlier. into account in this terminology. The latter can thus be labeled

4.2.3. Adsorption of Other Protic Molecules.Some of the as A and C, respectively, because of the common origin with
features proposed in this model can be compared to experimentalsolated and hydrogen-bond acceptorg-€H (types A and C).
data on the adsorption of RH protic molecules (others than Our new assignment of IR spectra is presented in Table 1. The
water) which protonate Oy ¢ only thus avoiding the hydroxy-  high-frequency side of the sharp band involves monocoordinated
lation of Mg?*, ¢, and leading to simpler IR spectra. In addition hydrogen-bond acceptors hydroxyls (type C), whereas its low-
to the expected bands growth, perturbation of the remaining frequency side involves multicoordinated isolated OH groups
OH bands is also observed (indeed, adsorption experiments ontype B) and dicoordinated hydroxyls (types @nd C), never
completely dehydroxylated surfaces are a challenge since theyconsidered in the past to assign the spectra. The broad band is
require high pretreatment temperatures). It is also assumed thakssigned to hydrogen-bond donor OH groups (type D).
the structure of the generated Boes not modify the position As already mentioned, hydrogen-bonding is the first-order

of the expected bands. Within this hypothesis, Figure 9 depicts parameter to consider. Indeed, all hydrogen-bond donor OH
the calculated spectra.
Upon GH,,2? H;S 229 NH3?? and H?2997adsorption, aband  (96) Diwald, O.; Sterrer, M.; Kiwinger, E.Phys. Chem. Chem. Phy2002, 4,
1j i i 2811-2817.
at 3712 cm* is observed instead of that at 3740 timGribov (97) Gribov, E. N.; Bertarione, S.; Lamberti, C.; Spotto, G.; ZecchinaJ.A.
Phys. Chem. B004 108 16174-16186.
(95) Deane, M.; Griffiths, D. L.; Lewis, I. A.; Winter, J. A.; Tench, A. J. (98) Cavalleri, M.; Pelmenschikov, A.; Morosi, G.; Gamba, A.; Coluccia, S.;
Chem. Soc., Faraday Trans.1B75 71, 1005-1012. Martra, G.Stud. Surf. Sci. CataR001, 140, 131—139.
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groups are characterized by a low frequency and correspond tofrom experimental IR spectra acquired at increasing evacuation
the experimental broad band. These groups are, in practice, soméemperature, is found to be satisfactory and validates the choice
of the Q3c—H (corners), Qc—H (steps and corners), ang&-H of the systems used to describe irregularities on MgO. A new
(valleys). On the contrary, hydrogen-bond acceptors, which are model has thus been proposed to help assign the main bands of
Oi1c—H and Q¢—H, correspond to the sharp band, involving IR spectra of hydroxylated MgO powders, taking into account

also all isolated OH groups ¢@—H, Osc—H, and Qc—H), hydrogen-bonding, local topology of surface sites, and the
contrary to the often admitted idea that only “linearic®H coordination of oxygen.
are characterized by high frequencies. The model ofzitrger The assignments proposed can help identify hydroxyl groups

et al?? is the nearest to ours: the wavenumbers related to involved in catalytic processes for example. The high catalytic
hydrogen-bond donors and acceptors were already distinguishedactivity of hydroxyl groups has indeed been evidenced by IR
although Qc—H was not considered, and A believed to exist spectroscopy in the conversion of methylbutyHol'lhe same

at high desorption temperature. experimental and DFT approach can be applieeHd\MR®°

The present model shows that the case of hydroxyl groups isto identify the different types of OH groups and quantify those
somewhat more complex on MgO than on alumina, where involved in basic reactivity.
vibrational frequencies were classified on the basis of hydrogen-  This study illustrates how a systematic theoretical study of
bonding and oxygen coordination as first and second-order surface groups in very different topological environments can
parameters, respectivelyThe present classification of OH help assign experimental IR spectra. The use of several
groups may help interpret other spectroscopic or chemical complementary description modes of the surface (periodic and
properties of MgO powders. clusters), the evaluation of the major calculation artifacts (by
comparing different functionals), and finally the comparison
of calculations with experimental data are required to quantify

Hydroxyl groups involving oxide and metal ions of low the influence of each factor (H-bonding character, topology,
coordination on MgO surfaces have been modeled, and theil’oxygen coordination, etc_) on the property investigated
stretching frequency has been evaluated thanks to periodic(stretching frequencies or chemical shifts). The approach
and cluster DFT calculations. The most important parameter proposed is expected to be valid for other oxides, which
determining the stretching frequency of a given type of OH could shed some new light on the surface reactivity of oxide
group is hydrogen-bonding: isolated and hydrogen-bond ac- surfaces.
ceptor OH groups exhibit significantly higher frequency than
hydrogen-bond donor OH groups (see Figure 5). The secon
parameter to take into account is the location of OH groups in
concave or convex areas of the surface, resulting in various
interactions of the hydroxyl with its environment. The coordina-
tion of the oxygen of the hydroxyl appears to be a less importan
parameter.

The best agreement with experimental frequencies is obtaine
with the hybrid B3LYP exchange correlation functional, whereas
the pure GGA PWO9L1 functional leads to underestimate them,  supporting Information Available: Complete ref 74. This
the relative band positions remaining however correct. Using material is available free of charge via the Internet at
the same functional, cluster and periodic models provide quite http://pubs.acs.org.
similar structural and vibrational results. Finally, it is important
to take into account anharmonic effects.

The agreement between calculated thermal stabilities of OH
groups, by means of a thermodynamic model, and those deduce

5. Conclusion
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