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Abstract: On the basis of embedded cluster calculations, we propose a new model for the structure of
paramagnetic color centers at the MgO surface usually denoted as Fs(H)" (an electron trapped near an
adsorbed proton). These centers are produced by exposing the surface of polycrystalline MgO to H, followed
by UV irradiation. We demonstrate that properties of H atom absorbed at surface sites such as step edges
(MgOstep) and reverse corner sites (MgOrc), formed at the intersection of two step edges, are compatible
with a number of features observed for Fs(H)". Our calculations suggest that (i) H, dissociates at the reverse
corner site heterolytically and that there is no barrier for this exothermic reaction; (ii) the calculated vibrations
of the resulting MgOrc(H)(H™) complex are fully consistent with the measured ones; (iii) desorption of a
neutral H atom from the diamagnetic precursor requires UV light and leads to the formation of stable neutral
paramagnetic centers at the surface, MgOsiep(H™)(€ " )rapped @Nd MJOrc(HT) (€ )apped- The computed isotropic
hyperfine coupling constants and optical transitions of these centers are in broad agreement with the existing
experimental data. We argue that these centers, which do not belong to the class of “oxygen vacancies”,
are two of the many possible forms of the Fs(H)* defect center.

1. Introduction oxide with a relatively well-defined surface structure. Still,
) B ) ] models of many surface defects are not established.

The chemical activity of oxide surfaces is closely related to' Trapped electrons represent a special class of such defects at
the number and nature of surface defects created during materiaj,q MgO surface. These defects were first investigated in the
synthesis. The exact nature of these defects, however, is difficult 1,1k of the material where they give rise to typical optical and
to establish because usually they represent a minority of the gjectron paramagnetic resonance (EPR) spéétiawo types
surface sites, which in turn are only a small fraction of the total of F centers exist in the bulk of bivalent oxides, such as MgO
number of atoms in the material. For this reason, theoretical and CaO: one Containing two electrons in the oxygen vacancy,
calculations of defect models and their spectroscopic and called an F center, and the other, containing only one electron,
thermodynamic properties are crucial for the identification of known as an £ center® The optical absorption associated with
the chemical nature of defects at oxide surfeceSubstantial  these centers determines the color of the sample (and the name
progress has been made in recent years in applications of thisof the centers, from Farbe, the German word for cdl@gcause
combined experimental-theoretical approach to the study of paramagnetic Fcenters can be studied by EPR, they are better
surface defects and surface morphology of magnesium oxide,characterized than neutral F centers. The model of a bulk F
MgO.2 MgO has important applications in catalysis and as a center in MgO has been extended to the surface by Téfch,
substrate for growing various materidlit. has been the focus  who proposed the existence of anion vacancies on the terraces
of fundamental research for many years as a prototype ionicof MgO (or Fs centers). More recently, Giamello and co-
worker$-10 have revisited the problem of surface trapped
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that the latter ones are localized in particular regions of the Reaction 5 produces atomic hydrogen, which can react according
crystals (edges, steps, corners) where the ion coordination isto reaction 3 with an acceptor site to form trapped electrons.
lower than at the terraces. The localization of these centers onThe neutral H species are thought to be mobile on the surface
the surface is proved by the instantaneous reaction with adsorbederrace, and therefore the site for electron trapping according
gases which form radical anions with complete quenching of to reaction 3 could be at a remote location from the site pf H
the preexisting electron traps!? dissociation. It is important to note that EPR spectra ¢f F
Although several experimental and theoretical studies point centers consistently show a coupling of the electron spin with
to the existence of surfacesEentersi324 their exact nature  the nuclear spin of théH nuclide?® Therefore, trapped electrons
has not yet been unambiguously identified. The natural abun-in reactions 2 and 3 must reside near an adsorbed proton in the
dance of these centers (or at least of trapped electrons) in highform of an OH group on the surface. This is why the center has
surface area MgO samples prepared, for instance, by thermalbeen namedd4fH)™.° Most of the EPR data on trapped electrons
decomposition of Mg(OHy)is too low to be monitored by UV at the surface of MgO reported so far refer to théHy+ center;
vis spectroscopy and even by the highly sensitive EPR unambiguous measurements of the EPR properties of a bare
technique. However, the number of populated centers can beFs* center, without proton, do not seem to exist.
significantly increased using various chemical or photochemical  gare surface anion vacancies?F centers, have long been
treatments. One way of achieving that is to deposit low dosage considered as a natural choice for a preexisting site which traps
of alkali metals on the surfacé:2’ On defect-rich surfaces,  gn electron and becomes a paramagnaticdenter. However,
the alkali atoms lose their valence electron, and positive metal the g2+ centers are diamagnetic and do not have specific optical
ions are adsorbed at oxygen sites; the electrons are thought tgpsorption features. Therefore, the presence and concentration
be trapped at preexisting bare oxygen vacancieX, €enters, o F2+ centers are very difficult to verify experimentally.
and give rise to the typical signal okF centers. The second Moreover, the theoretical calculations indicate that the formation
approach is based on the adsorption of molecular hydrogen,energy of charged€*+ centers, which result formally from the
which dissociates at specific sites intd kstabilized at surface  oamoval of an @ ion from the surface, is very higii13
0" anions) and H species (stabilized at surface Mgations)? suggesting that their number at thermal equilibrium can be
Under UV irradiation, the H species transform into H e, comparatively small. It has been suggested that these centers
where the electron is trapped at the surface, producing an EPR+4 pe formed in the final steps of the process of dehydration
active center known assfH)*.° at high temperatur@4® and that only low-coordinated sF
The whole reaction is therefore centers at corners and kinks can be involved in creationsof F
o (H)™ centers’® The existence of at least two types of(IH)"
MgO + H, —~MgO(H")(H ) 1) centerd® and of a wide variety of transient electron and hole
o o traps at MgO surfacé$suggested that a wider approach to the
MgO(H")(H ) + hv —~ MgO(H")(€ )yappeat H  (2) problem of electron traps at this surface, not only focused on
anion vacancies, can prove to be more fruitful.

Several trapping sites on the MgO surface not connected to
the presence of doubly charged oxygen vacancigs, have
been suggested recentR28-32 One of these is the double Mg
and O vacancy, Mgo.?832 This neutral defect has much lower
formation energy than thesF center and can trap one electron

Anot_he_r regction channel, Iea_lding to the electrqn trapping underand transform into an EPR-active paramagnetic céAf8Even
irradiation in k atmosphere, is due to the reaction of molecular | 0o inataq M&" single ion sites, such as kinks and

hydrogen with surface Oions formed by the UV irradiation
at low coordinated surface sité%:

The H atom produced in step 2 can further react with another
MgO site and form anothersfH)™ center:

MgO +H — MQO(H+)(e_)trapped ®)

corners, can also serve as surface electron &ajfsiowever,
all of these centers are “shallow traps”, where the electron is
bound by 1.5 eV. These energies are large enough that the

27 _ — —
O +hw—=0 +(e )trapped (4) traps are thermally stable at room temperature, but they cannot
_ _ explain the optical excitations in the visible region characteristic
O +H,—~OH +H ®) of the color centers formed at the MgO surfaé&hese centers

cannot easily account for the existence of what is usually called
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the QM atoms and classical atoms in regions | and Il is also
included and is described using short-range classical potentials.
All centers in region | are allowed to relax simultaneously during
the geometry optimization. lons in region Il remain fixed and
provide an accurate electrostatic potential (EP) within region I.
The interface between QM cluster and classical ions is needed
to prevent an artificial spreading of electronic states outside of
Figure 1. (a) Mgi7O:7 cluster model of a reverse corner site at the MgO  the QM cluster. The interface includes Rigons only (hereafter
surface, MgQc. (b) Mg12013 cluster model of a step site at the MgO surface, genoted as Mg*); these are represented using a semilocal
MgOstep The structures correspond to the quantum-mechanical (QM) part . . L . o
of region | in our embedded clusters. The remaining part of region | is effe(?t've core pseu_dODOtentlal (E_C?P)Wh'Ch IS a S'mp“f'eq
represented by classical shell model ions. At the interface between QM Vversion of a more rigorous potential proposed by Barandiaran
and the shell model ions are 22 Mg* atoms represented by effective core and Seijo®® The use of all electron Mg interface ions has
potentials. Region | is then embedded in about 3000 point charges (region 515 heen considered, and the results are described in the
I1). Only the QM ions are shown for simplicity. Dark spheres, Mg; white . '
spheres, O. Appendix.

This hybrid scheme is implemented in the GUESS c8de,
approach to the problem and modeling reaction8 for some which provides the shell model representation for the classically
particular surface sites. treated part of the system and an interface with the Gaussian

In this paper, we focus mainly on one particular surface site, 98 packag® for ab initio calculations of the QM cluster. The
the reverse corner, Mg{, Figure 1a, at the MgO surface and GUESS code allows us to calculate forces acting on all centers
demonstrate that it can be responsible for reactions 1 and 2.in region I, both QM and classical (cores and shells), and
We then demonstrate that decomposition of thertélecule at simultaneously optimize their positions using the BFGS tech-
MgO surface sites can lead to the formation of Mg®™)- nique’ for the energy minimization. The total energy and the
(e7)wapped The analysis is extended to a similar site at a step, electronic structure of the QM cluster are calculated by solving
MgOstedH')(€ )rapped Figure 1b. These are new models of standard KohrSham equations which include the matrix
electron traps, which may account for a number of experimental elements of the electrostatic potential due to all classical point
facts. We suggest that MgQH")(€")rappeaand MgQiedH)- charges in regions | and Il computed on the basis functions of
(€7)wappeaare two forms of the §H)™ center observed in EPR  the cluster.
experiments. These sites are representative of a whole family 1o model the reverse corner site, Mg§Figure 1a, we used
of similar sites existing at the MgO surface. a cluster formed by 20« 20 x 8 atoms so that the surface

A brief summary of the computational scheme adopted for terrace itself was modeled by a square of2@0 atoms. From
the calculations is given in section 2. Section 3a discusses thethis terrace, a 5« 5 ions fragment of the top layer has been
reverse corner as a shallow electron trap with the electron removed to generate a model of two Stepsy which form a reverse
affinity of about 1 eV. In section 3b, we show that the H  corner at their intersection point. Similarly, one-half of the top
molecule can heter0|ytica”y dissociate at the '\A@:@lte with |ayer was removed to model the (100) step, Figure 1b. In our
a barrier-less exothermic reaction and form the Mg@*)(H~) calculations, we used stoichiometric or almost stoichiometric
complex. Vibrational properties of this complex are discussed QM clusters so that the number of electrons assigned to them
in section 3c. In section 3d and 3e, the results of theoretical \as uniquely defined (the use of nonstoichiometric clusters will
calculations of the Stab|l|ty and electronic and vibrational be discussed in the Append|x) The reverse corner site and the

properties of the MgR:(H™)(€ )rappea CENtEr are presented. step edge were modeled using M8:17Mg* 2, and MgO:z
Similar results calculated for the Mg@(H™)(€")wappeacenter Mg*,,, respectively, Figure 1.

are presented in section 3f; in section 3g, we show that the
process is specific to Iovy—coordmated sm;s an_d does not oCCUlpe density functional theory (DFT), where the gradient corrected
on terraces. The conclusions are summarized in the last section

We also di technical ts of the d ot fBecke’s three parameters hybrid exchange functi@ni
€ aiSo discuss some technical aspects ot the descriplion ofqqhpination with the correlation functional of Lee, Yang, and
these shallow traps in the Appendix.

Parfo (B3LYP) was employed. The parameters of the classical
2. Details of Calculations shell model potentials used in this work were optimized to

The quantum-mechanical calculations were carried out using

To calculate the properties of the reverse corner site at the s sievens, w.; Bach, H.; Krauss,1J.Chem. Phys1984 81, 6026.

MgO surface, we employed an embedded cluster method (forg% 'E_}a}rarﬁdi&rag, % SEijOCUV\?hgmHIPh%QSBg 8% 5739. G. E+ Robb. M
: . risch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M.
details, see refs 21 and 33). The MgO crystal is represented by A.; Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, J. A., Jr.; Stratmann,

a large finite cluster, divided into regions | and Il as briefly R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
A . . . . K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
described below. Hemispherical region | is centered on a defect R.: Mennucci, B.. Pomelli, C.: Adamo, C.: Clifford, S.: Ochterski, J.:

site and includes a quantum-mechanically treated cluster (QM  Petersson, G. A; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K.,
. . . Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz,
cluster) surrounded by interface ions and classical shell model J.V.: Stefanov, B. B.; Liu, G.; Liashenko, A.: Piskorz, P.; Komaromi, I.:
H 21,34 i i i Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,
lons: The remalmng part Of. the C.IUSter’ region I, I.s C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M. W.;
represented by classical nonpolarizable ions. All of the classical Johnson, B. G.; Chen, W.; Wong, M. W.; Andres, J. L.; Head-Gordon,
ions interact among themselves via interatomic potentials. The mc _Rgﬁ{gg{ﬁbﬁ- PSA; 'iSSige‘ J. AGaussian 98revision A.6; Gaussian,
interface atoms interact quantum mechanically with atoms in (38) Dennis, J. E.; Sabel, Rumerical Methods for Unconstrained Optimization
B ; ; and Nonlinear EquationsPrentice-Hall: Englewood Cliffs, NJ, 1983.
th_e QM cI_uster and _cIaSS|_caIIy with other |r_1terface_ atoms and (39) Becke, A. D.J. Chem. Phys1993 98, 5648,
with classical atoms in regions | and Il. The interaction between (40) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.
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reproduce properties of small MgO clusters calculated quantum
mechanically*!

Mg* atoms. We have shown in previous studies that this

procedure produces similar results to those obtained by placing K

floating functions at the site where the electron is supposed to
be trapped?®

The hyperfine interactions of the electron spin with the
nuclear spin of thé®Mg and'H nuclides have been determined
for paramagnetic centers. The hyperfine spin-Hamiltortg,
= S+A-l, is given in terms of the hyperfine matri which
describes the coupling of the electron with the nuclear €pin.
The components oA can be represented as the sum of an
isotropic part,a;so, related to the spin density on the nucleus,
and a dipolar part, the matri®. Here we concentrate on the
isotropic part of the interaction, and we compare the computed
values with those deduced from EPR spectra.

The excitation energies of the Mg&(H™)(€ )irappea @and
MgOsiedH') (€ )rappeaCeNters were computed using the time-
dependent density functional approach (TD-DFT), a method
which has recently opened new possibilities for the study of
excited states in solids. For molecular systems, TD-DFT is
known to provide a good accuraty.>® Some of us have
successfully applied TD-DFT for the study of point defects in
Si0,.51

3. Results and Discussion

A. Electron Trapping at MgO rc Defect Center. In this
paper, we would like to build a model of an electron trap on
the MgO(001) surface based solely on topographic surface
features abundant at the surface. We have shown that corne

Figure 2. (a) Electrostatic potential of the Mg@ center in the plane of

the top layer obtained with the M@1;Mg* 2. cluster. Isocontour lines are
plotted in intervals of 0.05 au. Solid, dashed, and det@ashed curves
refer to positive, negative, and zero potential, respectively. (b) Spin density
map of the MgQc(e )rappeacenter in the plane of the top layer obtained
with the Mg17017Mg* 2, cluster.

of the fully relaxed MgQc(e )wapped defect is considerably
higher, 1.68 eV, thus confirming that electrons trapped at these
sites are thermally stable. However, these sites cannot explain
the color of the samples. The localization of the electron in the
reverse corner is a consequence of the strong electrostatic
potential at this site, Figure 2a. The spin density plots clearly
show that the electron is confined in a region between the two
four-coordinated Mg" ions, Figure 2b. This leads to a strong
hyperfine interaction of the unpaired electron spin with these
two ions: aiso(**Mg) = 16 G.

The calculation of the EA of a neutral cluster, that is, the
calculation of the total energy of a cluster anion, is a delicate
problem which requires accurate embedding procedures. The
value of EA given above, 0.7 eV, can be affected by some
uncertainties. The dependence of EA values on the computa-
tional method is discussed in the Appendix. However, while
the absolute values of EA may depend on the treatment, the
Qualitative conclusion that Mg is a shallow trap is not.

oxygen vacancies and low-coordinated Mg sites can serve as g Modeling Interaction of H, with Reverse Corner. We

electron traps$2 In this section, we consider a reverse corner,
MgOrc, and demonstrate that it can serve as an electron trap

have shown above that the Mg@site belongs to the family
of shallow electron traps on the MgO surface. To further show

too. We expect that sites ;uch as this shogld be abundant a4t it can serve as a prototype(R)* center requires modeling
stepped surfaces, and unlike corners and kinks they have notne 1, dissociation at this site and then demonstrating that an

been studied before.

The MgGQxc site was modeled using an M®:7Mg* 2» cluster,
Figure la. The electronic affinity (EA) of the reverse corner
site was calculated as the difference of total energies of the fully
relaxed MgQc and MgQre(€™ )uappedcenters and is 0.7 eV. This
is similar to the EA found for other shallow traps at the MgO
surface, such as divacancigser three-coordinated Mg iorfS.

It is important to mention that the vertical ionization potential

(41) Shluger, A. L.; Rohl, A. L.; Gay, D. H.; Williams, R. T. Phys.: Condens.
Matter 1994 6, 1825.

(42) Francl, M. M.; Petro, W. J.; Hehre, W. J.; Binkley, J. S.; Gordon, M. S.;
De Frees, D. J.; Pople, J. A. Chem. Phys1982 77, 3654.

(43) Hehre, W. J.; Ditchfield, R.; Pople, J. 8. Chem. Physl972 56, 2257.

(44) Krishnan, R.; Binkley, J. S.; Seeger, R.; Pople, JJAChem. Physl98Q
72, 650.

(45) Ferrari, A. M.; Soave, R.; D’Ercole, A.; Pisani, C.; Giamello, E.; Pacchioni,
G. Surf. Sci.2001, 479, 83.

(46) Weil, J. A.; Bolton, J. R.; Wertz, J. Electron Paramagnetic Resonance
John Wiley & Sons: New York, 1994.

(47) Casida, M. E. IiRecent Deelopments and Applications of Modern Density
Functional Theory, Theoretical and Computational Chemjsigminario,
J. M., Ed.; Elsevier: Amsterdam, 1996; Vol. 4.

(48) Casida, M. E.; Jamorki, C.; Casida, K. C.; Salahub, DJ.FChem. Phys.
1998 108 4439.

(49) Stratmann, R. E.; Scuseria, G.; Frisch, MChem. Phys1998 109, 8218.

(50) Galing, A.; Heinze, H. H.; Ruzankin, S. P.; Staufer, M.;’$2t, N.J.
Chem. Phys1999 110, 2785.

(51) Raghavachari, K.; Ricci, D.; Pacchioni, &.Chem. Phys2002 116, 825.

electron can be trapped at this site according to reaction 3. In
this section, we provide firm evidence for this. To study the
dissociation of H, reaction 1, at the reverse corner, the geometry
optimization has been started by placing an H atom close to an
oxygen anion at a step,46) and the second H atom above the
triangular face formed by three exposed Mgations, two of
which are four-coordinated and one five-coordinated; see
configuration 1 shown in Figure 3a. In a second calculation,
one H atom has been placed above the five-coordinated O of
the reverse corner; see configuration 2 shown in Figure 3b. In
both cases, the optimization results in a formation of an OH
group with a typical distance of 0.98 A, with a second H atom
being located at about 2.75 A from the first H atom and 2.1 A
from the closest Mg cation. This corresponds to the heterolytic
dissociation of H, as confirmed by the atomic charges;
according to both Mulliken and natural population analyses, 0.5
electrons are associated to the H atom bound to fhea@ion,
while 1.8 electrons are associated to the other H. Thus, from
now on we identify the two H atoms as the “proton™ Hand
the “hydride”, H-, respectively.

The H, dissociation is exothermic by 0.54 eV for complex
and by 0.22 eV for compleg; experimentally, the average heat
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0.8

E (eV)

0.4
Figure 3. Optimal structure of a bHimolecule dissociatively adsorbed on

a MgGQkc site, MgO(H")(H™). (a) Configuration 1 with the proton adsorbed

on a step @ site; (b) configuration 2 with the proton adsorbed onza & 024
the reverse corner site. Dark spheres, Mg; white spheres, O.

of adsorption measured with an accurate calorimetric apparatus %0 T———T———7——T1 71— y T y
. 2 0.6 0.8 1.0 1.2 14 16 1.8 20 22
is about 0.5 eV

. . . r (H-H) (A)
The next question which has to be answered is whether the _ ) ) ) i
d ibed ab di L d . fi . d Figure 4. Section of the potential energy surface for the interaction-of H
escribe a. OYe |§souat|ve adsorption @ |$-Ia.n aCt'Vate. with a Mg10010 cluster model of a reverse corner site, MgOFor each
process. This is quite relevant because experimentally it hasfixed H—H distance, the rest of the geometrical parameters have been
been observed that Hlissociation takes place at low temper- reoptimized. The position of the H atoms (black spheres) for three structures
ature, suggesting the existence of a very small barrier or of a's ShoWn-

nonactivated process. We have first performed a search for theTaple 1. Experimental and Calculated Vibrational Stretching

transition state (TS) using the Berny algoritRfiChe calcula- Frequencies of O—H and Mg—H Groups on the Surface of MgO
tions have been done for configuration 1 with the standard exp. [10, 56-59] theory
Gaussian 98 code and with a smaller cluster;J@g, embed- WO-H),  v(Mg—H), V(O-H), V(Mg—H),
ded in point charges and ECPs to (i) exploit the possibility to cm cmt cm cm
perform a search for a TS not yet implemented in the GUESS jrreversibly 3712 1130 3730 1039

code and (ii) reduce the cost of the calculations. With this  adsorbed H MgOgrc(H™) MgOgrc(H")
cluster, the H dissociation is exothermic by 0.8 eV (instead of reversibly 3462 1325 3765 1227

: - adsorbed K MgOrc(HM)(H™) MgOgrc(HT)(H™)
0.5 eV as obtained with the larger cluster and the shell model after UV 3632, 3472

embedding), but the geometry is close to that of the previous jradiation 3602, MgOrc(H")(e")
one. However, the qualitative conclusions about the shape of 3528 3446
the potential energy surface should not change. All of the MgOstefHF)(€7)

attempts to locate the TS failed, leading to gas-phasarid
MgO. This is strongly indicative of a nonactivated process. We
have also performed a constraint optimization where only the
H—H distance has been fixed (the values have been varied from
0.74 to 2 A), and all of the rest of the system has been - ; . i :
reoptimized. In this way, we have obtained a section of the blue-shifted, respectively, with respect to those of the irreversible
potential energy surface along the most important internal form: 3462 and 1325 cnt, Table 12:0%657The bands at 3500
coordinate, the HH distance. The results, Figure 4, show that 3700 cn1* have been assigned to OH groups, and those at
the H molecule is dissociatively adsorbed with a barrier of less 1100-1300 cnt have been assigned to hydride species,
than 0.05 eV. This barrier, however, is due to the constraint "espectively. The shifts in the two bands represent a fingerprint
optimization and disappears when a full TS search is performed. ©f the two kinds of adsorbed hydrogen, reversible (3462 and
This is an important result which shows that the associative 1325 cnt?) and irreversible (3712 and 1130 ch

evacuation of the Hgas at 300 KL9.28:56-59 [rreversible H gives
rise to two well identified frequencies, at 3712 and at 1130%¢m
the reversibly adsorbedz$hows two bands which are red- and

desorption of Himplies a cost oft0.54 eV (shell model result), We have computed the vibrational frequencies for the
an energy which suggests that the adsorbeg((H~) complex MgOgrc(H*)(H™) complexl as well as for isolated Hand H-
will not survive above room temperature. species independently adsorbed on the same dlte; a

C. Vibrational Properties of the MgOrc(H*)(H™) Com- proton has been added to an edge atom to give AGd),

plex. Here we compare the calculated vibrational frequencies and an H ion has been placed at the reverse corner site,
of the MgQxc(H1)(H™) complex with the those of the experi- MgOgrc(H™). The OH frequency in MgR:(H*), 3730 cn1?,
mental data. Experimentally, it has been established that thereTable 1, is close to that measured for irreversibly adsorbgd H
are two forms of dissociatively adsorbed ptesent onthe MgO 3712 cn1?, and falls in the narrow range of frequencies (3746
surface: one irreversibly adsorbed and stable up to 406°K, 3725 cn1l) measured for isolated OH groups at the surface of
and another one reversibly adsorbed, which is removed by MgO during the final stages of the progressive dehydration of

(52) Chiesa, M.; Giamello, E.; Paganini, M. C., to be published. (56) Coluccia, S.; Boccuzzi, F.; Ghiotti, G.; Morterrall Chem. Soc., Faraday
(53) Schlegel, H. B. IlVlodern Electronic Structure Thearyarkony, D. R., Trans.1982 78, 2111.

Ed.; World Scientific: Singapore, 1995. (57) Diwald, O.; Hoffman, P.; Knoezinger, Bhys. Chem. Chem. Phyk999
(54) lto, T.; Kuramoto, M.; Yoshioka, M.; Tokuda, T. Phys. Chem1983 1, 713.

87, 4411. (58) Diwald, O.; Knoezinger, E.; Martra, @. Chem. Phys1999 111, 6668.
(55) Ito, T.; Murakami, T.; Tokuda, TJ. Chem. Soc., Faraday Trans.1983 (59) Diwald, O.; Berger, T.; Sterrer, M.; Knoezinger, &ud. Surf. Sci. Catal.

79, 913. 2001, 140, 237.
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the oxide®® The isolated Mg@c(H™) gives rise to two stretching
frequencies at 1039 and 1023 chand a motion at 732 cni.
The frequencies at 1039 and 1023 ¢nare somewhat smaller
than the experimental hydride bands and, in particular, the band
at 1130 cn! assigned to the irreversibly bound HLet us
consider now the MgRx(H™)(H™) configuration 1. This exhibits
an OH stretching at 3675 cr Table 1, 55 cm! smaller than
that for the free OH group in the same location. The lower
frequency of the OH stretching in MgQH™)(H™) is due to
the interaction with the nearby Hion, but the shift is much
smaller than that observed experimentally, 250 rithe other Figure 5. Spin density map of the Mg@(H-)(e"Jrameqcenter plotted in
frequenmes_of the MQQ(H+)(H__) complex are at 1227 cm the plané of the surface layer. (a) Configuration :{a\f\fiih the proton adsorbed
(corresponding to a parallel motion of the bn to the surface),  on a step @ site; (b) configuration 2 with the proton adsorbed onza &
at 895 cm! (OH bending), and at 661 and 534 ch(mixed the reverse corner site.
OH bending and H stretching). Thus, the vibration of Hin
MgOgrc(HT)(H™) is blue-shifted by 200 cmt with respect to signal of an E(H)* center® Our calculations show that the
that calculated for the isolated Mg@H"). This latter value ~ energy required to desorb a neutral H atom from the
nicely fits with the corresponding differences between the MJOrc(H™)(H™) center, reaction 2, is 3.56 eV for configuration
experimental values of reversible and irreversible hydrides, 1951 and 3.65 eV for configuration 2. This corresponds to the near-
cmL UV region and could explain why UV irradiation is required to
We can therefore advance the following working hypothesis. form the Fs(H*) center. However, the detailed mechanism of
The two H —H~ pairs (“reversible” and “irreversible”) could ~ reaction 2 requires a more thorough study.
have the same structure but different distance between the two If one atom is removed from the system, the remaining
fragments, the mutual interaction of the ldnd H- fragments MgOrc(HT)(€" )nappedcenter corresponds to an electron stabilized
being responsible for the frequency shifts observed for “revers- by an adsorbed proton. This is clearly shown by the spin density
ibly” adsorbed H. In the reversible complex, the+H distance maps in Figure 5, which indicate that the electron is trapped at
is short, and the recombination of the two atoms to giyasH the site defined by the three Nigcations of the reverse corner
possible without implying a complex diffusion path on the considered with the proton adsorbed either o @ on O
surface; in the irreversible form, the two charged species are (configurations 1 and 2 in Figure 3a and b, respectively). Not
separated by a large distance so that the correspondingto increase the number of notations, in the following discussion,
vibrational modes are pure, and the recombination is unlikely. we will continue using notations “configuration 1" and “con-
The vibration at 534 cmt in the MgGke(H)(H™) has the figuration 2” also for the two configurations of the MggH™)-
special feature to bring the'Hand H- fragments closer together  (e~)yappeacenter shown in Figure 5a and b. Configuration 1 is
and represents the natural channel for the recombination of themore favorable than configuration 2 by 0.40 eV. The fact that
two atoms and the formation of the,Hmolecule as the  the H atom adsorbed at the Mg@©site spontaneously evolves
temperature is raised. toward (H") + (€ )rappesagrees with the experimental observa-
Thus, both the energy data and the vibrational analysis suggestion of Fs(H)* centers after treating the MgO powder with
that the species investigated here correspond to reversiblyatomic hydroge,with the mechanism indicated in reaction 3.
adsorbed K This conclusion is based on four different E. Properties of the MgOrc(H+)(€ ~)uappea Defect Centers.
observations: (i) the energetics of the reaction, exothermic by The result of reactions 2 and 3 is that one forms on the surface
gpout 0.5 eV, is consistent W|th the calorimetric measuremen'ts;a deep trap for a single electron, Mg@H™)(€ )yapped The
(ii) the occurrence of the reaction at low temperature, 77 K, iS o5 ting defect center has specific properties, which can allow

consistent with a nonactivated process; (iii) the vibrational o ¢4 jgentify and characterize it both experimentally and
frequencies are shifted with respect to those of the isolated H theoretically. In particular, the vertical EA of the Mgg{H™)

and H adsorbates, consistent with the shift of the bands centers is 3.07 eV. The vertical IP of the Mg&H*)(€ )uapped

observed+for7the re\llerswr)]le form of?k})-lar)d (IIV) %n the  center, that is, the energy required to remove the electron after
MgOrc(H™)(H™) complex, there is one vibrational mode at 534 has been bound to the site and the structure has been

o Wh'Ch. brings th? H and H- fragme_nts _closer together reoptimized, is even higher, 4.76 eV, showing that (a) the centers
and which |s_responS|bIe for the recombinative process as theare stable at temperatures well above room temperature, and
temperature increases. (b) they can, in principle, give rise to the specific optical
D._Structurg of MgO(H )(e")urappea Defect Ce_nte_rs.ln the absorption bands in the visible region, thus explaining the color
previous section, we have shown that a MgGite is able 10,6 sample. Another proof of the strong stabilizing action of
reverglbly adsorb and_dlssoma_tep blt low ter_nperatu_re. The the adsorbed proton is that the Mg&@H")(e )yappeacenter has
.resultlng MgQre(H™)(H ).centgr IS d|amagngt|c, and in fact. no a4 positive vertical EA of about 1.0 eV. This means that this
Increase of the EPR 3|gnal is observed in t.hese. qond't'ons'center can, in principle, trap another electron and transform into
However, if the sample is exposed to UV |rrad|at|on,. ON€ 3 site where two electrons are bound. The resulting diamagnetic
observes a change in the_ colqr of the sample \_Nh'Ch 'S defect center is negatively charged (one proton and two
accompanied by a concomitant increase of the typical EPR electrons) and is reminiscent of the classical neutgaténter
model of an oxygen vacancy, with two associated electrons.
The ability of MgQrc(H™)(€ )wrappeato bind a second electron

(60) Coluccia, S.; Lavagnino, S.; Marchese,Mater. Chem. Physl988 18,
445,
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Table 2. Experimental and Calculated Hyperfine Coupling
Constants of Paramagnetic Centers at the Surface of MgO

a\so(ZSMgzm)v G also(25Mg5c)v G a\so(lH)v G
MgOrc(H)(e) 1 26.9 0.8 3.1
MgOrc(HM)(e7) 2 15.2 0.8 3.6
MgOsteH)(e7) asym 34.2 1.1 4.4
MgOse{H*)(e") sym 13.7,12.2 11 4.2
Fs(H") exp. [9] 105 0.7 2.1

requires, however, further theoretical investigations and experi-
mental evidence.

Yet another powerful method for identifying these centers is
vibrational spectroscopy. In particular, the vibration of the OH
group is influenced by the presence of the trapped electron; the
computed G-H stretching in MgQc(H™) (€ )rapped 3474 cn1?,
is 256 cnt! smaller than that computed for the Mg&@H™)
system, Table 1. A dramatic change in the OH frequencies has
been monitored by Kimnger and co-workers, 5 who found
that upon UV irradiation and (H—(e~) formation new IR bands
are found at 3528, 3602, and 3632 ¢inTable 1, with red-
shifts of up to 180 cm! with respect to isolated OH groups.

Detailed characterization of the(H)™* center is provided by
the EPR technique. The EPR measurenfeatisibuted to the
Fs(H)* centers suggest that (a) the unpaired electron interacts
with an H atom which should be a few A apatt(hyperfine
splitting of 2.1 G for the perpendicular component of the tensor),
(b) the electron interacts with more than just one Mg ion, and
(c) the spin density is inhomogeneous: in fact, two hyperfine
isotropic coupling constants with ti¥&Mg nuclide have been
measured, 10.5 and 0.7 G, respectively, Table 2.

In the case of MgQc(H)(€ )uappeain configuration 1, the
trapped electron interacts preferentially with the jylgation
which is nearest to the OH group, Figure 5a; the resuking
26.9 G, is much larger than that observed experimentafly.
The a5, for the other Mg, ion of the reverse corner is 2.8 G,
while for the Mg ion it is 0.8 G. The coupling with the H

crystaf! and thin filnf2 MgO samples which show optical
transitions at 22.5 eV. It should be noted, however, that (a)
the accuracy of TD-DFT for this kind of transitions has still to
be proved and (b) the above experiments performed on single
crystals or thin films refer probably to different defects, like
oxygen vacancies, and not to thg(lf)* centers described here.

On the other hand, diffuse reflectance YVis experiments
on polycrystalline MgO wheredH)™ defect centers have been
created according to reactions 1 and 2 exhibit an absorption
band at 520 nm (2.4 eV, which would be quite consistent
with the optical transition at 2 eV predicted by TD-DFT for
the MgQro(H™)(€ )uappedcenter. The important conclusion here
is that an electron trapped at a reverse corner site in the
proximity of a proton gives rise to electronic transitions which
are comparable to those of the classical surface F centers.

F. MgO(H *)(e ")uapped Defect Centers at StepsThe results
presented above give an example of a consistent approach to
building a model of the §H)™* center at the MgO(001) surface
based solely on reactions-B and on the surface morphology.

It is clear that there is a variety of low-coordinated sites at real
surfaces, and we believe that many of them can give rise to the
H, dissociation (see also refs 63 and 64) and formationsef F
(H™)-like centers. To make this point stronger, we demonstrate
in this section that the above discussion is valid also fer H
interaction with MgO steps consisting of four-coordinated Mg
and O ions.

Previous cluster calculatiof®f® have shown the tendency
of low-coordinated Mg. and Qg ions at corner sites to easily
dissociate heterolytically theinolecule, while it is not entirely
clear if such dissociation can occur at four-coordinated edge
sites. To the best of our knowledge, however, the step site has
never been investigated before. Our calculations demonstrate
that the MgQe{H")(H™) complex with H" and H™ being at
the neighboring four-coordinated sites is by 0.6 eV more stable
than free H molecule and MgO step. We did not model the
dissociation mechanism of the;Hnolecule, but rather we
focused on the properties of an H atom adsorbed at the step

nucleus, 3.1 G, is reasonably close to the measured one, Tabledge. Although they can be expected to be similar to those of

2. In configuration 2, Figure 5b, the proton is in a symmetric
position with respect to the two Mgions, anda;s, for the two
equivalen®®Mg nuclides is 15.2 G; that for the basal Mdpn

is 0.8 G, and that for H is 3.6 G, Table 2. The overall agreement
with the experimental data is better, but configuration 2 is about
0.4 eV less stable than configuration 1. Thus, the Mg@&™)-
(€7)wrappeamodel of an (H)* center is consistent with the EPR
spectra only if one assumes that the proton is in a symmetric
position, although the calculations do not indicate this as the
most favored structure. A symmetric case with an H atom
adsorbed at the step is further considered in section 3f.

Another aspect which needs to be verified is the electronic
transitions of the trapped electron in MgO(He )uapped These
transitions are responsible for the color of the sample. Starting
from the doublet ground state of M@@(H™)(€ )rappea the

the configuration 1 of the Mg:(H")(e™) center considered
above, the step center is more symmetric, and this study can
shed some further light on the EPR properties of proton-
stabilized electron centers.

Our calculations demonstrate that one can distinguish at least
two configurations of H atom adsorbed at the step: (i) a
symmetric configuration in which the OH bond is fixed in the
direction perpendicular to the step line, Figure 6a, and (ii) an
asymmetric (tilted) configuration in which the H atom is tilted
to one of the two nearby Mg ions, Figure 6b. We find that the
asymmetric configuration is more stable by 0.19 eV; that is,
the symmetric configuration represents a transition state between
the two equivalent asymmetric configurations. In both cases,
the H atom dissociates into™Hand e with formation of an
MgOsiedH ') (e )wrappea ceNter with the electron localized on a

transition energies have been computed within TD-DFT. The
lowest doublet-to-doublet excitation is a HOMQUMO
transition which occurs at 1.98 eV and has the transition matrix
element of 0.2; this is followed by other less intense transitions
from 2.5 to 3 eV which however involve more delocalized states
near or in the conduction band. A transition of about 2 eV is
quite consistent with experimental measurements on both single
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(61) Henrich, V. E.; Dresselhaus, G.; Zeiger, HPBys. Re. B 1980 22, 4764.
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between the two asymmetric configurations, has a frequency
of 786 cnTl. Therefore, the zero point energy level for the
proton motion along the step is only about 0.1 eV below the
energy of the symmetrical configuration, which is the barrier
state for such motion. This further supports the suggestion that
at finite temperatures, the proton moves in the single rather than
double well potential. Recent experiments on the temperature
dependence of the hyperfine interaction of th¢H* center
found a slight decrease of tleg,(2°Mg) with the temperature
change from 77 to 4 K7 This result is consistent with the
b) motion of the proton in the single well PES and rules out the
conversion of the MgQs{H")(e )rappeacenter from the sym-
metric to the asymmetric configuration at low temperatures.
To summarize, the considered properties of the Mg®™)-
(€ )rappecare very similar to those of the Mg@(H™")(€ )trapped
Figure 6. Schematic representation of a proton adsorbed on a step site of Center_‘ TOgether’ Mg&}p and MQQec are “kely t_o be rePre' .
the MgO surface. (a) Symmetric configuration (vibration of the proton Sentatives of a larger class of surface defect sites, which give
around its symmetrical position is shown); (b) asymmetric configuration. rise to a number of paramagnetic centers consistent with those
] o ] ) ] ] of the observed &§H)" complex.
single Mg ion in the tilted configuration and delocalized over G. Adsorption of H Atoms at MgO(001) Terrace. The
two Mg ions in the symmetric one. In the case of the tilted ogts presented in previous sections demonstrate that hydrogen
configuration, the trapped electron interacts strongly with one 5¢0m adsorbed at reverse corner or step tends to form a center
Mg ion, which results in the calculategh, of 34.2 G, Table 2. \yhich can be characterized as an electron at the Mg site
This is close to th_e value found for the conf!guratlon 1 above giapilized by the proton adsorbed on the nearby oxygen ion. It
and more than 3 times larger than the experimentally observed;g interesting to see whether this is a general effect, which will
aiso for the Fs(H)™ center? In the case of symmetric configu-  tae place also at, for example, ideal surface terrace. The DFT
ration, the trapped electron is more delocalized, and the c5icylations in the same setup as those described above show,
calculatedajso's with the two Mg, ions are 13.7 and 12.2 G, however, that an H atom on-top of arsQon on the MgO-
Table 2 (the difference appears due to the spontaneous breal(001) terrace is weakly bound by about 0.5 eV and that the
of the local symmetry). Otheis, constants are 1.1 G for the  npaired electron resides largely on the hydrogen. This could
Mgsc in the upper terrace of the step and 0.8 and 0.7 G for tWo eqyit from the well-known tendency of DFT to delocalize
Mgsc in the lower terrace. The coupling with the H nucleus_is trapped electron and hole states (see, for example, ref 68).
about 4.2 G, Table 2. Again we observe that the hyperfine Therefore, we carried out the HartreBock (HF) calculations
constants calculated for the symmetric configuration are in better o, this system too. These calculations give the H atom
agreement with the experimental déta. adsorption energy close to zero and the distribution of the
To characterize the Mg@p(Hﬂ(ef)trlappedether’ we calcu-  glectronic charge similar to that obtained in DFT calculations,
lated the vertical IPs for both configurations. The resulting hat s, no electron transfer to Mg ions. These results demonstrate
values, 3.17 eV _for the symmetric copflguratlon and 3.71 eV ihat the hydrogen atom is indeed weakly bound and suggest
for the asymmetric one, suggest that, similar to the MgB@™")- that it can be very mobile at a terrace.
(€7 )wapped these centers are stable at room temperature and may  The remarkable difference in the mode of adsorption of the
give rise to an optical absorption in the visible part of the UV | aiom at the terrace and steps and comner sites can be
spectrum. The lowest doublet-to-doublet excitation energies \nderstood if we consider the main factors which determine
calculated for the symmetric configuration using the TD-DFT  {he adsorption mechanism. The high cost for H ionization is
approach are 1.29 and 2.12 eV with the transition matrix compensated by at least four energy contributions. The first one
elements of 0.24 and Q.16, respectlvely. Excitation energies foris the proton affinity of a surface ion, which is close to 12
the asymmetric configuration are 1.79 and 2.42 eV with gy the second is that a reverse corner at the MgO surface is a
transition matrix elements of 0.12 and 0.14, respectively. shallow electron trap with an EA of about 1 eV (see section
Finally, we wish to comment on the dynamics of the 33y the third one is the electrostatic interaction of a positively
MgOstedH)(€"uappeacenter. We note that (i) the protonis very  charged proton and the trapped electron, and finally the fourth
light as compared to the MgO lattice ions and (ii) the calculated gne js due to the lattice relaxation around the electron trapped
barrier for the proton flipping between two asymmetric con- on Mg jons. The very small, if any, electron affinity combined
figurations is only 0.2 eV. We, therefore, suggest that the proton \yith a much tougher lattice surrounding the Mg site on a
flips between the two tilted configurations so fast that the lattice tgrrgcd3 tips the balance toward the H atom rather than the
cannot follow its motion. Instead, the lattice ions fluctuate near gjectron stabilized by proton configuration.
their positions, which correspond to the average configuration )
of the OH bond, that is, the symmetric configuration. In this 4- Conclusions
case, the potential energy surface (PES) for the OH bending The real nature of paramagnetic defect centers at the MgO

has a single rather than double well profile. surface has been the matter of debate in recent years. Because
To clarify this issue, we have calculated vibrational frequen-
; ; ; i~ (67) Chiesa, M.; Giamello, E., to be published.
cies for the H atom motion in the more stable asymmetric 2o/ 5 ccnioni, G . Frigoli, .. Ricci, D.. Weil. J. /hys. Re. B 2001, 63,
configuration. The vibration, which corresponds to motion 054102.
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these centers play a crucial role in the surface chemistry of MgO Table 3. Dependence of the Electron Affinity, EA in eV, for the
and other ionic oxides, a detailed knowledge of their structure mg,?;foﬁggi on Cluster Stoichiometry and Treatment of Interface
is essential to rationalize a number of features associated with

their presence. Mg (ECP) Mg* (AE)°
In this paper, we have addressed specifically the nature of cluster CEP LANLL  minimalbasis splited basis
what is usually called thedH)™ center, an electron trapped in mgzsgumg:le 1-23 12% i-gg 1-32
the vicinity of an adsorbed proton. This center can be chemically Mgi;oﬂMg*iz 133 138 185 185
generated by Fadsorption followed by UV irradiation and gives Mg17017Mg* 22 1.20 1.27 1.77 1.77
rise to a characteristic and well reproducible EPR sighd. Mg15017Mg* 24 0.82 0.89 1.55 1.55
H H H Mgl3017Mg*25 0.84 0.71 1.41 1.41
particular, we have considered two surface sites, the reverse MrOLMG" o 035 0.43 118 118

corner, MgGec, and the step, Mg&, which do not belong to
the class of “oxygen vacancies” used so far to explain the aResults obtained for truncated bulk geometries without including long-
formation of paramagnetic color centers. According to this range polarization effect8.ECP = effective core potential; AE= all
proposal, these sites are the precursors of the dd@0)(€ )rapped electron.

and M H*) (e~ centers, which are the actual struc- .
9QeedH)(€ rappea (6) Finally, we have shown that a reverse corner can also act

. f .
tures of two of the many possible surfaci) .paramagnetlc as a shallow trap on the surface, with the ability to bind one
defect centers. The presence at the surface, in fact, of more thar(lalectron and transform it into a paramagnetic center, MgO
one type of distinct f{H)™ has been inferred by simulation of P g '

the EPR signal,by direct ENDOR observation of two centers (€ )wappea The binding energy of th? elect_ron s cgmparaple o
with different hyperfine coupling constaft, and by the that found for other shallow traps, in particular, divacancies or

) . . low-coordinated cations.
observation of a variety of Ocenters formed by bleaching the The results presented for a step further support the idea that
surface containing &H)™ with N,O.2° The two sites discussed P P P

above were never proposed before as possible electron trapsa symmetric configuration of MgO(H(e “)rappeatype defect

. 3 can be responsible for the EPR signal attributeds{6iF defect
and can be considered as the prototypes of a new family of K . s
P , . centers. Finally, we would like to note that similar centers can
surface traps. They represent “natural” morphological features be formed by, for example. alkali and other adsorbed atoms
abundant at real surfaces and not requiring the high formation ™ . Y, pie, i ’
. which can donate electrons to the surface and stabilize them
energy of other traps such as the widely analyzed oxygen

vacancies. The Mgk center considered in more detail in this by the _Coulomb field. This may expla|r_1 e
. N electronic centers at surfaces of other oxides.
paper fits a number of observations:

(1) The MgGxc site dissociates the Hmolecule with a Acknowledgment. This work has been supported by the
nonactivated exothermic reaction; the computed energy release;ltalian INFM” through the PRA project ISADORA. P.V.S. and
0.5 eV, is surprisingly close to that measured by calorimetric A.L.S. are grateful to PNNL for financial support. Pacific
experiments$? Northwest National Laboratory is operated for the U.S. Depart-

(2) The structure of the resulting MgQ@H*)(H™) center is ment of Energy by Battelle under Contract No. DE-ACO6-
consistent with a heterolytic dissociation of;Hhe formation 76RLO 1830.
of (Hf) and (H") fragments is shown.by the very different Appendix. Factors Affecting the Accuracy
vibrational spectra of the two species. In particular, the o caiculations
vibrational analysis for Mgex(H*)(H™) strongly suggests that ) ) ) .
this is the surface complex resulting from reversibly adsorbed ~1he results presented in section 3a predict positive electron
H,. The irreversible form of adsorbedldbserved experimen- afflnltlgs_ (EAs) for a reverse corner site which behaves in a
tally probably consists of similar (5 and (H) fragments way similar to that of _ot_h_er neutral shallow traps at the MgO
separated by long distances. surface. However, affinities on the order of 85 eV can be

(3) The removal of a neutral H atom from the diamagnetic strongly affected by various computational factors. To assess

MgOrc(H*)(H-) center has a cost of about 3.5 eV, consistent '.[he robustness of our qualitative predictions, we have analyzed

with the use of UV light for the process, and results in a trapped n c_iet._sul the effect of the interface atoms and of the clu_ster
electron at the MgO surface, Mg@H*)(e Juapped In this stoichiometry on th(_a comp_uted EAs, Table 3. The calcu_latlons
structure, the electron is localized in the site formed by the have been done using various approaches to_ trea_t the mterfgce
conjunction of two steps and gives rise to a typical EPR signal. atoms, Mg*. These have been represented using either effective

i i i 69
The removal of this electron costs more than 4 eV, so not only core potentials (ECP), in particular, the CE@nd LANLL

the center is thermally stable, but also electronic excitations in E_CPS’ or all electron (AE) Mg ions using a limited basis set

the visible region are possible, justifying the coloring of the a'mﬁd to desc_r(ljbe cc?rte (2%2256) sftak;tes_ onlyt. I'n E)hltshcasedtoq, d
sample connected to the presence of these centers. we have considered fwo KInds of basis Sets. both are derive

(4) The analysis of the isotropic hyperfin lina constants from the Mg 6-31G basis by removing the external s and p
. analysis otthe 1sotropic hyperiiné coupling cons functions. This leaves a minimal basis for the core (AE minimal
provides support to the proposed model assuming that the

adsorbed proton lies in a symmetric position between two four basis); in & second case, the 1s, 2s, and 2p orbitals have been
peadp - y P split to account for possible core polarization (AE split basis).
coordinated Mg cations.

. Clusters of various size have been used. They all have the
(5) The computed lowest transition for the trapped electron, same number of O atoms, 17, while the 39 Mg ions have been

about 2 eV, is close to val_ues reported for optical excitations at (o 4ted either as real QM ions or as interface Mg* ions: g~
the surface of polycrystalline MgO wherg(F)™ defect centers

have been created according to reaction8.1 (69) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270.

746 J. AM. CHEM. SOC. = VOL. 125, NO. 3, 2003



Paramagnetic Defect Centers at the MgO Surface ARTICLES

Mg*,g has the smallest number of real and the largest number To confirm the validity of the above analysis, we have studied
of interface Mg atoms; MgO;7Mg* 16 has the opposite ratio.  the 1s core level shifts of a bulk?0ion in MgO as described
All of the clusters used, except M#&:17/Mg* 2, which has been by a OMg; cluster embedded in shell models and classical ions.
adopted for the calculations reported in the paper, are nonsto-As a measure of the core level binding energy (BE), we take
ichiometric so that the formal charge of the QM cluster has to the reverse of the corresponding KehBahm eigenvalue. The
be adjusted to take into account the forrté and—2 nature use of CEP and LANL1 interface Mg* atoms gives an O 1s
of the Mg and O ions in MgO, respectively. All of the BE of 514.7 and 515.0 eV, respectively. In line with the EA
calculations have been performed with Gaussia#/ 88 the results, the LANL1 ECP is more contracted and the electron
B3LYP level for the geometry of the truncated bulk; thus, cloud of the G~ ion is slightly more expanded, thus reducing
neither geometrical relaxation nor ion polarization is included. the Coulomb repulsion with a stabilization of 0.3 eV of the O

We start by considering the effect of using CEP or LANL1 15 |evel as compared to the CEP ECP. The effect is much more
ECPs on the interface Mg* atoms, Table 3. The CEP ECP resultspyonounced with AE Mg* atoms: the O 1s BE is 517.3 eV

in EAs which are smaller than those obtained with LANLL, (hoth with the minimal and with the split basis set); thus, the
but the differences are a few hundreds of an electronvolt. Things gpift to higher BEs as compared to the ECP Mg* atoms is more
change dramatically when AE ions are used instead of ECPS.4on 2 ev. Because core level BEs are very sensitive to the

In fact, this results in a strong increase of the cluster EA. The 1,4 hotential around the atom, these results provide a convinc-
largest variations are encountered for the MgO clusters with a ing proof of the important effect of the size of the core of the

sm?rlller nurtnber ?rf] rea;ll catlon? (upl tota 08 et;]/ Increase in IfEA); Iinterface Mg* atoms. This effect, however, is largely restricted
on the contrary, the changes for Clusters with an excess ot féaly, yhe cajculation of the EA of the site (cluster anion), while

catlgns are smaller (up to 0.4 eV). Notice that the use of a split other properties of the neutral system are practically not affected
basis set on the AE Mg* embedding atoms has no effect on the . . .
by the choice of the interface embedding [see also ref 70].

EAs, showing that the addition of an extra electron to the cluster ) )

does not result in a core polarization of the Mg ions. _ A last comment is required on the performance of nonsto-
The fact that the ECPs give consistently too small EAs ichiometric cIusters._We have mentloneql above that the largest

suggests that they produce a too strong Coulomb repulsion Withdgpendence on the mterfage Mg* at(_)ms is found for the clusters

the neighboring O ions in the cluster anion. The electron added With an excess of embedding Mg* ions (e.g., M817Mg* 2,

to the MgQxc site is mostly localized on the surface, Figure Table 3). The reason is clear if one considers the above

2b; however, tails of the electron density are delocalized over discussion. Increasing the number of Mg ions which are replaced

the entire cluster, leading to an expansion of tife @nions: by ECPs reinforces the effect of compression on the ions.

if the core region of the interface Mg* ions is too large, it results The opposite is true when an excess of real Mg atoms is present

in a compression of the © ions that destabilizes the system (see, e.g., MgO17Mg*1¢). In this respect, the use of stoichio-

and leads to a reduction of EA. The ECPs used here to representmeétric clusters is recommended.

the core of the Mg" ions are obtained indeed on the neutral JA0282240

Mg atom. The [Ar] core of a neutral Mg atom is larger than

that of a M§+ cation. In this r?SpeCt’ an AE treatment is likely (70) Yudanov, I. V.; Nasluzov, V. A.; Neyman, K. M.;'Roh, N.Int. J. Quantum

to better represent the real size of the [Ar] core in?¥g Chem.1997, 65, 975.
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