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We study correlations between Madelung constants, charges of surface ions, and chemical activity
of low-coordinated sites of the MgO crystal surface with respect to dissociative adsorption of
hydrogen. Theab initio Embedded Cluster mod@Puchinet al, Phys. Rev. B47, 6226 (1993]
employed in this study allowed us to reproduce correctly both short range and long range
(Madelung parts of the interaction between ions in a quantum cluster and the rest of the crystal. Our
results show that sites having the same coordination numbers may have different properties,
depending on values of Madelung constants. Lower Madelung constants correspond to lower
ionicity, higher energy of K adsorption, stronger O—H and Mg—H bonds, and larger spatial
separation of two adsorbed hydrogen atoms1@95 American Institute of Physics.

I. INTRODUCTION eral experiments®1824 and calculation$?° suggest that
there is no perfect correlation “coordination number—

Apart from being a model system for solid state andchemical properties.” According to the discussion above, this

surface studies due to its simple crystalline structure andan be explained by the fact that due to the long range char-

purely ionic bonding, magnesium oxide crystals also exhibitacter of the electrostatic potential, coordination numiber

catalytic activity for hydrogen isotope excharigfewater—  cal structurg does not determine unambiguously the Made-

gas shift oxidative coupling of metharf;® and other reac- lung constant of a particular site.

tions. It was established more than two decades ago that In this paper we address the following question: is it

chemical activity of the surface of undoped MgO is deter-possible to find another simple parameter, instead of coordi-

mined by a small number of defect sitésteps, kinks, cor- nation number, which correlate better with chemical proper-

ners, eto. with surface iongespecially oxygenhaving low ties of the low-coordinated surface sites? In the following

coordination number§® In particular, dissociative adsorp- section we speculate that parametais, and AF g0 (de-

tion of hydrogen molecules on the pairs of adjacent low-fined as combinations of Madelung constant of surface)ions

coordinated & and Md" ions can take place via hetero- should correlate with oxygen charge, and characteristics of

lytic mechanisn? 23 resulting in the formation of OHand  hydrogen adsorption on the MgO surface, respectively. By

MgH™" surface groups. performingab initio pseudopotential calculations of hydro-
Theoretical and experimental studies have establisheden adsorption on nine low-coordinates MgO surface sites

a qualitative correlation between the chemical properties oWith different values of the\F, and AF 4o parameters, as

the surface Mg—O pairs and their coordination numbersdescribed in Sec. Ill, we showed that charges and reactivity

hydrogen adsorption enerd;*® hydrogen desorption are not determined by the coordination number alone. In par-

temperaturé!~**1” and vibrational frequencies of ticular, we found that sites with the same coordination num-

the OH groups!® decrease in the sequence bers have different charges and reactivities with respect to

Mg(3C)—O(3C)>Mg(4C)—O(3C)>Mg(4C)—O(4C), while  hydrogen chemisorption, depending mainly on their corre-

ionicity*161920and surface exciton energy’? increase in  spondingAF, and AF 4o parameters.

the same order. The explanation of these correlations was

based on the observation that surface sites with lower coor-

dination numbers usually have Iowe'r Madelung constants, THEORETICAL METHOD

This results in lower band gap and ion charges. Enhanced

covalency of the low-coordinated sites in its turn favors elec- A reduction in the ionic charge of low-coordinated oxy-

tron transfer from the bonding orbital of the hydrogen gen ions means that some back-donation of the electronic

molecule to the surface and from the surface to the antibondzharge occurs to the neighboring figions. This transfer of

ing o* orbital, cleavage of the H—H bond, and formation of electron is most likely to occur to the Mg neighbor, having

stronger O—H and Mg—H bonds, as described in previoushe least negative Madelung potenfid,, (max] among all

studies'®? nearest neighbors of oxygen. Therefore, it is natural to cor-
Although the use of such a simple geometrical parameterelate the oxygen ionic charge with the value

as a coordination number was very helpful for qualitative

analysis of experimental and theoretical data, results of sev- AFo=#0~ ¢ug(max). @

Similarly, it is natural to correlate the structure and adsorp-
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characteristic for the Mg —O?~ low-coordinated adsorption tivity” may not be destroyed. An important advantage of
site. using the “ideal” Madelung constants is that these param-
To define parameterAFg andAFy,0, We use “ideal”  eters can be easily computed for each low-coordinated sur-
Madelung constantgg and ¢y, for an unrelaxed lattice of face site of interest using a method described in Refak®
point charges. Of course, many other fact@sch as ionic see Refs. 21 and 24nd Madelung potentials from periodic
relaxation?> noninteger charges of surrounding idfigradi-  (flat surface, step, edge, etcstructures calculated by the
ent of the surface potenti&!?’ etc) may influence surface Ewald summation formulas.
ionicity and adsorption properties. However, we believe that  For calculations of the electronic structure and adsorp-
these factors are also correlated wkF o andAF 40, thus  tion properties of the MgO surface low-coordinated sites, we
correlations ‘AF5—oxygen charge” and AFy,o—reac- employed the Embedded Cluster model developed earlier for
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Z
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(b)

©

(h)

(d)

0]
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FIG. 1. Models of the MgO surface low-coordinated sites employed in the present &udi§gO molecule attached to the surface stép;cluster MgO,

on the(00)) surface;(c) cluster MgO, on the(001) surface;(d) cluster MgO, on the cornerfe) free Mg,O, cluster;(f) corner;(g) cluster MgOs on the
corner;(h) edge; andi) (001) surface. In all cases, the quantum cluster was theOylgube, and the Hmolecule was adsorbed on shaded Mg-O pairs. All
other ions were described by whole-ion pseudopotentials.
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TABLE |. ParametersAF 4o and H, adsorption energiegkcal/mo) on low-coordinated sites on the MgO
crystal surface.

AFyg0
CN? Our— Adsorption energy
Surface site Figg Mg O  model  “exact” Unrelaxed Relaxed
MgO near step ® 3 3 2.342 2.361 160.9 131.7
Island MgO5 on the(001) surface 1) 3 3 2.614 2.614 91.7 56.9
Island MgO, on the(001) surface {o 3 3 2.720 2.719 74.0 48.6
Island MgO, on the corner ) 3 3 2.852 2.827 48.2 12.4
Free MgO, cluster 1e) 3 3 2.912 2.912 29.7 13.2
Corner 1f) 4 3 3.016 2.994 5.9 3.8
Island Mg,Os on the corner @) 4 3 3.080 3.055 15 1.3
Step 1 4 4 3.190 3.182 no adsorption
(001) surface 1) 5 5 3.362 3.363 no adsorption

&N stands for coordination numbers of the reactive Mg—O pairs.

studying the electronic and geometrical structure of bulk andvith a wide range of Madelung constants. We found that
surface defects in ionic crysta$:3! Similar models were with our choice of size and shape of the surrounding lattice
recently employed for studying buli*O™1?? and C4",  for each surface site, the parametef .o has errors less
Ag?" (Ref. 33 defects in MgO crystals and adsorption of than 1% with respect to its “exact” value for an infinite
CH, %3**and CO moleculés on the MgO surface. lattice of point charge¢see Table)l This accuracy is satis-

In the Embedded Cluster model, crystal with point de-factory for our purposes.
fect (adsorbateis divided intoquantum clusteXor clusten
and thesurrounding lattice The cluster consists of the ad-
sorbate and nearest lattice sites, and is treated by the rdl. RESULTS AND DISCUSSION
stricted Hartree—Fock molecular orbital method, taking into
account the embedding potential from the surrounding IatE
tice, as described below. For a better comparison of prope
ties of different low-coordinated sites, we choose the sam
quantum cluster Mg, (Fig. 1) for gll surface sites consid- different choices of quantum clusters and basis sets. First, we
ered here. To rgduce th? computational demand, we appro erformed the all-electron calculation of cluster
mated the atomic cores in the cluster by the Stevens—Basc Vigs04(+H,) shown in Fig. 2, using the 6-31G split valence

Krauss, effective core potentié,and used the CEP-31G basis set augmented wiglp diffuse functions on oxygen and

basis set for the valence electrons. We studied geometriqﬁldrogen atom& All remaining ions of the 88*4 lattice
and energetics of dissociative adsorption of hydr_ogen Oere modeled by the whole-ion pseudopotentials, as de-
bOt.h unrelaxed and_ relaxed surface sige Mg—O PaITS 0N o rined above. The geometry of the My cluster was opti-
which H, molecule IS adsorbed are shaded in I_:Dg.lﬂl the mized first and then kept constant during the structural opti-
relaxed case, coordinates of the three-coordinated surfa ization of the adsorbed H molecule. Geometrical

ions were optlmlzetd, wh:% all other (Ija;tlce”atolmsl f|t>§ed. Theparameters of the MgO—Hcoadsorption complex and H
GAUSSIAN9Z computer code was used In all cajculations. binding energy are listed in the first column of Table II.

Several approximations were made for the embedd'mﬂ'hese results are used as a reference point in our study, and

potential of the surrounding lattice on the cluster. The SUr4re in a qualitative accord with the geometry optimized usin
rounding lattice was modeled by a finit&88—-252 ionsar- d g y op 9

ray of ions (Fig, 1) at the fixed MO lattice sites, with the the semiempirical Embedded Cluster mdeks listed in the

. ) . last column of Table II. Erroréin A and kcal/mo) produced
experimental lattice constant of 2.106 A. These ions wer 4 ) p

: X T %y three more approximate treatments are listed in the 2—4
represented by whole-ion pseudopotentials. Similar to previ-

ous works?>*83%we used the effective core potentfafor
cations and point chargeqE& —2.0) potential for anions.
Thus, we ignored the lattice relaxation and electronic density fo+ RMgH_ 1y
redistribution outside of the cluster. For our study, we se- <
lected nine low-coordinated sitd€igs. 1a@—-1(i)] on the

MgO surface, having Madelung constants varying from o
1.181 to 1.682. The low limit corresponds to a MgO mol- )’_0? Vg I T e
M

To check accuracy of the approximations involved in the
mbedded Cluster model, we compared results of four test
Calculations for coadsorption of MgO and, Ifholecules on
the MgQ001) surface modeled by the*8*4 lattice with

ecule attached to the surface step, as shown in Fa&.ahd
the high limit to the(001) surface, as shown in Fig(il. The
free Mg,O, cluster as shown in Fig.(& has an intermediate
value of 1.456 for the Madelung constant. This selection algi. 2. Mg0,+H, and MgO,+H, clusters used for calculations of MgO
lows us to study correlations between chemical propertiesnd H, coadsorption on the Mg@01) surface.
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TABLE Il. Bond distances(A) and H, adsorption energykcal/mo) for 0.8
coadsorption of Hland MgO molecules on the MdQ01) surface? CN=3
CN=4
Mg503+H, Mg,0,+H, Ref. 14 1.0 4 CN=5
Cluster AE VA VA AE INDO % CN=6
Ro.s 2.34 0.05 007 —0.02 221 s ., CN=3 relaxed
Rug-s 2.07 0.14 0.15 —-0.02 2.15 :
Ro-wmg 1.76 0.02 0.02 0.00 1.91 S
Rmg-H 1.75 0.00 0.00 0.00 1.30 =
Ri_mg 2.64 0.16 0.18 0.09 g 14
Ro_n 0.94 0.00 0.00 0.00 0.93 ]
Ru-o 2.95 0.00 0.00 —-0.06 o——=o
Eads 118.2 -1.6 -1.2 0.2 16
4n the first column are results from the most accurate all-elect/Ads) 1 ‘ﬂ\“"
calculations for the MgD;+H, cluster. Columns 2—4 show errors produced 15 Am\A——A*

by reducing the size of cluster to M@,+H, and/or using a valence ap-
proximation (VA). For comparison, the last column gives the bond dis-
tances from INDO calculations by Shluget al* Afg

2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6

FIG. 3. Mulliken charges of the oxygen ions in M@, quantum cluster
) plotted as functions of the parameteF .
columns of Table II. The second column contains results ob-

tained with the pseudopotential description of atomic cores

in the MgO5(+H,) cluster and the CEP-31G basis set for themay have a radical-like electronic environment similar to a
valence electrons. This approximation overestimates th&ee diatomic Mg!O ! molecule'*?® Similar results were
Rmg-s and Ry_yg bond lengths by 0.14 and 0.16 A, respec-also obtained for magnesium ions: 6-, 5-, and 4-coordinated
tively, and underestimates the Hinding energy by 1.6 kcal/ sites are almost doubly charged, while charges of
mol. These errors do not change substantially, i.e., 0.15 an8-coordinated Mg ions vary from-0.8 to +1.3, in correla-
0.18 A for theRyg-s andRy_yg bonds, respectively, and 1.2 tion with the Madelung constant of the site.

kcal/mol for the binding energy, as listed in the third column  As discussed in the Introduction, the lowering of ionicity

in Table 1l for the case, where the smaller clusterat the sites with low-coordination numbers and Madelung
Mg,O,(+H,) was used, in which the two surface ions constants, corresponds to the increase of the chemical reac-
(shaded in Fig. Rwere treated as part of the surrounding tivity. The relationship between the energy of &dsorption
lattice and represented by whole-ion pseudopotentials. Conon the unrelaxed sites and thé ;o parameter is shown in
paring with the fourth column, where the cluster Fig. 4 and also listed in Table I. We found that theg &bl-
Mg,O,(+H,) was computed using the all-electron basis setsorption energy decreases from 160.9 kcal/mol to about zero
the errors are smaller than those produced by the valena@most linearly as\F,yo increases from 2.342 up to about
approximation. Thus, we can conclude that the whole-ion
pseudopotential representation of the surrounding lattice pro-

duces smaller errors than the valence approximation inside 200
the cluster and the omission of diffuse functions in the basis —®— unrelased
sets for oxygen and hydrogen atoms.

Mulliken charges of oxygen ions categorized by their
coordination numbers at the nine low-coordinated unrelaxed
surface sites are plotted in Fig. 3 as functions of the param-
eter AF5. We found that 6-, 5-, and 4-coordinated oxygen
species have an electronic configuration close %0. @his is
in qualitative agreement with previous studtéd®2041-43
though a quantitative comparison between our present results
with those from these previous studies is not possible, since
different models and basis sets were used. Charge variations
correlate well with the coordination number. In particular,
the oxygen charges at sites with coordination numbers from
4 to 6 are nearly independent with respecAte,. However, 0
charges of the 3-coordinated oxygen ions change fralrD AF
to —1.3 asAF increases from 2.342 to 3.080. Smaller Mg0
variation was found if these sites are relaxed. Note that at the
low AFO values, i.e_’AFo:2_342, corresponding to the FI_G. 4. Adsorption energy of Hmolecule on MgO low-coordinated sites
MgO molecule adsorbed near the surface step as in Fay. 1 (c_ilfference between energy of the adsorption comple>_< and the sum of ener-

L .. . gies of separated cluster and a fregribleculg as functions of thé\F ;o
the Madelung potential is not sufficient to localize two elec-parameter. Results of Kobayagtial X6 and Anchellet al2® are also plotgted
trons on the oxygen atom, consequently, the Mg and O sitesr comparison.

----------- CJerenere: re I axe d

100 +

Adsorption energy (kcal/mol)
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all—electron calculation® No “dimerization” was found in
our calculations, in contrast with the results of tight binding
method reported earliéf.An oxygen ion at the corndfig.
1(f)] relaxes inward, in agreement with rounding of the cor-
ner effect predicted previoust:*” However, this relaxation
of 0.13 A is smaller than 0.31 A, which was computed by the
..... atomistic lattice simulation techniqd.

o. Generally, atomic relaxation shifts 3-coordinated ions to
the position with a higher Madelung potentfilincreases
absolute values of their charges, as shown in FigorBken
line) and therefore decreases the chemical activity of defects
1.5 (Table I and broken lines in Figs. 4 andl. 3n our calcula-
tions, the variation of charge of the 4-, 5-, and 6-coordinated
ions are much smaller than in the 3-coordinated case and
05 T T r y may have either directions depending on the particular defect

2.2 2.4 2.6 2.8 8.0 8.2 structure(also see Ref. 19

== H-H unrelated
4.5 ] suee[Jes=  H-H relaxed
—_—— 0-H
-k Mg

3.5

.....

2.5

Distance (Angstrom)

<
[
®
[
[
L

IV. CONCLUSIONS

FIG. 5. Geometrical parameters of, lddsorption on MgO low-coordinated
sites as functions of thAF ;o parameter. Results presented above allow us to conclude that

Mg(3C)—-0O(3C) surface pairs on the MgO crystal surface
have appreciable reactivities toward dissociative adsorption
3.1. There is no stable adsorption of hydrogen on the edgef hydrogen molecules. However, surface pairs with the
[Fig. 1(h)] and (001) surfacé” [Fig. ()], where theAFy,0  same coordination numbers may have different properties.
parameters are 3.190 and 3.362, respectively. For these sitége found that ionicity and chemical reactivity of the MgO
the calculated adsorption energies are smaller than the basisw-coordinated sites are in good correlation with the com-
set superposition errg0.9 kcal/mo) computed using the full  pinationsAF 4 and AFy,o of Madelung constants on these
counterpoise method. The most reactive sites are thsites: surface 3-coordinated oxygen ions with lower values of
Mg(3C)—-0O(3C) surface sites. For these sites, the &tl-  the parameteA F, have lower charges; surface Mg—O pairs
sorption energy varies from 29.7 to 160.9 kcal/mol, in goodwith lower values ofAF yg0 bind hydrogen more strongly
correlation with the value ofAF,o parameter. This is @ and dissociate hydrogen molecules more readily. Since
clear evidence that the Madelung constants are important paadelung constants of arbitrafynrelaxed low-coordinated
rameters determining the reactivity of the low-coordinatedsite can be easily found without performing expensive calcu-
MgO surface sites. lations of its electronic and geometrical structures, one can
Higher chemical activity of sites with lower Madelung roughly estimate the charge distribution and parameters of
constants is reflected also in the behavior of the geometricalydrogen chemisorption for each particular defect site sim-
parameters of Hadsorption as functions of th&Fy,o pa-  ply interpolating data in Figs. 4—6 from our present study.
rameter, as shown in Fig. 5. Both Mg—H and O-H bondMore theoretical and experimental work, however, is needed
lengths decrease &kFyyo decreases, though less markedlyin order to confirm the established correlations “Madelung
for the O—H bond. Generally, shorter bonds correspond t@onstants—chemical properties” on interaction of the MgO
higher stretching vibrational frequencies, thus, our resultsurface with other molecules, as well as on chemical proper-
confirm the earlier conclusions regarding positive shift ofties of other ionic crystal surfaces.
infrared adsorption spectra of low-coordinated surface OH
groupst*® The H—H distance shows the most appreciableackNOWLEDGMENTS
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