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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 model@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 H2 adsorption, stronger O–H and Mg–H bonds, and larger spatial
separation of two adsorbed hydrogen atoms. ©1995 American Institute of Physics.
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I. INTRODUCTION

Apart from being a model system for solid state an
surface studies due to its simple crystalline structure a
purely ionic bonding, magnesium oxide crystals also exhi
catalytic activity for hydrogen isotope exchange,1,2 water–
gas shift,3 oxidative coupling of methane,4–6 and other reac-
tions. It was established more than two decades ago
chemical activity of the surface of undoped MgO is dete
mined by a small number of defect sites~steps, kinks, cor-
ners, etc.! with surface ions~especially oxygen! having low
coordination numbers.7,8 In particular, dissociative adsorp
tion of hydrogen molecules on the pairs of adjacent lo
coordinated O22 and Mg21 ions can take place via hetero
lytic mechanism,9–13 resulting in the formation of OH2 and
MgH1 surface groups.

Theoretical and experimental studies have establis
a qualitative correlation between the chemical properties
the surface Mg–O pairs and their coordination numbe
hydrogen adsorption energy,14–16 hydrogen desorption
temperature,11–13,17 and vibrational frequencies o
the OH2 groups1,18 decrease in the sequenc
Mg~3C!–O~3C!.Mg~4C!–O~3C!.Mg~4C!–O~4C!, while
ionicity14,16,19,20and surface exciton energy21,22 increase in
the same order. The explanation of these correlations
based on the observation that surface sites with lower co
dination numbers usually have lower Madelung constan
This results in lower band gap and ion charges. Enhan
covalency of the low-coordinated sites in its turn favors ele
tron transfer from the bondings orbital of the hydrogen
molecule to the surface and from the surface to the antibo
ing s* orbital, cleavage of the H–H bond, and formation
stronger O–H and Mg–H bonds, as described in previo
studies.16,23

Although the use of such a simple geometrical parame
as a coordination number was very helpful for qualitati
analysis of experimental and theoretical data, results of s
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eral experiments1,13,18,24 and calculations16,20 suggest that
there is no perfect correlation ‘‘coordination number—
chemical properties.’’According to the discussion above, thi
can be explained by the fact that due to the long range cha
acter of the electrostatic potential, coordination number~lo-
cal structure! does not determine unambiguously the Made
lung constant of a particular site.

In this paper we address the following question: is i
possible to find another simple parameter, instead of coord
nation number, which correlate better with chemical proper
ties of the low-coordinated surface sites? In the following
section we speculate that parametersDFO andDFMgO ~de-
fined as combinations of Madelung constant of surface ion!
should correlate with oxygen charge, and characteristics
hydrogen adsorption on the MgO surface, respectively. B
performingab initio pseudopotential calculations of hydro-
gen adsorption on nine low-coordinates MgO surface site
with different values of theDFO andDFMgO parameters, as
described in Sec. III, we showed that charges and reactivi
are not determined by the coordination number alone. In pa
ticular, we found that sites with the same coordination num
bers have different charges and reactivities with respect
hydrogen chemisorption, depending mainly on their corre
spondingDFO andDFMgO parameters.

II. THEORETICAL METHOD

A reduction in the ionic charge of low-coordinated oxy-
gen ions means that some back-donation of the electron
charge occurs to the neighboring Mg21 ions. This transfer of
electron is most likely to occur to the Mg neighbor, having
the least negative Madelung potential@fMg ~max!# among all
nearest neighbors of oxygen. Therefore, it is natural to co
relate the oxygen ionic charge with the value

DFO5fO2fMg~max!. ~1!

Similarly, it is natural to correlate the structure and adsorp
tion energy of H2 chemisorption with the parameter

DFMgO5fO2fMg , ~2!
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5072 E. V. Stefanovich and T. N. Truong: Madelung field and reactivity
characteristic for the Mg21–O22 low-coordinated adsorption
site.

To define parametersDFO andDFMgO, we use ‘‘ideal’’
Madelung constantsfO andfMg for an unrelaxed lattice of
point charges. Of course, many other factors~such as ionic
relaxation,25 noninteger charges of surrounding ions,26 gradi-
ent of the surface potential,25,27 etc.! may influence surface
ionicity and adsorption properties. However, we believe th
these factors are also correlated withDFO andDFMgO, thus
correlations ‘‘DFO—oxygen charge’’ and ‘‘DFMgO—reac-
J. Chem. Phys., Vol. 102,
at

tivity’’ may not be destroyed. An important advantage of
using the ‘‘ideal’’ Madelung constants is that these param
eters can be easily computed for each low-coordinated su
face site of interest using a method described in Ref. 28~also
see Refs. 21 and 24! and Madelung potentials from periodic
~flat surface, step, edge, etc.! structures calculated by the
Ewald summation formulas.

For calculations of the electronic structure and adsorp
tion properties of the MgO surface low-coordinated sites, w
employed the Embedded Cluster model developed earlier f
l

FIG. 1. Models of the MgO surface low-coordinated sites employed in the present study:~a! MgO molecule attached to the surface step;~b! cluster Mg3O3

on the~001! surface;~c! cluster Mg2O2 on the~001! surface;~d! cluster Mg2O2 on the corner;~e! free Mg4O4 cluster;~f! corner;~g! cluster Mg4O5 on the
corner;~h! edge; and~i! ~001! surface. In all cases, the quantum cluster was the Mg4O4 cube, and the H2 molecule was adsorbed on shaded Mg–O pairs. Al
other ions were described by whole-ion pseudopotentials.
No. 12, 22 March 1995



5073E. V. Stefanovich and T. N. Truong: Madelung field and reactivity
TABLE I. ParametersDFMgO and H2 adsorption energies~kcal/mol! on low-coordinated sites on the MgO
crystal surface.

Surface site Fig.

CNa

DFMgO

Adsorption energy
Our
modelMg O ‘‘exact’’ Unrelaxed Relaxed

MgO near step 1~a! 3 3 2.342 2.361 160.9 131.7
Island Mg3O3 on the~001! surface 1~b! 3 3 2.614 2.614 91.7 56.9
Island Mg2O2 on the~001! surface 1~c! 3 3 2.720 2.719 74.0 48.6
Island Mg2O2 on the corner 1~d! 3 3 2.852 2.827 48.2 12.4
Free Mg4O4 cluster 1~e! 3 3 2.912 2.912 29.7 13.2
Corner 1~f! 4 3 3.016 2.994 5.9 3.8
Island Mg4O5 on the corner 1~g! 4 3 3.080 3.055 1.5 1.3
Step 1 4 4 3.190 3.182 no adsorption
~001! surface 1~i! 5 5 3.362 3.363 no adsorption

aCN stands for coordination numbers of the reactive Mg–O pairs.
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studying the electronic and geometrical structure of bulk a
surface defects in ionic crystals.29–31 Similar models were
recently employed for studying bulk@Li1O2#32 and Cu21,
Ag21 ~Ref. 33! defects in MgO crystals and adsorption o
CH4

26,34 and CO molecules35 on the MgO surface.
In the Embedded Cluster model, crystal with point d

fect ~adsorbate! is divided intoquantum cluster~or cluster!
and thesurrounding lattice. The cluster consists of the ad
sorbate and nearest lattice sites, and is treated by the
stricted Hartree–Fock molecular orbital method, taking in
account the embedding potential from the surrounding l
tice, as described below. For a better comparison of prop
ties of different low-coordinated sites, we choose the sa
quantum cluster Mg4O4 ~Fig. 1! for all surface sites consid-
ered here. To reduce the computational demand, we appr
mated the atomic cores in the cluster by the Stevens–Bas
Krauss, effective core potential,36 and used the CEP-31G
basis set for the valence electrons. We studied geome
and energetics of dissociative adsorption of hydrogen
both unrelaxed and relaxed surface sites~the Mg–O pairs on
which H2 molecule is adsorbed are shaded in Fig. 1!. In the
relaxed case, coordinates of the three-coordinated sur
ions were optimized, while all other lattice atoms fixed. Th
GAUSSIAN92 computer code37 was used in all calculations.

Several approximations were made for the embedd
potential of the surrounding lattice on the cluster. The s
rounding lattice was modeled by a finite~188–252 ions! ar-
ray of ions~Fig. 1! at the fixed MgO lattice sites, with the
experimental lattice constant of 2.106 Å. These ions we
represented by whole-ion pseudopotentials. Similar to pre
ous works,29,38,39we used the effective core potential36 for
cations and point charge (q522.0) potential for anions.
Thus, we ignored the lattice relaxation and electronic dens
redistribution outside of the cluster. For our study, we s
lected nine low-coordinated sites@Figs. 1~a!–1~i!# on the
MgO surface, having Madelung constants varying fro
1.181 to 1.682. The low limit corresponds to a MgO mo
ecule attached to the surface step, as shown in Fig. 1~a! and
the high limit to the~001! surface, as shown in Fig. 1~i!. The
free Mg4O4 cluster as shown in Fig. 1~e! has an intermediate
value of 1.456 for the Madelung constant. This selection
lows us to study correlations between chemical propert
J. Chem. Phys., Vol. 102,
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with a wide range of Madelung constants. We found tha
with our choice of size and shape of the surrounding lattic
for each surface site, the parameterDFMgO has errors less
than 1% with respect to its ‘‘exact’’ value for an infinite
lattice of point charges~see Table I!. This accuracy is satis-
factory for our purposes.

III. RESULTS AND DISCUSSION

To check accuracy of the approximations involved in th
Embedded Cluster model, we compared results of four te
calculations for coadsorption of MgO and H2 molecules on
the MgO~001! surface modeled by the 8*8*4 lattice with
different choices of quantum clusters and basis sets. First,
performed the all-electron calculation of cluste
Mg3O3~1H2! shown in Fig. 2, using the 6-31G split valence
basis set augmented withsp diffuse functions on oxygen and
hydrogen atoms.40 All remaining ions of the 8*8*4 lattice
were modeled by the whole-ion pseudopotentials, as d
scribed above. The geometry of the Mg3O3 cluster was opti-
mized first and then kept constant during the structural op
mization of the adsorbed H2 molecule. Geometrical
parameters of the MgO–H2 coadsorption complex and H2
binding energy are listed in the first column of Table II
These results are used as a reference point in our study, a
are in a qualitative accord with the geometry optimized usin
the semiempirical Embedded Cluster model14 as listed in the
last column of Table II. Errors~in Å and kcal/mol! produced
by three more approximate treatments are listed in the 2–

FIG. 2. Mg3O31H2 and Mg2O21H2 clusters used for calculations of MgO
and H2 coadsorption on the MgO~001! surface.
No. 12, 22 March 1995
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5074 E. V. Stefanovich and T. N. Truong: Madelung field and reactivity
columns of Table II. The second column contains results o
tained with the pseudopotential description of atomic cor
in the Mg3O3~1H2! cluster and the CEP-31G basis set for th
valence electrons. This approximation overestimates t
RMg-s andRH–Mg bond lengths by 0.14 and 0.16 Å, respec
tively, and underestimates the H2 binding energy by 1.6 kcal/
mol. These errors do not change substantially, i.e., 0.15 a
0.18 Å for theRMg-s andRH–Mg bonds, respectively, and 1.2
kcal/mol for the binding energy, as listed in the third colum
in Table II for the case, where the smaller cluste
Mg2O2~1H2! was used, in which the two surface ions
~shaded in Fig. 2! were treated as part of the surroundin
lattice and represented by whole-ion pseudopotentials. Co
paring with the fourth column, where the cluste
Mg2O2~1H2! was computed using the all-electron basis se
the errors are smaller than those produced by the valen
approximation. Thus, we can conclude that the whole-io
pseudopotential representation of the surrounding lattice p
duces smaller errors than the valence approximation ins
the cluster and the omission of diffuse functions in the bas
sets for oxygen and hydrogen atoms.

Mulliken charges of oxygen ions categorized by the
coordination numbers at the nine low-coordinated unrelax
surface sites are plotted in Fig. 3 as functions of the para
eterDFO. We found that 6-, 5-, and 4-coordinated oxyge
species have an electronic configuration close to O22. This is
in qualitative agreement with previous studies,14,16,20,41–43

though a quantitative comparison between our present res
with those from these previous studies is not possible, sin
different models and basis sets were used. Charge variati
correlate well with the coordination number. In particula
the oxygen charges at sites with coordination numbers fro
4 to 6 are nearly independent with respect toDFO. However,
charges of the 3-coordinated oxygen ions change from21.0
to 21.3 asDFO increases from 2.342 to 3.080. Smalle
variation was found if these sites are relaxed. Note that at t
low DFO values, i.e.,DFO52.342, corresponding to the
MgO molecule adsorbed near the surface step as in Fig. 1~a!,
the Madelung potential is not sufficient to localize two elec
trons on the oxygen atom, consequently, the Mg and O si

TABLE II. Bond distances~Å! and H2 adsorption energy~kcal/mol! for
coadsorption of H2 and MgO molecules on the MgO~001! surface.a

Cluster

Mg3O31H2 Mg2O21H2
Ref. 14
INDOAE VA VA AE

RO-s 2.34 0.05 0.07 20.02 2.21
RMg-s 2.07 0.14 0.15 20.02 2.15
RO–Mg 1.76 0.02 0.02 0.00 1.91
RMg–H 1.75 0.00 0.00 0.00 1.30
RH–Mg 2.64 0.16 0.18 0.09 •••
RO–H 0.94 0.00 0.00 0.00 0.93
RH–O 2.95 0.00 0.00 20.06 •••
Eads 118.2 21.6 21.2 0.2 •••

aIn the first column are results from the most accurate all-electron~AE!
calculations for the Mg3O31H2 cluster. Columns 2–4 show errors produced
by reducing the size of cluster to Mg2O21H2 and/or using a valence ap-
proximation ~VA !. For comparison, the last column gives the bond dis
tances from INDO calculations by Shlugeret al.14
J. Chem. Phys., Vol. 102,
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may have a radical-like electronic environment similar to a
free diatomic Mg11O21 molecule.14,26 Similar results were
also obtained for magnesium ions: 6-, 5-, and 4-coordinate
sites are almost doubly charged, while charges o
3-coordinated Mg ions vary from10.8 to11.3, in correla-
tion with the Madelung constant of the site.

As discussed in the Introduction, the lowering of ionicity
at the sites with low-coordination numbers and Madelung
constants, corresponds to the increase of the chemical rea
tivity. The relationship between the energy of H2 adsorption
on the unrelaxed sites and theDFMgO parameter is shown in
Fig. 4 and also listed in Table I. We found that the H2 ad-
sorption energy decreases from 160.9 kcal/mol to about zer
almost linearly asDFMgO increases from 2.342 up to about

FIG. 3. Mulliken charges of the oxygen ions in Mg4O4 quantum cluster
plotted as functions of the parameterDFO .

FIG. 4. Adsorption energy of H2 molecule on MgO low-coordinated sites
~difference between energy of the adsorption complex and the sum of ene
gies of separated cluster and a free H2 molecule! as functions of theDFMgO

parameter. Results of Kobayashiet al.16 and Anchellet al.15 are also plotted
for comparison.

-
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5075E. V. Stefanovich and T. N. Truong: Madelung field and reactivity
3.1. There is no stable adsorption of hydrogen on the ed
@Fig. 1~h!# and ~001! surface44 @Fig. 1~i!#, where theDFMgO
parameters are 3.190 and 3.362, respectively. For these s
the calculated adsorption energies are smaller than the b
set superposition error~0.9 kcal/mol! computed using the full
counterpoise method. The most reactive sites are t
Mg(3C) –O(3C) surface sites. For these sites, the H2 ad-
sorption energy varies from 29.7 to 160.9 kcal/mol, in goo
correlation with the value ofDFMgO parameter. This is a
clear evidence that the Madelung constants are important
rameters determining the reactivity of the low-coordinate
MgO surface sites.

Higher chemical activity of sites with lower Madelung
constants is reflected also in the behavior of the geometri
parameters of H2 adsorption as functions of theDFMgO pa-
rameter, as shown in Fig. 5. Both Mg–H and O–H bon
lengths decrease ifDFMgO decreases, though less markedl
for the O–H bond. Generally, shorter bonds correspond
higher stretching vibrational frequencies, thus, our resu
confirm the earlier conclusions regarding positive shift o
infrared adsorption spectra of low-coordinated surface OH2

groups.1,18 The H–H distance shows the most appreciab
variation from 0.73 Å~this value is characteristic for the free
H2 molecule! for H2 molecule near the flat~001! surface and
edge@Figs. 1~i! and 1~h!, respectively# to 4.8 Å correspond-
ing to the complete breaking of the H–H bond for the H2
adsorption on the MgO molecule attached to the surface s
@Fig. 1~a!#. Thus, the bond distances are in good correlatio
with the values of parameterDFMgO. This is consistent with
the behavior of surface ions charges and H2 adsorption en-
ergy, as discussed above.

Next, we studied atomic relaxation of the low-
coordinated surface sites. Equilibrium structure of the fre
Mg4O4 cluster@Fig. 1~e!# was found to be a distorted cube
The Mg–O–Mg and O–Mg–Oangles have values of 87.4°
and 92.6°, respectively. These values are close to their ‘‘c
bic’’ values of 90.0°. The Mg–O distance of 1.965 Å is
smaller than in the MgO crystal, in agreement with previou

FIG. 5. Geometrical parameters of H2 adsorption on MgO low-coordinated
sites as functions of theDFMgO parameter.
J. Chem. Phys., Vol. 102,
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all–electron calculations.20 No ‘‘dimerization’’ was found in
our calculations, in contrast with the results of tight binding
method reported earlier.45 An oxygen ion at the corner@Fig.
1~f!# relaxes inward, in agreement with rounding of the cor-
ner effect predicted previously.46,47 However, this relaxation
of 0.13 Å is smaller than 0.31 Å, which was computed by the
atomistic lattice simulation technique.46

Generally, atomic relaxation shifts 3-coordinated ions to
the position with a higher Madelung potential,48 increases
absolute values of their charges, as shown in Fig. 3~broken
line! and therefore decreases the chemical activity of defects
~Table I and broken lines in Figs. 4 and 5!. In 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
may have either directions depending on the particular defec
structure~also see Ref. 19!.

IV. CONCLUSIONS

Results presented above allow us to conclude that
Mg(3C) –O(3C) surface pairs on the MgO crystal surface
have appreciable reactivities toward dissociative adsorption
of hydrogen molecules. However, surface pairs with the
same coordination numbers may have different properties
We found that ionicity and chemical reactivity of the MgO
low-coordinated sites are in good correlation with the com-
binationsDFO andDFMgO of Madelung constants on these
sites: surface 3-coordinated oxygen ions with lower values of
the parameterDFO have lower charges; surface Mg–O pairs
with lower values ofDFMgO bind hydrogen more strongly
and dissociate hydrogen molecules more readily. Since
Madelung constants of arbitrary~unrelaxed! low-coordinated
site can be easily found without performing expensive calcu-
lations of its electronic and geometrical structures, one can
roughly estimate the charge distribution and parameters o
hydrogen chemisorption for each particular defect site sim-
ply interpolating data in Figs. 4–6 from our present study.
More theoretical and experimental work, however, is needed
in order to confirm the established correlations ‘‘Madelung
constants—chemical properties’’ on interaction of the MgO
surface with other molecules, as well as on chemical proper-
ties of other ionic crystal surfaces.
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