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Structural and electronic properties of (100)-oriented Mg&al MgSQ-H,0 surfaces and the adsorption of
water on the latter were investigated theoretically with a combination of ab initio and semiempirical methods.
Ab initio electronic structure calculations were based on a density functional theory {IBféar)ree-Fock

(HF) hybrid approach. The semiempirical method MSINDO was used for the determination of the local
adsorption geometry of the water molecule. With the hybrid method good agreement was obtained with the
experimental band gap of 7.4 eV determined with electron energy loss spectroscopy of polycrystalling MgSO
H,O samples under ultrahigh vacuum conditions. The valence bands of the (100) surfaces of both MgSO
and MgSQ-H,0 are formed mainly by the O2p levels, whereas the S2p states contribute to the lower part of
the conduction band. The preferred adsorption site of water at MgBO (100) is above a surface Mg
atom. The water molecule is stabilized by two additional hydrogen bonds with surface atoms. Only small
differences between the electronic structure of Mg&0 and MgSQ were observed. Also, the molecular
adsorption of water on the MgS®i,0 surface leads to only small shifts of the electronic energy levels.

I. Introduction such as haline (NaCl) and silvine (KCI). By addition of
conditioner molecules, which adsorb on the surfaces of the
minerals, and after appropriate mechanical treatment, these
minerals can be separated electrostatically, making also adsorp-
tion processes and the adsorption induced electronic states an
interesting subject of investigatién.

This paper presents first results on the geometric and
electronic structure of bulk MgSOand MgSQ-H,O with
emphasis on simulations and their methodology. The comparison
of ab initio and semiempirical methods with experimental data
is meant as a test of the reliability of the various methods and
gto form a basis for semiempirical calculations, which allow the

atomic structure of the surface and the energetic interplay investigation of much larger systems. Starting with the MgSO

between the metal and the insulating surface, which, of course, SYStem, we extended our calculations to the (100)-oriented
defines the yield of such catalytic reactions. Within this context, Surface of kieserite and investigated in a third step the adsorption
especially binary insulators with two different kinds of atoms of water at different sites on this surface.
have been investigated intensely in the past. ] )

Studies on ternary systems like Mg$Stave not been in the  |I. Computational Methods and Experimental Setup
focus of the research so far, because experimentally it is still

difficult to grow single crystals and prepare their surfaces with | ~1hods were used to calculate the properties of Mg
sufficient perfectness. Simulations of such materials, on the OthengSO4-H20. Their electronic structure was calculated with the
hand, have to cope with problems of comparatively large unit pet_ye hybrid approach PW1PW.In this method the
cells with many atoms and with the rather low symmetry of g change functional is a linear combination of the HF expression
most systems. This makes them interesting candidates for(>gy4) ang the Perdew-Wang generalized-gradient functional
comparisons of ab initio and more approximate semiempirical (PWGGA)® Electron correlation is included by the PWGGA

methods. _ _ correlation functional. This approach describes the electronic
_Incorporating water into the crystalline structure of magne- gy cture of insulating oxides in reasonable agreement with
sium sulfate gives kieserite (MgQ®i,0), which, for instance, experiment, as has been shown for MgO, NiO and GoO.

SSUzien(:i;]r:a?;frlS\;Jrlltigrrwei;Oirnm1nnlg:meif:crilt\?vi$qzii:raxirr?g?als The periodic ab initio calculations were performed using the
! 9 crystalline orbital program CRYSTALO03The Bloch functions
* Corresponding author. Present address: Halle-Wittenberg, Von-Seck- are.eXpanded a.s a. l.mear combination of Gaussian-type atomic
endorff-Platz 1, 06099 Halle. E-mail: volodymyr@physik.uni-halle.de orb|_tals. The re“ab!“ty of _the computed results depend_s on the
T E-mail: tegenkamp@fkp.uni-hannover.de choice of the atomic basis sets. Therefore, those basis sets for

The electronic properties of crystalline insulators and of their
surfaces have been in the focus of various investigations both
theoretically and experimentally-4 The motivation for these
investigations is not only the need to clarify the role of insulating
support materials in context with their activity in heterogeneous
catalysis but also the role of various kinds of defects as
chemically active sites and their relevance as pinning centers
in nanostructuring. Usually insulating surfaces can promote
certain chemical reactions only after the generation of defects
or after the deposition of metal clustérélowever, also the
shape and size of the clusters is determined by the detaile

A. Computational Methods. Two different theoretical

10.1021/jp044736k CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/19/2005



Properties of Ternary Insulating Systems J. Phys. Chem. A, Vol. 109, No. 18, 2005119

og
e
Mg
a) S
(8]
H

surface direction

o op

.00 \00

Fe o
o e

c) d) (010) e) o(100) Qj

Figure 1. Crystal structures of bulk MgS{da) and MgS@HO (b). In the lower part projections of the atomic positions in Mg$0 onto the
(001) (c), (010) (d) and (100) planes (e) are shown.

Mg, S, and O were used that have been optimized in previous MSINDO surface simulations were performed with the
CRYSTAL studies. The 8-511G* and 8-411G* basis sets for recently implemented cyclic cluster model (CCM¥In this

Mg and O, respectively, have been derived for Mg@vhich model periodic boundary conditions are directly applied to a
is expected to be a reasonable choice for the present system<luster of a moderate size. A CCM calculation is similar to a
For sulfur, an 86-311G* basis set was chosen, where the outersupercell calculation at thHe pointk = 0 but with an interaction

sp and d exponents have been optimized for CaSQhe region that is defined by the cluster geometry and not by cutoff
description of the O and H atoms in water was realized with thresholds. A comparison of the supercell approach and the
the standard basis set 6-31&"We also investigated the effect CCM was given recentl§*

of additional diffuse and polarization functions on the calculated B. Experimental Setup. The experiments were carried out

band gap of bulk MgS®H-0O and the (100) surface of MgSO  in a vacuum chamber at a base pressure of P@. As substrates
H20, and on energetic properties. we used naturally grown, polycrystalline Mg$8,0 minerals,

For sampling in reciprocal space, shrinking factersf 4 which were brought inside the chamber by a load lock system.
were used in the Monkhorst n€tThis leads to a total number  To characterize the electronic structure of the surface, photo-
of 21 k points in the first Brillouin zone of MgSpand of 24 electron spectroscopy (UPS and XPS) and electron energy loss
k points for MgSQ-HO. spectroscopy (EELS) measurements have been performed. A

CRYSTALOS allows the optimization of internal coordinates more detailed description of the vacuum system is described
of three- and two-dimensional systems using analytical gradientselsewheré. The charging of MgS®H,O during the UPS
and an updated Hessian approdctfattice parameters must be  measurements leads to a strong broadening and shifting of all
optimized numerically. The optimization of adsorbate structures emissions. The charging during the electron energy loss
is, however, very time-consuming with CRYSTALO3. For this spectroscopy (EELS) was less pronounced, i.e., the full width
reason the semiempirical SCF MO method MSIND@as at half-maximum of the elastic peak was around 0.5 eV.
employed for the study of water adsorption on the Mg$0
(100) surface. Both the orientation of the water molecule and |, Crystallographic Parameters and Structural
the atomic positions of the surface were optimized in these pqjaxations
simulations. The so obtained atomic coordinates were used for
subsequent analyses of the electronic structure with CRYS- The orthorhombic, basis-centered structure of Mg&pace
TALO3 PW1PW. group Dzpt? — Cmen??) is shown in Figure la. The SO

MSINDO is a modification of the previous version SIN- tetrahedrons are centrosymmetrically arranged around the Mg
DO115 An approximate Lavdin orthogonalization of the valence  atoms. Therefore, the unit cell of Mgg©ontains four formula
orbitals is performed. Inner orbitals are taken into account by units (4 Mg atoms4 S atoms and 16 O atoms). The Mg atoms
Zerner's pseudopotentiti.More details about the methods can  are located at (0,0,0); (0,0,1/2); (1/2,1/2,0); (1/2,1/2,1/2) in units
be found elsewher¥:8Due to its computational efficiency the  of the lattice vectors, and the S atom positions afe{@?);
MSINDO method allows to simulate much larger and therefore (0,0,3/4); (1/2,1/2-6,1/4); (1/2,1/12-6,3/4) with 6 = 0.37, as
more realistic model systems compared to first-principles revealed by X-ray experimentd.The O atoms are forming
methods, e.g., the adsorption of water on the Mg8gD almost regular tetrahedra around the sulfur atoms. However,
surface. the small distortion of the SQunits defines two different kinds
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Figure 2. Representative MgSQ@a) and MgSQ@H0 (b) structure
units with relevant bond lengths (cf. Table 1).

TABLE 1: Comparison of Calculated and Experimental
Lattice Vectors and Bond Distances (A, degrees) of
Crystalline MgSO,, and MgSOgH,0?

system parameter eXp?® PW1PW MSINDO
MgSO, lattice vectors
a 5.18 5.19 5.01
b 7.89 7.89 7.89
c 6.51 6.50 6.47
bonds
S-0O 1.557 1.466 1.458
S—0Oy 1.517 1.515 1.459
Mg—0 2.011 2.014 2.018
Mg—Oy 2.093 2.114 2.105
MgSOs»H,O  lattice vectors

a 6.89 6.90 6.88
b 7.62 7.63 7.50
c 7.65 7.63 7.64
B 117.7 117.6 117.6
bonds
S-0O 1.465 1.447 1.450
S-0Oy 1.468 1.498 1.457
Mg—0 2.022 2.035 2.003
Mg—O0Oy 2.045 2.040 2.006
Mg—Oy 2177 2.168 2.181
Ou—H 0.938 1.001 0.974

@ The corresponding bonds for the bulk materials are shown in Figure
2.

of O groups, which can be distinguished by differertGbond
lengths, S O, and S-Oy (Figure 2). The Mg atoms themselves
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(010), and (100) planes are shown in Figure 1c,d,e. Along the
[100] direction, the kieserite crystal has a layered structure with
a spacing of approximatell A between the closed-packed
layers as indicated in Figure 1c. A cut along (100) in this region
will not lead to S-O or Mg—O bond cleavage. It is therefore
energetically favored over other possible cuts for the (100)
surface. Each slab consists of 7 atomic layers and contains 18
atoms per primitive unit cell. In comparison to the sulfate
system, the chemically bound water induces a rotation of the
SOy units (30 see Figure 1). Due to this transformation, the
Mg atom of kieserite has in contrast to MgStree different

O bonds, Mg-0O;, Mg—0y;, and Mg-Oy;, as shown in Figure

2. The third species @ is defined by the crystalline water.

Full optimization of the bulk lattice parameters and atomic
coordinates was performed with the CRYSTAL package by
exploiting the new feature of analytic energy gradiénfsst,

a full optimization of all atomic fractional coordinates was
performed with lattice vectors fixed at the experimental
values??23 Starting from the obtained internal coordinates, the
lengths and angles of the lattice vectors were optimized. This
procedure was repeated iteratively until the forces were smaller
than 0.02 eV/A. Similar optimizations were performed with
MSINDO CCM using cyclic clusters MgSs.0:28 and
M@32S320160Hs4, COrresponding to 2 2 x 2 supercells. The
optimized structure parameters obtained by the two different
methods are summarized in Table 1 for MgSfhd MgSQ-
H-0.

Particularly, the results of the PW1PW method show a good
agreement with the experimental data. The differences do not
exceed 0.02 A and 1for the lattice parameters for both
kieserite and magnesium sulfate. The lattice parameters obtained
with MSINDO are similar except faa (MgSQy) andb (MgSOy-

H,0) where the deviations are larger than 0.1 A (Table 1). For
MgSQO, this effect is due to an underestimation of the@&
bond length by~ 0.1 A, while for kieserite this is not observed.
Here it is more likely that the error of the lattice parameter is
due to an underestimation of bond angles. The BHF hybrid
method PWI1PW in general gives bond lengths in close
agreement with experiment with deviations smaller than 0.03
A. An exception is the @—H bond length where the difference
to the experimental value is with 0.06 A larger than the
MSINDO error (0.04 A). Besides the few cases mentioned above
MSINDO describes the bond lengths of Mg&Sénd MgSQ-

H,0 with comparable accuracy as PW1PW. For this reason no
refinement of the empirical parameters for the present study
was performed and the standard paramétevere used for the
surface structure optimizations described below.

For comparison with adsorption experiments, the (100)
surface of MgS@H,O (Figure 1le) has been studied in more
detail. Other surface configurations have not been investigated
in detail. Different from other low-index surfaces, e.g. (001)
and (010), the electrostatic dipoles between théMgns and
the SQ?2~ units are almost within the plane for the (100) surface.

are surrounded by 6 nearest neighbor O atoms, forming distorted©r this reason the surface energy of this surface is expected to

MgOs octahedra with two different MgO bond lengths,
denoted as MgO, and Mg-0Oy (Figure 2). The optimized
lattice parameters, b, andc and the corresponding bond lengths
as obtained with CRYSTAL PW1PW and MSINDO are shown
in Table 1 and compared to available experimental results.
Kieserite (MgSQ@-H»0) is chemically formed by incorporat-
ing one water molecule per MgQ@nit. This leads to further
reduction of the symmetry of the sulfate crystal, i.e., Mg§O
H,O has a monoclinic structureCfsn) (cf. Figure 1b¥3 For
better visibility, projections of the bulk structure onto the (001),

be lower than for the other planes. Furthermore, cutting the
MgSQOy-H,0 bulk material in any other direction than (100)
requires the cleavage of-® or Mg—O bonds. Only for the
(100)-oriented surface a superimposed layered structure can be
seen, as discussed in a previous section.

In the following we will call one stoichiometric unit consisting
of 7 atomic layers a superlayer. In Figure 3 the single layers
are indicated by dashed lines.

In preliminary MSINDO calculations the energy required for
the removal of one chemically bound water molecule out of
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To maintain the G-S—0O bond angles close to the optimal
values, the S@unit rotates, so that the outermost O atoms at
the surface relax toward the bulk. This reduces the effective
spacing between the superlayers by approximately 0.1 A. It is
obvious that the electrostatic attraction between Mg cations and
O anions is increased and the surface energy is lowered by this
relaxation mechanism. It was found that the displacements of
atoms in the second layer are an order of magnitude smaller
than those of the outermost layers. To reduce computational
effort, only atoms of the first superlayer were allowed to relax
in the study of water adsorption (see below).

The atomic displacements obtained for MgS@QO (100)
®H are within the range of other insulating surfaces, e.g., NaCl-
® Mg - (100) and KCI(100%4
.S A second verification of MSINDO was done by the com-
Figure 3. Side view of the unrelaxed and relaxed MgS@O0 (100) parison of the total energies obtained with the hybrid PW1PW
surface. Full circles represent the atoms of the relaxed surface andmethod, but with different geometries as input data. The
shaded circles correspond to the atomic positions of the bulk crystal. difference of the total energies for two relaxed surfaces (with
The absolute values of atomic displacements are shown in Table 2. p jnitio and semiempirical methods) is small (0.32 eV). This
The atomic layers are indicated by dashed lines. finally demonstrates that MSINDO is a good approach for the

@0

TABLE 2: Displacement A (A) of Atoms in the Kieserite calculation of the geometry and binding energies. Therefore,
(100) Surface with Respect to the Optimized Bulk Positiorfs this method was extended toward the calculation of water
surface atom PW1PW MSINDO adsorbed on MgS£H,0 surface (see section V).
I\S/Ig %‘%‘% %‘_%J% IV. Electronic Properties
8:ﬁo“ 8'3;8% 8'(1)75;8'22 The electronic structure of MgS€H,0 was computed with

PW1PW CRYSTAL along the high-symmetry points of the
a Comparison of PW1PW CRYSTAL and MSINDO CCM results.  Brillouin zone2s namelyY = M — L — A—T — V. The
oo e e e e et Vs e scUPP Part o the valence band and the lower part of the
also Figure 3). P conduction band of the bulk is shown in the left part of Figure
4. The crystal is a wide band gap insulator with a gap of 7.77
the kieserite (100) surface was calculated as 4.5 eV. Therefore €V at theI-point. The top of the valence band has a small
the calculations regarding the water adsorption have beendispersion indicating large hole effective mass, which is often
performed on the perfectly stoichiometric (100)-oriented surface. found for wide band gap insulators. The bottom of the
The surface was modeled by two-dimensional slab models conduction band has, however, a significant dispersion near the
consisting of 14 atomic layers ia direction (2 superlayers). I point.
Again, both the ab initio and the semiempirical methods have  The calculation of band gaps, i.e., the determination of the
been used to optimize the geometry of this surface. In theselowest energy of the conduction band, is the most difficult part
optimizations both superlayers were allowed to relax. The for many quantum chemical theories. The hybrid method
change of the atomic positions in the (100) surface with respect PW1PW was originally designed to reproduce experimental
to their bulk coordinates are given in Table 2. A corresponding band gaps, lattice parameters and thermodynamical properties
visualization of the relaxation is shown in Figure 3. of oxides? The linear combination of HF exchange and the
The displacements obtained from PW1PW and MSINDO are PWGGA exchange functional leads to a partial error cancellation
very similar. The Mg atoms relax toward the bulk by about and the one-particle energies provide a reasonable approximation
0.10 A, whereas the S atoms relax only within the (100) plane. to measured electronic spectra. For the Mg$0O (100)
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Figure 4. Left: E(k) dispersion relation along thke points with the highest symmetry calculated for MgS@0. Right: EEL-spectrum of
polycrystalline kieserite. For details see text.
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surface the band gap was determined to be around 7.35 eV (see 105 T
below). This is in excellent agreement with results of our EELS MgSO4-H,0
experiments, shown in the right part of Figure 4. For these 901

experiments polycrystalline kieserite material has been used. e 75F

Due to the surface sensitivity given by the energy of the incident 2 60

electron beam and due to the geometry, i.e., detection of the § a5l

losses around the specularly reflected beam, mainly the excita- 8 )

tion of an electron at thE-point is measured. However, in the a 30

EEL spectra an additional loss around 6.5 eV is found. 150 Oxygen in H,0

According to other wide band gap insulators the loss can be oola . . Hydrogen

6 -3 0 3 6 9 12 15 18

attributed to an excitonic state of Mg%®,0. Nevertheless, Energy, eV

as seen by experiments of water adsorption on NaCl(100) and
KCI(100) surfaces, defects in form of color centers can (a)
dissociate HO molecules, resulting in the formation of OH

centers at the surface, which show characteristic losses>(4 9.0 7
L transition) in the same energy rari§&.herefore, to exclude 750 MgSO4
similarities with adsorbed or dissociated water, the kieserite

crystal was degassed for days at 400 K, i.e., below a temperature, 6.0} E =788ev

where desorption of the chemically bound water or even a
chemical decomposition of the crystal can be excluded. Also
bombardment experiments with electrons (energy 100 eV) have
been performed. This is a well-known technique to generate
new active sites for water dissociation, but no significant changes

-
4
T

DOS, arb.un
w H
o [3,]
2 |2

%

in the emission spectra have been detected, so that we assign ool Oxygen o~

the loss at 6.5 eV to an excitonic state, which is not considered 6 3 0 3 6 9 12 15 18

within the theoretical calculations. Energy, eV
Furthermore, the projected density of states (PDOS) of (b)

kieserite (100) was calculated to identify the individual contri-

butions of the single atoms to the total DOS, because this is of 90—

importance for later discussions about the adsorption of water 8.0r Surface band gap of MgSO;H,0

(see below) and organic molecufgsThe DOS was calculated 7.0F E,=735¢V

with PW1PW using the Fourier-Legendre techniueith a c 60f

refined Monkhorst net using shrinking factors of 8. The 2 s0f

projection onto atomic orbitals was based on a Mulliken analysis E_ 40F ﬂ ﬂ Surface total DOS

of the crystalline orbitals. The calculated DOS of the MgSO 8 30F Magnesi

H,0 crystal is shown in Figure 5a. The analysis of the PDOS O 59 g'fyﬂ;mso

shows that every atom has a major contribution only in one 10l OxygeninHL.O ]

band. The Mg atoms have only very small contributions to the oolim o ., Hyvdogen AN

upper part of the valence band. Obviously, the oxidation state 6 3 0 E3 6 3 12 15 18

of the Mg atoms of both MgS©£and MgSQ-H0 is close to neray.

Mg2*, i.e., the interaction between Mg and the S®mainly (c)

electrostatic. The lower part of the conduction band is mainly riq,re 5. Contributions of the single atoms to the total density of
formed by unoccupied 3p states of the sulfur atoms. The Mg states (DOS) for bulk MgS£H,0 (a), bulk MgSQ (b), and for the

3s orbitals give only small contributions to the conduction band surface of MgS@H-0 (100) (c).

of the crystal. This is different from MgO bulk or the MgO-

(100) surface®39The upper part of the valence band is formed same atoms as for the bulk material. Nevertheless, the relaxation

by the 2p orbitals of the O atoms @nd G, from the SQ units. of the layers near the surface is manifested by a smaller energy

The occupied states of the@&l molecule (1pstate) are located  gap of 7.35 eV. This agrees well with the result obtained by

4 eV below the top of the valence band. the surface sensitive EELS experiment (7.4 eV, see Figure 4).
In part (b) of Figure 5 the DOS of bulk MgSQs shown, For the investigation of the influence of additional polarization

calculated in a way similar as for kieserite. The origin and the and diffuse atomic basis functions we performed calculations
structure of the density of states are the same as for the kieseriteyf the electronic end energetic properties of MgSRIgSQy
bulk material. The MgS®shows some additional relaxation H,O, and the (100) surface of MgS®i,0. In this case the
effects, i.e., the band gap is slightly larger than for the kieserite 6-31G*, 6-311G*, 6-311+G**, and 6-31HG**(2p2d) basis
bulk structure, but again, only the O atoms of the sulfur sets were used for water together with an additional d orbital
complexes contribute to the valence band. A comparison of the for Mg, S, and O atoms of the mineral. Our calculations show
DOS of MgSQ and MgSQ-HO crystals shows that the crystal  that there are only small changes of the shape of the bands.
water changes the electronic structure of the Mg&stal very The calculated value of the band gap changes by @nfy15
little but still is responsible for structural changes (in our case eV for the surface and by 0.05 eV for the bulk (see Table 3).
rotating of the S@group and increasing of the volume). Further extension of the basis set of the Mg, S, and O atoms
More significant changes in the DOS are obtained when the with diffuse sp orbitals leads to severe SCF convergence
kieserite surface is considered (cf. Figure 5c), which is probably problems for MgS®@ and the surface of MgSfH,O. The
the result of the surface relaxation. In general, the origin of the variation of total energies obtained with different basis sets is
individual features in the band structure can be related to the also small and does not exceed 0.13 eV per atom.
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TABLE 3: Band Gap of the MgSOy4-H,0 and Surface of the 7.0 . —

MgSO,4-H,0 Obtained with Different Basis Sets - o

‘\..“"pt <

L1 P 9 Q
° @ i; \
~ .
° ‘a®

basis set band gap (eV)

MgSQy-H,0 6-31G* 7.77 . 50t
6-31G*+d 7.74
6-311+G** 7.81 4.0
6-311+G**(2p2d) 7.82
6-311+G** +d 7.81

surface of MgS@H,0 6-31G* 7.35
6-311+G** 7.20
6-311+G**(2p2d) 7.32

aHere “+ d” means that additional d orbital was added for the basis
sets of Mg, S, and O atoms. 0.0ladn.
)

3.0

DOS, arb.un

20

1.0

HOmolegule .. .
3 0 3 6 9 12 15 18 21
V. Adsorption of the Single Water Molecules on MgSQ Energy, eV

H->0O

To investigate both the chemical influence of the MgSO
H,0O surface and possible changes in the surface band structure
due to molecular adsorption, the calculations were extended to
include the adsorption of single water molecules. The energeti-
cally favored positions were calculated using MSINDO CCM.
As mentioned above, only the atoms of topmost 7 atomic layers
were allowed to relax. To investigate the most stable adsorption
site, the HO molecule was placed at 24 14 different surface
sites within the unit cell. At each of these points, the adsorption
energy Eqgs was calculated including relaxation of both the
molecule and the surface.

DOS, arb.un.

H,0 molgcule
6 3 0 3 6 9 12 15 18 21
Energy, eV

L o

E, .= E(H,0/MgSO;H,0) — E(MgSO;H,0) — E(H,0) ool A

A negative adsorption energy indicates a stable adsorption

position. As examples, three configurations are shown in Figure (b)

6. For these position&agsis —0.05 eV (a),~0.61 eV (b), and  Figure 7. Calculated density of states of two most stable positions of

—1.20 eV (c). The geometry shown in Figu c isenergetically a single water molecule adsorbed on the Mg®13D surface: (a) water

the most favorable found by our calculations. molecule above Mg position (see Figure 6¢) and (b) above S atom (cf.
As expected, the site above a surface Mg atom (6c) is W!th Figure 6b); PW1PW results using optimized structures obtained

preferred for water adsorption due to the interaction between With MSINDO.

the electropositive Mg atom and the electronegative O atom of ) i ) )

the water molecule. This configuration is stabilized by two chemisorbed water molecule increases slightly the density of

additional hydrogen bonds between the H atoms of the water the unoccupied states. The first occupied state of the molecular

and the O atoms of the S@nits. The energy difference between Water (1h state) is around 3 eV below the valence band edge

the hydrogen bond and the M@y,0 bond is approximately ~ of the MgSQ-Hz0O surface. Similar results for molecularly

0.6 eV. The length of the MgOy,0 bond is 2.18 A. adsorbed water on insulating surfaces were found by previous
The electronic density of states for two energetically favorable UPS measurements ot& on NaCl(100) and KCI(10G}: From

types of bonds was calculated with the PW1PW method. The Figure 7 an overlap of the O2p orbital of the water molecule

results of the calculations are presented in Figure 7. Comparedwith the valence band structure stemming from the O atoms

to the spectrum of the clean surface (cf. with Figure 5c), the around the S@Qunits can be seen. In analogy to the results

® i ) J & v
Cohed Lhed LHed

el pedl dedll

Figure 6. Three minimum structures for molecular water adsorption on MgiS& (100), as obtained with MSINDO. In structure (a) the water
molecule is attached to the surface via two hydrogen bonds to surface oxygens, in structure (b) one hydrogen bond between water oxygen and
surface hydrogen is formed, and in (c) water interacts with surface Mg and oxygen.
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obtained for bulk MgS®H0, the Mg-Ou,0 bond between valence band is generated mostly by the 2p orbitals of the O
the surface Mg atom and the O atom of the adsorbed wateratoms of the SQunits, whereas the conduction band is formed
molecule is mainly electrostatic, i.e., only polarization effects by the 2p states of the S atoms. The oxidation state of the Mg
of the polar bond can be seen in the DOS spectrum by both atoms is close tet+2. Therefore, covalent bonds between the
small energetic shifts and intensity changes. Mg atoms and the SOmolecules are not present. This can

It was found that the slab with the adsorbed molecule has a explain why also the chemisorbed water molecule at Mg surface
dipole moment of 3.4 D in the direction of the surface normal. sites does not change either the conduction nor the valence band
To investigate the influence of the induced artificial dipole edge, which is an important observation for any kind of chemical
moment we repeated the calculation of the electronic propertiesreactions, as seen for the adsorption of salicylic acid on the
of the slab with adsorbed water molecules at both sides. TheMgSOy-H,0 surface?’
energetically favorable position of ;@ on the surface as
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