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’ INTRODUCTION

Over the past years, substantial progress has been achieved in
understanding the adsorption of small molecules on oxide
surfaces on the basis of detailed atomistic calculations and a
subsequent validation of the theoretical results by comparison
with experimental data obtained for model systems.1 Among the
most studied examples are the surfaces of ZnO and TiO2 where
for a number of small molecules (CO, CO2, H2O) a rather
satisfying description could be obtained.1�10 OH-containing
molecules are a particularly challenging case with regard to the
structures and geometries formed after adsorption, because for
these species the threshold for hydrogen abstraction has been
shown to be fairly low on oxide surfaces. Accordingly, for most
oxides it is rather the rule than the exception that water dissociates
upon contact with the surface.11 Recently, for the case of H2O
adsorbed on the nonpolar ZnO(1010) surface, it has been
demonstrated that on this substrate a subtle interplay between
hydrogen bonding, the formation of stable oxygen bonds to
substrate Zn ions, and the formation of intermolecular hydrogen
bonds is present. These different interactions lead to the forma-
tion of a rather complicated adsorbate structure consisting of an
equal fraction of dissociated and intact molecules.3,12�14

Encouraged by the excellent agreement between ab initio
calculations based on density functional theory (DFT) and
experimental data obtained from He-atom scattering (HAS) and
high-resolution electron energy loss spectroscopy (HREELS) for

the case of water adsorption on ZnO(1010), we have studied
another, more complex adsorbate on this important surface
of zinc oxide, namely, methanol. Methanol is expected to yield
a much more complex situation than water since replacing
one of the water hydrogen atoms by a methyl group will lead
to substantially more demanding sterical requirements of the
adsorbate. Also the vibrational dynamics of a methanol adsorbate
is more complicated due to the larger number of atoms and the
higher total mass. These considerations already suggest that a
detailed investigation of this complex system should start with an
analysis of the low-temperature phase where entropic contribu-
tions are minimal and where reactions going beyond OH bond
scission can be largely excluded.

In addition to providing a more challenging test case for the
applicability and validity of theoretical calculations, methanol
itself is a very important molecule. Methanol is a desired product
in heterogeneous catalysis. The presently most important pro-
cess is based on syngas (CO/CO2/H2), which is converted to
methanol using ZnO powders as active catalyst15 or as support
for catalytically active Cu particles. This technological interest
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ABSTRACT: The structure, dynamics, and energetics of
methanol adlayers on the nonpolar ZnO(1010) surface have
been studied by He-atom diffraction (HAS), high-resolution
electron energy loss spectroscopy (HREELS), thermal desorp-
tion spectroscopy (TDS), and density functional calculations.
The experimental and theoretical data consistently show that at
temperatures below 357 K methanol forms an ordered adlayer
with a (2 � 1) periodicity and a coverage of one monolayer in
which half of the methanol molecules are dissociated. The
ordering of the methanol molecules is governed by repulsive interactions between the methyl groups of the methanol molecules.
This repulsive interaction is also responsible for the formation of a second, low-density phase at higher temperatures with half
monolayer coverage of undissociated methanol which is stable up to 440 K.
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