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Structure of Physisorbed Molecules on an Oxide Surface from Potential Calculations and
Dynamical Low-Energy Electron Diffraction Analysis: Acetylene on MgO(100)
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Semiempirical potential calculations have been combined with a dynamical low-energy electron
diffraction analysis to determine the complete structure of molecules physisorbed on an oxide surface,
namely, acetylene (C2H2) adsorbed on MgO(100) atT  88 K. This allows determination of the
adsorption sites and the molecule-molecule and molecule-substrate distances. The results are consistent
with molecules that lie almost parallel to the surface in a herringbone structure. Neither molecule nor
substrate exhibits significant distortions, due to the weak physisorption. [S0031-9007(97)03254-7]

PACS numbers: 68.55.Jk, 34.20.Gj, 61.14.Hg
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Molecular adsorption, including physisorption, on ox
ides is of special importance for catalysis, since oxid
play major roles both as active catalysts and as supports
metallic catalyst particles [1]: Zeolites, in particular, hav
attracted much attention [2]. While strong metal-suppo
interactions remain under extensive study [3], there is
need for studying surfaces that are accessible to a wi
range of surface science techniques, primarily exter
single-crystal surfaces [4]. MgO provides a most favo
able model oxide crystal for this purpose: It is itself use
as a support in catalysis. It is furthermore used as supp
for the growth of high-Tc superconductors. MgO provides
high-quality single-crystal surfaces while it is also ava
able as uniform powder on whose large surface area mo
ular adsorption can be studied with neutron diffractio
Calculations [5], as well as low-energy electron diffractio
(LEED) dynamical analyses [6,7] and medium-energy io
scattering analysis [8], have shown that the bare MgO(10
surface is only slightly perturbed from its bulk structure
Molecular adsorbates bearing strong dipole or quadrup
moments have been investigated on this surface. They
good probes of the surface electric field and have be
used to evaluate the effective ionic chargeqp  qye of
the surface ions [9]. This effective charge is about61.2,
in agreement with theoretical models [10]. Acetylene h
a strong quadrupole moment which is expected to inter
strongly with the surface electric field gradient and give
molecular arrangement with strong quadrupole-quadrup
interactions. LEED adsorption isotherms on MgO(10
surfaces [11] as well as volumetric isotherms on po
ders [12] have provided adsorbate-substrate and adsorb
adsorbate interaction energies which have been compa
to semiempirical potential calculations [11]. Howeve
the detailed equilibrium structure given by the theoretic
model must still be confronted with experimental result
The dynamical analysis of LEED intensities provides
unique way to obtain the complete structure: molecular a
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sorption sites, molecule-substrate distance, and orientat
in addition to any relaxation within the molecules and th
substrate. However, this analysis require an approxim
knowledge of the monolayer structure to start with, sin
it is a perturbationlike method. This is the reason wh
our approach combines the results of semiempirical th
retical modeling with a fully dynamical analysis of LEED
intensities. This is the first application of such LEED ana
ysis to physisorbed molecules on any substrate in the c
where the interactions which determine the geometry
the adsorbed layer are predominantly of an electrosta
nature. Unlike chemisorption, where molecules can
strongly perturbed and eventually dissociated, physiso
tion leaves the adsorbed molecule relatively undistorte
Furthermore, we have a unique opportunity to compare
calculations and the LEED analysis to neutron diffractio
experiments of C2D2 on MgO [12], where a classical kine-
matical analysis of diffracted intensities can be achieve
However, the neutron diffraction technique does not allo
determination of either the epitaxial relation between t
substrate and the overlayer or the molecule-surface d
tance. Hence our work provides additional details on t
acetylene monolayer/MgO(100) system.

In this Letter we present the main results. Details w
be presented elsewhere [13].

The experimental apparatus and sample prepara
have been described elsewhere [14]. Acetylene was
sorbed at 88 K andP  4 3 1028 mbar on an in situ
cleaved MgO single crystal to give one monolayer cove
age. The resulting overlayer structure produced a sh
LEED pattern [11] which is consistent with as2 3 2d
symmetry is agreement with previous neutron diffra
tion measurements for adsorption on powders [12]. T
s1y2, 0d and s0, 1y2d spots are missing at normal in
cidence, consistent with two orthogonal glide plan
[11]. LEED intensity versus electron energy measur
ments [IsV d curves] were performed for the (1,0), (1,1
© 1997 The American Physical Society 4237
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s1y2, 1y2d, s3y2, 1y2d, (2,0) and (2,1) reflections under th
temperature and pressure conditions indicated above
at normal incidence, using a video camera connected to
Apple Mac II Cx computer; the energy range 50–300 e
was used in the analysis.

Calculations with semiempirical potentials have be
performed to determine the equilibrium structure of t
acetylene monolayer [11]. The interaction potentialsVMS

between a C2H2 molecule and the MgO substrate an
VMM between two adsorbate molecules are written a
sum of three contributions: electrostatic, induction, a
dispersion repulsion. The total interaction potentialV
between a C2H2 adlayer and the MgO substrate is the
a sum of pairwise interactions:

V s$r , $Vd 
X

i

∑
VMSs$ri , $Vid

1
1
2

X
j

VMMs$ri , $Vi , $rj, $Vjd
∏

. (1)

The quantities$ri and $Vi define the position of the cente
of mass and the orientation of theith C2H2 molecule with
respect to an absolute frames $x, $y, $zd tied to the substrate
the $x and $y axes being in the surface plane as shown
Fig. 1. The orientation is defined by the azimuthal a
polar anglesF and u between the C-C molecular axe
and the $x and $z axes, respectively. The molecules an
the substrate are assumed to be undeformable. In
present work, two different values of the effective ion
charge of the surface ions have been taken:61.2 and62.
The latter value,qp  62, corresponds to a totally ionic
MgO crystal, whereas the former value,61.2, has been
determined, as mentioned above, from experiments [9]
theoretical calculations [10]. No temperature effects
introduced in the model. Hence the calculations repres
the system atT  0 K. However, the potential barriers

FIG. 1. The structure of thes2 3 2d acetylene monolayer
adsorbed on MgO(100). See Table I for the coordinates
the center of mass of the molecules and orientation ang
determined from potential calculations and from dynamic
analysis of LEED intensities.
4238
nd,
an
V

n
e

d
a

d

n

in
d

d
the
c

nd
re
nt

of
les
al

to translation or rotation at the absorbing site are hig
enough to prevent dramatic changes in molecule positio
at the temperature of our experiment [11]. Furthermor
in the present work, the use of the potential calculatio
is primarily to obtain an approximate structure to sta
the tensor LEED analysis. Consistently, the results of t
LEED analyses will give us valuable information in th
accuracy of the potential calculations.

The calculations of the minimum energy configuratio
are performed for various situations. We first consid
a single C2H2 molecule adsorbed on MgO(001) an
determine the minimum potential energy surface e
perienced by this molecule when it moves above t
MgO surface. The next step concerns the monolay
structure determination. The minimization procedu
[14] consists of a numerical search for the potenti
minimum V min

sn3mds$r, $Vd associated with asn 3 md unit
cell containings molecules, with respect to the 5s degrees
of freedom. Many cells have been considered [11
The most stable calculated geometry corresponds to
s2 3 2d phase containing two molecules, as shown
Fig. 1. The molecular center of mass is located above M
atoms. The first molecule lies at the origin of the draw
unit cell with its molecular axis parallel to the surfac
plane su  0±d and rotated byF  60± with respect to
the $x axis. The second molecule is located at the cen
of the unit cell with its molecular axis also parallel to th
surface plane but azimuthally rotated byF  120± with
respect to the$x axis. Thez distances between the cente
of mass of each molecule and the MgO(100) surface a
identical and depend on the value of the effective surfa
charge, as shown in Table I. Our calculations sho
that the molecule-substrate interactions are domina
The competition between the dispersion-repulsion a
electrostatic contributions is always dominated by the ele
trostatic terms in the molecule-molecule and the molecu
substrate interactions. It is interesting to note that the
calculations lead to two glide planes, in agreement w
neutron diffraction experiments [12]. These glide plan
are also consistent with our LEED observations, whe
shy2, 0d and s0, ky2d reflections with h and k odd are
missing.

To analyze the LEEDIsV d curves and thereby deter-
mine atomic positions from experiment, we used an au
mated tensor LEED method, which includes all multip
scattering in a convergent manner and allows fitting ma
unknown atomic coordinates in the system [15]. No stru
tural symmetry was assumed in the analysis. The positio
in three dimensions of all carbon atoms and all Mg and
atoms in the topmost oxide layer within as2 3 2d unit cell
were optimized by fitting to experiment using Pendry’sR
factor [16], representing3 3 12 coordinates (in addition to
the muffin-tin zero level). Hydrogen was ignored as usu
in LEED for H-containing molecules, being a weak elec
tron scatterer. It should be pointed out that optimizatio
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TABLE I. Positions of the center of mass in Å and orientation of acetylene molecules
termined from tensor LEED analysis of experimental data at 88 K (this work), from neut
diffraction (ND) at 150 K [12], and calculated from semiempirical potential calculations [1
The heightz is measured from the nuclear plane of the outermost MgO layer. The two ca
latedz values are for effective charges of61.2 and62, respectively. See Fig. 2 and text for
definitions ofF andu. Neutron experiments cannot give either adsorption sites or molecu
surface distances.

Molecule x y z F u

1 LEED 0.22 6 0.10 20.16 6 0.10 2.50 6 0.05 67± 6 10± 108± 6 5±

ND ? ? ? 45 6 15± 90± 6 15
Theory 0.00 0.00 2.49y2.39 60± 90±

2 LEED 2.79 6 0.10 3.06 6 0.10 2.50 6 0.05 118± 6 10± 89± 6 5±

ND ? ? ? 135 6 15± 90± 6 15
Theory 2.98 2.98 2.49y2.39 120± 90±
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of the PendryR factor leads to a fit on the LEED diffracted
peak positions but not on their relative intensities.

The IsV d curves for the (1,0), (1,1), ands1y2, 1y2d
reflections are shown in Fig. 2. We obtain the lowe

FIG. 2. LEED I-V curves for as2 3 2d acetylene monolayer
on MgO(100) atT  88 K and PsC2H2d  4 3 1028 mbar.
(a) (1,0) reflection, (b) (1,1) reflection, (c)s1y2, 1y2d reflection.
Dashed lines: experiment; full lines: tensor LEED best fit.
t

PendryR factor, 0.14, when we take a molecule-substra
distance equal to 2.49 Å. Within the accuracy of the te
sor LEED method [15] the results from the LEED analys
are in good agreement with the optimized semiempiric
model as shown in Table I: molecules lying almost pa
allel to the surface in a herringbone configuration abo
Mg atoms with azimuthal orientations relative to the$x
axis of F1  67± 6 10± andF2  118± 6 10±; the first
molecule is found to have its C-C axis slightly tilted b
18± 6 5± (i.e., u  108± 6 5±) with respect to the sur-
face plane, whereas the second molecule axis is paralle
the surface (i.e.,u  89± 6 5±). The height of the cen-
ter of gravity of the molecules is2.5 Å 6 0.05 Å above
the mean nuclear plane of the top MgO layer, in goo
agreement with the calculations for an effective char
qp  61.2. This top MgO layer shows small distor
tions on the scale of 0.05 Å, which, however, are belo
the accuracy of the LEED analysis and also do not s
isfy the glide plane symmetries that can be expected
exist. Therefore, they are interpreted to represent no
from the analysis. Similarly, the carbon positions lead
a C-C distance of1.2 Å 6 0.05 Å compared to 1.18 Å
for an undistorted molecule. These values are within t
uncertainty of the analysis and are thus consistent w
molecules that are undistorted with respect to the g
phase. Indeed, undistorted molecules are expected in
case of physisorption. Hence the good values that
obtain for the C-C distance is a good check of the acc
racy of our data. It should be pointed out that the LEE
dynamical analysis with the electron beam at normal
cidence leads to an accuracy on atom positions which
less in the plane parallel to the surface than to that
the perpendicular direction [15]. In Table I we have als
reported the results from the neutron experiments an
ysis [12]. They are consistent with as2 3 2d unit cell
with two molecules which are mutually perpendicular an
making an angleF of 45± and 135± with $x axis. One
sees that, within the experiment uncertainties, the agr
ment with semiempirical potential calculations and o
4239
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LEED analysis is rather good. However, these neutr
experiments cannot give the molecule adsorption site p
sitions nor the molecule-surface distance. Hence our an
ysis gives a better description of the monolayer acetylen
MgO(100) system.

The value 2.5 Å of the molecule-substrate distan
that we have found for acetylene/MgO(100) is somewh
smaller than the distance 2.81 Å between (100) planes
the low temperature phase of bulk acetylene, where
molecule arrangement is close to that in the acetyle
monolayer on MgO [17]. Acetylene adsorbed onto a
other ionic substrate NaCl(100) has been studied by p
larized infrared (IR) spectroscopy [18]. The IR spect
could be qualitatively explained by a bilayer structur
where molecules in each layer are tilted by about 1±

from the surface plane direction. The authors propos
qualitatively that molecules within the first layer are lo
cated over Na ions and parallel to the Na-Na rows
form T-shaped, hydrogen-bonded pairs. The second la
is half-filled, and molecules are parallel to each other a
parallel to Cl-Cl rows. No quantitative experimental de
termination of the molecule-surface or molecule-molecu
distances was made in these IR experiments. Rec
Hartree-Fock calculations performed for monolayer ace
lene on NaCl(100) have given a molecule-surface distan
of 2.74 Å [19].

We have tested a molecule-surface distance 2.39
found by the calculations for an effective charge of62.
The R factor is 0.2 which is larger than that for the
distance 2.49 Å corresponding to the effective char
61.2. Our tensor LEED analysis shows definitively
convergence towards 2.5 Å, consistent with the val
61.2 of the surface effective charge as proposed
previous experiments of NH3 adsorbed on the same
MgO(100) substrate [9]. Finally, we have tried to put th
molecules above oxygen ions with the same orientation
parameters and molecule-surface distance given by
calculations. The tensor LEED analysis leads to aR
factor of 0.47, indicating that this adsorption site is no
favorable.

As shown in Table I, our semiempirical potential calcu
lations and dynamical analysis of LEED intensities agr
rather well with the structure and adsorption sites of th
acetylene molecules on the MgO(100) surface. The sm
tilt su  108±d of the C-C axis of one of the acetylene
molecules is different fromu  90± found in the cal-
culations. Also, the tensor LEED analysis indicates
small displacements. 0.2 Åd of the center of mass of the
molecules. Since we estimate our experimental uncerta
ties to be about 0.1 Å on the molecule positions, we b
lieve that the molecule displacement from the Mg sites
meaningful. The small differences between experimen
and calculations can be explained either by inaccuracies
the potential used or by the fact that the calculations cor
spond toT  0 K, whereas our experiment is performe
at 88 K. It is particularly important to notice that thes
4240
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results are also consistent with neutron diffraction expe
iments performed on very uniform MgO powders forme
of small cubes presenting (100) faces only [12]. Sin
our experiment approach is the first to provide a com
plete quantitative description of the geometry of a mo
ecule, namely, acetylene, physisorbed on oxide or ion
surfaces, it provides a starting point for exploring the d
tailed bonding of other molecules on these surfaces and
test the validity of semiempirical potential parameters.
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