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ABSTRACT: The interaction between O, molecules and Al surfaces has long been
poorly understood despite its importance in diverse chemical phenomena. Early
experimental investigations of adsorption dynamics indicated that abstraction of a single )
O atom by the surface, instead of dissociative chemisorption, dominates at low O,
incident kinetic energies. Abstraction of the closer O atom suggests low barrier heights
at perpendicular incidence. However, recent measurements suggest that parallel O, ——__/
orientations dominate sticking at low energies. We resolve this apparent contradiction

by a systematic ab initio embedded correlated wavefunction study of the stereochemistry

of O, reacting with Al(111). We identify two important new details: (i) initially, roughly
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parallel oxygen molecules tend to tilt upright while approaching the surface, suggesting
that the abstraction channel does dominate at low energies and (ii) the reaction channel with the lowest barrier indeed
corresponds to a parallel orientation, which ultimately evolves either into dissociative chemisorption or toward abstraction.

he interaction between oxygen and aluminum is of

fundamental importance in phenomena ranging from
mineral formation to corrosion to rocket propulsion. However,
the mechanism of how aluminum is oxidized is still not fully
understood, even for the seemingly simple case of one oxygen
molecule interacting with a perfect Al(111) single-crystal
surface.’ Moreover, most theoretical methods have difficulty
in describing even this well-defined reaction. For example, the
experimentally observed reaction barrier for dissociative
chemisorption®™* is absent in conventional density functional
theory (DFT) calculations, except for one specific O,
conﬁguratlon Thls failure is due to the well-known self-
interaction error” and the lack of a derivative discontinuity in
the exact exchange—correlation (XC) functional of pure DFT.®
Correlated wavefunction (CW) methods have been employed
to study the interaction of O, with several different Al, clusters
in order to go beyond the limitations of DFT.”~"! Although a
barrier can be observed as O, approaches these clusters, this
barrier could be an artifact of the finite size of the bare clusters.
The origin of the barrier is also under debate. Katz et al."”
suggested nonadiabatic charge transfer as the origin of the
barrier, while Behler et al.'>'* attributed the barrier to
nonadiabatic spin dynamics and invoked a spin constraint to
investigate the problem. Potential energy surfaces (PESs)
obtained via the resulting locally spin-constrained DFT
formalism using a revised XC functional produced fair
agreement with measurements. Recently, Libisch et al.
employed an embedded correlated wavefunction (ECW)
theory to study the O,/Al(111) interaction.'® They found
energy barriers naturally emerge without invoking any spin
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constraints that are consistent with measurements for all
investigated configurations and attributed the barriers’ origin to
the cost to induce charge transfer from the metal to the oxygen
molecule, which is properly captured by CW methods, unlike
most DFT approximations.

In addition to reliable barrier height prediction, elucidation of
the detailed mechanism by which O, interacts with Al(111) is
equally important. One scanning tunneling microscopy (STM)
study'® found pairs of oxygen adatoms with interatomic
distances on the order of the Al fcc lattice constant at both
80 and 300 K, indicating dissociative chemisorption. By
contrast, roughly contemporaneous STM measurements at
room temperature consistently found a predominance of
isolated adsorbed oxygen atoms formed at low incident O,
translational energies, implying that the much less exothermic
reaction of only adsorbing one oxygen atom (while the other is
ejected into the gas phase) counterintuitively dominates at low
translational energy (<0.5 eV).>'” These results suggested a
lower barrier for dioxygen impinging roughly perpendicular to
the surface, an orientation set up to facilitate the abstraction of
one oxygen atom by the metal. These contradictory findings
left the question about the dominant reaction pathway
unsettled, with differing details of the experimental setups
also contributing to the uncertainty. In particular, the relative
orientations of the molecule and surface are thought to be
critically important for determining the outcome of charge-
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transfer reactions at metal surfaces.'® Indeed, recent stereo-
chemical measurements by Kurahashi and Yamauchi'® found a
lower sticking probability for an O, beam containing molecules
with mostly perpendicular orientation than that for one
containing mostly parallel-oriented O, molecules, with reaction
barriers for the parallel molecules inferred to be 0.1 eV lower
than that for the perpendicular case. These direct measure-
ments of steric effects for this system appear to contradict
previous observations”'” and call details of the interaction
mechanism into question.

Encouraged by the success of the ECW method in providing
an explanation for the experimentally observed barrier, here we
again apply ECW theory to the O,/Al(111) system with the
aim to settle this controversy. We calculate a set of new PESs
for an O, molecule approaching the Al(111) surface (see Figure
la). The high computational expense of ECW calculations
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Figure 1. (a) Geometry of the Al slab and (b) side and (c) top views
of the Al;, cluster.

prohibits a systematic sampling of the full six-dimensional PES
required for a molecular dynamics simulation, which would
potentially yield further important insights into the role of
orientational degrees of freedom.”® Previous studies were thus
restricted to two-dimensional (2D) cuts of the full PES, varying
the O—O bond length /,_, and the O,—surface distance dy_¢
at perfectly perpendicular and parallel orientations, evaluated at
high-symmetry adsorption sites. To go beyond these prior
results and understand how the alignment of the O, molecule
will affect its interaction with the surface, we sample
orientational degrees of freedom and various angles of
incidence of the approaching O, molecule.

A number of embedding schemes have been developed
recently to tackle multiphysics problems such as the one
discussed here,”' ~>* though the general concepts and develop-
ments go back many years.”> In the present work, we use
density-functional ECW theory, which has been successfully
applied to study metal—surface phenomena.’**” ECW theory
combines the high accuracy of CW calculations on clusters with
periodic DFT calculations for the extended metal surface.* It
retains the accuracy of CW methods while minimizing, via the
embedding procedure, the effect of a limited cluster size. We
partition a fcc Al (111) slab, containing four layers in a periodic
S X 5 supercell for a total of 100 atoms, into an Al,, cluster,
containing six atoms in each of its two layers, and the remaining
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environment (see Figure la). We use a density-functional
embedding theory”” with the PBE XC functional™ to obtain
the embedding potential V., that correctly describes the
interaction between the two. Following the same procedure as
that in our previous ECW study,'> the ECW total energy is
evaluated as

CW,emb __ DFT
E tot =E tot

DFT,emb
cluster

+ (ECW,emb _

cluster (1)
for various geometries (defined by lo_q, dy_o, 0, and ¢ ; see
Figure 1) to obtain high-dimensional embedded PESs. Here,
ERFT refers to the DFT ground-state energy of the entire
system, while EGWem (ERFTemb) are the energies of the
embedded cluster using CW (DFT) methods. As in our earlier
study,"> we choose second-order many-body multireference
perturbation theory (CASPT2) based on a complete active
space self-consistent field (CASSCF) calculation as the CW
method of choice (see the Supporting Information for details).
The steric effect is investigated around the fcc site of Al(111),
which is known to be the most energetically favored adsorption
site of the (111) surface.®

To investigate the orientation dependence of the barrier to
dissociation, we first analyze the adiabatic d,_q versus [o_g 2D
cut of the embedded PES at four possible orientations around
the fcc site, as illustrated in Figure 1b,c, one perpendicular and
three parallel orientations pointing along the directions [112]
(I 1), [117] (|| 2), and [121] (|| 3). For convenience, the
closer O atom is constrained to be directly above the fcc site,
and dy_q is defined as the distance between this O atom and
the top layer of the Alj, cluster. All energies are reported
relative to a configuration of the O, at its equilibrium bond
length of 1.25 A at a distance of S A from the Al,, cluster, where
the ECW energy no longer changes with respect to dy_g and is
independent of the molecule’s orientation.

We find energy barriers for all four orientations, associated
with the transition states marked by the triangles in Figure 2.
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Figure 2. d_q versus lo_o PESs (energy in eV) of four orientations of
the incoming dioxygen molecule (see Figure 1 for definitions). White
dashed lines delimit regions of different oxygen charge states, and the
yellow dashed line represents the minimum-energy pathway, with the
yellow triangle denoting the location of the transition state. O,
denotes the first charge transfer, while 0,** denotes the second charge
transfer, associated with the formation of polar chemical bonds to the
closest Al atoms.
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The oxygen charge state is determined from the occupation
numbers of the CASSCEF active orbitals and the CASSCF spin
populations on the O atoms. Consistent with our previous
work regarding the origin of the barrier,'® the charge analysis
indicates that the transition-state location coincides with the
configuration at which the first charge transfer from the surface
to the molecule occurs, forming O,  for all orientations
considered. The barrier heights and dR’i“_‘iOez for the four

orientations are given in Table 1. We find large variations in

Table 1. ECW Prediction of Barrier Heights and Distances
between the Parallel O, (or the Closer O Atom in
Perpendicular O,) and the Al Surface at the Top of the
Barrier (d5%™%") for Four Different O, Orientations

'Al-0,
O—O0 orientation dﬁiﬁ‘gg (A) barrier height (eV)
1 | 1: [112] 1.9 0.62
Il 2: [01T] 22 045
Il 3: [T21) 2.4 0.19
L [111] 19 043

barrier height as a function of alignment of the incoming
oxygen molecule. While the perpendicular orientation has a
comparatively low barrier, the smallest barrier emerges for || 3
(see Figure 2d). The closer distance between the outer O atom
and a surface Al atom in the | 3 geometry (see Figure 1c)
directly results in a larger amount of orbital overlap than other
configurations. This larger overlap facilitates the charge-transfer
process, leading to the lowest barrier height and the largest
dEﬁ‘_‘igz. By contrast, the orientation of || 1 corresponds to the

highest barrier, consistent with our earlier study.'> DFT-GGA
investigations with the revised PBE XC functional®® predicted
that the bri-v configuration (where the O, center-of-mass is on
top of the bridge site with the O—O axis in the [112] direction,
as in || 1) is the only one with a nonzero activation barrier,
which qualitatively agrees with the barrier height ordering that
we obtain here. The additional parallel orientation cases
considered here, varying the azimuthal angle beyond the one
examined in ref 15, reveals that || 3 has an activation barrier
even lower than the perpendicular orientation. The difference
in barrier height between parallel and perpendicular orienta-
tions (~0.2 eV) is, within the accuracy of our model and
experimental error bars, consistent with the latest experimental
data of Kurahashi and Yamauchi (~0.1 eV)."

The charge state of the oxygen molecule after crossing the
barrier is determined as described above. The four PESs are
qualitatively similar around the barrier, where the first charge
transfer results in an O,” ion that then becomes chemically
bound to the surface in a second charge transfer (denoted by
0,** in Figure 2). However, the orientation of the molecule has
a strong impact on the topology of the PESs after the initial
charge transfer. For the perpendicular orientation, a local
energy minimum (Figure 2a) located at dy_o = 075 A
corresponds to an intermediate state of molecularly adsorbed
0,*. Further elongation of the O—O bond length finally leads
to one abstracted O atom and one adsorbed O*¥, as reported
earlier." For the parallel orientations || 1 and || 2, the reaction
pathway goes downhill energetically as the O—O bond
stretches, ultimately resulting in a pair of adsorbed 0%, that
is, in dissociative chemisorption (Figure 2b,c). || 1 connects to
adsorption at adjacent fcc and hcp sites, while || 2 connects to
adsorption at a pair of neighboring fcc sites, which is
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energetically slightly preferred (as we have verified by extending
the PESs of Figure 2 to larger O—O bond length; see
Supporting Information Figure S1). The relative energies of the
two adsorption configurations are consistent with previous
DFT-GGA calculations.® For || 3, though, after formation of
0,** the energy abruptly increases upon approach to the
surface due to the strong repulsion between the charged O
atom and the Al atom underneath. Evolution toward an fcc-
(over atop site)-hcp pair adsorption state (see Figure lc) in
combination with an O—O bond stretch does not appear
kinetically favorable. Instead, comparing the PESs for ||
configurations 2 and 3 at dy_o ~ 1.0 A (Figure 2¢,d) suggests
that a rotation from || 3 to || 2 could substantially lower the
energy (by ~5 V). Because the lowest-barrier channel with || 3
orientation does not directly connect to a stable final state on
the 2D PES depicted in Figure 2, the oxygen molecule may
adjust itself in the interaction process to stick to a minimum-
energy reaction path.

We therefore further relax the orientational degrees of
freedom of the oxygen molecule by examining a variety of
azimuthal (¢) and tilt angles (0) (see Figure 1) for different
dy_o with a fixed I[o_o = 1.3 A. Although this is not the exact
equilibrium bond length of the O, molecule, the topology of
the PES is not affected by the slight difference in I5_g value.

When O, is 2.5 A away from the Al surface, two local minima
exist (see triangles in Figure 3a). Among the parallel cases
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Figure 3. 0 versus ¢ PESs with [o_o = 1.3 A (energy in eV) at four
da_o (distances between the closer O atom and the Al surface). The
triangles denote important energy minima (either local or global) on
the PESs.

(large tilt angle, top of each panel in Figure 3), the bridge-site-
like orientation (|| 1, red triangle) is energetically favored. For
small tilt angles (bottom of each panel in Figure 3), the local
minimum corresponds to the perpendicular orientation (blue
triangle). This PES cut suggests that an incoming molecule with
low translational energy may rotate toward one of the two
nearby local minima. Thus, a substantial portion of the tilted O,
molecules, namely, those within a cone-shaped region delimited
by a tilt angle of ~70° (see Figure 3a), will rotate upright, while
the rest will align along the || 1 direction. A previous DFT-
GGA-based study’ also observed that O, molecules tend to
orient themselves perpendicular to the surface. As the molecule
approaches the surface more closely (at dy_o = 2.25 A), charge
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transfer can happen around the || 3 orientation, resulting in a
new local minimum on the @ versus ¢ PES. The lower barrier
height accompanied by a charge transfer should rotate the
oxygen molecule away from the || 1 direction toward the || 3
direction. Meanwhile, the perpendicular orientation still
remains a local minimum. This energy ordering holds up to a
shorter distance of dy_o = 1.5 A, where 0,** is formed for all
three parallel configurations. The large amount of overlap
between the O, z* and Al surface orbitals in the || 3 direction
induces an energy increase (see Figure 2d at dy_o < 1.5 A).
Concurrently, || 2 becomes one of the local minima (denoted
by a yellow triangle in Figure 3d), which ultimately evolves to
the most energetically favored final state, neighboring fec/fcc
site adsorption. Thus, rotating within the plane from || 3 to || 2
is an efficient way to relax the geometry. Another local
minimum at @ = 75° and ¢ = 60° (denoted by the purple
triangle in Figure 3d) corresponds to the O, molecule tilting
out of the plane from the || 3 direction. This is yet another
pathway toward relaxing the energetically unfavored geometry
in || 3.

To confirm the validity of these two proposed relaxation
pathways away from || 3 after charge transfer, we investigate the
evolution of the lowest-barrier channel (|| 3) as a function of
tilt angle and bond length. We find a local minimum that slowly
evolves toward smaller tilt angles and larger O—O bond lengths
as the molecule approaches the surface (compare Figure 4a,b).
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Figure 4. (a,b) 6 versus [o_o PES (energy in eV) with ¢ = 60° (tilted
| 3 direction) and du_o as marked; (c,d) ¢ versus lo_o PES (energy
in eV) with @ = 90° (]|) and du_c as marked.

Such a trend suggests that the molecule tends to tilt upward
with O—O bond elongation and ends up in an abstractive
adsorption state. On the ¢ versus lo_o PES with 6 = 90° (see
Figure 4c,d), the energy minimum at ¢ &~ 30° and [_o ~ 1.9 A
in both PESs clearly confirms that rotation within the plane
toward || 2 to avoid strong electron repulsion is another
possible reaction path. Thus, we see that multiple reaction
pathways can compete, resulting in the coexistence of single
adsorbed O atoms and pairs of adjacent, adsorbed O atoms.
It is essential to consider stereochemistry along the reaction
path to elucidate the detailed mechanism of how O, interacts
with Al(111). First, a distribution of O, molecule alignments
must be taken into account while determining barrier heights
for the reaction. Our PES cuts demonstrate that the barrier
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depends strongly on both the tilt and azimuthal angles of the
O, with respect to the surface. We find that certain parallel
orientations may indeed dominate at low translational energy,
in agreement with a recent experimental study of the steric
effect. Second, by relaxing the orientational degrees of freedom,
we are able to connect the lowest-barrier-height reaction
channel to the two major final states. The minimum-energy
reaction path begins with a parallel orientation that undergoes
the easiest charge transfer. However, the molecule experiences a
strong torque immediately after charge transfer, resulting in
either abstraction by tilting upright or dissociative adsorption at
neighboring fcc sites by rotating toward a more favorable
parallel configuration. This mechanism raises the possibility
that the oxygen molecule with parallel incidence ultimately
evolves into one adsorbed (abstracted) O atom and one ejected
O atom, consistent with earlier measurements. These two
conclusions drawn from the systematic analysis of various cuts
of PESs thus reconcile two seemingly contradictory exper-
imental findings. However, current adiabatic PES cuts cannot
provide solid evidence to explain why the abstraction channel
dominates over the dissociative adsorption channel after
crossing the barrier. We hope that future molecular dynamics
studies based on our PESs can shed further light on this issue.
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Computational details of the embedded correlated wave-
function method, extended potential energy surfaces for the
dissociative adsorption state, and the error estimation. This
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