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Abstract The interaction of the ethoxy radical with
Cu(111), Ag(111), Pd(111) and Au(111) has been studied
using a periodic density functional approach. The most
stable adsorption site is the fcc with adsorption energies in
the 1.1-2.2 eV interval. All analyses consistently indicate
that ethoxy becomes negatively charged, that the presence
of ethoxy slightly perturbs the electronic structure of the
metallic surface, that the interaction is essentially of elec-
trostatic character and not directional predicting a rather
mobile species. The calculated adsorption energies are
found to correlate almost linearly with the total net charge
on the ethoxy moiety thus confirming that the electrostatic
interactions dominate the bonding between this organic
species and the underlying metallic surfaces.
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1 Introduction

Alkoxy radicals are ubiquitous in many chemical reactions
taking place in completely different environments. For
instance, these radicals play a central role in atmospheric
chemistry since they are common intermediates in the
oxidation of hydrocarbons [1, 2], are used in organome-
tallic chemistry as ligands [3] or obtained as interesting
products [4] in a number of selective reactions. Moreover,
alkoxy species are present as intermediates in the selective
oxidation of alcohols carried out either in solution [5] or
through heterogeneous catalysts [6]. Precisely, the selec-
tive oxidation of alcohols to carbonylic compounds is one
of the most important transformations in organic chemistry
relevant to the production of fine and specialty chemicals
[7-9] even if the use of inorganic environmentally
unfriendly reactants is still widely used [6].

In order to replace current processes based on the use of
toxic and expensive stoichiometric oxidizing reagents by
green processes that use molecular oxygen as oxidant, it is
necessary to develop active, selective and heterogeneous
recyclable catalysts able to work at atmospheric pressure
and low temperature. The new proposed catalysts involve a
variety of transition particles (Cu, Ru, Pd, Ag, Au) con-
veniently supported [10-23] and different studies [10-23]
agree that alkoxy species are common intermediates being
located mainly not only at the surface of the transition
metal particle but also on the oxide support [16, 18, 23].
Nevertheless, there is increasing evidence that naked metal
particles in colloidal solutions [24] or supported on inert
carbon [17] or silica [14, 20, 21] are highly active for
selective alcohol oxidation. However, a detailed charac-
terization of the atomic and electronic structure of alkoxy
species is still missing and a detailed description of the
bonding mode and characteristic vibrational features of the
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alkoxy intermediate would be of interest to help the ex-
perimentalists to interpret their data, not always obtained in
controlled ultra-high-vacuum conditions on single crystal
surfaces. In particular, information about the vibrational
features of adsorbed species is important since there is
increasing evidence that adsorbed species can display a
strongly distorted structure and, consequently, the corre-
sponding infrared spectra of the adsorbed molecule can be
very different from that of the gas phase species [25, 26].
Likewise, knowledge of the molecular properties of
adsorbed alkoxy species can also provide a first step toward
the understanding of the mechanism of the initial alcohol
activation by these transition metal surfaces.

A number of detailed experimental studies exist aimed
to characterize the structure and vibrational modes of
adsorbed ethoxy species mainly not only on Cu(111) and
Cu(100) surfaces [27-31] but also on bimetallic Ni/Pt(111)
surfaces [32]. Likewise, a number of theoretical studies
have investigated the geometry, stability and reactivity of
methoxy on some transition metal surfaces such as Cu(111)
[33-36], Ni(111) [37], Pd(111) [38] and Pt(111) [39] and
of ethoxy on Cu(111) [36, 40] and Cu(100) [27] using
either cluster or periodic surface models. These works
focus mainly on the comparison between calculated and
experimental data, especially to provide assignment to
observed vibrational transitions, or on the reaction pathway
for methanol or methoxy decomposition. However, a
comparison of the main bonding features of these alkoxy
radicals on different transition metal surfaces is still lack-
ing. In this work, we report a detailed theoretical study of
the geometry, stability and vibrational frequencies of eth-
oxy adsorbed on Cu(111), Ag(111), Au(111) and Pd(111)
surfaces. This allows us to identify the active sites for
adsorption, disclose trends on the bonding mechanism and
also to extract important conclusions about the usefulness
of vibrational frequencies to identify the type of transition
metal surface.

2 Surface models and computational details

The Cu(111), Ag(111), Au(111) and Pd(111) transition
metal surfaces have been represented through the repeated
slab model with the slabs containing four metal layers and
with a vacuum region of 12 A between interleaved slabs.
The slabs were constructed as usual from the bulk, using
the lattice parameter which is consistent with the theoret-
ical model used to compute total energies, and relaxing the
two outermost atomic layers while keeping the bottom ones
as in the bulk geometry. In order to avoid interaction
between the adsorbates, a 2 x 2 supercell has been
used (Fig. 1) which corresponds to a coverage situation
of 0.25 ML.
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Fig. 1 The 2 x 2 surface supercell used in this work, adsorption sites
explored are also indicated as follows: solid and open circles for fcc
and hcp threefold sites, respectively. T and B circles for fop and
bridge sites

The interaction of the ethoxy (CH;CH,0) radical with
the (111) metallic surfaces has been considered for the high
symmetry sites displayed in Fig. 1. These are the usual on
top, bridge and fcc and hep threefold sites. In each case, the
atomic coordinates of all ethoxy atoms as well as the two
uppermost metallic layers have been fully optimized
without any further constraint. In these calculations, the
two lowermost layers have been kept fixed at the geometry
optimized for the bulk metal, as in the case of the naked
surfaces. In order to calculate the adsorption energy, the
isolated ethoxy has also been fully relaxed in a box of the
same size as that used in the surface calculations.

Total energies have been obtained from periodic density
functional calculations using the Perdew—Wang (PW91)
form of the Generalized Gradient Approach (GGA) for the
exchange-correlation potential [41-43] as implemented in
the VASP code [44, 45]. A plane wave basis set with a
kinetic energy cutoff of 415 eV has been used to represent
the valence density, with the effect of the core electrons in
the valence density being taken into account by means of
the Projected Augmented Wave (PAW) formalism [46] as
implemented by Kresse and Joubert [47]. A suitable
5 x 5 x 1 Monkhorst-Pack grid has been used to select
the special k-points necessary to carry out numerical inte-
grations in the reciprocal space [48]. Adsorption energies
have been calculated as usual

Ends = Em(111)—ethoxy — [Eethoxy + Em(111)]

with M = Au, Ag, Cu, Pd and Ey 1) representing the
surface total energy, Ecmoxy the total energy of gas phase
ethoxy and Ejn111)-ethoxy the total energy of the adsorption
system. All calculations have been carried out without
taking spin polarization into account except for the isolated
radical in gas phase. For the adsorbed species, neglecting
spin polarization does not introduce any significant dif-
ference because the unpaired electron of ethoxy fully
delocalizes into the metal conduction bands.

The resulting structures have been characterized as
minima by a pertinent frequency analysis. Vibrational
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frequencies have been calculated by diagonalizing the
block Hessian matrix corresponding to displacements of
the coordinates of all the atoms of the ethoxy species.
Visualization of structures and vibrational modes has been
made with XcrySDen [49] and MOLDEN [50] codes,
respectively. The electronic structure of the adsorption
systems was analyzed through density of states (DOS) plots
and Bader charge density analysis [51] with the imple-
mentation of Henkelman et al. [52] which allows to ana-
lyze the density issued from the VASP code. The charge
density analysis was made from the self-consistent charge
densities of the energy converged systems; total DOS plots
were obtained from single point self-consistent calculations
and from projected DOS refined with a denser
11 x 11 x 1 Monkhorst-Pack grid to avoid numerical
noise.

3 Results and discussion
3.1 Adsorption energies and adsorption geometries

The geometry optimization of the structure of adsorbed
ethoxy starting from each of the high symmetry sites
described in Fig. 1 converges to a stable situation where
the oxygen atom of the ethoxy moiety points toward either
the fcc or hep high symmetry site, in agreement with results
reported by Li et al. [40] for the case of the Cu(111) sur-
face. For comparative purposes, calculations have also
been carried out where the ethoxy oxygen atom is fixed
above top and bridge sites allowing only vertical relaxa-
tion. Since in these two cases the optimization procedure
has been carried out with symmetry restriction, it is clear
that the structures thus found do not correspond to mini-
mum energy stationary points in the corresponding poten-
tial energy surface. Obviously, the structures corresponding
to adsorption above the fcc and hcp sites are always the
most stable ones with the former being slightly preferred.
For the Cu(111) surface, the calculated adsorption energies
are very similar to those reported by Li et al. using a similar
approach. The small differences (0.31 eV for adsorption at
the fcc site) can be attributed to the different treatment of
the interaction between valence and core electrons (PAW
vs. ultrasoft pseudopotentials as used in Ref. [40]), to the
use of a different supercell (2 x 2 vs. 3 x 3 as used in Ref.
[40]) and to the fact that the present results account for the
relaxation of the two uppermost metallic layers. The con-
tribution of the surface relaxation to the adsorption energy
was already estimated by Li et al. as of ~0.1 eV, the rest is
clearly due to the different treatment of the core—valence
interaction. The situation with the O atom fixed above the
top sites is the least stable and those where the O atom is
fixed above bridge are intermediate although with some

Table 1 Adsorption energies (in eV) of ethoxy adsorbed on different
positions above the transition metal surfaces studied in the present
work

top bridge hep fec
Cu(111) —1.50 —-1.93 —2.12 —2.16
Ag(111) —1.15 —1.60 —1.78 —1.81
Pd(111) —1.31 —1.48 —1.38 —1.51
Au(111) —0.84 —-1.10 —1.08 —1.13

SShilis

Fig. 2 Schematic view of ethoxy adsorbed on a (111) transition
metal surface and definition of the relevant geometrical parameters
(see text)

exceptions as one can see from the summary of results in
Table 1. In fact, ethoxy adsorption on bridge sites is
0.20 eV less stable than on hcp sites for Cu(l11) and
Ag(111) but slightly preferred on Au(111) and Pd(111)
indicating that in these two cases adsorption at the hcp site
does not correspond to a local minimum. In any case,
adsorption above the fcc site is always preferred and for
this situation a clear trend in adsorption energy emerges
with Cu > Ag > Pd > Au. In the forthcoming discussion,
we will focus mainly on the fcc site and will also attempt to
unravel the origin of the trend above commented.

The optimized geometry of ethoxy adsorbed on Au(111)
with a schematic description of the most relevant geo-
metrical parameters analyzed in this work is depicted in
Fig. 2 where d(O-M) is the shortest distance between the O
atom of ethoxy and one metal surface atom, d(Hz-M) is the
shortest distance from one hydrogen atom in beta position
with respect to the O atom to one atom of the metal surface
and 0(CO) is the tilting angle between the surface normal
and the C-O bond axis. The optimized values of these
parameters obtained for the most stable configuration with
ethoxy adsorbed above the fcc site are summarized in
Table 2 for Cu(111), Ag(111), Pd(111) and Au(111). Here,
we find a more significant difference with the results
reported by Li et al. [40] in the sense that the tilting 0(CO)
angle calculated for ethoxy on Cu(l11) is noticeable
smaller than the one reported in [40]. The analysis of the
chemical bond in a forthcoming subsection will provide a
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Table 2 Relevant geometrical parameters, as defined in Fig. 2, for
ethoxy adsorption above the most stable (fcc) site of the Cu(111),
Ag(111), Pd(111) and Au(111) surfaces

d(O-M) d(HzM) 0(CO)
Cu(111) 2.06 321 3
Ag(111) 2.33 3.16
Pd(111) 2.18 3.10 5
Au(111) 2.30 2.56 30

Distances are in A and angles in degrees

Table 3 Most relevant calculated frequencies (in cm ™) for ethoxy in
the gas phase and adsorbed at the fcc site of Cu(111), Ag(111),
Pd(111) and Au(111)

Gas Cu(lll)  Ag(11l)  Pd(111)  Au(1ll)
W(CO) 1,067 1,116 1,113 1,106 1,107
W(CC) 847 869 867 858 859
5(0CC) 396 455 449 470 459

clear explanation for this difference. The interaction of the
ethoxy radical with the metal surfaces causes a lengthening
of the C-O bond length from 1.35 A in the gas phase to
1.41-1.43 A, while the C—C bond length remains unaltered
and the OCC angle slightly closes from 118° to 110°-113°.
The O-M distance varies from one metal to another in the
order Cu < Pd < Ag ~ Au, following the atomic radii
trend. Interestingly, for the rest of configurations where the
ethoxy oxygen atom is constrained to sit above the
remaining high symmetry sites, the calculated values of
these geometrical parameters are almost the same indicat-
ing that the interaction with the surface is not really
directional and, hence, not dominated by covalent effects;
we will come to this point later on.

3.2 Vibrational analysis

The calculated characteristic vibrational modes of ethoxy
radical in the gas phase and adsorbed at the fcc site of the
different transition metal surfaces studied in the present
work are summarized in Table 3. These modes are the ones
with components perpendicular to the surface and accord-
ing to the metal surface selection rule likely to be observed
in infrared experiments. Ethoxy adsorption on the metal
surfaces considered causes a shift of ~40-50 cm™' to
higher values in the v(CO) stretching mode that is consis-
tent with the increase in the CO bond length upon
adsorption as discussed above. On the other hand, the
variation in the calculated v(CC) frequencies is consider-
ably smaller as expected from the small change in the CC
bond induced by adsorption. The OCC angles slightly close
upon adsorption, and this is reflected in calculated
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frequencies for the 5(OCC) modes that are 50-75 cm ™!

higher than in the gas phase.

Results in Table 3 also indicate that the shifts described
above are insensitive to the metal substrate. This is a quite
interesting feature because it indicates that these vibra-
tional features can be used to identify the presence of
ethoxy, for instance, in ethanol selective oxidation to
acetaldehyde, but do not permit to infer the metallic sub-
strate where this species is adsorbed. This insensitivity of
the calculated vibrational frequencies is consistent with the
insensitivity of the molecular structure of the adsorbed
species toward underlying metallic substrate and, again,
indicates that the interaction is not directional and, hence,
not dominated by covalent effects.

3.3 Electronic structure analysis

We start the analysis of the interaction of the ethoxy radical
on the different transition metal surfaces studied in the
present work by inspecting the electronic structure through
appropriate plots of the total DOS. In order to better
visualize the effect of the adsorbate on the metallic surface
electronic structure, we plot in Fig. 3 the total DOS of the
naked surface together with the DOS corresponding to
the adsorption system. Inspection of Fig. 3 reveals that the
presence of the adsorbate does only produce a modest
perturbation in the electronic structure of these metal sur-
faces. For all metals, the two plots are very similar with no
new features clearly apparent in the DOS of the adsorption
system compared to that of the naked surface. This, in
principle frustrating picture, contains, however, the infor-
mation about chemical bonding of ethoxy to metal sur-
faces. The absence of new features such as bonding and
antibonding peaks strongly suggests that the covalent
contributions are not dominant. This is in agreement with
the information arising from the atomic structure and
vibrational frequencies which are not sensitive to the type
of metal surface. The absence of strong covalent interac-
tions will lead to non-directional interactions and will also
explain the rather flat potential energy surface landscape
where the interaction of the adsorbate above different high
symmetry sites does not lead to strong changes in the
adsorption energy, except for the fop site and this will
become clear in forthcoming discussion.

To further corroborate the picture of the chemical bond
arising from the total DOS, we plot in Fig. 4 the DOS of
the two systems—naked surface and adsorption system
projected in the d states of the metal atoms in the first
atomic layer. This is because one expects the atoms of the
first atomic layer to be precisely the ones interacting
stronger with the adsorbate levels. The analysis of the
projected DOS in Fig. 4 is fully consistent with the inter-
pretation given above. The presence of the adsorbate has a
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Fig. 3 Total density of states for the clean surface model (solid line)
and for the surface with adsorbed ethoxy (dotted line)

minor effect on the d states arising from the atoms of the
topmost layer and confirms that covalent effects are not
responsible for the bonding interaction of this organic
species on the metal surfaces. Still, the adsorption energies
in Table 1 are sufficiently different for the different tran-
sition metal surfaces and require appropriate explanation.
The conclusion that covalent contributions are not domi-
nant together with the analysis of the atomic structure and
vibrational frequencies, which points toward an interaction
without specific directionality, strongly suggests that the
chemical bond is dominated by the electrostatic
interactions.

The analysis of electrostatic interactions between a
metallic surface and an adsorbate is not a simple task.
Ideally, one would like to perform an analysis following
the constrained space orbital variation method which
allows to decompose the interaction energy in various
contributions [53, 54] but, unfortunately, this is not pos-
sible within a plane wave basis set and it has only recently
been implemented for periodic calculations using Gauss-
ian basis sets [55]. An alternative consists in exploring the
net charges on the adsorbate following, for instance, the
Bader method which relies in the use of topological

atomic volumes rigorously defined [51]. Hence, the net
charge on each atom of the ethoxy moiety has been
obtained for each adsorption system following this pro-
cedure and the charge on the adsorbate obtained from the
sum of atomic charge. The resulting charge for adsorbed
ethoxy is —0.60, —0.58, —0.47 and —0.44 (a.u.) for
Cu(111), Ag(111), Pd(111) and Au(111), respectively. The
rather large negative charge indicates the tendency to
acquire a closed shell configuration. The larger values
correspond to Cu(111) and Ag(111) which are the surfaces
with smaller calculated work function (4.98 and 4.54 eV
for Cu(111) and Ag(111), respectively [56]) and the
smaller values are those for the interaction with Pd(111)
and Au(111) which are also the surfaces with larger cal-
culated work function (5.38 and 5.22 eV, respectively
[56]). However, apart from this qualitative trend, there is
no direct relationship between the calculated adsorption
energies and the surface work function values. A more
quantitative trend emerges when the adsorption energies
are plotted versus the net Bader charge on the adsor-
bate reported above. In fact, almost linear trend
(Eags = 0.72 4 5.400p,4er With R = 0.96) in Fig. 5 fully
confirms the conclusions reached from analysis of the
atomic structure and of the DOS plots. The correlation in
Fig. 5 is not perfect but explains the variation of the
adsorption energy with the type metal surface, confirms
that the interaction is essentially dominated by electro-
static interactions and, hence, without specific direction-
ality, explains the relatively flat potential energy surface
around the most stable position and also that the fact that
interaction above the top site is the less favoured. This is
simply because, without strong overlapping densities, the
interaction above the top site corresponds to the largest
contribution of the Pauli repulsion between the electron
density of the metallic surface and the almost closed shell
structure of the adsorbed molecule.

4 Conclusions

The adsorption of the ethoxy radical on Cu(111), Ag(111),
Pd(111) and Au(111) has been studied by periodic density
functional theory calculations on suitable slab models. The
calculations reveal that while the most stable situation
corresponds to the interaction of the molecule at the
threefold fcc site with the adsorption energy ranging from
2.16 to 1.13 eV, the largest corresponds to Cu(111) and the
smallest to Au(111). Calculations carried out for the mol-
ecule being forced to stay above other high symmetry sites
indicate that the potential energy surface is very flat and,
consequently, the adsorbed species is predicted to be rather
mobile which may have consequences in the surface
reactions involving this species.
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Fig. 5 Calculated adsorption energies as a function of the total Bader
charge on the adsorbed ethoxy species

The structure of the adsorbed ethoxy radical is only
slightly changed with respect to the gas phase values.
More importantly, the effect of the type of metal surface
on the geometry of the adsorbed molecules is quite small.
This is also the case for the vibrational frequencies of the
adsorbed species and, in particular, for the modes that
can be experimentally observed. This result implies that
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cule which in this way attempts to achieve a closed shell
electronic structure. Finally, an almost linear correlation is
found between the calculated adsorption energy and the
total charge in the adsorbate. This correlation confirms that
the interaction between the ethoxy moiety and the transi-
tion metal surfaces studied in the present work is essen-
tially electrostatic and originates from the response of the
metallic surface to the charge on adsorbate.

The present conclusions are obtained from a few rep-
resentative transition metal surfaces but in the view of the
results it is likely that this will also be the case for other
metallic surfaces as well.
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