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Abstract

Adsorption of the methoxy radical on clean and on low oxygen precovered Ru(000 1) metallic surfaces has been studied by density-
functional theory cluster calculations. Methoxy is predicted to be preferentially chemisorbed on both hollow sites (hcp and fec) of such
surfaces, and adopts an upright orientation (Cs, local symmetry). Such prediction is supported by the good agreement found between the
calculated vibrational frequencies and the experimentally observed RAIRS spectra. Regarding the charge transfer process between the
adsorbate and the surface, our results suggest that the bonding is dominantly polar covalent which arises from a charge donation from
the ruthenium surface to the radical, and the co-adsorbed electronegative oxygens deplete slightly the surface electron density. However,
the major difference is not induced through much O-Ru bonding, but indirectly, by lowering the valence d-band center of the system.
This results in a lower adsorption energy for methoxy than on the clean Ru(000 1) surface, in accordance with experimental data. Fur-
ther, accordingly to the present calculations, the radical is expected to dissociate or desorb more easily on the modified surface but with

no participation from the co-adsorbed oxygen atoms.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Many commercially important products can be pre-
pared with high efficiency depending upon the use of tran-
sition metal surfaces as catalysts [1]. For instance, the
catalytic oxidation of methanol is a key industrial process
in the development of fuel cells, and such cells display clear
benefits over combustion engines and hydrogen-based cells
[2-8]. This has lead to an extensive research on the reaction
of methanol with clean and modified single-crystal metal
surfaces [9-27]. Besides, methanol is a prototype poly-
atomic organic molecule well suited for surface chemistry
studies, since it is relatively simple and yet contains C-H,
C-0O and O-H bonds. On most surfaces, methanol under-
goes O-H bond scission either directly or through reaction
with pre-adsorbed oxygen, yielding adsorbed methoxy
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(CH30) [10,14,28]. The methoxy species has been identified
on a vast number of metal surfaces, like Ru(0001) [29-34],
Ni(100) [35,36], Mo(110) [37], Cu(111)[14,38] or Cu(100)
[39-41] to name but a few. However, the experimental
determination of the adsorption site of this species with re-
spect to the surface and, especially, the adopted conforma-
tion has been far from trivial [37-45]. On the other hand,
theoretical calculations have contributed to further the
understanding of methoxy adsorption [6,15-27,41-45].

On clean Ru(0001), early work by Hrbek et al. [29],
based on energy electron loss spectroscopy (EELS) data,
pointed up to an upright orientation for the adsorbed meth-
oxy at low coverage and temperature. Following work by
Sasaki et al. [31] suggested instead a non-upright orienta-
tion for CH;0 on clean Ru(0001) at low temperature, from
electron-stimulated desorption ion angular distribution
(ESDIAD) images. More recently, Barros et al. [32] studied
the decomposition of methanol on clean Ru(0001) using
reflection—absorption infrared spectroscopy (RAIRS). The
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authors analyzed the resulting RAIRS spectra taking into
account only the fundamental modes. They also concluded
that, at low temperature (90 K) and exposure (0.1 L), meth-
oxy is adsorbed with its C-O bond tilted towards the sur-
face plane. However, that conclusion was supported
mainly by the observation of a small pCHj band, a mode
that is often too weak to be clearly identified in the RAIRS
spectra. Further, their assignments of the CH stretch region
can be misleading since that region is often perturbed by
Fermi resonance between the fundamental stretching
mode(s) and overtone CH3 bending modes [36-45]. Later
on, the authors investigated the adsorption of the partially
deuterated methanol isotopomer (CHD,OH) as the CH
stretch region of this species is free of Fermi resonance
[46]. They recorded the RAIRS spectra upon exposing the
clean Ru(0001) surface to an extremely low dose (0.01 L)
of CHD,OH at 90 K. Only one band was detected in the
vCH region of CHD,OH, reinforcing the idea that methoxy
adsorbs in an upright orientation at low coverage. Lately,
Barros et al. [33,34] analyzed as well the adsorption of
methanol on oxygen modified Ru(0001) surfaces. Using
RAIRS, they showed that the decomposition of CH;0H
is promoted yielding also adsorbed methoxy at low temper-
ature and exposure. Again, a tilted orientation was pro-
posed for CH3O but, as the authors argued, that might
result from coverage effects even for such a low exposure
(0.05 L). This may be indeed the case, judging from their
latest RAIRS work on the adsorption of an extremely low
dose (0.01 L) of CHD,OH over the same oxygen modified
Ru surfaces [47,48].

In contrast, only a few theoretical studies can be found
in the literature concerning the reactivity of methanol on
Ru surfaces. Ishikawa et al. [22] studied the adsorption of
methanol and other species pertaining to its electro-oxida-
tion, by performing density functional theory (DFT) calcu-
lations on a (10-atom) cluster, but reported no results for
the adsorbed methoxy. Most recently, we have carried
out DFT calculations of CH30 on clean Ru(0001), which
was modeled by a (13-atom) cluster, mainly to provide a
better assignment of the C—H stretch region of the observed
RAIRS spectrum [49].

The present work reports a detailed study of the adsorp-
tion of methoxy on clean and oxygen modified Ru(0001)
surfaces in the low coverage regime. It complements and ex-
tends our preliminary DFT study on the clean Ru(0001)
surface [49]. Emphasis is given to the effect of preadsorbed
oxygen on the properties of adsorbed methoxy and the re-
sults are compared to the experimental data reported by
Barros et al. [32-34,46-48].

2. Methods

Both the clean and oxygen modified Ru surface were de-
scribed in the present work, as in our previous study [49],
by cluster surface models. Although periodic slab models
of the surfaces would be more realistic, those still require
heavily optimized, time-consuming calculations in the limit

of low coverages. In addition, such calculations are nor-
mally performed within DFT and thus, the calculated
results depend on the particular choice of the exchange-
correlation functional; in some cases, the uncertainty
caused by the choice of a given potential is of the order
of that setup by the use of a cluster model [50-56]. Besides
the cluster approach remains quite a useful model to pre-
dict local properties such as adsorption geometries and
vibrational frequencies for extremely low coverages — in
fact, the main goal of the present work, provided that some
care is taken to evaluate possible cluster-size effects. This is
accomplished here by comparing the results obtained from
cluster models of different size and shape, i.e., from Ru,
clusters with n = 13-28. The specific clusters used for the
clean Ru(0001) surface are shown in Fig. 1. The smallest
surface cluster model — Ru,3, used in our previous study
[49], contains two layers of atoms for modeling the coordi-
nation at all possible adsorption sites, i.c., hollows (hcp,
fce), bridge and top sites, while the larger clusters, also with
two layers of atoms, model only some particular sites to
dissect possible cluster-size effects (hcp: Ru,,(12,10); fee:
Rug(12,6); bridge: Ru,,(14,8); top: Ruyy(10,12); fcc and
hep: Rupg(18,10)). In all cases, the Ru-Ru distances
are fixed at the experimental bulk distance (ar,~ =2.7 A)
[57].

All electronic structure calculations were performed at
the DFT level. These resorted to the B3LYP hybrid func-
tional [58] included in the GAUSSIAN98/03 program
[59], which comprises the local correlation functional 111
of Vosko et al. [60], rather than their recommended func-
tional V, together with the non-local correlation functional
of Lee et al. [61]. Here, it is important to note that the
B3LYP hybrid functional has found wide applicability in
molecular calculations; in particular, is able to reproduce
the thermochemistry of systems containing transition metal
atoms [62-64] as well as describe their chemical reactions
with high accuracy [56,65]. The ruthenium atoms were de-
scribed by the relativist effective (small-)core potential of
Hay and Wadt [66-68] that includes the 16 valence elec-
trons explicitly in the calculations. The valence basis sets
of double-zeta quality (LANL2DZ) or single-zeta quality
(LANL2MB), also reported by Hay and Wadt [66-68],
were used for the Ru atoms. The LANL2DZ basis set is
used for all Ru atoms of the clusters with n = 13-22, while
a mixed basis set is adopted for the Ru atoms of the n = 28
cluster, namely LANL2DZ (for the three or four atoms
defining the hollow sites fcc and hep, respectively) and
LANL2MB (for the remaining atoms). The non-metallic
atoms (O, C and H) were described by the all-electron stan-
dard 6-31G™ basis set. With this B3LYP/LAN/6-31G™
approximation, calculations of the density-of-states
(DOS) [69] and the crystal orbital overlap population
(COQP) [70], which enables the calculation of the overlap
of a specific orbital on the adsorbate with the sp and d elec-
tronic states of the metal cluster, were carried out for the
several systems using program GaussSum [71]. Since the fi-
nite nature of the clusters yields discrete energy levels, the
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Ruy3(7,6): fce, bridge and top sites; Ru3(6,7): hep site

Ru3(12,6): fcc site

Ru,»(14,8): bridge site

VAR

.99

Ru,g(18,10): fcc and hep sites

Fig. 1. Ruthenium clusters used to model the adsorption of methoxy on the clean Ru(0001) surface. The clusters shown are the best models for the
particular adsorption site(s) indicated and the figures in parentheses denote the number of atoms in each atomic layer.

electronic states are artificially broadened by a Gaussian of The free fully-optimized adsorbate has been placed on all
full width at half maximum FWHM (usually, FWHM =  possible adsorption sites of the Ru(0001) surface, forcing
0.3 eV) to simulate an infinite surface. it to be bound to the surface via the oxygen atom. Then,



2476

partial geometry optimizations were performed in which the
metal atoms have been kept frozen in their positions (and
also the positions of the preadsorbed oxygen atoms in the
case of the Ru(0001)—(2 x 2)-O surface). A word of caution
here, an unrelaxed substrate is used in the present calcula-
tions, but no strong surface relaxation is to be expected
on a hexagonally closed packed surface such as Ru(0001)
or even on the modified Ru surface for such a low oxygen
pre-coverage (0.25 ML), as judging from published data
of low-energy electron diffraction (LEED) intensity analy-
ses [72] as well as DFT-periodic slab calculations [56,72].
Harmonic vibrational frequencies are computed by partial
diagonalization of the Hessian matrix [73], and scaled by
a factor of 0.9613 as recommended by Scott and Radom
[74]. Adsorption energies are calculated as usual, by the dif-
ference between the total energy of the cluster—adsorbate
super-system and the total energies of the cluster plus the
CH;0 isolated fragments. The basis set superposition errors
are checked also and found to be within 0.2-0.5 eV, accord-
ing to the counterpoise technique [75].

Before closing this section, it should be noticed that a
hydrogen atom was deliberately incorporated into the clus-
ters, placing it as far as possible from CH;O, to obtain final
singlet closed-shell electronic states for all adsorbate-clus-
ter systems. That enabled us to overcome the severe con-
vergence problems we met when performing open shell
calculations on those systems. Nevertheless, it seems rea-
sonable, since the adsorbed methoxy is produced following
dissociation of methanol into the CH;O and H radicals,
and a closed-shell electronic structure is the natural choice
to model an extended surface. Moreover, Ricart et al. [76]
have shown that the choice of the electronic state does not
largely affect the basic bonding mechanisms.

3. Results and discussion
3.1. Adsorption of CH;0 on the clean Ru(0001) surface

3.1.1. Structures and energetics
To begin with, one should examine the influence of the
surface model on the structural and energetics properties

Table 1
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of adsorbed methoxy. Table 1 presents the calculated re-
sults for the adsorption of radical methoxy over the differ-
ent Ru,, clusters modeling the clean Ru(0001) surface.

Let us first consider the data calculated using the small-
est Ruy3 cluster model. As can be seen, methoxy is pre-
dicted to be chemisorbed on all possible adsorption sites
of the clean Ru surface. It adopts a tilted orientation with
respect to the surface on the top and bridge adsorption
sites but more upright orientations on the hollow sites.
Yet, from these results, most probably affected by edge ef-
fects, it is impossible to establish the most favorable site
for the adsorbed methoxy. In principle, cluster edge effects
can be checked by further increasing the cluster size.
Therefore, new calculations were carried out using the lar-
ger cluster models referred to in Section 2. Notice that
such extended clusters are more free of edge effects, thus
likely more realistic, and display higher site symmetry
(see Fig. 1). The results in Table 1 clearly show the pref-
erence of the adsorbed CH;O to sit on the hollow sites of
the clean Ru surface: the largest binding energy is found
for the fcc and hcp sites, followed by the bridge and top
sites. They corroborate as well the adopted upright orien-
tation on the hollow sites and the tilted one on top and
bridge sites. As before, the tilting on the top site is greater
than that of the bridge site and the adsorbate—surface dis-
tances on both these sites are higher than those of the hol-
lows, therefore raising the free motion of the methyl
group. Similar to many other transition metal surfaces
[15-46], the fcc site seems to be the most favorable one
for CH;O adsorption. But the rather small energy differ-
ence between the fcc and hep sites (<0.05 eV) suggests that
both will be populated (within the uncertainty of the pres-
ent calculations) alike to what has been recently found for
the Cu(111) surface [26,38].

By comparing the results in Table 1, one can immedi-
ately see the inadequacy of the former small cluster
model, Ru;;, in describing the adsorption properties of
the clean surface. For the hcp and bridge sites, the
Ru;; model may be regarded as essentially converged in
view of the rather moderate deviations induced by the
cluster-size increase. However, for the top and fcc sites,
methoxy on the Rujz cluster is calculated to be much

Calculated properties of CH30 adsorbed on the clean Ru(000 1) surface represented by several cluster models

Cluster Layers Site E.qs (eV) d(O-Surf) (A) ang(C-O-Surf) (°) Gadsorbate (a.1.)*
Rus (7.6) Top —1.88 2.05 116 —0.23
(7.,6) Bridge ~1.86 1.75 133 ~0.20
(7,6) fce —1.64 1.76 172 -0.23
(6,7) hep 22 1.58 179 ~0.26
Ru,, (10,12) Top —1.47 2.06 115 -0.19
Rus, (14,8) Bridge -2.02 1.68 137 -0.19
Rugg (12,6) fce —2.34 1.50 179 -0.21
Ru,, (12,10) hep —-2.31 1.50 179 —0.21
Rusg (18,10) fce —2.40 1.46 179 —0.25 (—0.30; —0.34)
(18,10) hep 237 1.42 179 —0.24 (=0.33)

4 Effective charges calculated from Mulliken population analysis save for the ones shown in parenthesis that were computed either from the dipole
moment versus surface distance plot (in bold; Fig. 2) or from natural population analysis (in italic).
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weaker bound (by ca. 30%) when compared to the larger
models, even though with an essentially equal optimized
top-structure but rather different fcc-structure (which
has a markedly longer surface-O distance). The interme-
diate Ruy; cluster model is thus not large enough to pro-
vide reliable converged adsorption properties, particularly
for the fcc site; most likely, the smallest model reaching
convergence for this site is the Ru;g cluster. For a defin-
itive answer, one may take the results obtained using the
largest cluster model Ru,g as reference. Judging from the
attained results (Table 1), convergence with respect to
cluster size has, in practical terms, been achieved for
the Rujg model (fcc); the same holds for the Ruy, model
(hcp). Therefore, taking into account the highly demand-
ing computational time needed for the Ru,g model, we
choose the clusters Ru;g (fcc) and Ru,, (top, bridge
and hcp) to study further features concerning the adsorp-
tion of methoxy on the clean surface. Naturally, for
reaching particularly accurate (absolute) energy values,
larger models or different representations of the surface
(e.g., three-dimensional nanoscale cluster models [77])
should be considered.

The interaction of methoxy with Ru(0001) involves
electron transfer between the metal substrate and the ad-
sorbed species. The computed Mulliken charges (Table 1)
show that the surface donates charge to the adsorbate,
and the major part of it comes from the Ru atoms placed
near the site where the adsorption occurs. Notice also that
the effective charges of the adsorbate follow the trend of
the adsorption energies, i.e., the highest charges correspond
to the most stable adsorption sites (hollows).

The way in which the total number of electrons of a sys-
tem can be divided among the contributions of the atomic
orbitals is not unique and the Mulliken population analysis
is one possibility, though it is known to be highly sensitive
to the choice of basis set [78]. However, differences between
Mulliken populations before and after adsorption are a
reliable tool to investigate charge transfer and, as we will
show, good agreement is obtained with other methodolo-
gies. Table 1 also lists the effective charge of the adsorbate
on the hollow sites calculated with a more refined wave
function-based method, i.e., the natural population analy-
sis (NPA), which solves most of the problems of the Mul-
liken scheme by construction of a more appropriate set of
(natural) atomic basis functions [79], and from the slope of
the dipole moment curve versus the adsorbate-surface dis-
tance (see Fig. 2). As can be seen, there is a good agreement
between both methods of estimating the adsorbate effective
charge for the fcc adsorption site, since the slope of that
curve (—0.30 e) is close to the values obtained by the Mul-
liken analysis (Ru,g: —0.25 ¢) and NPA (Ruyg: —0.34 ¢), as
well as for the hcp site. In addition, the typical linear
behavior seen on the dipole moment plot provides an indi-
cation of the ionic component of the bonding, excluding
polarization effects [80]. Nevertheless, a slope for the dipole
moment curve particularly far from 1, like the one obtained
here, is characteristic generally of a covalent bond [80];
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Metoxy-surface distance (a.u.)
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Fig. 2. Variation in dipole moment (1 a.u. =2.54 D) along the surface
normal versus the CH;0-surface distance for the fcc adsorption site. The
slope of the dipole moment curve is —0.30.

thus, most likely, the actual character of the methoxy
bonding should be polar covalent.

3.1.2. IR vibrational spectra

In order to compare the results above directly with the
experimental RAIRS data [32,46], vibrational frequency
calculations were performed for CH3O adsorbed on all
possible sites of the clean Ru(0001) surface as well as for
its isotopomer CHD,O on the hollows. As the experimen-
tal information is limited, only those selected modes for
which experimental data is available are reported (Tables
2 and 3). Notice also that the experimental results for
CH;0 refer to upper coverages (0.1 L) than those for
CHD,O0 (0.01 L), the latter affording a more reliable com-
parison with the present results.

The binding of the methoxy radical to the Ru surface is
well characterized by the vCO vibrational mode. The com-
puted values of vCO are shifted to lower wavenumbers for
all adsorption sites (especially in the hollows; Table 2)
when compared to the corresponding free methoxy
(1079 cm™ ), suggesting that the oxygen is bonded to the
metal. In fact, the C-O bond should be weakened by strong
metal-oxygen coordination, with the consequent shift of
the vCO mode to lower wavenumbers [32]. Due to this
shift, the order of the pCH; and vCO modes inverts when
the radical adsorbs on the surface. For the free CH5O, the
pCH3(A”) and pCH;(A’) vibrations are located at lower
wavenumbers (at 730 and 933 cm ™', respectively) than
the vCO vibration (at 1079 cm™!). For the adsorbed meth-
oxy the pCH; modes exceed vCO, regardless of the adsorp-
tion site (Table 3). Methoxy adsorption on the surface also
results in a red shift of the 6;CH; deformation vibration
from 1476 cm™! for free CH;O to 1325cm™! (top),
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Table 2
Comparison of experimental and calculated vibrational wavenumbers for CH;0 adsorbed on the clean Ru(0001) surface
Mode* Experimental® Calculated

(Gy) Ruy,-top () Rup,-bridge (Cy) Ruyg-fee (Cs,) Rugo-hep (Cs,)
vCO (A/A'/A) 1005 1027 994 1017 1010
pCH; (E/A"/A) 1139 1047 1114 1143 1135
pCH; (E/A'[A) 1089 1125
0sCHj; (A/A'/A) 1435 1325 1386 1407 1407
vsCHj; (A/A'/A) 2816 2720 2782 2837 2834
vasCH3 (E/A"/A) 2926 2769 2860 2908 2908
vasCH3 (E/A'[A) 2949 2863 2899
MAD® 88 36 18 17

# Trreducible representations of the modes for Cs,/Cy/C; symmetric species are shown in parenthesis.
® RAIRS data obtained upon exposure to 0.1 L of CH;0H at 90 K [32], save for 6;CH; which was obtained by EELS [29].

¢ Mean absolute deviations with respect to the experimental data.

Table 3
Comparison of experimental and calculated vibrational wavenumbers for
CHD,0 adsorbed on the clean Ru(0001) surface (Cs symmetry)

Mode Experimental® Calculated

Rus-fee Ru,,-hep
wCD, + vCO 942 950 947
wCD, + vCO 1012 1017 1011
0sCD;, 1071 1052 1051
vsCD, 2111 2068 2068
vCH 2938 2886 2885

% RAIRS data obtained upon exposure of 0.01 L of CHD,OH at 90 K
[46].

1386 cm™" (bridge) or 1407 cm™' (fec and hep) for ad-
sorbed CH30. Likewise, the v;CH; stretching mode is
red-shifted with respect to the corresponding mode com-
puted for the gas-phase radical (=2801 cm™'). As to the
antisymmetric stretching mode v,;CHj, its position de-
pends on the local structure of the adsorption site. The
calculated frequency for the gas-phase CH;O is
v.sCH3(A') = 2904 cm !, being therefore red-shifted on
top and bridge sites and blue-shifted on hollows (Table
2). Similar general trends have been described in the exper-
imental study of Barros et al. [32]. On the other hand, by
comparing their RAIRS data with our results for all possi-
ble sites of adsorption (Table 2), one can see that the hcp
and fcc results have lower deviations than the ones from
any other site. This gives further support to the conclusion
reached on that experimental study, i.e., that the preferred
adsorption sites for methoxy on the clean Ru surface are
the hollow sites and that the tilting should be quite small
(even at non-zero coverage). But, a word of caution here,
remark that the CH stretch region of the RAIRS CH3;0
spectra is strongly influenced by Fermi resonance between
the overtones of the methyl deformations (2 x 6CH3) and
the fundamental stretching modes (vCH3) [32,42,43], ren-
dering difficult the assignments and forward comparisons.
Lastly, Barros et al. detected also on the RAIRS spectrum
a pair of vCO bands at 1045 and 1015 cm ™! and a v,CH;
band at 2822 cm ™!, after greatly increasing the coverage
and annealing the system. The authors assigned these

bands to bridging-like CH3O species along with hollow-
hcp binding. Though the present results refer to the zero-
coverage limit, they point up instead to top-like species
along with hollow ones.

Considering now the adsorbed CHD,O (Table 3), one
can observe that the agreement between calculations and
experiments for the fundamental modes is quite good with
a relative error not greater than ~2%. On the recorded
RAIRS CHD-O spectrum [46], a band at 2159 cm ™! has
also been detected and assigned to the overtone of the sym-
metric bending mode (2 X 6;CD,). This mode is shifted up
accordingly to both the calculated and experimental values
for the fundamental (calc. fec: 2 x 1052 = 2104 cm™'; exp.:
2% 1071 = 2142 cm™'; Table 3). The up-shift and the high-
intensity observed for this mode can be attributed to Fermi
resonance repulsion with the fundamental v;CD,. Overall,
this leaves no doubts on the proposed assignment of the
modes and is consistent with a C; local symmetry for the
adsorbate CHD,O (or C;, for CH50) and a perpendicular
orientation of the C-O axis. Once more, however, the pres-
ent results make no distinction between the two hollow
adsorption sites.

To conclude, all spectral features can be accounted for
by assuming that methoxy adsorbs (or its isotopomer
CHD,0), at extremely lower coverage, in an upright orien-
tation on either hollow sites of the clean Ru(000 1) surface.
The good agreement between the calculations and experi-
ments for the IR spectra makes us confident that our cho-
sen cluster models represent this metallic surface well.

3.1.3. Bonding analysis

To acquire further information on the electronic fea-
tures of the radical-surface interaction, we have deter-
mined the density of states of methoxy adsorbed on the
hollow sites of the Ru surface. As we have found similar
features for both hollows, the following discussion refers
only to the fcc adsorption site.

In the bottom panel of Fig. 3, the total DOS of the CH;
Ogee—Ru g(0001) system (solid curve) is compared to that
of the clean surface (dotted curve), with the Fermi level
set as the origin of the energy scale. At lower energies
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Fig. 3. Bottom panel: comparison between the DOS of the CH30¢..~Ru(0001) system (solid curve) with that of the clean Ru surface (dotted curve). Top
panel: the CH30 projected DOS for the system CH30g~Ru(000 1) superimposed to the DOS of the free radical. The assignment of the energy levels on
the scale is achieved by aligning the deepest level (identical for the free and adsorbed radical) from the calculations for the free and adsorbed CH3O.

(below ~8 eV), the electron states are fully localized on the
adsorbed radical and so no adsorbate-surface interaction is
present, i.e., the states maintain the same character as in
isolated methoxy. The band extending about 6 eV below
the Fermi level is characteristic of the Ru d-orbitals. The
differences between the clean and the CH3;0-Ru(0001) sys-
tem, revealed by the inequivalence of the solid and dotted
curves in Fig. 3, are due to the adsorbate-surface interac-
tion. One can trace such interaction by comparing the con-
tribution of the molecular orbitals (MO) of the adsorbed
CH;0 to the total DOS of the CH;0-Ru(0001) system
with the MOs of free CH30 (top panel of Fig. 3). In the
free radical, the two higher occupied MOs correspond to
non-bonding m-orbitals on the oxygen atom, being the
highest one partially filled. It is clearly seen that these are

the radical MOs which interact most; their bands are
spread out considerably due to the mixing with the Ru d-
band. The following oco orbital is shifted down by about
2 eV, even below the degenerate mco orbitals. This leads
to an oco/mco orbital inversion, alike that observed in
experiments [81] and established by DFT-periodic calcula-
tions [27] for CH30 adsorbed on Cu(111).

3.2. Adsorption of CH30 on the low oxygen precovered
Ru(0001) surface

3.2.1. Structures and energetics

To obtain full information about the influence of co-ad-
sorbed oxygen on the adsorption properties of the methoxy
radical, first, we needed the geometric parameters related to
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the adsorption of atomic oxygen on Ru(0001). These were
determined by identical calculations based on the Rujs
cluster model (data not shown), as some tests performed
with the larger clusters confirmed us that the model is ade-
quate enough for describing the geometry of such small
adsorbate. As expected [82,83], atomic oxygen is trapped
strongly on the surface and do prefer the hcp hollow site
of the metal surface; furthero, for that site, the calculated
O-Ru bond length of 2.04 A is only slightly longer than
the LEED-determined value of 2.03 A [82]. Again, the
net charge of adsorbed oxygen is higher for sites where E, 4
is greater. When compared to CH30 (Table 1), one can see
a larger discharge of the metal surface towards the adsor-
bate (¢ofec = —0.68 €; qOohcp = —0.67¢; 4O bridge = —0.61¢;
gotop = —0.49 e).

The oxygen modified Ru(0001)—(2 x 2)-O surface was
modeled with the largest Ru,g cluster model but with three
oxygen atoms placed on the hep sites (i.e., the preferred
sites for adsorbed oxygen; d(O-Surf) = 1.32 A). Three dif-
ferent hollow sites labeled as fccy, fcc, and hep can be de-
fined on that modified surface (see Fig. 4); these were the
only sites considered here. The adsorption properties of
radical methoxy over those non-equivalent hollow sites
are summarized in Table 4.

The bonding of CH30 on the Ru(0001)—(2 x 2)-O sur-
face is slightly different from that on the clean surface.
Firstly, the radical is not exothermically chemisorbed at

Fig. 4. Top view of the Ru,g(18,10) cluster used to model the adsorption
of methoxy on the Ru(0001)—(2x2)-O surface. The position of the
oxygen atoms were obtained previously by optimization on the clean
surface (d(O-Surf) = 1.32 A). The hollow adsorption sites are marked with
arrows and labeled.

Table 4

all hollow sites of the modified surface. In fact, at the
fcc; site, the interaction is very weak and repulsive
(~0.5¢eV) and the radical stays at a distance too far away
from the surface (2.61 A). At the fcc, and hep hollows, it
is exothermically chemisorbed and also adopts an almost
upright orientation, with lower interaction energy relative
to the clean surface (by ~0.3 eV). The fcc2 site is the pre-
ferred position for the adsorbed radical but, again, the
small energy difference between this site and the hcp site
(=0.01 eV) suggests that both will be equally populated
on the modified surface. The Mulliken effective charges ob-
tained now for such sites (fcc,: —0.22 e; hep: —0.21 e; Table
4) may be compared to those on the clean surface (fcc:
—0.25¢; hep: —0.24 e; Table 1). They indicate a lower
charge transfer from the surface to the CH30 adsorbate,
due to the co-adsorbed electronegative oxygens which de-
plete the surface electron density.

3.2.2. IR vibrational spectra

The calculated normal vibrational modes for CH;O
chemisorbed on the stable hollows of the oxygen modified
surface are shown in Table 5. Three sets of experimental
vibrations measured by RAIRS are listed as well, upon
exposing firstly the surface to 0.05L (or to 0.1 L) of
CH;OH at 90 K and then by annealing to 130 K [34]. No-
tice that these experiments point to an initial C; symmetry
for CH50 at 90 K and to reorientation to a Cs, symmetry
at 130 K. Further, only those selected modes that can be di-
rectly compared to that RAIRS data are reported in the
table.

As can be seen, the calculated vCO mode is now shifted
to lower wavenumbers when compared to the one corre-
sponding to CH3O adsorbed on the clean surface (see
Table 2). This suggests a weaker C—O bond upon precover-
age (note that, for instance, for methoxy on the fcc site, the
CO distance is 1.43 A on the modified surface and 1.42 A
on the clean surface.). This chemical shift induced by the
co-adsorbed oxygens is also observed in the RAIRS exper-
iments (Cs, result; Table 5). The effect of the O ad-atom is
also apparent in the computed pCH; and v,CH; modes
that are red- and blue-shifted, respectively, in agreement
with experimental data. No noticeable changes are how-
ever found for the computed 6,CH;3 and v;CH; modes, un-
like the blue shifts observed in experiments. But that may
be due to the fact that experiments do not correspond to
the theoretical methoxy isolated molecule limit and to pos-
sible Fermi resonance couplings. On the RAIRS CH;0
spectrum at 130 K (Cj3, local symmetry) [34], two bands

Calculated properties of CH;0 adsorbed on the modified Ru(001)—(2 x 2)-O surface

Cluster Site E.4s (eV) d(O-Surf) (A) ang(C-O-Surf) (°) Gadsorbate (a.0.)"
Ruyg(18,10) feey +0.51 2.61 137 —0.13

fce, -2.14 1.45 178 —0.22

hep -2.13 1.40 177 -0.21

# Effective Mulliken charges.
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Table 5
Comparison of experimental and calculated vibrational wavenumbers for CH;0 adsorbed on the modified Ru(0001)—(2 x 2)-O surface
Mode* Experimental Calculated

90 K (C,)° 90 K (Cy)° 130K (Gs,)° feey (Cay) hep (Csy)
vCO (A/A) 1024 1015/991 991 1002 966
pCH; (E/A") 1121 1117/1092 1123 1122
pCH; (E/A)
0sCHj3 (E/A) 1470 1411 1403
0asCH3 (E/A”) 1434 1439
(Se\sCH} (E/A’)
vsCHj3 (AL/A") 2841 2836 2837 2836 2839
v,sCHj3 (E/A") 2961 2926 2917 2927
vasCHS (E/A/)

# Trreducible representations of the modes for Cs,/Cs symmetric species are shown in parenthesis.
® RAIRS data obtained upon exposure to 0.1 L of CH;0H at 90 K [33], save for 6,CH; which was obtained by EELS [30].
¢ RAIRS data obtained upon exposure to 0.05 L of CH3;0H at 90 K, and then subsequent annealing to 130 K [34].

Table 6

Comparison of experimental and calculated vibrational wavenumbers for CHD,O adsorbed on oxygen modified Ru(000 1) surfaces (C; symmetry)

Mode Experimental Calculated: Ru(0001)—(2x2)-O
Ru(0001)~(2 x 1)-O0* Ru(0001)~(2 x 2)-O° feey hep
wCD; + vCO 941 949 950 939
wCD; + vCO 1002 1013 1006 983
3,CD,» 1078 1072 1050 1050
v,CD» 2116 2116 2071 2074
vCH 2950 2942 2892 2903

% RAIRS data obtained upon exposure of 0.01 L of CHD,OH at 90 K [47].

® RAIRS data obtained upon exposure of 0.1 L of CHD,OH at 90 K and subsequent annealing to 105 K [47].

at 2944 cm ™" and 2976 cm ™! have also been detected and
assigned to the overtones 2xJ,CH; and 2Xx9,,CHjs,
respectively, with borrowed intensity from the allowed
vsCH; mode. Those modes are shifted up by ~100 cm™!
judging from the calculated values for the respective funda-
mentals (e.g., for 2 x 0,CHj, calc. fccy: 2822 cm ' hep:
2806 cm '), though much less according to experiments
(from 4-24 cm™'; 2 x 6,CHz: 2940 cm ™' [30] or 2920 cm ™!
[34]).

Moving on to the adsorbed CHD,O, Table 6 presents
the calculated vibrational normal modes of this species
on the hollow sites along with the RAIRS experimental
data obtained upon exposing, another oxygen modified
surface (the Ru(0001)—~(2 x 1)-O surface), to an extremely
low dose (0.01 L) of CHD,OH at 90 K or by exposing the
Ru(0001)—2 x 2)-O surface to a higher dose (0.1 L) and
subsequent annealing to 105 K; both cases point to a C;
symmetry for CHD,O [47].

As can be seen, the calculated and experimental wave-
numbers for the fundamentals agree within an error
lower than 2.1% in the present surface and somewhat
more in the higher oxygen covered surface (Ru(0001)—
(2 x 1)-0: <4.5%). The vCH and v;CD, modes are shifted
to higher wavenumbers, compared to the clean surface,
owing to the chemical effect of the O ad-atoms. The agree-
ment between the calculated and experimental shifts for
these fundamentals is quite good (e.g., for vCH on the

Ru(0001)~(2 x 2)-O surface, exp. shift: 4 cm™'; calc. fec,
shift: 6 cm™'). In addition, on both RAIRS spectra [47],
a band has been detected (at 2171 cm™' for Ru(0001)-
(2% 1)-0 and at 2166 cm ™" for Ru(0001)~(2 x 2)-0O) and
assigned to the overtone of the symmetric bending mode.
This overtone is shifted up by 66-71 cm™!, taking into
account the calculated value for the fundamental 6,CD,,
but less accordingly to experiments (by 15-20 cm™') due
to possibly the Fermi resonance coupling between that
overtone and the fundamental stretch v;CD,.

Above all, the assignments are unambiguous and con-
firm the C;, (or Cj) local symmetry for adsorbate CH30
(or CHD,O) on the precovered surface, at extremely low
coverage, similarly to what occurs on the clean surface.
Further, this adsorbate may populate both types of
hollow sites — fcc, and hep — of the oxygen modified
Ru(0001)—(2x2)-O surface. The bonding geometry of
methoxy seems to be not particularly affected by pre-
adsorption of atomic oxygen at such low coverage.

3.2.3. Bonding analysis

Let us look first to the effects of co-adsorbed oxygen on
the electronic structure of the clean surface (bottom panel of
Fig. 5). The oxygen layer down shifts the Fermi level energy
(by 0.27 eV) and the d-band of the metal is spread out due
to the mixing with all the p-orbitals of the oxygens; in fact,
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Fig. 5. Bottom panel: comparison between the DOS of the clean Ru(000 1) surface (solid curve) with that of the modified Ru(000 1)—(2 x 2)-O surface
(dotted curve). Top panel: comparison between the DOS of the CH30¢—Ru(0001)—(2 x 2)-O system (solid curve) with that of the modified Ru surface

(dotted curve).

by analyzing the COOP of the oxygens’ p-orbitals with the
Ru d-states on the modified surface, a predominantly bond-
ing O—-Ru interaction is seen as the main antibonding reso-
nance lies above the Fermi level. In addition, the d-band
center (center of the local partial DOS with respect to the
Fermi level) is shifted down by 0.6 ¢V, which suggests a
weaker bonding of the methoxy adsorbate on the basis of
the d-band center model [84]. This correlates well with the
finding that the computed binding energies are smaller on
the Ru(0001)—~2 x 2)-O surface than on clean Ru(0001).

On the other hand, new bands appear now on the lower en-
ergy region (<—20 eV; data not shown) that correspond to
the core energy levels of the oxygen atoms.

In the top panel of Fig. 5, the total DOS for the most
preferred adsorption site of CH;0 on the oxygen modified
surface (hollow fcc) is shown and compared to the DOS of
the Ru(0001)—(2 x 2)-0 system, by setting the Fermi level
set as the origin of the energy scale. At lower energies, the
electron states are fully localized either on the adsorbed
radical, similarly to the clean Ru surface, or on the O-layer
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and the most important changes occur in the range of 7 eV
below the Fermi level. It can be also seen that the low-en-
ergy core levels of the adsorbed CH3O and those of the
oxygen atomic layer are well separated.

Further details concerning the radical-surface interac-
tion can be attained by determining the COOPs. As
Fig. 6 shows, the shape of the COOP for CH;0-Ru on
the Ru(0001)—(2 x2)-O surface does not change much
with respect to the analogous COOP of the clean surface.
Most importantly, the anti-bonding states are slightly
pushed below the Fermi level, thereby indicating a weaker
adsorbate—surface interaction on the modified surface.

Let us now look on how the bonds change upon adsorp-
tion at the oxygen modified surface (Fig. 7). On going from
Ru(0001) to Ru(0001)—(2x2)-O, the net CO overlap
population (OP) decreases, while that of the CH bonds is
roughly the same (Ru(0001): OPco =0.010, OPcy =
0.181; Ru(0001)-(2x2)-O: OPco=0.005, OPcy=
0.179). Consequently the CO bonds are predicted to be
weakened on the precovered surface. The next step is to
analyze possible intermolecular interactions. By doing so,
one can see that there is no O-O interaction from the
preadsorbed oxygen atoms, and also the methoxy H’s
and the O’s of the oxygen atomic layer do not develop
any bonding interaction. Thus, from a bonding perspec-
tive, the important change for CH3O adsorption on the
low precovered surface relative to the clean one is a weaker
CH;0-Ru interaction. Further, the adsorbed radical is ex-
pected to dissociate or desorb more easily on the modified
surface but with no participation from the co-adsorbed
oxygen atoms.

4. Conclusions

The interaction of methoxy with the clean and oxygen
modified Ru(0001) surfaces was investigated using a clus-
ter model approach and DFT calculations. The results re-
ported here show that cluster models of ca. 20-30 atoms
give a reasonable description of such surfaces allowing a
good prediction of the structural and energetic features of
the methoxy adsorbate.

Radical methoxy is found to remain specifically ad-
sorbed in all possible sites of the clean surface. Nonethe-
less, the hollow sites are favored and CH;0- adopts a Cj,
conformation with the C-O bond perpendicular to the sur-
face. The computed vibrational frequencies for those hol-
low sites are in good agreement with the experimental
RAIRS data. The adsorbate-surface interaction leads to a
ocolTco orbital inversion, similar to that already observed
for Cu(111) [81] and confirmed by DFT-periodic calcula-
tions [27]. The adsorption of methoxy at either hollow site
produces an estimated net charge transfer of ~0.3 e from
the metal to the radical. Co-adsorbed oxygen reduces the
charge transfer and has a destabilization effect on the
adsorption of methoxy on the Ru(000 1) surface. This cor-
relates with the finding that the valence d-band center
is lower on the oxygen precovered surface than on
Ru(0001). But the bonding geometry of methoxy is not
particularly affected by pre-adsorption of atomic oxygen
at such low coverage. Moreover, the adsorbed radical is ex-
pected to dissociate or desorb more easily on the modified
surface but with no participation from the oxygen ad-
atoms, confirming the experimental findings.

COOP (arb. units)
>
&
&

Energy e-e¢ (eV)

Fig. 6. COOP for CH;0 adsorbed on the fcc site over the clean Ru(000 1) surface (solid curve) and over the Ru(000 1)—(2 x 2)-O surface (dotted curve).
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Ru(0001) and on Ru(0001)—(2 x2)-0.
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