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Abstract

Aiming to clarify why only silver is an effective catalyst for the partial oxidation of ethylene, we studied theoretically the reactivity
and the stability of oxygen species on Cu, Ag, and Au surfaces. We used the dipped adcluster model (DAM ), since electron transfer
from metal to oxygen is important, and the SAC/SAC-CI method, since several electronic states are involved. We found that if
superoxide species exists on the surface, both Cu and Au surfaces show a reactivity similar to Ag surface, leading smoothly to
ethylene oxide, and the barriers leading to complete oxidations should be very high. Therefore, the point is the relative stability of
the various oxygen species and, in particular, the stability of the superoxide species on the metal surface. On Cu, superoxide is much
less stable than peroxide, which again is less stable than the dissociated species, and no barrier exists for the conversion from
superoxide to peroxide. On Au, our DAM calculations show that the electron flow from the bulk metal into the adcluster does not
occur, so that the molecularly adsorbed oxygen species, as well as the dissociative ones, find it difficult to exist stably on the clean
surface. On Ag, superoxide should certainly have some life time to react with ethylene to give ethylene oxide, which is considered
to be the origin of the unique catalytic activity of silver for the epoxidation of ethylene. This is related to the ability of electron
transfer and to the geometry of the Ag surface. We have proposed a basic idea for a new catalytic design of the epoxidation reaction.
© 1997 Elsevier Science B.V.
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1. Introduction their importance in catalysis study and surface

science [1,2]. Oxygen species on an Ag surface

The stabilities and reactivities of oxygen species
adsorbed on the Group 1B-metal (Cu, Ag, Au)
surfaces have received much attention because of
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causes the catalytic oxidation of ethylene to ethy-
lene oxide, and those on Ag and Cu surfaces
convert methanol into formaldehyde [3-6]; both
are quite important and useful reactions in indu-
strial chemistry. However, Cu and Au surfaces are
not good catalysts for the former reaction, and an
Au surface is not good for the latter reaction,
though it was found by Haruta et al. that Au is
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remarkably active for the oxidation of CO [7] and
the selective oxidation of hydrocarbons [8] when
it is supported on suitable metal oxides.

In a previous study, we showed theoretically
that the end-on superoxide on an Ag surface is
highly selective and active for the partial oxidation
of ethylene [9]. The dissociated oxygen species is
not so selective; it gives both ethylene oxide and
acetaldehyde [9], the latter being further oxidized
to CO, and H,0. It is important to clarify and
compare the activation mechanisms of O, on Cu,
Ag, and Au surfaces to understand the differences
in the catalytic activities on these metal surfaces.

Experimental researches of O, on an Ag surface
have revealed the existence of at least five adsorbed
species: physisorbed, two molecularly chemisorbed
(superoxide and peroxide), dissociatively chemi-
sorbed and subsurface states [10-18]. In contrast,
the nature of O, on a Cu surface has not yet been
clearly identified: there is some dispute over the
existence of a molecularly chemisorbed species.
Early work by Spitzer and Luth showed the exis-
tence of molecular species on a single crystal Cu
surface [19]. Prabhakaran and coworkers [20]
found a molecular species with an O-O stretching
frequency of 660 cm ™! on the Cu(110) surface at
80 K, and two molecular species with O-O stretch-
ing frequencies of 610 and 880 cm ™! on the poly-
crystalline Cu surface. However, Mundenar et al.
found no evidence of molecular adsorption on the
Cu(110) surface [21]. On the other hand, the
dissociative chemisorption of O, on the Cu(110)
surface has been generally accepted [1,22]. A
[2x 1] low energy electron diffraction (LEED)
pattern with the oxygen atom occupying a long
bridge site has been reported on the Cu(110)
surface, as on the Ag(110) surface. Gold has been
thought to be one of the least active metals for
chemisorption; oxygen seems not to be chemi-
sorbed either molecularly and dissociatively on a
clean Au surface [23-26]. However, when it is
supported on suitable metal oxides, gold seems to
show much reactivity [7,8].

Several theoretical papers have been published
studying the interactions of O, with an Ag surface
[27-35], but only a few have studied the Cu surface
[36-38]. Our previous studies have shown the

importance of electron transfer, electrostatic inter-
action, and electron correlations for O, chemisorp-
tion on an Ag surface [34,35]. In the conventional
cluster model, very large clusters must be used to
describe O, chemisorption on a metal surface, but
the dipped adcluster model (DAM) [39,40] can
describe the effects of bulk metal quite naturally
in a simple theoretical framework. Further, for
studying different electronic states on a surface,
like a peroxide and a superoxide, we need a theory
which can describe both ground and excited states
to a similar accuracy. The symmetry-adapted
cluster (SAC)/SAC-configuration interaction
(SAC-CI) method [41-44] is such a theory. We
have succeeded in describing both molecular
(side-on) and dissociative adsorptions of oxygen
on the Ag surface [34,35] by using the DAM
combined with the SAC/SAC-CI method.

In this study, we compare Cu, Ag, and Au
surfaces for the chemisorption and activation of
O, molecule. We study molecular end-on and
side-on adsorptions, dissociative adsorptions, their
electronic structures, and frontier-orbital proper-
ties. The reactions of the superoxide species with
ethylene to form ethylene oxide are studied for Cu
and Au surfaces and compared with the previous
result on an Ag surface [9]. We want to clarify the
reason why only silver is a good catalyst for the
partial oxidation of ethylene.

2. Computational details

DAM [39,40] is a model for studying chemisorp-
tions and surface reactions involving electron
transfer between an admolecule and a surface, and
the image force is considered for the reaction on
a metal surface. This model has been applied
successfully to the adsorptions of O, on Pd and
Ag surfaces [34,35,39,40] for which the conven-
tional cluster model failed. Then, we adopt the
DAM for the present study and investigate molecu-
lar adsorption of O, on Cu, Ag, and Au surfaces
assuming one-electron transfer from the bulk metal
into the adcluster. Thereafter, we reinvestigate this
electron transferability for these surfaces by exam-
ining the condition given by the DAM, and an



330 H. Nakatsuji et al. | Surface Science 387 (1997) 328—341

exceptional nature of the Au surface will be
clarified.

We take M,0, and M0, (M=Cu, Ag, Au) as
adclusters, in which the M—-M diostances are fixed
at their° lattice constants: 2.556 A, 2.8894 A, and
2.8841 A for Cu, Ag, and Au respectively [45].
Both molecular end-on and side-on adsorptions
are studied using the M,0, adcluster, and conver-
sions between the molecular and dissociative
adsorptions are examined using the M,0,
adcluster.

The geometries of the molecular end-on and
side-on species, as well as those appearing in the
partial oxidation reaction pathways of ethylene to
ethylene oxide, are optimized at the unrestricted
Hartree-Fock (UHF) level. The electron correla-
tions are further considered by using the MP2
method to calculate the energy diagrams of the
partial oxidation reactions. The SAC/SAC-CI
method is used to calculate the energy curves in
the conversion processes between end-on and
side-on forms shown in Section 3.2, as well as in
oxygen elongation and dissociation processes
shown in Sections 3.3 and 5 respectively, since the
roles of lower ground and excited states are quite
important in these kinds of surface electronic
process [34,35].

The active spaces in the SAC/SAC-CI calcula-
tions are composed of 72 MOs (16 occ+ 56 unocc)
and 112 MOs (27 occ+85 unocc) for the M,0,
and M,0, adclusters respectively. The active occu-
pied orbitals are composed of the d and s orbitals
of the metals and the 2p orbitals of O. The 1s and
2s orbitals of O, as well as their counterparts in
the unoccupied space, are frozen. In the SAC
calculations, double-excitation operators whose
second-order perturbation energies with the HF
configuration are larger than 3 x 107 ° Hartree are
included [46]. In the SAC-CI calculations, a
threshold of 1 x 1075 Hartree is used for the ion-
ized state calculations [46]. The HF calculations
are carried out using the HONDO program [47],
and the SAC/SAC-CI calculations using the
SACS85 program [48].

The Gaussian basis sets for Cu, Ag, and Au
are [3s2p2d] with the relativistic effective core
potentials [49]. For oxygen, we use the
Huzinaga-Dunning (9s5p)/[4s2p] set [50,51] aug-
mented by the diffuse s and p functions of o=

0.059 [52] in all of the calculations for geometry
optimization, and the polarization d functions of
o=1.154 [53] are further augmented in the DAM
and SAC/SAC-CI calculations. For comparison,
the same two polarization d functions of «=2.704
and 0.535 [53], as used in the previous study [9],
are used to calculate the energy diagrams at
the MP2 level. For carbon and hydrogen, the
respective sets (9s5p)/[4s2p] and (4s)/[2s] of
Huzinaga-Dunning are adopted. We have already
shown that these basis sets are reliable for studying
the energetics along the surface reactions [9]. A
comparative study of the Ag 19-electron RECP
and ll-electron RECP for Ag, and AgO, per-
formed by Hay and Martin [54], has shown that
the inclusion of the 4s and 4p shell produced
slightly longer bond lengths but left the spectro-
scopic constants, such as stretching frequency and
dissociation energy, virtually unchanged.

3. Molecular O, adsorption

3.1. End-on adsorption and the reactivity of
superoxide

The experimental results show that only silver
is a good catalyst for the partial oxidation of
ethylene to ethylene oxide. In a previous study [9],
we showed that the superoxide species adsorbed
in the end-on form on an Ag surface is very active
and selective for the epoxidation reaction. In this
section, we examine the electronic structure and
the reactivity of the end-on species on the Cu and
Au surfaces and compare them with those on the
Ag surface.

Table I shows the optimized geometry for the
end-on adsorption of O, on Cu,, Ag,, and Au,
surfaces calculated by the UHF method. Fig. 1
shows an illustration of the geometry of the end-on
form. One-electron transfer from the bulk to the
adcluster was considered by the DAM; i.e. n=1.
In the optimizations, the O,M,M, angle was fixed
at 90°. The calculated adsorption energy is all
positive, showing stable end-on adsorption to
occur. The results for Au may contradict the
experimental ones since the Au surface may not
adsorb O, molecule.
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Table 1
Adsorption energies and UHF optimized geometries of the end-on superoxide species on Cu, Ag, and Au surfaces
System Adsorption energy (kcal mol ') Rvo (A) Ro o (Ay Poom (deg) Pomm (deg)

UHEF level MP2 level

Cu,0, 13.7 314 2.107 1.360 114.9 90.0 (fixed)
Ag,0, 7.4 26.9 2.340 1.389 113.4 90.0 (fixed)
Au,0, 5.1 29.8 2.349 1.364 111.9 90.0 (fixed)

2 Ro.o of free O, anion (O5) is 1.65 A.

ob 1 (End-on)
o 2

//03

Oa 0 O 4 (Side-on)

Mz b

Fig. 1. Illustration of the geometrical conversion from end-on
(#1) to side-on (#4) forms. The M-M (M =Cu, Ag, and Au)
distances were fixed at the lattice constants.

The calculated OOM angles are close to each
other. The O-O distances of 1.35 to 1.38 A are
close to or slightly greater than that of a free O,
anion (1.35 A) [55]. The Cu-O distance of 2.10 A
is shorter than the Au-O and Ag-O distances,
reflecting a large adsorption energy and a short
lattice constant of Cu.

The calculated electronic structure of O, in the
end-on adsorption form is superoxide O, with the

Table 2

symmetry of *A’. Table 2 shows the net charge and
frontier density (or spin population) which are
related to the reactivity. In all three species, the
net charges on the inside (O,) and outside (Oy)
oxygen atoms are calculated to be about —0.6 and
—0.15 respectively, while the outside oxygen atoms
have a frontier density of about 0.86, which is
much larger than that of the inside oxygen atoms
(about 0.12). This shows that the outside oxygen
is much more reactive than the inside one and that
the former is not so negative as the latter one, the
same result as that reported before [35] for a linear
Ag-0-0 system. Actually, in the epoxidation reac-
tion with ethylene, the oxygen which reacts with
ethylene is the outside one [9]. Based on the
analyses of the net charge and the frontier density,
similar reactivity is expected for the end-on super-
oxide species on Cu, Ag, and Au surfaces.

For the selective oxidation of ethylene to ethy-
lene oxide, only silver is a good catalyst. However,
it is not yet well understood why only silver is so
exceptional, nor is it understood which adsorbed
oxygen species (atomic vs. molecular) is active for
the reaction. In a previous report [9], we studied
the mechanism of the partial oxidation of ethylene
on an Ag surface and elucidated the end-on super-

Net charge and frontier density of the end-on superoxide species on Cu, Ag, and Au surfaces

System? Net charge Frontier density

M, M, 0O, Oy M, My 0O, O,
Cu,0, +0.060 —0.271 —0.643 —0.146 0.007 0.002 0.133 0.858
Ag,0, +0.058 —0.295 —0.605 —0.158 0.014 0.003 0.119 0.864
Au,0, +0.095 —0.285 —0.644 —0.166 0.007 0.002 0.116 0.876

2 The geometry of the end-on form is shown in Fig. 1.
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oxide to be an active oxygen species. We examine
here the reactivity of the end-on superoxide species
on Cu and Au surfaces for the partial oxidation
of ethylene and compare this with the result for
the Ag surface [9].

Fig. 2 shows the energy diagrams and the geome-
tries of the intermediates and the transition states
for the reactions of ethylene on Cu, Ag, and Au
surfaces leading to ethylene oxide and acetalde-
hyde. This reaction process is similar to the one
studied in detail for the oxidation reaction of
ethylene on a silver surface [9]. Since the optimized
geometries obtained in the reaction pathways are
very similar, only the characteristic geometries are
listed in Fig. 2 for simplicity. The energy diagrams
were calculated by the MP2 method, since the
electron correlation is important in this kind of
reaction. We see that the energy profiles for the
reactions are similar to each other on all the metal
surfaces and imply a two-step mechanism of the
reactions. The first step is the adsorption of O, in
a superoxide form and the second step is the
reaction of the superoxide with ethylene. The
energy barrier for the second step, which seems
to be the rate-determining step, is about
11 kcal mol " at R, of about 1.78 A: outside
oxygen reacts with the carbon of ethylene. The
energy barrier is similar for all the metals studied
here. At the intermediate, the C-O distance is
1.43 A, which is much shorter than that in the
transition state. After reaching this intermediate,
the reaction leading to ethylene oxide is quite
smooth.

From the above intermediate, another reaction
route leading to complete oxidation exists. The
calculated energy barrier for the formation of
acetaldehyde, an intermediate in the complete oxi-
dation process, is very high, about 70 kcal mol ",
for all the surfaces. This implies that the complete
oxidation of ethylene does not occur from the
superoxide species on all the metal surfaces
studied here.

The energy profiles given in Fig. 2 show that the
superoxide species on Cu, Ag and Au surfaces
have a quite similar reactivity for the partial oxida-
tion of ethylene: the differences among the energy
diagrams shown in Fig. 2 are too small to explain
why only silver is an effective catalyst. Indeed, the

present results suggest the possibility that copper
and gold may also work as good catalysts for the
partial oxidation of ethylene, if the end-on super-
oxide can exist as a stable or long-lived species on
Cu and Au surfaces. However, experimentally, no
observation of the superoxide species has been
reported on the Cu and Au surfaces. This fact
may offer a key to the understanding of the reason
for the unique catalytic activity of silver.

3.2. Conversion from end-on superoxide to side-on
peroxide

Next, we examine a conversion from the end-on
to the side-on geometries. This process accompa-
nies a conversion from the superoxide to the
peroxide, since the ground state of the end-on and
side-on species are the superoxide and peroxide
respectively, as shown in some detail in this section.
Thus, the method to be used here should be able
to describe both ground and excited states to a
good accuracy. For this purpose, the HF method
1s inadequate and, therefore, we wuse the
SAC/SAC-CI method [43,44]. The geometries
optimized at the HF level shown in Tables 1 and
3 are used for the end-on (#1) and side-on (#4)
forms respectively. The intermediate geometries #2
and #3, which are illustrated in Fig. 1, are approxi-
mated as a linear function of the OMM angle.

Fig. 3 shows the potential energy curves (PECs)
calculated for the conversion process between the
end-on and side-on forms on the Cu, Ag, and Au
surfaces. In the end-on geometry the superoxide
(?B,) is always the ground state, but in the side-on
geometry the ground state is the peroxide species
(®A)). The superoxide species with the 2A, symme-
try is less important, since it never becomes the
ground state in this conversion process. In the
2B, superoxide, the in-plane n* orbital of oxygen
is singly occupied and the out-of-plane n* orbital
is doubly occupied. These occupations are reversed
in the A, state. The crossing of the PECs of the
superoxide and peroxide occurs between the
end-on and side-on geometries.

The relative stabilities of the superoxide and
peroxide in the end-on and side-on geometries and
the barrier of the conversion are quite important
for understanding the catalytic activities of metals
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Fig. 2. Energy diagram for the formation of ethylene oxide (——) and of acetaldhyde (- - -) from ethylene by the end-on superoxide

species on Cu, Ag, and Au surfaces calculated by the MP2 method.
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Table 3
Gross charge and optimized geometry of the side-on peroxide on Cu, Ag, and Au surfaces by the UHF method
System Net charge on O Ryo (A) Roo (A) doom (deg) domm (deg)
Cu,0, —0.632 1.9393 1.5164 105.55 74.45
Ag,0, —0.631 2.1420 1.5090 108.79 71.21
Au,0, —0.454 2.1563 1.5082 108.6 71.4
) end-on superoxide and the side-on peroxide is
peroxide “A, 50.8 kcal mol ~!, 23.1 kcal mol ~*, and —1.2 kcal

--—-— superoxide ’B,

superoxide 2p,

Potential Energy (kcal/mol)

40 — AU202 ................
20 b P i N
- d T B
. — | :
1 2 } )
End-on Side-on

Fig. 3. PECs calculated by the SAC/SAC-CI method for the
conversion between the end-on (#1) and side-on (#4) adsorption
states in the lowest three states of the Cu,0,, Ag,0,, and
Au,0, adclusters with n=1.

for the partial oxidation of ethylene. Such informa-
tion is given in Fig. 3. In the end-on form, the
superoxide species is more stable than the peroxide
species: the energy difference is about
20 kcal mol ~! for Ag and Au and 5 kcal mol !
for Cu. In the side-on form, the peroxide species
is more stable than the superoxide species: the
energy difference is 50.1 kcal mol ™!, 27.6 kcal
mol !, and 21.2 kcal mol ~! for Cu, Ag, and Au
respectively. The energy difference between the

mol ! for Cu, Ag, and Au respectively. On the
Cu surface, the superoxide species in the end-on
form converts easily into the peroxide species in
the side-on form because of a large stabilization
energy and the lack of a barrier: the lifetime of
the end-on superoxide species should be very short
on the Cu surface. On the other hand, an energy
barrier of about 20 kcal mol ™! is calculated for
the conversion on Au, and a considerable lifetime
is expected for the end-on superoxide on Ag, as
seen from the PECs shown in Fig. 3.

In the adsorption of O, on these surfaces, the
O, molecule would initially be adsorbed in an
end-on form from both energetics and dynamics:
the probability of approaching in the end-on form
should be larger than that in the side-on form. On
the Ag and Au surfaces, this superoxide species
would have a lifetime during which it is attacked
by the reagent, like ethylene, but on Cu the lifetime
would be too short to receive an attack by the
reagent. This may explain the selectivity of Ag and
the non-selectivity of Cu for the partial oxidation
of ethylene. On Cu, the non-selectivity is actually
due to the atomic oxygen dissociatively adsorbed
on the surface, as will be seen in Section 3.3.
However, for Au, the results obtained from Figs. 2
and 3 do not give a clear explanation for its
inability to undergo this reaction. As far as one-
electron transfer from the bulk metal into the
adcluster occurs for Cu, Ag, and Au, the reactivity
of the superoxide on these metals should be similar.
We will examine in Section 4 the electron transfer-
ability difference of these metals.

The difference in the relative stability of the
superoxide O; and peroxide O3~ species on a
different metal is understood to be parallel with
the electron-donating ability of the metal surfaces.
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Fig. 4 shows the MO energy level diagram. The
energy level of the HOMO is lower in Au, than
in Cu, and Ag,, and the same trend is also seen
in the M, clusters. The work functions of the
Au(110) and Au(111) surfaces are 5.37 eV and
5.31 eV respectively, which are larger than those
of the Ag and Cu surfaces: i.e. Ag(110) 4.52 ¢V,
Ag(11l) 4.74eV; Cu(l110) 4.48¢V; Cu(lll)
4.94 ¢V [45]. As a result, as shown in Table 3, the
net charge of the oxygen atom in the side-on
peroxide is —0.454 on the Au surface, compared
with —0.632 and —0.631 on the Cu and Ag
surfaces respectively. The electron donating abili-
ties of the copper and silver surfaces seem to be
similar; however, the peroxide species on the
copper surface is more stable than that on the
silver surface. A possible explanation is based on
the difference in the ionic bond radii between
copper (0.72 A) and silver (0.89 A). The shorter
bond radii of copper results in larger chemical and
image-force interactions. Indeed, the image force
of the peroxide species in the side-on form on a
Cu surface is calculated to be larger by
5.6 kcal mol ~! than that on an Ag surface.

0.
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Fig. 4. The valence orbital energies of the d and s levels of free
M, and M, clusters (M =Cu, Ag, and Au) calculated by the
HF method.

3.3. Side-on adsorption

Here we examine another stable geometry of
molecular adsorption of O,; i.e. side-on adsorp-
tion. Table 3 shows the optimized geometries of
the side-on species on the Cu, Ag, and Au surfaces
calculated by the UHF method keeping the C,,
symmetry. The calculated Cu—O distance of 1.94 A
is about 0.2 A shorter than the Ag-O and Au-O
distances, as in the end-on geometry. The O-O
distances are close to each other, but longer than
those for the end-on species, reflecting the fact
that the ground-state electronic structure of the
side-on species is peroxide, O3, while that in the
end-on form is superoxide, O;. Note that the
superoxide species are the excited states in
the side-on form, as shown previously for the
0O,/Ag system by the SAC-CI method [34].

For the peroxide species, there is no spin on the
oxygen atoms and the charge polarization does
not occur for symmetry reasons. The O-O stretch-
ing frequencies of the peroxide species were
observed on Cu and Ag surfaces [11,12]. In the
present study, we calculated the PECs of O, on
Cu and Au surfaces, see Fig. 5. The M—M distances
were fixed at the lattice distances, the M-O dis-
tances were fixed at the optimized distances, and
the O-O distance was clongated from 1.20 to
2.55A on Cu and from 1.20 to 2.88 A on Au,
keeping the C,, symmetry.

Fig. 5 shows that on all metal surfaces, the
peroxide O%~ species with ?A; symmetry is the
ground state, and the superoxide species O, with
’A, and B, symmetries are the lower excited
states. The O—O vibrational frequencies calculated
from these PECs are shown in Table 4. Those of
the peroxide (?A,), and two superoxides (?B, and
2A,) are 868, 965, and 1249cm™! on the Cu
surface, and 718, 952, and 1056cm™! on Au,
compared with those of 689, 974, and 1055 cm ™!
on Ag reported previously [34]. The calculated
value of 868 cm ™! for the peroxide O3~ on Cu is
similar to that on other transition metal surfaces,
Pt(111) and Pd(111), and is somewhat larger than
those on the noble metal surfaces, like Ag [37].
On the other hand, the experimental values are
660 cm~! on the Cu(110) surface and 610 and
880 cm ! on the polycrystalline Cu surface, all of
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Fig. 5. PECs calculated by the SAC/SAC-CI method for the
O-0O celongation process in the lowest three states of (a)
Cu,0, and (b) Au,0, adclusters with n=1.

which are considered to reflect the peroxide species
[20]. The present calculated result of 868 cm ™! is
close to one of the experimental results, i.e.
880 cm !, Prabhakaran and coworkers [20]
pointed out that since a polycrystalline surface
would contain a high proportion of (111) surface,

Table 4

The vibrational frequencies of the superoxide O, and peroxide
032~ species in the gas phase and on Cu, Ag, and Au surfaces
calculated by the SAC/SAC-CI method

Species State w, (cm™1) Net charge of O,

O; /gas 11 1066 -1
Exptl. 1090

027 /gas =F 636 -2

05 /Cu A, 1249 —0.45
B, 965 —0.62

027 /Cu 2A, 868 —1.27
Exptl.2 660, 610,

880

0, /Ag® A, 1055 —0.54
B, 974 —0.65
Exptl. 1053

03 /Ag® 2A, 689 —1.40
Exptl.© 628, 640,

697

O; /Au A, 1056 —0.19
2B, 952 —0.53
Exptl.¢ 1050-1150

037 /Au 2A, 718 —0.91
Exptl.¢ 740-800

2 Ref. [20].

b Ref. [34].

¢ Refs. [10-12].

4 Ref. [25].

the value 880 cm~! might be due to the (111)
surface. The present M,0, adcluster model may
be close to the (111) surface, since on the (110)
surface there is a ditch onto which O, can be
incorporated and stabilized more by interacting
with a larger number of metal atoms. Similar O-O
vibrational frequencies were also obtained by using
the Cu,O, adcluster, as shown in Section 4.

No reliable experimental vibrational frequencies
are available for the Au surface to compare with
the present calculated results, although the calcu-
lated values compare well with the reported vibra-
tional peaks, 740-800 and 1050—-1150 cm ~?, of the
HREELS spectra [25]. Pireaux et al. [25] did not
interpret the data as being due to the oxygen on
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an Au surface, since the possibility of contaminants
could not be ruled out. However, our results on
an Au surface are close to those on an Ag surface
[34], indicating that the spectroscopic properties
of molecular oxygen chemisorbed on an Au surface
should be similar to those on an Ag surface, if
electron-transfer occurs on the Au surface and the
adsorbed oxygen species exist as stable species.

4. Electron transferability of gold

The results listed in Section 3 show that the
oxygen superoxide species adsorbed on an Au
surface has essentially the same reactivity as on
Cu and Ag surfaces. The stabilities of the molecu-
larly adsorbed oxygen species are mainly due to
the electron-transfer effect from the bulk metal, as
already shown previously for silver [34,35] and
palladium [39,40]. The chemical potentials (work
functions) of the Cu, Ag, and Au surfaces are
4.48,4.52, and 5.37 eV for the (110) surfaces, 4.94,
4.74 and 5.31 eV for the (111) surfaces, and 4.59,
4.64, and 5.47 eV for the (100) surfaces [45]. The
Cu surface is expected to have similar properties
to the Ag surface, but a larger electron transferabil-
ity. However, it is not clear whether the electron-
transfer also occurs for the Au surface, since the
electron-donating ability of the Au surface should
be smaller than the others due to the larger chemi-
cal potential and the more stable s-band, as shown
in Fig. 4. We therefore investigate here the E(n)
curves of the M,—0O, systems in the DAM in order
to clarify why Au cannot be a good catalyst for
the epoxidation of ethylene.

We take M,0, (M =Cu, Ag, and Au) as adclus-
ters. The optimized end-on geometries as listed in
Table 1 are adopted, since they are the most stable
geometries of the superoxide adsorbed species. At
infinite separation, the O, molecule is in the *Z;
state and the M, cluster is in the 'Z; state. In the
M,0, system, the frontier MOs are composed
mainly of the 7° MOs of O,. When # electrons are
transferred from the bulk metal to the adcluster,
the out-of-plane ©° MO is occupied by the addi-
tional nf3-spin electrons because one a-spin electron
already occupies this orbital. Namely, when n=0
the M,0, is a triplet and when n=1 it is a doublet.

Fig. 6 is a display of the E(n) curves, namely
the energy of the adcluster calculated as a function
of n. It was calculated with the use of the highest
spin coupling model [39]. The curves are upper
convex, and at n=1.0 the systems are more stable
than at n=0.0: the order of stability is
Cu,0,>Ag,0,>Au,0,. According to the DAM
[39], the electron transfer would occur between
the adcluster and the bulk metal when the chemical
potential of the adcluster becomes equal to the
chemical potential of the solid surface, i.e.
0E(n)/on= —pu. For Cu,0, and Ag,O, systems,
the tangents of the E(n) curves become equal with
the experimental chemical potentials at about n=
0.9. Therefore, from the concept of the DAM [39],
one electron should flow from the Cu and Ag bulk
metals into the adcluster after some barrier.
However, for the Au,0, system, though the energy
at n=1.0 i1s lower than that at n=0.0, the tangent
of the E(n) curve is still smaller than the experimen-
tal chemical potential. Therefore, in contrast to
Cu and Ag metals, one-electron flow does not
occur from the Au metal into the adcluster. This
point concerning the Au surface is essentially
different from the other metals, and could be the
reason why the molecularly adsorbed oxygen
species cannot exist on a clean gold surface. As
long as molecular adsorption does not occur, the
dissociative adsorption following it cannot occur.
Thus, the inactivity of the gold surface toward the

6.00
I i-u () z-u o) 2 u(Au)
2.00
o
S -2.00
X
El
=
‘é’ 6.00 +Au202adcluster
—*’—-Agzo2 adcluster
F — Cu202 adcluster
-10.00 -
-14.00 ! L i L | i
-0.2 0 0.2 0.4 0.6 0.8 1 1.2

n (electron)

Fig. 6. E(n) curves for the Cu,0,, Ag,0,, and Au,0, adclusters
in the highest spin coupling model at the optimized end-on
geometries as shown in Table 1.
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oxygen is explained by the DAM as being due to
its poor donating property.

We note that the behavior of the E(n) curve for
the Au,O, adcluster is just one of the cases already
shown in Refs. [56,57]. That is, it is difficult for
electron flow to occur between the clean bulk
metal and the adcluster because it does not satisfy
the condition clarified by the DAM [39]. However,
as the energy at n=1.0 is lower than that at n=
0.0, the electron transfer can be realized if the
chemical potentials p of the gold metal can be
lowered by the addition of promoters, etc.
Experimentally, the recent work performed by
Haruta and coworkers [7,8] shows that gold is
remarkably active for the oxidation of CO and
hydrocarbons when it is supported on suitable
metal oxides. This may be explained by the effect
of the metal-oxide support.

The chemical potential of Au is much larger
than those of Cu and Ag. We note that this
difference is attributed actually to the relativistic
effect in gold [58,59]. The importance of relativistic
effects to the valence-electron properties such as
chemical shift has recently been clarified in this
laboratory [60-66].

5. Dissociative adsorption of O,

Many experimental studies have shown that the
dissociative adsorption of O, occurs on Cu and
Ag surfaces, but not on an Au surface. This
difference may explain the catalytic activities of
these metals for the formation of formaldehyde
from methanol [3-6]. We previously studied theo-
retically the dissociation of molecularly adsorbed
oxygen on an Ag surface [34]. In this section, we
examine the dissociation of O, on Cu and Au
surfaces. We use an MO, adcluster with M, being
a linear chain cluster instead of the M,0, adcluster
used in Section 4, because the surface size repre-
sented by M, is too small to describe the dissoci-
ation of O, on it, as described previously in some
detail [34].

Fig. 7 shows the PECs for the low-lying states
of the Cu,0, adcluster (n=1) for an elongation
of the O-O distance. The Cu-Cu distance was
fixed at 2.556 A, and the Cu-O distance was fixed
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Fig. 7. PECs calculated by the SAC/SAC-CI method for the
lowest three states in the O-O dissociation process of the
Cu,0, adcluster with n=1.

at the optimized side-on geometry of M,0,. The
0O-0 distance was elongated from 1.20 to 7.66 A,
keeping the C,, symmetry. There are three states,
2A,, 2A,, and ?B,, in the lower energy region, and
there are two potential minima for the three states;
one is around the O-O distance of 1.35-1.55 A,
corresponding to the molecular adsorption states,
and the other is around 5.11-5.50 A, correspond-
ing to the dissociative adsorption states. Among
the molecular adsorption states, the *A; state
corresponds to the peroxide species, and the *A,
and 2B, states correspond to the superoxide
species, the open orbitals being in-plane n* for
2B, and out-of-plane n* for 2A,. The most stable
dissociative adsorption state is 2A;. It is
66 kcal mol ~! more stable than the molecular
adsorption state. Although the ?A, and *B, states
also have the potential minima corresponding to
the dissociative adsorption state, the energies are
higher than that of the 2?A; species by
72.5 kcal mol ~! and 56.7 kcal mol ™! respectively.
These features of the PECs are similar to those
obtained for the Ag,0, system [34].

Similar calculations were also performed for the
Au,O, system: the results are listed in Table 5
together with those for the Cu,O, and Ag,O,
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Table 5

Energetics, net charges, and bond lengths of the dissociated oxygen on Cu, Ag, and Au surfaces calculated by M0, DAM and the

SAC/SAC-CI method

System Barrier® AE® Net charge Roo Ruo
(kcal mol ™) (kcal mol ™ 1) (per O) (A) (A)
Cu,0, 84.9 66.6 —1.00 S.11 1.94
Exptl.¢ 1.81-2.05
Ag,0,¢ 77.0 44.0 —0.98 5.78 2.16
Exptl. 40.8-44.0° 2.01-2.17°
Au,0, 94.8 —-5.6 —0.68 5.77 2.18

2 Energy barrier from molecular to dissociative adsorption.

® Stabilization energy from molecular to dissociative adsorption: AE= E(dissociative adsorption) — E(molecular adsorption).

¢ Ref. [1].

4 Ref. [34].
© Ref. [14].
f Ref. [13].

systems. The energy barriers between the molecular
and dissociative adsorption states were cal-
culated to be 84.9 kcal mol "%, 77.0 kcal mol "1,
and 94.8 kcal mol ! for the Cu,0,, Ag,0,, and
Au,0, systems respectively. The calculated energy
barriers are much larger than the experimental
result [14]. A reason may be due to the smallness
of the cluster used here, but another possible
reason is due to the surface dependence of the
barrier. It was shown experimentally that the
Cu(110) and Ag(110) surfaces can easily lead to
the dissociative adsorption of O,, but the Cu(111)
and Ag(111) surfaces cannot [1]. The present high
barriers may correspond to the results for the
(111) surfaces, since in the present M,O, adcluster
one cannot simulate the effect of the ditch existing
on the (110) surface. The activation energy barriers
are calculated to be much smaller than the present
ones when the larger Mo(110) and M,,(110)
clusters are adopted [67]. The stabilization
energies for the change from molecular to dissocia-
tive adsorptions are calculated to be
66.6 kcal mol ™1, 44.0 kcal mol ~!, and —5.6 kcal
mol ! for the Cu,0,, Ag,0,, and Au,O, systems
respectively. This result implies that the dissocia-
tive adsorption of O, occurs most easily on Cu,
and next on Ag, but not on Au. This result agrees
with the trend observed experimentally.

The net charges on the dissociated oxygen atom
are 1.00, 0.98, and 0.68 on the Cu, Ag, and Au
surfaces respectively: the values on the Cu and Ag

surfaces are very close to each other and larger
than that on the Au surface. This is due to the
lower electron donating ability of the Au surface,
as mentioned above.

The minimum of the dissociative adsorption
state in Fig. 7 corresponds to the atomic oxygen
adsorbed on the bridge site of the copper surface.
To examine the reliability of this structure, we
further optimized the Cu—O distance at this geome-
try by the SAC/SAC-CI method. The calculated
Cu-O distance was 1.94 A, which lies within the
observed range of 1.81-2.05A [1]. The Cu-O
distance of 1.94 A is smaller than the Ag-O dis-
tance of 2.16 A, obtained in the previous study
[34], as expected from the difference in the bonding
radii. This difference results in a stronger inter-
action between Cu and O, as seen already in the
interaction between the copper surface and molec-
ular peroxide. The differences in the electron
donating abilities and in the bonding radii of the
Cu, Ag, and Au metals explain the differences in
the stabilities between the molecular and dissocia-
tive adsorption species, as well as those between
the superoxide and peroxide species.

6. Conclusions

We have studied the stabilities and activities of
the oxygen species adsorbed on Cu, Ag, and Au
surfaces by the DAM combined with the
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SAC/SAC-CI method. For molecular adsorption,
both end-on and side-on geometries were investi-
gated. The ground-state electronic structure of the
molecularly adsorbed O, species in the end-on
form is the superoxide O, , and that in the side-on
form is the peroxide O3~. The end-on superoxide
species is attributed in the previous study to be an
active species for the partial oxidation of ethylene
on an Ag surface.

The reactivities of the superoxide species on Cu,
Ag, and Au surfaces for ethylene are very similar,
giving smoothly ethylene oxide. The barriers lead-
ing to complete oxidation are equally high. The
differences among Cu, Ag, and Au surfaces are
small, if the superoxide species exists on the metal
surfaces. The large differences observed in the
catalytic activities of these metal surfaces are there-
fore attributed to the different stabilities of the
adsorbed oxygen species, particularly the stability
of the superoxide species.

The electron transfer from metal to O, is a key
factor for the chemisorption of oxygen on a metal
surface, as shown previously [34-37]. The differ-
ences in the relative stabilities of different oxygen
species on different metal surfaces are attributed
to the differences in the electron-donating abilities.
The present DAM calculations show that, for Cu
and Ag surfaces, one-electron transfer from the
bulk metal into the adcluster occurs after some
barriers. On the other hand, it is difficult for
electron transfer to occur for Au surface, since the
gold surface has a higher work function. This is
why molecular adsorption of O, does not occur
on the Au surface.

On Cu surface, peroxide is much more stable
than superoxide and there is essentially no barrier
for the conversion from superoxide to peroxide,
so that the lifetime of the superoxide species should
be too short to react with ethylene. On Ag surface,
however, the superoxide species would have a
considerable lifetime on the surface. On Au sur-
face, the superoxide species does not exist, because
the molecular adsorption of O, does not occur
owing to the difficulty of the electron transfer from
the clean bulk metal. We think that this difference
in the stability of the end-on superoxide species
on Cu, Ag, and Au surfaces is the reason for the

difference observed in the catalytic activity of these
metals for the partial oxidation of ethylene.

The mechanism of the dissociation of O, on a
Cu surface is similar to that on an Ag surface
studied previously [34]. The stable geometry is at
a bridge site in the copper surface, and the calcu-
lated Cu-O distance of 1.94 A agrees well with the
experimental value of 1.81-2.05 A. The dissocia-
tive state on the Cu surface is calculated to be
more stable than that on the Ag surface. On the
other hand, on the Au surface the dissociative
adsorption does not occur, since its precursor state,
1.e. molecular adsorption, does not occur, as shown
in this paper.

Finally, the most important result of the present
study is as follows. The above conclusion for the
origin of the different catalytic activity of Cu, Ag,
and Au surfaces for the partial oxidation of ethy-
lene suggests a possibility of making a new catalyst
for this reaction. The key is an appropriate lifetime
of the end-on superoxide species on the metal.
Silver realizes it without any special modification.
However, if one can realize such superoxide species
on some metals using some modification, we think
that the essential factor is realized. For example,
gold may become a catalyst by modifying it to
give a larger electron donating ability to O,.
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