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Abstract. The mechanism of ethylene epoxidation on
Ag surfaces has been investigated using the density
functional method and Ag, clusters (n = 3 to 10)
modeling the Ag(111) surface. The adsorption energy
of O, to the Ag clusters was strongly dependent on the
HOMO level of the cluster, and the clusters with higher
HOMO levels afforded larger O, adsorption energies.
The energetics was investigated for both the molecular
and atomic oxygen epoxidation mechanisms. For the
atomic oxygen mechanism, epoxidation was found to
proceed without an activation energy, whereas a small
amount of activation energy (about 5 kcal/mol) was
calculated for the molecular oxygen mechanism.
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1 Introduction

There is a long history of research on ethylene oxide
(epoxide) formation. Ag is the only element which
catalyzes epoxide formation. Epoxidation has been one
of the most important industrial processes, and the
development of epoxidation catalysts is still continuing
intensively and has been one of the subjects of basic
research [1-4]. Several theoretical approaches have been
presented: the extended Hiickel [5], LCAO-Xo [6],
Hartree-Fock (HF)+MP 3 [7], GVB-CI [8], and the
density functional (DF) method [9]. Carter and Goddard
[8] suggested a surface atomic oxyradical as the active
oxygen species. McKee [7] supported the molecular
oxygen mechanism but Hoek et al. [9] supported the
atomic oxygen mechanism suggested by Carter and
Goddard; however, these authors [7, 9] were mainly
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concerned with the role of subsurface promoters, and the
energetics of the reaction was not investigated.

Recently, Nakatsuji and coworkers studied the ener-
getics of the molecular and atomic oxygen mechanisms
in detail using the HF+MP2 [10] and the SAC-CI
method [11-12]. They concluded that epoxidation is
selectively preferable for the molecular oxygen mecha-
nism, whereas epoxidation and complete oxidation
compete in the atomic oxygen mechanism. They used a
Ag dimer and their dipped adcluster model. In their
scheme, they compared the total energies among the
systems with the different number of electrons along the
reactions.

Thanks to recent progress in DF methods, it is known
that the DF method is especially suitable for systems
including several heavy atoms and the systems the elec-
tron correlation is important. In this article we present
further aspects of the energetics and the structural
changes of the reaction mechanisms using the recent
version of DF methods and more realistic (i.e., larger)
cluster models, in which enough electron density is ex-
pected to be donated to the adsorbing oxygen species.
The energy is discussed using the systems with a constant
number of electrons, i.e., only the neutral clusters.

2 Method of calculation and models

The hybrid HF and DF method is used in this work [13, 14]. This
method is implemented in the Gaussian 94 program [15]. The pa-
rametrization suggested by Gill et al. [14] is used, i.e., 0.2, 0.8, and
0.72 for the HF, Slater [16], and Becke exchange functionals [17]
and 0.19 and 0.81 for the Vosko-Wilk-Nusair [18] and Lee-Yang-
Parr correlation functionals [19]. The Los Alamos effective core
potential is used for the Ag atom [20] to replace the Kr core. The
corresponding valence basis set is (3s3p4d)/[2s2p2d]. For C, O, and
H atoms, the Dunning-Huzinaga full double zeta (D95) basis set is
used [21]: (10s5p)/[3s2p] and (4s)/[2s], respectively. For the ener-
getics of epoxidation, after the structures of local minima and the
transition states (TSs) are optimized, these energies are reevaluated
with a larger basis set, in which the diffuse s and p functions of
o = 0.059 and the polarization d functions of « = 2.704 and 0.535
are added on the O atoms, according to the work of Nakatsuji et al.
[10].
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Different researchers used different Ag clusters in their studies.
First we examined how the adsorption energy depends on the size
and shape of the clusters used. The O, molecule was adsorbed to
nine Ag clusters, as shown in Fig. 1. The clusters are labeled
Ags(linear), Ags(triangular), Agy(tetrahedral), Ags(lozenge), Ags,
Age, Agy, Agg, and Agjo. As we will mention later, two conditions
are necessary for clusters to simulate epoxidation. (1) A relatively
high energy for the cluster HOMO level, and (2) a lozenge (dia-
mond)-shaped area for coadsorption of O, and C,Hy. The Ags
cluster is the smallest one satisfying these conditions, and we em-
ployed this cluster intensively for elucidation of the epoxidation
mechanism.

Throughout this work, the structure of the Ag clusters is fixed,
and the structure and relative orientation of C,H, and O, with
respect to the cluster is optimized. The stabilization energy is
defined as AE = [E(Ag cluster) + E(C,Hy) + xE(O,)] — E(com-
bined system), where x = 1 or 1/2 depending on molecular or
atomic oxygen. AE is positive for stable adsorption.

3 Results and discussion
3.1 Adsorption of O, molecules on Ag clusters

O, molecule adsorption is examined with 13 configura-
tions on nine clusters. The spin multiplicity for the
ground state is shown in Table 1. For almost all Ag,
clusters, the ground state is that of the lowest spin
multiplicity, i.e., the singlet for even n and the doublet
for odd n. Two exceptions are the Agy(tetrahedral) and
the Agq clusters, for which the triplet state is the ground
state. For Ag,O, systems, the lowest spin state is the
ground state again except for the Ag¢O, and AggO,
systems, for which the triplet state is the ground state. It
is reasonable that for the systems with weak O,-Ag,
interactions, the O, moiety prefers the triplet state. The
HOMO levels of free clusters and the O, adsorption
energies are shown in Table 1. There seems to be a
correlation between them: the clusters with higher
HOMO levels afford larger adsorption energies. This
trend is reasonable since O, adsorption is known to
require large electron drift into the O, moiety. If we say
tentatively that a stabilization energy of more than
20 kcal/mol is an indication of strong adsorption, the
borderline in the HOMO level is —3.8 eV. Among the
nine clusters, strong adsorption occurs for the Ags(tri-
angular), Agy(tetrahedral), Ags, and Ag; clusters. Agg
and Agg clusters have very small adsorption energies due
to their deep HOMO levels.

Ago and probably Ag,(tetrahedral) clusters deviate
from this trend. In their case, the free cluster and the O,
molecule are triplet states, but the combined systems are
singlet states. Tentatively, if we take the HOMO level
and the total energy for the singlet state (not the ground
state) of these Ag clusters, it is more favorable for this
trend.

The HOMO level of the cluster used is higher than
the work function of the Ag(111) surface reported as
4.74 eV [22]. Although we used the cluster modeling the
(111) surface, we think the reaction occurs at some lo-
calized structures such as adatoms or terraces on poly-
crystalline catalysts, and the “‘effective” work function is
thought to be higher than the monocrystalline value.
Second, we admit that the present models overestimate
the electron donating character. It is well known that in

industrial catalysts, promoters are necessary for epoxi-
dation reactions, and pure Ag surfaces are not active
enough. We do not deal with the promoters in this work,
but the small clusters implicitly reflect the effects of
electron donating promoters.

Figure 1 shows the optimized configurations of
Ag,0, systems. For the Ag; to Ags clusters, adsorption
is examined in different O, configurations. The asym-
metrical configuration is the local minimum rather than
the symmetrical T-shaped one for the Ags linear cluster.
For the Agj triangular cluster, the edge configuration is
more stable than the plane one, but the former is not
acceptable as the adsorption model. On the contrary, the
plane configuration is more stable than the edge one for
the Ag, tetrahedral cluster. For the Agy(lozenge) and
Ags clusters, the parallel configuration, where the O—O
axis is parallel to the Ag—Ag axis, and the perpendicular
configuration, where their projection crosses at right
angles, are compared with each other. The former has
the larger stabilization energy in both models. For the
Agy(lozenge-parallel)O, configuration, the O—O bond is
stretched to 1.58 A. The elongation of the O—O bond is
well correlated with the amount of negative charge on
the O, moiety. In this system, O, possesses the maximum
value of —0.84 e.

Among the four clusters with the larger adsorption
energies, we employed the Ags cluster to investigate
epoxidation. We adopted the orientation of the coad-
sorption system shown in Fig. 2, following the work of
Nakatsuji et al. [10]. For the coadsorption and successive
reactions, the lozenge-shaped area is necessary to simu-
late the reaction within the cluster. The Agy(lozenge) and
the larger clusters have this stage. However, the small O,
adsorption energy indicates that the Agy(lozenge) cluster
is not adequate, and the Ags cluster is adopted. In the
following, all the calculations are carried out with the
doublet state, which is confirmed to be the ground state.

3.2 Adsorbed structures of CoH, and O> molecules
on the Ags cluster

The Ags cluster consists of the lozenge-shape four-atom
facet and one second layer atom. This cluster has the
symmetry plane perpendicular to the “‘surface”, and
adsorption and epoxidation are assumed to conserve this
symmetry. The optimized structure for the adsorbed O,
molecule is shown in Fig. 1. The parallel configuration
of the O, molecule on the Ags cluster is more stable than
the perpendicular one by 6 kcal/mol. However, the latter
is clearly adequate for interaction with C,Hy, and we
adopted this configuration. The O—O bond length,
Ro—o is calculated to be 1.42 A and elongated by 0.15 A
compared to the free molecule. Both the O atoms have a
same negative charge of —0.29.

The optimized structure for the coadsorbed state is
shown in Fig. 2. Ro—o, RC_C,Oand Ro—c are calculated
to be 1.55, 1.51, and 1.51 A, respectively. Rc—c 1is
stretched by 0.16 A compared to free C,H4. The nega-
tive charges on the O atom increase to —0.42 and —0.35.
The charges of the two methylene groups (i.e., the charge
summed over the C atom and the two connecting H
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Fig. 1. Nine Ag clusters with 13 optimized structures of the O,
molecule. They are labeled Ags(linear), Ags(triangular-edge),
Ags(triangular-plane), Ag4(tetrahedral-edge), Agq(tetrahedral-plane),
Ags(lozenge-parallel), Ags(lozenge-perpendicular), Ags(lozenge-par-
allel), Ags(lozenge-perpendicular), Age(triangular), Ag-(hexagonal),
Agg(rectangle), Ag\o(hexagonal)
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Table 1. Spin multiplicity of
Ag, and Ag,0, systems,

HOMO level for Ag, clusters,
and adsorption energy with an
O, molecule

Multiplicity® E (HOMO) (eV) AE (kcal/mol)®
Ags (linear) 2,2 —4.46 9.2
Ags (triangular-edge) 2,2 -3.37 40.4
Agj; (triangular-plane) 2,2 27.0
Ag, (tetrahedral-edge) 3,1 -3.73 (-3.35)° 20.9 (30.7)¢
Ag, (tetrahedral-plane) 3,1 39.2 (49.0)¢
Ag, (lozenge-parallel) 1,1 -4.03 5.3
Agy (lozenge-perpendicular) 1,1 3.8
Ags (lozenge-parallel) 2,2 -3.62 33.8
Ags (lozenge-perpendicular) 2,2 28.0
Agg (triangular) 1,3 -4.71 2.8
Ag; (hexagonal) 2,2 -3.27 25.4
Agg (rectangular) 1,3 -3.89 5.0
Agio (hexagonal) 3,1 —-3.62 (-3.36)° 13.3 (19.5)¢

#The first and second digits represent the spin multiplicity for the Ag, and the Ag,O, systems, respe-

ctively

b Positive value means stabilization

“The value in parentheses is the HOMO level for the singlet state of the Ag, cluster
9The value in parentheses is the adsorption energy relative to the total energy in the singlet state of the

Agn cluster

Fig. 2. Optimized structures of
TS, and the O, + C,H,4 coad-
sorbed state for the molecular
oxygen mechanism. TS, is
located between the O, adsorp-
tion and coadsorbed states

atoms) are +0.22 (adjacent to O) and —0.23 (terminal).
Thus, the polarization is enhanced within the C,Hy4
molecule, whereas the net charge on C,Hy is very small.
The unpaired spin is distributed over the two O atoms
before C;H4 adsorption, but delocalized on the terminal
C atom and two terminal Ag atoms after adsorption.
The coadsorption of C,H4 is an activating process,
and this local minimum is surrounded by the two TSs:
TS, for the O, adsorption side and TS, for the product
side, and they are shown in Figs. 2 and 3, respectively.
The structural changes from TS, to the coadsorbed state
are a decrease in the O—C distance and an elongation of
the C—C bond. From the coadsorbed state to TS,, the
0O—O distance increases from 1.51 to 1.86 A. The other
internal parameters characterizing the O,C,H, zigzag
structure are almost unchanged from TS; to TS,. The

Coadsorbed state

product consists of epoxide adsorbed to the terminal Ag
atom and an atomic O adsorbed at the three fold-site, as
shown in Fig. 3. Among the coadsorbed state, TS,, and
the product, the C—C and C—O bond lengths are hardly
changed.

The energy profiles of epoxidation are shown in
Fig. 4. For the molecular oxygen mechanism, adsorp-
tion of an O, molecule stabilizes the system by 16 kcal/
mol. The activation energies for the two TSs are 2 and
5 kcal/mol above the zero-energy level, respectively, and
the barrier heights measured from the O, adsorption
state are 17 and 21 kcal/mol, respectively. The local
minimum of the coadsorbed state is located 11 kcal/mol
above the O, adsorption state. After TS,, the adsorption
energy increases by 39 kcal/mol. This large stabilization
is ascribed to epoxide formation and an atomic oxygen



Fig. 3. Optimized structures of
TS, and the product for the
molecular oxygen mechanism.
TS, is located between the
coadsorbed state and the prod-
uct. The product consists of
adsorbed epoxide and adsorbed
atomic oxygen
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Fig. 4. Energy profiles for molecular (fop) and atomic (bottom)
oxygen epoxidation mechanisms

adsorbed at the three-fold site. The desorption energy of
the epoxide is calculated to be 9 kcal/mol.

3.3 Adsorbed structures of CoHy and O atoms
on an Ags cluster

Optimized structures for the adsorbed O atom and the
coadsorbed C,H4 are shown in Fig. 5. The O atom
is stabilized at the center of the three-fold site. This
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structure is the same as that produced as the product of
the molecular oxygen mechanism. The O atom is highly
charged, —0.62, and it is larger than the charge summed
over the adsorbed O, molecule. The charge of C,Hy is
positive, and C,Hy4 donates 0.13¢ to the O atom. These
results suggest that the adsorbed atomic oxygen
requires more negative charge than the molecular
oxygen. In the coadsorbed state, the O atom closely
binds to C,H4, Ro—c = 1.48 A, whereas the elonga-
tion of the C—C bond is smaller than in the case of
molecular oxygen. The unpaired spin is divided be-
tween the O atom and the most distant Ag atom, but is
solely localized on the terminal C atom after C,Hy
adsorption.

Structures for the TS and the epoxide are shown in
Fig. 6. Comparing the structures with those for the
molecular oxygen mechanism, the TS structure is closer
to the product, i.e., the so-called late TS. The C—C—O
angle is 75°, whereas it is 103° in TS, for the molecular
oxygen case. (In the epoxide it is almost 60°.) In both the
coadsorbed states, the C—C—O angles have similar
values: 111° for Ag—O—C,H, and 108° for Ag—O,—
C,Hy. In the course of the coadsorbed state, TS (or TS,)
and the product, the C—O and C—C bond lengths are
more changeable than in the molecular oxygen
mechanism. Ro—c is increases from 1.48 to 1.51 A. It is
common to both mechanisms that Rc—c is shortest for
the TS (or TS,).

The energy profile is shown in Fig. 4. The adsorption
of C,H,; onto the surface O atom is an exothermic
process, and the adsorption energy increases by 7 kcal/
mol. The barrier height measured from the coadsorbed
state is 18 kcal/mol, and this energy is 2 kcal/mol below
the zero-energy level. After the TS, the adsorbed epoxide
is formed, and the stabilization is relatively small
(16 kcal/mol). This result is in contrast to the molecular
oxygen mechanism, but reasonable since no more oxy-
gen species exist on the surface. The desorption energy
of the epoxide is only 2 kcal/mol.
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Fig. 5. Optimized structures of
O adsorption and the O + C,Hy
coadsorbed state for the atomic
oxygen mechanism

Fig. 6. Optimized structures of
the TS and the product for the
atomic oxygen mechanism. The
product is adsorbed epoxide

Comparing both mechanisms, it is said that for the
molecular oxygen mechanism, TS, is close to the coad-
sorbed state (early TS) with respect to the energy (Fig. 4)
and the geometry (Figs. 2, 3). On the other hand, for the
atomic oxygen mechanism, TS is close to the product
(late TS) with respect to the energy (Fig. 4) and the ge-
ometry (Figs. 5, 6). Judging from the activation energy,
the atomic oxygen mechanism seems to be more favor-
able. However, the barrier height for the molecular
mechanism is 5 kcal/mol at most and so the molecular
oxygen mechanism is not completely eliminated.

4 Concluding remarks

In this work, the mechanism of epoxide formation is
investigated using the hybrid DF method, and the Ags

Product

cluster model. The calculation shows that the atomic
oxygen mechanism has a smoother reaction path
without an activation energy. On the other hand, an
activation energy of 5 kcal/mol is calculated for the
molecular oxygen mechanism. Since the activation
energy is not so large, this reaction seems to occur
under usual reaction conditions above room tempera-
ture. Irrespective of the molecular oxygen mechanism,
our calculation showed that epoxidation could proceed
through the atomic oxygen mechanism. A selectivity
higher than sixth-sevenths is possible if side reactions are
suppressed effectively.

Acknowledgement. This work was supported by the grants from
the Ministry of Education, Science and Culture of Japan (Nos.
09218257 and 09650865).



Appendix

The TSs are searched for in the following way. The C—C—O angle
is adopted as the approximate reaction coordinate in the neigh-
borhood of the TS. The restricted optimization for the other in-
ternal parameters is carried out stepwise. From the point with the
highest energy, the TS search is started without restriction. More
practically, the analytical second derivatives are evaluated once
using the different all-electron basis set, and then reused for the
MCP calculations.

Effects of the polarization d functions on O atoms are re-
markable. The s and p diffuse functions lower the total energy of O,
by only 4.6 kcal/mol, whereas further augmentation by the two d
functions lowers the total energy by 29.1 kcal/mol. Interestingly
this energy lowering is larger for O, and C,H4O than for the
adsorption intermediates including Ag—O bonding, and this leads
to a decrease in adsorption energy and an increase in activation
energy.
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