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Abstract

A quantum chemical investigation of possible associative oxygen forms on defective silver surface has been performed
with the use of gradient-corrected density functional theory (DFT) in the cluster approximation. A surface defect was
simulated by a cation vacancy (V). Cluster models (M1: Agl2 and M2: O3Ag12) of an active adsorption site (AS) with a
vacancy were chosen on the basis of the structure of high-temperature layered silver oxide. The adsorbed layer on the
defective surface was simulated by three oxygen atoms. For the atomic and associative (molecular) forms, the computations
gave two stable structures of the adsorbed layer with C;, and C,, symmetry. The quasimolecular C,, structure
—~Ag—0-0,,—O-Ag- resembling metal ozonides is by 44 kcal /mol more stable than the atomic C,, structure. The C,,
structure is singlet and has an electrophilic epoxidizing oxygen atom O,,. A theoretical estimation of the density of states
(DOS) in the quasimolecular oxygen form revealed a complex structure below the 4d band. Additional DOS peaks in this
region are due to associative O—O bonds. © 2000 Elsevier Science B.V. All rights reserved.

Keywords: Quantum chemical calculations; DFT; Silver; Dissociative and associative oxygen forms; Quasimolecular ozone-like oxygen
species; Ethylene epoxidation

1. Introduction great importance not only for this particular
reaction.
The majority of researchers believe that the

unique properties of silver must be explained by

Selective ethylene oxidation to ethylene ox-
ide on silver was discovered by Lefort in 1933

[1]. Since that time, silver has been the only
industrial catalyst used for ethylene epoxidation.
This reaction takes place on some other metals,
e.g., Au, Pt, Pd, Ni, Cu, but the activity of silver
is higher by severa orders of magnitude. There-
fore, its mechanism on silver cataysts is of

* Corresponding author. Fax: +7-3832-343056.
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the existence of different forms of adsorbed
oxygen on its surface [2-6]. Dissociative
(atomic) forms of adsorbed oxygen exist on all
transition metals, while silver is the only metal
where molecular form of oxygen aso exists in
noticeable concentrations at elevated tempera-
tures.

The first systematic investigations of the
mechanism of the ethylene epoxidation on silver
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were discussed, mostly, in the frames of the
alternative — which form of oxygen (atomic or
molecular) is active in this reaction. Early ki-
netic studies led to the conclusion that the atomic
form was more active in this reaction [7]. How-
ever, later, it was noticed that atomic forms
were more preferable for deep oxidation [2,3],
while molecular forms probably accounted for
partial oxidation. The best-justified molecular
concept with the participation of peroxide forms
Ag—O-0O-Ag was suggested by Zimakov [8].
Accordingly, ethylene epoxidation involves sev-
eral interconnected stages, while ethylene oxide
is formed only on the surface sites with perox-
ide forms of oxygen:

Ag—-O-O-Ag+C,H,

- C,H,O+ Ag-O-Ag.

Atomic forms Ag—O—-Ag are eliminated from
the surface to form partial oxidation products
with their subsequent transformation to CO, CO,
and H,O. Voge and Adams [2] complemented
Zimakov's scheme. They showed that the selec-
tivity to ethylene oxide (S) could be equal to
1/2,2/3, 4/5 or 6/7 depending on the fina
products:

Ag-O-Ag+ C,H,

- C,H, + H,0+ Ag-Ag,
S=1/2
2Ag—-O-Ag+C.,H,

— CH,;0H + CO + 2Ag-Ag,
S=2/3
4Ag-O-Ag+ C,H,

— 2C0O + 2H,0 + 4Ag-Ag,
S=4/5
6Ag—O-Ag+ C,H,

— 2C0O, + 2H,0 + 6Ag-Ag,
S=6/7.

The hypothesis of the role of peroxide forms
as oxygen forms active in the ethylene epoxida
tion was proven by Gergj et a. [9]. They ana
lyzed the IR spectra of ethylene adsorbed on

siver at 95°C after preliminary adsorption of
oxygen at 90°C, 200°C and 300°C and discrimi-
nated the adsorption band at about 870 cm™*
attributable to the peroxide form of oxygen. The
temperature increase resulted in a change of its
intensity and decrease of its frequency to 860
cm~1. This led the authors to the conclusion
that the peroxide forms accounted for the ethy-
lene oxide formation, whereas the atomic species
led to the formation of CO, and H,O. Indeed,
Vol and Shishakov [10] identified the formation
of peroxide Ag—O, during the interaction of
oxygen with silver films supported on glass
with the use of electron diffraction. Thus, the
molecular concept appeared to receive serious
experimental proof.

However, some of the later data obtained by
Kinetic, adsorption, isotope and some other
physicochemical methods summarized by
Sachtler [11] seem to support the atomic con-
cept of the ethylene epoxidation. Sachtler did
not exclude the presence of molecular oxygen
forms on the silver surface but noted that their
concentration under reaction conditions cannot
be high enough. It is this fact that appears to
make the participation of molecular formsin the
reaction very unlikely. According to van Santen
and Kuipers[4] and Madix and Roberts [5], new
data on the oxygen adsorption on single crystals
and powders exclude the molecular concept
completely.

One of the most important arguments in fa
vor of the atomic concept is the observation of
the selectivity above, S=6/7, by severa re-
searchers. Analyzing the effect of modifiers and
promoters, such as alkaline metals and chlorine,
on the activity and selectivity of silver catalysts,
van Santen and Kuipers [4] suggested a scheme
presuming that the deep and partial oxidation of
ethylene involve two different forms of atomic
oxygen. The first atomic form with electrophilic
oxygenis, presumably, aweakly bonded one-site
form. It is this form that is active in the epoxi-
dation reaction:

Ag= 0%+ C,H,— C,H,0
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The other strongly bonded form with nucle-
ophilic oxygen is active in deep oxidation of
ethylene:

6Ag—0° —Ag + C,H , — 2CO, + 2H,0

If the strongly bonded bridge form Ag—-O° —
Ag can be attributed to the atomic oxygen form
O, [5,6,11] observed at 300 K < T <600 K,
then, what is the nature of the Ag=0°" form?
No atomic form of oxygen on the silver surface
known so far can be identified as Ag=0°".
Furthermore, as a weakly bonded form, it can
hardly exist at temperatures of real cataysis
exceeding 600 K. To prove the participation of
an atomic form of oxygen in the epoxidation
reaction, Grant et al. [12] applied N,O as an
oxidizing agent and showed the reaction with its
participation to have very high selectivity to
ethylene oxide. These experiments made the
majority of researchers agree with the atomic
concept [5,13].

At high temperatures (T > 600 K), oxygen
forms O, localized in the subsurface layers
appear [14-16]. This oxygen was found to be
more stable than Ag,O oxide (cuprite) and des-
orbsat T> 780 K. It does not participate in the
epoxidation reaction directly but is involved
into exchange with oxygen in the O, form.

The ethylene epoxidation reaction requires
oxygen forms with electrophilic properties.
Among the forms discussed above, only molec-
ular forms have such properties. However, these
forms are stabilized on regular silver surfaces
only at low temperatures (T < 400 K), while the
epoxidation reaction takes place at higher tem-
peratures (T > 550 K). Not only molecular forms
of oxygen, but aso the atomic form O, are
completely desorbed a such temperatures.
Meanwhile, O is blocked and does not partici-
pate in the reaction directly. The problem is that
none of these oxygen forms is active in the
partial oxidation of ethylene. An *‘activation’
of such surface is required. For example, for
Ag(111), such activation includes prolonged ex-
posure to the flow of oxygen and ethylene at

T =425 K and high pressure P =10 Torr [17].
It is commonly believed that such treatment
results in the formation of subsurface oxygen
Og. The latter withdraws a significant part of
the electron density from the silver surface to
modify the Ag—O bond and gives oxygen elec-
trophilic properties.

In later studies, it was found that a significant
reconstruction of the surface is highly probable
during such treatment, which yields thermally
stable oxygen with T, > 800 K together with Oy
on defective surfaces [18—23]. Several values of
the bonding energy of 1s-electron of oxygen in
the range E(O1s) = 529.0-533.0 eV were aso
found by X-ray photoelectron spectroscopy
(XPS) for the forms with T, > 800 K. Thus, the
possible set of oxygen forms on silver is much
wider. Besides the above three oxygen forms, a
number of thermally stable forms, including the
epoxidizing form of oxygen (O,), should be
considered. It was found that O, corresponds to
E(O1s) = ~ 530.5 eV [19] and that it is signifi-
cantly different from a more thermally stable
aomic form O, (E,(O1s) = 529.0 eV, T, > 900
K) observed by German researchers on a recon-
structed silver surface [22]. It was proposed that
O, is a quasimolecular species on the silver
surface. Thus, the reconstruction of the silver
surface under severe conditions involving its
interaction with oxygen or the reaction mixture
results in the increase of the thermal stability of
both molecular and atomic forms. In other
words, the molecular concept gains momentum
due to the necessity in the consideration of the
oxygen adsorption layer on reconstructed defec-
tive surface. So, as noted by Ponec and Bond
[6], the problem has returned to sguare one.

The investigation of the nature of the oxygen
adsorption forms on silver was a subject of a
number of theoretical studies [24—33] mostly
performed in the cluster approximation. Rosch
and Menzel [24] conducted simulation of the
atomic oxygen adsorption on silver for an Ag4—
O system by the SCF-X , method and showed
that one should expect the appearance of two
additional emission peaks below the Fermi level
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near the 4d band of silver. Hartree—Fock (HF)
calculations and qualitative analysis of the den-
sity of states (DOS) for a moderate-size cluster
Ag26-0O confirmed the two-peak ultraviolet
photoelectron spectra (UPS) structure [25]. The
results obtained by these authors, together with
those reported in Ref. [28], have shown the
importance of the electron correlation energy
for correct estimation of the oxygen adsorption
energy on silver. The HF approximation yields
the bonding energy value E(Ag-O) =9
kcal /mol [25], which is significantly below the
experimental value (80 kca /mol).

Selmani et al. [26] performed the analysis of
the molecular adsorption of oxygen on Ag4,
Ag10 and Ag16 clusters simulating the Ag(110)
face by the SCF-X , method. The computations
of a number of oxygen adsorption states were
performed for three possible orientations of the
O, molecule with respect to the surface. A
comparison of the calculated energies of one-
electron levels with the XPS and UPS spectra
led the authors to the conclusion that the bridge
adsorption of O, molecules oriented paralel to
the Ag(110) surface was most probable. The
computations also showed DOS to have a com-
plex structure below the 4d band, which is
typical only for molecular oxygen species.

The extremely important role of subsurface
oxygen forms in the formation of epoxidizing
oxygen has aready been mentioned. However,
the mechanism of its effect is still unknown.
Some aspects of this problem have been studied
by the SCF-X_, method for a set of clusters,
Ag4, Agl0 and Ag24, simulating the Ag(110)
surface [29]. In particular, it was shown that the
subsurface oxygen, first, weakened the Ag—O
bond on the surface, and, second, increased the
ethylene adsorption energy [29]. Higher adsorp-
tion energy is known to favor the epoxidation
reaction and, on the contrary, hinder the com-
bustion.

A very important attempt to determine the
properties of epoxidizing oxygen was under-
taken in Ref. [31]. Both the chemisorption of O
and O,, and epoxidation of olefins were ana-

lyzed by the GVB-CI method on the Ag(111)
surface simulated by an Ag3 cluster. The au-
thors [31] noted that one of the states of ad-
sorbed oxygen *3. (surface atomic oxyradical
anion) was the most preferable form for epoxi-
dation. This form of oxygen was the most elec-
trophilic (it had the lowest effective charge,
g(0) = —0.20). The role of electronegative pro-
moters was also studied in this paper and was
interpreted in a manner dlightly different from
the one suggested by other authors [27,29].

Jorgensen and Hoffmann [32] studied general
aspects of the atomic and molecular adsorption
of oxygen on silver by the extended Huckel
method and suggested several models for the
oxygen insertion into the m-bond of ethylene.
The atomic form of oxygen was preferred for
epoxidation. It was also noted that DOS of
molecular forms had at least two peaks below
the 4d band, which is in a qualitative agreement
with the results in Ref. [26]. In a series of
theoretical studies by Nakatsuji summarized in
review [33], main intermediates in the ethylene
epoxidation reaction with participation of atomic
and molecular forms of oxygen were calculated
with the use of the dipped adcluster model
(DAM). Their calculations predict that adsorbed
molecular superoxide is the oxygen form active
in this reaction.

So, which form of oxygen — molecular or
atomic — is active in the epoxidation of ethy-
lene? Neither experimental, nor theoretical re-
sults were able to solve this problem unambigu-
ously. However, it should be noted that only
oxygen forms on regular surfaces were dis-
cussed in the cited theoretical papers. We be-
lieve that the ‘‘activation’’ of oxygen results in
a dramatic change of the adsorption layer due to
the reconstruction of the surface. New quasi-
molecular forms of oxygen can be formed on
such surface. Their properties are very different
from those of the low-temperature molecular
forms mentioned above. No well-reasoned
molecular model of oxygen forms on the sur-
face or in the subsurface layers of silver meta
has been suggested so far.
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In the present paper, a model of an active site
(AS) of the Ag—O-V—-0-Ag type with a cation
vacancy V is suggested and theoretically justi-
fied. At high temperatures, the vacancy captures
a surface O, or subsurface O, oxygen atom to
form a quasimolecular structure with elec-
trophilic epoxidizing oxygen Ag-O-O,,—O-
Ag. The suggested concept of electrophilic oxy-
gen active in the ethylene epoxidation on silver
makes it possible to explain all available experi-
mental data consistently from common posi-
tions.

2. Theoretical results

2.1. Cluster models of oxygen adsorption on
defective surface

The structure of the surface with strongly
bonded forms of oxygen is unknown. As such
structure is formed at high pressures and tem-
peratures when the oxygen dissolution in the
bulk is significant [14], it is necessary to begin
with determining the properties of Oy oxygen.
Subsurface oxygen structures are usualy de-
scribed in terms of Ag,O oxide. In other words,
they are assumed to have the Ag,O lattice, in
which oxygen is atomic. However, as shown by
the theoretical analysis [34], associative forms
of oxygen can also be formed in the bulk during
the relaxation of the lattice, which can be as
high as 8% of the lattice parameter [35]. A
model of semi-rigid crystal, where only relax-
ation of the first coordination sphere including
the oxygen molecule is alowed, was used in
Ref. [34]. Fig. 1 presents the simplest cluster
Agl4 consisting of two spheres. The first coor-
dination sphere, which consists of six silver
atoms marked in Fig. 1, has the distorted octa-
hedron symmetry. In this case, associative oxy-
gen forms with R(O-0) = 1.401 A aong the
C, axis and R(O-0O) = 1.436 A aong the C,
axis are formed.

Agl4-0, (Cy)

Ag-Ag = 4086 |
Ag-0-2257 | — |

H

r"Bd0

|/\g-,\g = 3338 — |

0-0=1436 S

419,.5" 3

Fig. 1. Cluster model Agl4-O, of dissolved oxygen. The O,
molecule is placed into the octahedral hole aong a C,. The
relaxation of silver atoms of the first coordination sphere was
taken into account in the computations. The second coordination
sphere (eight external silver atoms) was fixed at R(Ag-Ag) =
4.086 A.

However, the estimated heat of reaction
Agl4 + 20 — Agl4-0O, does not exceed AH
= —94 kcal /mol [34]. As this value is lower
than the energy of the O—O bond in the gas
phase E(O-O) =118 kcal /mol, associative
forms in the bulk are thermodynamically unsta-
ble. The surface reconstruction results in the
formation of various defects favoring the segre-
gation of oxygen. For example, several variants
are possible for the formation of a cation va
cancy on the surface (-Ag—V—Ag-). The oxy-
gen segregation on the surface leads to its trans-
formation into a more stable dissociative form
—Ag-0-V-0O-Ag- with the following oxygen
desorption. However, further stabilization of the
adsorbed layer is possible if the vacancy cap-
tures atomic oxygen to form an associative form
—Ag—0O—-0-0-Ag-. Which of these variants is
actually realized? To answer this question, it is
necessary to construct an AS model explicitly
involving a surface defect.

It is reasonable to take a cation vacancy as
the defect. As the ethylene epoxidation is per-
formed at temperatures higher than the Ag,O
decomposition temperature, it was natura to
construct the AS model on the basis of the other
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high-temperature layered oxide with the trigonal
structure Py, (Dg,) [36]. The structural motive
of this oxide is presented in Fig. 2. If one forms
a cation vacancy V in the first silver layer on
the axial axis and cuts hemispheres with R=V
—1r;, a number of clusters will be obtained.
Two such clusters M1: Agl2 and M2: O3Ag12
are shown in Fig. 2. In such oxide, two silver
layers are separated by an oxygen layer with
bond lengths R(Agl-O) = 2161 A and
R(Agl-Agl) = 3072 A in one layer and
R(Agl-Ag2) = 3.041 A between the layers. The
distance between the silver layers is h=2.471
A.

Based on this oxide, Bap et al. [22,23] de-
scribed one of the thermally stable forms of
oxygen with the desorption temperature above
900 K and E,(O1s) = ~529.0 eV. They inter-

Ag;0 (Ds)

Ag-0 =2.161
Ag, -Ag, =3.072
Ag, -Ag, =3.041

MI: Agl2

M2: O3Agl2

Fig. 2. Structure of layered silver oxide Ag,O (D4y) and cluster
models (M1 and M2) of oxygen AS constructed on its basis.
Cluster M1 simulates AS of a clean metal surface with a cation
vacancy V. Cluster M2 simulates AS with subsurface oxygen.
Structural parameters of M1 and M2 were fixed in the calculations
at the values typical for regular Ag,0 (Dgy).

preted this form as surface-embedded oxygen
O,. In contrast to Ref. [22,23], our model of AS
includes a cation vacancy as an important ele-
ment. As it will be shown below, the behavior
of oxygen near a vacancy is significantly differ-
ent from that on a regular surface.

Model M1 consists of two silver layers with
the hexagona structure simulating defective
metal surface, whereas model M2 simulates de-
fective metal surface with subsurface oxygen
Og. As follows from the data obtained by scan-
ning tunneling microscopy (STM) and reflection
electron microscopy (REM) [22,23,37,38], simi-
lar structures are indeed formed during the trest-
ment of the surface under severe conditions
(T > 800 K and high partial oxygen pressure). It
has been noted that complete reconstruction of
the Ag(111) surface takes place under such
conditions. It results in the formation of a
hexagona configuration of silver atoms with
deep holes filled with oxygen in the center of
each hexagon.

We believe that the formation of vacanciesis
determined by the diffusion of silver and oxy-
gen atoms not only due to high temperature, but
also due to the additional effect of modifiers
(carbon, chlorine, cesium, oxygen) and local
overheating during the energy dissipation caused
by the action of the reaction medium. Under
conditions of the catalytic reaction, the above
factors are realized simultaneously and favor a
significant decrease of the surface reconstruc-
tion temperature with the fixation of the vacan-
cies by oxygen in the form of its thermally
stable species.

2.2. Computational methods

Most of the results were obtained in the
frames of the density functional theory (DFT)
[39]. The widespread application of this method
to the computation of the electronic structure of
molecules started when effective algorithms for
calculation of the exchange correlation energy
E,. in the Kohn—Sham equation exceeding the
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traditional local density approximation (LDA)
were suggested [40]. These approximations con-
sist in the account of gradient corrections from
the electron density to the exchange (E,) and
correlation (E,) energy in expansion (1):

E.= LA[E+E] (1)

The LDA approximation with the Slater ex-
change local functional EZ-" [39] and Vosko—
Wilk—Nusair correlation functional EYWN [41]
is taken as the first component of this row. In
the three-parameter method B3LYP suggested
by Becke [42], certain parts (~ 20%) of the
exchange energy are preserved in ‘‘pure’ HF
form EPF, while gradient corrections to the
exchange energy are saved out as a separate
component (B88 functional). The correlation
component is exchanged for the Lee—Y ang—Parr
(LYP) functional [43] with a minor admixture of
EYWN, In this variant, there are only three pa-
rameters in Eq. (1):

E.=AEST 4 (1— A)EYF + BEB® + CELYP
+(1-C)E™ (2)

Parameters A, B and C are usualy deter-
mined empirically. In Ref. [44], these parame-
ters were determined via a linear mean-square
interpolation of the atomization energies and
ionization potentials for a set of molecules con-
taining atoms of the first three periods. The
following optimal values were obtained: A=
0.80, B=0.72, and C = 0.81. This approxima
tion was used in the present study.

The calculations were performed with the use
of aprogram set GAUSSIAN92 /DFT [45]. Core
electrons of silver (1s?...3d%4p%4s?) were in-
cluded into the effective potential with the cor-
responding LANL1DZ basis for valence
(4d'°5s") electrons and LANL2DZ basis for
valence (4p®4s?4d'°5st) electrons [46]. O(9s5p)
+ G**(6-31G**) — O[4s2p2d] [47] with expo-
nents for polarization d-functions « = 1.6 and
0.4 was used for description of the associative
and dissociative adsorption forms for a group

M1-0 (Csy)

E[0-Ag(111)] = 67.1 keal/mol

Fig. 3. Atomic three-fold adsorption of oxygen on Ag(11l) in
two-layer model M1. Trigonal C; axis passes through oxygen and
cation vacancy V.

consisting of three oxygen atoms. The 3-21G
basis was used for the subsurface group also
consisting of three oxygen atoms O

The B3LYP/LANL2DZ /6-31G™* approxi-
mation satisfactorily describes energies of O-0,
Ag-Ag and O-Ag bonds. For Ag, and O,
molecules, the calculations give bond energies
E,(Ag—Ag) = 35.8 kca /mol and E(O-O) =
122 kcal /mol. The experimental values are
E.(Ag—Ag) = 38.3 kcal /mol and E,(O-O)
= 118 kcal /mol [48]. However, B3LYP with
the accepted basis underestimates the bond en-
ergy E,(O-Ag). In the B3BLYP/LANL1DZ /6-
31G** approximation, the oxygen bond energy
on regular Ag(111) surface for model M1 (Fig.
3) EJO-Ag(111)] = 67.1 kca/mol is 9.5
kcal /mol below the experimental value
Eexp[O—Ag(lll)] = 76.6 kcal /mol [49]. That is
why significant underestimation of the oxygen
and ozone adsorption energies on silver are
possible in the calculations. Therefore, we oper-
ated only with relative stability of the associa-
tive and dissociative oxygen forms during the
theoretical analysis of the structure of the oxy-
gen adsorption layer. A qualitative estimation of
the thermodynamics of the ozone formation on
siver was performed by the MP4SDTQ/
LANL2DZ /6-31G** method for the simplest
reaction:

3/20,+Ag, > 0O,+ 0+ Ag, > O;+ Ag,
— Ag,—0O;. (1
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In this case, a more consistent account of the
electron correlation energy gives approximately
the same precision for the energy of all reaction
components.

2.3. Sructure of the adsorption layer on defec-
tive silver surface

At high coverage, the structure of adsorbed
oxygen on the surface resembles that of a bulk
oxygen layer in silver oxide [36] shown in Fig.
2. For the models M1 and M2 used, the adsorp-
tion layer consists of three oxygen atoms. As
has aready been noted, the formation of a
cation vacancy is highly probable at high tem-
peratures due to removing silver atoms from the
surface. The presence of a vacancy destroys the
stability of the adsorption layer. Therefore, it
seemed very important to find new configura
tions of the layer structure stabilized by oxygen.
So, an optimization of oxygen atoms adsorbed
near the vacancy was performed. All structural
parameters of clusters M1 and M2 were fixed at
the values of layered Ag,O, and only the posi-
tions of the oxygen atoms with respect to the
surface were optimized.

The results of the calculation of two stable
structures with the symmetry of the adsorbed
state C,,, and C,,, for cluster M2 are presented
in Fig. 4. As it could be expected, the atomic
adsorption layer with the C,,, structure practi-
cally copies the structure of the regular oxygen
layer O. The presence of the vacancy modifies
three-fold bonds of oxygen with the surface to
two-fold classic Ag—O,—Ag bonds for Ag (I).
Bond lengths R(Ag—O,) decrease dlightly, and
interatomic digtances R(O,—0,) increase from
3.07 to 4.11 A. Strong polarization of oxygen
(effective Malliken charge q(O,) = —0.65) and
bond length R(Ag—O) = 2.08 A typical for ox-
ides (Fig. 4) characterize an ionic Ag™—0?"
bond with nucleophilic oxygen.

The other structure C,,, is significantly dif-
ferent from C,, because the configuration of
the adsorption layer is changed due to the asso-

Oy - Oy =411
0,

.
— N &

0, - Oy = 141
Ag- 0, =2.39
V-0, = 175
0,040, =107°

Cyy 1 E (M2-03) = -44 keal/mol

Fig. 4. Structure of dissociative (C4,) and associative (C,,)
oxygen forms on the silver surface with a cation vacancy V for
model M2. Total energy E(Cs, ) of complex M2-30,, was taken
as the zero point. Stabilization of the associative form relative to
the dissociative one A E = E(C4, ) — E(C,, ) = 44 kca /mol.

ciation of three oxygen atoms. The two-center
bridge bond of one oxygen atom with silver
(Ag—O-Ag) is substituted by a two-center bond
with oxygen (O-O-0). Such structural rear-
rangement is possible only due to the cation
vacancy. As it will be shown below, the central
atom of such structure has electrophilic proper-
ties and is denoted as O, in Fig. 4.

The following restrictions were imposed dur-
ing the optimization of this structure: O, Oxy-
gen had only one degree of freedom along the
trigonal axis of cluster M2 with fixed dihedra
angle £ 0(V-0,,)O, = 120°. With these restri¢-
tions, the calculation gave R(Os—Oep) =141 A
and £(04-0,,—0O,) = 107°. In comparison with
the atomic structure Ag—O—Ag, the bond length
Ag-O, increased in this molecular structure
Ag—-O4-0,—OsAg, the charge of terminal
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oxygen atoms decreased to q(O,) = —0.35, and
the charge of the central oxygen atom decreased
amost to zero. Altogether, this structure is less
polarized with more covalent Ag—O bonds and
markedly expressed electrophilic properties of
the central oxygen atom.

However, the most remarkable feature of the
C,y Structure is its significantly higher stability
in comparison with that of the C,, structure.
With the total energy taken as the zero point
E(C,y) = 0, the calculations yield the stabiliza-
tion energy AE(C,,) = 44 kcal /moal. The liter-
ature lacks reports about molecular forms of
oxygen on the surface that would be more stable
than atomic ones. The experimental values of
the adsorption energy of molecular oxygen do
not exceed AH_ ~ 10-13 kcal /mol [49] on
regular Ag(110) and Ag(111) surfaces and
AH,..~25 kca /mol on defective surfaces,
such as electrolytic silver [50]. In contrast to
conventional peroxide (O27) and superoxide
(0}7) forms, the suggested associated form
consists of three oxygen atoms. The structure
and properties of the C,,, oxygen form are close
to those of an ozone molecule bonded with
silver atoms via terminal O, atoms . This ad-
sorbed C,, structure will be hereafter caled
guasimolecular ozonide-like structure.

There are some parallels between the C,,
structure and that of silver ozonide AgO, formed
in matrix-isolated reactions Ag+ O; in argon
[51]. In Ref. [51], it was concluded that the
bands observed in the region of 800 cm™! were
due to the vibrations of the O—O bond in AgO;.
The formation of physisorbed O, on Ag(111)
leads to the shift of the frequency to »,,= 1030
cm~* [52]. The corresponding frequency in the

' The following values were obtained for the ground singlet
state of ozone O; by the B3LY P method with the O(9s5p) + G**
— O[4s2p2d] basis and C,, symmetry: bond length R(O-0) =
1.262 (1.271) A, angle £(O-0-0) = 118° (117°), dipole moment
w=058 (053) D, heat of reaction O, +0— 05, AH=—17
(—24.6) kcal /mol. The experimental values are given in paren-
theses.

Energy (kcal/mol)

51— '\.‘ 0O, +Ag, 1127

3120, +Ag, |

Fig. 5. Thermodynamics of the formation of a quasimolecular
ozone-like form of oxygen on silver exemplified for the simplest
system Ag, + Os.

gas phase is v, = 1042 cm~* [53,54]. So, large
frequency shift is caused by the formation of the
one-fold Ag—O, chemical bond. The M2-O,
complex exhibits significantly higher stability
than silver ozonide AgO;. Such complex can be
formed only at high temperatures when the
surface reconstruction with the following substi-
tution of silver atoms for oxygen atoms is possi-
ble. In this case, stronger multicenter bonds
Ag-0-0-0O-Ag are generated on silver sur-
face. It is possible to show a basic opportunity
of formation of similar bonds on the example of
reaction (1). For a sufficient, full account of the
electron correlation energy, the calculation of
al reaction products was performed in the
MPASDTQ approximation [45] (with the geome-
try optimization by the B3LYP/LANL2DZ
method with fixed bond length R(Ag—Ag) =
3.07 A). Its results are presented in Fig. 5. The
heat of reaction O, + O — O; in the gas phase
is AH = —24.6 kcal /mol [55,56]. This energy
is not sufficient for compensation of one half of
the O—O bond cleavage energy (59 kcal /mol).
An ozone molecule will be stabilized on a sur-
face only if its adsorption energy is not less than
35 kcal /mol. Calculations (excluding zero-point
vibrational energy corrections) give AH_(O,)
= —44 kca /mol. This estimation shows the
possibility of the formation of quasimolecular
ozone-like oxygen forms on silver.
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2.4. DOS of adsorbed oxygen for models M1
and M2

DOS is a fundamental characteristic of pho-
toelectron emission spectra. In contrast to
solid-state methods (band structure calculations),
the energy spectrum in cluster calculations is
discrete due to a finite size of the cluster. A
simple method is being used for qualitative
analysis of DOS in the cluster approximation. A
Gauss or Lorentz distribution is defined for each
individual level. Then, the summation of the
local distributions is performed with given line
half-width taking into account of the occupation
of one-electron levels. We used the Lorentz
distribution:

-1
f(s)=(2/my)[1+&%/v7] 3
Fig. 6 presents DOS obtained by the Lorentz
broadening of the discrete energy spectrum with
the parameter y= 0.5 eV for clusters M1 and
M2. The Fermi level was taken as the zero

1,04

Mil:

0,5

DOS

0,0 4d-Ag Ss-Ag

T T T T T
=20 15 =10 -5 0

0,54

DOSs

0,04 4d-Ag Ss-Ag

20 15 0 5 0
E-E.,eV

Fig. 6. DOS of the valence band for models M1 and M2. (0O0)
denotes a cation vacancy (see text for details).

M2-30, (Cyy)
E;=5.57eV

0,0

EE,, eV

M2-0; (Cyy)
E( = 4.66 eV

EE, eV

Fig. 7. DOS vaence band for atomic M2-30(C,, ) and quasi-
molecular M2—04(C,,,) adsorption layers (see text for details).

point. Theoretical values of the Fermi levels
were determined from the position of the high-
est occupied energy level. In this approxima
tion, E-=4.0 eV for M1. This value can be
compared with the work function for different
silver surfaces ¢ = 4.1-4.75 eV [57]. The in-
crease of the Fermi energy for M2 (E.= 4.7
€V) is due to the presence of the subsurface
oxygen. Comparing the spectra of M1 and M2,
it is possible to see that the subsurface oxygen
modifies DOS structure near the Fermi level
due to the overlapping of the 5s band of silver
with the 2p oxygen level. Furthermore, an addi-
tiona 2s oxygen level appears below the inten-
sive 4d band.

The formation of a cation vacancy does not
have a significant effect on the integral DOS.
However, as mentioned above, it radically
changes local properties of the adsorption site.
DOS for two structures of the adsorption layer
C,y and C,,, discussed above are shown in Fig.
7. In the case of the atomic adsorption form
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M2-30, with the C,,, structure, the intensity in
the range E—E-= —15+ —255 eV in-
creases, and an additional peak resulting from
the interaction of the oxygen 2p atomic orbitals
with the 5s and 5p orbitals of silver appears at
2.3 eV. The Fermi leve increases further to
E- = 5.57 V. However, DOS does not exhibit
any structure different from that of free metal
surface below the 4d band up to the 2s level of
oxygen.

The situation is significantly different for the
C,y, structure. The C,, — C,,, transition corre-
sponds to the formation of quasimolecular oxy-
gen in our model. Firgt, this effect results in the
decrease of the Fermi energy by AE-~ 1€V in
comparison with the atomic adsorption. It is
caused by a sharp decrease of the effective
charge on oxygen atoms in the ozonide structure
due to the formation of the electrophilic oxygen
O,, (see Fig. 4). However, the most important
effect is the appearance of an additional DOS
structure below the 4d band at E — E- = —20.1,
—15.1, —8.7, and —7.8 eV, and above the 4d
band at E—E= —3.1and —2.7 eV. The last
two adjacent levels are similar to those observed
for the atomic form at 2.3 €V, being shifted to
higher bond energies by the interaction of 2p
electrons of oxygen in the ozonide structure. It
aso causes the splitting of the 2s band of
oxygen into two components —20.1 and —15.1
eV. Findly, the levels at —8.7 and —7.8 eV
are due to the interaction of the 2po electrons
of oxygen with the 4d electrons of silver. Thus,
the difference of associative forms of oxygen
from dissociative ones consists of the appear-
ance of additional peaks below the 4d band.

3. Discussion

It was found earlier that the oxygen treatment
of Ag(111) at T> 670 K results in the appear-
ance of a number of oxygen states including O,
state with E,(O1s) = 530.4 eV [21]. The analy-
sis showed that it is more likely for this form to
have molecular properties rather than atomic

ones [19,20]. In this form, oxygen does not
possess high polarizing ability. Its effective
charge is not very high as the change of the
work function connected with the formation of
this form is much smaller than in the case of
O,. Besides, the Ag3d spectra do not exhibit
ionic components during the adsorption of this
type of oxygen. This form has been shown to
account for the ethylene epoxidation, its desorp-
tion temperature exceeding 800 K [58]. It is
noteworthy that E,(Ols) values in oxides
Ag,0,, Ag,0 (cuprite), Ag,0 (O,) and atomic
form O, on the surface do not exceed 529.0 eV.
This vaue is significantly smaller than E,(O1s)
=530.4 eV observed for Oep. Moreover, the
latter value is typical for various molecular
forms on the surfaces [59].

The O, state exhibits a complex UPS. For
Ag(111) additional peaks are formed below the
4d band with the binding energies E, = 7.3,
9.4, 12.3 and 16.9 eV [21]. Such UPS structure
cannot be explained by the dissociative oxygen
adsorption. However, such spectrum finds a nat-
ural explanation in the frames of the associative
concept. The calculations show that the multiple
structure below the 4d band results from the
stabilization of quasimolecular ozone-like forms
of oxygen on the silver surface with a cation
vacancy. Without any doubt, the peak E, = 16.9
€V is due to the 2s electrons of oxygen.

It has been mentioned above that the forma-
tion of associative forms of oxygen results in
the splitting of the 2s level into two components
with AE=5 eV (Fig. 7). The experimental
peaks at E, = 16.9 and 12.3 eV can be corre-
lated with the theoretical values of the two
components of the 2s level with E, = 20.1 and
15.1 eV, while the experimental peaks at E, =
9.4 and 7.3 eV correspond to the theoretical
values 8.7 and 7.8 eV, respectively. Thereis an
uncertainty in the origin of peak E,=7.3 eV
located at the edge of the 4d band. Still, the
calculations show that, although the level —7.8
eV is ‘‘shadowed’ by the intensive 4d band
(Fig. 7), the corresponding peak is undoubtedly
related to oxygen. Thus, the complex UPS struc-
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ture below the 4d band cannot be attributed to
an atomic form and should be identified in
accordance with the theoretical results as a
guasimolecular form with epoxidizing oxygen
O,
epAccordi ng to our concept, the quasimolecular
oxygen species are formed from adsorbed or
subsurface atoms rather than by direct molecu-
lar oxygen adsorption from the gas phase. The
stabilization mechanism is related to the fact
that the Ag—O bond energy decreases with the
growth of the O /Ag ratio at high surface cover-
ages with oxygen. Under certain conditions, the
formation of the surface complex [-O—-Ag—O—
Ag—O-] becomes less energetically favorable
than that of the surface complex [-Ag—O—-O-
O-Ag-]. Silver has the lowest Me-O bond
energy among transition metals [60]. This fact
might account for its uniqueness as a catalyst
for this reaction. Other metals have significantly
stronger Me—O bonds making the formation of
guasimolecular oxygen via this mechanism re-
guire more severe conditions or completely im-
possible.

The suggested AS concept makes it possible
to present the general epoxidation mechanism as
a series of stages without their detailed consid-
eration. At high temperatures, equilibrium be-
tween surface and subsurface forms of oxygen,
including dissolved oxygen, is established:

O, + -Ag-Ag-Ag-

& —0O~Ag-Ag-Ag—O—

< —Ag-O,-Ag-O -Ag— (1

Stage (I1) indicates that active oxygen species
are formed from atomic oxygen irrespective of
its origin and molecularity. High oxygen pres-
sure facilitates the reconstruction of the surface
with the formation of the cation vacancies. As
noted above, the surface reconstruction results
in the formation of the hole hexagons. Though
they may be thermodynamically unstable them-
selves, they can be stabilized by oxygen in a
quasimolecular form due to the fast oxygen
exchange on the surface and in the bulk (O, <
Oy).

One can suppose that a great variety of other
structural forms and defects are formed during
the surface reconstruction but they are subse-
quently annealed to the initial forms because of
the lack of their stabilization by oxygen. These
complex processes are schematically summa-
rized by stages (111) and (1V):
_Ag_oss_Ag_os_Ag_

< —Ag-O,-V-O,~Ag-Ag- (1

Stage (1V) reflects high mobility of oxygen
in the bulk and on the silver surface during the
formation of the high-temperature quasimolecu-
lar layer. As shown above, this stable structure
includes electrophilic oxygen O;:

O, + -Ag-O,~V-O—~Ag—
< —Ag-0,~O,,—O~Ag- (IV)

The following stages include the epoxidation
reaction itself (V) and the AS regeneration (V1):

C,H,+ —Ag-0,~0,,~O,~Ag—

< C,H,O+ -Ag-O,~V-O—~Ag- (V)
Ag—O~-V-O—~Ag—+ O

< —Ag-0O—0,—O-~Ag-. (VI)

Summary equation of stagesll, IlI, 1V, V, VI

can be written as follows:

CH, + 20,/Ag —> CH,0 +

o

Let us discuss some consequences of the
suggested epoxidation scheme with participation
of quasimolecular oxygen (called hereafter
“‘ozonide’’ scheme). Firgt, this mechanism does
not have limitations for the maximum selectiv-
ity S=6/7 appropriate for earlier molecular
schemes. It can be easily noted that one O,
molecule forms two AS, yielding two ethylene
oxide molecules via stages (1V), (V) and (V1).
Therefore, in this scheme the selectivity to ethy-
lene oxide can be as high as 100%. Besides, the
ozone-like form is thermally stable providing
high steady-state coverages under catalytic con-
ditions.
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The known problem of molecular mechanism
related with the isotope mixing in the adsorption
layer [3,4] is aso solved in the frames of this
epoxidation mechanism model. Stage (1V) pre-
sumes that atomic and molecular forms of oxy-
gen are in equilibrium. At low coverages, the
equilibrium is shifted to the left (atomic forms),
while at high coveragesit is shifted to the right,
and associative forms predominate. As a disso-
ciative form of oxygen aways precedes the
formation of associative ones, the composition
of the reaction products must correspond to the
full mixing case. This corresponds to the model
of an energetically uniform adsorption layer for
the isotope exchange '°0,+'°0, — 2°0"0
suggested by Boreskov et a. [61]. Therefore,
such isotope experiments cannot be a criterion
distinguishing between the atomic and molecu-
lar reaction mechanisms, and oxygen forms can-
not be differentiated into atomic and molecular
ones by their isotope mixing. The ozone-like
adsorption layer can behave as a uniform layer
in the kinetic aspect, although it is not struc-
turaly uniform. Then, it is necessary to note
that this approach harmonizes to some extent
the contradictions in the results obtained by
kinetic [62] and spectral methods that reveal
several states of oxygen on the surface.

Experiments performed by Grant et al. [12],
who have shown that the use of N,O instead of
molecular oxygen in the feed results both in the
deep and selective oxidation, are also not unam-
biguous. Assuming that the decomposition of
nitrous oxide results in the stabilization of oxy-
gen only in the atomic form, they considered
that this fact is decisive for the description of
the epoxidation reaction in the frames of the
atomic concept. As noted above, the source of
atomic oxygen is not important for the forma
tion of associative oxygen forms on the silver
surface, as electrophilic oxygen is formed at the
final stage after the association of oxygen atoms
into an ozonide structure.

Using theoretical conceptions on associative
mechanisms in catalysis developed by Boreskov
[63], we would like to draw attention to the

possibility of a concerted epoxidation mecha
nism, which assumes coupling of the ethylene
interaction with the regeneration of the ozonide
structure (stages V and V1 in the above scheme).
This concerted mechanism can provide high
selectivity of the process. In the case of the
consecutive epoxidation and ozonide regenera-
tion reactions, there is a possibility of the de-
struction of the reduced AS structure (Ag—O—
V-0O,~Ag) with the annealing of the vacancy
and transformation of oxygen into the atomic
state active in deep oxidation. Naturaly, this
process can decrease the selectivity of the ethy-
lene oxidation.

4, Conclusion

The calculations of the adsorption layer con-
sisting of three oxygen atoms on defective silver
surface have shown that associative (quasi-
molecular) forms of oxygen are stabilized by
the cation vacancies, and predominate over dis-
sociative forms at high coverages. A model of
an ozone-like AS with electrophilic oxygen O,
has been suggested. The analysis of the valence
electron energies for the O, form has been
performed, and the calculated DOS structure
has been shown to be in a qualitative agreement
with the experimental UPS data.

It has been shown that the structure of peaks
induced in the valence band by the epoxidizing
oxygen O, is multiplicative due to the associa-
tion of O—O bonds in the form of a quasimolec-
ular ozonelike structure. These results have
been used as a basis of suggested general mech-
anism for the ethylene epoxidation, which can
eiminate the main contradictions between
‘*atomic’’ and ‘‘molecular’’ concepts known in
the literature.
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