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Abstract

Density functional theory (DFT) calculations have been used to investigate a possible reaction coordinate for the epoxidation of ethylene
on silver. These studies have been motivated by recent advances in the understanding of the mechanisms of olefin epoxidation. We fin
various surface intermediates and transition states along the reaction coordinate with structures, binding energies, and vibrational frequenci
that are in good agreement with experimental results. We also discuss the uniqueness of silver in providing an optimal environment for highly
selective ethylene epoxidation. It was concluded that ethylene reacts with adsorbed oxygen to form a surface intermediate, identified as
surface oxametallacycle. This intermediate reacts through a transition state to form gas-phase ethylene oxide. The kinetic and thermodynam
parameters obtained in these studies are used to formulate a simple microkinetic model. The microkinetic model is used to estimate paramete
needed for the formulation of a rate law. The resulting rate law agrees very well with observations from macroscopic measurements of
ethylene epoxidation rates under steady-state conditions.
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1. Introduction tip. This can be done by manipulating adsorbates using volt-
age pulses at low temperatures where intermediates are sta-

The epoxidation of ethylene to form ethylene oxide is Ple enough—i.e., are “frozen in time” [3]—to be probed by
one the most important heterogeneous catalytic oxidation Fhfferent surface science technlqu.es. Th|s apprqach has been
processes. The process employs a silver catalyst supportedMplemented by Hahn and Ho [4] in their analysis of the ox-
on a-Al,03 and promoted by alkalis and halides. Consid- idation of CO to form CQ on Ag(110). _
erable effort has been devoted to understanding the mecha- Anotherway to reach a microscopic understanding of the
nism of silver-catalyzed ethylene epoxidation [1]. Nearly all S€duence of elementary steps by which a product is formed
available surface science techniques have been used to iniS {0 isolate and identify the intermediates that are thermody-
vestigate the elementary steps of this reaction. A molecular-”a,m'ca”y and !<|net|cally accessible using traditional surface
level understanding of this reaction is still lacking since the SCi€Nce techniques, such as temperature programmed des-
different reacting species are not easily probed during the °"Ption (TPD) and high-resolution electron energy loss spec-

reaction. It has been suggested that the surface-mediated aot_rosl,copy (#REIZLS)Z,[ Q;Janttgm rr(ta;hanmagl:c_lg)mputatlt?]nal
dition of ethylene to oxygen is the rate-determining step [2]. boo S Sduf as tenstly unct!ona ?ryt( th 1,.mlay end
This addition is followed by a number of rapid steps, mak- w?trlnjsi cr)ir(r:worrﬁ rlucba rr(\a/af[:i |cr)1n C_?ﬁir maer ah|s|:nv\?ccdor
ing it difficult to track intermediates formed in these steps by Experimental observations. S approach aflows de

. . . . termination of not only the surface intermediates but also
spectroscopic technigues. One way to circumvent this prob-

: . . the relevant transition states along the reaction coordinate.
lem is to induce an elementary surface reaction by an STM . . ; L
The understanding of surface—adsorbate interactions in this

way, with the adsorbates being either surface intermediates
* Corresponding author. or transition states, is crucial in the design of new or im-
E-mail address: barteau@che.udel.edu (M.A. Barteau). proved catalysts from first principles.
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In this work we report experimentally motivated DFT life” of any other intermediate, such &{ads) orD(ads) in
calculations of the reaction coordinate for silver-catalyzed Fig. 1, formed subsequent to the crossing of this barrier. In
epoxidation of ethylene to form ethylene oxide. In the first such cases it may be possible to take advantage of the princi-
section of this report we highlight a few important experi- ple of microscopic reversibility to generate surface interme-
mental observations. This is followed by the description of diates from the reaction product on the surface, i.e., via the
the calculation method and the results obtained in the calcu-reverse reaction. In the case of the schematic reaction coor-
lations. As will be shown, important parallels can be drawn dinate shown in Fig. 1, this approach would allow the iso-
between the experimental and computational results. Thesdation and spectroscopic identification bfads), assuming
results provide additional insights into the unique ability of that there are no other accessible reaction pathways by which
silver to selectively oxidize ethylene to form ethylene ox- this intermediate can easily dissociate. We take advantage of
ide and suggest key principles that govern rational design ofthis strategy in the analysis of the reaction of ethylene and
epoxidation catalysts. oxygen to form ethylene oxide on Ag. In our recent contribu-

tion [5] ethylene oxide was adsorbed onto the Ag(111) crys-

tal plane at~ 250 K. This resulted in ethylene oxide ring-
2. Summary of previous experimental results opening and the formation of a stable surface intermediate

which reacted at- 310 K to reform ethylene oxide plus wa-

A large number of very detailed experiments have been ter and ethylene. By comparing HREELS experiments and
aimed at understanding the elementary steps that take plac®FT calculations it was shown that this surface intermediate
in ethylene epoxidation. In this report we do not attempt is the surface oxametallacycle shown in Fig. 2. This result
to review all of these, but rather we emphasize a few presents the first link between a spectroscopically identified
results that we believe provide a reasonable cross-section oktable surface intermediate and ethylene oxide and provides
experimental observations. a feasible pathway for epoxide formation. It is also impor-

As stated above, the first step in our approach was to iso-tant to note that a surface intermediate with an almost iden-
late and identify thermodynamically and kinetically accessi- tical vibrational fingerprint appeared in steady state ethylene
ble surface intermediates. The identification of relevant in- epoxidation with a supported silver catalyst [6], thus provid-
termediates often relies on different electron spectroscopiesing an important link between surface science and catalytic
performed under UHV conditions. However, in UHV surface experiments.
science experiments it is often difficult to isolate surface in-  Another issue in the formulation of the reaction coor-
termediates that are relevant for catalytic processes. This isdinate is the role of oxygen in the ethylene epoxidation
particularly the case for processes in which the rate-limiting process. Although one still finds occasional assertions that
step, defined as the step that involves overcoming the high-adsorbed dioxygen is the active oxidation species [7], it is
est energy barrier along the reaction coordinate, occurs atgenerally accepted that atomic adsorbed oxygen is the ac-
the front end of the reaction coordinate. A schematic reac- tiye species in the epoxidation of ethylene [1,2]. In experi-
tion Coordinate for SUCh a proceSS iS ShOWI’l in F|g 1. After ments in Wh|Ch atomic Oxygen was Co_adsorbed W|th ethy'_
A and B are adsorbed onto a surface they react in the rate-egne, Grant and Lambert concluded that molecular oxygen
determining step to forr@'(ads). In orderto forn€’(ads),the  has no direct role in either partial or complete oxidation.
system has to be supplied with the energy to overcome theThese arguments are further supported by the observation
barrier forC(ads) formation. This energy precludes a “long  that yields of ethylene oxide can exceed the stoichiometric

limit (6/7 stoichiometry) if molecular oxygen is assumed

A+B Ear>Eaz Eas
Energy
Ey E\s
Ex Product
A (ads)+ B (ads) C(ads)
D(ads)
Rxn Coordinate Fig. 2. Structure of the surface intermediate isolated and spectroscopically
identified on Ag(111) upon activated adsorption of ethylene oxide [5]. This

Fig. 1. Hypothetical reaction coordinate in which isolationcdfads) and intermediate reacted at 310 K to reform ethylene oxide plus minor products,

D(ads) in UHV by the direct route is precluded. water, and ethylene.
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Table 1
Stereospecificity of oxidation a@is- andtrans-1,2-dy-ethylene

Table 2
Binding energies for O atom adsorbed on Ag(111) with respect to gas phase
Oy in kcal/mol

System Ethylene isotopomer Epoxide composition

oxidized cis (%) trans (%) Calculation Dz DzP TZPP Pseudo-potential
Cant a5 CoHaDy 534 16.6 method onAgs oOnAgs onAgs plane wavep(2 x 2)

. . . . a

Flow System trans-CoH»D» 45.8 54.2 Binding energy —18 =25 0.2 =15
CanP CisCoHoDy 53.8 46.2 (kcal/mol, O)
Recirculating trans-CoH>D» 45.9 54.1 The more negative number indicates a higher stability. The energies are
Richeyf cis-CoHoDo 70+5 30+5 obtained usingA Hyxn = AErxn = E(surface complex— E(clustep —
Recirculating trans-CoH»D» 32+5 68+ 5 %E(OZ) for cluster, and AHyxn = AExn = E(surface complex —

E (metal unit cel) — %E(Oz) for pseudo potential plane wave calculations.
From TPD experiments Campbell et al. [58] estimated the bond energy for
O(ads) with respect to oxygen molecule to-be-11 kca)mol.

a Ref. [25].

a At 187°C [10].
b At 168°C [10].
¢ Temperature is not known [12].

to be the active species [8]. It was also observed by Grantgiates of these molecules (O(ads) and the oxametallacycle,
and Lambert that reaction of deuterated ethylene with ad- respectively), as shown in Table 2. These discrepancies are

sorbed oxygen on Ag(111) led to an increase in the selec-egp|ved by comparing the predicted binding energies to the
tivity to epoxidation products relative to complete oxidation experimentally measured ones.

products; this and similar results on supported catalysts have e optimized geometries and respective energies of
been explained in terms of a common surface intermediategyface intermediates were calculated as described previ-
responsible for both processes [9,10]. ously [18]. In calculating the transition states the following

Another interesting result is that there is relatively little ocedure, consistent with transition state theory, was imple-
retention of configuration reported in previous studies of 1 anted:

epoxidation of eithecis or trans 1,2-¢-ethylene [10-12].

The results of these experiments are summarized in Table 1. (i) A geometry of the transition state is proposed based
This observation indicates that, at some point along the on the geometries of the reactant and product in a
reaction coordinate, rotation about the C—C bond in ethylene particular elementary step.

has to be possible. This argues against concerted addition jjy The transition state in question is then optimized. This
of surface oxygen to the £€C bond of ethylene. It is optimization is done by moving along the potential

important to note that Cant and Hall also concluded in
their studies that the loss of initial configuration was due
neither to isomerization of deuterated ethylene prior to
oxidation nor to isomerization of the epoxide subsequent to
its formation [10].

energy surface and calculating the energy gradients and
Hessian for each geometry on this path. The transition
state is optimized when a point is reached where the
energy gradient vanishes and the Hessian has one
imaginary value.

(i) Frequency calculations are performed on the optimized

3. Computational methods

transition state, thus verifying that there is only one
imaginary frequency corresponding to the normal mode
that identifies the reaction coordinate.

The Amsterdam density functional (ADF) program (iv) The optimized transition state is slightly perturbed

[13,14] was used for all reported cluster calculations. The
Kohn—Sham one-electron equations are solved by expand-
ing the wave functions in Slater-type atomic orbitals using
the Vosko—Wilk—Nusair (VWN) functional [15]. All calcu-
lations were spin-unrestricted and employed Becke [16] and
Perdew [17] gradient approximations for the exchange and
correlation energy terms, respectively. The calculations were
performed on Ags clusters using a DZ (double zeta basis

along the reaction coordinate, corresponding to the
normal mode with imaginary frequency, in the direction
of the product or reactant.

The perturbed transition state geometries obtained in
step (iv) are then optimized, yielding respective geome-
tries of the product or reactant in the particular elemen-
tary step.

set), DZP (double zeta basis set with polarization functions A similar approach has been prescribed by van Santen [19]
used for H, C, and O but not for Ag), and TZPP (triple zeta and previously implemented successfully for reactions of
basis set with doubly polarized basis functions for H, C, and various oxametallacycles on silver surfaces [20]. To obtain
O but not for Ag) on Ags. The results of different basis set vibrational spectra of the surface intermediates and transi-
calculations are withint3 kcal/mol for energies of differ-  tion states, two-point frequency calculations using an inte-
ent surface intermediates with respect to each other. We alsagration accuracy of 1@ were performed on these struc-
observed that there exists a significant discrepancy in thetures.

results of calculations with different basis sets when com-  We have also used periodic DFT calculations to confirm
paring gas phase moleculesy(@d EO) with the adsorbed the accuracy of cluster calculations. Periodic plane wave
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calculations are expected to be superior to cluster calcula-4. Results
tions in their ability to capture electronic properties of ex-
tended surfaces. Periodic DFT calculations were therefore  gjnce it is well established that atomic, rather than molec-

used to calculate optimized geometry and binding energiesy|ar, oxygen is the active species in ethylene epoxidation, we
of the relevant stable surface intermediates. The code usedissume that the first step along the reaction coordinate will
in these studies was DACAPO [21]. The GGA-PW91 ex- include the adsorption and dissociation of molecular oxygen.
change correlation was employed. The electronic density The question of adsorption and dissociation of oxygen on
was determined by iterative diagonalization of the Kohn— ag has previously been investigated experimentally [22] and
Sham Hamiltonian. The ionic cores were represented by theoretically [23—26]. Recent calculations suggest that the
ultrasoft pseudopotentials, a plane wave basis set (Ecut dissociation of oxygen on silver is activated, with activation
25Ry) The silver surface was simulated by USing a two- energies of~ 37 kcaymo| on Ag(lll) and~ 17 kcaymo|
layer bulk-terminated slab of static silver. The relaxations or 6 kcajmol on step sites, depending on the functional
of the surface atoms led to increases in adsorbate stabilitiessed [25]. The higher barrier on step sites was obtained us-
by ~ 2 kcal/mol. We have also performed a few geome- ingthe RPBE (revised Perdew—Burke—Ernzehof functional),
try optimizations on four-layer bulk-terminated slabs with- while the lower barrier was obtained using PW91. These
out observing significant differences in the stability of sur- differences most likely arise from discrepancies in the cal-
face intermediates with respect to each other. The slabs areylation of the energy for the gas phase molecule. Differ-
separated by six atomic layers (approximately 15 A) of vac- ent activation barriers for oxygen dissociation and their im-
uum. The difference in the work function between the two pact on our analysis will be discussed latter in the report.
slab surfaces is corrected by adding a dipole layer of appro-The relative magnitudes of the barriers noted above would
priate magnitude in the middle of six vacuum layers. The suggest that under reaction conditions the dissociation of
lattice constant for silver employed in these calculations was oxygen takes place mostly on stepped sites. The enthalpy
equal to the experimentally determined value of 4.09 A. The of reaction for oxygen dissociation on Ag(111) is estimated
same lattice constant was used in the cluster calculationsto be about—8 kcal/mol for a Ag(111)-terrace and about
Surface Brillouin zone integration was done on a special —15 kcalymol for a Ag-step [25]. The addition of the ac-
18k-points grid. In all simulations a molecule was adsorbed tivation energy for oxygen dissociation and the enthalpy of
on ap(2 x 2) unit cell, corresponding to a coverage of 0.25 reaction yields 45 and 32 kgahol per oxygen molecule for
monolayers. the activation barriers for oxygen atom recombination and
Periodic DFT calculations can also be used to calculate desorption from Ag(111)-terrace and Ag-step sites, respec-
the geometries and binding energies of the relevant transitiontively. These values are in excellent agreement with the val-
states. In this work we use the transition states obtained fromues reported for different silver planes and silver powders,
the cluster calculations as a starting geometry for the slabwhich range from 30 to 44 kcainol [27-31].
calculations. Since the forces on the atoms in the starting The transition state for dissociative adsorption of @
transition state geometries are calculated to be mostly in theAg is calculated to be product-like; i.e., the O-O bond
z-direction, these structures are allowed to move up or down length in the transition state is quite long and the bond
until the forces acting on different atoms are minimized. order is greatly reduced [25]. In another theoretical study,
The transition states were considered to be optimized whenLi et al. [26] have shown that the binding energy of oxygen
the convergence threshold of 0.2 S&/was reached for the  on silver depends strongly on the surface coverage, even
forces in all directions. at low coverages. This is not surprising since it is known
We report energies and geometries calculated usingthat oxygen induces a significant change in the silver work
TZPP basis sets for cluster calculations and periodic DFT function caused by a dipole that can induce long-range
calculations, unless specified otherwise. The energies of allrepulsive electrostatic adsorbate—adsorbate interactions. For
surface structures are calculated with respect to the energyexample, Li et al. calculated that the binding energy at
of adsorbed oxygen and gas phase ethylene as 0.11 monolayer is greater (more stable) by 5 koadl per
O2 molecule than at 0.25-monolayer oxygen coverage [26].
This information, coupled with the product-like nature of the

A Hxn = A Evxn = E(surface structupe— E (ethylen . S o
n pm = E( be- E(ethylene transition state, implies that the activation energy for oxygen

— E(adsorbed oxygen (1) dissociation is coverage-dependent and that lower activation
barriers are to be expected at lower coverages.
where E (surface structupeis the energy of the surface In the energetically optimized structure, an oxygen atom
species bonded to metal cluster or metal unit de{adsorb- resides in a threefold hollow site with its center approxi-

ed oxygen) represents the energy of the system in which anmately 1.3 A above the plane defined by the centers of the
oxygen atom is adsorbed onto the cluster or the metal unitsurface silver atoms. The O atom on a Ag cluster is modeled
cell, while E(ethyleng is the energy of ethylene molecule as adsorbed in a FCC site. This site is found to be isoen-
in the gas phase. ergetic to the HCP site and these are the preferred sites for
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the adsorption of O on the Ag surface, as determined by ouris calculated by subtracting the energy of the adsorbed
DFT calculations. oxygen plus weakly bound ethylene system from the energy
The next step along the reaction coordinate is the adsorp-of TS1. The activation energy for this elementary step is
tion of ethylene onto the oxygen-covered Ag surface. Ethyl- found to be 14.9 kcdmol as calculated by cluster and
ene is found to desorb at 140 K on Ag surfaces in UHV,  periodic DFT calculations and accounting for 8 keabl for
indicative of a weak interaction (ca. 8-9 kgaiol) between the heat of ethylene adsorption.
ethylene and the Ag surface [32—34]. This weak interaction = The next step is to determine the product of this elemen-
suggests that, under reaction conditiofisx{ 200°C), eth- tary step. This is done by slightly perturbing the structure of
ylene molecules are in a state of motion, being continuously the calculated transition state along the direction of the re-
adsorbed and desorbed from a weakly bound state on a suraction coordinate. This direction is inferred from the normal
face. On the other hand, the activation energy for desorp- mode that corresponds to the imaginary frequency of TS1.
tion of oxygen molecules from the surface is much higher, The perturbation is done by simulating the normal mode of
about 32—-45 kcdmol, depending on surface plane. This TS1 with imaginary frequency and then freezing its geome-
difference in the respective oxygen and ethylene stabilities try when the maximum change in a bond length or a bond an-
on Ag suggests that under reaction conditions weakly ad- gle that dominates the imaginary normal mode i§% with
sorbed, mobile ethylene approaches an oxygen-covered Agrespect to the transition state geometry. For example, the
site. It has also been shown in extensive calculations of oxy- O—C; stretch dominates the normal mode associated with
gen adsorption on Ag(001) [35] that the diffusion of oxygen this elementary step of TS1. We perturb the transition state
from the most stable hollow site to another hollow site re- structure by changing the O+®ond length from 1.94 to
quires only~ 20 kcal/mol (i.e., about one-half the recom- 1.86 A and adjusting all other atom positions accordingly.
bination desorption barrier), suggesting that under reaction The perturbed transition state geometry is then optimized,
conditions the diffusion of oxygen atoms on the surface is with no geometric constraints imposed on the structure (i.e.,
likely to take place. every atom, other than the Ag atoms, is free to move in all
As ethylene approaches the oxygen-covered sites ondirections); the optimization leads to a stable surface inter-
the Ag surface, the interaction between ethylene carbonmediate. This intermediate is the product of the elementary
atoms and oxygen adatoms takes place. This interactionstep that proceeds via TS1.
results in the formation of a transition state (TS1), shown  The structure of this surface intermediate, as calculated
in Fig. 3. The arrows represent the dominant motion of by periodic DFT, is shown in Fig. 4. This surface intermedi-
reacting species corresponding to the movement along theate is similar to the surface intermediate that we spectroscop-
reaction coordinate, i.e., to the mode exhibiting an imaginary ically identified during dissociative adsorption of ethylene
frequency in the DFT calculations for the transition state. oxide on Ag(111) [5], with the calculated structure shown
The reaction coordinate is dominated by the approach of thein Fig. 2. The major difference is that the O, angle
C1 carbon to oxygen. It is also observed that the C—C bond is 116 in the structure in Fig. 4 compared to F1fr the
is elongated from 1.33 A for gas phase ethylene to 1.38 A structure in Fig. 2. This results in the oxygen of the oxamet-
for the transition state, consistent with the expected decreaseallacycle residing more nearly in a bridging site (Fig. 4) vs
of the C—C bond order. Also, the;€0 bond is being  a three-fold hollow site (Fig. 2). Both structures have been
formed in the transition state, as evidenced by the change

in the hybridization of the €carbon fromsp? to sp® with C-0= 1514
perturbation of the planar configuration corresponding to C.-C.= 143 A
gas-phase ethylene. The activation energy for the addition of Bk

ethylene from a weakly bound state to oxygen on the surface O-Ag=228A k

Pead
O-Ci=194A 4 G-
€,-C=1,384

0-Ag=2.29A

Fig. 4. The product of the elementary step 1. Adsorbed oxygen and ethylene
Fig. 3. Structure of transition state 1 (TS1) for elementary step 1. Ethylene react to form a cyclic surface structure. The geometry of the surface
reacts with an oxygen-covered surface site. The arrows represent the normaintermediate is calculated using the pseudo-potential plane wave method
mode associated with the reaction coordinate for this elementary step. that takes advantage of the surface translational symmetry.



S Linic, M.A. Barteau / Journal of Catalysis 214 (2003) 200-212 205

C,-0= 1.56A
C,-0= 1.99A
C,-C,= 1454

generated experimentally in our previous studies. The struc-
ture shown in Fig. 2 was identified in the reversible ring
opening of ethylene oxide on Ag(111) [5]. The structure
shown in Fig. 4 was isolated and spectroscopically identi-
fied in the reaction of 2-iodoethanol on Ag(111) [36] and
Ag(110) [37]. This intermediate reacted to form mostly ac-
etaldehyde. However, our calculations for both clusters and
slabs suggest that there is little activation barrier to the inter-
conversion of the structures illustrated in Figs. 2 and 4, and
therefore both might be expected to lead to ethylene oxide.
The absence Of ethy'ene Oxide from the product S|ate Of oX- Flg 5.. Transition state .2 (TSZ) This transition stat_e IS involved in the
ametallacycles synthesized from iodoethanol may reflect theformatlon of ethylerje oxide f_rom the str‘ucture shown in Fig. 4. The arrows
influence of the co-adsorbed iodine atoms on the reactions <" >°™ the reaction coordinate for this elementary step.

of these intermediates, rather than intrinsic reactivity differ- ) di h . di
ences between apparently similar intermediate structures. reaction coordinate represents the motion corresponding to

In Fig. 4 it is observed that the;CO bond has been the imaginary frequency calculated in the vibrational spec-
formed. This is evidenced by the® hybridization of G trum of TS2. Careful examination of TS2 clearly suggests
and also by the movement of oxygen farther away from the the formation of a ring structure. The;€D bond is bggln-

Ag surface. This movement of O is a consequence of the ning to form and also the O—.Ag bonds are elongatlng, sug-
weakening of the Ag—O bonds, which can be explained us- gesting that the product of this elementary step is gas-phase

ing bond order conservation arguments [38]. The concept of €tylene oxide, which was confirmed by the calculations.
bond order conservation has been found to be extremely use- " Fi9- 6 we show a complete reaction coordinate incor-
ful when dealing with adsorption and reaction on surfaces. It porating the energies associated with each elementgry step.
is worth noting that even though bond order conservation is | "€ reported energies reflect the overall reaction with the
an empirical method, similar arguments can be derived from following molarities: dissociative adsorption of molecular
more theoretical viewpoints, such as “effective medium the- Oxygen to form two oxygen atoms,
ory” [39] and the idea of “total overlap population” [40]. 0y + 2 — 207,

Earlier work by Somorjai and co-workers [41] and
Hoffmann and co-workers [42] suggested a model for the and the surface reactions of adsorbed oxygen and weakly
binding of hydrocarbons to close-packed transition metal @dsorbed ethylene to form ethylene oxide via a surface
surfaces. It was suggested that carbon binds to the surfac@xametallacycle intermediate,
in a position that would allow it to complete its tetravalency. * "
If weE) assume that the LCcarbon atompin the —O—+€Cy— / CoHa™ + 0" = CoH4O.
backbone, shownin Fig. 4, behaves similarly to a carbonina It is important to note that the local minima (stable in-
simple hydrocarbon fragment, we would expect the terminal termediates) and local maxima (transition states) on the po-
carbon of the —O—-C—C- backbone to bond atop a surfacetential energy surface have been calculated using a rigorous
metal atom and complete its tetravalency, consistent with the mathematical procedure that emerges from transition state
structure shown in Fig. 4. The same calculations shown for

periodic slabs in Fig. 4 were performed using Ag clusters as % %
well. The geometry of the structure converged in our cluster
calculations using the TZPP basis set is almost identical
to the geometry converged in the pseudo-potential plane
~ ..‘

wave calculations. This suggests that interactions between gpergy
oxametallacycles at a coverage of one-quarter monolayer do .
not significantly perturb their structures.

The next step in the development of the reaction coordi-
nate is to locate a transition state that leads to the formation
of ethylene oxide from the surface intermediate in Fig. 4. 145 24 o
Extensive DFT calculations showed that the formation of g -
ethylene oxide from the surface intermediate in Fig. 4 in- 200dn  Br(sdsh¥ O (i)
volves two characteristic motions. The first is the motion of SRmEse
the weakly bound carbon Caway from the Ag surface. The Rxn Coordinate
approach of gand _the _Oxygen atom Ieadg throth transition Fig. 6. Calculated reaction coordinate for ethylene epoxidation on silver.
state TS2, shown in Fig. 5, to the formation of ethylene ox- Energy units are kcaimol. The discontinuity in the reaction coordinate
ide. The arrows in Fig. 5 depict motion along the reaction reflects the change in oxygen molarity. The barrier for oxygen dissociation
coordinate by which ethylene oxide is formed. Again, this is from [25].

TS2
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theory, and that their geometries are expected to be fairly 0-C,=1.45A C‘t- &
accurate. In the next section we analyze the reaction coordi- C,-C,=147A ’
nate, shown in Fig. 6, with respect to experimental observa- 0-Ag=237A
tions.

5. Discussion

The focal point of this section is the consideration of
how the reaction coordinate, constructed in Fig. 6, can Fig. 7. Surface intermediate possibly responsible for an energetically
explain experimental observations, and whether it provides feasible rotation about the C-C bond. This rotation may produce the
any clues that would help understand the unique ability of experimentally observed mixture offs andtrans epoxides even when the
silver to catalyze ethylene epoxidation. We also discuss the"®2ctant contains only one olefin isomer.

requirements for an efficient epoxidation catalyst.
of configuration upon epoxidation of eitheis or trans 1,2-

5.1. Reaction coordinate do-ethylene [10-12]. As stated above, the elementary step
that results in EO formation from the surface intermediate
The reaction coordinate in Fig. 6 explains why it is shown in Fig. 4 can be explained as scission of theAg
possible to ring open ethylene oxide and then reform it from bond accompanied by the formation 03 bond. Along
the isolated stable surface intermediate shown in Fig. 2, this path there are multiple adsorbate geometries that might
as observed experimentally on the Ag(111) surface [5]. If allow for energetically inexpensive rotation about the-C
the reaction coordinate is traced from the product ethylene Cz bond. We have selected one of these geometries shown
oxide, it is observed that the activation energy for ring- in Fig. 7 and calculated the energy required for rotation
opening ethylene oxide is about 11 kaalol. After ring to take place. We have not performed rigorous TS search
opening, formation of a surface intermediate that is stable calculations for the rotation step, but to a first approximation
with respect to the gas-phase ethylene oxide is predicted,we can assume that the upper limit for the rotation activation
which we observed experimentally [5]. This intermediate energy can be calculated just by rotating the-G bond

is now confined within an energy well and 17 k@alol is by 90¢° and determining the single point energy for that
needed to overcome the barrier and reform ethylene oxide,geometry. This calculation shows that the upper limit for the
while at least 24 kcdimol is required to break the €0 activation energy of rotation is 2 kcal/mol. This suggests

bond and form adsorbed ethylene plus adsorbed oxygenthatunderreaction conditions rotation about theG bond
This energy difference results in the preferred formation of might be possible. This rotation would result in a distribution
ethylene oxide as the temperature of the surface intermediatdbetweencis andtrans configurations, as is experimentally
in our TPD experiments increases. The reason that inobserved. The structure shown in Fig. 7 is generated on
experiments that involve adsorption and reaction of ethylenethe surface as the ©SAg bond is broken in the process
oxide on Ag(111) we isolate the surface oxametallacycle of converting the structure shown in Fig. 4 into EO along
intermediate is simply that it is thermodynamically and the reaction coordinate en route to TS2. This structure can
kinetically the most stable accessible intermediate along thebe visualized on the potential energy surface as a “shelf”
reaction coordinate. The proposed reaction coordinate alsowith a small change in energy along the reaction coordinate.
explains the relatively narrow window of temperature in This is suggested by our calculations in which the reaction
which this species can be isolated by ring opening ethylenecoordinate in the neighborhood of the structure in Fig. 7
oxide. At adsorption temperatures significantly lower than was probed without observing a significant energy change.
250 K, ethylene oxide does not ring open since the activation It is important to note that in order to make quantitative
energy required for this process is 11 kcal/mol. At predictions for the ratio of the 1,2-ethylene molecules
adsorption temperatures significantly higher than 250 K no that would retain their original configuration to those that
intermediate along the reaction coordinate is stable enoughdo not retain their original configuration, a measure of
to survive on the silver surface for an extended period of the time required for the equilibration afis and trans
time; i.e., multiple reaction pathways would be activated, versions of the adsorbate is needed, as well as a measure
resulting in the desorption of the products formed in these of the lifetime of the structure shown in Fig. 7. Due to
reactions. It is also important to note that the activation the low lifetime of these species on the surface it is very
energy experimentally determined [5] for the ring closure of difficult to design an experiment that would allow for these
the structure shown in Fig. 4 s 17 kcay/mol, in excellent measurements to be obtained. It is reasonable to expect
agreement with the activation energy calculated for this that both of these characteristic times are highly dependent
elementary step (16 kcahol). on the temperatures, pressures, adsorbates present on the
Further analysis of the reaction coordinate in Fig. 6 also surface, and electronic properties of the surface. The variety
offers a possible explanation concerning the lack of retention of results shown in Table 1 are likely a consequence of the
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different experimental conditions and contact times at which equilibrium constants for each elementary step and for the
the experiments were performed in different laboratories.  overall reaction.
The overall site balance is
5.2. Rate-determining step in the steady state
catalytic process 1=["1+[0"] + [C2H4"] + [C2H4O"], (12)
o . o _whichresults in

A common practice in the investigation of any catalytic
process is an attempt to identify a rate-determining step. It [*] = 1/(1+ (Keq1P(O2)z1) " + KeqaP (CoHa)z2
is important to note that the understanding of elementary 172
steps along a reaction coordinate is often not enough to + Keqa KeqrP (02)21) ' “ Keq2P (C2Ha)z223).
pinpoint a rate-determining step. The reason is that, during (13)
any catalytic process, multiple effects such as the coverage The rates of elementary steps can now be expressed as a
of surface species, the interactions between them, or the needunction of gas phase partial pressures and the fraction of the
for accessible neighboring sites in some reaction pathways,surface empty sites:
may play roles not easily captured by microkinetic analysis.
However, there have been a few attempts aimed at extracting's = k1P (02)[*13(1 — z1), (14)
rate-deFermining steps fro.m calculated or experime'ntally 1o = ko P(CoHa)[*1(1 - z2), (15)
determined reaction coordinates [43—45]. The analysis that 12 w2 12
is presented here is based on DeDonder relations [43,46]3 = k3(KeqiP(02)) " “Keq2P (C2Ha)["1°2y “z2(1 — za),

The elementary steps in the reaction coordinate of Fig. 6 and (16)
respective rates can be written ra = kaKeqaKeqi™ ? KeqzP (02)Y2 P (C2Hy)
stepl Q+2* < 20 x 21/°2223(1 — ziotal/212223). (17)
r1=k1P(O2)[*1?(1 - z1), (3) The unknown values,, z2, z3, andr can be determined by
step2  2CoHa+* < CoHa") solving Egs. (13)-(17) by requiring steady-state conditions,
. r=r1=rz/2=r3/2=rs/2.
r2 =kaP(CoHa)["1(1 - z2), (4) Table 3 shows the DFT-calculated values for pre-expo-
step3 20" + CoHg* < CoH O + %) nential factors and activation energies for each elementary
= ka[O*][CoHa™ (1 — z3). 5 step. The.pre—exponentlal factors are caIcu.Iate.d as derived
r3=kal . JC2H4TC *Za) ®) from transition state theory. The in-depth derivations for pre-
step4  2CH40" < CoH O+ 7) exponential factors for unimolecular and multimolecular re-
ra = ka[CoHaO*1(1 — z4), (6) actions can be found in Moore and Pearson [47]. The parti-

. tion functions and entropies of each species are calculated at
where P(Oz) and P(C2Ha) are gas phase partial pressures 1 4y and 298 K using the ADF cluster approach. The pre-

of Oz and GHa, respectively, and], [CoHs™1, [O*], and gy nential factors for each elementary step are estimated
[C2H407] are the respective fractions of empty, ethylene- o the partition functions by assuming minimal loss of de-
covered, oxygen-covered, and oxametallacycle-covered sur-aas of freedom of reactant, products, transition states, and
face sites. We definey, z2, zs, andz, as the reversibility of - g, 206 intermediates. To establish a certain level of confi-
steps 1, 2, 3, and 4, respectively: dence in the calculated values, we have used the data for
= [O*]Z/KleqP(Oz)[*]Z, @) step 1,_ the dissoqative ad_sorption of oxygen, to estimate
a sticking probability for this process at the low coverage

22 =[CoH4"1/ K2eqP (C2H4)[*], (8)
23 =[C2H40%]/ K3eqP (C2H4)[O"], ) Table 3
4= P(C2H4O)[*]/K4eq[C2H4O*], (10) Kinetic parameters for ethylene epoxidation on Ag
b b
Ztotal = P(C2H4O)2/ KeqP (C2H4)2P(02). (11) Elementary step Afor? Egg, Are? Eaey
_ _ _ . Op + 2% — 20* 5x 100 17.3° 4x 108 323°
Combining (7)—(11), the following relationship relating  c,H, + * — CyH4*d 108 0 103 8
reversibilities can be obtained: O* + CoHg* — CoHaO* +*  2x 1011 149 1013 24
CoH40* — CoH4O + * 4x 103 16 8x 10" 11

_ 2_2_2
total = 2122 23 24 - a pre-exponential factors for forward and reverse reactions. Units are

s 1 s~1 for adsorption and's! for desorption and surface reaction
The quantities; are bounded by 0 and 1 as long as the &™ S :
9 ! y 9 b Activation energies E5 for forward and reverse reaction; units

elementary steps proceed in the forward direction. Values of are keafmol.

z; equal or close to 1 suggest that the particular elementary ¢ grom [25),

stepi is in equilibrium, while values of; less than 1 suggest d The parameters for this step account for the weakiy8(kcal/mol)
a rate-determining stepK;eq and Keq are the respective  adsorbed state of ethylene [32-34].
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- . . . - 0.9
limit. This was done by equating the rate of dissociative ad- & — Oxygen Adsorption
7 *-_,___‘__

sorption of oxygen, as calculated by transition state theory » - |

in the low-coverage regime, with the rate of adsorption, as E 06 1
calculated from collision theory. The activation energy for 2 g5
the dissociative adsorption of;Gat low coverage is calcu- £ g4
lated by using the activation barrier at 0.25 monolayer (in- & 0.3 Ethylene Addition ___

cluded in Table 3) to extrapolate the activation barrier for 02 ===
0.1 monolayer by taking advantage of the product-like na- 911

ture of the transition state for oxygen dissociation. For ex- 0 : ; ! : i : ; i '
ample, the activation barrier calculated at 0.25 monolayeris 220 525 530 335 340 545 550 555 560 565
17.3 kcafmol. According to Li et al. [26], the atomic oxy- Temperature.(K)

gen on Ag is 5 kcglmol per G molecule mo-re.statl)le at Fig. 8. Sensitivity of the reaction to oxygen dissociation and ethylene
0.11 monolayer than at 0.25 monolayer. This implies that addition to an oxygen covered site as a function of temperature. The partial
the activation barrier for oxygen dissociation at 0.11 mono- pressures of oxygen and ethylene are 1 atm each.

layer is ca. 5 kcalmol lower than at 0.25 monolayer. We

obtain a sticking coefficient of 5 x 107°, whichisingood  pjing of the adsorbate state shown in Fig. 7 which, as was
agreemeptwith experimentally measured zero-coverage Va"suggested, might be a precursor for rotation about the C—C
ues ranging from 3 10°° to 3x 1073 [28,29,48-50] for  pond, therefore makings/trans isomerization more facile.
different crystal planes of silver. The temperature used in this study was 530 K, with partial
After the set of Egs. (13)-(17) are solved, itis concluded pressures of oxygen and ethylene of 2 atm each. The sen-
that there are two kinetically'r'elevant steps. Dissociative ad- sitivity analysis is consistent with the conclusion suggested
sorption of oxygen and add'“?” of weakly adsorbed ethyl- 5p0ve, indicating that there are two kinetically relevant steps.
ene to the oxygen-covered sites on the Ag surface appealj s jmportant to note that either of these steps can be rate-
to be kinetically relevant steps in the steady state catalytic determining depending on the chosen conditions; that is, the
process. Estimated values far(reversibility of dissociative  jgentity of the rate-determining step can change for different
adsorption of oxygen) ang (reversibility of the addition of  temperatures and partial pressures. We illustrate the depen-
weakly adsorbed ethylene to an oxygen-coveredsite) are tWogence of sensitivity on temperature in Fig. 8. Sensitivity fac-
to three orders of magnitude smaller than(reversibility — tors for steps 1 and 3 are plotted as a function of temperature
of ethylene adsorption) and, (reversibility of the surface ¢ which steady-state process takes place. The variation of
intermediate reaction to form ethylene oxide). The investi- gensitivities with temperature in Fig. 8 is fairly small, which

gation was done for multiple sets of conditions. The tem- s consistent with the similar activation barriers for these two
perature was varied between 490 and 560 K with the total steps.

pressure between 1 and 5 atm with compositions ranging | order to compare quantitative calculated reaction
from 30 to 70% of oxygen and 70 to 30% of ethylene. 516 10 the rates measured in a steady state catalytic
In order to obtain a quantitative measure of the kinetic nrqcessyy,, information about the number of surface sites
relevance of each step we have also performed a sensitivig required. However, since the measured reaction rate,
ity analysis for each [45]. In this analys!s the forward and \yi| pe equal to the reaction rate computed in our model
backward rates of an elementary stegre increased by 5% mtiplied by a constantt), rm = Cr, we can use the model
while everything else in the system, including the equilib- 4 estimate the apparent activation energies for an Arrhenius
rium constant for each step, is kept constant. The effect of gy ression of the overall rate without knowing the active
this change on the reaction rate is defined by the ratio of the gjte concentration. We calculate the rate from our madel
percentage change of the total rate divided by the percent-ag 5 function of temperature, keeping everything else in the
age by which the particular elementary step was changed,system constant. For a power law rate expression with an

i.e., 5%. This ratio represents the sensitivity of the total arrhenius form of the rate constamt, can be expressed as
rate to a perturbation of the rate of a particular elementary

stepi. A higher sensitivity implies a kinetically “more rel-  r,, = Cr = koveralP (02)" P(CoHa)™;

evant” step. We estimate that the sensitivity of the reaction .

rate with respect to the dissociative adsorption of oxygen is Koverall = A 8xp(—Ea/RT), (15)
0.8, while it is 0.2 with respect to the addition of ethylene to wherery, is a rate measured for the steady state catalytic
oxygen-covered sites. While this suggests thatd@socia- process,r is the rate calculated using our modé, is
tion is rate-determining, it is clear that the surface reaction of the pre-exponential factorE, is the apparent activation
oxygen atoms with ethylene is also kinetically relevant. The energy,P(O2) andP(CyH4) are oxygen and ethylene partial
sensitivities of the rate with respect to ethylene adsorption pressures, and andn are orders of reaction with respect to
and the product desorption steps &8, implying thatthese  reactants, whil& is a proportionality constant that accounts
steps are not kinetically relevant. The existence of equilib- for the lack of knowledge about the number of available
rium for the desorption step implies a possible multiple sam- active sites.
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1-2 7 the performance of a catalyst as measured by the yield of
s y =-15.0x+13.8 ethylene oxide. Any improved catalyst would have to satisfy
these criteria.
04 4 Similarly to the estimation of the apparent activation
barrier, we have also estimated the reaction order with
= | | . respect to ethylene and oxygen. These orders are estimated
£ with respect to the reactant consumption only through the
0.85 0.9 0.95 1 g . . ;
04 - pathway shown in Fig. 6; i.e., possible different parallel
pathways, or pathways that might lead to different products,
038 are disregarded. We estimate an order with respect to
oxygen of 0.71 for partial pressures of oxygen varying
12 ] from 1 to 5 atm with an ethylene partial pressure of

1 atm and a temperature of 560 K. This predicted order
compares reasonably well with the value of 0.78 that
Fig. 9. Plot of natural logarithm of the reaction rate computed using the was measured by Kestenbaum et al. [51] under similar
microkinetic model (seg text), as a function of the inver_se _temperatur(?, experimental conditions in a steady-state catalytic process in
1/RT. The slope of the line represents the observable activation energy in . . . .
kcal/mol if an Arrhenius expression for the rate constant is used in the which unp,ro,mOted Sllve_r catalyst was 'TISEd ina m,lcroreaCtor
kinetic analysis. The partial pressures of oxygen and ethylene are 1 atm S€tUP. A similar calculation of the reaction order with respect
each. to ethylene yielded an order of 0.65. The partial pressure of
oxygen was kept at 1 atm, and the temperature at 560 K.
By taking the natural logarithm of Eq. (15) one obtains  The partial pressure of ethylene was varied between 0.1
and 1 atm. Kestenbaum et al. obtained an order of 0.53
In(r) = —Ea/RT +In(A) + nIn(P(Oz)) for conditions identical to those applied in this microkinetic
+m In(P(C2H4)) —1In(C). (16) study. We compare the prediction of the microkinetic model
to the results of Kestenbaum et al. mostly because the
measurements obtained in their studies were obtained on
unpromoted silver catalyst.

1/RT

Fig. 9 shows a plot of the natural logarithm of the rate of
olefin consumption, as calculated by the kinetic model, as a
function of the inverse temperature,RT. The slope of the . . .
line in Fig. 9 represents the apparent activation energy. We. Since, as noted above, there exists a level of uncertainty

also note that the unknown variables. such as the number” the calculation of activation barriers for dissociative
of available sites and order of the reaction with respect adsorption of oxygen depending on which functional is

to either reactant, are captured in the intercept of the line used, we also implemented the above PrOPosed m|cr_ok|net|c
shown in Fig. 9. We calculate the apparent activation energymOd(.al. FO calculate the app"’?fe”t act|vat|or_1 energies and
to be 15 kcaimol, which is in excellent agreement with sensitivity fac_:tors.as. a function of the activation energy

activation barriers reported in various experimental studies, 07 ©Xygen dissociation. The temperature was 550 K, and

as shown by Table 4. The analysis described above suggestBartial pressures of ethylene and oxygen were set at 1 atm

that in order to design an active ethylene epoxidation catalyst82ch- This analysis is shown in Fig. 10. It can be observed
there has to exist an environment in which the dissociation that the activation barrier for oxygen dissociation plays a

of oxygen is facile, and the atomic oxygen formed on crucial role in determining the res_pective kinetic.relev_an.ce
the surface is electrophilic enough to selectively attack pfthe elementary steps. If the barnerfqr_oxygen dissociation
the ethylene double bond. The interplay between these'S €SS than 13 kcginol, ethylene addition to an oxygen-
requirements, while making sure that selectivity towards

ethylene oxide is kept at a certain level, is what governs
. 0.8+ Oxygen Adsorption
Table 4 £ 0.7
Apparent activation energies for the formation of EO -'é 0.6
Ea Reference 3 0.51
(kcal/mol) 2 0.41
0.3
15 (this work} @ 0.2 55ty aesi 4
22 [11P 0,1 ] Fthylene 1tion
14 (9P 3
17 [60P T 12 13 14 15 16 17 18
12 [51pc - —
Activation Energy for Oxygen Dissociation (kcal/mol)
@ Calculated for the proposed kinetic model.
P Observed in the steady state ethylene epoxida- Fig. 10. Sensitivity factors as a function of the activation energy for oxygen
tion process. dissociation. Energy units are k¢aiol. The partial pressures of oxygen

¢ Unpromoted silver catalyst. and ethylene are 1 atm each; temperature is 560 K.
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covered site is kinetically the most relevant step, while for Fig. 6. First, it is reasonable to assume that the selectivity
activation barriers higher than 17 k¢edol the dissociative  of ethylene epoxidation is governed by the conversion of
adsorption of oxygen becomes the rate-determining step.the structure shown in Fig. 4 into gas ethylene oxide. The
This analysis is also important in view of the fact that the next step is to assume that the identities of the intermediates
barrier for oxygen dissociation depends on oxygen surfaceand transition states involved in the reaction coordinate
coverage; higher coverages are associated with a highemwould not significantly change on other metal surfaces, such
activation barrier as discussed above. This suggests thats Group VIl transition metals. Due to the depletion of
for cases with total pressures above 2 atm in which the the d valence electron band and the higher energyl of
ethylene-to-oxygen ratio is high>(4), i.e., the oxygen electrons for Group VIII transition metals, it is expected that
surface coverage is low, the surface reaction will be rate- the surface intermediates, including the structure in Fig. 4,
determining due to the low activation barrier for oxygen would adsorb more strongly on Group VIII metal surfaces
dissociation. For the cases in which the ethylene-to-oxygenthan on Ag [53]. This would result in a more endothermic
ratio is low (< 1) i.e., higher oxygen surface coverages, the conversion of the surface structure into gas-phase ethylene
dissociative adsorption of oxygen will become kinetically oxide. According to the Brgnsted—Polanyi relation this
more important. Since most of the industrial processes arewould result in a higher activation energy associated with
run (for safety reasons) in an ethylene-rich environment this particular step on Group VIII metal surfaces compared
outside of the flammability region, it is expected that to the activation energy on Ag. This would inevitably lead
in these systems the surface reaction will be kinetically to a possibility of the other, unfavorable, reaction pathways
more relevant, as was suggested by Kung [52]. If the being accessible, therefore leading to lower selectivity to
reaction is run in a reactor that allows high oxygen partial ethylene oxide. This supports the previous suggestions of
pressure and therefore higher oxygen coverage, for exampleMavrikakis et al. [18] in which the unique ability of silver
a microreactor [51], the dissociative adsorption of oxygen to epoxidize ethylene was attributed to uniquely weak
is expected to be the more kinetically important step. The bonding of the surface oxametallacycle intermediate shown
strong influence of the activation barriers on the kinetic in Fig. 4 to silver metal. These conclusions were derived
relevance of elementary steps indicates that in order to obtainfrom calculations in which the stability of the surface
quantitative information about the kinetic behavior of a oxametallacycle was evaluated on different metal clusters.
catalytic system, a high degree of computational accuracy Another possible explanation for the unique ability of sil-
in needed. This requirement stems from the exponential ver to facilitate ethylene epoxidation is that ethylene oxide
dependencies of rate laws on the activation barriers. It is formed from the oxametallacycle structure shown in Fig. 4
also worth noting that the apparent activation energies for rapidly departs from the surface. It is reasonable to expect
the overall reaction did not dramatically change for different that more active metals, such as group VIII metals, would
activation barriers for oxygen dissociation within the limits induce greater readsorption of product ethylene oxide. Ad-
of our investigation. This is in accord with the above- sorbed ethylene oxide is expected to bond more strongly to
presented thesis of two kinetically relevant steps. group VIII metals than to silver, which eventually might lead

It is interesting to discuss the catalytic activity from the to its destruction. This argument is consistent with the ob-
perspective of Sabatier’s principle. Sabatier’s principle states servations made on Pd(110) [54,55]/Mi(111) [56], and
that the maximum rate of a catalytic reaction is found at Pt(111) [57] in which the adsorption of EO resulted in its
an optimum catalyst-adsorbate interaction strength. Weakdestruction and the formation of either CO and hydrogen on
adsorbate—surface interaction leads to adsorption being ratePt(111) and Pd(110) or acetaldehyde ofNg111).
limiting, while strong interaction leads to desorption becom- In discussing ethylene epoxidation, it is important to note
ing the limiting process. At the optimum adsorbate—surface that promoters such as cesium and chlorine play an impor-
interaction, the rates of dissociative adsorption, surface re-tant role in making this catalyst selective and therefore in-
action, and desorption tend to balance. Our analysis offersdustrially viable. Even though promoters play an important
an explanation as to why silver is a good catalyst for ethyl- role in the process it can be said that they are not likely, par-
ene epoxidation. The silver—adsorbate interaction, in partic- ticularly in small concentrations, to strongly influence the
ular the silver—oxygen interaction, is strong enough to facil- geometries of the structures existing along the reaction co-
itate the dissociation of oxygen and weak enough to allow ordinate, i.e., to change the reaction mechanism. The pro-
oxygen—ethylene surface reaction and the facile ring closuremoters are more likely to change the thermodynamic stabil-
of the oxametallacycle surface intermediate, resulting in the ities of the surface intermediates and transition states with
formation of gas-phase ethylene oxide. respect to each other and therefore to influence the activities

Another intriguing issue of interest in any catalytic of catalytic surfaces and the selectivity to specific products.
process is the selectivity of the process to a particular It is speculated that in ethylene epoxidation, the presence of
desirable product. In the case of ethylene epoxidation, silver chlorine produces a net reduction of electron density on ad-
is a unique metal with the ability to selectively facilitate this sorbed oxygen, making it more electrophilic and therefore
process. We provide a possible explanation for this using more efficient in the reaction with weakly adsorbed ethylene
arguments that originate in the reaction coordinate shown in molecules. This argument can be explained from the view-
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