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The outcome of many catalytic processes can be altered
dramatically by an introduction of a small amount of various
promoters that speed up certain reaction steps or various poisons
that can either slow particular reaction steps or neutralize catalyst
sites that lead to undesired produktdor example, alkali metals
are used as promoters in Fe- and Ru-based ammonia syrithesis,
Fischer-Tropsch synthesibethylene epoxidation on Ay and
many other heterogeneous reactibAfn ethylene epoxidation, the
catalyst isa-Al,Oz-supported Ag with Cs and Cl as common
additives>® Various roles have been suggested for both species,
including Cs promotion of the desired epoxidation charinég
poisoning of acid sites on the supp®&l poisoning of sites for
combustiorf, and Cl promotion of favorable states of surface

oxygen!® Even though ethylene epoxidation has been practiced _. )

. . Figure 1. Competing oxametallacycle pathways. The surface oxametalla-
commercially for decades, the molecular level mechanisms of cycie formed by reaction of ethylene and oxygen, reacts via TS1 to form
promotion are not well understood. The difficulty in understanding EO, while it reacts via TS2 to form acetaldehyde, which is further oxidized.
mechanisms of promotion stem from the decisive importance of
complex adsorbateadsorbate interactions, which are not well Ccomplexes may occuf.We did not investigate these complexes,
understood. but rather we have focused on a qualitative understanding of

In this study the mechanism by which Cs impacts the selectivity Promoter action that should not be altered by the stoichiometry of
of ethylene epoxidation on pure silver is examined. Support effects such complexes, since they do not change direction of the
are not considered. The main focus of our investigation is analysis Surface dipole moment.
of promoter-intermediate and promotetransition state interac- The quantity that is central to the discussigh)E,, is the
tions. We show that Cs can enhance selectivity to EO by stabilizing difference in the activation barrier for acetaldehyde vs EO formation
the transition state for formation of EO with respect to the transition Calculated on Cs-promoted Ag(111), less the same difference
state involved in combustion. calculated on unpromoted Ag(111). This quantity is calculated by
Our recent work and contributions of others have suggested thatcomparing the energies of TS1 and TS2 on promoted and
the formation of EO on Ag proceeds through a surface oxametalla- Unpromoted Ag(111). A higher value &AE, implies a higher
cyclelt-13 We have also demonstrated that the chemistry of the Selectivity to EO.
oxametallacycle can explain the selectivity of silver epoxidation
catalysist* Our analysis of the relevant transition states and kinetic AE, = E(TS2)— E(TS1)
isotope effect data shoyved that there exists an important competing AAE, = AE(Cs/Ag(111))— AE,(pureAg(111))
reaction pathway leading to acetaldehyde and thence to complete
combustion. This pathway branches off.from the selective reac'tion Figure 2 showsAAE, calculated for various coverages of Cs
pathway at the oxametallacycle; see Figure 1. Subsequent micro-, 4 the relevant oxametallacycle intermediates or transition states.

kinetic modeling of a complete catalytic cycle has yielded The DFT calculations clearly suggest that Cs should promote

macroscopic parameters, i.e., overall activation barriers and Selec'selectivity to EO. Cs stabilizes TS1, leading to EO, with respect to

tivity and activity dependences on temperature and pressure, thatTSZ, leading to combustion products. It is also observed that the
are consistent with experimental results obtained under Steady'Stat$ositive impact of Cs on the selectivity drops off as the distance

catalytic conditions>1°The proposed molecular level mechanism ponyeen Cs and the organics increases. Cs can affect adsorbate
was further utilized in a first principles catalyst design that produced energies either by interacting with the adsorbates directly through
a qualitative descri_ption of a Cu/Ag alloy that is more selective space or indirectly via the substrafeVe attempt to separate these
than a monometallic Ag catalySt.Subsequent experiments con-  jeractions by decomposing the substrate electronic density of states
firmed these predictions. _ o (DOS) into atomic contributions. Figure 3a suggests that the only
To understand the role of Cs in ethylene epoxidation, we have »g ay0mg that are electronically perturbed by the presence of Cs
performed DFT calculations on model systems where Cs is adsorbed, .o tha ones to which Cs is bonded directly. Ag atoms farther away

on Ag(111) and its impact on the energies of the surface 0xa- 4rq ot impacted at all; the DOS of these atoms overlays the DOS
metallacycle and TS1 (which forms EO) and TS2 (which leads to of unpromoted Ag, Figure 3a. The perturbed Ag atoms, i.e., those

combustion) is examined. We caution that it is possible that, under y, ¢ are directly bonded to Cs, are not expected to participate in
process conditions, formation of cesium oxide or hydroxide .,iavtic reactions. Since Cs is fairly large, its electron density

T Present address: Department of Chemical Engineering, University of Michigan, spreads over thefse S'tefq" and any additional adsorbates would be
Ann Arbor, MI. repelled by Pauli repulsion. We have also calculated (not shown
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Combustion
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Figure 2. Calculated energy differenc®AE, for various coverages of Cs

and various distances between the Cs and a relevant adsorbate. Different

configurations with unit cells are also shown; A and B indicate different
Cs adsorption sites.
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Figure 3. (a) Density of states (DOS) projected on atoms labeled &
shown and compared to DOS projected onto a Ag atom of pure, unpromoted
Ag(111). (b) Calculated energy differend&\E, for Cs-promoted Ag(111)
(empty squares) and\AE, calculated for unpromoted Ag(111) with
artificially induced electric fields (filled circles). Labels reflect the unit cells;
Cs is located in position A (see Figure 2) of each respective unit cell.

here) that adsorbates that share common Ag atoms with Cs are

fields are significant even for adsorption sites that are far away
from the Cs site. The question that we address is whether these
Cs-induced electric fields can be responsible for Cs-induced
selectivity enhancement. We have calculatetE, on unpromoted
Ag(111) but with artificially induced electric fields that are
equivalent to those induced by Cs. The results of these calculations
are shown in Figure 3c. It is observed that the Cs-induced increase
in the selectivity to EO can be almost completely reproduced by
artificially inducing electrostatic fields that are equivalent to the
Cs-induced fields. This leads us to conclude that the Cs-induced
electric field acts to stabilize TS1, leading to EO, as compared to
the TS2. Further analysis has shown that the effect of the Cs-induced
electric field can be understood in terms of simple dipole/dipole
interactions where the field stabilizes TS1, which has a favorable
dipole orientation as compared to TS2.

Cl is also a promoter in this process. If one considers electro-
negativity arguments only, one would expect Cl to have an effect
opposite to that of Cs. However, Cl is much smaller than Cs, and
has been observed to diffuse into Ag at moderate temperatures.
Subsurface Cl (or subsurface oxygen, also claimed to be
importan®) would enhance Cs-created fields and accentuate rather
than diminish the effect of Cs, i.e., we would predict a cooperative
Cl and Cs effect mutually amplifying the electric field.

To conclude, Cs acts via electric field/dipole interactions to
stabilize TS1, which is involved in EO formation, compared to TS2,
which is involved in combustion. We also note that in order to
understand the role of various additives in catalytic processes, it is
important to analyze interactions of these additives not only with
stable intermediates, reactants, and products but also with relevant
transition states
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