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The coinage metals, copper, silver, and gold, have unique characteristics for selective oxidation

catalysis, particularly for partial oxidation of alcohols and olefins. A basic understanding of

surface chemistry at the molecular level can help facilitate the improvement of current catalytic

processes and the designing of new catalytic systems. In this critical review, the current state of

knowledge of these reactions is reviewed. First, both the experimental and theoretical methods

necessary for understanding surface reactivity are discussed with a specific set of examples directly

related to these reactions. Next the state of understanding of the surface chemistry of the

oxidation reactions of alcohols and olefins on these three coinage metals is reviewed and the

reaction pathways are compared. Clear relationships between the low pressure surface science

studies and more practical catalytic conditions are illustrated. Finally, recent theoretical advances

in this area are discussed as well as possible future directions in this field (132 references).

1. Introduction

Metal-catalyzed heterogeneous oxidation has long been of

academic and industrial interest. Partial oxidation of alcohols

and hydrocarbons, in particular, is of immense importance

because it provides large-scale manufacturing of both com-

modity chemicals and valuable precursors for many specialty

processes. For example, transformation of methanol to for-

maldehyde is achieved by silver catalysts; epoxidation of

ethylene with supported silver particles has become a mature

industrial process applied world wide.

As economically significant as heterogeneously catalyzed

partial oxidation is, this process still faces a number of

challenges. A significant problem is improving the selectivity,

for instance against the total combustion to CO2 and H2O. In

the conversion of ethylene to epoxide, for example, the

selectivity, though high, is currently limited to approximately

90%,1 and selectivity increases, even small ones, are of im-

mense value. Another intriguing difficulty is that the rational

design of catalytic systems is the exception rather than the rule;

to date, progress in heterogeneous catalysis mainly relies on

‘‘trial and error’’ studies. Design requires detailed knowledge

of the reaction mechanism and the rate constants for rate-

limiting steps in the catalytic processes and further under-

standing of the reactivity of different catalytic materials.
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Recently, there has been tremendous interest in developing

new reaction processes to realize the goal of ‘‘green chemistry’’

that can maximize product yield, reduce energy consumption,

and minimize pollution. Heterogeneous catalysis has the

potential to play a central role in such processing.

A basic understanding of surface chemistry at the micro-

scopic level includes the identification of reaction intermedi-

ates, the determination of the elementary reaction steps, the

measurement or calculation of rate constants and reaction

energetics for rate-limiting steps, the understanding of surface

–adsorbate bonding, and the identification of catalytically

active sites. With this understanding, there is hope for direct-

ing the reactions through the desirable pathways intelligently,

combining experiment and theory.

With the advent of surface-sensitive analytical techniques

and the development of methods for determining the identity

of rate-limiting active intermediates and the rate constants

governing their reactions, there has been substantial develop-

ment in the molecular-level understanding of the reactions on

well-defined surfaces. They provide unambiguous identifica-

tion of the elementary steps and reaction networks involved in

catalytic reactions. The challenge is to elucidate these reaction

networks and then to apply this knowledge to the more

complex conditions of operation.

2. Methodology

In the past three decades, a parallel development of surface

analytical techniques under ultrahigh vacuum and methods

for studies of kinetics and mechanism has occurred that allows

basic problems of catalytic reactions on surfaces to be

addressed. Catalytic reactions are the result of pathways pro-

vided by the surface that are energetically inaccessible in the gas

phase. Thus, reactions proceed via a sequence of elementary

steps, often in competition, involving specific, metastable inter-

mediates bound to the surface. Often these intermediates can be

isolated and their reactions studied in detail, affording the

necessary information to understand complex catalytic cycles.

In this section, the chemical methods and a few of the most

powerful spectroscopic methods are highlighted, followed by a

brief discussion of relevant theoretical methods.

2.1 Experimental techniques

2.1.1 Temperature programmed reaction spectroscopy

(TPRS). Temperature programmed reaction spectroscopy is

the method used for the elucidation of catalytic cycles on well-

defined surfaces. It affords the identification of reaction pro-

ducts and the rate-limiting reactive intermediates leading to

their formation, and is the primary tool for the determination

of kinetic parameters. In this discussion, we focus on the use of

this technique to identify gas phase products, probe reaction

intermediates, and determine the rate constants of surface

reactions.

Temperature programmed reaction spectroscopy relies on

quantitative mass spectrometry. With this method reactants

are first dosed onto the surface at a temperature low enough to

preclude reaction; the surface is then heated linearly. The

products evolving from the surface are detected mass spectro-

metrically as a function of temperature. Separate reaction

channels, having different activation energies are separated

on the temperature axis with a resolution of approximately

0.1 kcal mol�1. Generally, this resolution is sufficient to clearly

define the reactions involved.

The identification of products proceeds as follows. First, the

entire range of possible mass fragments is scanned with low

resolution. For this purpose a multiplexed quadrupole mass

spectrometer is normally used. Then, having identified the

fragments present, the resolution of the mass spectrometer is

increased and fewer masses are monitored in subsequent

experiments. Often the identity of the reactants suggests the

potential products, assisting in identification. A complete

initial search is necessary.

In order to further identify the products from a temperature

programmed reaction spectrum, their mass spectrometric

fragmentation patterns must be known. This pattern can be

determined by monitoring all the ions formed when desorbing

a multilayer of that species from the surface (having condensed

layers of the desired molecule at the appropriately low tem-

perature) or by scanning the fragment distribution while

leaking the gas into the vacuum system. In some cases,

published tables of fragmentation patterns, such as those from

the NIST database,2 must be judiciously used.

It is most helpful to first identify the parent ion of the

product. For most reactions this is straightforward, though in

many cases the signal intensity may be low. For a single

product isolated by the temperature programmed reaction

spectra, once the parent ion is identified, the fragmentation

pattern observed for this species at this temperature is com-

pared to the pattern expected from potential products of that

total mass, using neat samples of these species for calibration.

This process reveals the identity of the product, and excludes

other species. In addition, the use of reactants substituted with

D, 18O, or 13C helps determine the number of H, O, or C

atoms in the product observed and provides a method for

tracking the reactivity of particular groups within the mole-

cule. Naturally abundant 13C in the species may also be

utilized.

When the product peaks are well separated along the

temperature axis, they can be identified one by one as dis-

cussed above. But when two or more evolve at the same

temperature or overlap in temperature, a more sophisticated

analysis is required. In that case, one must solve a set of linear

equations for each of the masses (more precisely, mass to

charge ratios) observed where the total intensity of each mass

is given by the appropriately weighted sum of the contribution

of each of the species.3,4 This is a straightforward procedure if

all the products and their corresponding cracking patterns are

known. In practice, it is usually possible to identify one of the

products based on one unique mass fragment, subtract the

contribution of each of its cracking fragments from the other

masses observed and proceed to identify all the products. Such

a deconvolution may be greatly assisted by identifying one

species first by means of isotope labeling. On some occasions,

however, one has to solve (usually no more than two) simul-

taneous equations to separate the contributions of two

products at an identical temperature.

A good example of the use of this methodology is the

identification of the gas phase products in the reaction of
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methanol with atomic oxygen on Cu(110).5 In order to assist

product identification, CH3OD and 18O were used. As shown

in Fig. 1, the two forms of methanol can be distinguished by

monitoring m/z 33 for CH3OD and m/z 31 for CH3OH,

respectively, since in the mass spectrometer CH3OD gives rise

to intense signals atm/z 33 (CH3OD), 32 (CH2OD), 29 (CHO),

and 15 (CH3), while for CH3OH m/z 32, 31, 29, and 15 are

expected. H2CO can be readily identified from the m/z 30

signal because neither species of methanol shows a substantial

fragment of m/z 30. H2C
18O, though not produced in this

reaction, can be distinguished from the fragment of

CH3OH(D) by simultaneously monitoring the magnitude of

the m/z 15 fragment. Given the information above, the pro-

ducts in the temperature range of 350–400 K, namely H2CO,

CH3OH, and H2 (m/z 2) can be readily distinguished from

each other. Other products include D2
18O and C16O18O. The

other two isotopes of water, HD18O and H2
18O were excluded

since HD18O was not observed (m/z 21), and no residual

contribution to the m/z 20 signal was obtained after correcting

for the 18OD+ contribution from D2
18O. Distinguishing the

isotopes of carbon dioxide is straightforward, as they do not

give overlapping fragments; they can be identified by m/z 48

for C18O18O, 46 for C16O18O, and 44 for C16O16O.

Isotope labeling is also invaluable for deducing molecular-

level detail related to reaction pathways by analyzing the

isotopic distribution of specific mass fragments. Thus, for

example, one can distinguish the location of oxygen within a

complex molecular product as the result of a catalytic process.

In their studies on the oxidative reaction of furan on Ag(110),

Crew and Madix employed 18O and furan-d4 to identify each

of the partially oxidized species, namely maleic anhydride,

bifuran, and benzene.6 The isotopic labeling experiments

showed that ring-opening of furan must be involved in the

formation of maleic anhydride, and accordingly, a reaction

pathway that proceeds through the 2-butene-1,4-dial surface

intermediate was deduced (Scheme 1).

Rate-limiting steps can be identified by selective isotope

labeling. A corollary of the product identification is the

identification of the intermediate from which it derives. Reac-

tion products that evolve at identically the same temperature

with the same peak shape (normalized to equal height) must

originate from the same reactive intermediate. The reasoning

is basic; to exhibit this coincidence they must originate with

exactly the same kinetics, hence originate in the same rate-

limiting step and have a common precursor. Examples of this

are numerous, and some are discussed in following sections,

but a simple example is the simultaneous formation of for-

maldehyde and hydrogen from C–H bond scission in adsorbed

methoxy, as illustrated in Fig. 1.

The synthesis of intermediates via alternative routes may be

also used to establish their participation in a reaction. The

strategy is to synthesize an intermediate and then compare

their temperature programmed reaction spectra to those ob-

served from different reactants. For example, in the oxidation

of methanol on Cu(110), H2 and CO2 are observed at the

temperature of 470 K.5 The evolution temperature, activation

energy, and pre-exponential factor of CO2 production, and the

ratio of H2 : CO2 are identical to those obtained from the

decomposition of a formate intermediate, HCOO(a), formed

by dissociation of the O–H bond in HCOOH on a clean

Cu(110) surface.7 The ratio of H2/CO2 is measured to be

B0.5, providing strong evidence for the formation of a stable

surface formate species. This intermediate is also observed as a

stable surface species in the oxidation of H2CO on Cu(110).8

Temperature programmed reaction spectroscopy also af-

fords the extraction of the kinetic parameters for the rate-

limiting steps measured. The methods employed for kinetic

analysis borrow from temperature programmed deso-

rption.9,10 It is precisely these steps that are most important

in estimating the rates of complex catalytic reactions in

microkinetic modeling.11–18 The direct measurement of the

reaction rate, the simple experimental setup, and the easy

control of the experimental parameters all contribute to the

usefulness of this technique. For elementary surface reactions,

the kinetic parameters can usually be evaluated employing two

strategies based on the Polanyi–Wigner model (eqn (1)): the

integral approach and the differential approach.19 One of the

integral procedures defined by Redhead utilizes a solution of

eqn (1) for y(T, t) using trial parameters of E and v assuming

both of them are coverage independent.9

�dy/dt = vyn exp (�E/RT) (1)

where, y is the coverage of the reactant, v the frequency factor,
n the reaction order, and E the activation energy.

In another method presented by Chan, Aris, and Weinberg

(CAW), E and v can be directly calculated from a single

experiment.20 In contrast to the integral approach where all

the calculations are based on one temperature programmed

reaction curve, the differential analysis requires a series of

experiments in order to construct an Arrhenius plot from

which E and v can be readily derived for a given y.19 This

can be accomplished by varying either the initial reactant
Scheme 1 The ring opening mechanism in the oxidation of furan to
form maleic acid (schematic).

Fig. 1 Temperature programmed reaction spectroscopy of the oxida-

tion of CH3OD by 18O on a Cu(110) surface.5
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coverage or the heating rate for a constant initial coverage.

Leading edge analysis is another differential tactic that is quite

useful.19 Since the coverage change is very small at the leading

edge of the evolving curve, the assumption that E and v are

coverage-independent holds, thus allowing the direct determi-

nation of the kinetic parameters. By analyzing the desorption

curves with different initial coverages, the coverage depen-

dency of E and v can be obtained. In the final analysis, the rate

parameters must be tested for a range of coverages, so that the

integral methods can only be viewed as a starting point.

As an example, heating rate variation was used to determine

activation energies and pre-exponential factors and to deduce

kinetic isotope effects for the C–H bond scission of methoxy

on Cu(110) (eqn (2)).21

ln(b/T2
p) = �E/RTp + ln(vR/E) (2)

where b is the heating rate (dT/dt), and Tp is the observed peak

temperature.

The Arrhenius plots of ln(b/T2
p) versus 1/Tp (Fig. 2) were

obtained for the production of H2CO from CH3O and D2CO

from D3CO by measuring the peak temperatures as a function

of heating rate from 0.06 to 6 K s�1. The rate constants for

these two isotopes are (0.8 � 0.3) � 1012 exp[(�21.1 � 0.2)

kcal mol�1/RT] s�1 and (0.8 � 0.3) � 1012 exp[(�22.2 � 0.3)

kcal mol�1/RT] s�1, respectively, consistent with the expected

difference in zero point energies and a reactant-like transition

state.

Two spectroscopic methods complement temperature pro-

grammed reaction spectroscopy particularly well for the de-

termination of reaction mechanism; namely, X-ray

photoelectron and vibrational spectroscopies. The useful as-

pects of these analytical tools are described briefly below, and

relevant examples of their use are given in later sections.

2.1.2 X-Ray photoelectron spectroscopy (XPS). Mechanis-

tic analysis by temperature programmed reaction spectroscopy

relies on the evolution of products into the gas phase. Tech-

niques which probe the adsorbed species significantly expand

the scope of our understanding of surface reactions. Coupled

with temperature programmed reaction spectroscopy, they

provide important supplementary information for the identi-

fication of surface intermediates, and (in the case of X-ray

photoelectron spectroscopy) a quantitative measure of their

surface concentrations. Changes in the binding environment of

the atom result in changes in the binding energy of the

electrons, so that, in some cases, the evolution of specific

surface species can be tracked. For example, the O 1s bonding

energy has been widely used to identify oxygen-containing

species such as the alkoxy on Cu(110) and to observe its

progressive oxidation to formate.22 Further, in the oxidation

of methanol on Cu(110), upon the adsorption of methanol

onto the oxygen-covered surface at 140 K, the O 1s peak for

preadsorbed oxygen shifts from 530.0 to 531.7 eV, indicating

the strong hydrogen bonding between methanol and surface

oxygen. When the surface is heated to 270 K to isolate

methoxy (as shown by temperature programmed reaction

data), a binding energy shift to 530.8 eV is clearly observed.

In addition, the ratio of the O 1s peak from the adsorbed

methoxy to that of the preadsorbed oxygen is close to the

expected value 2 : 1.

2.1.3 Vibrational spectroscopy. The use of vibrational

spectroscopies, primarily high-resolution electron energy loss

spectroscopy (HREELS) and infrared reflection absorption

spectroscopy (IRAS), also aids in the identification of reaction

intermediates and allows one to probe their transformation

and symmetry on the surface.

High-resolution electron energy loss spectroscopy has been

extensively used mainly because of its extremely high sensiti-

vity and broad spectral range. Furthermore, it can be used to

circumvent the dipole selection rules that limit the modes

observable with infrared spectroscopy. Even at a resolution

of only around 40–80 cm�1 (as in standard practice) this

method enables the identification of specific vibrational modes

of adsorbed species, allowing reaction sequences on the sur-

face to be followed. One of the earliest applications of electron

energy loss spectroscopy to surface reactions was by Sexton,

who showed that when methanol is condensed on the oxygen

precovered Cu(100) surface, the vibrational spectrum looks

very similar to the infrared spectrum of the gaseous methanol,

and when the surface is warmed up to 370 K, intense vibra-

tional bands of C–C and C–O stretching as well as Cu–O

stretching and C–H bending are observed (Fig. 3).23 This

spectrum is as expected for methoxy, corroborating earlier

temperature programmed reaction studies described above.5

Infrared reflection absorption spectroscopy has superior

resolution, typically 4 cm�1, and hence allows the vibrational

modes to be well resolved. In addition, the dipole selection rule

strictly applies, thus the peak intensities can in principle be

used to determine molecular orientation and symmetry—

important parameters for describing bonding and for compa-

rison to theoretical results. The major disadvantages of this

technique are its lower sensitivity and limited spectral range

Fig. 2 Heating rate variation plots for the decomposition of isotope-

labeled methoxy to formaldehyde. The separation in the lines reflects

different symmetry factors in the methyl group and the change in

activation energy due to the kinetic isotope effect.21
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(B800–4000 cm�1). Camplin and McCash investigated the

geometry of methoxy on a Cu(110) surface using infrared

spectroscopy (Fig. 4).24 The peak at 984 cm�1 is assigned as

vCO, the 2810 cm�1 band as symmetric methyl stretch vCH(s),

2883 cm�1 as a coupled overtone, and the highest frequency

2920 cm�1 as a combination band. The assignment is corro-

borated by the spectra of the deuterium substituted methoxy,

whereas vCO stays relatively the same, vCD(s) shifts to

2054 cm�1. A new feature at 1095 cm�1, assigned as dCD(s)
mode, appears due to the close frequency and thus strong

coupling with the vCO mode. Application of the metal surface

selection rule to both of the spectra indicates that the C–O

bond lies perpendicular to the surface, and the methoxy

species adopts an upright configuration on the surface.

2.1.4 Scanning tunneling microscopy (STM). Scanning tun-

neling microscopy provides atomic information recorded

locally on surfaces, in contrast to the statistical behavior over

many molecules or atoms obtained from other methods.

Owing to its ability to bring the atomic picture to life in

surface science studies, STM affords the understanding of

local chemical environments during the adsorption and reac-

tion processes that may escape detection by other surface

analytical techniques.

As silver, copper and gold surfaces have been shown to

reconstruct upon adsorption of atomic oxygen, and since these

surfaces are the initial conditions for studies of reactions of

alcohol oxidation on the coinage metals, a brief discussion of

these structures is warranted.

Adsorbed oxygen on Ag(110) and Cu(110) incorporates

metal atoms into its structure, forming rows of –O–Ag–O–

or –O–Cu–O– chains running along the [001] direction.25,26 At

saturation coverage they form (2�1) structures (Fig. 5).27

Fig. 4 Infrared spectra of the methoxy species (a) CH3O and (b)

CD3O on Cu(100) at a surface temperature of approximately 210 K.24

Fig. 5 Scanning tunneling microscopic image (top) of the p(2�1)-O
structure on the Cu(110) surface and a ball model (below) showing the

added –O–Cu–O– rows.27

Fig. 3 High-resolution electron energy loss spectroscopy for the

reaction of methanol with the oxygen-covered Cu(100) surface. (a)

Oxygen-covered Cu(100); (b) multilayer of methanol condensed on the

surface (a) at 100 K; (c) warmed up to 370 K; and (d) warmed up to

420 K. All spectra were recorded at 100 K with the beam energy of

5 eV.23
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Oxygen adsorption on Au(111) causes precipitation of the

excess gold at the elbows in the herringbone structure into

small clusters, believed to contain adsorbed oxygen, leading to

erasure of the herringbone and formation of quasi-ordered

2-D gold oxide phases (Fig. 6).28 On both silver and gold,

heating causes recombinative desorption of dioxygen near

600 K.29

STM has been used in studying the structures of more

complex systems. For instance, with the composition and

structure of the intermediate species identified with other

methods such as TPRS, XPS, and HREELS, as discussed

above in detail, STM images have been used to investigate the

details of chemical reactions on surfaces, such as site specificity

and reaction kinetics. It has revealed complex interactions

between reactants/reaction intermediates and surface atoms

and has shown how surfaces participate in reactions. These

applications of STM will continue to grow in importance in

the future.

2.2 Theoretical studies

Advances in the theoretical treatment of surface phenomena

may allow a more complete and detailed understanding of

reactions by providing an independent assessment of the

identity of intermediates and transition states for their reac-

tions. With such understanding, microkinetic analysis can

predict rates, activation energies, pressure and temperature

dependencies, and reaction orders.11–18 At least at this time,

these methods must be considered as complementary to

experiments. In the longer term, they may help realize the

rational design of heterogeneous catalysts. Advances have

been made using density functional theory (DFT) in combina-

tion with low pressure mechanistic studies, and specific exam-

ples are discussed below which pertain to the understanding of

either the kinetics or mechanism of the oxidation reactions on

the coinage metals. Most recently, kinetic Monte Carlo (kMC)

methods have been developed to model reactive processes on

surfaces. These theoretical methods are valuable for under-

standing bonding and bond activation that are important in

catalytic processes and have predictive value when placed in a

broad context.

3. Review and comparison of the three metals for

oxidation reactions

3.1 Oxidative dehydrogenation of alcohols

The hydroxyl group, OH, is the primary functionality of

aliphatic alcohols and shows greater gas phase Brønsted

acidity than water. As a result, the reactions of alcohols on

oxygen-covered surfaces are initiated by the activation of O–H

bonds by adsorbed atomic oxygen to form adsorbed alkoxy

and water. Subsequent reaction steps involve C–H bond

scission; the differences in the product distributions of differ-

ent alcohols depend on the structure of the alkyl groups as well

as the oxygen coverage.

3.1.1 Oxidation of alcohols on silver. The reactions be-

tween alcohols and surface oxygen atoms have been exten-

sively examined on silver single-crystal surfaces. In the

oxidation of methanol on Ag(110) studied by Wachs and

Madix using temperature programmed reaction spectroscopy,

methoxy is readily formed (eqn (3)) upon its adsorption at

180 K as a result of the acid–base reaction between the O–H

bond and the surface oxygen atom.30 It further reacts via three

pathways: C–H bond scission to form formaldehyde and

hydrogen (eqn (5)), recombination with a surface hydrogen

atom to form methanol (eqn (6)), and reaction with adsorbed

formaldehyde to yield methyl formate and hydrogen via the

adsorbed H2COOCH3 intermediate (eqn (7) and (8)). At low

coverages of methoxy, formaldehyde is liberated at 300 K, but

due to lateral interactions among adsorbates, at higher cov-

erages formaldehyde is also formed between 200 and 250 K

(Fig. 7). The activation energies for the rate-limiting steps can

be found in Table 1. Furthermore, the ratio of oxygen atoms

to surface methoxy is found to strongly affect the final product

Fig. 7 Temperature programmed reaction spectra for formaldehyde

formation obtained following increasing exposure of a Ag(110) surface

precovered with 18O to CH3OD at 180 K to form increasing coverage

of adsorbed CH3O. The CH3OD exposures were (a) 5 s, (b) 13 s,

(c) 25 s, and (d) 75 s. Isotope-labeled oxygen and methanol were used

in order to distinguish the origin of oxygen and hydrogen atoms in

various products.30

Fig. 6 Scanning tunneling microscopic image of the oxygen-covered

Au(111) surface obtained after exposure to ozone at a surface tem-

perature of 200 K, showing the formation of small islands. The oxygen

coverage is B0.2 ML.28
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distribution. In the presence of excess oxygen, as shown in

Fig. 8, formaldehyde is further oxidized to formate, HCOO,

which subsequently yields CO2 and H2O with the assistance of

surface oxygen (eqn (10), (11), and (12)).

2CH3OH(g) + O(a) - 2CH3O(a) + H2O(a) (3)

H2O(a) - H2O(g) (4)

CH3O(a) - CH2O(a) + H(a) (5)

CH3O(a) + H(a) - CH3OH(g) (6)

CH2O(a) + CH3O(a) - HCOOCH3(a) + H(a) (7)

HCOOCH3(a) - HCOOCH3(g) (8)

2H(a) - H2(g) (9)

CH2O(a) + O(a) - HCOO(a) + H(a) (10)

HCOO(a) - CO2(g) + H(a) (11)

2H(a) + O(a) - H2O(g) (12)

Studies of the oxidation of methanol on Ag(111) exhibit many

similarities with that on Ag(110) with the exception of the

absence of the HCOOCH3 product on Ag(111), as reported by

King et al.31 In these experiments, no methyl formate was

observed, possibly due to lower surface coverages of methoxy.

Two stable reaction intermediates, namely methoxy and for-

mate, were identified using infrared reflection absorption

spectroscopy. The reaction of methoxy to formaldehyde also

takes place, which desorbs simultaneously with methanol and

H2 at 290 K in a single reaction-limiting step characterized by

a first-order activation energy of B18 kcal mol�1 (Table 1).30

Further oxidation of formaldehyde to formate, which decom-

poses at 350 K to yield CO2 and H2, occurs in the presence of

excess surface oxygen. The differences in detail of these two

studies may be due to different relative coverages of methanol

and oxygen. The multiple peaks for formaldehyde formation

on Ag(110) are strongly suggestive of lateral repulsive inter-

actions due to high coverage of the methoxy. Further, since

the formation of methyl formate results from reaction of

formaldehyde with ‘‘excess’’ alkoxy, it would be favored under

high initial coverage of the alkoxy. However, multiple peaks

are not observed on Ag(111).31 The sequential nature of this

reaction is illustrated in Fig. 8, which shows that the formation

of formaldehyde precedes that of methyl formate. These

differences have not been examined further.

Ethanol reacts with adsorbed atomic oxygen in a fashion

similar to that of methanol. At low initial oxygen coverages,

the adsorbed ethoxy reacts by b-C–H scission in a single rate-

limiting step near 275 K (25 K lower than the corresponding

reaction of methoxy) to yield acetaldehyde.32 Some of the

hydrogen atoms released recombine to form gaseous H2, and

the rest of them combine with ethoxy to form ethanol. The

Table 1 Activation energies of the evolution of different products in the oxidation of alcohols on silver, copper, and gold surfaces. Their
corresponding peak temperatures are given in the parentheses. The peak temperatures and activation energies listed are for the dominant reaction
channel for each product at the low coverage of the rate-limiting reactive intermediate. For comparison, the activation energies are calculated from
the peak temperature assuming the rate-limiting step is first-order with the pre-exponential factor v 1013 s�1, correcting for differences in the
heating rate in different experiments. More precise values of the pre-exponential factors are given in the references

Products on Ag E/kcal mol�1 Products on Cu E/kcal mol�1 Products on Au E/kcal mol�1

Methanol/Ag(110)
30

Methanol/Cu(110)
5

Methanol/Au(110)
60

HCOOCH3 16.3 (280) HCOOCH3 14.7 (250)
H2CO 17.6 (300) H2CO 22.4 (365)
CO2 23.8 (402) CO2 29.0 (470) CO2 20.8 (350)
Methanol/Ag(111)31 Methanol/Cu(111)41

H2CO 18.1 (290) H2CO 24.1 (382)
CO2 22.0 (350) CO2 30.1 (474)
Ethanol/Ag(110)

32
Ethanol/Cu(110)

32
Ethanol/Au(111)

63

CH3CHO 16.0 (273) CH3CHO 18.7 (316)
CH3COOCH2CH3 13.5 (230)

Allyl alcohol/Ag(110)33 Allyl alcohol/Cu(110)4 Allyl alcohol/Au(111)65

Acrolein 18.5 (310) Propanal, acrolein 26.9 (435) Acrolein 15.1 (255)
tert-Butyl alcohol/Ag(110)3 tert-Butyl alcohol/Cu(110)39

Isobutylene oxide, isobutylene 30.8 (510) Isobutylene 36.7 (600)
Cyclohexanol/Ag(110)

34

Cyclohexanone 18.4 (300)
Ethylene glycol/Ag(110)35,36

CH2O 17.9 (300)
OCHCHO 22.8 (380)
CO2 25.0 (415)

Fig. 8 The evolution of products following saturation doses of

CH3OD onto Ag(110) predosed with varying amounts of 18O2. Note

that the formation of formaldehyde proceeds the formation of both

CO2 and methyl formate.30
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same reaction pattern also applies to the reaction of other

more complicated aliphatic alcohols that possess b-C–H
bonds, including primary alcohols such as allyl alcohol,33

secondary alcohols such as cyclohexanol,34 and even diols

such as ethylene glycol.35 Aldehyde or ketone is formed as

the main partial oxidation product (Table 1) following the

activation of the O–H bond. In the case of diols, excess oxygen

can react with one of the oxygen-bound carbons, leading to

C–C bond activation and the formation of aldehyde and

adsorbed carboxylate (Scheme 2).36,37 Both of these species

ultimately lead to CO2 and H2O in excess oxygen.

In the case of tertiary alcohols there is no b-H; therefore the

alcohols exhibit quite different surface chemistry subsequent

to the formation of the alkoxy species due to the initial O–H

bond scission by adsorbed oxygen. As shown by Brainard and

Madix in the oxidation of tert-butyl alcohol on Ag(110),

tert-butoxy reacts at significantly higher temperatures

(510 K) in the absence of coadsorbed oxygen due to the

greater difficulty of activation of the methyl C–H bonds

(g-C–H bonds) to yield isobutylene oxide and isobutylene as

the major products together with tert-butyl alcohol, water,

and CO2.
3,38 The reactions of (CH3)3COH, (CH3)3COD, and

(CD3)3COH show that the production of isobutylene oxide

and isobutylene involves the rate-limiting breaking of the

C–H/D bond. This observation is a clear indication of the

formation of an oxametallacycle intermediate from tert-

butoxy (Scheme 3) that is also involved in the oxidation of

tert-butyl alcohol on Cu(110).39 The higher reaction tempera-

tures are in good accord with the higher bond strength of the

g-C–H bonds as compared to b-C–H bonds. In general,

b-C–H bonds are weaker by 4–7 kcal mol�1 due to their

proximity to oxygen.3 In the presence of coadsorbed oxygen,

the g-C–H bonds are much less stable, undergoing scission,

presumably assisted by oxygen, at 440 K.

3.1.2 Oxidation of alcohols on copper. Oxidation reac-

tions of alcohols have also been well documented on copper

surfaces. Alkoxy species are identified as the most abundant

surface intermediate, showing a parallel initial activation step

to that on silver. In no case does preadsorbed oxygen appear

necessary to activate the O–H bond, but in the case of

methanol it appears necessary to prevent recombination of

the methoxy and adsorbed hydrogen, thereby allowing the

formation of formaldehyde from C–H bond scission. Pread-

sorbed oxygen does appear to increase the amount of ad-

sorbed alkoxy formed, however.22 The surface chemistry of

alkoxy exhibits many similar characteristics with that on Ag

surfaces; however, slight differences are observed in their

relative reaction kinetics, as will be discussed below.

The oxidation of methanol displays a very similar reaction

mechanism on Cu(110)5 as on Ag(110),30 with essentially the

same reaction sequence; however methyl formate is not ob-

served (see section 3.1.1). It is believed that the formation of

methyl formate is related to the residence time of formalde-

hyde on the surfaces.30 Since the Ag(110) surface is more

active for the decomposition of the methoxy species, with the

activation barrier B5 kcal mol�1 lower than that on

Cu(110)30,5 (Table 1), formaldehyde forms on Ag(110) during

temperature programmed reaction at a lower temperature and

thereby has a longer surface residence time with which to react

with adsorbed methoxy than on Cu(110), resulting in the

production of methyl formate. The energetics of the evolution

of CO2 from C–H bond scission in formate also differ: on

Cu(110) it forms at 470 K, while on Ag(110) it forms at 402 K,

giving a difference ofB5 kcal mol�1 in the activation energies,

assuming the reaction is first order with a pre-exponential

factor of 1013 s�1 (Table 1).

It is important to note that the reaction scheme is the same

on the other two most stable copper facets, Cu(100)40 and

Cu(111),41 despite their differences in structure. As shown in

Table 1, the activation barriers for the evolution of formalde-

hyde and CO2 are essentially the same on whichever surface

they were measured. This strongly indicates that the oxidation

reactivity of alcohols has little dependence upon the surface

structure. The same conclusion has also been reached in the

oxidation of formic acid via formate on copper surfaces.42,43

On Cu(110), the reaction of methanol or formic acid to form

methoxy or formate, respectively, causes reconstruction of the

(2�1)-O structure into a more complex surface reconstruction

which may contain added copper atoms interacting with the

methoxy or formate intermediate.44–49 Fig. 9 shows the struc-

ture of an oxygen-covered Cu(110) surface after exposure to

Scheme 2 Reaction scheme for the oxidation of ethylene glycol on Ag(110) (A) under oxygen lean conditions and (B) with excess surface
oxygen.35,36 The curved arrow indicates the surface-mediated transfer of H from one dioxy to another.

Scheme 3 Reaction of tert-butoxy through the oxametallacycle inter-
mediate to form isobutylene oxide, isobutylene, tert-butyl alcohol,
H2O, and CO2 at 510 K.3
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methanol to form methoxy.49 It is important to realize that

these added metal atoms may stabilize these species, influen-

cing the rates of C–H bond scission.

Ethanol oxidation serves as another illustration of the

similarities in reaction mechanism and differences in reaction

kinetics between Cu(110) and Ag(110).32 On both surfaces,

ethanol is oxidized to surface ethoxy and water upon adsorp-

tion at 180 K, and it subsequently decomposes into acetalde-

hyde and hydrogen. The recombination of surface hydrogen

with ethoxy to form ethanol is also observed. Similar to the

results in the methanol oxidation, copper is less active than

silver for the dehydrogenation of ethoxy to acetaldehyde and

hydrogen.32 For instance, the major acetaldehyde peak occurs

at 316 K on copper and 273 K on silver, respectively,

corresponding to B3 kcal mol�1 difference in the activation

energy for b-C–H bond scission (Table 1).

It is important to point out that due to the strong adsorba-

te–copper interaction, oxygen-free Cu(110) can activate etha-

nol, giving rise to the same intermediate species and products

as observed on oxygen precovered surface.32,50 The same

pattern of reactivity has been observed for other higher

alcohols on clean Cu(110) surfaces, including n-propanol,

isopropanol, and ethylene glycol.50 The activation of O–H

bonds by adsorbed atomic oxygen leads to the formation of

Fig. 10 Temperature programmed reaction spectra for allyl alcohol

on a clean Cu(110) surface.4

Fig. 9 Scanning tunneling microscopic image (200 Å � 200 Å) of a

Cu(110) surface exposed to 1.5 L oxygen followed by a 20 L methanol

exposure. This image shows the coexisting methoxy and oxygen

structures. Methoxy forms zig-zag chain structures and regions of

c(2�2) periodicities; these two structures can combine to form a (5�2)
periodicity.49

Scheme 4 Reaction pathways of allyl alcohol on the clean Cu(110) surface. The formation of two oxametallacycle intermediates (C and D) is a
result of hydrogenation of the double bond by the hydrogen released from initial O–H bond scission. Note that both reaction pathways at 320 and
435 K can yield propanal.4
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surface alkoxy species that react further with the surface and

dehydrogenate to yield the corresponding aldehyde or ketone

in the gas phase. On the other hand, adsorbed oxygen

increases the yield of aldehyde.

Allyl alcohol, on the other hand, which represents a family

of bifunctional alcohols, having both a CQC double bond and

the acidic O–H group, reacts quite differently on copper than

on silver. On clean Cu(110) surfaces, as noted above, the O–H

bond is activated to form adsorbed allyloxy and adsorbed

hydrogen atoms. Additionally, the p-bond in the adsorbed

allyloxy forms a weak donor bond with the surface, and it is

readily hydrogenated by the adsorbed hydrogen released in the

activation of the O–H bond. Thus, the allyl alcohol reacts on

copper through a variety of pathways that involve the activa-

tion of both of its two functionalities, hydroxyl and olefin.4 As

shown in Fig. 10, the allyloxy (A and B in Scheme 4) under-

goes b-H elimination to liberate acrolein at 370 K, as with

silver. In addition, propanal and propanol are formed from

oxametallacycle intermediates (C and D in Scheme 4) resulting

from hydrogenation of the double bond near room temperature

by the hydrogen released from initial O–H bond scission. As

can be seen from Scheme 4, both acyclic (low temperature

route, 320 K) and cyclic (high temperature route, 435 K)

intermediates appear to be involved in propanal formation.

This reactivity of copper thus contrasts sharply to the selective

oxidation of allyl alcohol to acrolein on oxygen-predosed

Ag(110).33 However, as expected, preadsorbed atomic oxygen

on Cu(110) facilitates direct transfer of the hydroxyl hydrogen

in the alcohol to the adsorbed oxygen, thereby eliminating

O–H bond scission as a source of adsorbed hydrogen and

suppressing the low temperature hydrogenation to propanal

and propanol. In this case propanal is formed via hydrogen

released to the surface upon acrolein formation from allyloxy

at a higher temperature. The activation energy for b-H
elimination from the allyloxy is also substantially higher on

Cu(110) (435 K) than Ag(110) (310 K), partly due to the

stronger stabilizing interaction of the p-bond in the allyloxy

intermediate with the copper surface, though in both cases

such bonding is observed.29,33,51

3.1.3 Oxidation of alcohols on gold. Alcohol oxidation on

gold has not been studied as extensively as for silver and

copper, since it was widely accepted that gold would have low

reactivity. In the recent years, however, the unique reactivity

and selectivity of gold catalysts have attracted the attention of

many researchers.52–54 There has been tremendous interest in

the selective oxidation of alcohols—both in the gas and

solution phase—due to the wide applications of their deriva-

tive carbonyl compounds in chemical industry.55–59 The oxi-

dation of alcohols on gold surfaces shares some common

features with that on silver and copper, but significant differ-

ences are observed. The similarity lies in that their surface

chemistry also appears to follow a two step process involving

the initial low-temperature activation of the acidic O–H bonds

followed by the cleavage of the C–H bonds. However, the

adsorbed alkoxy species exhibits quite different reactivity.

The oxidation of methanol on Au(110) proceeds via the

activation of the O–H bond by adsorbed oxygen to form

methoxy at 200 K, but only methanol, methyl formate, and

water are produced at 250 K, and CO2 desorbs at 350 K.60 It is

very unusual that gaseous formaldehyde is not observed, in

sharp contrast with its dominance on Ag(110)30 and

Cu(110)5,61 surfaces. Rather, the preferred pathway is to the

ester, methyl formate (Table 1). This difference may originate

from a fundamental difference in the bonding of methoxy to

the gold surfaces, rendering it more susceptible to attack by

the aldehyde.60 On gold, methoxy apparently decomposes to

adsorbed formaldehyde at 250 K, a temperature lower than

that on silver, so that its reaction with adsorbed methoxy to

form methyl formate is even more probable due to its longer

surface lifetime during heating. On silver or copper, formal-

dehyde desorbs much faster at the relatively higher decom-

position temperatures of methoxy (Table 1), although some

methyl formate is observed on Ag(110) at sufficiently high

coverages of methoxy.30 In addition, analogous to the beha-

vior of silver and copper surfaces,5,30 formate also exists as a

stable intermediate on gold through secondary oxidation of

formaldehyde. The decomposition temperature of the formate

on Au(110) is 350 K, the temperature being lower than that

observed on Ag(110) (400 K) and Cu(110) (475 K).62 The

higher decomposition temperatures may be, to some extent,

attributed to the surface reconstruction.45,46,48

One can see from the proposed mechanism that the decom-

position temperature of alkoxy via b-H elimination should be

lower than the desorption temperature of the aldehyde formed

in order for esterification to occur. Indeed, the generality of

this mechanism (reaction (13)) has been confirmed by Liu and

Friend in their recent investigations on the oxidation of

ethanol on the Au(111) surface.63 When the Au(111) surface

is precovered with 0.4 ML atomic oxygen the reaction of

ethanol yields ethyl acetate at 230 K and acetic acid at 450 and

545 K (Fig. 11). Molecular acetaldehyde desorbs from the

clean gold surface at a slightly higher temperature. In addition,

ketene and CO2 are formed from adsorbed acetate. At oxygen

coverages below 0.1 ML, ethyl acetate is the sole product. In

Fig. 11 Temperature programmed reaction spectra for the oxidation

of ethanol on Au(111). The surface is precovered with atomic oxygen

with the coverage 0.4 ML.63
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no case is gaseous acetaldehyde formed from these reactions.

Moreover, it is found that the yield of ethyl acetate greatly

increases when acetaldehyde is co-dosed with ethanol onto the

oxygen-covered gold surface, providing direct evidence that its

formation is accounted for by reaction (13).

RCHO(a) + RO(a) - RCOOR + H(a) (13)

It is noteworthy that the above results from ultrahigh vacuum

studies on single-crystal gold surfaces are in good agreement

with those of ethanol oxidation in aqueous solution at

3.5 MPa pressure over supported gold catalysts.64 The me-

chanistic origin of the formation of ethyl acetate and acetic

acid under these high pressure, industrial conditions can be

well explained by the reaction pathways obtained on single-

crystal surfaces, providing an illustration of the link between

ultrahigh vacuum studies and heterogeneous catalysis.

Reactions of other alcohols that have been investigated on

preoxygenated gold surfaces include allyl alcohol,65 cyclo-

hexanol,66 and 2-cyclohexen-1-ol.67 In these cases only alde-

hyde or ketone is produced; no ester is formed. Acrolein is

formed at 255 K, cyclohexanone at 265 K, and 2-cyclohexen-

1-one at 270 K. The two allylic alcohols exhibit more compli-

cated reaction patterns. As exemplified by allyl alcohol, in

addition to acrolein, at least two other partial oxidation

products are observed, acrylic acid and carbon suboxide. Both

of them are considered to be the result of secondary oxidation

of the intermediate species acrolein. Dehydrogenation to form

carbon suboxide could be facilitated by the planar p system in

acrolein that brings all the hydrogen atoms close to the surface

and makes them subject to attack by excess surface oxygen.

It is important to add that CO2 can also react with adsorbed

oxygen on silver to form adsorbed carbonate, which is stable

to nearly 500 K, at which temperature it decomposes to

adsorbed oxygen and gaseous CO2. Carbonate has not been

observed to form on the clean surfaces of either copper or

gold.68 Thus, in any steady state application of silver for

selective partial oxidation, temperatures must be sufficiently

high to prevent accumulation of carbonate.

In summary, on all of the three group IB coinage metals,

adsorbed atomic oxygen reacts with alcohols as a strong

Brønsted base; it reacts with the acidic O–H bonds below

200 K leading to the formation of stable adsorbed alkoxy. The

subsequent decomposition of the primary and secondary

alkoxy usually occurs via b-H elimination in the temperature

range of 220–400 K to form acetaldehyde or ketone and

hydrogen simultaneously. Whether the aldehyde evolves into

the gas phase depends on (1) the decomposition temperature

of alkoxy, (2) its stability on the metal surfaces, (3) its

reactivity with other surface species such as alkoxy or oxygen,

and (4) the presence of other functionalities such as the CQC

double bond in the alkyl group. As a result of these factors,

esters, olefins, and other products can also be formed depend-

ing on the specific alcohol. In the oxidation of tertiary

alcohols, g-H activation is enabled, which occurs above

400 K. Furthermore, the product distribution and the reaction

selectivity can be controlled, to a certain extent, by varying the

initial alcohol : oxygen ratio. In oxygen-lean environments,

partial oxidation to the aldehyde or ketone is favored.

Scheme 5 summarizes all the pathways that occur in the

oxidation of alcohols on silver, copper, and gold surfaces

regardless of the crystallographic facets on which the reaction

takes place. The rich chemistry underlying the alcohol oxida-

tion processes allows for the rational synthesis of a large

number of derivative compounds. The wealth of mechanistic

information that is established can serve as a valuable guide in

the design of heterogeneously catalyzed processes.

3.2 Oxidation of olefins

Single-crystal studies of the oxidation reactions of olefins have

been greatly motivated by the importance of metal-catalyzed

heterogeneous epoxidation processes in the chemical industry.

The reactivity of non-allylic olefins vs. allylic olefins, especially

ethylene vs. propene, is a topic of great interest for both

fundamental research and applied technologies. Due to the

fact that the activation energy for ethylene desorption is lower

than that for epoxidation,69 ethylene epoxide is not formed on

coinage metals under ultrahigh vacuum conditions using

standard temperature programmed reaction methods follow-

ing the coadsorption of ethylene with preadsorbed atomic

oxygen. However, higher molecular-weight olefins that bind

sufficiently strongly with the surface have been studied as

model non-allylic olefins; these include norbornene,69 styr-

ene,70–75 3,3-dimethyl-1-butene,76 and 1,3-butadiene.77,78 In

the same way, allylic olefins including cyclohexene67,79,80 and

phenyl-substituted propene isomers81–83 have been used to

examine the effect of the allylic hydrogens on the selectivity

toward epoxidation.

3.2.1 Oxidation of non-allylic olefins. The epoxidation of

norbornene was successfully demonstrated under ultrahigh

vacuum conditions on the Ag(110) surface by Roberts and

Madix in 1988, providing the first direct evidence that atomic

oxygen is responsible for the epoxidation reaction of olefins.69

In the temperature programmed reaction spectra, norbornene

oxide is the only partial oxidation product observed together

with the formation of H2O and CO2. It evolves at a higher

temperature (310 K) than its characteristic desorption tem-

perature from either clean or oxygen-covered Ag(110) sur-

faces, clearly indicating that the rate-limiting step involves a

Scheme 5 Catalytic cycle depicting the oxidation of alcohols on
copper, silver, and gold surfaces (represented by M). x represents
the portion of aldehyde that participates in the subsequent esterifica-
tion reaction. y represents the portion of aldehyde that makes the acid.
On copper, esterification is not observed, therefore x=0. Combustion
cycles are not shown (see text).
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rearrangement of an intermediate in which norbornene and

oxygen are combined. Similar results with styrene73 and 3,

3-dimethyl-1-butene76 soon followed. Subsequent studies in

1990 using a silver powder catalyst and a temporal analysis of

products (TAP) reactor confirmed that adsorbed atomic oxy-

gen readily epoxidizes ethylene as well.84 The generality of this

reaction was thus firmly established long ago.

The reaction of norbornene with atomic oxygen on Au(111)

surface shows the same reaction products, norbornene oxide,

H2O, and CO2.
85 The evolution of the epoxide shows a similar

activation barrier as that on Ag(110), as shown in Table 2.

These results demonstrate that oxygen adatoms show the

property of cycloaddition to CQC double bonds on gold, as

well as on silver surfaces.

Experimental studies continue to contribute support for the

formation of the surface oxametallacycle and its subsequent

competing reactions in determining the reaction selectivity of

olefins on coinage metal surfaces, as originally proposed by

Brainard and Madix.38,70,71,75,86–88 Linic and Barteau have

demonstrated that exposure of the Ag(111) crystal to ethylene

oxide at carefully chosen surface temperatures produces a

stable surface intermediate via ring opening that ring closes

at 300 K to reform ethylene oxide and a few other minor

products, including ethylene, water, and ethanol.89 The high-

resolution electron energy loss spectra are in good agreement

with theoretical calculations based on a surface oxametalla-

cycle. Moreover, the similarity in the activation energies

required to form ethylene oxide from this oxametallacycle

and in the catalytic epoxidation of ethylene further suggests

that the oxametallacycle is actively involved in ethylene

epoxidation.

Currently the oxametallacycle intermediate has been widely

adopted by researchers to successfully explain the product

distribution in the oxidation of olefins. In the partial oxidation

of styrene, for example, it has been found that its reactions

exhibit strong structure sensitivity on silver single-crystals.70

On Ag(111)71,72 and Ag(100)90 styrene oxide is the partial

oxidation product, whereas on Ag(110) phenylacetaldehyde

and phenylketene dominate.70 Furthermore, branching

reactions of the oxametallacycle determine the selectivity of

epoxidation on both Ag(110) and Ag(111). Using X-ray

photoelectron spectroscopy, Zhou and Madix have identified

the oxametallacycle, a combustion intermediate, and benzoate

as intermediates in the oxidation of styrene on both Ag(110)

and Ag(111).91 As shown in Scheme 6, while the oxametalla-

cycle leads to the formation of epoxide, reactions of the

combustion intermediate, derived from the oxametallacycle

via b-H elimination, lead to phenylacetaldehyde, phenyl-

ketene, and phenylacetic acid as well as adsorbed benzoate

and products derived therefrom. Quantitative analysis of the C

1s and O 1s photoelectron spectra for the reaction on Ag(111)

(Fig. 12) and Ag(110) (not shown) clearly shows that the

conversion of oxametallacycle to the combustion intermediate

is easier on Ag(110) than on Ag(111), leading to the pro-

nounced structure sensitivity for styrene oxide production,

which is favored on Ag(111) and short-circuited on Ag(110).

Table 2 Activation energies for the formation of dominant partial oxidation products in the oxidation of olefins on silver, copper, and gold
surfaces. See the caption of Table 1 for details

Products on Ag E/kcal mol�1 Products on Cu E/kcal mol�1 Products on Au E/kcal mol�1

Norbornene/Ag(110)69 Norbornene/Au(111)85

Norbornene oxide 18.3 (310) Norbornene oxide 17.5 (295)
Styrene/Ag(100)90

Styrene oxide 27.7 (450)
Styrene/Ag(110) Styrene/Cu(110)

73

Styrene oxide91 16.8 (275) Styrene oxide 23.6 (385)
Phenylacetaldehyde70 34.3 (545)
Phenylketene70 34.6 (550)
Styrene/Ag(111)72 Styrene/Cu(111)74 Styrene/Au(111)75

Styrene oxide 19.9 (330) Styrene oxidea 17.0 (280) Styrene oxide 20.9 (350)
24.5 (400)

Butadiene/Ag(110)
77

Butadiene/Cu(111)
78

Epoxybutene 15.1 (250)
2,5-Dihydrofuran, furan 26.3 (465)

a Two desorption states with comparable intensity are observed.

Scheme 6 Reaction scheme of styrene oxidation on silver single
crystals.
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The oxidation of styrene has also been studied on copper

and gold. On both Cu(110)73 and Cu(111),74 it has been

reported that epoxide is observed as the only product, showing

no structural sensitivity. It is not evident from these papers if

they searched for higher molecular-weight products. On

Au(111)75 the reactivity pattern is similar to that on

Ag(111).71,72 The activation energies for epoxidation on these

surfaces are compared in Table 2. Since no investigation has

been conducted on other gold surfaces, no conclusions regard-

ing the structure sensitivity can be made.

The selective epoxidation of butadiene is also of consider-

able importance. 1,3-Butadiene reacts on Cu(111) to form

exclusively 3,4-epoxybut-1-ene, its yield being highest at an

oxygen coverage of 0.04 ML.78 The reactivity decreases above

this coverage, and is eventually quenched at 0.5 ML where a

disordered Cu2O-like phase is formed on the surface.92 The

inhibition is ascribed to the poor electrophilicity of oxygen as a

result of the increase in its charge density upon the formation

of metal oxide, though a simpler site-blocking argument is also

plausible. It is interesting that the reaction of 1,3-butadiene

with atomic oxygen on the Ag(110) surface shows no evidence

for epoxide formation; 2,5-dihydrofuran and furan are formed

via 1,4-cycloaddition.77 Their evolution commencing at 465 K

shows the same kinetics, and is proposed to undergo a

disproportionation pathway that involves an allyl intermedi-

ate. In addition, small quantities of 2(5H)-furanone, maleic

anhydride, 4-vinylcyclohexene, and styrene are observed

together with combustion products of H2O and CO2.

2(5H)-Furanone results from further oxidation of 2,5-dihydro-

furan.93 Epoxidation is possible under industrial conditions

with promoted silver catalysts, however.94–96

One can see from the above discussion that the reaction of

non-allylic olefins with atomic oxygen on coinage metal

surfaces is governed by the cycloaddition character of oxygen,

leading to the formation of epoxide or other cyclic adducts

that incorporate oxygen atoms in the ring. In the secondary

oxidation of surface intermediate species to form acid or

anhydride, oxygen also acts as a nucleophile that attacks the

electron-deficient carbon atoms.

3.2.2 Oxidation of allylic olefins.Due to the presence of the

acidic allylic C–H bonds, the reaction of allylic olefins on

coinage metal surfaces is largely dictated by the Brønsted

acid–base reaction between allylic hydrogen and surface oxy-

gen. For instance, propene reacts with oxygen on Ag(110) to

form H2O and CO2 via an unstable allyl species that is formed

through allylic hydrogen abstraction;97,98 2-methylpropene

reacts to form a surface trimethylenemethane intermediate

which is further oxidized into H2O and CO2.
99 Therefore, in

the oxidation of propene on silver total combustion is strongly

favored.100 The absence of any epoxide in these cases is

attributed to the predominance of the allylic hydrogen activa-

tion via the acid–base mechanism that in principle competes

with oxygen addition to the CQC double bond.

The oxidation of propene shows additional and remarkably

different reactions on gold surfaces. Deng et al. have observed

the partial oxidation products, acrolein, acrylic acid, and

carbon suboxide from Au(111), produced in competition with

combustion at an initial oxygen coverage of 0.3 ML.65

Acrolein is the primary partial oxidation product, and is

derived through b-H elimination of the allyloxy intermediate

that is formed via insertion of oxygen into the allylic C–H

bond (Scheme 7). This unique intermediate, not observed on

silver surfaces, is to be distinguished from the allyl species that

leads to total combustion. The oxygen insertion pathway is

associated with the presence of distinct oxygen bonding to the

surface that appears to have a lower Brønsted basicity than a

more ordered phase of oxygen that has reactivity similar to O

adsorbed on silver. This oxygen is only present under condi-

tions favoring a disordered, metastable phase of oxygen on

Scheme 7 Selective oxygen insertion in the reaction of propene with
atomic oxygen on Au(111).65

Fig. 12 X-Ray photoelectron spectra (C 1s and O 1s) of a styrene

multilayer reacting with a p(4�4)-O covered Ag(111) surface by dosing

NO2 at 470 K; all spectra were taken at 170 K. (a) Clean surface; (b)

p(4�4)-O covered surface; (c) after dosing styrene on the oxygen-

covered Ag(111) surface at 170 K; and then annealing the surface to

(d) 210 K; (e) 230, (f) 250, (g) 280; (h) 320, (i) 350, (j) 450 K, and (k)

650 K. Dots: original data; curve: fitted curve; dashed curve: compo-

nent peak.72
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Au(111), not for an ordered, 2-D surface ‘‘oxide’’.101 Subse-

quent nucleophilic attack of excess surface oxygen on acrolein

yields the other two products. While no epoxide is formed in

the oxidation of C3H6, a small amount is observed in the

reaction of its deuterated counterparts, C3D6 and

CD3CHQCH2, due to the suppressed reactivity of the allylic

C–D bond as a consequence of the kinetic isotope effect. These

results strongly indicate the subtle competition of the three

reactions: combustion via the allyl intermediate, partial oxida-

tion via the allyloxy intermediate, and epoxidation via the

oxametallacycle. This further illustrates the importance of

allylic C–H bond activation in determining the product dis-

tribution, which is in line with the conclusion drawn from the

studies on silver surfaces.97–99 Davis and Goodman have

reported the oxidation of propene with 0.4 ML of atomic

oxygen on Au(100) which yields primarily combustion pro-

ducts and a small amount of an unidentified partial oxidation

product with molecular weight 56.102 This product evolves

below room temperature and very probably is acrolein, by

analogy with Au(111).65 It should be pointed out that it is

possible that all of the partially oxidized species discussed

above can further react with excess oxygen to form CO2 and

H2O, affording additional combustion pathways.

Cyclohexene provides another interesting example of partial

oxidation, with important differences on silver and gold

surfaces. On both Ag(110)79 and Ag(111),80 benzene is the

principle partial oxidation product. Roberts and Madix de-

monstrated that it is formed via the sequential abstraction of

four hydrogen atoms around the ring, the first allylic C–H

bond activation to yield cyclohexallyl apparently being rate-

limiting on Ag(110).79 This sequential process is facile by

virtue of p resonance stabilization. However, the reactivity

of cyclohexene on Au(111) is distinct from silver, in that, in

addition to benzene, 2-cyclohexen-1-one, 2-cyclohexene-1,

4-dione, and phenol are observed.67 The conversion of cyclo-

hexene to the three oxygenates all require both the activation

of allylic hydrogens and the grafting of oxygen atoms to the

ring. Liu, Friend and co-workers have shown they are formed

via 2-cyclohexen-1-oxy, which results from oxygen insertion

into the allylic C–H bond of cyclohexene. The formation of

this surface species follows a pathway analogous to the for-

mation of allyloxy from propene (Scheme 7),65 strongly sug-

gesting the generality of this pathway for allylic olefins on

Au(111).

More complex higher allylic olefins have also been investi-

gated. Lambert and colleagues have studied the reactivity of

the three phenylpropene isomers (their structures shown in

Fig. 13), trans-b-methylstyrene, a-methylstyrene, and allylben-

zene, on Cu(111)82,83 and Au(111).103,104 On Cu(111), epox-

idation is observed in competition with olefin decomposition

to form surface carbonaceous species.16 Combustion is not a

prevalent channel—CO2 is formed only in the case of a-
methylstyrene, probably due to the extremely low oxygen

coverage used in all experiments (0.07 ML). Therefore, it

can be anticipated that the residual carbonaceous deposit is

a result of allylic C–H activation under oxygen lean condi-

tions, and that there is insufficient oxygen to remove the

carbonaceous deposit as combustion products. Different pat-

terns of reactivity are observed for these three molecules.

trans-b-Methylstyrene undergoes extensive epoxidation, ac-

companied by relatively little decomposition; a-methylstyrene

shows some epoxide formation and extensive decomposition;

and allylbenzene is almost inert with respect to both reaction

channels.

Liu and Friend recently examined the reactivity of the three

molecules on oxygen precovered Au(111).103,104 On Au(111),

the oxidation chemistry of these allylic olefins is governed by

the same three pathways that are important in propene

oxidation: (1) oxygen insertion into allylic C–H bonds, (2)

Brønsted acid–base reactions between adsorbed oxygen and

allylic protons, and (3) oxygen addition to the CQC bonds to

form epoxide, providing direct evidence that both allylic

hydrogen activation and epoxidation are competing partial

oxidation pathways. In addition, nucleophilic attack at the

electron-deficient carbon in the asymmetric CQC bonds is

observed, giving rise to benzoic acid. It appears that the

selectivity for the three isomers toward epoxidation is differ-

ent, and the pattern parallels that associated with the intrinsic

gas phase acidity of these molecules, as determined by density

functional theory calculations.104 Specifically, trans-b-methyl-

styrene and a-methylstyrene show very similar gas phase

acidities, and both produce epoxide. However, allylbenzene,

being the most acidic among the three, with its DGacid

value B50 kcal mol�1 lower than the other two, shows no

epoxidation.

The pattern for epoxidation of these three phenylpropene

isomers is similar on oxidized Cu(111) and Au(111). Specifi-

cally, epoxidation of trans-b-methylstyrene and a-methylstyr-

ene is induced, whereas no epoxide is detected from the

oxidation of allylbenzene. Furthermore, it is clear that the

phenyl ring in these molecules has a strong influence on

the kinetics for epoxidation vs. activation of the allylic C–H

bonds since propene epoxidation is not induced by oxygen on

either Cu or Au in significant quantities. As in the case of

propene, oxygen insertion to form the allyloxy intermediate

also occurs for these phenylpropene isomers on Au(111) and is

related to a specific form of oxygen on the surface. This

pathway was not considered on Cu(111), so it is not possible

to determine if this insertion pathway is unique to Au.

Previous studies of trans-b-methylstyrene on Ag(100) have

shown that only CO2 and H2O are produced; no partial

oxidation occurs.81 It is not clear whether this dramatic

difference is due to an intrinsic difference in the reactivity

between silver, copper, and gold, or because of the difference

in the structure of the (100) surface of silver. Nevertheless,

epoxide is formed on both Cu(111) and Au(111) surfaces

despite the presence of allylic hydrogens. It is noticeable that

two different interpretations have been proposed to account

for the different reactions of the three isomers, adsorption

geometry and gas phase acidity for reactions taking place onFig. 13 Structures of the three phenylpropene isomers.
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Cu(111)16 and Au(111),38 respectively. It seems likely that the

reactivity patterns must include effects of the relative gas phase

acidities of the three different molecules. While the initial

adsorption geometries apparently lead to different proximities

of the CQC bond of the three isomers on Cu(111), it is

important to recognize that substantial rearrangement is likely

to occur upon heating as reaction occurs, making it highly

likely that the gas phase acidity plays an important role in

determining the barrier height. Further studies are required in

order to determine if these two factors work together to

control the reactivity of allylic olefins on coinage metal

surfaces.

To summarize, atomic oxygen adsorbed on the group IB

metals acts as a cycloaddition agent when reacting with CQC

bonds and a Brønsted base when abstracting allylic hydrogens,

and can insert into C–H bonds to form either adsorbed alkoxy

and their analogues or further oxidation products, such as

acids. It is interesting to note that the selective oxygen-

insertion pathway is reported only on gold, probably indica-

ting its distinct intrinsic reactivity.

3.3 Theory and application of ultrahigh vacuum surface studies

to higher pressures and temperatures

A basic understanding of surface chemistry associated with

coinage metal-catalyzed heterogeneous oxidation processes

and heterogeneous catalysis overall is being established by

surface science studies under ultrahigh vacuum conditions.

The detailed mechanistic information can serve as a valuable

guide for predicting reactivity and selectivity for a variety of

reaction processes under vastly different conditions, provided

theory can link these disparate conditions. The coinage metals

are particularly suitable for connecting fundamental studies

and catalysis under operating conditions because of the rela-

tively low steady-state concentration of intermediates present

on the surface even under higher pressure conditions. This

section is written from the point of view of the experimentalist

with the purpose of using theoretical results in combination

with idealized experiments for kinetic modeling in practical

systems.

Several new approaches are emerging for rational catalyst

developments that combine the mechanistic analysis from

surface science and various theoretical approaches. Theoreti-

cal approaches have successfully been used to model catalytic

processes, specifically, microkinetic modeling based on me-

chanisms and kinetic parameters derived from surface chem-

istry17,105,106 and kinetic Monte Carlo (kMC) simulations that

use binding energies and barrier heights calculated using

density functional theory (DFT).107–110 Ab initio molecular

dynamics (MD) simulations of surface reactions would also be

an effective tool for studying catalytic processes; however, they

have only been applied to the study of Si surface chemis-

try,111,112 not to systems of catalytic interest. More commonly,

DFT has been used to calculate the binding energies of

intermediates to the surface and the barriers for reactive

processes in order to draw inferences about reaction selectivity

without specifically simulating kinetics.88,113

Theoretical studies have the potential to reveal the nature of

bonding that gives rise to specific types of bond activation, to

probe the nature of the transition state for key reactions, and

ultimately to provide quantitative kinetic models for catalytic

processes. Development of kinetic models is the ultimate goal of

this approach since catalysis is kinetic in nature. While there

have already been many advances in this area, there is still a need

to advance computational accuracy and speed to fully exploit

these emerging methods. To date, there are no reports of kMC

or MD simulations of the oxidation reactions on coinage metals

that is the topic of this review, most likely due to the relative

complexity of these systems. On the other hand, the construction

of microkinetic models and the study of key reaction intermedi-

ates using DFT have already advanced our understanding of

alcohol and olefin oxidation on coinage metals. These theoretical

methods have also clearly established that surface chemistry

studies at low pressure provide mechanistic information useful

for predicting reaction rates at higher pressure.

The starting point for describing catalytic processes is the

determination of a detailed reaction mechanism. Surface

chemistry studies at low pressure form the foundation for

both the microkinetic and kMC approaches because they

establish the elementary steps and the nature of surface

intermediates present on the surface. Furthermore, the inter-

mediates identified using surface science studies also guide

DFT calculations related to catalytic phenomena.

Microkinetic models provide estimates of surface coverages,

reaction orders, and activation energies under practical reac-

tion conditions at high pressure and high temperature, hence

serving to bridge the so-called ‘‘gaps’’ between surface science

and heterogeneous catalysis. Therefore, the close combination

of surface science studies and microkinetic modeling appears

very promising in the future design and development of

catalytic systems.

An important example of this method is the study of

methanol oxidation over silver catalysts by Andreasen et al.17

Their model is solely based on the Langmuir–Hinshelwood

mechanism with all the elementary steps extracted from the

work described above (the Wachs and Madix mechanism) on

silver single-crystal surfaces under ultrahigh vacuum condi-

tions. The simulations over a wide range of catalytic reaction

conditions reveal no significant deviations when compared to

actual data. Hence, such a microkinetic model explains a

broad range of reaction parameters including reaction orders,

selectivity, and apparent activation energies for realistic con-

ditions.114 One important result of this simulation is that the

coverages of the reaction intermediates in this process are

quite low under steady-state reaction conditions. This fact

points clearly to the need for the determination of rate

constants, such as the pre-exponential factor and activation

energy for C–H bond cleavage in methoxy at very low surface

coverages. Little information of this kind exists in the litera-

ture, but it is readily obtained either from temperature pro-

grammed reaction studies or modulated molecular beam

methods.115,116 The parameters necessary to compute equili-

brium constants and partition functions, for example, adsorp-

tion energies and vibrational frequencies in the case of

methanol oxidation over Ag, are derived from experimental

data.17 A similar methodology has also been successfully

employed to study and predict the rates of methanol synthesis

catalyzed by Cu.105,106
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Microkinetic models can also be constructed by using

energies and reaction pathways derived from DFT calcula-

tions. One study of this nature is the investigation of ethylene

epoxidation by silver.117,118 The use of DFT provides para-

meters necessary for computing the rates of reaction when key

parameters are not experimentally available; however, the

rates computed are dependent on the accuracy of the bond

strengths and vibrational frequencies and, of course, the

accuracy of the structures assumed for the reactive intermedi-

ates including the configurations of surface metal atoms.

In order to use DFT to formulate kinetic models—whether

they be microkinetic kMC, or MD simulations—the energetics

of bonding of key intermediates to the surface and of bond

breaking and making within intermediates must be deter-

mined. The nudged elastic band (NEB) method has been

widely used to estimate activation energies for specific reactive

processes on the surface.119 In addition, the nature of bonding

of intermediates to the surface can be analyzed—analogous to

a frontier orbital analysis for molecular chemistry—in order to

develop predictive frameworks.120–122 Overall, theoretical in-

vestigation of the bonding of key surface intermediates, in

particular using DFT, is potentially valuable for predicting

factors that will change reactions rates and selectivities.

DFT studies of olefin oxidation on the coinage metals

provides a good example of how theory can complement

experiment in developing models for catalytic systems, but also

illustrates some of the potential problems with relying solely on

electronic structure calculations. Using DFT, Barteau et al.

calculated the structure and vibrational frequencies for a two-

carbon oxametallacycle bound to a Ag2 cluster, which com-

pared favorably to measured frequencies for the metallacycle

synthesized from iodoethanol.123 The same intermediate was

subsequently formed from ring opening of ethylene oxide on

Ag(111).124 Later, DFT was also applied to the branching

reactions of the oxametallacycle intermediate during the oxida-

tion of ethylene, and the epoxidation selectivities were predicted

reasonably well.113,117,125–127 Energetically feasible transition

states for the competing reactions assumed to lead to ethylene

oxide, respectively, ring closure and a hydrogen shift to form

acetaldehyde, which is believed to be responsible for combus-

tion products, were calculated on an Ag15 cluster. An activation

energy difference of 0.3 kcal mol�1 was obtained in favor of the

formation of acetaldehyde.113,117 This difference yields an esti-

mate of the maximum selectivity of 41–43% to ethylene oxide

on unpromoted Ag at 400–500 K, in reasonable agreement with

typical selectivities reported ranging broadly from 25 to 50%.

In contrast, the calculation by Bocquet, Loffreda et al. on a

p(4�4) surface oxide adlayer on Ag(111), favored acetaldehyde

by almost 2 kcal mol�1 in the activation barrier, yielding a

selectivity of only 4% to ethylene oxide at 600 K and a partial

pressure of 1 atm for both ethylene and oxygen.125 According to

their calculation, a staggered conformation of the oxametalla-

cycle is formed on this surface that actually facilitates hydrogen

migration and thus favors the formation of acetaldehyde when

subsurface oxygen is present. Subsurface oxygen was also found

to be important for ethylene oxidation on Ag(100).128 In other

work, Mavrikakis and Greeley suggested that an ethylene dioxy

species plays a role in ethylene oxidation on Ag(111) at high

oxygen coverages or when there is subsurface oxygen.129

In general kinetic models of this type, regardless of the

computation methods used, currently have limitations which

must be recognized. For example, the selectivities calculated

for ethylene epoxidation on Ag and later on Au126 and Cu130

all assume that combustion solely occurs via acetaldehy-

de—the ‘‘minimum’’ network proposed by Barteau et al.123

While it is certainly reasonable that combustion will occur

through this pathway, it is not necessarily the sole route to

combustion, as noted in the work of Mavrikakis, who pro-

poses direct attack of the oxametallacycle by oxygen to form

ethylene dioxy, which is known to combust, as described

above in section 3.1.1.35 One of the challenges in using

theoretical calculations to understand catalytic processes is

to include all relevant pathways. In order to accurately

describe catalytic processes with any of the possible theoretical

methods, all important processes must be evaluated either

using theory (DFT) or experiment. Furthermore, such DFT

studies would ideally include a frontier orbital analysis of

the bonding of these intermediates in order to provide a

general understanding of the relationship between bonding

and reactivity—especially, the factors that control reaction

selectivity.

The large differences resulting from the calculations related

to ethylene epoxidation on Ag highlight several important

challenges for experiment and theory: (1) to determine reliable

estimates of the coverages of the reaction intermediates and

oxygen, so as to provide the framework for the rate calcula-

tions from DFT; (2) to provide a method to search for global

minima over a wider range of configurations of both ground

states and transition states. There is a critical need for

uniformity in the choice of cluster vs. slab calculations and

use of an appropriate number of layers in the slabs. For

greater accuracy for the microkinetic models, slabs should be

adopted. There has been considerable variability in the calcu-

lations performed to date for ethylene epoxidation on Ag: the

surface was modeled with clusters and with periodic slabs

(with different numbers of layers), the oxygen coverage and

the amount of subsurface oxygen were also different, and the

specific codes and functionals used in the calculations were

also often different and not compared directly. Oxygen-as-

sisted processes, important at high oxygen coverages, may be

critical or irrelevant, depending on process conditions. Ideally

more powerful theoretical approaches that enable construc-

tion of a general free energy landscape, rather than the local

minima now obtained from the restricted initial conditions

imposed, can be developed. Perhaps one of the most important

limitations of all DFT calculations to date concerned with

olefin oxidation is that they do not include migratory metal

atoms that are known from experiment to stabilize reaction

intermediates.131 A first step in this direction was the inclusion

of changes in the number of active sites for methanol synthesis

over Cu in microkinetic modeling.106 Migratory metal atoms

will very likely play a major role in determining the kinetics

and selectivity for many surface reactions, but especially those

on coinage metals. Currently, notwithstanding the potential

difficulty, it is important to investigate models that include all

pathways suggested by experiment and the role of migratory

metals atoms if useful connections between theory and prac-

tice are to be fully realized.
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DFT has also been used to investigate the factors that

limit selectivity for epoxidation of olefins with allylic C–H

bonds—propene and the various isomers of phenylpropene.

DFT calculations were used to investigate the differences in

the energetics for propene oxidation on Ag(111) vs. Cu(111).88

A model was constructed in which formation of the oxame-

tallacycle by reaction of propene with adsorbed oxygen com-

petes with allylic C–H bond activation to form allyl, presumed

to lead to combustion. As in the case of ethylene, though, only

two competing pathways—ring closure to the epoxide and 1,

2-hydrogen shift to form the aldehyde—were considered for

reaction of the oxametallacycle. As noted in section 3.2.2 for

Au(111), oxygen insertion pathways are possible, and attack

of the oxametallacycle by oxygen could also lead to combus-

tion. The barriers for oxygen assisted activation of the allylic

C–H bond are different for Cu and Ag. A difference in Lewis

basicity of oxygen on these two surfaces is ascribed to the

higher selectivity for epoxidation on Cu. Interestingly, there is

an energetic preference for addition of oxygen to the terminal

olefinic carbon (carbon-1) on both surfaces and the barriers

for formation of the oxametallacycle is similar as well,

B0.6 eV. The energetics for the subsequent reactions—ring

closure to propene oxide and rearrangement to propanal

—have different absolute and relative energies on the two

surfaces. The absolute energy barriers for both of these

processes are higher on Cu than Ag; however, the ring closure

to propene oxide has a somewhat lower barrier than propanal

formation on Cu, while the opposite is true for Ag(111).

In another study of the relationship of reactivity to mole-

cular structure, Lambert et al. studied phenylpropene isomers

on Cu(111) using a cluster model of the surface and DFT.132

The authors combined DFT calculations and experimental

angle-resolved near edge X-ray absorption fine structure

(NEXAFS) spectra to demonstrate that the three phenylpro-

pene isomers show different adsorption geometries on the

clean Cu(111) surface.83,132 Specifically, in their lowest energy

state both a-methylstyrene and trans-b-methylstyrene adopt

an essentially planar geometry close to the surface, the vinyl

group of a-methylstyrene being closer to the surface, whereas

allylbenzene lies with the phenyl group parallel to the surface

and the vinyl group directed away (Fig. 14). The proximity of

the CQC bonds to the surface is taken to portend a propensity

for epoxidation in the order, a-methylstyrene 4 trans-

b-methylstyrene 4 allylbenzene. The other functionality,

allylic hydrogen, is also susceptible to attack by surface

oxygen, leading to decomposition. Its proximity with respect

to the surface is used to explain the relative abundance of the

decomposition of trans-b-methylstyrene and the relatively

inert behavior of allylbenzene. In this case, the barriers for

the different processes—oxametallacycle formation vs. allylic

C–H stripping—were not calculated, and therefore differences

in reactivity were inferred from initial state (reactant) binding

configurations. In the case of propene on Cu(111) and

Ag(111), there was a low barrier for transfer of hydrogen to

oxygen for a specific geometric configuration in which the

allylic protons interacted with oxygen on the surface.88 It is

probable that similar factors will play a role for the phenyl-

propene isomers. A more dynamic approach to these problems

is needed that accounts for thermal motion in the adsorbed

state and differences in the transition state energies of homo-

logous reactants.

In summary, there have been major advances in theoretical

methods applied to surface chemistry and catalysis over the

past decade. These advances have provided a framework for

understanding and improving catalytic processes on the coin-

age metals, e.g. alcohol and olefin oxidation. At the same time,

further developments in methodology to accompany antici-

pated increases in computation speed are needed in order to

develop accurate, complete, and dynamic models of catalytic

reactions.
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