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Role of defects in propene adsorption and reaction on a partially

O-covered Au(111) surface
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We investigate the role of defects—adatoms, vacancies, and steps—in the bonding and reaction of

propene on Au(111) containing atomic oxygen, using density functional theory (DFT)

calculations. The adsorption of propene is stronger on a surface containing defects compared to

the flat, bulk-terminated surface, with the largest gain in binding (B0.7 eV) on a surface with a

1/9 monolayer (ML) of Au adatoms. Charge-density difference plots reveal that the difference

between defective surfaces and the bulk-terminated surface is a more pronounced depletion of

electron density from the carbon–carbon p bond and a charge accumulation between the double

bond and the gold atom to which the propene is bound. We calculate the energy barriers for two

competing reactions that are important in determining the selectivity for propene oxidation.

Allylic H abstraction by adsorbed O leads to combustion, whereas O addition to form an

oxymetallacycle is the first step in propene epoxide formation. A comparison of the energetics of

these two pathways on flat and defect-containing Au surfaces indicates that the reactivity depends

on the nature and prevalence of surface defects. Both electronic and geometric factors, such as the

path and the distance the oxygen must travel to meet the allylic hydrogen for abstraction, are

important in explaining the reaction trends.

Introduction

The conversion of olefins to epoxides is an important reaction

because epoxides are extensively used in the chemical industry

as an intermediate for many synthetic processes.1 Gold-based

catalysts are active for selective epoxidation of propene and

other olefins at moderate temperatures, making them promising

candidates for new catalytic processes. The development of new

processes for epoxidation of propene is of particular interest

because of the wide use of propene oxide for the production of

polyether polyols, propene glycol, and propylene glycol ethers.2

There are many factors that contribute to the reactivity of a

metal catalyst, a prominent one being its atomic-scale surface

structure. Gold, in particular, has shown promise as a selective

oxidation catalyst because of its high activity for CO oxidation3–7

and for selective propene epoxidation8 at low temperatures.

The effect of gold’s surface structure on the reactivity is an

intensely debated topic because there is evidence that the size

of particles is critical in determining their activity.9–13

Epoxidation of olefins over coinage metals (Cu, Ag, Au) is

widely thought to proceed via an oxametallacycle intermediate

formed from addition of O to the CQC bond (Scheme 1).14,15

A major challenge to the selective epoxidation of propene

specifically is that combustion often predominates over partial

oxidation because of acidic, allylic C–H bonds (shown in

Scheme 1). While ethene oxide is selectively produced using

heterogeneous Ag catalysts,16 propene is mainly combusted17

due to the efficient abstraction of allylic H in propene by O on

Ag. These allylic hydrogens are acidic, labile, and can be more

easily removed by oxygen bound to the noble metals (Au, Ag,

and Cu) because oxygen acts as a Brønsted base. For gold or

any other metal to be used as a catalyst for selective oxidation

of olefins with allylic C–H bonds, oxametallacycle formation

and subsequent ring closure must compete effectively with

Scheme 1 Schematic representation of the reactions of propene with

adsorbed atomic oxygen on Au(111): allylic hydrogen abstraction to

form allyl and hydroxyl (top) and oxygen insertion to form either a

primary (10) or secondary (20) oxametallacycle (bottom). The reactive

allylic hydrogens are drawn on propene.
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allylic hydrogen abstraction. The challenge is to determine the

features of the catalyst that promote one or the other of these

two reaction pathways.

These considerations motivated the present investigation of

the activity of O bound to a metallic Au(111)14,18,19 surface as

a model system, similar to studies of olefin oxidation on

O-covered Ag.20–24 Previous studies have shown that atomic

oxygen bound to metallic Au (O/Au(111)) is highly active for

olefin partial oxidation, including the oxidation of propene.14

Styrene epoxidation is promoted by O bound to Au(111) with

a selectivity of B55%,18 remarkably similar to that reported

for Au55 clusters on inert supports.11

Selective epoxidation is observed even under low-pressure

conditions for phenyl substituted propenes, such as trans-b-methyl

styrene and a-methylstyrene.25,26 The selectivity for epoxidation

depends on the gas-phase acidity of the C–H bonds in these

reactant molecules.26 In addition to combustion and epoxidation,

there is a third pathway that is observed for propene and

phenyl-substituted propenes—O insertion in the allylic C–H

bond.14,25,26 This pathway leads to acrolein from propene, and

corresponding unsaturated aldehydes from the phenyl substi-

tuted propenes.

The selectivity for these competing oxidation pathways

depends strongly on the morphology of the Au surface and

the local bonding of O, both of which are affected by the

oxygen coverage and surface temperature.27,28 Our model

studies show that gold atom release from the surface is induced

by O bound to the surface and that atomic oxygen stabilizes

gold adatoms resulting in a roughened surface.29,30 The degree

of long-range order, which can be tuned by changing the

surface temperature and the rate of oxidation, substantially

changes activity and selectivity towards propene oxidation on

metallic Au.19 These morphological changes and changes in

the surface order are associated with changes in the local

bonding of O to the Au, suggesting that this is a key factor

in determining chemical behavior towards propene oxidation.

There is also considerable experimental evidence that

demonstrates the importance of surface morphology in

determining reactivity and selectivity on Au nanoparticles.

Defects, such as step-edge sites and other types of under-

coordinated atoms, are ubiquitous on oxide-supported gold

nanoparticles used as catalysts; under-coordinated gold atoms

are thought to be one origin of gold activity,31–33 which is also

determined by the size and the morphology of the supported

nanoparticles.7,8,11,34–36 The catalytic activity of gold nano-

particles on inert materials, e.g. boron nitride, silicon dioxide,

and carbon, for styrene epoxidation using O2 as an oxidant

strongly depends on the particle size; smaller gold particles

(B1.4 nm in diameter) that have an irregular perimeter are

most active, while larger particles (42 nm) that have more

regular shapes tend to be inactive.11 Recent work on the

reduction of resazurin on Au nanoparticles, studied by single-

molecule techniques, likewise illustrates the importance of

surface morphology, distribution of surface sites, and dynamic

restructuring in nanocatalysis.35,37,38

In the present work, we use density functional theory (DFT)

to calculate the bond energies and barriers for allylic hydrogen

abstraction and oxametallacycle formation of propene by

oxygen on the Au(111) surface in order to understand the

morphological and structural effects in olefin oxidation. While

the oxidation of propene on the surface of gold has been the

subject of several theoretical studies,39–46 none of the previous

studies considered the possible roles of defects in determining

bonding and reactivity. We show that surface defects (such as

steps, surface adatoms, and surface vacancies) significantly

affect the adsorption properties of propene on gold. We also

find that these defects change the reaction barriers for the two

reactions we considered, which suggest that surface reactivity

will generally depend on the presence of defects, consistent with

experimental studies of catalytic behavior. Our results underscore

the importance of including the effect of defects in models of

catalytic behavior and surface reactivity when using electronic

structure calculations to understand these phenomena.

Calculational details

For the DFT calculations, we used the VASP47 code with the

GGA-PW9148 and LDA functionals49 to describe electron

exchange and correlation. The interaction of propene with

the metal surface is mainly dispersive (van der Waals) in

nature. We are fully aware of the limitations of the GGA

functional in describing this type of interaction and the

resulting underestimation of binding energies.50 The LDA

functional typically gives larger binding energies for dispersive

systems which may be closer to actual bond energies, though

not by virtue of providing a better physical description of

dispersive forces.51,52 Recent attempts have been made to

create functionals that can accurately model dispersive

forces,53–55 with some success. Here we only report results

obtained using the GGA functional since we are interested in

qualitative trends and relative energies, which agree well

between the two functionals. Moreover, much of the discussion

focuses on reaction energy barriers, for which the GGA

functional is generally used.

We use projector augmented wave pseudopotenitals56,57

(cut-off: 400 eV) and a 4 � 4 � 1 Monkhorst-Pack k-point

sampling of the reciprocal space. The electronic structure was

converged to within 10�4 eV without spin treatment, and the

geometries optimized until the forces were smaller than

0.02 eV Å�1. The surface is modeled by a slab consisting of

4 layers in the (111) direction with a 3 � 3 supercell of the

primitive unit cell in the lateral directions. Only the two

uppermost layers of the slab were allowed to relax, with the

rest being fixed at the ideal bulk positions. The bulk gold

positions of the bottom two layers were determined using the

calculated lattice constant (4.17 Å), which is in good agree-

ment with the experimental value of 4.08 Å.58

Reaction barriers were determined using the climbing

nudged elastic band method (cNEB),59–61 with three images

between the two fixed end points at a reduced force threshold

of 0.05 eV Å�1. In a few cases, the calculation did not converge

to a transition state, which required the use of additional

images. To reduce computational costs, these calculations

were preformed with a three layer slab, allowing the two

uppermost layers to relax with 3 � 3 � 1 Monkhorst-Pack

k-point sampling. An ensemble of starting points for each

reaction was tested. We only report the energy of the pathway

with the lowest barrier, defined as the difference in energy
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between the transition state and the lowest energy configuration

from the ensemble of tested starting points. The lowest energy

configuration was not always used as the starting point for

performing the cNEB, since that configuration may not have

the oxygen in close proximity to the allylic hydrogen or double

bond. However, the difference in energy between the lowest

energy configuration and that used as the starting configuration

was always quite small (o0.1 eV).

Results

Equilibrium structures

Four different gold substrates were investigated to model the

effects of under-coordinated gold atoms that may be respon-

sible for activating gold: (1) the flat, defect-free (111) surface;

(2) a (111) surface with 1/9 ML gold adatoms, that is, one

extra Au atom per 3 � 3 (111) surface unit cell relative to the

defect-free surface, which is placed at the FCC three-fold site;

(3) a surface with 1/9 ML of vacancy defects, that is, one Au

atom per 3 � 3 surface unit cell fewer than the defect-free

surface; and (4) a stepped h110i/{1,0,0} Au(211) surface,

created by offsetting the lattice vectors by one gold layer,

which results in a step and a (3 � 3) terrace. The Au(111)

surface is the most thermodynamically stable surface of Au

due to its hexagonal close-packed structure. The four surfaces

were chosen to represent fundamentally every type of surface

defect since most defects observed experimentally are likely

combinations of those tested in this work.62

The binding strength of propene on each of these surfaces is

determined by its adsorption energy defined as:

Eads = Epropene/Au � EAu � Epropene

where Epropene/Au is the energy of a propene molecule bound to

the gold substrate, EAu is the energy of the gold substrate, and

Epropene is the energy of a propene molecule in the gas phase.

On each gold substrate many different adsorption structures of

binding configurations were considered; the lowest energy

configuration on the potential energy surface (PES) for each

gold substrate was identified. In some cases more than one

minimum on the PES exist with similar energies, which are

briefly discussed, but we focus on the structure with the lowest

energy.

Surface defects have a stabilizing effect on the relatively

weak binding of propene to gold. The lowest energy config-

uration has an adsorption energy of �0.78 eV and has the

CQC bond centered over a single under-coordinated gold

adatom (Fig. 1). The overall trend is for the strongest binding

on an adatom-covered surface, weakening with increasing

coordination of the gold atom to which propene is bound.

Therefore, the trend in adsorption strength for propene is:

defect-free o vacancy o step o adatom

as seen in Fig. 2. In the most extreme case, adsorption on the

adatom-covered surface leads to a binding energy lower by

0.67 eV than the defect-free surface. This increase in binding

strength is associated with a shorter carbon–gold distance. The

sp2 carbon–gold distance is 3.07 Å on the flat surface, but is

2.28 Å for the adatom-covered surface. The shorter bond

length in conjunction with a stronger binding energy suggests

that there is more electron density added between the carbon

and gold atoms as the Au coordination number decreases. On

the other defect surfaces, propene prefers adsorption to the

gold atom with lowest coordination. In the case of vacancy

defects, the double bond is situated on top of a gold atom

neighboring a vacancy. Similarly, propene preferentially binds

to the edge atoms of a step. On the flat defect-free surface, all

the surface gold atoms have the same coordination, so adsorption

is equally probable on top of any gold atom on the defect-free

surface.

Oxygen bound to gold in proximity to propene increases the

adsorption energies for propene bound to surfaces both with

and without defects. In Fig. 2, we summarize the adsorption

energies (in eV), as obtained from the DFT-GGA calculations,

in the presence of O atoms in the immediate neighborhood of

the site where the reaction takes place (the adsorption energies

in the absence of the O atoms are also given in square brackets

in each case, for comparison). The adsorption energy for

propene in the presence of a neighboring O atom is defined as:

Eads = Epropene/Au/O � EAu/O � Epropene

where EAu/O is the energy of the gold substrate with oxygen at

the same location as in the co-adsorbed system, Epropene/Au/O is

the energy of the total system and Epropene is the energy of a

single propene molecule in the gas phase. The preferred

Fig. 1 Optimized geometries (top and side views) of propene on: (a) a

gold surface with 1/9 ML of adatoms; (b) a gold surface with 1/9 ML

vacancies; (c) a stepped gold surface. Gold adatoms, the first layer and

the second layer of the gold surface are represented by orange, yellow,

and brown spheres, respectively.D
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adsorption sites for oxygen on Au were established in previous

work62 and were taken as the starting points for our investiga-

tion on propene adsorption. Atomic oxygen generally prefers

to adsorb on a three-fold hollow site, binding away from an

adatom, but neighboring a vacancy. On the stepped surface,

binding to the three-fold site at the step edge or at a bridge site

hanging over the step edge is essentially equal in energy.

We find that propene and oxygen bind in close proximity, yet

they occupy the same sites that were preferred when adsorbed

individually on each of the surfaces studied. This suggests that

the interaction between propene and oxygen is weak relative to

the binding strength of each component to the surface. Overall,

the adsorption of propene is slightly stronger in the presence of

oxygen (see Fig. 2). The increase in the magnitude of the

adsorption energy is nearly the same for all the different substrates,

with the average value being 0.13 eV. An oxygen atom binds

preferentially near an allylic hydrogen of the propene on the

defective surfaces, but not on the flat, defect-free surface.

Oxygen atoms bind preferentially next to the hydrogen atom

of the methylene on the defect-free surface. However, the

difference in energy between this adsorption configuration

and oxygen bound next to the allylic hydrogen is quite small

(o0.05 eV), within the margin of error of our calculations.

Transition states for reactions

We investigated only two pathways, allylic hydrogen abstraction

by oxygen to form adsorbed allyl and OH, and oxygen

addition to one of the olefinic carbons to yield one of two

possible oxametallacycles (Scheme 1), because they probe the

competition between combustion and epoxidation, as previously

established for Ag and Cu surfaces.40 We also tested the

transfer of hydrogen to Au, but found the energetic barrier

to be much higher than the two previously mentioned pathways.

While we use OH as one of the products for allylic hydrogen

abstraction, experimentally OH is known to be unstable

with respect to disproportionation on Au.63 However, it is

reasonable to expect that it is formed in the first step for allyl

formation.

Allylic hydrogen abstraction is most facile when oxygen is

present on the defect-free Au(111) surface and at vacancy

defects. The calculated barrier for allylic hydrogen abstraction

on the defect-free surface is 0.33 eV (Table 1), a value close to

that (0.30 eV) calculated by Torres et al.40 for hydrogen

abstraction on flat O-covered Ag(111). The presence of under-

coordinated atoms (steps and adatoms) leads to nearly twice

the energy barrier for allylic C–H abstraction. The order of

barrier heights is:

flat E vacancy o adatom o step

as summarized in Table 1. The initial configuration for the

cNEB calculations on all surfaces has oxygen in a three-fold

FCC site in close proximity with the methyl group of propene

rotated so that the allylic hydrogen is pointed toward the

oxygen in the abstraction. This leads to a slight increase

(o0.05 Å) in the O–Au separation.

The final configuration contains the remaining allyl and an

OH group (Fig. 3). The reaction pathway and geometry of the

transition states are nearly the same on each of the other Au

surfaces investigated. Further, the bond distances in all of the

transition states are virtually identical (see Table 2).

We considered the addition of adsorbed oxygen to propene to

form the two possible oxametallacycle species, with oxygen being

added to either the primary carbon (labeled 10) or the secondary

Fig. 2 Schematic representation of the adsorption energies and reaction barriers of propene with adsorbed atomic O on Au(111) for the ‘‘Flat’’,

‘‘Vacancy’’, ‘‘Step’’ and ‘‘Adatom’’ surfaces (all values in eV). The value under each black horizontal line indicates the adsorption energy for a

propene molecule at this site in the presence of the O atom [the second value in square brackets corresponds to the adsorption energy in the absence

of the O atom]. The barrier to the right (blue line) represents the allylic hydrogen abstraction reaction while the barrier to the left (red line)

represents a secondary (20) oxametallacycle reaction. The first four lowest effective-barrier reactions, labeled A, B, C, D, are indicated along with

the effective barrier values (see the text for details).

Table 1 Reaction barriers (Ea) and change in energy (DE) for
hydrogen abstraction of propene by oxygen (in the first two columns
labeled by ‘H’) and propyl oxametallacycle with oxygen bonded to
either the primary (10) or secondary (20) carbon. The DE for hydrogen
abstraction is calculated with OH as the final step. As we explained in
the text, OH is known experimentally to be unstable with respect to
disproportionation on Au but is used since it is in the first step for allyl
formation. Since it quickly disproportionates, this step is not a limiting
reaction rate

Surface Ea H/eV DE H/eV Ea 1
0/eV DE 10/eV Ea 2

0/eV DE 20/eV

Flat 0.33 �0.09 0.75 �0.39 0.51 �0.37
Vacancy 0.33 �0.07 0.89 �0.20 0.71 �0.31
Step 0.73 0.03 0.82 �0.32 0.62 �0.45
Adatom 0.65 0.08 0.87 0.16 0.65 �0.09D
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carbon (labeled 20) (Scheme 1). The formation of the 20 oxametalla-

cycle is slightly preferred over the formation of the 10 form on

all surfaces investigated, based on the lower barriers and larger

gains in energy calculated for the former (see Table 1).

There are also differences in the reaction barriers for

oxametallacycle formation for the various types of defects,

although the relative ordering and magnitudes of these differ-

ences are not the same as those calculated for hydrogen

abstraction. The maximum difference in the energy barriers

for oxametallacycle formation is 0.2 eV, approximately half of

that for allylic C–H abstraction. The lowest barrier computed

is 0.51 eV for formation of the 20 oxametallacycle (addition to

the C bound to the methyl group; Scheme 1) on the flat, defect-

free surface, which is somewhat higher than the barrier

computed for allylic hydrogen abstraction on the same surface

(Table 1). The highest barrier for oxametallacycle formation is

for the surface containing vacancy defects. Overall, the order

of energy barriers for oxametallacycle formation is:

defect-free o step o adatom o vacancy

as seen from Table 1. This trend is the same for both the 10 and

20 oxametallacycle configurations. Interestingly, the Bell–E-

vans–Polanyi rule apparently does not hold,64 since the reac-

tion barrier (Ea) is not inversely proportional to the total

change in energy (DE) during the reaction. This is likely a

result of the other factors that have a greater effect on the

reaction barrier and likely an expected result due to geometric

differences.

The results of all the reaction barrier calculations are also

included in Fig. 2, combined with the results for the adsorption

energies at different sites.

Discussion

Our results indicate that adsorption of propene is enhanced on

under-coordinated gold atoms: the gain in adsorption energy

can be as large as 0.67 eV when the CQC double bond of

propene is bound on top of an adatom compared to adsorption

on the flat surface. This stabilization is B3 times greater than

the overall binding energy of propene on the flat Au(111)

surface (Fig. 2). This result is in agreement with previous

reports by Chretien et al.65 who found that propene binds

most strongly on a gold cluster when the LUMO of the cluster

‘‘protrudes most in the vacuum’’, which is usually at an under-

coordinated gold atom. Similarly, Kokalj et al.66 found that

ethene binds stronger to defects on Ag(001) compared to

adsorption on the flat surface. We elaborate below on the

physical origin of these findings.

Physical origin of propene adsorption differences on Au(111)

with defects

There is significant variation in charge distribution when

propene is adsorbed on flat Au(111) compared to when either

gold adatoms or oxygen atoms are present based on analysis

of charge density difference plots (Fig. 4). We calculate the

difference in electronic density between the combined system

(propene adsorbed on the Au(111) surface) and the separate

isolated components (free Au(111) surface and isolated propene

molecule) with atomic positions frozen at the optimized

surface geometry corresponding to the adsorbate system.

There are only minor changes in the charge density difference

for propene adsorbed on the flat, defect-free surface (Fig. 4a),

consistent with the weak bonding of propene to clean, flat

Au(111). Analogous to bonding models in organometallic

compounds, propene bonding to a metal involves electron

donation from the p orbitals of the CQC double bond to the

d-band of the metal as well as donation of electrons from filled

metal d states to the anti-bonding p* orbitals with a

Fig. 3 Atomic structures corresponding to different points along the

two reactions: Allylic hydrogen abstraction by oxygen: (a) initial state;

(b) transition state; (c) final state. Oxygen attaching to 20 carbon to

form an oxametallacycle on the defect-free Au(111) surface (d) initial

state; (e) transition state; (f) final state. Brown, blue, red, and white

spheres represent gold, carbon, oxygen, and hydrogen, respectively.

The end point (c), which is not the global minimum since OH is not in

its preferred bridging site, is used for the cNEB calculation because of

its close proximity to the propene and transition state.

Table 2 Ground state and transition state distances in Angstroms for
allylic hydrogen abstraction of propene by oxygen

Surface

Ground state Transition state

C–O C–H H–O C–O C–H H–O

Flat 3.29 1.10 2.22 2.60 1.29 1.31
Vacancy 3.22 1.10 2.12 2.60 1.30 1.30
Step 3.74 1.10 2.64 2.61 1.30 1.33
Adatom 4.38 1.10 3.28 2.60 1.32 1.28
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lengthening of the double bond.67 Experimental studies of olefins

on Au are also consistent with this bonding mode.68,69 For

Au(111), there are only minor changes in charge density when

propene is bound to the surface, that is, a small depletion of

electron density from vertical p-like orbitals of the two carbons

that comprise the CQC double bond, and a very small increase

in the electron density between the double bond and the Au

atom, which most likely accounts for the slight attraction

between propene and the surface. The plot also shows electron

density addition to the s-bond between the two carbon atoms.

There is more distortion of the charge density upon propene

binding when oxygen is present on the gold surface (Fig. 4b).

We find that the magnitude of these distortions depends on the

location of the oxygen atom relative to the CQC double bond,

with distortions being greater for oxygen adsorbed closer to

the double bond.

The electronic configuration changes substantially for propene

bound to the Au surface containing both Au adatoms and O:

in this case, the electron density is much more localized

between the Au and the CQC bond. This localization of

charge occurs almost directly between each of the sp2-bonded

carbons and the Au adatom, resulting in a stronger binding of

propene to this surface. The CQC bond length correspondingly

increases from 1.35 Å on the flat, defect-free surface to 1.39 Å

on the adatom-covered surface. The localization of charge and

more drastic electronic rearrangement are both attributed to

the stronger adsorption of propene on the adatom-covered

surface. In contrast to co-adsorption of oxygen and propene

on the flat Au(111) surface, oxygen has little effect on the

adsorption of propene on the adatom-covered surface, since

oxygen does not prefer to bind close to the gold adatom

(not shown).

Physical origin of reactivity differences in allylic hydrogen

abstraction on Au(111)

Defects on the gold surface affect both the adsorption strength

of propene and the barriers for reaction. The barrier for allylic

hydrogen abstraction on the flat and vacancy surface is

0.33 eV, but on the stepped surface the barrier for hydrogen

abstraction is 0.73 eV, more than twice that on the flat and

vacancy surface.

The spatial arrangement of the allylic hydrogen of propene

with respect to the atomic oxygen is one of the most important

factors in determining the barrier height for allylic abstraction.

During the reaction, both propene and oxygen must distort

their equilibrium structures to meet at the transition state. The

C–O distance is the same (B2.61 Å) in all of the transition

states for the four different surfaces, but is shorter than the

relaxed C–O distance which was different on the four surfaces.

For example, the equilibrium distance between the methyl

carbon and oxygen in the starting configuration on the defect-

free surface is 3.29 Å while on the adatom-covered surface it is

4.38 Å. This distance is also larger for the stepped surface

(3.74 Å) and is similar to the adatom surface, which has a

much higher barrier for allylic abstraction. The vacancy

surface has a smaller starting C–O distance (3.22 Å) and a barrier

lower than on the stepped and adatom surfaces, but closer to

that on the flat, defect-free surface (0.33 eV).

Our calculations indicate that the oxygen atom moves to a

less stable site during reaction with an allylic hydrogen leading

to a slight deformation of the gold surface. The energy cost of

this deformation correlates with the overall energy barrier and

is at least partly responsible for the calculated differences

between substrates. We calculated the difference in energy

(DEs) between oxygen adsorbed on the surface in its equilibrium

position and oxygen and gold frozen in their positions from

the transition state in the absence of propene. In all cases the

oxygen atommoves from a three-fold site to a lower coordination

site. The equilibrium coordination for oxygen in OH is on a

two-fold site. In the transition state, the oxygen will have

coordination somewhere in between a two-fold and three-fold

site, since it is gaining a partial bond from hydrogen. Since the

transition state in all four cases has nearly the same bond

distances and the electronic structures are similar, we assume

that this lower coordination with gold (the oxygen distortion

which is the result of moving from a three-fold to two-fold

site) should be the same on all four surfaces. Depending on the

distance and the path along which the oxygen must travel to

reach the C–O distance in the transition state (B2.61 Å), this

could place an extra strain on the oxygen in addition to the

lower coordination, which can vary depending on the initial

configuration. We find that DEs is 0.19 eV, 0.18 eV, 0.55 eV,

and 0.55 eV for the defect-free, vacancy-covered, adatom-covered,

and stepped surfaces, respectively. Recall that the barriers on

the four surfaces were 0.33 eV, 0.33 eV, 0.65 eV, and 0.73 eV,

respectively, illustrating that the difference in energy between

the equilibrium substrate and the substrate frozen in its

transition state correlate well with the calculated barriers.

A similar procedure was carried out for the 20 oxametallacycle

formation. We find that DEs is 0.28 eV, 0.44 eV, 0.16 eV, and

0.08 eV for the defect-free, vacancy-covered, adatom-covered,

and stepped surfaces, respectively. These energies do not

correlate as well with the reaction barrier as was the case for

the allylic hydrogen barrier, suggesting that other factors are

important, including the distortion of propene and the electronic

structure of the double bond, where we know the defect can

have an impact (Fig. 4).

It is important to point out that the barrier for allylic

hydrogen abstraction is not strictly correlated to the distance

the oxygen needs to travel to meet the allylic hydrogen. We

Fig. 4 Charge density difference contour plots for propene adsorbed

on: (a) the clean, defect-free surface; (b) a surface with oxygen atoms; (c) a

surface with Au adatoms and oxygen atoms. The plot is on the plane that

connects the two carbon atoms that form the double bond in propene

and the gold atom to which the propene is bound. In all three cases the

carbon on the left is the one attached to the methyl group. In (b) the

oxygen is neighboring to the allylic hydrogen. The labeled Au in (c) is the

gold adatom while in (a) and (b) it is a gold atom in the first layer.

Positive values (red) indicate accumulation of electronic charge; negative

values (blue) correspond to depletion of charge.
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compared two different starting configurations for the reaction

on the flat, defect-free surface. We found that the starting C–O

distance was actually shorter for a reaction that ultimately

resulted in a higher barrier. The higher barrier could be

accounted for by the additional energy cost required to move

the oxygen atom to its location in the transition state, DEs. The

energy barrier is also most likely correlated to propene distortion,

since both the oxygen atom and propene can move to meet at

the transition state. For simplicity, we only investigated the

energy cost for oxygen distortion to illustrate the correlation

to the energy barrier for allylic H abstraction.

It is worth exploring other factors that could affect the

magnitude of the energy barrier on each type of surface. The

basicity of atomic oxygen is generally thought to have a significant

impact on its ability to abstract an allylic hydrogen40 because a

stronger base is expected to more easily react with the acidic

hydrogen. Oxygen atoms are more electronegative than gold

and are expected to redistribute electron density resulting in a

partial negative charge on the oxygen and some small positive

charge on the nearby Au atoms. A measure of the partial

negative charge on the oxygen is a crude approximation for its

basicity. To estimate the charge on the adsorbed oxygen atom,

we use the Bader method which partitions the charge density

into non-overlapping basins defined by hyper-surfaces where

the electron density gradient vanishes.70 The estimated charge

on oxygen atoms is nearly the same on all of the four surfaces

we considered (�0.81 e�). This result is expected since the

binding of oxygen on all four of these surfaces is nearly the

same; oxygen binds on a three-fold site in all cases. Previous

work established that for the adsorption of electronegative

atoms on gold, the partial negative charge on the adsorbate

decreases only when the number of gold atoms to which the

adsorbate atom is bound decreases.71

The binding strength of oxygen to the surface also does not

solely explain the observed reaction trends. We could propose

that the stronger the binding of oxygen to the gold surface, the

harder it will be to react with hydrogen to form hydroxyls.

In previous work, the adsorption of oxygen (at a coverage of

1/16 ML instead of the 1/9 ML used herein)62 was stronger at

the edge of a step or adjacent to a vacancy compared to the

flat, defect-free surface. While these results partly follow the

proposed trend, the adatom-covered surface is a clear exception.

The binding strength of oxygen on the adatom-covered surface

is equal to or less (depending on its exact location) than on the

flat surface yet the barrier for hydrogen abstraction is over two

times higher on the adatom-covered surface in comparison to

the flat, defect-free surface.

Changes in the bonding between the methyl carbon and the

allylic hydrogen on the different surfaces also do not account

for the calculated differences in barrier heights. The charge

density difference plots in Fig. 4a and c show some electronic

differences between the CQC double bond on the defect-free

and the adatom-covered surfaces, but these differences do not

extend to the allylic hydrogen. The electron densities between

the methyl carbon and allylic hydrogen differ by no more than

0.02 e� on the four different defect surfaces. The fact that bond

distances are similar in the transition states for all four

surfaces further suggests that the electronic structure of the

reaction pathway is similar for all four cases.

Comparison to other DFT calculations of propene on Au

A recent report also investigated allylic hydrogen abstraction

and oxygen insertion on the flat oxygen-covered Au(111)

surface using DFT,72 but includes some important differences

with our results. We have performed additional convergence

tests, using a slab of thickness up to five layers and 7 � 7 � 1

Monkhurst-Pack k-point sampling, which gave energy barriers

different by at most 0.1 eV but no change in the qualitative

ordering of site reactivity. From these we conclude that the

differences between our results and those of ref. 72 cannot be

attributed to incomplete convergence.

Based on simple physical arguments, we argue that the

results reported here are physically plausible. The barrier

reported for allylic hydrogen abstraction in ref. 72 is smaller

than our result and transition state geometries are different.

In the work of Roldan et al.72 the distance between H and the

accepting surface oxygen is 0.99 Å, which is very close to the

equilibrium distance for a surface hydroxyl on Au (0.98 Å).

We identified the transition state O–H distance to be 1.31 Å,

with H nearly equally shared between the accepting oxygen

and the carbon of the propene. Although we did find a

transition state similar to the one reported in ref. 72, it seems

that this transition state is associated with the hydroxyl group

diffusing towards its final geometry. Our conclusion is that the

transition state reported herein was missed in the prior work.

Another important difference between the present work and

ref. 72 is the qualitative ordering of the energy barrier for the

formation of the 10 and 20 oxametallacycles. In the work of

Roldan et al.72 the barrier for forming the 10 oxametallacycle is

lower than 20 formation, while the opposite is true in our

work. As was the case in allylic hydrogen abstraction, the

transition state geometries found by Roldan et al.72 differ from

ours. During oxametallacycle formation an oxygen atom is

added to the carbon–carbon double bond of the propene,

effectively reducing the bond order from two to one. Indeed

this carbon bond length increases from B1.36 Å to B1.52 Å

from propene to the oxametallacycle. The carbon–carbon

bond length in the transition state should lie somewhere

between these values and, indeed, we find a value of 1.41 Å,

while the work of Roldan et al.72 found a value of 1.35 Å,

slightly less than the starting double bond length, which is

implausible. A similar comparison cannot be made for the

formation of the 20 oxametallacycle since the previous studies

did not report the carbon–carbon distance. We find similar

trends for the 20 oxametallacycle: the starting (propene),

transition state, and end (20 oxametallacycle) carbon–carbon

distances were 1.36, 1.44, and 1.53 Å, respectively. Previous

DFT calculations have investigated oxametallacycle forma-

tion on Ag(111) and Cu(111) and found on both surfaces that

the primary oxametallacycle formation likewise had the lowest

barrier.40

Conclusions

Through an extensive investigation based on first-principles

electronic structure calculations, we showed that the adsorption

of propene on Au(111) can change significantly in the presence

of defects. Of the different types of defects we considered,
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propene binds strongest on a single adatom-covered surface

and binds stronger (compared to the flat, defect-free surface)

on either vacancy-covered or stepped gold surfaces. Charge

density difference plots reveal that the magnitude of the

differences in the density, upon adsorption of propene, is

greater on the defect-containing surfaces.

Our results also indicate that the reactivity of the gold

surface changes in the presence of defects: for instance, the

barrier for allylic hydrogen abstraction is smallest on the flat

surface and highest on the adatom-covered surface. The

difference in energy between the substrate in its equilibrium

structure and the substrate frozen in its transition state

configuration correlates well with the calculated energy

barriers, suggesting that geometric and non-electronic factors

account for most of the observed differences in the ability of

oxygen to abstract allylic hydrogen.
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