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Abstract Density functional theory calculations were

employed to study partial oxidation of propylene on a

[Ag14O9] cluster representing Ag2O (001) surface for

which positive effect for ethylene oxide formation has been

reported in our earlier work at the same level of theory

(Fellah et al., Catal Lett 141:762, 2011). Propylene oxide

(PO), propanal, acetone and G-allyl radical formation

reaction mechanisms were investigated. P-allyl formation

path and two propylene adsorption paths resulting in PO

formation are competing reactions on silver oxide (001)

surface because of their comparable activation barriers (9,

8 and 9 kcal/mol, respectively) while P-allyl formation

path is generally a more favorable path on Ag (111) surface

as reported in previous theoretical literature. SO2 adsorp-

tion calculations indicate that silver oxide has lower Lewis

basicity relative to oxygen atom adsorbed on silver. Cal-

culations also showed that surface oxygen atom of Ag2O

(001) has a higher spin density compared to that of oxygen

atom adsorbed on Ag (111), which indicates that oxygen

atom on Ag2O (001) cluster has a more radical character.

Keywords DFT � Propylene epoxidation �
Propylene oxide � P-allyl � Silver oxide � Basicity

1 Introduction

Ethylene and propylene epoxides are versatile intermedi-

ates of great value to the chemical industry [1]. Ethylene

oxide is produced on a very large scale by the direct silver-

catalyzed heterogeneous partial oxidation of ethylene with

oxygen. Considerable experimental effort has been devo-

ted to understanding the mechanism of silver-catalyzed

ethylene epoxidation as outlined in reviews [2–4]. The

issues most often addressed have been the roles of oxygen

and the promoters in the reaction. Grant and Lambert [5]

carried out fundamental studies using primarily Ag (111)

and Ag (110) single crystals which provided evidence for

the key role of atomic rather than molecular oxygen in

both the epoxidation and combustion reactions. Attempts

to use the analogy of ethylene epoxidation in propylene

epoxidation with molecular O2 over Ag/Al2O3 catalyst,

however, failed due to the presence of allylic H atoms in

propylene, which upon facile abstraction result in rapid

combustion of propylene to CO2 and water. In a recent

theoretical study it has been reported that PO selectivity

has increased by a reaction between P-allyl radical and

propylene in gas phase [6]. Propene oxide (PO) is currently

produced using two different types of commercial pro-

cesses [1] (i) The chlorohydrin process which is environ-

mentally unfriendly and (ii) The hydroperoxide process

which produces large amounts of side products. As part of

a continuing effort to understand the mechanism of olefin

epoxidation, propylene oxidation on silver and copper

(111) surfaces was investigated in a theoretical study [7].

They used VASP software and periodic method and

reported that P-allyl formation route was more favorable

than propylene oxide formation route on silver surface.

They studied aldehyde (propanal) formation route on both

surfaces.
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There is no theoretical study for propylene epoxidation

on silver oxide in literature. Ethylene epoxidation was

theoretically studied on surface oxide structures such as

Ag11O6 [8–10] and Ag12O6 [10, 11] on silver (111) surface.

Recent experimental and theoretical STM studies indicate

formation of stoichiometries such as Ag1.83O [10] and

Ag1.33O [12, 13]. Bocquet and co-workers [14, 15] have

characterized two stable O phases which are low coverage

(0.05 ± 0.02 ML) O adatom phase and an Ag1.8O oxide

overlayer on Ag (111) by the scanning tunneling micro-

scope (STM) and DFT. They reported that a DFT-derived

phase diagram predicted that the Ag1.8O oxide overlayer

would be stable under typical industrial conditions for

epoxidation [15]. Bukhtiyarov et al. [16] reported that a

stoichiometry of Ag(x = 2 ± 0.2)O and an ionic component

in the Ag3d5/2 spectrum at 367.7 eV allow to conclude the

formation of a surface silver (I) oxide which is confirmed

by the similarity of its spectral characteristics with those of

bulk Ag2O. Recently Ag2O (001) surface has been theo-

retically used for ethylene epoxidation in both cluster study

[17] and periodic slab study [18]. These studies reported

that silver oxide (001) surface has positive effect for eth-

ylene oxide formation. Ethylene and propylene epoxidation

reactions were also theoretically investigated on both Ag

(111) and Ag2O (001) surfaces [19]. Lu et al. [20] have

reported in their experimental study that Ag2O catalyst

gave very low selectivity of propylene epoxide without

further data.

The aim of this study is to investigate and compare

propylene oxidation reaction pathways and to identify the

mechanistic steps via which this reaction occurs on Ag14O9

surface cluster representing (001) surface by use of Density

functional theory (DFT) calculations.

2 Surface Model and Calculation Method

All calculations in this study are based on DFT [21] as

implemented in Gaussian’03 suite of programs [22]. In

order to take into account the effects of exchange and cor-

relation, Becke’s [23, 24] three-parameter hybrid method

involving the Lee, Yang, and Parr correlation functional

(B3LYP) formalism [25] was used in this study. Los Ala-

mos LANL2DZ effective core pseudo-potentials (ECP) for

silver atoms and 6-31G(d,p) basis set for carbon, oxygen

and hydrogen atoms were utilized. It has already been

demonstrated [26] that hybrid B3LYP method is a high-

quality density functional method certainly for this type of

organic chemistry reactions. Silver oxide (Ag2O) unit cell

has a face centered cubic lattice structure with lattice

parameter a = 4.723 Å and space group Pn-3 m and

number 224 [27]. The silver oxide cluster was modeled as

Ag14O9 cluster shown in Fig. 1. The cluster has the zigzag

shape of OAgOAgO as the crystal oxide (001) surface

which has same stoichiometry of Ag2O catalyst. The active

center atoms (Ag1, Ag2 and O1) have all of the neighboring

atoms (Ag and O). The activation barrier data obtained for

ethylene epoxidation by using the Ag14O9 (001) cluster [17]

were in good agreement with those obtained on periodic

silver oxide (001) slab surface [18]. Although it has been

reported [28] that hydrogen termination does not prevent

the strain effect on a cluster such as Pt35 cluster the dangling

bonds of the silver and oxygen atoms were terminated with

H atoms to obtain a neutral cluster. Terminating H atoms

were not shown in the geometric representations. All of the

cluster atoms except the active oxygen atom (O1) of the

cluster were kept fixed. All of the atoms of the reactant and

product molecules were relaxed. Energy profile and equi-

librium geometry (EG) calculations were in general per-

formed for determination of activation barriers and relative

energies. Computed \S2[ values confirmed that the spin

contamination was very small (within max 0.9% after

annihilation). Mulliken population analysis [29] was uti-

lized to obtain Mulliken atomic charges. Natural bond

orbital (NBO) [30] analysis has been used to obtain elec-

tronic configurations of metal atoms. Convergence criteria

which are gradients of maximum force, root-mean-square

(rms) force, maximum displacement, and rms displacement

in Gaussian’03 software are 0.000450, 0.000300, 0.001800,

and 0.001200, respectively.

Fig. 1 Ag14O9(001) surface cluster. a Side view. b Top view
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The computational strategy employed in this study was as

follows: Initially, the correct spin multiplicities for the

cluster and adsorbing molecule were determined by Single

Point Energy (SPE) calculations. SPE’s were also calculated

with different spin multiplicity numbers for each cluster-

adsorbent system and the spin multiplicity number which

corresponds to the lowest SPE was accepted as the correct

spin multiplicity. The active oxygen atom (O1) of the cluster

and the adsorbing molecule which is propylene were then

fully optimized geometrically by means of EG calculations.

The adsorbing molecule was first located over the active site

of the cluster at a selected distance and a coordinate driving

calculation was performed by selecting a reaction coordi-

nate in order to obtain the variation of the relative energy

with a decreasing reaction coordinate to get an energy

profile as a function of the selected reaction coordinate

distance. In the coordinate driving calculations all points on

the reaction coordinate profile were optimized geometries.

These energy profiles helped us to obtain transition state and

final equilibrium geometries. The resulting relative energies

for the cluster and reactant molecule complex are plotted

against the reaction coordinate. The relative energy was

defined as the following formula:

DE ¼ ESystem � ECluster þ EAdsorbateð Þ

where ESystem is the calculated energy of the given geom-

etry containing the cluster and the adsorbing molecule,

ECluster is the energy of the cluster, and EAdsorbate is that of

the adsorbing molecule, e.g. propylene in this case. After

obtaining the energy profile for the reaction step, the

geometry with the minimum energy on the energy profile

was then re-optimized by means of EG calculations to

obtain the final geometry for the particular reaction step.

Additionally, the geometry with the highest energy from

the energy profile was taken as the input geometry for the

transition state geometry calculations.

3 Results

Several products such as propylene oxide, propanal, ace-

tone and P-allyl radical can be formed during the partial

oxidation of propylene with surface oxygen on the silver

oxide cluster. Scheme 1 represents these possible paths.

Following steps are the reactions for the oxidation of

propylene on the cluster.

Step 1a: propylene adsorption—propyleneoxy formation

(via first carbon)

O1½ � Ag14O9 001ð ÞCluster þ C3H6

! C O1ð ÞH2CHCH3

� �
Ag14O9 001ð ÞCluster

ð1Þ

Step 2a: propylene oxametallocycle (OMP1) formation

C O1ð ÞH2CHCH3

� �
Ag14O9 001ð ÞCluster

! C O1ð ÞH2C Agð ÞHCH3

� �
Ag14O9 001ð ÞCluster

ð2Þ

Step 2b: propylene oxide formation

C O1ð ÞH2CHCH3

� �
Ag14O9 001ð ÞCluster

! C3H6O½ �Ag14O9 001ð ÞCluster ð3Þ

Step 1b: propylene adsorption—propyleneoxy formation

(via second carbon)

O1½ � Ag14O9 001ð ÞCluster þ C3H6

! CH2C O1ð ÞHCH3

� �
Ag14O9 001ð ÞCluster

ð4Þ

Step 3a: propylene oxametallocycle (OMP2) formation

CH2C
O1ð Þ

HCH3

h i

Ag14O9 001ð ÞCluster

! C Agð ÞH2C O1ð ÞHCH3

� �
Ag14O9 001ð ÞCluster

ð5Þ

Step 3b: propylene oxide formation

CH2C O1ð ÞHCH3

� �
Ag14O9 001ð ÞCluster

! C3H6O½ �Ag14O9 001ð ÞCluster ð6Þ

Step 2c: propanal formation

C O1ð ÞH2CHCH3

� �
Ag14O9 001ð ÞCluster

! CH3CH2CHO½ �Ag14O9 001ð ÞCluster ð7Þ

Step 3c: acetone formation

CH2C O1ð ÞHCH3

� �
Ag14O9 001ð ÞCluster

! CH3COCH3½ �Ag14O9 001ð ÞCluster ð8Þ

Step 1c: propylene adsorption—P-allyl radical formation

O1½ �Ag14O9 001ð ÞCluster þC3H6 ! H O1ð Þ
� �

Ag14O9 001ð ÞCluster

þ C3H5�
ð9Þ

Step 4: desorption of the products formed on the cluster
�

C3H6Oð Þ or CH3CH2CHOð Þ or

CH3COCH3ð Þ�Ag14O9 001ð ÞCluster ! ½ �Ag14O9 001ð ÞCluster

þ C3H6Oð Þ or CH3CH2CHOð Þ or CH3COCH3ð Þ: ð10Þ

First step is the adsorption of propylene onto the oxygen

atom of Ag2O cluster. There are two reactions for

adsorption of propylene on Ag2O cluster. These reactions

(steps 1a and b) resulted in surface intermediate,

propylenoxy, formation have lower energy barriers (8 and

9 kcal/mol, respectively). Figures 2 and 3 show related

geometries for steps 1a and b. As can be seen these figures,

the final geometries were not similar to oxometallocycle

molecules (OMP). The energies for the reaction of

oxometallocycle intermediate formation (steps 2a and 3a)
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have increased exponentially, which means that oxome-

tallocycle molecules were not formed on the silver oxide

(001) surface. Next reactions (steps 2b and 3b) which are

other possible reactions after the steps 1a and b, respectively

are the formations of PO. The related geometries for these

steps are represented in Figs. 4 and 5, respectively. Relative

activation barriers for these reactions (steps 2b and 3b) were

calculated to be 17 and 20 kcal/mol, respectively.

After the first and second carbon activation reactions

(step 1a and b, propylenoxy formations), propanal and

acetone molecules can be formed by activation of hydrogen

atoms of first and second carbon atoms (steps 2c and 3c,

respectively). Figures 6 and 7 depict the linked geometries

obtained for these steps. Relative activation barriers for

these reactions (steps 2c and 3c) were calculated to be 42

and 39 kcal/mol, respectively. Finally the last reaction

(step 4) is desorption of products formed on the cluster.

A relative energy barrier of the reaction (step 1c, another

alternative path for propylene adsorption) which gives

P-allyl radical is found as 9 kcal/mol when a reaction

coordinate between the O1 atom of the cluster and one

hydrogen atom of propylene molecule (H–O) was chosen.

The energy profile for this reaction (step 1c) is shown in

Fig. 8 to illustrate the methodology in obtaining relative

energy profiles. The electronic properties of the silver centers

in the respective structures are very similar (Table 1).

4 Discussion

A silver oxide (001) surface cluster including 14 silver atoms

was used to propylene oxidation reactions. Table 1 shows

Mulliken atomic charge and electronic configurations of

Ag1, Ag2 and O1 atoms for equilibrium geometries for all

1.333 A
1.501 A

1.094 A

1.088 A
C C

CH

1 2 

3 

Propylene 

First C 
 Activation 

(Propylenoxy1) 

Propylene 
 Oxide 

Second C 
 Activation 

Second C 
 Activation 

(Propylenoxy2) 

First C 
 Activation 

H of C1 
 Activation Propanal 

H of C2 
 Activation Acetone H of C3 

 Activation 

Pi-Allyl 

Scheme 1 Possible reaction

paths for partial oxidation of

propylene

O1

Ag1 Ag2

C3
H

1.952 

O1-Ag1:2.149 
O1-Ag2:2.156 

C1

C2

O1
Ag1 Ag2

C3
H

1.456 

O1-Ag1:2.462 
O1-Ag2:2.529 

C1
C2

(a) 

(b) 

Fig. 2 a ATS geometry, b EG for propylene adsorption—propylen-

oxy formation (via first carbon) (step 1a) (Distance values in units of

angstroms)
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reactions and cluster. The spin multiplicity number of the

cluster was found as 7 by means of SPE calculations taking

the total charge as neutral. However, after desorption of the

products formed on the cluster, SM number of the cluster

might be changed since the cluster has an oxygen vacancy.

As seen from the Table 1, the atomic charge values of silver

atoms (Ag1 and Ag2) on the cluster with oxygen vacancy

are higher than those of the initial cluster, which shows

more positive character on silver atoms in the cluster having

a vacancy. It has already been reported that spin multiplicity

number decreases with increasing atomic charge of active

center metal [31] where different Fe-ZSM-5 clusters have

been investigated for CO and NO adsorptions. In the same

way, the SM of the cluster with oxygen vacancy was cal-

culated to be 3 corresponding to lowest SPE. Thus, the SM

number of 3 was used for the calculations to obtain

desorption barriers of the products. Moreover, charge of

oxygen (O1) atom on silver oxide surface was calculated to

be -0.6. This matches well with the value of -0.7 com-

puted on periodic slab surface of silver oxide [18].

All activation barriers were reported as the barrier based

on coordinate driving calculations in this study. Their

related geometries were also peak points corresponding to

the highest energy of the relative energy profile where all

points were optimized geometries. These approximate

transition state (ATS) geometries were obtained along a

reaction coordinate. According to our very recent theoret-

ical experience [32–37], transition states geometries were

very close to the peak points of the profiles. Moreover, the

activation barriers based on ATS calculated for ethylene

epoxidation by using the Ag14O9 (001) cluster [17] were in

good agreement with the values computed on periodic

silver oxide (001) slab surface [18].

Several products such as propylene oxide, propanal,

acetone and P-allyl radical can be formed during the

oxidation of propylene with active oxygen on the cluster.

These paths are shown in Scheme 1. Table 2 represents a

comparison of activation barriers for partial oxidation

reactions of propylene on both silver oxide (001) surface

and silver (111) surface. Figure 9 also summarizes the

relative energy diagram of reaction steps for the oxidation

of propylene on silver oxide (001) cluster. As mentioned

before, there are no activation barrier data in experimental

Ag1Ag2

O1

C1C2

C3 H

O1-Ag1:2.544 
O1-Ag2:2.332 

1.972 

Ag1Ag2

O1

C1C2

C3 HO1-Ag1:2.585 
O1-Ag2:2.463 

1.464 

(a) 

(b) 

Fig. 3 a ATS geometry, b EG for propylene adsorption—propylen-

oxy formation (via second carbon) (step 1b) (Distance values in units

of angstroms)

O1
Ag1 Ag2

C3
H

1.445 
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O1-Ag2:2.584 

C1 C2

C2-O1:2.0027 

(b) 

O1

Ag1 Ag2

C3
C1 C2

C1-O1:1.457  
C2-O1:1.463 

(a) 

Fig. 4 a ATS geometry, b EG for propylene oxide formation (step

2b) (Distance values in units of angstroms)
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and theoretical literature for the possible reactions of pro-

pylene on silver oxide catalyst.

Activation barrier values for competing reactions of

propylene adsorption (via C1 or C2 activation) which

resulted in propylenoxy (surface intermediate) are calcu-

lated to be 8 and 9 kcal/mol, respectively. The activation

energy barrier for the abstraction of allylic hydrogen atom

of propylene by the oxygen atom of the cluster to form

P-allyl radical (step 1c) is found as 9 kcal/mol. In other

words propylene adsorption reactions leading to PO for-

mation competes with the P-allyl formation reaction

although it has been experimentally reported that Ag2O

catalyst gave very low selectivity of propylene epoxide

without any further data [20]. Propylene oxametallocycles

known as OMP are not formed at the end of the propylene

adsorption reaction on silver oxide surface while these

were formed on Ag (111) surface [7, 19]. Energy expo-

nentially increased if reaction occurs to obtain OMP

structure on the silver oxide surface (steps 2a and 3a). The

activation barriers for propylene adsorption were reported

as 14 kcal/mol [7] and 14 and 7 kcal/mol [19] on Ag (111)

surface while it was reported as 7 [7] and 6 kcal/mol [19]

for pi-allyl formation reaction. Propylene oxide formation

reactions (via activation of C2 and C1, steps 2b and 3b,

respectively) have activation barrier values of 17 and

20 kcal/mol, respectively. Torres et al. [7] have theoreti-

cally reported the activation barrier for propylene oxide

formation via C2 activation was 14 kcal/mol on Ag (111)

surface. Activation barrier values for propylene oxide

formation paths on Ag (111) surface (via activation of C2

and C1) have been also reported [19] as 16 and 22 kcal/

mol, respectively. Acetone and propanal formation reac-

tions (steps 2c and 3c) have relatively higher activation

barrier values (39 and 42 kcal/mol, respectively).

Pi-allyl formation path which is the undesired reaction

for PO formation and propylene adsorption paths which

result in the production of PO are competing with each

other because of their comparable activation barriers

(9 kcal/mol for P-allyl formation and 8 and 9 kcal/mol for

propylene adsorption reactions). On the other hand, P-allyl

molecule was easily formed on Ag (111) surface while

propylene adsorption reaction had a higher activation bar-

rier [7, 19]. Activation barriers of these reactions (P-allyl

formation and propylene adsorption paths) on Ag (111)

surface were theoretically reported as 7 and 14 kcal/mol

[7] and 6 and 14 kcal/mol [19]. Another most important

difference between silver oxide surface used in this study

Ag1Ag2

O1

C1
C2

C3
H

O1-Ag1:2.721 
O1-Ag2:2.601 

1.428 
2.917

C2

C1

C3

O1

C1-O1:1.439
C2-O2:1.459 

(b) 

(a) 

Fig. 5 a ATS geometry, b EG for propylene oxide formation (step

3b) (Distance values in units of angstroms)
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O1
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C1
C2 H

(b) 

(a) 

Fig. 6 a ATS geometry, b EG for propanal formation (step 2c)

(Distance values in units of angstroms)
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and silver surface [7, 19] is the formation of propylene

oxametallocycles on those surfaces. These intermediate

molecules are not formed on Ag2O (001) surface while

they are formed on silver (111) surface [7, 19]. The reason

of this may be that silver oxide structure has sub-surface-

oxygen atoms. The activation barriers for acetone and

propanal formations are higher than those of propylene

oxide formation paths. These barriers show that acetone

and propanal have very low probabilities to be formed on

Ag2O surface while propylene oxide can be more easily

formed on cluster. As can be seen from Table 2, activation

barrier of propanal formation path especially increased on

silver oxide surface as compared to that on silver surface.

The selectivity values of the products for propylenoxy

formation paths (given in steps 1a and b) which lead to

either propylene oxide, propanal or acetone) and pi-allyl

radical formation path (step 1c) are assumed to be 33.3,

33.3 and 33.3% respectively, based on their comparable

activation barriers. In other words, the rate of pi-allyl

radical formation path is equal to those of propylenoxy

formation paths. Moreover, the total selectivity of propyl-

ene oxide can be accepted as 66.6% since activation barrier

values of propanal and acetone formation paths (steps 2c

and 3c) are substantially higher than those of PO formation

paths (steps 2b and 3b), which take place after propylenoxy

formations. As a result, one can conclude that pi-allyl

formation path, which leads to combustion products, has

relatively lower reaction rate with respect to those of PO

formation paths.

A non-activated path which was reported for ethylene

oxide formation on silver oxide surface [17, 18] is not

observed for propylene epoxidation.

As mentioned before, PO formation paths compete with

the P-allyl formation path on silver oxide because of their

comparable activation barriers. The reason of this may be

that silver oxide structure has sub-surface-oxygen atoms.
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Fig. 7 a ATS geometry, b EG for acetone formation (step 3c)
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These sub-surface oxygen atoms might affect the activity

of the surface oxygen atom on silver oxide. This effect

might change the basicity of surface oxygen atom.

Accordingly, we compared adsorption of SO2 as a Lewis

acid on both adsorbed oxygen atom on silver (111) and

active oxygen atom on silver oxide (001) surfaces [17]. The

binding energies of SO2 to O atom on silver and silver

oxide surfaces were computed as 53 and 34 kcal/mol,

respectively. The value calculated for the oxygen atom on

silver (111) is in reasonable agreement with the value of

57 kcal/mol obtained on periodic silver (111) slab surface

by Torres et al. [7]. As a conclusion based on basicity

calculations, the essential reason for not obtaining ox-

ometallocycle as an intermediate molecule on silver oxide

and competing of PO and P-allyl formation paths is lower

basicity of surface oxygen atom of silver oxide compared

to O atom on Ag (111) surface. Moreover, the reason of

these might be explained by that surface active oxygen

atom (O1) of silver oxide (001) surface has higher spin

density value (0.405) than the value of 0.320 of oxygen

atom on Ag (111) surface. This shows that oxygen atom on

Ag2O (001) cluster has more radical character. The oxygen

atoms with spin densities (radical character) over atomic

clusters have been studied experimentally and theoretically

[38–40].

5 Conclusions

Propylene partial oxidation reaction steps were investigated

by using DFT calculations on a [Ag14O9] cluster model

representing silver oxide (001) surface. Theoretical com-

putations on silver oxide surface showed that P-allyl for-

mation path and propylene adsorption paths resulting in the

products of PO are competing with each other because of

their comparable activation barriers (9, 8 and 9 kcal/mol,

Table 1 Mulliken atomic charge values and electronic configurations of Ag1, Ag2 and O1 atoms for equilibrium geometries for all reactions and

cluster

Reactions Mulliken atomic charges Electronic configurations

Ag1 Ag2 O1

Cluster ?0.9 ?1.0 -0.6 Ag1 [core]5s0.314d4.835p0.026p0.01

Ag2 [core]5s0.314d4.845p0.026p0.01

O1 [core]2s1.932p5.03

Cluster with oxygen vacancy ?1.0 ?1.1 – Ag1 [core]5s0.654d9.905p0.066s0.026p0.02

Ag2 [core]5s0.664d9.905p0.066s0.026p0.02

O1 –

Propylene adsorption (first C activation,

propylenoxy1, step 1a)

?12 ?1.2 -0.6 Ag1 [core]5s0.494d9.885p0.046s0.046p0.02

Ag2 [core]5s0.584d9.865p0.046s0.046p0.02

O1 [core]2s1.782p5.18

Propylene adsorption (second C activation,

propylenoxy2, step 1b)

?1.1 ?1.2 -0.6 Ag1 [core]5s0.584d9.865p0.046s0.036p0.02

Ag2 [core]5s0.494d9.885p0.046s0.046p0.02

O1 [core]2s1.782p5.16

Propylene adsorption

(P-allyl formation, step 1c)

?1.4 ?1.1 -0.7 Ag1 [core]5s0.494d9.885p0.046s0.036p0.01

Ag2 [core]5s0.524d9.875p0.046s0.056p0.02

O1 [core]2s1.832p5.36

Propylene oxide formation

(following C1 activation, step 2b)

?1.1 ?1.1 -0.5 Ag1 [core]5s0.704d9.905p0.056s0.026p0.02

Ag2 [core]5s0.724d9.905p0.056s0.026p0.02

O1 [core]2s1.722p4.903p0.013d0.01

Propylene oxide formation

(following C2 activation, step 3b)

?1.2 ?1.1 -0.5 Ag1 [core]5s0.694d9.905p0.066s0.026p0.02

Ag2 [core]5s0.684d9.905p0.066s0.026p0.02

O1 [core]2s1.712p4.913p0.013d0.01

Propanal formation (step 2c) ?1.1 ?1.2 -0.4 Ag1 [core]5s0.624d9.915p0.056s0.026p0.02

Ag2 [core]5s0.604d9.895p0.056s0.036p0.02

O1 [core]2s1.702p4.893p0.013d0.01

Acetone formation (step 3c) ?1.3 ?1.2 -0.4 Ag1 [core]5s0.674d9.915p0.056s0.026p0.02

Ag2 [core]5s0.594d9.895p0.056s0.036p0.02

O1 [core]2s1.682p4.933p0.013d0.01

Epoxidation of Propylene 29

123



respectively) while P-allyl formation path is more favor-

able on Ag (111) surface. The propylene oxometallocycles

are not probable intermediates on the Ag2O (001) surface

while these are formed on Ag (111) surface [7, 19].

According to calculations based on SO2 adsorption, the

essential reason for not obtaining oxometallocycle as an

intermediate molecule on silver oxide and competition of

PO and P-allyl formation paths is lower basicity of surface

oxygen atom of silver oxide compared to O atom on silver.

Theoretical calculations also indicated that a surface

Table 2 Comparison of activation barriers for propylene epoxidation reactions on silver oxide (001) surface and silver (111) surface (values are

in units of kcal/mol)

Reactions Ag2O (001) surface Ag (111) surface

This studya Fellah [19]b Torres et al. [7]c

Propylene adsorption (first C activation, propylenoxy1, step 1a) 8 14 14

Propylene adsorption (second C activation, propylenoxy2, step 1b) 9 7 –

Propylene adsorption (P-allyl formation, step 1c) 9 6 7

Propylene oxide formation (following C1 activation, step 2b) 17 16 14

Propylene oxide formation (following C2 activation, step 3b) 20 22 –

Propanal formation (step 2c) 42 16 13

Acetone formation (step 3c) 39 36 –

Desorption of the products (step 4)

Propylene oxide 19d, 15e – –

Propanal 18 – –

Acetone 18 – –

a Gaussian’03/DFT/B3LYP, Ag14O9 (001) surface cluster
b Gaussian’03/DFT/B3LYP, Ag13 (111) surface cluster
c VASP/PW91, Silver oxide (001) periodic slab, CI-NEB
d PO was formed by step 2b
e PO was formed by step 3b
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Fig. 9 A summary energy diagram showing a comparison of all the paths for propylene oxidation on (001) silver oxide surface cluster

30 M. F. Fellah, I. Onal

123



oxygen atom of silver oxide (001) has a higher spin density

when compared to oxygen atom adsorbed on Ag (111)

surface. The activation barriers (17 and 20 kcal/mol for PO

formation and 39 and 42 kcal/mol for acetone and propanal

formation, respectively) show that acetone and propanal

have very low probabilities to be formed on Ag2O surface

while propylene oxide can be more easily formed on the

cluster.
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