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ABSTRACT: The selective oxidation of propene to propene 
oxide (PO) is an industrially relevant and still challenging reaction 
that requires the design of highly specific catalysts able to improve 
simultaneously activity and selectivity. Metallic copper exhibits 
high selectivity towards propene epoxidation that drops when the 
catalyst surface is oxidized under reaction conditions. Based on 
previous work showing that small planar Cu5 clusters are more 
resistant to oxidation than 3D ones, we have performed a detailed 
theoretical study of the mechanism of propene oxidation with 
molecular O2 and atomic O adsorbed on both planar and 3D Cu5 
clusters. The desired pathways leading to PO as well as the 
undesired routes producing propanal, acetone, or allyl 
intermediates that finally evolve to acrolein or CO2 have been 
considered, and the global analysis of all data indicates that planar 
Cu5 clusters are promising candidates for the selective epoxidation 
of propene.  

KEYWORDS: DFT, propene, epoxidation, mechanism, clusters, 
structure-activity relationship    

1. INTRODUCTION 
Propene or propylene oxide (PO) is an important industrial 
precursor of polyurethane and other unsaturated polyesters, and it 
is used in the manufacture of commercial products such as foams, 
adhesives, food additives or cosmetics, among others. The current 
industrial processes to synthesize PO are broadly divided into those 
employing chlorohydrin compounds, which generate 
stoichiometric amounts of chloride salts, and those using organic 
hydroperoxides that result in co-production of too large amounts of 
tert-butyl alcohol or styrene monomers, with the associated 
marketing and production problems.1–4 A greener route generating 
water as the only by-product is the direct epoxidation of propene 
with hydrogen peroxide using titanium silicalite (TS-1) as catalyst, 
but its commercial use is hindered by the cost and dangers 
associated to high concentrations of H2O2.4,5 To overcome these 
limitations, the in situ synthesis of H2O2 from H2 and O2 has been 
attempted, and good selectivity to PO has been reported using  

catalytic systems composed by Ag, Au, or bimetallic Au-Cu, Au-
Pd and Pd-Pt nanoparticles supported on Ti-containing materials, 
although at propene conversion below 10%.6–11 Alternatively, the 
direct epoxidation of propene using molecular O2 as the only 
oxidant has received increasing attention because of the successful 
application of this reaction to the industrial production of ethene 
epoxide over promoted silver catalysts.12–14 However, the use of 
silver for propene epoxidation is not efficient, and despite extensive 
investigation on the influence of particle size, morphology or 
crystallographic plane exposed, propene conversion or selectivity 
to PO are usually low.1,2,15–19  

 
 
Scheme 1. Propene epoxidation mechanism by adsorbed a) atomic 
oxygen or b) molecular oxygen. 
 
This is so because the mechanism of propene oxidation on metal 
surfaces (Scheme 1a) requires the initial dissociation of molecular 
O2 into atomic O. Then, by reaction of propene with an adsorbed O 
atom, an oxametallacycle (OMC) intermediate precursor is first 



 

obtained, which then reorganizes to produce PO. However, the 
adsorbed O atom can also capture one hydrogen atom from the 
methyl group of propene, producing a highly reactive allyl species 
that is converted into acrolein and, depending on the reaction 
conditions, to CO2. Moreover, even if the OMC is successfully 
reached, its rearrangement can also lead to propanal (PA) or 
propanone (acetone, AC), thus lowering the final selectivity to PO.  
The initial selectivity to OMC or allyl intermediates is determined 
by the electrophilic/nucleophilic character of the surface oxygen 
atoms, which depend on the metal employed and on the degree of 
oxidation of the metal surface. Thus, it was theoretically proposed 
that Cu(111) is intrinsically more selective than Ag(111) and 
Au(111) because it favours the formation of the OMC intermediate 
against hydrogen abstraction,20,21  and it was indeed experimentally 
confirmed that metallic copper exhibits a high selectivity towards 
epoxidation, but it drops when the catalyst surface becomes 
oxidized.22–24 Marimuthu et al. found that the light-induced 
reduction of the surface Cu atoms of a partly oxidized Cu/SiO2 
catalyst increased the selectivity to propene epoxide from 20 to 
50% under propene oxidation operating conditions.24 Going one 
step further, a number of experimental25–27 and theoretical28–30 
studies have demonstrated that metallic Cu0 and some Cu+ species 
in small clusters or in Cu2O(110) facets are selective to PO, while 
the Cu2O(111) planes present in large particles preferentially 
catalyse the formation of acrolein. It is clear that a strict control of 
the copper oxidation state is necessary in order to selectively 
catalyse the epoxidation of propene. We have recently shown that 
it is possible to stabilize metallic Cu0 species by adjusting the 
atomicity of small Cun clusters.31–33 More specifically, the 
electronic structure of clusters with five atoms or less (≤ Cu5) 
renders them planar and more resistant to oxidation because of the 
high energy barrier involved in the dissociation of molecular O2. In 
this case, the direct reaction of propene with molecular O2 (Scheme 
1b) might change the relative rates of OMC and allyl intermediate 
formation, leading to a different selectivity. In this work we study 
computationally the mechanism of propene epoxidation and 
competing reactions on Cu5 clusters with planar and 3D 
geometries. The key role of cluster morphology on the electronic 
structure and therefore on the catalytic behavior of small copper 
clusters is demonstrated, and planar Cu5 species are proposed as 
good candidates for the selective oxidation of propene to PO with 
molecular O2.  
 
2. COMPUTATIONAL DETAILS 
All calculations in this work are based on density functional theory 
(DFT) and were carried out with the Gaussian 09 program 
package.34 The B3PW91 functional was employed, which 
combines the PW91 correlation functional by Perdew and Wang 
with Becke’s hybrid three-parameter exchange functional.35  The 
Def2TZVP36,37 basis set was used for Cu atoms because of its good 
performance at an affordable computational cost, whereas the 
standard 6-311+G(d,p) basis set by Pople was employed for O, C 
and H atoms.38 In all cases, the positions of all atoms in the system 
were fully optimized without any restriction, and all stationary 
points were characterized by pertinent frequency analysis 
calculations. Transition states were determined through potential 
energy surface (PES) scans along with the subsequent 
optimizations and vibrational frequency calculations. Atomic 
charges and molecular orbital distributions were calculated using 
the natural bond order (NBO) approach.39.The MOLDEN,40 Jmol41 
and ChemCraft42 programs were used throughout the work to 
visualize the systems and their frequencies, and to obtain a 
graphical representation of their molecular orbitals.  
 
3. RESULTS AND DISCUSSION 
3.1. Adsorption of propene and O2 on planar and 3D Cu5 
clusters 

The adsorption of one molecule of propene on the two lowest 
energy isomers of Cu5 (planar and 3D) generates structures 1 and 2 
in Figure 1a. Propene adsorbs weakly on the two-atoms edge of 
planar Cu5 and more strongly on top of one corner Cu atom on 3D 
Cu5 (Figure 1a), and in both cases the coordination of the alkene to 
the metal cluster is preferentially established through one copper 
atom only. The interaction of propene with the cluster involves a 
transfer of electron density from the π orbital of the molecule to 
empty 3d orbitals of the cluster, and some back-bonding from a 
different  3d orbital  of the  copper cluster  to the  π* anti- bonding 
orbital of the molecule. As a result, the double bond of propene gets 
elongated by 0.043 and 0.047 Å in 1 and 2, respectively, and the 
cluster gets a little bit oxidized, with a net charge transfer of 0.07e 
in 1 and 0.03e in 2. The slightly larger elongation of the C=C bond 
in structure 2 correlates with the larger adsorption energy, and the 
lower net charge implies a larger contribution from back-bonding, 
in agreement with the lower HOMO-LUMO energy gap of 3D Cu5 
(Figure 1b). 
 

 
Figure 1. a) Optimized structures and adsorption free energies in 
parenthesis (in kcal mol-1) of propene adsorbed on planar and 3D 
Cu5 clusters. Cu, C and H atoms are depicted in orange, amber, and 
white, respectively. b) Stability and composition of the highest 
occupied and lowest unoccupied molecular orbitals (HOMOs and 
LUMOs) of the two Cu5 isomers calculated at the B3PW91/6-
311+G(d,p) level (eV).  

The most stable geometries for an O2 molecule adsorbed on planar 
and 3D Cu5 clusters are structures 3 (Figure 2) and 17 (Figure 3), 
and their corresponding adsorption free energies are -25.0 and -18.5 
kcal mol-1, as described in previous works.31,32 Adsorption of 
propene is clearly weaker than that of O2, and therefore structures 
3 and 17 with O2 already adsorbed on the metal clusters were taken 
as the starting situation to study the co-adsorption of the reactants. 
In addition, the second most stable conformation found for O2 
adsorbed on 3D Cu5, corresponding to a h-111 adsorption mode 
(structure 24 in Figure 4, 5.2 kcal mol-1 higher in energy than 17 in 
Figure 3), and the system obtained after O2 dissociation into two 
adsorbed oxygen atoms with an activation energy of 15.8 kcal mol-

1, (structure 47 in Figure 5), were used as starting reactant systems 
to investigate the reaction mechanism. 



 

Note that, as advanced in the introduction, the electronic structure 
of the two different Cu5 isomers is what causes the different 
stabilization and activation of O2. Since the frontier orbitals for 
planar Cu5 spread along the edges (Figure 1b), the less activated 
bridge mode (structure 3) is preferentially formed on this Cu5 
isomer, whereas the 3D Cu5 cluster can stabilize more activated h-
111 modes (structure 24), which are more basic.31 
 
3.2. OMC vs. allyl formation on planar and 3D Cu5 clusters 
The adsorption of propene on a planar Cu5 cluster with O2 strongly 
adsorbed on the edge, structure 3 in Figure 2, implies a non-
negligible distortion of the cluster geometry (structures 4, 11 and 
14 in Figure 2) and therefore requires about 4-5 kcal mol-1. Once 
this adsorption of propene close to O2 is achieved, paths divert into 
those leading to the undesired allyl (red arrows) and to the OMC 
pursued (green arrows). When propene adsorbs with the methylated 
carbon facing the O2 molecule, as in structures 4 and 11, the system 
evolves through transition state TS 5, where the O2 is tilted over the 
cluster’s edge and about to bond with the methylated carbon atom. 
This process leads to the four-member cycle of structure 6 with 
activation energy barriers of 19.1 and 19.6 kcal mol-1 from 
structures 4 and 11, respectively. The four-member cycle in 6 is 
easily transformed, with an activation barrier of 0.8 kcal mol-1, into 
a five-member cycle or OMC intermediate where the two oxygen 
atoms participate (structure 8 in Figure 2).  Alternatively, 
abstraction of hydrogen from the methyl group of structure 4 
through TS 9 needs a high activation energy of 27.1 kcal mol-1 and, 
when starting from the close in energy structure 11, the activation 
barriers are 26.6 or 22.2 kcal mol-1 depending on which oxygen 
atom participates (TSs 9 and 12, respectively). In all cases, very 
stable systems containing an allyl fragment and a hydroperoxide 
group strongly attached to the Cu5 cluster (structures 10 and 13) are 
obtained. However, if propene adsorbs on structure 3 in such a way 
that the non-methylated carbon faces the oxygen molecule, as in 
structure 14, then the path towards the allyl is impeded because the 
methyl group is inevitably too far to react. The calculated activation 
energy for the production of the OMC intermediate 16 through TS 
15 is of 16.7 kcal mol-1 only.  
Co-adsorption of propene with O2 already adsorbed in a bridge 
mode on the 3D Cu5 cluster (structure 17 in Figure 3) is, at 
difference with planar Cu5, thermodynamically favoured by 5.9 and 
4.8 kcal mol-1 (structures 18 and 23 in Figure 3, respectively) 
depending on the relative orientation of O2 and the methyl group of 
propene. From structure 18, the pathway towards the allyl species 
through TS 21 requires a higher activation energy (27.3 kcal mol-1) 
than the route for OMC formation via TS 19 (22.2 kcal mol-1). In 
addition, the OMC intermediate 20 has more interacting points with 
the cluster, at the non-methylated carbon and at both O atoms. As 
consequence, the difference in stability between the OMC and allyl 
products formed on 3D Cu5 is not as large as that obtained on planar 
Cu5. The adsorption of propene with the non-methylated carbon 
facing an O atom (structure 23) is slightly less stable and, when the 
formation of an OMC is explored, the 3D cluster deforms into the 
planar geometry of TS 15 previously found and an activation 
energy barrier of 13 kcal mol-1 is obtained.  
A large number of structures similar in energy can be obtained by 
co-adsorption of propene close to O2 already adsorbed in a h-111 
mode on 3D Cu5 (structure 24 in Figure 4), and we chose four 
representative ones to follow their reactivity, namely structures 25, 
32, 40 and 44 in Figure 4. In the highly stable structure 25 (Figure 
4a), O2 and propene  molecules are bridged by an almost detached 
Cu atom that lies at almost the same distance from the two doubly 
bonded carbon atoms. Despite two possible OMC intermediates 
can be obtained starting from 25, the attack of O to the methylated 
carbon of propene is clearly preferred both kinetically (activation 
energies of 37.1 kcal mol-1 through TS 26 vs 26.1 kcal mol-1 
through TS 28) and thermodynamically (structures 27 vs 29). On 

the other hand, the reaction towards the allyl intermediate 31 is 
highly exothermic and kinetically affordable in spite of the further 
detachment of the Cu atom in the corresponding TSs 30. 
 

 
Figure 2. Optimized structures involved in the formation of OMC 
or allyl intermediates on planar Cu5 clusters. Relative Gibbs free 
energies with respect to separate planar Cu5+O2+2C3H6 (in 
parenthesis) and activation Gibbs free energies for elementary steps 
(in square brackets) in kcal mol-1. Cu, C, O and H atoms depicted 
in orange, amber, red and white, respectively. 

 
Figure 3. Optimized structures involved in the formation of OMC 
or allyl on 3D Cu5 clusters. Relative Gibbs free energies with 
respect to separate planar Cu5+O2+2C3H6 (in parenthesis) and 
activation Gibbs free energies for elementary steps (in square 
brackets) in kcal mol-1. Cu, C, O and H atoms depicted in orange, 
amber, red and white, respectively. 



 

Figure 4. Optimized structures involved in the formation of OMC or allyl intermediates by reaction of propene with O2 on adsorbed in a h-
111 mode on 3D Cu5 clusters. Relative Gibbs free energies with respect to separate planar Cu5+O2+2C3H6 (in parenthesis) and activation 
Gibbs free energies for elementary steps (in square brackets) in kcal mol-1. Cu, C, O and H atoms depicted in orange, amber, red and white, 
respectively.  
 
From structure 32 (Figure 4b), there are two pathways leading to 
OMC formation (structures 20 and 35) and two other ones leading 
to undesired hydrogen abstraction producing allyl (structures 37 
and 39). The differences between the activation energies obtained 
for the four steps are smaller than 4 kcal mol-1, but the allyl species 
are thermodynamically more stable than the OMCs. The opposite 
thermodynamic trend is obtained when starting from the slightly 
less stable reactant structure 40 (Figure 4c). The activation energies  
for OMC and allyl formation are similar, 16.3 and 14.7 kcal mol-1, 
respectively, but the desired OMC intermediate 20 is 7.4 kcal mol-

1 more stable than the allyl species 43. Finally, when propene 
adsorbs in such a way that the methyl group is not reachable by O2 
(structure 44 in Figure 4d), formation of an OMC intermediate with 
an affordable barrier of 21.8 kcal mol-1 is the only possible reaction 
step. Altogether, when O2 is adsorbed in an h-111 mode on Cu5, its 
larger degree of activation, consistent with a superoxo species,31,32 
confers on it a more basic character that is enough to produce a 
slight preference towards the allyl in the propene oxidation 
reaction. Consistent with this, a correlation can be found between 

the calculated NBO charges of the reacting oxygen atom in each 
cluster and the selectivity to allyl formation (see Tables S1-S2 and 
Figure S1 of the Supporting Information). 
If O2 dissociates prior to the adsorption of propene, which may 
occur on 3D Cu5,31,32 the alkene may either adsorb close to an O 
atom and react following a Langmuir-Hinshelwood (LH) 
mechanism, or may also react directly from the gas phase with an 
adsorbed O atom via an Eley-Rideal (ER) mechanism (see Figure 
5). In this last case, two different ER transition states were obtained 
that correspond to the attack of O to the methylated (TS 48) and 
non-methylated (TS 51) carbon atoms of the propene C=C double 
bond. The calculated activation energies are 24.5 and 23.2 kcal mol-

1, respectively, and the reaction product is in both cases the epoxide 
adsorbed on the cluster (structures 49 and 52).  
If the molecule is adsorbed on the cluster instead, according to a 
LH mechanism, either structure 54 or structures similar to 61 are 
obtained. Reaction starting from 61 might be possible but, since the 
O atom is within the structure of the cluster binding the almost 
separated Cu atom, barriers are likely to be high in energy and were 



 

not studied. Starting from structure 54, the adsorbed propene can 
be tilted towards one oxygen or the other to react. In TS 55 the non-
methylated carbon reacts with O to produce the OMC structure 56 
with an activation energy of 28.2 kcal mol-1, whereas in TS 57 the 
OMC 58 is produced by reaction of O with the methylated carbon 
with a lower barrier of 21.0 kcal mol-1. However, the TS 59 leading 
to allyl lies 9.8 kcal mol-1 even lower in energy, requiring an 
activation energy of only 11.2 kcal mol-1 for hydrogen abstraction. 
 

 
 
Figure 5. Optimized structures involved in the formation of OMC 
or allyl intermediates on 3D Cu5 clusters with adsorbed O atoms. 
Relative Gibbs free energies with respect to separate planar 
Cu5+O2+2C3H6 (in parenthesis) and activation Gibbs free energies 
for elementary steps (in square brackets) in kcal mol-1. Cu, C, O 
and H atoms depicted in orange, amber, red and white, respectively. 
 
The lowest energy paths leading to OMC and allyl intermediates 
on each of the Cu5 + O2 systems just described are plotted together 
in Figure 6. It is clearly observed that formation of the desired 
OMC intermediate is kinetically favoured when the oxidant species 
is molecular O2 adsorbed in a bridge mode, either on planar Cu5 
(purple lines) or on 3D Cu5 (orange lines). In contrast, when O2 
adsorbs in a more activating h-111 mode (green lines), allyl 
formation is enhanced, and this is even more so after O2 
dissociation (blue lines). It is also important to remark that the 
activation barrier for O2 dissociation is larger than the energy 
required for production of OMC in 3D Cu5 with O2 adsorbed in a 
bridge mode, but smaller if O2 adsorbs in a h-111 mode, even when 
the [O···O]≠ TS is higher in energy. 
 
 

 
 
Figure 6. Free energy profiles for propene oxidation on planar Cu5 
(purple), 3D Cu5 with O2 adsorbed in a bridge mode (orange), 3D 
Cu5 with O2 adsorbed in a h111 mode (green) and on 3D Cu5 
starting with O2 dissociation (blue). Dashed lines indicate allyl 
paths. The origin of energies corresponds to separate planar Cu5 + 
O2 + propene. 
 
All in all, the present results show that planar Cu5 clusters favour 
the production of OMC intermediates by reaction with molecular 
O2 due to the preferential adsorption of the latter in a not too 
activating bridge mode. However, 3D Cu5 clusters are likely to 
perform worse in the epoxidation of propene because they are able 
to adsorb O2 in a more activating h-111 mode, which not only 
favours hydrogen abstraction but also facilitates O2 dissociation. 
Since the preferential O2 adsorption mode is determined by the 
different electronic structure of the two Cu5 isomers, the electronic 
structure (and conversely, the morphology) is the ultimate feature 
that causes planar Cu5 clusters to favour OMC production over allyl 
formation. The adsorbed O atoms are too basic and the pathway to 
allyl is greatly enhanced (see also Tables S1-S2 and Figure S1). 
 
3.3. PO formation vs. competing reactions from OMC on 
planar Cu5 
Once established that planar Cu5 clusters favour OMC production 
over allyl formation, the subsequent steps towards the target PO 
and the competitive reactions leading to propanal (PA) or acetone 
(AC) were investigated. The optimized structures involved are 
shown in Figures 7 and 8, and the free energy profiles for the most 
relevant processes are summarized in Figure 9.  
From the OMC cycle of structure 8, the direct breaking of the O-O 
bond and simultaneous formation of PO is not produced. Instead, 
two mechanisms towards PO are found (see Figure 7). In the first 
one (Figure 7a), the O-O bond is dissociated first through TS 62 
with an activation energy of 22.4 kcal mol-1, followed by a less 
energy demanding reorganization step to produce a four-centred 
cycle (structure 65) that is easily converted into PO via TS 66. In 
the second one (Figure 7b), the Cu-C interaction is lost after 
surpassing a lower barrier of 13.1 kcal mol-1, so that an intermediate 
is produced where the molecule is bonded to the cluster through the 
O2 only (structure 69). This system reacts via TS 70 breaking the 
O-O bond and creating PO (structure 71) at the same time, with a 
low activation energy of 9.0 kcal mol-1.  
  



 

   

 
 
Figure 7. Optimized structures involved in the transformations of the OMC intermediate 8. Relative Gibbs free energies with respect to 
separate planar Cu5+O2+2C3H6 (in parenthesis) and activation Gibbs free energies for elementary steps (in square brackets) in kcal mol-1. 
Cu, C, O and H atoms depicted in orange, amber, red and white, respectively. 

From structures where the O-O bond is still not dissociated, the 
competitive reaction leading to acetone seems unlikely because it 
requires the transference of the central hydrogen atom and the 
dissociation of the O-O bond at the same time. Indeed, trying such 
step from structure 8 (Figure 7c) leads to a 46.8 kcal mol-1 
activation energy (TS 73) to produce AC (structure 74). As a 
consequence, the more predominant direct path through transition 
state 68 is expected to enhance the selectivity towards PO. 
In the search for alternative routes to obtain AC we considered 
structure 65 as starting point and found two possible pathways 
(Figure 7d, e). Direct formation of AC via TS 75 implies a barrier 
of 26.8 kcal mol-1, whereas in the way through TS 77 the cluster 
deforms and produces the corresponding enol (2-propenol or 
isopropenol, structure 78) with a smaller barrier of 16.8 kcal mol-1. 
In any case, the barrier towards PO from structure 65 is only 2.1 
kcal mol-1, which indicates that formation of acetone is not 
competitive.  
In spite of this, we noticed that the hydrogen atom next to CO in 
structure 63 can be favourably oriented towards the remaining O 
atom due to the partial positive and negative charges that they 
respectively present (structure 79 in Figure 7f). From here, the 
transfer of the hydrogen atom to the oxygen atom is extremely easy 
(barrierless in fact, as a -0.2 kcal mol-1 free energy barrier is 
obtained, 0.7 in electronic energy) and the product is much more 

stable than any of the others shown because a stable hydroxyl and 
enolate species are formed (structure 81). The latter could be 
removed as 2-propenol if it retrieves a hydrogen atom for instance 
through an easy reaction with water (82-[83]-84 step).  
From the OMC intermediate with the non-methylated C atoms 
bonded to oxygen (structure 16 in Figure 2), similar results are 
obtained (see Figures 8 and 9). Thus, we find a path starting with 
the dissociation of the O-O bond through TS 85 with an activation 
energy for the rate determining step of 20.2 kcal mol-1 (Figure 8a), 
and a more direct pathway (Figure 8b) that starts with rupture of 
the Cu-C interaction via transition state 93 with an activation 
energy of only 6.0 kcal mol-1. Again, competitive reactions from 
structures where the O-O bond is still not dissociated are equally 
unlikely. For instance, the reaction towards 1-propenol (structure 
99 in Figure 8c) requires surpassing a barrier of 32.4 kcal mol-1, 
whereas all attempts to form propanal (PA) always led to the 
dissociation of the O-O bond first. In addition, competitive reaction 
towards PA starting from intermediate species 86 (Figure 8d), 88 
(Figure 8e) and 90 (Figure 8f) were always found less favourable 
than the alternative steps leading to PO by 4.8, 14.9 and 7.3 kcal 
mol-1, respectively. To sum up, it is found that once OMC is formed 
on planar Cu5 the subsequent steps of the mechanism towards PO 
production are energetically affordable, and competitive reactions 
generating PA or AC are always kinetically more difficult.



 

 
 

 
 
Figure 8. Optimized structures involved in the transformations of the OMC intermediate 16. Relative Gibbs free energies with respect to 
separate planar Cu5+O2+2C3H6 (in parenthesis) and activation Gibbs free energies for elementary steps (in square brackets) in kcal mol-1. 
Cu, C, O and H atoms depicted in orange, amber, red and white, respectively.  
 
3.4. Closing the cycle: OMC vs. allyl formation on Cu5O 
After the formation of the first PO molecule by reaction of propene 
with molecular O2 on planar Cu5 clusters, an oxygen atom remains 
adsorbed on the cluster, forming a Cu5O system whose reactivity 
towards propene should be established in order to close the 
catalytic cycle. For this purpose, we studied the interaction of 
propene with the two Cu5O structures obtained in the first part of 
the cycle on planar Cu5, namely, structures 72 and 53, and the 
pathways leading to PO and allyl intermediates (see Figure 10).  
Remarkably, reaction of propene from the gas phase following a 
ER mechanism with either 72 or 53 results in the direct formation 
of adsorbed PO (structure 107) through the same transition state 
(structure 106), with similar activation barriers of 22 kcal mol-1.  
After PO desorption, the planar Cu5 cluster is retrieved to start a 
new and selective catalytic cycle. Co-adsorption of propene on 

structure 72 to start LH mechanisms is weak, with adsorption 
energies of only 1-3 kcal mol-1 to form structures 108 and 111. The 
activation energies to form the OMC intermediates 110 and 113 are 
low, 17.0 and 11.1 kcal mol-1, respectively, and the most difficult 
step in the process becomes the ring closing to form the epoxide, 
with activation barriers of 29.0 and 36.1 kcal mol-1 through TSs 106 
and 114, respectively. Since these barriers are rather high, the ER 
path leading to PO should be predominant from structure 72. On 
the other hand, the possibility to form the undesired allyl 
intermediate by hydrogen abstraction in structure 111 requires 2.0 
kcal mol-1 more energy than OMC formation, and therefore its 
contribution to the total reactivity of propene should be low. 
 
 



 

 
 
Figure 9. Free energy profiles for the transformation of OMC 
intermediates 8 and 16 into PO (full lines) or secondary products 
(dashed lines). The pathways are depicted in Figures 7 and 8. The 
origin of energies corresponds to separate planar Cu5+O2+ 
2propene. 
 
Regarding LH mechanisms from structure 53 (see Figure 10b), we 
found that adsorption of propene yielding structures 117 and 120 is 
strong, -21 kcal mol-1, but the formation of the OMC intermediates 
119 and 122 requires activation energies larger than 40 kcal mol-1, 
making this process highly improbable. The reason for such large 
barriers is that, in structures 117 and 120, propene is far from the 
tri-coordinated oxygen atom and the reaction requires the 
detachment of the Cu atom at which propene is bonded, thus 
destabilizing transition states 118 and 121. In contrast, the reaction 
towards allyl is not so impeded sterically and the activation energy 
is affordable, 22.9 kcal mol-1. But since the ER path to form PO 
from structure 53 requires 22.3 kcal mol-1, it will remain slightly 
predominant. In addition, the production of PO through the more 
favourable pathways in the first part of the cycle ultimately yields 
structure 72, as opposed to structure 53 (Figures 7, 8). This way, 
the possible decrease of selectivity associated to propene 
adsorption on structure 53 before reacting through the more 
favourable ER mechanism, is avoided or at least minimized. 
 
4. CONCLUSIONS  
The mechanism of propene epoxidation with either molecular O2 
or atomic O catalysed by planar and 3D Cu5 clusters has been 
theoretically investigated in order to establish whether the cluster 
morphology and the nature of the oxygen species present has an 
influence on the selectivity of the reaction.  
In the first part of the mechanism, the less nucleophilic character of 
O2 adsorbed in a bridge mode on planar Cu5 clusters leads to the 
preferential formation of OMC intermediates precursors of PO. In 
contrast, 3D Cu5 clusters allow the adsorption of O2 in a more 
activating h-111 mode, i.e. as a superoxo species, whose basicity is 
high enough to favour the abstraction of a hydrogen atom from the 
methyl group thus leading to an allyl intermediate. Moreover, O2 
dissociation is easy on 3D Cu5 clusters, and the resulting adsorbed 
O atoms preferentially react with the methyl hydrogens of co-
adsorbed propene producing allyl species. In the second part of the 
mechanism, the OMC intermediates formed on planar Cu5 clusters 
evolve to PO with activation energy barriers systematically lower 
than those required to form undesired acetone or propanal.  
 
 

 

  

 
 
Figure 10. Optimized structures involved in the formation of OMC 
and allyl intermediates on Cu5O systems. Relative Gibbs free 
energies with respect to separate planar Cu5+O2+2C3H6 (in 
parenthesis) and activation Gibbs free energies for elementary steps 
(in square brackets) in kcal mol-1. Cu, C, O and H atoms depicted 
in orange, amber, red and white, respectively. 
 
After formation and desorption of the first PO molecule, the 
resulting Cu5O structure must react with a second propene 
molecule to close the catalytic cycle. In this case, the direct 
formation of a second PO molecule following an Eley-Rideal 
mechanism competes with allyl formation due to the planar 
geometry of the Cu5 cluster, which stabilizes the Cu0 metallic state. 
In spite of some minor deformations through the process, at the end 
of the reaction the cluster preserves its planar geometry, thus 
enabling a new catalytic cycle without loss of activity or selectivity. 
Note that since morphology and the resulting electronic structure 
of planar Cu5 is a key factor for the selectivity of the reaction 
towards PO, experimental trials on the application of this catalyst 
should employ a support able to stabilize planar Cu5 clusters 
without altering their electronic and hence their catalytic 
properties.33 On the other hand, the fact that the planar isomer is 
7.8 kcal mol-1 more stable than the 3D isomer in gas phase31 should 
facilitate the reaction to PO. 
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