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Abstract:  

A theoretical analysis was carried out on the mechanism of methane oxidation to methanol 

occurring on single site palladium oxide species [PdO]2+ supported on a model of Al-MCM-

41 silica. Both 6 and 8-membered ring structures were considered to represent the support. 

The energy profile for each elementary reaction was determined from density functional 

theory calculations with the OPBE functional. The calculated overall activation energies are 

close to the experimental values. Our calculations confirm that spin inversion can play a 

significant role in decreasing the barrier heights for the pathways. Indeed, in this type of 

reactions we could show a crossing between singlet and triplet reaction paths. We showed that 

the mechanism for the C-H bond cleavage and for the formation of methanol has a radical 

nature. According to our results, the [PdO]2+ species located on a 8-membered ring of silica is 

more active than that deposited on a 6-membered ring. The calculated activation energies to 

cleave the methane C–H bond are 35 and 84 kJ/mol for the radical and ionic pathways, 

respectively. The activation barrier and the transition state geometry of this H-abstraction step 

are directly correlated with the optimal angle at which the substrate should approach the 

[Pd=O]2+ moiety, with the elongation of the Pd-Ooxo bond and finally with the energy of the 

π* acceptor orbital.  
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1. Introduction 

The catalytic combustion of methane has received much attention in the last decade due to its 

increasing application in environment-friendly fuel combustion with reduced emission of 

nitrogen oxides.1-4 Numerous catalysts have been used, the most popular supported noble 

metals such as Pd, Pt and Rh5, and common transition metal oxides or mixed metal oxides as 

bulk or supported catalysts.6 Recently, supported palladium appeared to be a highly active 

catalyst for the direct oxidation of methane.7-11 Several studies have shown that PdO is the 

active phase for the catalytic combustion of methane.5,12 The mixture of Pd metal and PdO 

was proposed to be key for the activity in Pd loaded on zeolites.13 Furthermore palladium 

supported on acid silica-alumina amorphous mesoporous supports, such as Al-MCM-41 or 

SBA-15, is an excellent heterogeneous catalyst for the direct oxidation of methane.7,14 

Because of this, supported palladium oxides have been widely studied.3-13 The oxidation state, 

dispersion, oxide nature and the morphology of the particles are dependent on the preparation 

method and on the nature of the support, which complicates the characterization efforts to 

elucidate the nature of the active site for methane oxidation. Experimental studies confirmed 

that the cleavage of the strong C-H bond in CH4 is the rate-determining step for the catalytic o 

xidation of methane.15 Quantum mechanical investigations can provide complementary 

information to that obtained from experimental studies and go further in the comprehension of 

the mechanism. They compared single-crystal surfaces of well-defined phases of palladium 

oxide, to clarify the mechanism on a single phase.16-19 The active phase of Pd for CH4 

combustion has been investigated by DFT calculations and in situ SXRD experiments. It was 

found that the PdO(101) facet develops preferentially during the oxidation of Pd(100)17,18 and 

that the formation of PdO(101) coincides with increased rates of methane oxidation during 

reaction at millibar pressures.19 

In addition to these studies of PdO nanoparticles or surfaces, the gas-phase C-H bond 

activation of CH4 by various single transition-metal-oxide ions and bare metal cations has 

been experimentally and theoretically investigated by a large number of groups.16–23 

Schwarz’s group has systematically examined the efficiency and product branching ratio of 

the gas phase reactions of various transition metal oxide ions with methane. It was found that 

transition metal oxide ions ScO+, TiO+, VO+ and CoO+ do not react, while other transition 

metal oxide ions, MnO+, FeO+, NiO+, PtO+ and OsO+, react with methane to give methanol. 

The mechanism for the methane-to-methanol conversion is suggested to occur as follows: 

MO+ + CH4→ OM+(CH4) → TS1→ HO–M+–CH3→ TS2→ M+(CH3OH) → M++CH3OH.20,21 



3 
 

Mebel et al.22 have theoretically studied the potential energy surface (PES) for the MO + CH4 

reactions (M : Sc, Ni, and Pd) using density functional calculations and suggested for NiO 

and PdO that the methane conversion occurs via the formation of a methyl radical. 

Additionally, Baerends et al.23 have comprehensively studied the potential energy surfaces for 

methane activation by metaloxo species, showing that the lower the MO2+ (M = V, Cr, Mn, 

Fe, Co) acceptor orbital lies in energy, the lower the H-abstraction barrier is in general. Only 

a few theoretical studies were performed for C–H bond cleavage on zeolite supported Pd 

catalysts. Some researchers have investigated the C–H bond activation of methane on PdO/H-

BEA24 and PdO/HZSM-5.25 In the latter study, the activation energy of methane dissociation 

depends on the local structure of dispersed PdO, while the activation energies over 6-

membered rings and 7-membered rings are 98 and 94 kJ/mol, respectively. Some authors 

claim that intermediate pore sizes like in 10 membered ring zeolites are more beneficial to the 

catalytic activity than smaller or larger ones.9 

Beside PdO oxide, other oxidized forms of palladium in mesoporous materials have been 

proposed.26-30 A number of studies have been made on the PdIV oxo species. It has been 

proved that the calcination of [Pd(NH3)4]2+ exchanged with Mordenite zeolite31 or with acid 

silica–alumina amorphous mesoporous support7,32 in O2 gives PdIV oxo species associated 

with the Brønsted acid sites. Gannouni et al.32 recently reported a density functional theory 

(DFT) investigation of the structure of oxidized forms of Palladium in Pd/Al-MCM-41 after 

calcination, and compared their findings with experimental evidence obtained from IR and 

Raman spectroscopy and EPR observations. This catalyst (PdO/Al-LUS(9/46) has an 

excellent combustion activity for methane.7 However, none of these studies considered the 

effect of the grafting sites of the Pd oxo species on the catalytic activity. To our knowledge, 

no theoretical study of methane activation on Al-MCM-41 supported Pd oxo single site 

catalyst has been previously reported. 

In the present study, such a theoretical investigation is proposed to study the mechanism of 

the reaction of CH4 with single site PdIV oxo species supported on models of Al-exchanged 

MCM-41. The standard state for all species present in the gas phase was taken to be 1 atm. To 

study the effect of the support nature on the catalytic activity, we considered palladium oxo 

species supported in 6 or 8-membered rings. An important point in the catalytic process is the 

formation of PdO by oxidation of the deposited Pd species and then the regeneration of the 

oxide after the activation of CH4. The general picture is that O2 will interact on the reduced Pd 

site and participate in the oxidation of methane or methanol, restoring the PdO structure. 



4 
 

However this point is out of the scope of the present work and will be addressed in a future 

study.  

2. Computational models and methodology 

2.1. Theoretical Models 

Several patterns of acid silica-alumina were considered to model the various topological 

forms that can be met on an amorphous surface. The models were built using structures of 

silsesquioxane type that simulate the 6 (H14Al2Si10O18) and 8 (H18Al2Si14O24) membered rings 

in which two Si atoms are substituted by two Al atoms (see Figure S1). The termination of 

these clusters was achieved by H-Si≡ groups instead of H-O-Si≡ groups, to avoid additional 

intramolecular hydrogen bonds and unrealistic physico-chemical properties.33-36 

The [PdO]2+species were represented by the structures shown in Figure 1. These models were 

chosen based on our previous study on models of mesoporous Al-MCM-41 surface sites.32 In 

that study, we found that the analysis of the FTIR and Raman spectra coupled with the 

calculated reaction energies suggest that two oxidized palladium species, namely [PdO]2+ in a 

6- or 8-membered ring, exist. 

In the present study, the isolated oxidized palladium species [PdO]2+supported on silica Al-

MCM-41 is modeled by acid silica-alumina aggregates (PdO•MS) designated by 

[PdO]2+•[X−MR]2-, where X (6 or 8) is the ring size of TO on which the Pd oxo is deposited, 

each ring containing two Al atoms hence giving a correct charge balance. The aluminum 

atoms can occupy different positions and two isomers of position were considered here for the 

6-membered ring ([PdO]2+•[6−MR]2-) models. It has been shown previously32 that the most 

stable PdO2+•MS2- complexes correspond to adsorption on 8-membered rings followed by 

adsorption on 6-membered rings ([PdO]2+•[6−MR]2-
a). This is in agreement with the 

experimental data on Pd oxo species.31,32 In the following, these complexes will be more 

simply denoted [PdO]-6a, [PdO]-6b and [PdO]-8. Figure 1 shows the structures of the clusters 

and the various sites for the aluminum atoms.  

On these models, we used density functional theory (DFT) to calculate the PES for the first 

oxidation step of CH4: PdO•MS +CH4 → Pd•MS + CH3OH . 

2.2. Methods 

All calculations were performed using the Gaussian 09 program37 within Density Functional 

Theory (DFT) using the OPBE38 functionals that has already proven a reasonable accuracy for 

the electronic structure, which concurs with available experimental observations39 and 
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catalytic reactivity.40 Moreover, some typical energies have been calculated for several 

experimentally available species with the OPBE, PBE and OLYP functionals and compared 

with the experimental values. These calculated energy data are summarized in Table S1. For 

example, the reaction enthalpy (ΔrH°) of CH4 → CH3
• + H• , H2O2 → HOO• + H• ,        

H2O2→ 2OH• and CH3OH → CH3O• + H•, are in good agreement with the corresponding 

experimental observations.41-43  The triple-ζ plus polarization basis set (TZVP)44 was used for 

the following atoms: silicon, oxygen, aluminum and hydrogen. For palladium, the 

pseudopotential of Hay and Wadt has been used together with the LANL2 basis sets as 

implemented in the code. The [PdO]2+ species bonded to silica were treated as free standing 

molecules. 

The optimized structures were characterized by frequency calculations, and all energies 

include the zero-point vibrational energies unless otherwise stated. Transition-state structures 

(TS) on the potential energy surface were located using the synchronous transit-guided quasi-

Newton method. Unrestricted DFT was used for all calculations of the singlet, triplet and 

quintet PES. All TS were verified by the presence of a single imaginary frequency 

corresponding to the reaction coordinate to ensure that the TS led to the reactants and 

products of interest. In addition to visualization of the imaginary vibrational mode, the 

intrinsic reaction coordinate (IRC) was followed in both directions. The atomic charges were 

calculated using the approach proposed by Mulliken.45 

3. Results and discussion 

3.1 Geometric structure and electronic and bonding characteristics of the [PdO]-6a, 

[PdO]-6b and [PdO]-8 complexes. 

The optimized structures of [PdO]-6a, [PdO]-6b and [PdO]-8 were obtained taking the 

total charge as neutral and considering either singlet (s) or triplet (t) or quintet (q) ground 

states. Except [PdO]-6b (t and q) and [PdO]-8 (q), that are d6 ML5, all these complexes are of 

d6 ML4 type. For [PdO]-6a and [PdO]-8 the triplet state is the ground state, while the ground 

state of [PdO]-6b is singlet (Table S2 in SI, Supplementary Information). The latter is the 

most stable of the 6-membered rings. The optimized structures are shown in Figure 1. The Pd 

atom interacts with four or five oxygen atoms including three (or four) Al-MCM framework 

oxygen atoms (OMS, MS for mesoporous support) and one forming the oxo species. The 

framework O atoms are in any case neighbors of one Al atom. The ML4 type complexes are 

approximately planar, except in structures [PdO]-6a (t and q) where the oxo oxygen atom is 
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positioned out of the ring. In the ML5 complexes, PdO2+ is located perpendicular to the ring, 

which makes it more accessible to methane. The most noticeable geometric feature in the 

singlet electronic states is a fairly long Pd–Ooxo bond in comparison with that in the species 

with the triplet and quintet states (194 pm in singlet vs. 178 pm in quintet and 186 pm in 

triplet (Figure 1)). The distances between the palladium ion and the framework oxygen atoms 

vary between 206 and 259 pm (Table S1). 

The different acidity of the oxygen atoms (-Al-OMS) interacting with Pd4+ is reflected by the 

computed Mulliken charges, the ligand framework oxygen atoms (OMS) donating electron to 

the palladium center, which decreases the positive charge on the metal (Table S3 in SI). In 

singlet spin states, the palladium atom is the least positively charged and the oxo oxygen is 

the most negatively charged.  

3.2. Reaction profiles. 

The structures of the model clusters used in this work are shown on Figure 1 and the Pd-

O distances are given in Table S2 (SI). They are either of ML4 or ML5 type depending on the 

size of the ring and on the spin state.32 The approach of methane to these clusters leads to 

loose precursor states (PS) (Figure S2). In the final state (FS), methanol is bound to the 

palladium atom, either by oxygen as a ligand or by hydrogen forming a loose complex, 

depending on the coordination of the metal (Figure S3). 

Two possible reaction pathways for the C–H bond activation of methane, and the 

further conversion to methanol can exist, a radical mechanism and an ionic mechanism, that 

will be compared in the following (Scheme1). 

3.2.1 Radical mechanism 

The radical pathway can be partitioned into two steps. First, the H atom abstraction to 

form the methyl radical leads to the intermediate labeled I1, via the transition state TS1R                                      

(Scheme 1). The second step is the methyl migration via TS2R to form the methanol product. 

In some cases, a reorientation of the CH3 group leading to the intermediate I2 is necessary to 

ensure the formation of the C-O bond. The energy profiles for the radical pathway at the 

various spin states are given in Figure 2 and the activation energies of the different steps are 

gathered in Table 1. The geometry of the intermediates is given in Figures S3-S4 and that of 

the TSs in Figure 3. The main distances and angles are collected in Tables S4-S6.  
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3.2.1.a The C-H bond activation step 

A first observation can be made from Figure 2. In the case of the singlet spin state, 

whatever the cluster, intermediate I1 does not exist and the final state is obtained directly from 

TS1R with activation energies of 87, 107, and 89 kJ/mol for the [PdO]-6a(s), [PdO]-6b(s), and 

[PdO]-8(s) clusters, respectively (Table1). For the triplet and quintet states, the reaction 

proceeds really in two steps. In the case of [PdO]-6a the 3 transition states have a markedly 

different energy, and the pathway on the (ground state) triplet surface is clearly favored. For 

[PdO]-6b the TS on the singlet and triplet surfaces have very similar energy and reaction can 

occur either on the ground state singlet or after crossing to the triplet surface. For the [PdO]-8 

cluster, the TS on the triplet surface is slightly favored. 

The C-H bond is highly stretched for the triplet and quintet TS (140-146 pm), 

particularly for TS1R-8(t) (149 pm) but less for the singlet TS (129 -135 pm) (Figure 3). For 

comparison, this stretch is smaller with other metal oxides MO (M: Ni (141pm), Pd (139 

pm))22 and Fe=O (126 pm).46 In a parallel way, the distance between Ooxo and H is longer for 

the singlet TS (114 pm) than for the other spin states (109-111 pm). This would mean that the 

TS's are earlier in the singlet states than in the triplet or quintet states. 

In the case of [PdO]-6a and [PdO]-8, there is a triplet to singlet intersystem crossing 

after the C-H bond cleavage TS since the final product (methanol) is always singlet. The 

reaction proceeds first on the triplet PES before reaching the TS1R structure where the system 

can switch its multiplicity and continue on the singlet PES. Such a mechanism is termed two-

state reactivity (TSR) by Shaik et al.47 The spin crossing is possible because of the small 

difference in the energy of the two lowest spin states (22 and 11 kJ/mol for the [PdO]-6a and 

[PdO]-8, respectively. In the case of [PdO]-6b, the reaction can proceed via the singlet 

pathway directly. 

The optimized structures for I1-6a, I1-6b and I1-8 clusters are shown in Figure S4 (SI). 

Compared with the initial clusters after adsorption of the methane (PS, Figure S2), the local 

structure of the PdO moiety and the coordination environment of Pd change (Tables S4-S6). 

The distance that obviously changes the most is Pd-OOxo between Pd and oxygen in PdO itself 

and particularly in the I1-6b(t) cluster (lengthening of 17 pm). The hydrogen atom has been 

completely transferred to Ooxo, with a O-H distance between 97 and 100 pm. This suggests 

that the oxygen in PdO is involved in the methane activation directly.  

3.2.1.b Formation of methanol   
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In what concerns the second step, we can notice that the methyl radical in I1 is, in some cases, 

not well oriented to interact with OH and must rotate to yield intermediate I2 (Figure S5). In 

this intermediate, the CH3 moiety is oriented in opposite to the O-H bond. According to 

previous works, the reorientation of the methyl radical to give I2 facilitates the formation of 

methanol.48,49 This is the case for I2-6a(q) this rotation is quasi energy-neutral and I2-6b(q) is 

less stable than I1 by 6 kJ/mol, which could be considered as a lower limit for the rotation 

barrier, in agreement with the barriers calculated by Shaik et al.50 for the hydroxylation of 

methane with the enzyme cytochrome P450. In the case of I2-8(t) and I2-8(q), these 

intermediates are more stable than the corresponding I1 intermediates by -7 kJ/mol and           

-3 kJ/mol, respectively.  

It is obvious on Figure 2 that the transition state TS2R(q) of the second step for the 

quintet state is far too high, which eliminates this spin state as a plausible pathway. In 

opposite for the triplet state, the second step is almost barrier-less, with activation energies of 

1 to 7 kJ/mol (Table 1). It results that the rate-determining step for the triplet state is the first 

one that is responsible for the C-H bond dissociation and the competition is between the 

singlet and the triplet states. 

In TS2R, the C-O bond formed is longer for the triplet state than for the quintet state, 

particularly for TS2R-8 (221-265 pm vs. 168-178 pm). At the same time, the Pd-O bond being 

broken is smaller for the triplet state, particularly for TS2R-8 (188-195 vs. 206-214 pm). This 

would mean that TS2 is later for the quintet state, in line with a higher barrier.  

The desorption of methanol is endothermic on [PdO]-XMR (by 14-65 kJ/mol (s), 12-50 

kJ/mol (t), 20-85 kJ/mol (q)), except for the singlet state pathway on [PdO]-6b(s) where the 

desorption is exothermic (Figure 2). 

3.2.1.c The factors that influence the C-H bond activation step 

 For the radical mechanism, the activation energy for C−H dissociation depends on 

various parameters: (a) the optimal angle at which the substrate should approach the [M=O]2+ 

moiety49,22, (b) the energy of the σ* or π*  acceptor orbital of the initial M=O complex46,40, 

which leads to the α-σ* or β-π* reaction channel, and (c) the lengthening of the M–Ooxo bond 

in reactants.51 In our system [PdO]-MS, the lowest unoccupied orbital is the  π* molecular 

orbital for all spin states and ring size. It mainly consists in the antibonding combination of 

Pd-dxz/yz and the OOxo-px/y fragment orbitals as shown on Figure S6. In the case of the singlet 

state, this orbital mixes with some orbitals of the frame oxygen atoms. Hence, the reaction 

follows the β-π* channel. This is reflected by the fact that no TS1R is linear, which would 
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mean a α-σ* channel, and the Pd-Ooxo-H angle varies from 110 to 119° depending on the 

complex, which characterizes the β-π* reaction pathway. 

The relative energies of the π* orbital of the various starting clusters are given in Table 

S7. Whatever the ring size, this orbital is higher in the singlet state than in the others. Based 

on this criterion only, the barriers should be the highest for the singlet states, which is true 

particularly in the case of 6b. However, we can see on Figure 1 that the Pd-OOxo bond is 

longer for the singlet sates (194 vs. 178-186 pm), which would give smaller barriers. The two 

effects balance, which reduces the difference between the barriers. The same observation is 

done when triplet and quintet states are compared: the π* orbital is higher for the quintet 

states but their Pd-O bond is longer. Concerning the Pd-Ooxo-H angle, it is comprised between 

110 and 119° in all TS1R transition states, which characterizes the β-π* reaction pathway. 

The different acidity of the oxygen atoms (-Al-OMS) affects the charge of the Pd-Ooxo moiety 

and hence, the position of the electron acceptor orbital. For instance, the π* orbital in [PdO]-

6b(s) is higher in energy than in [PdO]-6a(s) (larger positive charge) and lower in [PdO]-6b(t) 

than in [PdO]-6a(t) (smaller positive charge). This conclusion is in agreement with previous 

experimental data concerning the catalytic activity of PdO that can be affected by the acidity 

of acid silica-alumina amorphous mesoporous support.7,14 

3.2.2 Ionic mechanism 

In the ionic pathway, the insertion of the C-H bond of methane into the PdIV-Ooxo bond 

occurs via a kind of metathesis mechanism. One of the hydrogen atoms in the coordinated 

methane shifts to the OOxo atom and the C atom binds to Pd in a concerted manner via a four-

centered transition state TS1I, giving the hydroxyl intermediate, [CH3-Pd-OH]2+•MS2- 

(designated by I3). The second step from I3 to FS via TS2I is a reductive elimination by 

recombination of CH3 and OH to give methanol (Scheme 1). This ionic reaction pathway for 

the methane-methanol conversion includes one intermediate and two TS as well as reactant 

and product complexes. Despite several attempts, the transition states could not be located in 

the case of the quintet states. Hence only the singlet and triplet ionic pathways will be 

described in the following. 

For the ionic mechanism, the first step leading to intermediate I3 is exothermic due to its 

high stability, the reaction energy being -149 (s), -135 (t), -221 (s), -159 (t), -208 (s), -221 (t) 

kJ/mol for [PdO]-6a, [PdO]-6b, and [PdO]-8, respectively (Figure 4). The structures of I3 are 

shown on Figure S7. Whatever the cluster and its spin state, the bond lengths and angles are 
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very similar (Tables S7-S10). A short hydrogen bond (147 to 192 pm) is formed between the 

H atom of [CH3-Pd-OH] and an oxygen atom of the ring (Figure S7). 

There is also a spin crossing between the singlet and the triplet states during the first 

step. Except in the case of [PdO]-6a, where the energy barrier is slightly larger for the singlet 

state (134 vs.127 kJ/mol), the barrier is far smaller for the triplet state, 84 and 135 vs. 223 and 

199 kJ/mol for [PdO]-6b, and [PdO]-8, respectively (Figure 4).  

The structures of the first TS (TS1I) are given on Figure 5 and the corresponding 

geometrical data in Tables S8-S10. For the 6-membered rings in the singlet state, the Pd-OOxo 

bond decreases first in TS1I-6a(s) and TS1I-6b(s) compared to the starting point and increases 

again in the corresponding I3 clusters. In opposite for the 8-membered ring in the singlet state, 

Pd-O begins to increase in the TS and to decrease afterward. For the triplet states, whatever 

the size, this bond increases regularly. The Pd-C bond that decreases regularly is much longer 

in TS1I-8(t) than in all the others, which means that this TS is early along this coordinate. 

However, the long C-H bond (160 pm) and the short O-H bond (106 pm) would indicate a late 

TS for the breaking of the C-H bond. For the 6-membered rings, the longer Pd-C and O-H 

bonds and the shorter C-H bond in the singlet state than in the triplet state seem to indicate an 

earlier TS in the former state.  

In the next step, a 1,2-migration of the methyl group from Pd to O occurs to form a C-O 

bond (reductive elimination), also in a concerted manner via a three-centered transition state 

TS2I (Figure 5 and Tables S8-S10). The barriers are relatively small and the singlet pathway is 

easier than the triplet one, with activation energies of 37 - 47 compared to 73 - 77 kJ/mol. IRC 

calculations have confirmed the connection between I3 and FS through transition state TS2I. In 

the transition state, the Pd-C and Pd-OOxo bonds are stretched as compared to those in TS1I 

and a new C-OOxo bond starts to form. The structures of TS2I in the singlet and triplet states 

are similar, although TS2I(t) has slightly shorter C-OOxo bond lengths. The C-Pd-OOxo angle in 

all the TS2I(s) are close to the TS2I(t) (∼58°).  

3.3 Mechanistic Features: Comparison between radical and ionic pathways and 

influence of support 

If the two mechanisms are compared, the energy barriers calculated for the ionic 

mechanism are much larger than those calculated for the radical mechanism, for the first step 

as well as for the second one. Hence, a first conclusion is that the activation of methane to 

give methanol with the studied catalyst follows a radical mechanism. 
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Let us consider now the size of the support ring. For [PdO]-6a, the reaction starts in the 

triplet state with a barrier of 82 kJ/mol and after a spin-crossing toward the single PES the 

singlet final product is obtained. The situation is the same for [PdO]-8 with a barrier of 90 

kJ/mol. In these two cases, there is a cost for the promotion of the triplet state to the singlet 

state for the reactants. Minimum energy seam of crossings has not been calculated. 

Nevertheless, the structures of TS and intermediate states around the spin crossing are very 

similar. Hence geometry rearrangement at the crossing point will be minimal. The energy of 

the crossing is a value estimated from the difference between the energies of the singlet and 

the triplet namely 26 and 8 kJ/mol, respectively that must be added to the barrier.40 Finally for 

[PdO]-6b, the reaction follows the singlet PES with a barrier of 107 kJ/mol. Hence, the global 

barriers are very similar (108, 107, and 98 kJ/mol for [PdO]-6a, [PdO]-6b, [PdO]-8, 

respectively) with a small preference for the largest system. These values are in agreement 

with those observed experimentally for a series of PdO/MCM-41 catalysts (80-105 kJ/mol).51 

In the literature also	
  the apparent activation energy is found to range from 70 to 90 kJ/mol.52 

In our prior work7,32 it has been shown that in PdO/Al-LUS(9/46) materials two species are 

likely to exist, isolated Pd atoms namely [PdO]2+ in 8-membered rings and PdO particles. The 

activation energy (Ea) determined experimentally for this catalyst is 90 kJ/mol (Figure S7). 

The values of the activation energy observed on PdO/Al-LUS(9/46) agreed with the global 

barriers calculated with isolated Pd atoms. To reach this conclusion, we assume that the 

activation of CH4 is the rate determining step and do not consider the oxidation of the 

catalyst, as did other authors.18 Moreover, it was found that the activation energy on PdO 

surfaces is much higher on the very stable PdO(100) termination than on PdO(101): on 

PdO(101) activation energies of 62 kJ/mol were calculated,18 while on PdO(100) activation 

energies of 131 kJ/mol18 and 104,2 kJ/mol17 were obtained. The calculated results of the 

activation energy relative to isolated Pd atoms (108, 107, and 98 kJ/mol for [PdO]-6a, [PdO]-

6b, [PdO]-8, respectively) seem to be reasonable compared with experimental values             

90 kJ/mol, which are different for extended PdO phases. We conclude that for the             

PdO/Al-LUS(9/46) catalyst the CH4 activation could be primarily due to isolated Pd atoms 

and PdO(100) phases. The reactivity of isolated PdIV oxo sites depend on their local 

geometrical environment. Moreover, the Ea values for Pd/Y are much higher than those 

reported for Pd/ZSM-5 and Pd/mordenite.53,54  
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4. Conclusion  

In this paper, we studied, with density functional theory methods, the methane C−H bond 

cleavage reactions catalyzed by an oxo PdIV=O species supported on silica Al-MCM-41. We 

studied the effect of the support on the catalytic activity. For this purpose, we considered 

isolated palladium oxo species supported on 6 or 8-membered rings and calculated the PES 

for the PdO•MS +CH4 → Pd•MS + CH3OH reaction. The concerted reaction pathway for the 

direct methane-methanol conversion by PdO2+ can proceed via a radical or an ionic 

mechanism. We showed that the activation of methane to give methanol with the studied 

catalyst preferentially follows a radical mechanism. For the singlet states, the reaction 

proceeds in one step, the breaking of the C-H bond leading directly to a coordinated methanol 

molecule. For the triplet states on the opposite, the reaction proceeds in two steps, with 

rebound of the methyl radical. The Pd2+ oxo species supported on a 8-membered ring is 

slightly more reactive than those supported on a 6-membered ring. In some cases, the reaction 

follows a singlet state mechanism. In others, it follows a so-called two-state reactivity (TSR) 

mechanism, via a spin crossing, starting from the triplet state and ending in the singlet state. 

 
 
 
Supporting Information available: Calculated structures and structural parameters of 
various species on [PdO]-6a; [PdO]-6b and [PdO]-8 clusters; Acceptor orbital π* and 
Arrhenius plot 
Acknowledgement: The authors would like to thank the financial support of the Tunisian 
General Direction of Scientific Research and technological Renovation (DGRSRT) and the 
Institut Français de Tunisie. Grants of computer time from Pole of numerical simulations 
(PSMN) in Ecole Normale Supérieure de Lyon are gratefully acknowledged. 
 
References  
 
(1) Cheng, D.; Okumura, K.; Xie, Y.; Liu, C.-J. Stability Test and EXAFS Characterization of Plasma Prepared Pd/HZSM-5 
Catalyst for Methane Combustion.  Appl. Surf. Sci. 2007, 254, 1506-1510. 
(2) Yue, B.; Zhou, R.; Wang, Y.; Zheng, X. Influence of Transition Metals (Cr, Mn, Fe, Co and Ni) on the Methane 
Combustion over Pd/Ce–Zr/Al2O3 Catalyst. Appl. Surf. Sci. 2006, 252, 5820-5828. 
(3) Persson, K.; Pfrefferle, L.D.; Schwartz, W.; Ersson, A.; Järås, S.G. Stability of Palladium-Based Catalysts During 
Catalytic Combustion of Methane: The Influence of Water. Appl. Catal. B 2007, 74, 242-250. 
(4) Liu, C.-J.; Yu, K.-L.; Zhang, Y.-P.; Zhu, He, X.-L.; Eliassion, F. B. Characterization of Plasma Treated Pd/HZSM-5 
Catalyst for Methane Combustion. Appl. Catal. B 2004, 47, 95-100. 
(5) Gélin, P.; Primet, M. Complete Oxidation of Methane at Low Temperature Over Noble Metal Based Catalysts: A Review. 
Appl. Catal. B 2002, 39, 1–37. 
(6) Paredes, J.R.; Díaz, E.; Díez, F.V.; Ordónez, S. Combustion of Methane in Lean Mixtures over Bulk Transition-Metal 
Oxides: Evaluation of the Activity and Self-Deactivation. Energy Fuels 2009, 23, 86–93. 
(7) Gannouni, A.; Albela, B.; Saïd Zina, M.; Bonneviot, L. Metal Dispersion, Accessibility and Catalytic Activity in Methane 
Oxidation of Mesoporous Templated Aluminosilica Supported Palladium. Appl. Catal. A 2013, 464, 116–127. 
(8) Yin, F.; Ji, S.; Wu, P.; Zhao, F.; Li, C. Deactivation Behavior of Pd-Based SBA-15 Mesoporous Silica Catalysts for the 
Catalytic Combustion of Methane. J. Catal. 2008, 257, 108–116. 
(9) Park, J.-H.; Kim, B.; Shin, C.-H.; Seo, G.; Kim, S.H.; Hong, S.B. Methane Combustion over Pd Catalysts Loaded on 
Medium and Large Pore Zeolites. Top. Catal. 2009, 52, 27–34. 
(10) Okumura, K.; Shinohara, E.; Niwa, M. Pd Loaded on High Silica Beta Support Active for the Total Oxidation of Diluted 
Methane in the Presence of Water Vapor. Catal. Today 2006, 117, 577–583. 



13 
 

(11) Najar, H.; Saïd Zina, M.; Ghorbel, A. Catalytic Activity of Palladium Supported on Mesoporous Modified Y-Zeolite in 
Methane Combustion. Kinet. Kata. 2010, 51, 602–608. 
(12) Okumura, K.; Masumoto, S.; Nishiaki, N.; Niwa, M. Support Effect of Zeolite on the Methane Combustion Activity of 
Palladium. Appl. Catal. B 2003, 40, 151-159. 
(13) Yue, B.H.; Zhou, R.X.; Wang, Y.J.; Zheng, X.M. Study of the Methane Combustion and TPR/TPO Properties of Pd/Ce–
Zr–M/Al2O3 Catalysts with M= Mg, Ca, Sr, Ba. J. Mol. Catal. A 2005, 238, 241-249. 
(14) Bassil, J.; AlBarazi, A.; Da Costa, P.; Boutros, M. Catalytic Combustion of Methane Over Mesoporous Silica Supported 
Palladium. Catal. Today 2011, 176, 36–40. 
(15) Burch, R.; Crittle, D.J.; Hayes, M.J. C-H Bond Activation in Hydrocarbon Oxidation on Heterogeneous Catalysts. Catal. 
Today 1999, 47, 229-234. 
(16) Dianat, A.; Seriani, N.; Ciacchi, L.C.; Bobeth, M.; Cuniberti, G. DFT Study of Reaction Processes of Methane 
Combustion on PdO(100). Chemical Physics 2014, 443, 53–60. 
(17) Mayernick, A.D.; Janik, M.J. Methane Oxidation on Pd–Ceria: A DFT Study of the Mechanism Over PdxCe1-xO2, Pd, 
and PdO. J. Catal. 2011, 278, 16–25. 
(18) Chin, Y.-H.C.; Buda, C.; Neurock, M.; Iglesia, E. Consequences of Metal−Oxide Interconversion for C−H Bond 
Activation during CH4 Reactions on Pd Catalysts. J. Am. Chem. Soc. 2013, 135, 15425–15442. 
(19) Hellman, A.; Resta, A.; Martin, N.M.; Gustafson, J.; Trinchero, A.; Carlsson, P.A.; Balmes, O.; Felici, R.; van Rijn, R.; 
Frenken, J.W.M.; Andersen, J.N.; Lundgren, E.; Gronbeck, H. The Active Phase of Palladium During Methane Oxidation. J. 
Phys. Chem. Lett. 2012, 3, 678-682. 
(20) Shiota, Y.; Yoshizawa, K. Methane-to-Methanol Conversion by First-Row Transition-Metal Oxide Ions: ScO+, TiO+, 
VO+, CrO+, MnO+, FeO+, CoO+, NiO+,and CuO+. J. Am. Chem. Soc. 2000, 122, 12317-12326. 
(21) Yoshizawa, K.; Shiota, Y.; Yamabe, T. Methane-Methanol Conversion by MnO+, FeO+, and CoO+: A Theoretical Study 
of Catalytic Selectivity. J. Am. Chem. Soc. 1998, 120, 564-572. 
(22) Hwang, D.Y.; Mebel, A.M. Activation of Methane by Neutral Transition Metal Oxides (ScO, NiO, and PdO): A 
Theoretical Study. J. Phys. Chem. A 2002, 106, 12072-12083  
(23) Michel, C.; Baerends, E. What Singles out the FeO2+ Moiety? A Density-Functional Theory Study of the Methane-to-
Methanol Reaction Catalyzed by the First Row Transition-Metal Oxide Dications MO(H2O)p2+, M = V-Cu. J. Inorg. Chem. 
2009, 48, 3628-3638.  
(24) Pan, Y.-X.; Liu, C.-J.; Shi, P. The Cleavage of the Methane C–H Bond Over PdO/H-BEA: A Density Functional Theory 
Study. Appl. Surf. Sci. 2008, 254, 5587–5593. 
(25) Wang, J.G.; Liu, C.J. Density Functional Theory Study of Methane Activation Over PdO/HZSM-5. J. Mol. Catal. A: 
Chem. 2006, 247, 199–205. 
(26) Rice, M.J.; Chakraborty, A.K.; Bell, A.T. Theoretical Studies of the Coordination and Stability of Divalent Cations in 
ZSM-5. J. Phys. Chem. B 2000, 104, 9987-9992. 
(27) Bi, Y. ; Lu, G. Catalytic CO Oxidation Over Palladium Supported NaZSM-5 Catalysts. Appl. Catal. B 2003, 41, 279-
286. 
(28) Lee, S.H.; Kim, Y.; Seff, K. . Crystal Structure of Partially Pd2+-Exchanged Zeolite X Dehydrated in Oxygen at 400 C 
Formation of Linear Pd2O3 Clusters Proposed To Be HO-PdIV-O-PdIV-OH in (Pd2+)14(HOPdOPdOH4+)8(Na+)32-Si100Al92O384. 
J. Phys. Chem. B 2000, 104, 2490-2494. 
(29) Pommier, B.; Gélin, P. On the Nature of Pd Species Formed Upon Exchange of H-ZSM-5 with Pd(NH3)4 and 
Calcination in O2. Phys. Chem. Chem. Phys. 1999, 1, 1665-1672. 
(30) Wen, B.; Sun, Q.; Sachtler, W.M.H. Function of Pd0

n Clusters, Pd2+(oxo-) Ions, and PdO Clusters in the Catalytic 
Reduction of NO with Methane over Pd/MFI Catalysts. J. Catal. 2001, 204, 314-323. 
(31) Reifsnyder, S.N.; Otten, M.M.; Lamb, H.H. Nucleation and Growth of Pd Clusters in Mordenite. Catal. Today. 1998, 
39, 317-328. 
(32) Gannouni, A.; Rozanska, X.; Albela, B.; Saïd Zina, M.; Delbecq, F.; Bonneviot, L.; Ghorbel, A. Theoretical and 
Experimental Investigations on Site Occupancy for Palladium Oxidation states in Mesoporous Al-MCM-41 Materials. J. 
Catal. 2012, 289, 227–237. 
(33) Sauer, J.; Ugliengo, P.; Garrone, E.; Saunders, V.R. Theoretical Study of Van der Waals Complexes at Surface Sites in 
Comparison with the Experiment. Chem. Rev. 1994, 94, 2095-2160. 
(34) Sauer, J.; Hill, J.R. Chem. The Acidity of Surface Silanol Groups. A Theoretical Estimate Based on Ab Initio 
Calculations on a Model Surface. Phys. Lett. 1994, 218, 333-337. 
(35) Zwijnenburg, M.A.; Bromley, S.T.; Janses, J.C.; Maschmeyer, T. Toward Understanding Extra-Large-Pore Zeolite 
Energetics and Topology: A Polyhedral Approach. Chem. Mat. 2004, 16, 12-20. 
(36) Guo, C. S.; Hermann, K.; Hävecker, M.; Trunschke, A.; Schlögl, R. Silica-Supported Titania Species: Structural 
Analysis from Quantum Theory and X‑ray Spectroscopy. J. Phys. Chem. C 2012, 116, 22449−22457 
(37) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scalmani, G.; Barone, V.; 
Mennucci, B.; Petersson, G. A.; et al. Gaussian 09, Revision D.01; Gaussian, Inc.: Wallingford, CT, 2009. 
(38) Handy, N.C.; Cohen, A. J. Left-Right Correlation Energy. Mol. Phys. 2001, 99, 403-412. 
(39) Groenhof, A. R.; Swart, M.; Ehlers, A. W.; Lammertsma, K. Electronic Ground States of Iron Porphyrin and of the First 
Species in the Catalytic Reaction Cycle of Cytochrome P450s. J. Phys. Chem. A 2005, 109, 3411-3417. 
(40) C.Andrikopoulos, P.; Michel, C.; Chouzier, S.; Sautet, P. In Silico Screening of Iron-Oxo Catalysts for CH Bond 
Cleavage. ACS Catal. 2015, 5, 2490−2499. 
(41) Ruscic, B.; Litorja, M.; Asher, R. L. Ionization Energy of Methylene Revisited: Improved Values for the Enthalpy of 
Formation of CH2 and the Bond Dissociation Energy of CH3 via Simultaneous Solution of the Local Thermochemical 
Network. J. Phys. Chem. A 1999, 103, 8625-8633. 
(42) Blanksby, S.J.; Ellison, G.B. Bond Dissociation Energies of Organic Molecules. Acc. Chem. Res. 2003, 6, 255-263. 



14 
 

(43) Ruscic, B.; Wagner, A.F.; Harding, L.B. , Asher, R.L.; Feller, D.; Dixon, D.A.; Peterson, K.A.; Song, Y.; Qian, X.; Ng, 
C.-Y.; Liu, J.; Chen, W.; Schwenke, D.W. On the Enthalpy of Formation of Hydroxyl Radical and Gas-Phase Bond 
Dissociation Energies of Water and Hydroxyl. J. Phys. Chem. A 2002, 106, 2727–2747. 
(44) Schäfer, A.; Huber, C.; Ahlrichs, R. Fully Optimized Contracted Gaussian Basis Sets of Triple Zeta Valence Quality for 
Atoms Li to Kr. J. Chem. Phys. 1994, 100, 5829-5835. 
(45) Mulliken, R.S. Electronic Population Analysis on LCAO-MO Molecular Wave Functions. J. Chem. Phys. 1955, 23, 
1833-1840. 
(46) Usharani, D.; Janardanan, D.; Li, C.; Shaik, A. Theory for Bioinorganic Chemical Reactivity of Oxometal Complexes 
and Analogous Oxidants: The Exchange and Orbital-Selection Rules. Acc. Chem. Res. 2013, 46, 471–482.  
(47) Schröder, D.; Shaik, S.; Schwarz, H. Two-State Reactivity as a New Concept in Organometallic Chemistry. Acc. Chem. 
Res. 2000, 33, 139-145. 
(48) Impeng, S.; Khongpracha, P.; Warakulwit, C.; Jansang , B.; Sirijaraensre, J.; Ehara, M.; Limtrakul, J. Direct Oxidation 
of Methane to Methanol on Fe–O Modified Graphene. RSC Adv. 2014, 4, 12572-12578. 
(49) Sharma, P. K.; de Visser, S.P.; Ogliaro, F.; Shaik, S. Is the Ruthenium Analogue of Compound I of Cytochrome P450 an 
Efficient Oxidant? A Theoretical Investigation of the Methane Hydroxylation Reaction. J. Am. Chem. Soc. 2003, 125, 2291-
2300. 
(50) Neese1, F. Nonheme Oxo-Iron(IV) Intermediates Form an Oxyl Radical upon Approaching the C–H Bond Activation 
Transition State. PNAS 2015, 108, 1228–1233. 
(51) Zribi, S.; Albela, B.; Bonneviot, L.; Saïd Zina, M. Surface Engineering and Palladium Dispersion in MCM-41 for 
Methane Oxidation. Appl. Catal. A 2015, 502, 195–203. 
(52) Riberiro, F.H.; Chow, M.; Dalla Betta, R.A. Kinetics of the Complete Oxidation of Methane over Supported Palladium 
Catalysts. J. Catal. 1994, 146, 537-544. 
(53) Saïd Zina; M., Ghorbel; A. Preparation and Characterization of Bimetallic PdMo/Y-Zeolite: Catalytic Properties in 
Methane Combustion. Solid State Sci. 2004, 6, 973–980. 
(54) Montes de Correa; C., Luzvilla; H.A. Combustion of Methane over Palladium ZSM-5 and Mordenite Catalysts. Appl. 
Catal. B: Environ. 1996, 10, 313-323. 
 
 
TOC Graphic 

 
	
  

 


