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7. Objectives as stated in the project proposal:  
 
(i) To investigate structural, electronic and magnetic properties of different metal cluster using 

hybrid density functional methods.  Stability of the clusters will be determined from their 
relative energies, binding energies, fragmentation energy, bond energies etc.  

(ii) DFT study will be performed in order to find out the most suitable metal cluster and the 
active site on that cluster for the oxidation of methane and also to investigate the 
adsorption of methane on the energetically most stable isomers of each of zeolite (ZSM-5, 
mordenite, faujasite) supported metal clusters. 

 
(iii) We will also investigate how zeolite support affects the ability of metal clusters to bind and 

activate the C-H bond of methane molecule. 
 
(iv) We will also optimize electronic structures of different clusters supported with zeolite 

material with the help of hybrid quantum mechanical/molecular mechanical method to 
understand the interplay between various factors that influences the properties of different 
metal cluster  oxidation state of the metal atoms (charge of the cluster), cluster size and 
interaction with the zeolite (ZSM-5, mordenite, faujasite) support. 

 
(v) We also perform HOMO-LUMO energy calculation in order to understand the bonding 

properties of the zeolite (ZSM-5, mordenite, faujasite) supported metal clusters. 
 
(vi) We will perform intrinsic reaction co-ordinate (IRC) calculations for different transition state 

involving between different supported metal clusters with co adsorbed methane and active 
oxygen molecule during the course of the reaction. 

 
   (vii) Kinetics calculation will also be performed to investigate the suitable mechanism in the 

oxidation of methane to methanol in presence of a active oxygen species in different 
zeolite supported metal clusters. 
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9. Experimental work giving full details of experimental set up, methods 
adopted, data collected supported by necessary table, charts, diagrams & 
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Computational Methodology 

 
      Density functional calculations of solid phase zeolite supported metal nanoclusters will be 

carried out using generalized gradient approximation with functional such as BLYP, PW91, 
PBE, HCTH and hybrid functional namely B3LYP, PBESOL0 etc.  All electron numerical 
basis sets such a DNP and other Gaussian basis sets will be used for elements like H, O, C, Si, 
Al etc.  For metals used as catalyst like Fe, Cu, Mo etc. we will use Effective Core Potential 
basis sets.  Adsorption and interaction of adsorbates molecules CH4, H2O2 etc. will be studied 
on the most stable clusters of Agn. The clusters calculations will be performed using the 
softwares like GAMESS-UK, Gaussian 09, DMol3 etc.  
(ii) The Embedded cluster calculations will be carried out with the scalar-relativistic variant of 
the linear combination of Gaussian-type orbitals fitting-function density functional method 
(LCGTO-FF-DF) as implemented in the covEPE scheme, or using the program ChemShell.   
The program covEPE is well suited for the proposed modeling as it has been shown with a 
series of applications of similar flavor some of which have already been mentioned above. The 
zeolite support can be modeled with the hybrid quantum mechanics / molecular mechanics 
(QM/MM) cluster embedding method denoted as Elastic Polarizable Environment (EPE).  This 
method permits simultaneously high-level density functional modeling of the active site (the 
adsorbed metal cluster and a part of the oxide support in its vicinity) and features mechanical 
and electrostatic interactions between the QM region and its MM environment in mutually self-
consistent fashion, even including long-range electrostatic interactions due to the Madelung 
field set up by distant parts of the alumina support. 
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Annexure 1 

Progress Report 

In this work, we are presenting a computational study on the impact of oxygen, energy, and 

the methane-to-methanol alteration method using the Pd4 catalyst. Pd4 cluster is one of the most 

stable clusters and therefore, it is important to study the methane oxidation on Pd4 cluster. Metal 

atoms and clusters act as an ideal platform for mechanism study at the atomic level. Moreover, it 

also enables us to explore the chemistry behind the interaction of catalytic site with the adsorbate 

molecules. Furthermore, cluster research on the reaction scheme of methane to methanol 

transformation is quite restricted. Hence, our main goal in this work is to find out the effect of 

the Pd4 on the mechanism of methane to methanol change.  

 

Methodology 

To get the lowest energy structures and thermo-chemical characterization of the species 

included within the reaction mechanism, Kohn-Sham density functional theory (DFT) is utilized 

in Gaussian 09 software package. For frequency calculations and geometry relaxation, a hybrid 

B3PW91 functiona is selected which is the combination of Becke 3 exchange functional and 

Perdew Wang (PW91) correlation functional. LANL2DZ basis set is used to describe Pd clusters 

whereas 6-31G basis set is used for main group atoms. Vibrational frequency calculations are 

performed to recognize between a minima {number of imaginary frequencies (NIMAG=0) and a 

first order maxima (NIMAG=1)}. IRC calculations have been performed to verify the reliability 

of the reaction path. The binding energy (BE) can be calculated as 

             (1) 

where  represents the total zero-point corrected energy of the Pd4O,  is the total zero-

point corrected energy of the CH4 molecule and  is the total zero-point corrected 

energy of the CH4 adsorbed on Pd4O dimer.  

 

Results and discussion 

Pd4 cluster is oxidized by one of the oxidizing agents, N2O forming Pd4O. Nitrous oxides 

(N2O) are detrimental greenhouse gases responsible for acid rain, smog formation and global 

warming. Its global warming potency is greater than that of CO2 in a broader range of time. 



Therefore, converting it to a harmless N2 gas is a crucial step. N2O interacts with Pd4, forming 

another important intermediate [Pd4O] and converting itself to N2. Decomposition of N2O occurs 

via Transition state TS1. It is important to note that [Pd4O] is a key species as methane interacts 

with [Pd4O] species forming reactant complex. Adsorbed O in Pd4 goes from linear to bridged 

position via TS2. Methane to methanol reaction pathway proceeds in a three-step manner via 

three transition states (TS3, TS4 and TS5). Going further, the O
2-

(Oxo) species is inserted into C-

H bond of methane via Transition state TS3. OH migrates to its neighboring Pd atom where CH3 

moiety is present via TS4. Recombination of the CH3 and OH moiety results in the formation of 

the product complex via transition state TS5. At the end, methanol is removed, thus leaving Pd4 

as a catalyst. The cyclic process restarts again when the oxidizing agents donates O atom to Pd4 

forming [Pd4O].  

 

 

Scheme 1: Possible catalytic cycle for methane to methanol conversion by Pd4 cluster  



Reaction mechanism and kinetics of catalytic conversion of methane to methanol on bare 

Pd4 cluster 

The detailed proposed mechanism shown in scheme 1 determines that first Pd4 cluster is oxidized 

using N2O which transfer its O atom to Pd4 cluster, forming Pd4O cluster and converting itself to 

N2. After formation of [Pd4O] catalyst, methane to methanol reaction pathway proceeds in a 

three-step manner where the first step includes C-H activation, second step includes migration of 

OH group and third step includes recombination of CH3 and OH group to form methanol. Pd4 has 

tetrahedral structure (Td). Although the stability of triplet spin state Pd4 is higher than that of 

singlet state, N2O adsorption is found to be favorable in case of singlet spin state. N2O binds to 

one of the Pd atoms via its N atom which leads to higher adsorption energies. Then O atom of 

N2O rearranges itself to binds with one of the neighboring Pd atom, resulting in the cleaving of 

N-O bond via TS1. The stretching of N-O bond (1.744 Å) confirms the breaking of N-O bond to 

form N2 and O atoms. The imaginary frequency for the transition state is 347.16i. In IM2, O 

atom is in linear position with Pd4 atoms and N2 molecule is formed. In the next step, N2 is 

released leading to the formation of [Pd4O] species (IM3) which is important for methane 

conversion. Going forward, linear Pd4O cluster rearranges to form bridged Pd4O cluster via TS2 

(121.25i). IM4 is formed where O atom is in bridged position in Pd4O.    

 



Figure 1: Optimized geometries of intermediates and transition states for oxidation of Pd4 to 

[Pd4O] at B3PW91/LANL2DZ level of theory.  

IM4 interacts with CH4 to form IM5 where one H atom is interacting with one of the Pd 

atoms which is evident from the elongation of C-H atom (1.119 Å). C-H activation takes place 

via TS3 where one H atom migrates from CH4 to O atom of Pd clusters. The activation of C-H 

bond is validated looking at its bond lengths increasing from 1.119 Å to 1.406 Å.  The imaginary 

frequency of TS3 is 1538.28i. In IM6, O-H moiety is in bridged position in between two Pd 

atoms. The next step in the reaction is the migration of OH group from bridging position to the 

Pd atom where CH3 group is already present. This step is validated via Transition state TS4 

(160.64i). In TS5, recombination of CH3 and OH group occurs to form methanol. In IM8, 

methanol is attached to the cluster via its O atom. Methanol is desorbed from IM8, recycling the 

original catalyst Pd4 and the formation of methanol.      

 

Figure 2: Optimized geometries of intermediates and transition states for oxidation CH4 to 

CH3OH on Pd4O at B3PW91/6-31G/LANL2DZ level of theory.  



 

 

Finally, we have obtained the values of the Gibbs’ free energies of all the species as given in 

the reaction mechanism along with intermediates and transition states. We have plotted the 

potential energy profile diagram for the reaction of Pd4 with N2O+CH4, which is shown in Figure 

3.  

 

Figure 3: Potential energy diagram for catalytic pathway of N2O+CH4 on Pd4 at the B3PW91/6-

31G/LANL2DZ level of theory. 

We have calculated relative Gibbs’ free energies for all species with respect to Pd4 + N2O + 

CH4 (gas) at 298 K and 1 atm. First part of the reaction mechanism is to oxidize Pd4 cluster to 

Pd4O using N2O. N2O is adsorbed to Pd4 forming IM1 which has energy equal to -5.57 kcal/mol, 

lower than the starting species. Reaction proceeds further via TS1 where one of the Pd atom 

interacts with O atom of N2O, cleaving N-O bond in N2O, thus, leading to the formation of IM2. 

This step is spontaneous which can be seen from the relative energy of IM2 with respect to IM1. 

IM2 is -16.83 kcal/mol lower than the starting material. The barrier height for this reaction step 

is 5.77 kcal/mol which is quite low. After that, N2 is released which lead to the formation of IM3. 



Linear O atom in Pd4 goes to more stable bridged position of Pd4 via TS2. The energy barrier is 

very low which is 2.41 kcal/mol. CH4 interacts with IM4 to form IM5 which is -40.14 kcal/mol 

in energy with respect to the starting point. C-H activation occurs via TS3 where one H atom 

interacts with O atom of Pd4 cluster. The activation barrier for C-H activation is 33.77 kcal/mol. 

The step is slightly endothermic. Reaction proceeds forward where bridged O-H group migrates 

to Pd atom where CH3 moiety is present. This step goes through TS4 which has activation barrier 

of about 8.87 kcal/mol. The last step is the recombination of CH3 and OH, resulting in the 

formation of methanol, which has a barrier height of 28.94 kcal/mol. This step is exothermic and 

the overall process is spontaneous.   

Reaction mechanism and kinetics of catalytic conversion of methane to methanol on ZSM-5 

supported Pd4 cluster 

We have taken a MFI fragment with 132 atoms as a support for cluster with 11 atoms in the QM 

region and the rest atoms in the MM region using UFF force field. Similar to the bare cluster, 

N2O adsorption is more favorable in the singlet spin state of MFI supported Pd4. The mechanistic 

pathway for the supported cluster has been shown in the singlet spin state.   

 



           

 

 

          

         



                 

Figure 4: Optimized geometries of intermediates and transition states for oxidation CH4 to 

CH3OH on Pd4 at B3PW91/6-31G/LANL2DZ level of theory.  

 

N2O binds to one of the Pd atoms via its N atom which leads to higher adsorption energies. Then 

O atom of N2O rearranges itself to binds with one of the neighboring Pd atom, resulting in the 

cleaving of N-O bond via TS1. The stretching of N-O bond (1.88 Å) confirms the breaking of N-

O bond to form N2 and O atoms. The strengthening of Pd-O bond can be shown via shortening of 

the bond from 2.03 Å to 1.89 Å. The imaginary frequency of the transition state is 111.63i. In 

IM2, N2 and O atom are co-adsorbed in the Pd4 cluster supported in ZSM-5. N2 is released from 

the system which results in the formation of IM3. In TS2, linear O atom of Pd4 acquire bridged 

configuration via negative frequency 167.28i. Now, methane enters the system and interacts with 

the ZSM-5_Pd4 cluster which results in the formation of IM5. Methane interaction is small 

which can be seen from the bond distance 3.63 Å. C-H activation occurs via TS3 where 

elongation of C-H bond upto 1.41 Å took place. The one negative frequency is 1543.07i. In IM6, 

O-H moiety is bridged between two Pd atoms. The last transition state is the migration of OH 

group from one Pd to another Pd atom where CH3 group is present. This TS results in the 

formation of methanol. IM7 is the interaction of methanol with the zeolite supported Pd4 cluster.  

 



We have obtained the values of the Gibbs’ free energies of all the species as given in the 

reaction mechanism along with intermediates and transition states. We have plotted the potential 

energy profile diagram for the reaction of ZSM-5_Pd4 with N2O+CH4, which is shown in Figure 

5.  

 

 

Figure 5: Potential energy diagram for catalytic pathway of N2O+CH4 on ZSM-5 supported on 

Pd4 at the B3PW91/6-31G/LANL2DZ level of theory. 

In a similar fashion to that of bare clusters, we have also calculated relative Gibbs’ free 

energies for all species with respect to ZSM-5_Pd4 + N2O + CH4 (gas) at 298 K and 1 atm. 

Interaction of N2O with  ZSM-5_Pd4 results in the formation of IM1 which is -1.36 kcal/mol in 

energy than the starting point. TS1 results in breaking of N2O to form ZSM-5_Pd4O cluster and 

N2 molecule. The activation barrier is 2.86 kcal/mol for the dissociation step of N2O. The step is 

exothermic by 3.15 kcal/mol. N2 is released from the system which results in the formation of 

IM3 which is much more exothermic with respect to IM2. In TS2, O atom which is linear 

position in Pd4 cluster goes to bridged position. The barrier height for this step is 2.10 kcal/mol. 



The bridged O atom in the cluster is much more stable which is evident from the potential energy 

surface diagram. The IM4 is -52.25 kcal/mol lower in energy than the starting point. CH4 

interacts with IM4 to form IM5 which is slightly higher in energy than -40.69 kcal/mol. C-H 

activation occurs via TS3 which has energy barrier of about 21.75 kcal/mol. The reaction 

proceeds via IM6 where CH3 and O-H moiety are formed and attached to the cluster. O-H group 

which is in bridged position migrates towards Pd atom where CH3 moiety is already present. 

This step has barrier height of about 16.82 kcal/mol. At last, recombination of CH3 and OH 

group occurs in the same Pd atom results in the formation of methanol. The last step has 

activation barrier of 32.91 kcal/mol.  The barrier height for the bare and ZSM-5 supported Pd4 

cluster for each step has been shown in Table 1.  

Reactants TS1 TS2 TS3 TS4 TS5 

Pd4+CH4+N2O 5.77 2.41 33.77 8.87 28.94 

MFI_Pd4+CH4+N2O 2.86 2.10 21.75 16.82 32.91 

 

This work examines the catalytic oxidation of CH4 to CH3OH on bare and ZSM-5 supported Pd4 

cluster, in brief. The first part of the reaction includes where oxidation of the catalyst took place 

using N2O. Then, the conversion of methane to methanol starts on the oxidized [Pd4O] where 

reaction pathway is observed to proceed  where the O
2-

(Oxo) species is inserted into C-H bond of 

methane and recombination of CH3 and OH moiety occurs, resulting in the formation of 

methanol. Adsorption and dissociation of N2O on Pd4 cluster lead to the oxidized metal cluster 

Pd4O. Pd4O where atomic oxygen is bonded in bridge fashion is more stable compared to Pd4O 

[IM3] where atomic oxygen is linearly bonded to one Pd atom. In case of MFI_Pd4, the energy 

barrier for the transition states, mainly the N2O dissociation and C-H activation is lowered by 

2.91 and 12.02 kcal/mol. However the O transfer in the Pd4 cluster and the recombination step of 

OH and CH3 has lower energy barrier in bare Pd4 cluster. This work gives an insight into the 

adsorption and reaction for the improvement of the hydroxylation of methane by [Pd4O]. 

Moreover, it provides an opportunity to explore the interaction of catalyst and adsorbate at the 

molecular level. Finally, the current work investigates the oxidation process at atomistic level, 

which will aid experimentalists in developing efficient catalysts on a large scale. 


















































