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ABSTRACT 

 Metal-modified zeolites have proven to be effective catalysts for various important reactions 

involving the transformation of biomass-derived molecules and the conversion of greenhouse 

gases, such as CO2 and CH4. In this work, we analyzed metal-substituted zeolites and metal-

exchanged zeolites in various zeolite frameworks in order to quantify the catalytic activity of these 

materials. Density functional theory (DFT) calculations, ONIOM calculations, which is an 

integrated quantum mechanical molecular mechanical method, and periodic DFT calculations 

were used to analyze these systems.  

 The substitution of Ti, Sn, Ge, Zr, and Hf in various zeolite frameworks were analyzed.  The 

preferential substitution sites of these metals were reported.  The Lewis acidity was measured 

through the NH3 binding energies and through the charge transfer of NH3 upon adsorption on the 

zeolites. The deprotonation energies of the open sites, which are proportional to the Brønsted 

acidities, and the hydrolysis energies were also reported. We also present the properties of zeolite 

beta (BEA) with a single and a double Sn-substitution to compare the active sites obtained with 

two methods commonly employed for the synthesis of Sn-BEA.   

 The opening of glucose and fructose rings catalyzed by M-BEA (M = Sn, Ti, Zr, Hf) zeolites 

were analyzed with periodic DFT calculations. We proposed a novel mechanism for the ring 

opening of these molecules in one elementary step, which can be achieved in the closed sites of 

the zeolites. The adsorption energies of glucose and fructose through their different oxygens in M-

BEA were also reported. Among the zeolites studied, Sn-BEA exhibits the lowest energy barrier 

for the opening of the glucose ring, whereas Hf-BEA yields the lowest energy barrier for the 

opening of the fructose ring.  
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 For the conversion of greenhouse gases, such as CO2 and CH4 into acetic acid, we analyzed 

the reaction catalyzed by MFI zeolite exchanged with Be2+, Co2+, Cu2+, Mg2+, Mn2+, and Zn2+ 

cations. Our results demonstrated that the highest reaction barrier on the reaction mechanism is 

CH4 dissociation. We also demonstrated that the CO2 insertion has a low energy barrier, and the 

protonation of the acetate species is spontaneous. Furthermore, desorption of acetic acid can be 

promoted with the co-adsorption of water. 
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RESUMEN 

Las zeolitas sustituidas con metal han demostrado ser catalizadores eficaces para diversas 

reacciones importantes que implican la transformación de moléculas derivadas de la biomasa y la 

conversión de gases de efecto invernadero tales como CO2 y CH4. En este trabajo, analizamos 

zeolitas de metal sustituido y zeolitas de metal intercambiado en varios marcos zeolíticos, para 

cuantificar la actividad catalítica de estos materiales. Para analizar estos sistemas se utilizaron 

cálculos de la teoría del funcional de la densidad (DFT), cálculos ONIOM, que es un método que 

integra mecánica cuántica con mecánica molecular y cálculos periódicos de DFT. 

Se analizaron los sitios preferenciales de sustitución de Ti, Sn, Ge, Zr y Hf en diferentes marcos. 

La acidez Lewis se midió a través de las energías de enlace de NH3 y a través de la transferencia 

de carga de NH3 al adsorberse sobre las zeolitas. También se reportaron las energías de 

desprotonación de los sitios abiertos, que es proporcional a las acidez Brønsted, y las energías de 

hidrólisis. También se presentan las propiedades de BEA con una sola y una doble sustitución de 

Sn para comparar los sitios activos obtenidos con dos métodos comúnmente empleados para la 

síntesis de Sn-BEA. 

Se analizó la apertura de los anillos de glucosa y fructosa con zeolitas M-BEA (M = Sn, Ti, Zr, 

Hf). Se propuso un nuevo mecanismo para la apertura del anillo en una etapa elemental, que se 

puede conseguir en sitios cerrados de las zeolitas. También se informaron las energías de adsorción 

de glucosa y fructosa a través de sus diferentes oxígenos en M-BEA. Entre las zeolitas estudiadas, 

Sn-BEA mostró la menor barrera energética para la apertura del anillo de la glucosa, mientras que 

Hf-BEA dio la menor barrera energética para la apertura del anillo de fructosa. 

Para la conversión de gases de efecto invernadero, tales como CO2 y CH4 en ácido acético, se 

analizó la reacción usando zeolitas MFI intercambiadas con diferentes cationes (Be2+, Co2+, Cu2+, 
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Mg2+, Mn2+ y Zn2+) como catalizadores. Nuestros resultados demuestran que la mayor barrera de 

reacción en el mecanismo de reacción es la disociación de CH4. También se demostró que la 

inserción de CO2 tiene una barrera de energía baja y la protonación de las especies de acetato es 

espontánea.  Además la desorción de ácido acético puede ser promovida con la co-adsorción de 

agua. 
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1 CHAPTER – INTRODUCTION 
 

 

Zeolites are aluminosilicate materials normally composed of silicon, aluminum and oxygen 

atoms.1 The incorporation of heteroatoms and metal cations in the zeolitic frameworks can be used 

to tailor the catalytic properties of these materials. For instance, the incorporation of heteroatoms 

such as Sn, Ti, Zr ,Hf, Nb, or Ta provides Lewis acidity. 2–20 On the other hand, the incorporation 

of cations, such as Be+2, Co+2, Cu+2, Mg+2, Mn+2, or Zn+2 promotes electron donation mechanisms, 

which facilitates the activation of stable molecules on zeolites. 21–26 

Lewis acid zeolites are used for the activation and conversion of oxygenated compounds, such 

as the ones found in molecules derived from biomass.27–33 Experimental parameters have been 

used to measure the Lewis acidity of the zeolites, such as the pyridine 15N magic angle spinning 

nuclear magnetic resonance chemical shift caused by the adsorption of pyridine on metal-

substituted zeolites.  It has been found that this shift is proportional to the experimental 

electronegativity of the zeolites.34 On the other hand, several theoretical parameters have been also 

used to measure the acidity, such as the LUMO energies, Fukui functions, absolute 

electronegativity, and absolute hardness of the zeolites.13 

Theoretical descriptors based solely on the properties of the zeolites do not accurately correlate 

with the experimental catalytic activity of these materials.   For instance, calculated adsorption 

energies can be used to estimate the Lewis acidity, and trends obtained through this approach are 

similar to those obtained experimentally.  Examples include the adsorption of NH3 on MFI 

substituted zeolites.35   However, even when NH3 adsorption energies correlate well with the Lewis 

acidity, this descriptor does not correlate with the catalytic activity of the zeolite. Thus, a 

comprehensive analysis of these catalysts should include not only the Lewis acidity, but also other 

1.1 Justification 
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relevant parameters such as the type of reactions, the substitution site of the metal in the zeolite 

framework, the hydrothermal stability, the zeolitic framework (MFI, BEA, FAU, …), and most 

importantly the interaction of the reactants, products, and transition states with the catalyst. 

Metal-substituted zeolites differ in their catalytic activity depending on the framework 

employed and on the metal atom used for the functionalization. For instance, Ti-substituted 

zeolites catalyze the epoxidation of linear alkenes with H2O2,
36,37 whereas Zr- and Sn- substituted 

zeolites do not.38 Similarly, Sn-substituted zeolites show high initial rates in Baeyer-Villiger (BV) 

oxidation of cyclic ketones with H2O2,  and Ti- substituted zeolites do not catalyze this type of 

reaction.38 The main difference between these two examples is based on the reaction mechanism. 

The first step in the epoxidation of alkenes is the adsorption and activation of H2O2, which can 

promoted by Ti- substituted zeolites, while for the BV reactions, the first step of the mechanism is 

the activation of the carbonyl group, which can be enhanced by Sn-substituted zeolites.38 In other 

reactions, such as the isomerization of glucose to fructose,2 isomerization of glyceraldehyde to 

dihydroxyacetone (DH),39 and C-C coupling between DH and formaldehyde,40 Sn-substituted 

zeolites usually show high catalytic activity. 

The experimental rates that are commonly reported to quantify the activity of zeolites are based 

on rates normalized by the total metal content, and usually do not take into consideration the 

possible extra-framework species that may be formed by the metals. Moreover, the metal 

substituted in the zeolitic framework could be incorporated in several configurations. For instance, 

metals can be incorporated into the zeolite as a fully connected tetrahedron (closed sites) or could 

have one, two or even three hydrolyzed Si-O-M bonds (open site).41 Furthermore, even at mild 

conditions, the sites can be hydrated with two water molecules forming a octahedral geometry.3 
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The T-Sites and the local geometry of the active sites in the zeolites are factors that also 

influence the catalytic performance. For instance, Osmundsen and coworkers reported that the 

reaction of dihydroxyacetone to methyl lactate has higher yields when catalyzed by Sn-BEA than 

by Sn-MFI, with the same Si/Sn ratio.16 Corma and coworkers, in a density functional theory 

(DFT) study, demonstrated that the lowest unoccupied molecular orbital (LUMO) energies vary 

depending on the Si-O-Ti angle of the T-sites, suggesting that Ti-BEA has a stronger Lewis acidity 

than Ti-MFI.42  

In this work, different metal substituted zeolites were analyzed with DFT methods in order to 

guide the rational design of zeolitic catalysts for the conversion of biomass.  Parameters, such as 

the LUMO energies, charges, and hardness for different T-sites, metal atoms, and zeolitic 

frameworks were quantified.  The adsorption of probe molecules, such as NH3 in various zeolites 

were also obtained.  Furthermore, the reaction mechanisms for the opening of the glucose and 

fructose rings were studied in various metal-substituted zeolites. It is well known that during the 

transformation of biomass into added-value chemicals some undesirable products are also 

produced. For instance, the reforming of glycerol and glucose to produce alkanes and H2, 

respectively also produces CO2, which is a green-house gas.43  Thus, in this work we also studied 

the incorporation of metal cations in zeolites for the conversion of CO2 and CH4 into acetic acid. 

 

 

The main objective of the proposed research is to rationalize the catalytic activity of the metal-

modified zeolites.    Density functional theory (DFT), ONIOM, which is an integrated quantum 

mechanical – molecular mechanical method, and periodic DFT calculations were used to analyze 

1.2 Objectives 



 

 

 

 

4 

 

these systems. This research is comprised of four projects.  The goals of each of these research 

projects can be summarized as follows: 

1. A DFT study of the Lewis acidities and relative hydrothermal stabilities of BEC and BEA 

zeolites substituted with Ti, Sn and Ge. 

• Describe the electronic properties of BEC and BEA zeolites substituted with Ti, Sn and 

Ge.  Calculate properties, such as lowest unoccupied molecular orbital (LUMO) 

energies, partial atomic charges and hardness for each of these systems. 

•   Find the preferential sites of substitution of Sn, Ti and Ge in BEA and BEC.  

• Correlate the Lewis aciditiy of the metal substituted zeolites with their electronic 

properties.  

• Relate the hydrothermal stabilities of the metal substituted zeolites with their hydrolysis 

energies. 

2. DFT study of closed and open sites of BEA, BEC, FAU, MFI zeolites substituted with Sn 

and Ti. 

• Describe electronic properties of BEA, BEC, FAU and MFI zeolites substituted with 

Sn and Ti. Calculate properties, such as LUMO energies, binding energies of NH3, 

partial atomic charges, hardness and deprotonation energies of the hydrolyzed zeolites 

for each of these systems. 

• Find the preferential sites of substitution of Sn, and Ti in BEA, BEC, MFI and FAU. 

• Correlate the Lewis acidities of the metal substituted zeolites with their LUMO 

energies, and with the binding energies of NH3. 

• Relate the hydrothermal stabilities of the metal substituted zeolites with their hydrolysis 

energies. 
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• Relate the Brønsted acidities of the metal substituted zeolites with their deprotonation 

energies. 

3. Periodic DFT study of the reaction mechanisms for the ring opening of glucose and 

fructose with M-BEA, (M = Sn, Hf, Zr, Ti). 

•     Find the preferential sites of substitution of Sn, Hf, Zr, and Ti in BEA. 

• Calculate the adsorption energies of glucose and fructose in M-BEA through the 

different oxygen atoms of the moelcules. 

• Calculate the complete reaction mechanism for the opening of the glucose and fructose 

rings on M-BEA. 

•    Quantify the energy barriers in the reaction mechanism. 

4. DFT study to unravel the catalytic properties of M-exchanged MFI, (M = Be, Co, Cu, 

Mg, Mn, Zn) for the conversion of methane and carbon dioxide to acetic acid. 

•    Find the reaction barriers for the CH4 dissociation on M-MFI. 

• Correlate the LUMO energies and electronegativity of M-MFI with the reaction barrier 

for CH4 dissociation. 

• Quantify the charge transfer between CH4 and the metal cation in the CH4 dissociation. 

• Find the reaction barriers for the insertion of CO2 and the protonation of the acetate. 

• Analyze how the co-adsorption of water in the system affects the desorption of acetic 

acid. 

 

 

DFT analysis of metal-modified zeolites were conducted to understand and rationalize how the 

different active sites in zeolite frameworks affect the catalytic performance of these materials. 

1.3 Scope of the dissertation 
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In chapter 2, a combination of quantum mechanical calculations and integrated quantum 

mechanics / molecular mechanics calculations along with a polarizable continuum model were 

used to determine the preferred substitution site of Sn-, Ti-, and Ge- metals in BEC and BEA 

zeolites, as well as the Lewis acidity and the hydrothermal stability of the metal substituted 

zeolites. Our results demonstrate that: (1) the most favorable substitution of Ti, Ge, and Sn in BEC 

is in the T1-site, (2) Ti-BEC has similar Lewis acidity to Sn-BEA, (3) the hydrolysis of Ge-BEC 

is energetically favorable when the Ge/Si ratio is 1/13, and (4) Ti-substituted zeolites show the 

highest hydrothermal stability of the zeolites studied. 

In chapter 3, DFT with long-range corrections and ONIOM along with a polarizable-

continuum model were used to analyze zeolites BEA, FAU, MFI, and BEC substituted with Sn 

and Ti.  The preferential substitution sites for Ti and Sn in the different frameworks are reported.  

The Lewis acidities were measured through the NH3 binding energies and through the charge 

transfer of NH3 upon adsorption. The deprotonation energies of the open sites, which are 

proportional to the Brønsted acidities, and the hydrolysis energies are also reported. We analyze 

BEA with a single and a double Sn-substitution in order to compare the active sites with those 

obtained through two experimental methods commonly employed for the synthesis of Sn-BEA.  

Among the zeolites analyzed in this chapter, Sn-BEA with a double Sn-substitution has the highest 

Lewis acidity.  The formation of open sites through the hydrolysis of Sn-BEA, Sn-FAU, and Ti-

FAU is energetically favorable, but it is not favorable in MFI or Ti-BEA. Based on the 

deprotonation energies, the open sites of Sn-BEA have a strong Brønsted acidity, comparable to 

Al-BEA or Al-MFI.  We also demonstrate that the VDW forces in the binding energies of NH3 on 

MFI are more significant than in the other zeolite frameworks, and VDW forces decrease with 

increasing pore size. 



 

 

 

 

7 

 

In chapter 4, Periodic DFT with long range corrections (D3) were used to analyze the opening 

of the glucose and fructose rings with M-BEA (M = Sn, Ti, Zr, Hf) zeolites. We proposed a novel 

mechanism for the opening of these rings in one elementary step, which can be achieved on the 

closed sites of the zeolites. The preferential site of substitution of the metals in BEA were reported. 

The adsorption energies of glucose and fructose on M-BEA through the different oxygen atoms of 

the molecules were also reported. The transition state energies were calculated using the climbing 

nudge elastic band method. Among the zeolites that were studied, the lowest energy barrier for the 

opening of the glucose ring was obtained on Sn-BEA.  On the other hand, Hf-BEA exhibited the 

lowest energy barrier for the opening of the fructose ring. 

In chapter 5, DFT calculations with long-range corrections and ONIOM were used to analyze 

the reaction mechanism for the conversion of CO2 and CH4 into acetic acid with MFI zeolite 

exchanged with Be, Co, Cu, Mg, Mn, and Zn cations. Our results demonstrate that: (a) the highest 

reaction barrier on the reaction mechanism is CH4 dissociation, and the transition state energy in 

that step is directly related to the energy of the lowest unoccupied molecular orbital and the 

electronegativity of the metal exchanged zeolites; (b) a charge transfer between CH4 and the metal 

cation occurs simultaneously to CH4 dissociation; (c) CO2 insertion has a low energy barrier, and 

the protonation of the acetate species is spontaneous; (d) dispersion interactions are the main 

contributions to CH4 adsorption energies, while in the rest of the steps of the reaction mechanism, 

the contribution of dispersion to the energies of reaction are almost negligible; (e) desorption of 

acetic acid could be promoted by the co-adsorption of water; (f) CH4 dissociation on Cu-MFI has 

an apparent activation energy of 11.5 kcal/mol, and a forward rate constant of 1.1 s-1 at 398 K. 
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Chapter 6 summarizes the general conclusions for all the results obtained herein, provides 

some recommendations for future work related to these projects. Finally, the appendices A, B, C, 

and D, correspond to the supplementary information related to chapters 2, 3, 4, and 5, respectively. 
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2 CHAPTER - A DFT STUDY OF THE LEWIS ACIDITIES AND 

RELATIVE HYDROTHERMAL STABILITIES OF BEC AND BEA 

ZEOLITES SUBSTITUTED WITH TI, SN AND GE 
 

 

 

The substitution of zeolite materials with heteroatoms, such as titanium (Ti) or tin (Sn) in 

framework positions changes drastically the catalytic properties of the zeolites.  These catalytic 

properties, together with their high hydrothermal stability, have allowed the application of zeolites 

in different types of reactions.  Of particular interest are the reactions involving the transformation 

of biomass derived molecules to high value chemicals.  In many of these reactions water takes a 

central role.  Water can either serve as a solvent, reactant, or product of the reaction (e.g., the 

production of 5-hydroxymethyl furfural and furfural from fructose and xylose, respectively).1  

Hence, adequate catalysts for these reactions must have high hydrothermal stability.  A well-

known example of this type of catalyst is the Beta zeolite substituted with Sn or Ti that exhibits 

high catalytic activity in the isomerization of glucose to fructose following an Meerwein-

Ponndorf-Verley type mechanism with high stability in liquid water.2  

BEA is a highly faulted intergrowth of two polymorphs (Polymorphs A and B).3  The ratio 

between polymorph A and B is about 50:50,4  and the size of ordered interlayer stacking sequences 

is less than 12 nm, with five repetitions of the unit cell of polymorph A along the C axis.5,6  The 

incorporation of Sn in BEA has been reported up to 10 wt%, however, it is at low loadings (0.5 

wt%) that high turn-over-frequencies (TOF) are observed.7  The reduction in the TOF for loadings 

above 0.5 wt% could be due to the incorporation of Sn in extra-framework positions as tin oxide 

(SnO2).
7  Furthermore, interlayer stacking faults present in BEA affect the pore structure and 

potentially the diffusion of molecules within the pores.8  Moreover, the interlayer stacking in BEA 

2.1 INTRODUCTION 
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could be one of the factors limiting the amount of Sn that can be incorporated in the BEA 

framework.4 

Polymorphism C (BEC) is another polymorphism of the zeolite Beta that can be synthesized 

as a pure and crystalline structure.  BEC has three dimensional pore topology, all three with twelve-

membered ring channels.9  BEC, owing to its ordered and crystalline structure, could overcome 

the diffusion problems exhibited in BEA.  However, only few studies have been reported in the 

literature on the use of BEC in catalysis.8,10,11  Recently, Corma and coworkers demonstrated that 

BEC functionalized with titanium (Ti-BEC) performed better in terms of activity and selectivity 

than BEA functionalized with titanium (Ti-BEA) when cyclic compounds as cyclo-octene were 

tested for epoxidation reactions.8  BEC was synthesized for the first time as a germanium-silicate, 

showing poor hydrothermal stability,9 but after, BEC has been synthesized as a pure silicate with 

a much higher hydrothermal stalibility.12 

Density functional theory (DFT) calculations have been widely used to study the incorporation 

of metals in zeolites.  Periodic boundary conditions have been applied to different frameworks, 

such as Ti-BEA, Sn-BEA, Zr-BEA, Ge-ITQ44 and Ti-ITQ44.13-17  Cluster models have been used 

to study zeolites, such as Zr-MFI, Ti-MFI, Ge-MFI, Sn-MFI, Sn-BEA, Zr-BEA and Pb-MFI.18, 19  

These studies have reported the preferential location of the metals in the zeolites, and most have 

used the electronic properties of the zeolites to determine the Lewis and Brønsted acidities.   

However, to the best of our knowledge, studies have not reported the electronic properties of metal 

substituted BEC.  In this study, we analyzed BEC zeolites functionalized with Sn, Ti or Ge, and 

compared the properties of these materials with the well-known Sn-BEA and Ti-BEA zeolites.  

We have quantified how the properties of the metal atoms (Ge, Ti, and Sn) in the zeolite framework 
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change upon hydrolysis.  Finally, we have analyzed the effect of water on the zeolite structure 

simulating the presence of solvent using a polarizable continuum model (PCM).  

We validated the method used for the calculation of the hydrothermal stability with the 

experimental results obtained for Si-BEC and Ge- BEC.  However, hydrothermal stabilities for 

BEC functionalized with Sn and Ti are not reported in the literature. This work demonstrates that 

Ti-BEC should have a high hydrothermal stability and Lewis Acidity. 

 

 

Three exchange correlation functionals (B3LYP20, B3PW9121 and ωB97XD22) were 

systematically analyzed, to select the one that best describes the properties of the materials.  The 

NMR shifts of Si-BEC, the optimized geometries of the zeolites and various vibrational 

frequencies were obtained with the 3 functionals. (See Appendix A.)  Results were compared with 

experimental data available in the literature. The three functionals accurately describe the 

properties of the zeolites.  Errors above 10% were only obtained on the NMR shifts calculated 

using B3LYP.  Since the ωB97XD functional best described the properties of the zeolites and takes 

into consideration the dispersion forces, this functional was used for subsequent calculations.  

 

2.2.1 Preferential location of Ge, Sn and Ti in BEC and Ti in BEA 

DFT calculations were used to locate preferred substitution sites for zeolitic materials that have 

not been fully characterized, such as BEC substituted with Sn and Ti and BEA substituted with Ti.  

Preferred substitution site for Ge in BEC was also calculated in order to corroborate that the 

preferred substitution of Ge is in the T1 site.23  Clusters used for the calculations of Si-BEC, Ge-

2.2 METHODOLOGY 
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BEC, Sn-BEC and Ti-BEC centered in each T-site and Ti-BEA centered in T1 and T2 are shown 

in Figure 2-1. Clusters of Ti-BEA centered in T3 to T9 are shown in Figure A-4. 

The cluster models were obtained from the experimental structures of BEC9 reported by the 

literature and BEA reported by the International Zeolite Association (IZA).24 The clusters were 

obtained cutting the periodic structure and hydrogen atoms were placed on the terminal atoms of 

the model where bonds were truncated.  These hydrogen atoms were aligned along the truncated 

bond.  Their positions were calculated with the position vector of the atoms involved in the bond. 

The Si-H bond distances were fixed at 1.5000 Å. This approach has been widely used for the 

computational study of different zeolite structures, such as MFI18, BEA19, TS125 and Faujasite.26 

The results were obtained using a mix of basis sets:  6-31+g** (Si, O, H), LANL2DZ27 (Ti, 

Ge) and MWB4628 (Sn) along with the ωB97XD functional. Geometries and energies were 

obtained by performing geometry optimizations, while maintaining the coordinates of the 

hydrogen atoms fixed.  The ELUMO’s and the Hardness were calculated using a larger basis set (6-

311+G**) for the Si, O and H atoms.  As shown in Table A- 3, no significant differences were 

obtained for these electronic properties when the size of the basis set increases. 

For Ti-BEC and Ti-BEA, we analyzed the three lowest spin states of the system, and our 

calculations demonstrate that the singlet state (S = 0) is the lowest energy state.  Hence, the results 

presented herein for Ti-BEA and Ti-BEC correspond to the single spin state.  Energy values for 

the three lowest spin states of Ti-BEC and Ti-BEA are shown in Table A-4 and Table A-5, 

respectively.  Partial atomic charges were obtained with the natural bond orbital (NBO) population 

analysis29. All calculations were carried out with the Gaussian 09 program package.30  

 

 



 

 

 

 

16 

 

 
Figure 2-1. Clusters used for the DFT calculations of M-BEC, Sn-BEA and Ti-BEA. a.) 53-atom 

M-BEC cluster centered in T1 b.) 65-atom M-BEC cluster centered in T2 c.) 60-atom M-BEC 

cluster centered in T3. d.) 98-atoms Sn-BEA cluster centered in a double substitution in T2 sites. 

e.) 59-atom Ti-BEA cluster centered in T1 f.) 59-atom Ti-BEA cluster centered in T2. Color 

legend: yellow = Si; red = O; white = H; green = metal atom (M=Ge, Sn, Ti) centered on the T site 

in BEC; gray= Sn; blue=Ti. 
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2.2.2 Hydrolysis energies and Lewis acidity of metal substituted zeolites 

 Preferential locations of Ge, Sn and Ti in BEC and Ti in BEA were calculated in the previous 

section, but preferential location of Sn in BEA was obtained in the literature.4  Bare and coworkers 

demonstrated the substitution of Sn in zeolite Beta is a double-paired substitution in the T2 sites 

and that this functionalization exhibits the best catalytic activity.4,31  The cluster of Sn-BEA is 

shown in Figure 2-1.d Hydrolysis energies of substituted zeolites (Ge-BEC, Ti-BEC, Ti-BEA, Sn-

BEC and Sn-BEA) were calculated using a Polarizable Continuum Model (PCM) to study solvent 

effects on the energies of the stable intermediates.  For these calculations, water was used as the 

solvent, which has a dielectric constant of 78.3553.  PCM has proven to reproduce properties of 

structures  similar to the ones in this study with  low errors in energies of reaction.32,33  

 ONIOM, which is a combined quantum mechanics (QM) / molecular mechanics (MM) method, 

was used to incorporate the effect of the surrounding zeolite framework.  For these calculations, 

two layers linked via mechanical embedding were used.  The level of theory described in Section 

2.1 was used for the QM layer, and universal force field (UFF) was used for the MM layer.  For 

the metal-substituted BEC, the inner layer consisted of 56 atoms.  Three different cluster sizes 

were analyzed to assess different metal (M) to Si ratios, (M = Ge, Sn or Ti).  Calculations were 

carried out with outer layers consisting of 61, 172 and 338 atoms, which correspond to M/Si ratios 

of 1/32, 1/64 and 1/114, respectively.  For Ti-BEA, the inner layer consisted of 64 atoms and the 

outer layer consisted of 57, 155 and 317 atoms, which correspond to Ti/Si ratios of 1/33, 1/62 and 

1/110, respectively.  For Sn-BEA, the inner layer consisted of 104 atoms and the outer layer 

consisted of 76, 196 and 406 atoms, which correspond to Sn/Si ratios of 2/50, 2/86 and 2/148, 

respectively.  The ONIOM clusters used to analyze M-BEC, Ti-BEA and Sn-BEA are shown in 

Figure 2-2, Figure 2-3, and Figure 2-4, respectively.  
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Figure 2-2. ONIOM clusters of M-BEC with different M/Si ratios. a.) 117-atoms cluster with an 

M/Si ratio of 1/32, b.) 228-atoms cluster with an M/Si ratio of 1/64 and c.) 394-atoms cluster with 

an M/Si ratio of 1/114. M corresponds to the metal atom, Ge, Sn or Ti. 
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Figure 2-3. ONIOM clusters of Ti-BEA with different Ti/Si ratios a.) 121-atoms cluster with a 

Ti/Si ratio of 1/33, b.) 219-atoms cluster with a Ti/Si ratio of 1/62 and c.)  381-atoms cluster with 

a Ti/Si ratio of 1/110. 
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Figure 2-4. ONIOM clusters of Sn-BEA with different Sn/Si ratios a.)180-atoms cluster with a 

Sn/Si ratio of 2/50, b.) 300-atoms cluster with a Sn/Si ratio of 2/86 and c.)  510-atoms cluster with 

a Sn/Si ratio of 2/148. 
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2.3.1 Preferential location of Ge, Sn and Ti in BEC and Ti in BEA 

The energy of substituting a Si atom by Ge, Sn or Ti in the three different crystallographic T-

sites of BEC was calculated based on the reaction presented in Scheme 2-1.  

Scheme 2-1. Reaction describing the metal substitution into the zeolite framework. 

𝑍𝑒𝑜[𝑆𝑖] + 𝑀(𝑂𝐻)4     →    𝑍𝑒𝑜[𝑀] + 𝑆𝑖 (𝑂𝐻)4 

 
Erx = EZeo[M] 

e + ESi (OH)4

e − EZeo[M]
e − EZeo[M]

e                            (2-1) 

 

Table A-6 and Figure 2-5 summarize the electronic energies of reaction obtained for the 

substitution of each heteroatom in each T-site according to the Equation 2-1.  We are aware that 

this reaction energy does not provide an absolute measure of the substitution preference of the 

heteroatoms in the zeolite since this energy depends on the stability of the different species 

(Si(OH)4, Ge(OH)4, Ti(OH)4 and Sn(OH)4).  However, this method provides an estimate of the 

most favorable substitution site of each heteroatom among the three different T-sites.  Our results 

indicate that the T1-site is the location that yields the lowest energy for the substitution of the three 

heteroatoms studied.  The results for Ge are in good agreement with the work of Corma and 

coworker, which demonstrate that the most favorable substitution of Ge in BEC is in the T1-site.23  

Based on our results, Ti and Sn are also likely to be substituted in the T1-site. 

2.3 RESULTS AND DISCUSSION 
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Figure 2-5.  Preferential location of the heteroatoms (Ge,Sn, Ti) in BEC. 

 

The preferential location of Ti in BEA was determined as shown in Table A- 7.  The energies 

obtained through the sites T1 to T6 are close, but the lowest energy was obtained for the sites T1 

(14.84 kcal/mol) and T2 (14.89 kcal/mol).  These results are in good agreement with those reported 

by Yang and coworkers.17  In their work, they demonstrated that the preferred site for the 

substitution of Ti in BEA is T2, followed closely by T1.17  Hence, both DFT methods suggest that 

the preferential site for the substitution of Ti in BEA is at either the T2 or T1 site.    

Figure 2-6 and Table A-8 to Table A-10 show the LUMO energies, the hardness (ɳ) and the 

NBO charges of the metal in Ge-BEC, Sn-BEC and Ti-BEC.  The strength of a Lewis acid is 

commonly related to the LUMO energy, such that the lower the LUMO energy of a molecule the 

easier it interacts with a Lewis base.18  Sastre and Corma carried out ab initio calculations on TS-

1 and Ti- BEA zeolites to unravel the electronic properties of the Ti atoms on both systems that 

manifest in different catalytic properties.34  They demonstrated that the Lewis acidity of these 

materials was indeed correlated to the LUMO energies of the zeolite clusters that they analyzed.  

Based on the LUMO energies shown in Figure 2-6.a, the Lewis acidity of the metal substituted 

BEC decreases according the following trend: Ti-BEC > Sn-BEC > Ge-BEC.  Substitution in T1 
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site corresponds to the substitution with the lowest LUMO energy for the three heteroatoms studied, 

therefore, substitution in T1 represent the most favorable substitution, as well as the substitution 

with the highest Lewis acidity.  
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Figure 2-6. Electronic properties and local deformation of M-BEC (M = Ge, Sn, Ti), Sn-BEA and 

Ti-BEA obtained in vacuum. a.) LUMO energies, b.) hardness, c.) NBO charges of the metal atom, 

d.) local structural perturbation at the T-site.  
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Another descriptor that is commonly employed in the literature to assess the catalytic activity 

is the hardness.16  The hardness could be approximated as the energy gap between the two 

frontier orbitals HOMO and LUMO.35  As the hardness increases, the zeolite becomes a harder 

acid.  As it is shown in Figure 2-6.b, the "hard acid" character of the substituted BEC decreases 

with the following trend: Ge-BEC > Sn-BEC > Ti-BEC. 

It is also shown in Figure 2-6.c that the charge of the metal atom in BEC is not affected by the 

substitution site.  The charges of the metals in Ge-BEC and Sn-BEC are similar, and Ti has the 

lowest NBO charge of the three systems studied.  A hard acid has an acceptor atom of high positive 

charge, while a soft acid has an acceptor atom of low positive charge.35  Based on the NBO charges 

and the hardness, Ti-BEC would be a soft acid, while Ge-BEC and Sn-BEC would be a hard acid.  

In terms of chemical reactivity, soft molecules will be more reactive than hard molecules for 

unimolecular reactions such as isomerization.35  These results suggest that Ti-BEC might be an 

active catalyst for reactions involving soft bases, such as the isomerization of glucose to fructose.   

The local structural perturbation at the T-site can be calculated by the change of [TO4] from a 

regular tetrahedron using the mean square deviation parameter (θ) as defined in  Equation 2-2.36,37  

                                       𝜃 = √
1

6
∑ (𝛼𝑖 − 𝛼̅)26

𝑖=1                                              (2-2) 

In this equation, αi represents the ith θ(O-T-O) angle and 𝛼̅ is the average of the six θ(O-T-O) 

angles.  The mean square deviation parameter is not a direct measure of the distortion caused by 

the incorporation of the heteroatoms in the framework positions of the zeolites.  A normalization 

of θ for each functionalized zeolite, θM , must be done with respect to the value of θ in a pure 

zeolite (θSi) as described in Equation 2-3.  

                                          𝜑 =
(𝜃𝑀−𝜃𝑆𝑖)

𝜃𝑆𝑖
                                                    (2-3) 
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The normalization parameters (φ) for each substitution of BEC are shown in Figure 2-6.d 

(Table A-11).  The substitution in T2 for all the heteroatoms results in the lowest structural 

perturbation.  The local structural perturbation parameter φ also indicates that the incorporation of 

Sn in framework positions causes more distortion in the structure than the incorporation of Ti or 

Ge, owing to its larger radius.  

Figure 2-6 also allows comparing the properties obtained for M-BEC with the properties 

obtained for Ti-BEA and Sn-BEA in the preferred site of substitution (T1 and T2 for Ti-BEA and 

the double substitution in T2 for Sn-BEA).  Based on the LUMO energies, the Lewis acidity of 

Ti-BEC in the preferred site of substitution is comparable to that of Sn-BEA and Ti-BEA, and 

perhaps might show comparable catalytic properties. The incorporation of Sn in framework 

positions in BEA and BEC causes significantly more distortions in the structure than the 

incorporation of Ge or Ti in the zeolites, indicating that the incorporation of Sn in the zeolite could 

be more difficult to achieve than the incorporation of Ti. 

 

2.3.2 Hydrolysis energies and Lewis Acidities of metal substituted zeolites 

In any system, the presence of a hydroxyl group coordinated to a metal atom produces a 

material with a high affinity to water molecules.  Hence, the analysis of the energies of hydrolysis 

can be used to estimate how feasible it would be for the metal-substituted zeolites to react with 

water.  Hydrolysis energies of the different substituted zeolites were calculated through the 

electronic energies of reaction of the structure with water, as illustrated in Scheme 2-2.   

 

Scheme 2-2. Hydrolysis reaction of the metal substituted zeolite. 
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Upon hydrolysis, the metal atom ends up coordinated to a hydroxyl group.  In M-BEC, and Ti-

BEA the hydrolysis can occur through four different bonds.  In Sn-BEA, there are eight different 

bonds that could be broken through the hydrolysis.  The figures and tables that illustrate the oxygen 

atoms that might be involved in the hydrolysis, and the hydrolysis energies associated with the 

breaking of each of the oxygen atoms are in the Appendix A (Figure A- 5 to Figure A-7 and Table 

A-12 to Table A-14).  In M-BEC, the lowest hydrolysis energies were obtained by breaking the 

bond formed with the same oxygen atom on the four structures analyzed. 

Figure 2-7 and Table A-15 compare some of the electronic properties of the hydrolyzed and 

the non-hydrolyzed zeolites.  The properties for the hydrolyzed zeolites shown in Figure 2-7 were 

obtained for the zeolite hydrolyzed through the weakest bond.  As it is shown in Figure 2-7.a, the 

LUMO energies of Si-BEC, Ge-BEC, Sn-BEA, Ti-BEC and Ti-BEA decrease when they are 

hydrolyzed, while the LUMO energy of Sn-BEC increases when it is hydrolyzed.  Thus, the 

addition of defects through the hydrolysis in the zeolite increases the Lewis acidity in all the 

zeolites analyzed, except in Sn-BEC.  The LUMO energies of the hydrolyzed Ti-BEC and Ti-BEA 

are even lower than the LUMO energy of the hydrolyzed Sn-BEA.  Hence, the addition of defects 

to the structure through the hydrolysis allows Ti-BEC and Ti-BEA to have a higher Lewis acidity 

than Sn-BEA.  Figure 2-8 depicts the LUMO surfaces for the hydrolyzed and non hydrolyzed 

zeolites.  For each of the systems that were analyzed, the LUMO surface is mainly located close 

to the metal atom, even when the system is hydrolyzed.   
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Figure 2-7. Comparison of electronic properties of the hydrolyzed and non-hydrolyzed M-BEC 

(M = Si, Ge, Sn, Ti), Sn-BEA and Ti-BEA obtained in vacuum. a.) LUMO energies, b.) Hardness. 
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Figure 2-8. LUMO diagrams of a.) Sn-BEA, b.) Sn-BEA_OH, c.) Sn-BEC, d.) Sn-BEC_OH, e.) 

Ti-BEA, f.) Ti-BEA_OH, g.) Ti-BEC, h.) Ti-BEC_OH, i.) Ge-BEC, j.) Ge-BEC_OH 
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It can also be observed in Figure 2-7.b that the hardness of Si-BEC, Ge-BEC, Sn-BEA, Ti-

BEC and Ti-BEA decrease when they are hydrolyzed.  However, the hardness of Sn-BEC 

increases when it is hydrolyzed.  Table A-15 shows the NBO charges for the heteroatoms in the 

zeolites.  Two values of NBO charges are shown for Sn-BEA, that correspond to the two Sn atoms 

substituted in Sn-BEA according to Figure A-7.  The hydrolysis of the metal substituted zeolites 

does not affect significantly the NBO charges in the metals.  The Ti atom in Ti-BEC and in Ti-

BEA has the lowest charge, even when it is hydrolyzed, confirming the soft acid character of Ti-

BEC and Ti-BEA. 

We used the integrated QM/MM scheme as implemented in ONIOM to analyze the effect of 

the solvent and metal / silicon (M/Si) ratios in the hydrolysis energies of the metal substituted 

zeolites.  Local structural perturbation parameters for the non-hydrolyzed zeolites with different 

M/Si ratios are shown in Figure 2-9 (Table A-17).  The parameter 𝜑 was calculated in relation 

with the θSi parameter obtained for the biggest cluster of the pure zeolite.  The deformation of the 

structure decreases according to the following trend Sn-BEA > Sn-BEC > Ti-BEC > Ti-BEA > 

Ge-BEC.  The highest deformations were obtained for the zeolites functionalized with Sn, as it has 

the biggest radius of the metal atoms analyzed in this work.  For Ge-BEC and Sn-BEC, as the 

metal composition decreases, the local structure perturbation decreases.  The decrease in the metal 

composition in the zeolite allows the zeolite become a more stable structure, with less deformation 

in its structure after the incorporation of the metal.  On the other hand, Sn-BEA, Ti-BEC and Ti-

BEA do not show changes in the structural perturbation of its configuration for the different M/Si 

ratios. The insertion of Ti in BEA or BEC results in a lower structure deformation than the insertion 

of Sn in BEA or BEC.  These results suggest that the zeolites could be functionalized in higher 
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proportions with Ti than Sn.  The feasibility to incorporate higher amounts of Ti in the zeolites 

than Sn would give zeolites more active sites and increased Lewis acidity. 

 

Figure 2-9. Local structural perturbation of M-BEC (M = Ge, Sn, Ti), Sn-BEA and Ti-BEA for 

different metal composition. For M-BEC, the M/Si ratios are R1=1/13, R2=1/32, R3=1/64, 

R4=1/114; for Sn-BEA the Sn/Si ratios are R1=2/30, R2=2/50, R3=2/86, R4=2/148; for Ti-BEA 

the Ti/Si ratios are R1=1/15, R2=1/33, R3=1/62, R4=1/110. 

In order to take into account the effect of the solvent on the properties of the zeolites, single 

points of the optimized geometries obtained for the different M/Si ratios were carried out using 

PCM. Figure A-8 shows a scheme of the surface cavity used for the PCM calculations for the 

hydrolyzed Ge-BEC.  The use of ONIOM and PCM allow us to take into consideration the metal 

composition, as well as, the solvent effect on the properties of the zeolites. 

Figure 2-10 (Table A-18) shows the electronic energies of hydrolysis of M-BEC, Sn-BEA and 

Ti-BEA using a PCM for different M/Si ratios.  The hydrolysis energies for the highest M/Si ratio 

(1/13 in M-BEC, 2/30 in Sn-BEA and 1/15 in Ti-BEA) decrease with the following trend:  Si-

BEC > Ti-BEC ≈ Ti-BEA > Sn-BEC > Sn-BEA > Ge-BEC.  However, for lower M/Si relations, 

the hydrolysis energy of Ge-BEC changes drastically from a negative to a positive value.  For the 

other M/Si ratios, the hydrolysis energies decrease with the following trend: Si-BEC > Ge-BEC > 
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Ti-BEC ≈ Ti-BEA > Sn-BEC > Sn-BEA.  These results are in good agreement with various reports 

in the literature.38,39,40  Our results demonstrate that Si-BEC exhibits a high resistance to be 

hydrolyzed due to the crystallinity of its zeolitic walls in agreement with Corma and Davis.38  Our 

calculations also demonstrate that Ti-BEC and Ti-BEA have a higher hydrolysis energy compared 

to Sn-BEC and Sn-BEA, in agreement with observations by Corma and coworkers on  metal 

substituted BEA with Ti that exhibit higher hydrothermal stability than those functionalized with 

Sn.40  Finally, our results indicate that Ge-BEC exhibits a drastic change in the hydrolysis energy 

on systems with Ge/Si ratios of 1/32 or less (14 kcal/mol) when compared to the systems with a 

higher Ge/Si ratio (-39.5 kcal/mol).  These results are consistent with experimental work that 

reported that Ge substituted zeolites lose its structure when interacting with water when the Ge/Si 

ratio is lower than 1/20.39,41  Hydrolysis energies calculated in vacuum for M-BEC, Sn-BEA and 

Ti-BEA are tabulated in the Appendix A (Table A-16).   

 

Figure 2-10. Electronic energies of hydrolysis of M-BEC (M = Ge, Sn, Ti), Sn-BEA and Ti-BEA 

including water as a solvent through PCM. For M-BEC the ratios M/Si are R1=1/13, R2=1/32, 

R3=1/64, R4=1/114; for Sn-BEA the ratios Sn/Si are R1=2/30, R2=2/50, R3=2/86, R4=2/148; for 

Ti-BEA the ratios Ti/Si are R1=1/15, R2=1/33, R3=1/62, R4=1/110. 
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 Table A-19 shows the electronic properties (εLUMO, ɳ, NBO charges) for the hydrolyzed and 

non-hydrolyzed M-BEC, Sn-BEA and Ti-BEA.  The hardness and the NBO charges are not 

affected by the solvent.  Figure 2-11 shows the LUMO energies of the hydrolyzed and non-

hydrolyzed M-BEC, Sn-BEA and Ti-BEA when the solvent is included in the calculations through 

the PCM.  Si-BEC, Ge-BEC and Sn-BEC have high LUMO energies, indicating their poor Lewis 

acidity.  The LUMO energy of the hydrolyzed Sn-BEC increases drastically when compared to 

the non-hydrolyzed counterpart, indicating that the incorporation of Sn in the polymorphism C 

would not have a high Lewis acidity in water.  The lowest LUMO energy was obtained for Ti-

BEC, suggesting that Ti-BEC has a higher Lewis acidity that Sn-BEA even in the presence of 

water. 

 

 

Figure 2-11. LUMO energies of the hydrolyzed and non-hydrolyzed M-BEC (M = Ge, Sn, Ti), 

Sn-BEA and Ti-BEA taken the solvent into account through PCM. 

 

 

Our results demonstrate that the most favorable substitution of Ti, Ge and Sn in BEC is in the 

T1-site.   This site also corresponds to the site that yields the highest Lewis acidity for these metal 

2.4 CONCLUSIONS 
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substituted zeolites.  Hydrolyzed Ti-BEC and Ti-BEA have the lowest LUMO energies of the 

systems that were analyzed, even when the solvent was included in the calculations. Hydrolyzed 

Ti-BEC and Ti-BEA also have the lowest hardness and NBO charges, suggesting that these 

materials would be soft acids.   Our results also demonstrate that based on the hydrolysis energies, 

Ti substituted zeolites have a higher hydrothermal stability than Sn substituted zeolites.  Also, the 

hydrolysis of Ge-BEC is energetically favorable when the Ge/Si ratio is 1/13.  The local structural 

perturbation calculated for each of the systems suggests that the substitution of Ti in BEC is more 

favorable than Sn in either BEA of BEC.  Finally, our calculations demonstrate that Ti-BEC 

exhibits similar electronic properties than Ti-BEA, and because of its crystalline structure with 

less faults than BEA, it should outperform BEA catalysts for reactions mediated by Lewis acidity.  
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3 CHAPTER - DFT STUDY OF CLOSED AND OPEN SITES OF BEA, 

FAU, MFI, AND BEC ZEOLITES SUBSTITUTED WITH SN AND TI. 
 

  

 The incorporation of heteroatoms, such as Ti and Sn into zeolites frameworks modifies the 

catalytic properties of zeolites.  It is well known that different frameworks exhibit different 

catalytic activities.  For instance, Lew and coworkers reported high conversions of glucose to 

fructose with Sn substituted beta (Sn-BEA), while the conversion was almost null after 3 hours 

with Sn substituted MFI (Sn-MFI).1  The difference in conversion between the two systems might 

reflect the size exclusion of MFI, since the pore diameter of MFI is significantly smaller than BEA. 

 Interestingly, however, in a reaction involving smaller molecules, Osmundsen and coworkers 

reported that the reaction of dihydroxyacetone to methyl lactate has higher yields when catalyzed 

by Sn-BEA than by Sn-MFI, with the same Si/Sn ratio.2  The catalytic activity of a zeolite 

framework is commonly correlated with either the Lewis or the Brønsted acidity, depending on 

the reaction to be catalyzed.  A Lewis acid is defined as a chemical species that accepts electron 

density from a Lewis base, while a Brønsted acid is defined as a species that donates a proton in a 

chemical reaction.  In previous works, the adsorption of probe molecules, such as ammonia, 

acetonitrile, water or pyridine on M-MFI (M = Ti, Zr, Ge, Sn, Pb),3 M-BEA (M = Ti, Zr, Sn)4 and 

Sn-BEA5 has been correlated with the Lewis acidity.  The Brønsted acidity, on the other hand, is 

commonly correlated with the deprotonation energy.6 

 Many zeolites exhibit high hydrothermal stabilities, and have proven to be excellent catalysts 

for a wide range of reactions involving the transformation of biomass into high value chemicals.  

For these particular reactions, water plays an important role as it may be produced as a byproduct 

(e.g., the production of 5-hydroxymethylfurfural and furfural from fructose and xylose, 
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respectively).7  Few studies have reported the catalytic performance of metal-substituted zeolites 

in water.8,9  Water is a protic solvent that can act as a Lewis base.  Because of its mild basicity, 

water can compete with the reactants to coordinate with the acid sites within the metal-substituted 

zeolites, and hence, can decrease the Lewis acidity of the zeolites.8 

 MFI, BEA, BEC and FAU have a tridimensional pore system with a maximum sphere diameter 

that can diffuse along their pores of 4.70 Å, 5.95 Å, 6.09 Å, and 7.35 Å, respectively.10  Metal 

substituted BEA and MFI have been the most studied zeolites for reactions that require Lewis 

acidity.1,2,11,12  BEA consists of a highly faulted intergrowth of two polymorphisms (Polymorphism 

A and B), with two straight channels along a- and b- axis, and one tortuous channel along the c-

axis.13 Al-FAU has been widely studied in reactions involving Brønsted acidity,14 but only few 

studies have reported the substitution of Ti or Sn in FAU or BEC.15–18  BEC is a third 

polymorphism of zeolite beta that can be synthesized as a pure and crystalline structure without 

faults.19  Corma and coworkers reported higher turnover frequencies for Ti-BEC than Ti-BEA in 

the epoxidation of cyclic-alkenes, attributing the difference to the diffusion problems presented in 

BEA.16   

 Density functional theory (DFT) has been used to analyze the substitution of several 

heteroatoms in the zeolites.  Periodic DFT calculations have been applied to analyze Sn-, Ti-, and 

Zr-BEA.4,20  Cluster models have been also used to study Ti-MFI,21 Sn-BEA,5 and Ti-, Zr-, Ge-, 

Sn-, Pb- MFI.3  In general, these studies calculated the preferential site of substitution of the 

heteroatoms in the zeolite, and measured the Lewis acidities through either the LUMO energies or 

the adsorption of probe molecules.  Similarly, the Brønsted acidities have been measured by 

employing DFT calculations.  For instance, Jones and coworkers related the Brønsted acidities of 

Al-, Ga-, Fe-, B- MFI with their deprotonation energies.6  Jones and coworkers also related the 
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rate constants of a dehydration reaction mediated by Brønsted sites with the van der Waals energies 

in different Al-substituted zeolites.22  While most of those studies have made significant 

contributions to the fundamental understanding of metal-substituted zeolites, a systematic analysis 

of the effect of the zeolite framework on the Lewis acidity, Brønsted acidity and on the electronic 

properties of Sn and Ti still lacks in the literature.  Furthermore, quantum mechanical calculations 

based solely on cluster models or periodic boundary conditions might face the shortcomings from 

these methods.  For instance, the use of clusters models does not take into account long-range 

interactions with the zeolite framework.  Moreover, this approach may result in artificial effects 

due to the hydrogen atoms lying at the boundary of the truncated structure.  Periodic DFT 

calculations, on the other hand, may result in a metal-substituted-zeolite with a high percent of 

substitution.  

 In this study, we systematically analyzed and compared the properties of zeolites BEA, FAU, 

MFI, and BEC, substituted with Sn and Ti.  We used DFT and ONIOM, which is an integrated 

quantum mechanics (QM) / molecular mechanics (MM) method that takes in consideration long-

range interactions.  The Lewis acidities of the metal-substituted zeolites were measured through 

the NH3 binding energies, the charge transfer of NH3 upon adsorption, and the LUMO energies.  

We also calculated the Lewis acidities in water by using a polarizable continuum model and by 

incorporating water molecules in the system.  We reported the hydrolysis energies, as well as the 

deprotonation energies of the open sites. 

 Finally, the properties of BEA with a single and a double Sn-substitution are presented to 

compare the active sites obtained with two different methods commonly employed for the 

synthesis of Sn-BEA.  
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The coordinates used to generate the BEA, FAU and MFI clusters were obtained from the 

International Zeolite Association (IZA).10  The coordinates for the BEC clusters were obtained 

from the experimentally refined structure reported in the literature.19  The cluster models were 

obtained by cutting the periodic structure, as is shown in Figure 3-1, and Figure B-1 to Figure B-

5, in the Appendix B.  The boundary Si-atoms were saturated with hydrogen atoms, which were 

aligned on the same direction of the oxygen atoms that were removed.  The Si-H bonds were 

maintained at 1.5000 Å.  All the results were obtained using the functional ωB97XD,23 which is a 

long-range corrected functional.  A mix of basis sets were used in the calculations involving the 

preferential substitution site, binding energy of NH3 and the electronic properties of the different 

zeolites.  The Pople basis set  6-31+g** was used for Si, O, N and H atoms, whereas the effective 

core potentials LANL2DZ,24 and MWB4625 were used for Ti, and Sn, respectively.  For the 

calculations involving deprotonation energies and hydrolysis energies, a larger basis set (6-

311++g**) was applied to Al, Si, O and H in order to enhance the ability of the clusters to 

delocalize the charge.6  In our previous study, this methodology was validated against FTIR, NMR 

shifts, and the crystallographic positions of metal-substituted zeolites.26  The geometry 

optimizations were performed by optimizing all the atoms, except for the terminal hydrogen atoms 

that were kept fixed.  For the DFT clusters, the partial atomic charges were obtained with the 

natural bond orbital (NBO) population analysis.27  

 Figure 3-1 shows the M-BEA, M-BEC, M-FAU, M-MFI and Sn-BEA clusters centered in the 

preferred site of substitution.  Other clusters used for the calculation of the preferred site of 

substitution are shown in Figure B-1 to Figure B-5, in the Appendix B.  Bare and coworkers 

demonstrated that the substitution of Sn in zeolite beta is a double-paired substitution in the T2 
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sites.28  Hence, the preferential location for the double substitution of Sn in BEA (Sn-BEA) was 

taken from the work of Bare and coworkers.  However, we also analyzed a single Sn substitution 

in BEA (Sn-1-BEA) and compared the properties of both materials.  The electronic properties of 

Sn-1-BEA were obtained with the clusters of BEA centered in T2 (Figure 3-1a) as previous DFT 

studies have demonstrated that the preferential site of a single substitution of Sn in BEA is at T2.4  

 The hydrolysis energies of metal-substituted zeolites were calculated with ONIOM in order to 

incorporate the effect of the surrounding zeolite framework.  Single point calculations on the 

optimized structures were then performed with a polarizable continuum model (PCM) to study the 

effect of the solvent on the reaction energies.  For these calculations, water was used as the solvent, 

which has a dielectric constant of 78.3553.  ONIOM is a combined QM/MM method, in which 

two layers are linked via mechanical embedding.  The functional ωB97XD was used for the QM 

layer, and UFF29 was used for the MM layer.  Figure 3-2 shows the ONIOM clusters of M-BEA, 

M-BEC, M-FAU, M-MFI and Sn-BEA with M/Si ratios of 1/62, 1/63, 1/54, 1/76 and 2/86, 

respectively.  Figure 3-3 shows the ONIOM clusters of M-BEA, M-BEC, M-FAU, M-MFI and 

Sn-BEA with M/Si ratios of 1/110, 1/113, 1/91, 1/135 and 2/148, respectively.  The NH3 

adsorption energies were calculated in vacuum, as well as in water using the PCM model.  NH3 

binding energies and hydrolysis energies were calculated with the ONIOM clusters shown in 

Figure 3-2 and Figure 3-3, respectively.  The ONIOM clusters were set with more than 28 T-atoms 

to avoid finite size effects.30 The net charge of NH3 adsorbed on the metal-substituted zeolites was 

obtained using the electrostatic potential (ESP) charges as implemented in ONIOM.31,32  The 

deprotonation energies were calculated using the ONIOM clusters shown in Figure 3-3.  All 

calculations were carried out with Gaussian 09.33 
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Figure 3-1. Clusters used for the DFT calculations of M-BEA, M-BEC, M-FAU, M-MFI and Sn-

BEA. (a) 59-atom M-BEA cluster centered in T2 (b) 53-atom M-BEC cluster centered in T1 (c) 

54-atom M-FAU cluster centered in T11 (d) 65-atom M-MFI cluster centered in T11 (e) 98-atoms 

Sn-BEA cluster centered in a double substitution in T2 sites. Color legend: yellow = Si; red = O; 

white = H; gray = metal atom (M = Sn or Ti)
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Figure 3-2. ONIOM clusters of M-BEA, M-BEC, M-FAU, M-MFI and Sn-BEA with different 

M/Si ratios. M corresponds to the metal atom Sn or Ti. (a) 219-atoms M-BEA cluster (64-DFT-

atoms, 155-MM-atoms)  with a Ti/Si ratio of 1/62, (b) 228-atoms M-BEC cluster (56-DFT-atoms, 

172-MM-atoms) with a M/Si ratio of 1/63, (c) 195-atoms M-FAU cluster (62-DFT-atoms, 133-

MM-atoms) with a M/Si ratio of 1/54, (d)  268-atoms M-MFI cluster (70-DFT-atoms, 198-MM-

atoms) with a M/Si ratio of 1/76, and (e) 300-atoms Sn-BEA cluster (104-DFT-atoms, 196-MM-

atoms) with a Sn/Si ratio of 2/86. The atoms treated with DFT and the atoms treated with MM are 

shown with the ball and stick, and with the wireframe representations, respectively. 
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Figure 3-3. ONIOM clusters of M-BEA, M-BEC, M-FAU, M-MFI and Sn-BEA with different 

M/Si ratios. M corresponds to the metal atom Sn or Ti. (a) 381-atoms M-BEA cluster (64-DFT-

atoms, 317-MM-atoms) with a Ti/Si ratio of 1/110, (b) 394-atoms M-BEC cluster (56-DFT-atoms, 

338-MM-atoms) with a M/Si ratio of 1/113,  (c) 320-atoms M-FAU cluster (62-DFT-atoms, 258-

MM-atoms) with a M/Si ratio of 1/91, (d) 468-atoms M-MFI cluster (70-DFT-atoms, 398-MM-

atoms) with a M/Si ratio of 1/135, and (e) 510-atoms Sn-BEA cluster (104-DFT-atoms, 406-MM-

atoms) with a Sn/Si ratio of 2/148. The atoms treated with DFT and the atoms treated with MM 

are shown with the ball and stick, and with the wireframe representations, respectively.
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The following sections discuss the results obtained for Sn and Ti substituted in BEA, BEC, 

FAU and MFI.  First, the preferential locations of Ti and Sn in the metal substituted zeolites are 

presented followed by the analysis of the open sites in the metal-substituted zeolites, with their 

corresponding Brønsted acidities.  The Lewis acidities of the open and closed sites in vacuum, and 

in water are then discussed.  In the last section, the properties of BEA with a single and a double 

substitution of Sn in the framework are presented in order to compare the active sites that could be 

obtained with the two experimental methods reported in the literature for the synthesis of Sn-BEA. 

34–36 

3.3.1 Preferential Location of Ti and Sn in BEA, BEC, FAU and MFI Zeolites 

The preferential locations of Ti and Sn in the zeolites were determined based on the electronic 

energies of reaction (Erx) for the reaction depicted in Scheme 3-1, and they were calculated with 

Equation 3-1.  

Scheme 3-1. Reaction describing the metal substitution into the zeolite framework. 

𝑍𝑒𝑜[𝑆𝑖] + 𝑀(𝑂𝐻)4     →    𝑍𝑒𝑜[𝑀] + 𝑆𝑖 (𝑂𝐻)4 

Erx = EZeo[M] + ESi (OH)4
− EZeo[Si] − EM(OH)4                           (3-1) 

In Equation 3-1 and Scheme 3-1, M represents the metal to be substituted in the zeolite. Thus, 

Zeo[Si] and Zeo[M] correspond to the silica zeolite and the metal-substituted zeolite, respectively.  

Because the reaction energies, as described in Equation 3-1, depend on the stability of the species 

Si(OH)4, Sn(OH)4, and Ti(OH)4, we only used this method to determine the preferential 

substitution of one heteroatom in a specific zeolite.  Table B-1 and Table B-2 in the Appendix B 

show the Erx’s for the substitution of the heteroatoms (Sn, Ti) in BEC and MFI, respectively.  

Similarly, Table B-3 in the Appendix B shows the Erx’s of Ti in BEA.  In our previous work,26 this 
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methodology was used to corroborate that the preferential location of Ge in BEC is in T1.  This 

result is in good agreement with the results reported by Sastre and coworkers, in which they 

determined that the preferential location of Ge in BEC is in T1 based on XRD and NMR 

spectroscopy.37  On the basis of our results, the preferential substitution site of Sn and Ti in BEC 

is also in T1.  

 The lowest electronic energy for the substitution of Ti in MFI was obtained in T10 (100.16 

kJ/mol) followed by T11 (101.55 kJ/mol).  However, the electronic energies for the substitution 

of Ti in the different sites of MFI are similar among the different sites.  For instance, the energy 

difference between the most favorable substitution site (T10), and the least favorable substitution 

site (T6) is only 18.75 kJ/mol.  These results indicate that, while the preferential location for the 

substitution of Ti in MFI is in T10 and T11, the substitution can also occur in the other T-sites of 

the zeolite.  These results are in good agreement with several experimental results.  For instance, 

Lamberti and coworkers concluded that Ti is homogeneously distributed in all the T-sites of the 

MFI zeolite based on results obtained through Synchrotron Radiation X-Ray Powder Diffraction.38  

However, by using high resolution temperature-dependent XRD, Marra and coworkers determined 

that about half of the Ti atoms were located in T10 and T11 on MFI, while the rest of the Ti atoms 

were located among the T1-T3 and T5-T9 sites.39  The electronic energies for the substitution of 

Sn in MFI, on the other hand, are more dispersed.  The preferential location of Sn in MFI is located 

in T11 (132.51 kJ/mol), followed by T10 (141.88 kJ/mol).  The lowest energy obtained for the 

substitution of Ti in BEA was for T1 (62.09 kJ/mol), followed closely by T2 (62.30 kJ/mol).  This 

result is in agreement with the periodic DFT calculations of Yang and coworkers, which 

determined that the preferential substitution of Ti in BEA is in T1, followed by T2.4   
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 In this work, we calculated the properties of the metal-substituted zeolites only in the 

preferential locations.  For Ti-MFI, we analyzed the substitution in the T11 site.  Since the 

substitution of Ti in the T10 and T11 sites are close energetically, (e.g. the energy difference 

between both sites is 1.39 kJ/mol), we analyzed the same site of substitution for Sn and Ti in MFI. 

3.3.2 Open Sites in M-BEA, M-BEC, M-FAU and M-MFI 

Open sites (M(OSi)3OH) are defects formed when the substituted metal is not completely 

bonded to the four oxygen atoms of the zeolite.  Open sites have been detected in Ti-MFI and Sn-

BEA.5,21,40–43  For instance, solid state MAS NMR has been used to detect open sites in Ti-

MFI,21,40,41 and the open sites have been quantified with Neutron Powder Diffraction.42   Boronat 

and coworkers obtained different ratios of open/closed sites in Sn-BEA by varying the water 

concentration in the zeolite activation, and they proposed that the open sites are formed through 

the hydrolysis of Sn-O-Si bridges during the activation process.5   

The hydrolysis of metal substituted zeolites can occur through four different bonds, with the 

exception of Sn-BEA, in which eight different bonds had to be analyzed due to its double 

substitution.  Thus, the open sites structures were obtained with the weakest M-O bond in the 

zeolites by comparing the hydrolysis energies of the metal substituted zeolites, as shown in Scheme 

3-2. Figure B-6 to Figure B-10 and Table B-4 – Table B-8 in the Appendix B show the hydrolysis 

energies involving each of the bonds of the zeolites.  For BEC, FAU and MFI, the weakest bond 

was the same, regardless if the zeolite was substituted with Sn or Ti.   

 

Scheme 3-2. Hydrolysis reaction of the metal substituted zeolite. 
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Figure 3-4 shows the hydrolysis energies obtained with the weakest bonds of the metal substituted 

zeolites.  The energies were calculated with the ONIOM clusters depicted in Figure 3-3 and a 

polarizable continuum model was used in all the calculations to recreate the hydrolysis in water.   

 

Figure 3-4. Hydrolysis energies of Sn-substituted zeolites. 

On the basis of Figure 3-4, the hydrolysis of Sn-MFI is unfavorable (33.3 kJ/mol), indicating a 

possible low concentration of open sites in its structure.  The hydrolysis energies of Sn-BEA (-

24.3 kJ/mol) and Sn-FAU (-32.6 kJ/mol) are negative, suggesting that both frameworks could 

exhibit closed and open sites.  While experimental data on the hydrolysis energies of these systems 

are not available, some experimental findings can be used to corroborate that, in fact, it is easier 

to hydrolyze Sn-BEA than Sn-MFI.  For instance, Sn-BEA has been synthesized with open sites 

through wet activation, and in that same study Sn-MFI could not be synthesized with open sites 

by employing the same method.43  To our knowledge, studies on the detection of open sites in Sn-

BEC have not been reported in the literature, but based on the hydrolysis energy (1.9 kJ/mol), it is 

likely that Sn-BEC could be synthesized with a low concentration of open sites.  
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 To our knowledge, studies on the stability of Ti-substituted zeolites in water have not been 

reported.  However, there are some studies that address the stability of Ti-substituted zeolites in 

H2O2.  For example, Davies and coworkers, and Carati and coworkers demonstrated that Ti-MFI 

and Ti-BEA are stable in H2O2 for over a week, before they could detect Ti leaching.44,45  Based 

on the hydrolysis energies, Ti-FAU  has the lowest hydrolysis energy among the Ti-substituted 

zeolites analyzed in this study.  

3.3.3 Brønsted Acidity of the Metal Substituted Zeolites  

Brønsted acids are species or materials that donate protons.  Hence, the formation of open sites on 

metal-substituted zeolites (e.g. the product in the reaction depicted in Scheme 3-2) could provide 

Brønsted acidity to the zeolite.  In order to measure the Brønsted acidity of the hydrolyzed metal-

substituted zeolites, the deprotonation energies (DPE) were calculated with Equation 3-2.   

𝐷𝑃𝐸 = 𝐸𝑍𝑒𝑜−𝑀− − 𝐸𝑍𝑒𝑜[𝑀]ℎ                                            (3-2) 

In this equation, 𝐸𝑍𝑒𝑜[𝑀]−  and 𝐸𝑍𝑒𝑜[𝑀]ℎ  are the electronic energies of the deprotonated and 

hydrolyzed metal-substituted zeolites, respectively. Figure 3-5 shows the deprotonation energies 

of the various zeolites analyzed in this work.  On the basis of these energies, the Brønsted acidity 

of the metal-substituted zeolites decreases as follows:  Sn-BEA >> Ti-BEA > Sn-FAU > Sn-BEC 

≈ Sn-MFI > Ti-FAU ≈ Ti-MFI > Ti-BEC. 
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Figure 3-5. Deprotonation energies of the hydrolyzed metal-substituted zeolites 

The deprotonation energy of Al-BEA was also calculated using the ONIOM cluster shown in 

Figure B-11 in the Appendix B.  Based on the energies presented in Figure 3-5, the open site of 

Sn-BEA (1241 kJ/mol) has a very strong Brønsted acidity, even higher than the Brønsted acidity 

of Al-BEA (1280 kJ/mol).  Furthermore, the deprotonation energy obtained for Sn-BEA is 

comparable to the deprotonation energy reported for Al-MFI.  Jones and coworkers reported 

deprotonation energies for Al-MFI in the range of 1200 to 1250 kJ/mol, depending on the cluster 

size of the calculation.6  Their results were obtained with ωB97XD and 6-311++g**, which the 

same level of theory for the QM part of ONIOM that was employed in this study.  Wang and 

coworkers also reported the deprotonation energy of Y-zeolite (Al-FAU), and the deprotonation 

energy that they obtained with periodic DFT calculations (1244 kJ/mol), is equal to the energy 

obtained for the hydrolyzed Sn-BEA.46  Our results, hence, suggest that the open sites in Sn-BEA 

are able to catalyze reactions requiring Brønsted acidity.   
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3.3.4 Lewis Acidities of BEA, BEC, FAU and MFI Zeolites Substituted with Sn 

and Ti in Open and Closed Sites 

 

3.3.4.1 Electronic properties of the metal-substituted zeolites in the closed sites 

Figure 3-6 shows the binding energies of NH3, the hardness of the metal substituted zeolites, the 

NBO charges of the metal atom, and the charge of NH3 upon adsorption.  Ammonia is a basic 

molecule, and its lone pair electrons can be donated to an acid structure, such as a metal-substituted 

zeolite.  Because a Lewis acid is defined as a structure that can accept electron density from a 

Lewis base, the interaction of NH3 with the zeolite is proportional to its Lewis acidity. Some 

theoretical studies have also used the binding energies of ammonia on zeolites to determine their 

Lewis acidities.3,20 The binding energy of ammonia was calculated with Equation 3-3.   

EB.E. = 𝐸𝑍𝑒𝑜[𝑀−𝑁𝐻3] − 𝐸𝑍𝑒𝑜[𝑀] − 𝐸𝑁𝐻3
                                   (3-3) 

In this equation, 𝐸𝑍𝑒𝑜[𝑀], 𝐸𝑁𝐻3
, and 𝐸𝑍𝑒𝑜[𝑀−𝑁𝐻3] correspond to the electronic energies of the 

metal-substituted zeolite, the isolated ammonia and the adsorbed complex, respectively.  On the 

basis of DFT, Sn-BEA has the lowest NH3 binding energy (-117 kJ/mol), followed by Sn-BEC (-

100 kJ/mol). Figure 3-6a also shows the binding energies of NH3 on the metal substituted zeolites 

obtained with the ONIOM clusters depicted in Figure 3-2.  The binding energies calculated with 

ONIOM also demonstrate that Sn-BEA and Sn-BEC have the lowest binding energies.  For the rest 

of the zeolies analyzed in this study, the binding energies obtained with ONIOM do not follow the 

same trends of those obtained with DFT clusters. However, the calculated binding energies with 

ONIOM are in better agreement than the DFT results when compared against experimental results 

reported in the literature.  Jänchen and coworkers reported heats of adsorption between 100 and 60 

kJ/mol for the adsorption of ammonia on Ti-MFI.47  The binding energy obtained with ONIOM is 
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within the energy range reported by Jänchen and coworkers, whereas the DFT result underestimated 

the binding energy.  Thus, on the basis of the adsorption energies calculated with the ONIOM 

clusters, the Lewis acidity of the metal substituted zeolites decreases as follows: Sn-BEA > Sn-BEC 

≈ Sn-MFI > Sn-FAU > Ti-MFI > Ti-BEC ≈ Ti-FAU ≈ Ti-BEA.   

 Table B-10 in the Appendix B shows the difference between the binding energy calculated 

with ONIOM and the binding energy calculated with the DFT clusters.  Sn-MFI (-20.2 kJ/mol) 

and Ti-MFI (-22.4 kJ/mol) have the largest negative difference in the binding energies when the 

DFT and ONIOM results are compared. Table B-11 in the Appendix B lists the VDW forces 

contributions to the binding energies calculated with ONIOM. By taking a closer look into these 

contributions, the VDW forces are greater in the MFI frameworks than in the other frameworks. 

Our results demonstrate that VDW forces decrease with increasing pore size. The pore size of MFI 

(10 membered) is smaller than the pore size of BEA, BEC and FAU (12 membered), and as the 

pore size decreases, the interaction of ammonia with the zeolite framework is more significant. A 

similar conclusion was made by Jones and Iglesia when they analyzed the adsorption of ammonia 

on Al-MFI. They found that the VDW forces and hydrogen bondings affect significantly the 

adsorption energies of ammonia on Al-MFI.48 Our results indicate that Sn-substituted zeolites have 

higher Lewis acidity when compared to the Ti substituted zeolites.  There are various examples in 

the literature in which Sn-substituted zeolites exhibit higher catalytic activity than the Ti-

substituted zeolites in reactions requiring high Lewis acidity.8,12,34  For instance, Corma and 

coworkers reported higher activity of Sn-BEA over Ti-BEA for the Baeyer-Villiger oxidation of 

dihydrocarvone to the corresponding lactone.34  Corma and coworkers also reported superior 

catalytic performance of Sn-BEA over Ti-BEA for the Meerwin- Ponndorf- Verley reaction of the 

reduction of cyclohexanone with 2-butanol.12  These studies demonstrated that Sn-BEA in fact 



 

 

 

 

54 

 

gives higher conversions and yields when compared to other zeolite frameworks in reactions 

requiring Lewis acidity.  

 Figure 3-6 also shows the hardness of the metal substituted zeolites analyzed in this work.  The 

hardness was calculated with the energy gap between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) of a structure.49  On the basis of 

Figure 3-6b, Sn-BEA exhibits the lowest hardness among the Sn- zeolites analyzed in this study 

and, whereas Ti-MFI has the lowest hardness among the Ti- zeolites.  The reactivity of a structure 

has been previously correlated to the hardness, such as the most reactive structures have the lowest 

hardness.49  Based on that descriptor, Sn-BEA is the most reactive structure among the Sn-

substituted zeolites analyzed in this study.   

 Figure 3-6c shows the partial atomic charges of the metal atom (Sn and Ti) in the zeolite.  The 

partial atomic charge of the Sn atom is much higher than the partial atomic charge of the Ti atom 

in all the zeolites analyzed in this study.  As the metal-substituted atom has a higher positive charge, 

it could be expected that the atom has a higher capacity to gain electron density. However, the 

charges of the heteroatoms do not change significantly with different frameworks.  Thus, the 

partial atomic charges of metal atoms cannot be used as a descriptor of the Lewis acidity when 

comparing the substitution of the metal atom on different frameworks.  

Figure 3-6d shows the charge of NH3 upon adsorption onto the metal-substituted zeolites.  It 

would be expected that upon adsorption to a Lewis acid, the NH3 molecule would donate electron 

density to the metal-substituted zeolite.  Furthermore, it could also be expected that the charge 

transfer from NH3 to the zeolite be proportional to the Lewis acidity of the system.  Hence, on the 

basis of Figure 3-6d, the Lewis acidity of the metal substituted zeolites decreases as follows: Sn-

BEA >Sn-BEC > Sn-FAU > Ti-BEA > Sn-MFI > Ti-BEC > Ti-FAU >Ti-MFI.  This trend is similar 
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to the one obtained with the DFT cluster, suggesting that the difference between the acidities as 

obtained with the DFT and ONIOM methods reflect the confinement effect of the framework. 

 

 

Figure 3-6. Electronic properties of metal substituted zeolites. (a) binding energies of NH3, (b) 

hardness, (c) NBO charge of the metal atom, (d) Charge of NH3 upon adsorption. 

 

Figure 3-7 shows the normalized deformation (𝜑) associated to the substitution of Ti and Sn in the 

zeolite frameworks.  This parameter was obtained with the mean square deviations, θ, that 

describes the deviation of the [MO4] from a regular tetrahedron, and it was calculated using 

Equation 3-4.3 
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                                       𝜃 = √
1

6
∑ (𝛼𝑖 − 𝛼̅)26

𝑖=1                                              (3-4) 

In this equation, αi represents the ith θ(O-T-O) angle, and 𝛼̅ is the average of the six θ(O-T-O) 

angles.  The parameter θ is not a direct measure of the deformation caused by the substitution of 

the metal in the zeolite.  The normalized deformation (𝜑) of each 𝜃𝑀 has to be calculated with 

respect to the values corresponding to the pure zeolite 𝜃𝑆𝑖 , as described in Equation 3-5.  

𝜑 =
(𝜃𝑀−𝜃𝑆𝑖)

𝜃𝑆𝑖
                                               (3-5) 

 In all the zeolites, the deformation caused by Sn is higher than the deformation caused by Ti.  

This is expected because Sn has a larger radius than Ti. Our results are consistent with previous 

studies.  For instance, Yang and coworkers reported higher deformation for the substitution of Sn 

in BEA compared to the deformation caused by the substitution of Ti.4 These deformation 

parameters have been correlated with the stabilities of the zeolites.3,4  On the basis of this parameter, 

the zeolites are more stable with the substitution of Ti than of Sn.  MFI is the framework with the 

lowest deformations for Sn- and Ti- substituted zeolites, indicating that MFI is more stable than 

the other metal-substituted zeolites upon substitution of Sn or Ti.  The deformation parameters 

were also calculated using the ONIOM clusters depicted in Figure 3-2 and Figure 3-3, but no 

significant variations were obtained between the methods. 
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Figure 3-7. Local structural perturbation at the T-Site of the metal substituted zeolites 

3.3.4.2 Comparison of the Lewis acidity between the closed sites and the open sites 

Figure 3-8 shows the hardness and the LUMO energies of the metal-substituted zeolites.  On 

the basis of Figure 3-8, the formation of defects decreases the hardness of the zeolites.  The 

hardness of hydrolyzed Sn-BEA, Sn-MFI, Ti-BEA, Ti-BEC, and Ti-MFI are significantly lower 

compared to the non-hydrolyzed zeolites.  However, Sn-BEC, Sn-FAU, and Ti-FAU do not exhibit 

significant change in their hardness upon hydrolysis.   

While the adsorption of a probe molecule, such as NH3, is commonly used to describe the Lewis 

acidity of a system, in hydrolyzed zeolites, NH3 can interact with the Lewis sites or with the 

Brønsted site of the zeolites.  Therefore, the binding energy of NH3 on a hydrolyzed metal-

substituted zeolite is not necessarily correlated to the Lewis acidity of the system.  In this study, 

the Lewis acidities of the hydrolyzed zeolites were, thus, correlated to the LUMO energies.  As 

the LUMO energy decreases, the zeolite could gain electronic density easier, resulting in a higher 

Lewis acidity.  Sastre and Corma employed the LUMO energies of Ti-BEA and Ti-MFI as 
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descriptors of the Lewis acidity.50  In this work, however, the LUMO energies were only used to 

compare the Lewis acidities of the open and closed sites of the same metal-substituted zeolite.       

Figure 3-8. Comparison of electronic properties of the hydrolyzed and non-hydrolyzed metal-

substituted zeolites obtained in vacuum. (a) Hardness, (b) LUMO energies. 

 Based on the LUMO energies (Figure 3-8b), the open sites of Sn-BEA, Ti-BEA, Ti-BEC and 

Ti-MFI have higher Lewis acidity than their closed sites.  On the contrary, the open sites of Sn-

BEC, Sn-FAU, Sn-MFI and Ti-FAU have lower Lewis acidity than the open sites.  Wells and 

coworkers determined through a DFT study that the open sites in Ti-MFI are more reactive in the 

propylene epoxidation reaction than the closed sites.21  Based on the LUMO energies, our results 

also suggest that the open sites in Ti-MFI exhibit higher Lewis acidity than the closed sites.  This 

is also in agreement with the study of Boronat and coworkers, in which they reported that the open 

sites in Sn-BEA have higher catalytic activity than the closed sites for oxidation reactions.5   They 
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reported that a higher concentration of open sites promoted the Baeyer-Villiger oxidation of 

ketones.  Boronat and coworkers corroborated this, by performing a FTIR study through the 

adsorption of acetonitrile in both sites of Sn-BEA.43  On the basis of the LUMO energies, our study 

also suggests that the open sites of Sn-BEA exhibit higher Lewis acidity than the closed sites.  

Boronat and coworkers also performed DFT calculations on the open sites of Sn-MFI.43    Their 

results, based on the adsorption of acetonitrile, suggest that the open and closed sites of Sn-MFI 

have similar Lewis acidities. Based on our results, however, the open sites in Sn-MFI have lower 

Lewis acidity than the closed sites.   

3.3.4.3 Lewis acidity of the metal-substituted zeolites in water 

Figure 3-9 shows the binding energies of the metal substituted zeolites with NH3 in water 

calculated with the ONIOM clusters depicted in Figure 3-2. The binding energies were calculated 

with two explicit water molecules and a PCM in order to take into account the effect of the water 

as is shown in Scheme 3-3. As shown in Table B-12, the NH3 binding energies with the solvent 

vary significantly when compared to the energies obtained in vacuum.  Based on the binding 

energies with water as the solvent, Sn-BEA has the lowest binding energy, and the Lewis acidities 

of the metal-substituted zeolites decrease as follows:  Sn-BEA > Sn-FAU > Sn-BEC > Ti- FAU  > 

Sn-MFI > Ti-BEC > Ti-MFI > Ti-BEA.  

Scheme 3-3. Adsorption of NH3 on the metal substituted zeolites in water. 
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Figure 3-9. Binding energies of metal substituted zeolites of NH3 in water. 

 

 In our results, the NH3 binding energies increase when water is taken into account when 

compared to the vacuum systems.  This tendency could be associated with the competition for the 

Lewis acidic site between NH3 and water due to the Lewis basic characters of these molecules.   

3.5 Comparison Between a Single and a Double Substitution of Sn in BEA. 

Experimentally, the incorporation of Sn in BEA has been obtained through two different 

methods: the hydrothermal synthesis,34 and the dealumination of Al-BEA, followed by the 

insertion of Sn.35,36 In the hydrothermal synthesis, the insertion of Sn occurs during the 

crystallization, and the structure is usually formed without defects.  It has been determined 

experimentally that, through the hydrothermal synthesis, the Sn atoms are substituted 

simultaneously in two T2 sites, as depicted in Figure 3-1e.28  However, when Sn-BEA is 

synthesized by the dealumination of Al-BEA, the insertion of Sn in BEA depends upon the position 

of Al in the framework.  We calculated the preferential location of Al in BEA, by employing the 

same level of theory presented in the Methodology.  As shown in Table B-9 in the Appendix B, 

our results indicate that the preferred substitution site for Al in BEA is also T2.  Hence, the analysis 
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of Sn-BEA with a single Sn substitution was also performed with Sn in the T2 site, as illustrated 

in Figure 3-1a. 

Table 3-1 shows the electronic properties of BEA with a single Sn substitution (Sn-1-BEA) 

and with a double Sn substitution (Sn-BEA) in the framework.  The table shows the binding 

energies of NH3 obtained with the DFT clusters, and with the ONIOM clusters in vacuum.  On the 

basis of the NH3 binding energies, Sn-BEA with a double Sn substitution exhibits a higher Lewis 

acidity than Sn-1-BEA. Table 3-1 also compares the hydrolysis energies of the two systems, and 

based on these energies, the hydrolysis of the closed sites in Sn-BEA is more favorable than Sn-

1-BEA.   

Furthermore, on the basis of the deprotonation energies, the open sites of Sn-BEA (1241 

kJ/mol) have a similar Brønsted acidity to those in Sn-1-BEA (1248 kJ/mol).  Finally, the LUMO 

energies and the hardness of the hydrolyzed systems are also reported in Table 3-1.  These results 

indicate that the open sites in Sn-BEA have higher Lewis acidity and a lower hardness than the 

open sites in Sn-1-BEA, suggesting that Sn-BEA would be more reactive than Sn-1-BEA.     

In summary, based in the results presented in Table 3-1, the hydrothermal synthesis of Sn-

BEA, which provides a double Sn substitution in the beta framework, results in a catalyst with 

higher Lewis acidity and similar Brønsted acidity than the dealumination process. 

Table 3-1. Electronic properties of Sn-1-BEA (single substitution) and Sn-BEA (double 

substitution). 

 

EBE-NH3  

DFT- 

vacuum 

(kJ/mol) 

EBE-NH3  

ONIOM- 

vacuum 

(kJ/mol) 

EHydrolysis 

ONIOM- 

solvent  

(kJ/mol) 

DPE 

kJ/mol 

εLUMO (A.U) 

hydrolyzed 

zeolite  

in vacuum 

ɳ (A.U.) 

vacuum 

 

ɳ  (A.U) 

vacuum 

hydrolyzed 

zeolite 

Sn-1-BEA -99 -97 12 1248 0.0188 0.3912 0.3999 

Sn-BEA -117 -109 -24 1241 -0.0109 0.3841 0.3681 
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Our results demonstrate that the preferential location for the substitution of Sn and Ti in BEC 

is T1.  The substitution of Ti in MFI is slightly more preferential in T10 and T11, but the difference 

in energies among the different sites is small.  Among the metal-substituted zeolites studied, Sn-

BEA has the highest Lewis acidity, which is manifested in the low binding energy of NH3, the low 

hardness, and the highest charge transfer from NH3 to the zeolite.  Furthermore, open sites in Sn-

BEA form Brønsted acid sites, providing a double functionality to the catalyst, while also 

increasing the Lewis acidity.  Our results also demonstrate that the formation of open sites through 

the hydrolysis of Sn-BEA and Sn-FAU is energetically favorable.  However, the hydrolysis 

reactions to create such sites in Sn- Ti- MFI are not favorable.  We also demonstrated that the 

VDW forces in the NH3 binding energy on MFI are more significant than in BEA, BEC, and FAU 

zeolites, and VDW forces decrease with increasing pore size.  
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4 CHAPTER - CLOSED SITES OF M-BETA (M = SN, TI, ZR, OR HF) 

ZEOLITES CAN OPEN GLUCOSE AND FRUCTOSE RINGS IN ONE 

ELEMENTARY STEP.   
 

 

Lignocellulosic biomass is an abundant and inexpensive raw material from which high value 

added chemicals can be produced.1 It is primarily composed of cellulose and hemicellulose, which 

can be decomposed into sugars through an acid hydrolysis.2 Glucose  is the main sugars obtained 

from this hydrolysis.  Previous studies have demonstrated that Lewis acid catalysts, such as Sn-

BEA, can catalyze the glucose – fructose isomerization.  The catalytic path for the conversion of 

glucose with a Lewis catalyst is shown in Figure 4-1.  

 

Figure 4-1. Catalytic path for the conversion of glucose with a Lewis catalyst. 

Despite the outstanding performance of Sn-BEA, the selective conversion of these sugars, 

however, is still a challenge. Previous studies have focused in optimizing the above paths by 

varying the solvents and catalysts.3–8 However, yields to obtain lactic acid from these sugars with 

Sn-BEA catalysts are below 30%. These yields are mainly due to the Brønsted acid nature of lactic 

acid, which can catalyze the reaction through other paths that produce hydroxymethylfurfural 

(HMF) and levulinic acid.6 Furthermore, the vast number of functional groups in biomass-derived 

molecules imposes a major challenge on these reaction systems. 

4.1 INTRODUCTION 
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Since glucose is directly obtained from biomass hydrolysis, much effort has been put forth in 

understanding how glucose interacts and reacts on Sn-BEA. Previous studies on the reaction 

mechanism of glucose to fructose isomerization agree that the hydride shift from two adjacent 

carbon atoms within the molecule is the rate limiting step.9–12 Despite the significant progress 

made to elucidate the mechanism for the conversion of glucose to fructose, further studies are still 

necessary to clarify how the glucose ring opens. For instance, it has been proposed that the opening 

of the glucose ring can occur through two different paths as shown in Figure 4-2.10–12 These 

reaction mechanisms consist of two steps for the hydride shift on glucose from O1 to O5. The main 

difference between the mechanisms illustrated in Figure 4-2 is on the adsorption of  glucose, which 

has been proposed to occur through O110,12 or O511. We note that Yang and coworkers also 

performed periodic DFT calculations on the reaction mechanisms in Figure 4-2, but they analyzed 

closed sites instead of hydrolyzed sites.12  Here we propose a third path for the opening of glucose 

that involves only one step with a lower energy barrier than the reaction mechanisms that have 

been previously proposed in the literature.  

To our knowledge, the mechanism for the opening of the fructose ring by metal substituted 

zeolites has not been reported in the literature. In this study, we analyzed the opening of fructose 

and glucose rings on zeolite beta (BEA) substituted with tin (Sn), hafnium (Hf), titanium (Ti), and 

zirconium (Zr).  Our results demonstrate that M-BEA can catalyze the ring opening of glucose and 

fructose in only one elementary step due to the synergistic effect of the closed sites of M-BEA 

with the molecule. Furthermore, the transition state (TS) energy for the glucose opening in Sn-

BEA (96.9 kJ/mol) is lower than those reported previously (129 and 194 kJ/mol).12 Moreover, the 

apparent activation energies of fructose opening on Hf-BEA and Zr-BEA are significantly lower 

than the one obtained on Sn-BEA, suggesting that in reactions involving the conversion of fructose 
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through a Lewis acid catalyst, Hf-BEA and Zr-BEA could exhibit better performance than Sn-

BEA. 

 

Figure 4-2. Previously reported reaction mechanisms for the glucose ring opening on Sn-BEA. (a) 

Reaction mechanism proposed by Li and coworkers10 (b) Reaction mechanism proposed by 

Bermejo-Deval and coworkers.11 

 

 

 

In this work, the ring opening of glucose and fructose on M-BEA was analyzed using periodic 

DFT calculations. As shown in Figure 4-3, α-D-Glucopyranose (GP) and β-D-fructofuranose (FF) 

were selected as the conformers of glucose and fructose, respectively. We analyzed the 

polymorphism A of zeolite beta and used the coordinates as reported by the International Zeolite 

Association (IZA).13 BEA has a tetragonal unit cell with lattice parameters: a = b = 12.6 Å and c 

= 26.2 Å, and has nine crystallographic sites, as shown in Figure C- 1 in the Appendix C. Metal 

substituted BEA zeolites (M-BEA) were analyzed with Sn, Hf, Zr, and Ti.  The calculations were 

performed using the Vienna ab initio simulation package (VASP 5.4)14,15 with the generalized 

gradient approximation Perdew–Burke–Ernzrhof (PBE) exchange-correlation.16,17 Standard PAW 

potentials15,18 were used for all the elements, except for the metal atoms, for which higher 

4.2 METHODOLOGY 
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electronic PAW pseudopotentials were used instead of the default ones.  Thus, for the substituted 

metals, we employed Sn (Sn_d), Hf (Hf_pv),  Zr (Zr_sv), and Ti (Ti_sv) to treat their semicores s, 

p, or d  as valence states.19 The dispersion interactions were taken into account with the DFT-D3 

method.20  The Brillouin zone sampling was restricted to the G-point.  The energy cutoff was set 

to 500 eV.  Full geometry optimizations were performed with fixed cell parameters. The nudged 

elastic band method (NEB) was used to determine the minimum energy path and to locate the 

transition-state (TS) structures.21,22 Then, the climbing image NEB method was used to obtain the 

saddle point.23 The TS were confirmed by frequency calculations involving only the motions of 

the atoms of the adsorbed molecules, as well as the metal substituted with its four bonded oxygens. 

We obtained two imaginary frequencies for the fructose ring opening in Sn-BEA (1381 cm-1, 21 

cm-1) and Ti-BEA (1442 cm-1, 11 cm-1), and the smaller ones nearing zero were ignored. The rest 

of the TS frequencies showed only one imaginary frequency. 

 

Figure 4-3. Glucose (a) and fructose (b) molecules. Color legend: red=oxygen, gray=carbon, 

white=hydrogen. Oxygen atoms are labeled from O1 to O6.    

 

 

The preferential substitution sites for Sn, Hf, Zr, and Ti in BEA were calculated by replacing 

the metal in each T-Site of the zeolite and optimizing the BEA unit cell structure. The nine T-sites 

of BEA are illustrated in Figure C- 1 in the Appendix C. As shown in the Supporting Information, 

our calculations demonstrate that the most stable substitution site for all the metal atoms in BEA 

4.3 RESULTS AND DISCUSSION 
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is in the T6 site, in agreement with experimental and other computational results.24–27 For instance, 

Bare and co-workers, using EXAFS spectroscopy, found that the substitution of Sn in BEA is 

predominantly in the T6 site.24 Furthermore, previous works with DFT calculations have 

demonstrated that the preferential substitution site of Zr and Ti in BEA is also in T6.25–27 As far as 

we know, studies on the substitution of Hf in BEA have not been reported, but based on our results, 

the preferred substitution site for Hf in BEA is also in T6. In this work, all the calculations 

involving the adsorption of fructose and glucose were performed with the metal atoms substituted 

in the T6 site of BEA. 

The adsorption energies of glucose on M-BEA were calculated through each of the oxygen 

atoms of the adsorbate, which are identified in Figure 4-3a. The different adsorption energies for 

glucose on M-BEA are shown in Figure 4-4(a). The optimized adsorbed structures were obtained 

in monodentate configurations, which have been reported to be energetically more favorable than 

the bidentate modes.28   For instance, Yang and coworkers reported adsorption energies of cyclic 

glucose on Ti-BEA, and the lowest value reported is -123 kJ/mol in a monodentate configuration, 

whereas the adsorption energy is -98 kJ/mol in a bidentante configuration.28 The distances between 

the adsorbed oxygen of the glucose and the metal of M-BEA vary between 2.22 to 3.37 Å, as 

shown on Table S1 and Figure C- 6 in the Appendix C. In general, the O-M distances obtained 

when the molecules adsorb through O5 are larger (2.84 - 3.37 Å) than the ones obtained through 

the other oxygens (2.22- 2.57 Å). This significant difference is due to the steric hindrance caused 

by the hydroxyl groups when the glucose is adsorbed through the O5 oxygen.  
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Figure 4-4. (a) Adsorption energies of glucose on M-BEA through the different oxygen atoms of 

the molecule. The oxygen atoms are identified in Figure 4-3(a). Av stands for the average 

adsorption energy. (b) Reaction energies of the opening of the glucose ring on M-BEA, and (c) the 

reaction mechanism for the opening of the glucose ring on M-BEA. 

On the basis of Figure 4-4 (a), the adsorption energies of glucose on M-BEA is strongly 

affected by the nature of the metal as well as by the glucose oxygen coordinated to the metal. In 

average, the strongest adsorption of glucose is on Hf-BEA (-98.7 kJ/mol), followed by Zr-BEA (-

93.5 kJ/mol), Sn-BEA (-86.7 kJ/mol), and Ti-BEA (-71.2 kJ/mol). Yang and co-workers reported 

the same trend for the adsorption of glucose in BEA zeolites substituted with Zr, Sn, and Ti.28  

The strongest interactions of glucose on Hf-, Zr-, and Sn-BEA are through the oxygen O1 of 

glucose, which are below -120 kJ/mol. For Ti-BEA, the strongest interactions were obtained 

through O5 closely followed by O1.  Previous DFT studies have reported that the isomerization of 

glucose to fructose on Sn-BEA starts when glucose is adsorbed on O1 or O5.11,12 
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The minimum energy path and the reaction mechanism for the glucose ring opening are shown 

in Figure 4-4 (b) and Figure 4-4 (c), respectively. Our calculations suggest that the glucose ring 

can be opened in one elementary step, in which the hydrogen atom is shifted from O1 to O5 as 

illustrated in the TS configuration in Figure 4-5 (a). The confinement effect of the closed sites of 

M-BEA allows the simultaneous interaction between several atoms of the glucose molecule and 

the zeolite which are manifested in the distances of the TS shown in Table 4-1. As the hydride 

shift occurs between O1 and O5, O1 interacts simultaneously with the metal atom (M), while the 

hydrogen atom interacts with one of the oxygen atoms coordinated to the metal (Oz). These 

interactions are reflected in the distances dO1-M which range between 2.20 - 2.27 Å and the 

distances dH-Oz which range between 2.43 - 2.55 Å. This TS configuration can be obtained on the 

closed sites of M-BEA, and it is not possible to obtain with open sites due to the steric hindrance 

caused by the hydrolyzed groups (M-OH, Si-OH) in the open site. The energy barriers increase as 

follows: Sn-BEA (96.9 kJ/mol) < Hf-BEA (104.9 kJ/mol) < Zr-BEA (107.1 kJ/mol) < Ti-BEA 

(111.9 kJ/mol). Thus, Sn-BEA has the lowest energy barrier for the opening of the glucose ring, 

and it is well known that Sn-BEA exhibits high catalytic activity for the isomerization of glucose 

to fructose.4,8  

The TS energy obtained here for Sn-BEA is lower than the TS energies reported in previous 

works, in which the opening of the glucose ring was analyzed through two consecutive steps, as 

shown in Figure 4-2. TS energies reported in the literature for the opening of the glucose ring on 

Sn-BEA are 194 kJ/mol and 129 kJ/mol for O5 and O1 oxygen atoms of the glucose,  

respectively.12   We note that we have to be careful when comparing our results with the reported 

energies of the reaction mechanisms of Figure 4-2 (a)10 and Figure 4-2 (b).11 For instance, Li and 

coworkers reported the reaction energies using the solvated glucose as reference, instead of the 
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glucose in gas phase that we are reporting.10 On the other hand, Bermejo-Deval and coworkers 

reported the energies as enthalpies at 298K with a polarizable continuum model using the water 

dielectric constant and small cluster models.11  However, we can compare our energies with the 

ones reported by Yang and coworkers.12   They studied the reaction mechanisms illustrated in 

Figure 4-2, but with closed sites, and they used a similar methodology to ours.  The transition state 

(TS) energy for the glucose opening in Sn-BEA that we obtained (96.9 kJ/mol) is lower than those 

reported by Yang and coworkers (129 and 194 kJ/mol).12 

 

Figure 4-5. TS configurations for the opening of (a) glucose and (b) fructose rings. 

 

Table 4-1. Optimized distances for the glucose ring opening TS on M-BEA. 

 dO1-H (Å) dO5-H (Å) dO1-M (Å) dH-Oz (Å) 

Sn-BEA 1.34 1.19 2.22 2.45 

Hf-BEA 1.33 1.19 2.24 2.43 

Zr-BEA 1.34 1.19 2.27 2.46 

On the basis of Figure 4-4 (b), the apparent activation energies of Hf-BEA, Sn-BEA, and Zr-

BEA are similar. On the other hand, the apparent activation energy obtained for Ti-BEA is much 

higher when compared to the other zeolites. It is well known that Ti-BEA has a lower catalytic 

activity than Sn-BEA for the isomerization of glucose to fructose.3,29 The reaction energies for the 
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conversion of the adsorbed cyclic glucose to adsorbed acyclic glucose increase as follows: Sn-

BEA (28.0 kJ/mol) < Zr-BEA (30.0 kJ/mol) < Hf-BEA (30.2 kJ/mol) < Ti-BEA (36.1 kJ/mol). 

The adsorption energies of fructose through the different oxygen atoms of the molecule on M-

BEA are shown in Figure 4-6 (a). Similar to glucose, the optimized structures for the adsorption 

of fructose on M-BEA were obtained in monodentate configurations. The only exception is when 

the adsorption of fructose is through O5, in which the fructose is also coordinated to the metal 

atom through O6. The distances between the adsorbed oxygen of the fructose and the metal of M-

BEA vary between 2.17 to 2.74 Å, as shown on Table S2 and Figure C- 7 in the Appendix C. In 

general, the O5-M distances obtained by the bidentate adsorption through the O5 and O6 are larger 

(2.55 – 2.74 Å) than the ones obtained through the other oxygens, similar to the results obtained 

for glucose.  

The adsorption energies of fructose on M-BEA are also strongly affected by the substituted 

metal atom and by the fructose oxygen that is coordinated to the metal. However, the adsorption 

of fructose is stronger than the adsorption of glucose on M-BEA. Comparing the average values 

of the adsorption energies on each M-BEA catalyst, the strongest adsorption of fructose was 

obtained on Zr-BEA (-163.3 kJ/mol), followed by Hf-BEA (-153.9 kJ/mol), Sn-BEA (-131.8 

kJ/mol) and Ti-BEA (-122.70 kJ/mol). Furthermore, on average, the strongest interaction of 

fructose on M-BEA are through the oxygen O2, closely followed by O1, O6, O3, O4, and O5. We 

note that this result differs to that reported by Yang and co-workers, in which fructose adsorbs 

more strongly through O4 on Sn-BEA when compared to the other oxygens.30 
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Figure 4-6. (a) Adsorption energies of fructose on M-BEA through the different oxygen atoms of 

the molecule. The oxygen atoms are identified in Figure 4-3(b). Av stands for the average 

adsorption energy. (b) Reaction energies of the opening of the fructose ring on M-BEA, and (c) 

the reaction mechanism for the opening of the fructose ring on M-BEA. 

The minimum energy path and the reaction mechanism for the fructose ring opening are 

shown in Figure 4-6 (b) and Figure 4-6 (c), respectively. Figure 4-5 (b) shows the TS configuration 

in which the hydrogen atom is shifted directly from O2 to O5. The synergistic interactions between 

the closed site of the zeolite and fructose are reflected in the distances dO2-M, and dH-Oz for the TS 

configurations.  As shown in Table 2, these distances range between 2.23 - 2.34 Å for dO2-M and 

2.29 - 2.31 Å for dH-Oz. The energy barriers increase as follows: Hf-BEA (130.6 kJ/mol) > Zr-BEA 

(131.2 kJ/mol) > Sn-BEA (138.3 kJ/mol) > Ti-BEA (141.5 kJ/mol).  
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Table 4-2. Optimized distances for the fructose ring opening TS on M-BEA. 

 dO2-H (Å) dO5-H (Å) dO2-M (Å) dH-Ozeo (Å) 

Sn-BEA 1.31 1.21 2.27 2.31 

Hf-BEA 1.31 1.21 2.23 2.29 

Zr-BEA 1.31 1.21 2.27 2.31 

Ti-BEA 1.31 1.21 2.34 2.30 

Based on Figure 4-6 (b), the lowest apparent activation energy for the opening of fructose is 

on Hf-BEA, followed by Zr-BEA, Sn-BEA, and Ti-BEA. The reaction energies for the conversion 

of adsorbed cyclic fructose to adsorbed acyclic fructose increase as follows: Hf-BEA (14.1 kJ/mol) 

< Zr-BEA (14.8 kJ/mol) < Sn-BEA (18.3 kJ/mol) < Ti-BEA (20.4 kJ/mol). After the opening of 

the fructose ring, the adsorbed acyclic fructose is close to its conversion to the trioses 

glyceraldehyde and dihydroxyacetone. The remaining steps would include the hydrogen shift 

between the atoms O4 to C3. Based on previous studies, the limiting step for the conversion of 

fructose to methyl lactate (with ethanol as solvent) or lactic acid (with water as solvent) is the 

formation of the trioses.6,7 Thus, based in our results, we suggest that closed sites of Hf-BEA could 

perhaps achieve good yields, comparable to Sn-BEA for the conversion of fructose to lactates. 

 

 

Our results demonstrate that the preferential site of substitution of Sn, Hf, Zr, and Ti in BEA 

is in T6. The adsorption of glucose and fructose in M-BEA is strongly affected by the nature of 

the metal and by the oxygen through which the sugar is adsorbed on the zeolite. In average, the 

strongest adsorption of glucose and fructose were obtained on Hf-BEA and Zr-BEA, respectively. 

Furthermore, the strongest interactions of glucose on M-BEA were obtained through the oxygens 

O1 and O5, which are the ones that trigger the isomerization reaction. Our results also demonstrate 

that the lowest TS energy for the glucose ring opening is obtained with Sn-BEA. On the other hand, 

Hf-BEA yields the lowest activation energy for the fructose ring opening. 

4.4 CONCLUSIONS 
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5 CHAPTER - DFT STUDY TO UNRAVEL THE CATALYTIC 

PROPERTIES OF M-EXCHANGED MFI, (M = BE, CO, CU, MG, MN, 

ZN) FOR THE CONVERSION OF METHANE AND CARBON DIOXIDE 

TO ACETIC ACID. 
 

 

Shale gas, which is predominantly composed of methane (CH4), is one of the main sources of 

natural gas in the USA.  It is, thus, expected that methane will be the primary source of commodity 

hydrocarbons in the future1 and its demand will likely increase from 5 trillion cubic feet (TCF) in 

2010 to 13.6 TCF in 2035.2  CH4 activation and its conversion to higher value chemicals, however, 

is still a major challenge.  In general, the poor conversion that is usually obtained in CH4 activation 

is a consequence of the high C-H bond energy (104 kcal/mol).3,4  Furthermore, it is also difficult 

to achieve high selectivity towards a desired product due to the high reactivity of the CH3 radical. 

Several review articles have compiled strategies used to activate CH4 and have outlined the current 

challenges to develop efficient catalysts for these systems.5,6 However, most of the experimental7–

15 and computational16–19 studies have focused on the production of methanol, paying little 

attention to other products, such as acetic acid. Acetic acid has a market value of $19,560 million, 

and it is expected to have a market demand of 16,300 kilotons in 2018.6  As shown in Equation 5-

1, acetic acid can be formed from the direct conversion of CH4 with CO2:  

CH4  +  CO2    CH3COOH                                                   (5-1) 

However, the reaction is thermodynamically unfavorable (ΔG=16.98 kcal/mol) and even under 

extreme conditions (1000 K, 100 atm with a flow of 95% CO2 and 5% of CH4), the thermodynamic 

equilibrium conversion of CH4 is 1.6x10-6.20 Despite these thermodynamic limitations, efforts have 

been put forth to optimize catalytic systems for this reaction. For example, the reaction has been 

5.1 INTRODUCTION 
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carried out successfully with homogeneous catalysts, such as NaNO3–pyrazine-2-carboxylic acid21 

and Pd(OAc)2/Cu(OAc)2/O2/CF3.
22  However, the separation process with homogeneous catalysts 

make these systems not feasible. With heterogeneous catalysts, acetic acid has been produced at 

high temperatures (>700 K) using metals surfaces,23–26 or at low temperatures (i.e., 480 K) with 

metal exchanged zeolites.27–31 Cu/Co metal oxide,23 V2O5-PdCl2/Al2O3,
24 Rh/SiO2, Pd/SiO2,

25 and 

Pt/Al2O3
26 are among the metal catalysts that have been employed for the conversion of CH4 and 

CO2 into acetic acid.  All these metal oxides require high temperature (>700 K), and their yields 

are very low, achieving 38 μmol·g−1
cat·h

−1 of acetic acid. Cu-MFI and Cu-MOR, on the other hand, 

have been used to convert CH4, CO, and H2O into acetic acid under moderate temperatures (473 

K), but with low yields, (22 μmol·g−1
cat of acetic acid in 0.5 h).27  Wu and coworkers, however, 

reported high selectivities on the direct catalytic conversion of CH4 and CO2 into acetic acid using 

Zn-MFI at a moderate temperature of 523K,  but low conversions were obtained.28 It is important 

to note that all these previous studies have used other reactants, such as CO, H2, H2O, or O2 besides 

CO2 and CH4 in order to overcome the thermodynamic limitations of this reaction. Despite these 

efforts, however, to our knowledge, no efficient catalyst has been reported yet for the conversion 

of CH4 and CO2 into acetic acid. 

Previous density functional theory (DFT) studies have analyzed the activation of CH4 on 

different catalysts, as well as the reaction to produce acetic acid or methanol. Periodic DFT 

calculations have been applied to analyze the metal exchanged zeolites (Zn-FER32, Cu-MOR16, 

Cu-MFI8) and metal surfaces (Zn-doped ceria surface33). Cluster models have been also used to 

analyze MFI exchanged zeolites with Au Mg, and Zn.34–36 For instance, Panjan and coworkers 

proposed a mechanism for the conversion of CH4 and CO2 into acetic acid using Au-MFI.34 They 

proposed that CH4 activation occurs through two steps, both with low activation energies. However, 
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the following CO2 insertion was found to be unfavorable (ETS = 66.4 kcal/mol).  Zhao and 

coworkers proposed a similar mechanism using Zn-doped ceria surface as a catalyst, obtaining low 

energies for CH4 activation and CO2 insertion.33 The final step of the mechanism, which involves 

the hydrogen transfer from the zeolite to the acetate specie, was found to be unfavorable (ETS = 

61.8 kcal/mol). 

While most of those studies have made significant contributions to the understanding of the 

direct conversion of CH4 and CO2 into acetic acid, they all have focused on a specific catalyst. A 

systematic analysis of the effect of the metal cations within the zeolite is still lacking in the 

literature. In this study, we systematically analyzed and compared the catalytic properties of MFI 

zeolite exchanged with Be, Co, Cu, Mg, Mn, and Zn.  For each stable intermediate and transition 

state along the reaction mechanism, we obtained several electronic properties to rationalize the 

differences obtained in the energies of the reaction mechanisms. 

 

 

The coordinates used to generate the MFI cluster were obtained from the International Zeolite 

Association (IZA).37 The cluster model was obtained by cutting the periodic structure, as shown 

in Figure 5-1. The boundary Si atoms were saturated with hydrogen atoms, which were aligned in 

the same direction of the oxygen atoms that were removed. The Si−H bonds were maintained at 

1.5000 Å. The site for metal exchange was analyzed within the six-member ring located at the 

surface of the straight channel, which is composed of two fused five-member rings.38 This 

substitution site is called alpha on the basis of the nomenclature proposed by Wichterlova and 

coworkers.39 Two Al atoms were substituted in the T2 and T5 positions. To compensate the charge 

induced by the Al atoms, a +2 charge metal (Be, Co, Cu, Mg, Mn, or Zn) was added to the zeolite. 

5.2 METHODOLOGY 
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All the results were obtained using the functional ωB97XD,40 which is a long-range corrected 

functional, while the Pople basis set 6- 31+g** was used for all the atoms. The geometry 

optimizations were performed by optimizing all the atoms, except for the terminal hydrogen atoms 

that were kept fixed. For the DFT clusters, the partial atomic charges were obtained with the natural 

bond orbital (NBO) population analysis.41 All the transition states were corroborated by displaying 

only one imaginary frequency along the reaction coordinate. Transition states were also verified 

with intrinsic reaction coordinate (IRC) calculations,42,43  and all the paths are included in the 

Appendix D. 

The reaction energies of the metal exchanged zeolites were calculated with ONIOM44 to 

incorporate the effect of the surrounding zeolitic framework. ONIOM is a combined quantum 

mechanics / molecular mechanics (QM/MM) method, in which two layers are linked via 

mechanical embedding. The functional ωB97XD with the basis set 6-31+g** was used for all the 

atoms in the QM layer, while UFF45 was used for the MM layer. The section of the zeolite where 

the reactions occur, composed of 49 atoms, was treated with QM, and the extended zeolite section, 

composed of 467 atoms, was treated with UFF. This approach has been found appropriate to 

describe reactions in zeolites.46–49 Figure 5-2 shows the ONIOM cluster of M−MFI. The geometry 

optimizations of stable species obtained with ONIOM and DFT were verified with frequency 

calculations within the rigid-rotor, harmonic-oscillator approximation. Statistical mechanics was 

used to calculate the vibrational, translational, rotational, and electronic contributions to the 

partitions functions and the zero-point energy (ZPE) corrections. NBO analysis was performed on 

stable intermediates and transition states to calculate partial atomic charges.  All the energies 

reported herein have the ZPE corrections. All calculations were carried out with Gaussian 09 Rev 

B.50 
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Figure 5-1. 74 atoms cluster used for the DFT calculations of M−MFI. Color legend: yellow = Si; 

red = O; white = H; pink = Al; green = metal atom (M = Be, Co, Cu, Mg, Mn, Zn). 

 
Figure 5-2. M−MFI cluster (49-DFT atoms, 467-MM atoms). The atoms treated with DFT and 

the atoms treated with MM are shown with the ball and stick and with the wireframe 

representations, respectively.  

 

 

 

The direct conversion of CH4 and CO2 requires three main steps. These include: (i) the 

dissociation of CH4, (ii) the insertion of CO2 into M-CH3, and iii) the protonation of the acetate 

species. In the following sections, we aim to obtain a deeper understanding of the activation of 

5.3 RESULTS AND DISCUSSION 
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CH4 and insertion of CO2 over Be, Cu, Co, Mg, Mn, and Zn exchanged in MFI to elucidate the 

effect of the metals and the zeolite on the reaction mechanism.  First, the lowest spin states of the 

metal-exchanged zeolites (M =Be, Cu, Co, Mg, Mn, and Zn) are presented followed by the analysis 

of the adsorption of CH4 and its activation. The insertion of CO2 into the M-CH3 radicals, followed 

by the acetate protonation are then discussed. In the last section, the effects of the long-range 

interactions in the reaction energies are analyzed.   

 

5.3.1 Spin states and CH4 activation on metal exchanged MFI 

The reaction mechanism for the conversion of CH4 and CO2 into acetic acid over the metal 

exchanged zeolites was analyzed on the lowest energy spin state of each zeolite.   Figure 5-3 shows 

the relative energies for the three lowest spin states on M-MFI, where the zero energy is assigned 

to the ground state of each zeolite. For Be-, Mg-, and Zn-MFI zeolites, Ma, Mb, and Mc correspond 

to the singlet, triplet, and quintet spin states, respectively. For Co-, Cu-, and Mn-MFI zeolites, Ma, 

Mb, and Mc correspond to the doublet, quartet, and sextet spin states, respectively.  As shown in 

Figure 5-3, the singlet spin state is the lowest energy state for Be-, Mg-, and Zn-MFI zeolites. 

Doublet, quartet, and sextet spin states are the lowest energy states for Cu-, Co-, and Mn-MFI 

zeolites, respectively. These results are in good agreement with the experimental ground states 

obtained with electron paramagnetic resonance spectroscopy for the high spin systems of Mn, Co, 

and Cu -MFI.51,52   Thus, all the following geometry optimizations and TS calculations were 

performed on the ground state of each M-MFI zeolite, as depicted in Figure 5-3.  
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Figure 5-3. Relative energies between spin states for M-MFI. Ma, Mb, and Mc correspond to low, 

middle, and high spin states, respectively. 

 

Figure 5-4 shows the complete reaction mechanism for the conversion of acetic acid from CO2 

and CH4. All the energies have the ZPE corrections and were calculated using the DFT cluster 

shown in Figure 5-1. The first step of the reaction mechanism is the adsorption of CH4 on the M-

MFI zeolite. On the basis of Figure 5-4, CH4 adsorption energies range from -9.72 kcal/mol for 

Mg-MFI to -4.59 kcal/mol for Be-MFI. Our results also demonstrate that when CH4 interacts with 

the zeolite, the C-H stretching frequency changes, exhibiting a negative shift when interacting with 

the zeolite. Figure 5-5 shows the relation between CH4 adsorption energies with the symmetric 

stretching of the C-H frequency shifts.  These results indicate that as the frequency shifts are more 

negative, the adsorption energies increase. These results are in agreement with the experimental 

study of Itadani and coworkers, which obtained the same trend with the adsorption of CH4 on Cu 

exchanged MFI, MOR, BEA, and USY zeolites.53 Furthermore, our calculated C-H symmetric 

stretching frequency of 3027 cm-1 is in good agreement with the experimental value of 2885 cm-1 

with an error of 5%.53 The predicted negative shift obtained here, -29 cm-1, is identical to the one 

obtained experimentally (-29.2 cm-1).53 Thus, on the basis of these results, our calculations 

accurately describe the interactions of CH4 with the active sites of the zeolites analyzed herein. 
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Figure 5-4. Proposed reaction mechanism for the formation of acetic acid from CO2 and CH4 (top) 

and the minimum energy path for the formation of acetic acid on M-MFI (bottom). Atoms beyond 

the alpha ring were removed on the figures for clarity. 
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Figure 5-5. CH4 adsorption energies as function of C-H frequency shifts. 

 

As illustrated with reaction intermediate C in Figure 5-4, the detachment of a hydrogen atom 

from the CH4 molecule follows methane adsorption.  When dissociation of CH4 occurs, an -OH 

Brønsted acid site is formed on the ring where CH3 is coordinated to the metal. The -OH Brønsted 

acid site can be formed on different oxygen atoms within the ring shown in Figure 5-1.  

Furthermore, the location of the -OH site yields different reaction energies for the CH4 dissociation 

step. Figure 5-6 compares the CH4 dissociation energies obtained with the different locations of 

the -OH Brønsted sites on the alpha ring. We note that not all the -OH Brønsted sites yield a stable 

intermediate C, and those sites are not included in Figure 5-6. The lowest CH4 dissociation 

energies for Co-MFI, Cu-MFI, Mg-MFI, Mn-MFI, and Zn-MFI were obtained when the -OH 

Brønsted acid site is located on the O3 oxygen, while for Be-MFI it is on the O2 oxygen. However, 

CH4 dissociation energies obtained on Be-MFI –O1 (22.0 kcal/mol), O2 (21.4 kcal/mol), and O3 

(23.9 kcal/mol)– are similar, indicating that CH4 dissociation on Be-MFI can yield an -OH 

Brønsted site at any of the oxygen atoms on that ring. Therefore, for all the zeolites, we analyzed 

the rest of the reaction mechanisms from intermediate C with the -OH Brønsted acid site located 

in O3. 
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Figure 5-6. Effect of the location of the OH Brønsted acid site on CH4 dissociation energies on 

the alpha ring of M-MFI. The location of O1, O2, O3, and O4 within the ring are illustrated in 

Figure 5-1. 

 

The O-H bond formed upon CH4 dissociation has the same length of 0.96 Å on all the zeolites, 

while the length of the M-C bond varies significantly from 1.7 Å for Be-MFI to 2.13 Å for Mg-

MFI. The three C-H bonds of the CH3 remain between 1.09 and 1.10 Å, close to the CH4 gas phase 

value of 1.09 Å. Experimentally, the OH and the C-H stretching bands of CH4 dissociated on Zn-

MFI appear at 3610 cm-1 and 2890 cm-1, respectively.54 On the other hand, X-ray adsorption 

analysis of dimethyl zinc shows that the Zn-C bond length is 1.93 Å.55,56 Our calculated OH (3725 

cm-1), and C-H (3028 cm-1) bands, as well as our calculated Zn-C (1.96 Å) bond length, are in 

good agreement with those experimental results. 

The methane dissociation step is endothermic on all the zeolites that were analyzed, and the 

energy on that step ranges from 13.0 kcal/mol for Cu-MFI to 43.2 kcal/mol for Mg-MFI. Table D-

1 and Table D-2 in the Appendix D show how the NBO charges of the metal and the carbon atoms 

change through this step.  In all zeolites, the C atom becomes more negative upon CH4 dissociation 

when compared against the isolated or adsorbed CH4. On the other hand, the metal atom becomes 

less positive upon CH4 dissociation, indicating that the reaction involves a charge transfer from 

CH4 to the metal atom.  Thus, this reaction can be described as an electron donation reaction, in 
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which electron density is transferred from CH4-σ-(C-H) to the metal unoccupied orbital. This 

electron density transfer is also reflected in the electronic occupancy of the metal atoms as the 

electron density of the metal increases during CH4 dissociation. For example, the 4s, 3d, and 4p 

orbitals of Cu-MFI, which has the lowest dissociation energy, increase their electron occupancy 

through CH4 dissociation, as shown in Table 5-1.  

Table 5-1 Cu electron occupancy along the dissociation step.  A, B and C are illustrated in Figure 

5-4.  

Cu in A  [core]4s(0.23)3d(9.24)4p(0.26)5p(0.01) 

Cu in B [core]4s(0.22)3d(9.24)4p(0.34) 

Cu in C   [core]4s(0.27)3d(9.53)4p(0.31) 

The transition state (TS) of CH4 dissociation is highly endothermic, as shown in Figure 5-4. 

The TS energies increase as follows: Zn-MFI (31.1 kcal/mol) < Mn-MFI (35.5 kcal/mol) < Cu-

MFI (37.6 kcal/mol) < Co-MFI (38.2 kcal/mol) < Be-MFI (43.1 kcal/mol) < Mg-MFI (43.6 

kcal/mol). Our results also indicate that the energy of the TS can be related to the energy of the 

lowest unoccupied molecular orbital (LUMO) of the isolated zeolite. Figure 5-7a shows that as the 

LUMO energy decreases, the TS energy decreases, suggesting that a lower LUMO energy on a 

metal-exchanged zeolite facilitates the electronic donation from CH4 to the zeolite. The results in 

Figure 5-7b also indicate that there is an inverse relationship between the TS energies and the 

electronegativities (X) of the isolated zeolites.  X was calculated with the negative average value 

between the HOMO and the LUMO energies.57 Thus, as shown in Figure 5-7b, as X increases the 

energy of the TS decreases, suggesting that it is easier for the zeolite to attract the electron density 

from CH4.  
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Figure 5-7 Relationship between the TS of the CH4 dissociation with the (a) LUMO energies and 

(b) electronegativity, X, of the metal exchanged MFI zeolites. 

Figure 5-8 and  

 

 

 

Table 5-2 describe the TS geometry obtained for the metal exchanged MFI zeolites. For 

instance, the distance between the donated hydrogen (H1) and the carbon atom (C1), C1-H1, is 

elongated from 1.09 Å, which corresponds to C-H bond on CH4, to 1.41-1.70 Å.   The distance 

between the metal atom (M) and the C1 atom is shortened to 1.83-2.21 Å depending on the metal. 

This TS also involves the formation of the Brønsted acid site, as the distance between the oxygen 

atom (O3) and the donated hydrogen, (O3-H1) shortens to 1.09-1.30 Å. 
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Figure 5-8.  Transition state of the dissociation of CH4. Atoms beyond the alpha ring were 

removed on this figure for clarity. M = Be, Co, Cu, Mg, Mn, Zn 

 

 

 

 

 

Table 5-2 Geometric parameters of the TS’s for the dissociation of CH4. dij is the distance between 

atoms i and j.  The legend of the atom number is shown in Figure 5-8.  

  dO3-H1 (Å)  dC1-H1 (Å)  dM-C1 (Å) 

Be-MFI 1.25 1.49 1.83 

Co-MFI 1.19 1.52 2.12 

Cu-MFI 1.30 1.41 2.10 

Mg-MFI 1.09 1.70 2.21 

Mn-MFI 1.13 1.59 2.21 

Zn-MFI 1.24 1.47 2.10 

 

5.3.2 Insertion of CO2 into the M-CH3 radicals and acetate protonation 

The reaction of C to stable intermediate D shown in Figure 5-4 illustrates the CO2 insertion 

onto the M-CH3 complex. In this reaction mechanism, the CO2 insertion occurs following an Eley-

Rideal mechanism.58 The intermediate D is formed through the insertion of CO2 into de M-C bond 

yielding an acetate species. This acetate intermediate, D, is adsorbed on the zeolite as a bidentate 

pincer, coordinating both oxygens to the metal atom (e.g., on Cu-MFI, the distances between the 

Cu atom and the acetate oxygens are 1.97 Å and 2.03 Å). The CO2 insertion step is highly 
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exothermic in all the zeolites, and it ranges from -19.5 kcal/mol for Cu-MFI to -60.2 kcal/mol for 

Mg-MFI. These strong interactions are related to a very stable acetate intermediate.    

The CO2 insertion into M-CH3 has been conducted experimentally in several studies.59,60 For 

instance, Johansson and coworkers used 30 equiv. of CO2 in a reaction with PCP(tBu)Pd-CH3 to 

obtain PCP(tBu)Pd-OAc.59 In another study, the insertion of CO2 in (PCP)Ni-CH3 resulted in a step 

with a high TS energy of 30.3 kcal/mol.60 Thus, in general, the CO2 insertion is a slow process 

even in homogeneous catalysis. On the other hand, a recent theoretical study obtained low energy 

barriers for CO2 insertion in Zn-doped ceria surface (11.8 kcal/mol).33 The catalysts analyzed in 

this work exhibit similar TS energies. The TS energies of CO2 insertion (TS2) increase as follows:  

Mg-MFI (7.6 kcal/mol) < Mn-MFI (9.6 kcal/mol) < Be-MFI (13.3 kcal/mol) < Co-MFI (15.3 

kcal/mol) < Cu-MFI (15.8 kcal/mol) < Zn-MFI (21.6 kcal/mol). 

CO2 has a highly oxidized carbon and its insertion into the M-C bond is through a nucleophilic 

attack. Figure 5-9 and Table 5-3 describe the transition states obtained for the metal exchanged 

MFI zeolites. Table 5-3 shows the CO2 angle, the distance between the CH3 carbon (C1) and the 

CO2 carbon (C2), as well as the distance between the oxygen of the CO2 (O6) and the hydrogen of 

the Brønsted site (H1).  In TS2, CO2 activation is evident, as it is bent and the C-O bonds are 

elongated.  Thus, as shown in Table 5-3, CO2 changes its 180° angle in the gas phase to an angle 

that ranges between 146.6° to 158.5° depending on the metal. In general, the TS energies obtained 

for all the zeolites are low, due to the synergistic interactions between the atoms. These interactions 

are reflected in the short distances found between the atoms O6-H1, M-C1, M-C2, and C1-C2, 

allowing a low activation energy for the insertion of the CO2 into the M-CH3. 
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Figure 5-9. Transition state of CO2 insertion, TS2. Atoms beyond the alpha ring were removed on 

this figure for clarity.  M = Be, Co, Cu, Mg, Mn, Zn. 

 

Table 5-3. Geometric parameters for the transition state of CO2 insertion, TS2. dij is the distance 

between atoms i and j and θi-j-k is the angle between atoms i, j, and k. The legend of the atom 

number is shown in Figure 5-9.  

 θO6-C2-O7 (°) dC1-C2 (Å) dO6-H1 (Å) dM-C1 (Å) dM-C2 (Å) 

Be-MFI 158.5 2.30 3.22 1.80 2.18 

Co-MFI 150.8 2.18 1.64 2.05 2.47 

Cu-MFI 153.9 2.11 1.88 3.79 3.14 

Mg-MFI 157.0 2.33 1.71 2.18 2.92 

Mn-MFI 155.3 2.30 1.75 2.16 2.68 

Zn-MFI 146.6 2.08 1.53 2.08 2.55 

As opposed to the regular CO2 insertion through the four- centered transition state, in which 

the O-M and C-C bonds are formed while the M-C bond breaks,61 here the CO2 insertion occurs 

through a SE2 mechanism, in which the M-C bond is not broken. The SE2 mechanism in CO2 

insertion was also observed in Pd-CH3,
62 Ni-CH3,

60 and Zn doped ceria surface.33 The C1 charge 

varies from -0.55 to -1.36, and the C2 charge varies from 0.95 to 1.06, reflecting the high electron 

density of the M-CH3 species and the highly oxidized carbon on the inserted CO2. 

The protonation of acetate to produce acetic acid is shown in the reaction from intermediate D 

to E in Figure 5-4. The protonation energies range from 0.83 kcal/mol for Zn-MFI to -15.4 

kcal/mol for Cu-MFI.  This reaction is spontaneous, and the energies of the protonation transition 

states found are -1.72 kcal/mol and -1.29 kcal/mol for Mg-MFI and Mn-MFI, respectively. These 
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negative values are due to the error introduced by the approximations taken in the frequency 

calculations. The TS energies values obtained without the ZPE correction were 0.35 kcal/mol and 

0.68 kcal/mol for Mg-MFI and Mn-MFI, respectively. Table 5-4 and Figure 5-10 describe the 

geometry of the TS. The donated hydrogen (H1) is between oxygens O3 and O6, while the metal 

atom interacts with both oxygens of the acetate, O6, and O7. The transition states found have only 

one imaginary frequency, which corresponds to the movement of the H1 hydrogen between the 

O3 and O6 oxygens. Due to the highly favorable protonation energies, the TS's for the other metals 

could not be obtained.  The almost zero TS's energies obtained for Mg-MFI and Mn-MFI were 

extrapolated to the others metals.  Thus, the adsorbed acetic acid is more stable than the acetate 

intermediate, and its protonation step is spontaneous for all the zeolites. These MFI catalysts can 

transform the acetate into acetic acid easily, in contrast to other proposed catalysts, such as Zn 

doped ceria, which has a high TS energy of 61.8 kcal/mol.33 

 

Figure 5-10. Transition state of the acetate protonation. M = Mg or Mn. 

Table 5-4. Geometric parameters for the acetate protonation. The legend of the atom 

number is shown in Figure 5-10.  

 dO3-H1 (Å) dH1-O6 (Å) dM-O6 (Å) dM-O7 (Å) 

Mg-MFI 1.18 1.22 2.30 2.12 

Mn-MFI 1.21 1.18 2.34 2.2 
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The last step of the reaction mechanism is the acetic acid desorption, which is highly 

unfavorable.  Desorption energies range from 31.7 kcal/mol for Zn-MFI to 41.5 kcal/mol for Be-

MFI.  In the following section, we discuss the possibility of desorbing the acetic acid with water 

in order to overcome the strong interaction of acetic acid with the zeolite and, thus, make the 

reaction more thermodynamically favorable. 

 

5.3.3 Effect of the long-range interactions in the reaction energies 

The effect of the zeolite confinement on these systems was studied by calculating reaction 

energies using the ONIOM cluster shown in Figure 5-2. Figure 5-11 shows CH4 adsorption 

energies and CH4 dissociation energies. The long-range dispersion contributions to the CH4 

adsorption energies (solid blue) were isolated from the rest of the contributions (lines pattern), 

which include the DFT energy and the bending, torsion and stretching contributions from the 

molecular mechanic’s layer of the ONIOM cluster. 
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Figure 5-11. (a) CH4 adsorption and (b) dissociation energies calculated with ONIOM. 

 

The adsorption energies obtained with the ONIOM cluster are lower than the energies obtained 

with the DFT clusters. In all the systems, dispersion contributions account for more than 60% of 

the total adsorption energies and are roughly constant regardless of the metal cation in the zeolite.  

The dispersion effects on Be-MFI and Co-MFI, in particular, account for more than 90% of the 

adsorption energies.  As shown in Figure 5-11a, the metal cation within the zeolite has an impact 

on the adsorption energies, and this is reflected in the quantum mechanical contributions to the 

adsorption energies, which are outlined in Table D-3 of the Appendix D. In general, the adsorption 

of CH4 is feasible in all the zeolites analyzed due to the dispersion energies manifested when CH4 

interacts with the tight pore of the MFI zeolite. 

CH4 dissociation energies on these systems ranged from 7.6 kcal/mol for Cu-MFI to 39.4 

kcal/mol for Mg-MFI. The energies for CH4 dissociation with ONIOM are lower than those 
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obtained with the DFT cluster, but the energy trends calculated with both methods are similar. The 

energy contributions to CH4 dissociation energies are listed in Table D-4 in the Appendix D. The 

dispersion contributions to the CH4 dissociation energies are almost negligible (<0.5 kcal/mol). 

On the other hand, some other contributions that are captured from the molecular mechanics part, 

such as the stretching, bending, and torsion affect to a greater extent the dissociation energies.  

Based on the dissociation energies obtained for Cu-MFI (7.6 kcal/mol) and Zn-MFI (8.9 

kcal/mol), which are lower than those obtained with the other materials (>19.7 kcal/mol), CH4 

activation is more favorable on Cu-MFI and Zn-MFI than on Be, Mg, Mn, or Co-MFI.  Thus, we 

calculated the transition states of methane dissociation with the ONIOM cluster for Cu-MFI and 

Zn-MFI. The TS energies obtained are 22.5 kcal/mol and 28.7 kcal/mol for Cu-MFI and Zn-MFI, 

respectively.  These values are lower than those obtained with the DFT cluster.  The contributions 

to the calculated TS energies are shown in Table D- 5 in the Appendix D. The contribution of 

dispersion forces to the TS energies are low, while contributions such as stretching, bending, and 

torsion have a greater impact on the TS energies. Furthermore, TS geometries obtained with 

ONIOM differ from those obtained with the DFT cluster. On the TS geometry obtained with 

ONIOM, the metal atom is coordinated to O2 and O5 oxygens of the alpha ring, while in the DFT 

cluster, the metal is coordinated to O4 and O2.  The distances between the metal and the 

coordinated oxygens, as well as the distance between the metal atom and the carbon atom decrease 

when compared to the DFT results. These changes on the TS geometries impact the charge of the 

metal atom, which in general are more positive in the ONIOM calculation than in the DFT results.  

The geometric parameters and the charges of the atoms are shown in Table D- 6 and Table D- 7 in 

the Appendix D for Cu-MFI and Zn-MFI, respectively. The differences in the TS energies obtained 
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between methods could be related to the static dipole moments caused by the pore confinement 

that is reflected in the change of the metal charge, as suggested by Göltl and coworkers.17  

Based on the mechanisms obtained with the DFT cluster, the CH4 dissociation is the step with 

highest energy barrier in the conversion of CH4 and CO2 into acetic acid. ONIOM calculations 

suggest that Cu-MFI is the zeolite which requires less energy to dissociate CH4 with an apparent 

activation energy of 11.5 kcal/mol. Based on the above, we calculated the rest of the stable 

intermediates for Cu-MFI using the ONIOM cluster. The complete reaction mechanism for Cu-

MFI is shown in Figure 5-12, in which the geometry optimizations are shown for each step of the 

reaction mechanism.  
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Figure 5-12. Reaction mechanism for the conversion of CH4 and CO2 into acetic acid on Cu-MFI 

(top) and the energy path for the reaction on Cu-MFI obtained with ONIOM (bottom). The last 

two steps in the reaction mechanism correspond to desorption of acetic acid with one or two water 

molecules in the system. 

We note that the insertion of CO2 into Cu-CH3 complex and the protonation of acetate are 

exothermic with energies of -5.3 kcal/mol and -26.7 kcal/mol. The adsorbed acetic acid has a 

strong interaction with the zeolite, which is reflected in its high desorption energy of 42 kcal/mol. 

The adsorption of water molecules on intermediate E is energetically favorable and reduces the 
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acetic acid desorption energy to 31.7 kcal/mol with one co-adsorbed water molecule, and to 20.5 

kcal/mol with two co-adsorbed water molecules. Thus, acetic acid desorption can be promoted 

with water and a moderate temperature increase in agreement with experimental15 and 

computational16 results.  

The forward rate for CH4 dissociation can be calculated with the equation 5-2: 

𝑟𝑠𝑖𝑡𝑒
𝑓𝑜𝑟𝑤𝑎𝑟𝑑

=  𝑘𝑠𝑖𝑡𝑒
𝑓𝑜𝑟𝑤𝑎𝑟𝑑

𝑝𝐶𝐻4
𝜃𝑠𝑖𝑡𝑒                                        (5-2) 

Here, 𝑘𝑠𝑖𝑡𝑒
𝑓𝑜𝑟𝑤𝑎𝑟𝑑

 is the forward rate constant, 𝑝𝐶𝐻4
 is the methane partial pressure, and 𝜃𝑠𝑖𝑡𝑒 is 

the number of catalytic sites in which CH4 can be dissociated. The forward rate constant can be 

calculated with transition state theory (Equation 5-3): 

𝑘𝑠𝑖𝑡𝑒
𝑓𝑜𝑟𝑤𝑎𝑟𝑑

=
𝑘𝐵𝑇

ℎ
𝑒

−∆𝐺≠
𝑠𝑖𝑡𝑒

𝑘𝐵𝑇                                               (5-3) 

Here, 𝑘𝐵 is the Boltzmann constant, ℎ is the Planck constant, and ∆𝐺≠
𝑠𝑖𝑡𝑒 is the Gibbs free 

energy barrier of the transition state to dissociate the CH4 at a temperature T. On the basis of our 

ONIOM results, the Gibbs free energy barrier for CH4 dissociation at 398 K on Cu-MFI is 23.45 

kcal/mol, which gives a forward rate constant (𝑘𝑠𝑖𝑡𝑒
𝑓𝑜𝑟𝑤𝑎𝑟𝑑

) of 1.1 s-1. This rate constant is higher to 

that of Cu-MOR active site obtained by Zhao and coworkers, who reported a rate constant value 

of 0.79 s-1 at 398K16  It is important to highlight that in the catalytic systems analyzed herein, CH4 

activation does not occur through oxygen atoms that are coordinated to the metal, such as the active 

site analyzed by Zhao and coworkers.16 In our case, the metal atom promotes CH4 activation by 

forming an M-C bond.  The advantage of reduced catalytic system is that the active sites of the 

catalyst require less regeneration, and the product desorption may be more feasible if water is used 

when compared to oxidized metal sites.   
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Our results indicate that Cu-MFI and Zn-MFI can convert CO2 and CH4 into acetic acid at a 

moderate temperature. As far as we know, only two experimental studies with Cu- and Zn- MFI 

have reported the conversion of CH4 and CO2 or CO into acetic acid at moderate temperatures.27,28 

Those studies, however, reported low yields. It is important to note that our work has been based 

on the analysis of acetic acid formation through metals exchanged on the alpha ring of MFI zeolite, 

while experiments always include a distribution of sites in which the reaction is catalyzed to 

different extents. Future work should address the impact of the different sites of MFI on the 

kinetics of acetic acid formation and methane activation. 

 

 

Our results demonstrate that the singlet spin state is the lowest energy state for Be-, Mg-, and 

Zn-MFI zeolites, while doublet, quartet, and sextet spin states are the lowest energy states for Cu-, 

Co-, and Mn-MFI zeolites, respectively. Our calculations clearly showed that as the C-H stretching 

frequency shifts are more negative on adsorbed CH4, the adsorption energies increase. Upon CH4 

dissociation, the charge of the metal atom decreases when compared to the charge of the metal on 

the isolated zeolite, indicating that the process is carried out through a charge transfer from the 

CH4 to the metal atom. Our results also indicate that as the LUMO energy decreases, the TS energy 

for CH4 dissociation decreases. Furthermore, CO2 insertion occurs though a SE2 mechanism in 

which the M-C bond is maintained on the TS. The protonation step to form adsorbed acetic acid 

is spontaneous on all the zeolites that were analyzed, and this adsorbed species is more stable than 

gas phase acetic acid. The ONIOM calculations revealed that while dispersion contributions 

account for more than 60% of the CH4 adsorption energies, the exchanged metal within the zeolite 

also impacts the adsorption energies. The CH4 dissociation step is the reaction with the highest 

5.4 CONCLUSIONS 
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energy barrier in the conversion of CH4 and CO2 into acetic acid, and Cu-MFI is the zeolite which 

requires less energy to dissociate the CH4, with an apparent activation energy of 11.5 kcal/mol. 

Finally, our results also demonstrated that the acetic acid desorption energy can be reduced from 

42.0 kcal/mol to 20.5 kcal/mol with the co-adsorption of water molecules.  
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6 CHAPTER – CONCLUDING REMARKS 
 

In this work, quantum mechanical calculations were employed to guide the design of efficient 

catalysts in an effort to seek renewable energy sources through the transformation of agricultural 

waste biomass into valuable chemicals.   The properties of metal modified zeolites were studied 

along with their interaction with derived compounds of the biomass. 

 Two different polymorphisms of zeolite beta (BEA and BEC) substituted with Sn, Ti, and Ge 

were studied. Based on the hydrolysis energies, and for both polymorphisms, Ti-substituted 

zeolites have a higher hydrothermal stability than Sn and Ge substituted zeolites. FAU and MFI 

zeolites substituted with Sn and Ti were also analyzed. Among the zeolites that were studied, Sn-

BEA has the highest Lewis acidity, which is manifested in the low binding energy of NH3, the low 

hardness, and the highest charge transfer from NH3 to the zeolite. Furthermore, the open sites in 

Sn-BEA form Brønsted acid sites, providing a double functionality to the catalyst, while also 

increasing the Lewis acidity. We also demonstrated that the Van der Waals (VDW) forces in the 

NH3 binding energy on MFI are more significant than in BEA, BEC, and FAU zeolites.  

Furthermore, VDW forces decrease with increasing pore size of the zeolite. 

In this work, we analyzed the reaction mechanism for the ring opening of glucose and fructose, 

which are two of the main sugars obtained from the acid hydrolysis of the biomass.  Sn-, Ti-, Zr-, 

Hf-substituted BEA zeolites were systematically analyzed for both reactions. In average, the 

strongest adsorption of glucose and fructose were obtained in Hf-BEA and Zr-BEA, respectively. 

The lowest transition state energy for the glucose ring opening was obtained with Sn-BEA, while 

Hf-BEA has the lowest activation energy for the opening of the fructose ring. As far as we know, 

computational studies on the fructose ring opening have not been reported in the literature. Thus, 
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there are still many questions that future studies could address, such as the complete reaction 

mechanism for the conversion of fructose to the trioses. 

We also studied the conversion of the greenhouse gases CH4 with CO2, the latter being a waste 

gas obtained from the conversion of biomass. We found that the CH4 dissociation step is the 

reaction with the highest energy barrier, and Cu-MFI is the zeolite which requires less energy to 

dissociate the CH4, with an apparent activation energy of 11.5 kcal/mol. Upon CH4 dissociation, 

the charge of the metal atom decreases when compared to the charge of the metal on the isolated 

zeolite, indicating that the process is carried out through a charge transfer from the CH4 to the 

metal atom. Furthermore, CO2 insertion occurs though a SE2 mechanism in which the M-C bond 

is maintained on the TS, and the protonation step to form adsorbed acetic acid is spontaneous. 

Finally, our results also demonstrated that the acetic acid desorption energy can be reduced from 

42.0 kcal/mol to 20.5 kcal/mol with the co-adsorption of water molecules. The analysis was done 

using a specific aluminum arrangement in the zeolite ring. Future studies could addressed how the 

aluminum configurations affect the catalytic activity of these materials.   
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APPENDIX A - A DFT STUDY OF THE LEWIS ACIDITY AND 

RELATIVE HYDROTHERMAL STABILITY OF BEC AND BEA 

ZEOLITES SUBSTITUTED WITH TI, SN AND GE 

 

A.1 Validation of the Exchange Correlation Functionals 

A.1.1 Methodology 

Three exchange correlation functionals (B3LYP, B3PW91 and ωB97XD) were analyzed, to 

select the one that best describes the properties of the materials.  B3LYP and B3PW91 follow the 

formal structure of hybrid functionals suggested by Becke.1 The major difference between them is 

the behavior in the slowly varying density limit. B3PW91 fulfills the uniform electron gas limit, 

whereas the LYP correlation energy functional is not correct in that limit.2,3  Since Van der Waals 

forces play a crucial role in the substituted zeolites, we used ωB97XD, which is one of the latest 

functional developed from Head-Gordon’s research group that includes empirical dispersion as 

described by Chai and coworkers.4  Because ωB97XD is a relatively new functional, we are 

comparing the results with B3LYP and B3PW91 which are extensively used in the literature, but 

do not account for dispersion.  In order to assess the exchange-correlation functionals to be 

employed in these calculations, we have systematically analyzed the three different functionals.  

The NMR shifts of Si-BEC, the optimized geometries of the zeolites and various vibrational 

frequencies were obtained with B3LYP, B3PW91 and ωB97XD.  Results were compared with 

experimental data available in the literature.    

NMR shifts of Si-BEC were calculated with clusters centered in each T-site, as shown in Figure 

A-1.  The energy of each cluster was calculated as a single point using the structure reported in the 

literature of Si-BEC.5  Hydrogen atoms were placed on the terminal atoms of the model where 

bonds were truncated.  These hydrogen atoms were aligned along the truncated bond.  Their 
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positions were calculated with the position vector and the covalent radii of the atoms involved in 

the bond. The Si-H bond distances were fixed at 1.5000 Å.   The basis set 6-311+g** was used for 

the O, Si and H atoms.  The NMR shielding tensors were computed with the Gauge-Independent 

Atomic Orbital (GIAO) method.6  

 

 

Figure A-1. Clusters of Si-BEC used for calculating the NMR shifts. a.) 117-atom cluster centered 

in T1 b.) 122-atom cluster centered in T2 c.) 128-atom cluster centered in T3. Color legend: yellow 

= Si; red = O; white = H; gray = Si atom centered on the T site. 
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Optimizations of the Si-BEC clusters (Figure A-2) centered in the T1 site were performed 

using the three functionals and the basis-set 6-31+g** for the O, Si and H atoms. All the silicon 

and oxygen atoms were optimized keeping fixed the hydrogen atoms.  The optimized coordinates 

were compared with those reported in the literature.5  Finally, vibrational frequency calculations 

were performed in order to assess the accuracy of the functionals.  All calculations were carried 

out with the Gaussian 09 program package.7 

 

 

Figure A-2. 53-atom Si-BEC cluster centered in T1. 

A.1.2 Results 

Figure A-3 compares the crystallographic positions of Si-BEC with the calculated geometries 

obtained with the three functionals.  The mean displacement of atoms from the X-ray diffraction 

(XRD) positions in the optimized geometries (∆d̅̅̅̅ ) as defined in Equation A-1, was used to 

compare both geometries. 
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Figure A-3. Optimized geometries of Si-BEC obtained with three different functionals a.) B3LYP 

∆𝒅̅̅ ̅̅ = 0.191 Å, b.) B3PW91 ∆𝒅̅̅ ̅̅ = 0.191 and c.) ωB97XD ∆𝒅̅̅ ̅̅ = 0.189 Å. Green atoms correspond to 

the optimized geometries, gray atoms show the crystallographic positions of atoms.5  

 

 

                ∆d̅̅̅̅ =
∑ √(𝑋𝑖

𝐷𝐹𝑇−𝑋𝑖
𝑋𝑅𝐷)

2
+(𝑌𝑖

𝐷𝐹𝑇−𝑌𝑖
𝑋𝑅𝐷)

2
+(𝑍𝑖

𝐷𝐹𝑇−𝑍𝑖
𝑋𝑅𝐷)

2𝑁
𝑖=1

𝑁
                 (1) 

In this equation, Xi
DFT, Yi

DFT, Zi
DFT are the coordinates of the Si or O atoms obtained with the 

geometry optimizations; Xi
XRD, Yi

XRD,    Zi
XRD are the coordinates of the Si or O atoms according 

to the XRD values; and N is the total number of atoms.  The mean displacement obtained with 

B3LYP, B3PW91 and ωB97XD are almost identical with values of 0.191Å, 0.191Å and 0.189Å, 
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respectively.  Hence, all the functionals lead to comparable deviations of the XRD positions on 

this system.   

Table A-1 compares experimental results of the Si-NMR shifts obtained by Moliner and 

coworkers8 with the Si-NMR shifts obtained using the three functionals assessed in this study.  The 

DFT calculations overestimate the experimental Si-NMR chemical shifts, except for the shift 

obtained for T1 using ωB97XD.  By comparing the error percentage showed in Table A-1, the 

NMR shifts calculated with ωB97XD are closer to the experimental NMR shifts.  It seems the 

chemical ambient of the silicon in the zeolites is better described by the long range functional 

ωB97XD. 

 

Table A-1. NMR shifts obtained with B3LYP, B3PW91 and ωB97XD in Si-BEC (top) and percent 

difference (bottom) of the experimental Si MAS NMR spectra of calcinated pure silica BEC 

samples reported by Moliner and coworkers8.   

  B3LYP B3PW91 ωB97XD Experimental Values8 

T1 
-114.195 

6.84% 

-107.688 

0.76% 

-104.421 

-2.30% 

-106.88 

T2 
-128.651 

10.17% 

-121.542 

4.09% 

-118.272 

1.29% 

-116.77 

T3 
-122.962 

11.03% 

-116.381 

5.08% 

-111.026 

0.25% 

-110.75 

 

Vibrational frequency calculations were carried out to compare the accuracy of the functionals 

in describing the properties of the zeolites. Table A-2Error! Reference source not found. 

compares the experimental vibrational frequencies of different metal substituted zeolites with the 

frequencies obtained with B3LYP, B3PW91 and ωB97XD.  The first two rows show the 

vibrational frequencies corresponding to the OH stretching in germanol (3675 cm-1) and silanol 

(3740 cm-1) groups respectively.9,10  The third row shows the vibrational frequency (960 cm-1) 

corresponding to Ti species in framework positions.11  Characteristic vibrational frequencies of the 

interaction of Sn-BEA with acetonitrile were calculated to determine how the functionals describe 
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the interaction of a guest molecule with the zeolites. The fourth row in Table A-2 shows the 

vibrational frequencies corresponding to the C≡N bond stretching (2308 cm-1) on adsorbed Sn-

BEA.12 In general, results shown in Table A-1 and Table A-2Error! Reference source not found. d

emonstrate the three functionals accurately describe the properties of the zeolites.  Errors (above 

10%) were only obtained on the NMR shifts calculated using B3LYP. Since the ωB97XD 

functional best described the properties of the zeolites and takes into consideration the dispersion 

forces, this functional was used for subsequent calculations.  

 

Table A-2. Vibrational frequencies of different metal substituted zeolites obtained with B3LYP, 

B3PW91 and ωB97XD (top) and the percentage difference (bottom) of the experimental 

vibrational frequencies reported in the literature. 

Vibrational 

Frequencies (cm-

1) 

B3LYP B3PW91 ωB97XD Experimental 

Ge-OH in Ge-

BEC* 

 

3801.21 

3.43% 

3804.35 

3.52% 

3855.89 

4.92% 

367510 

Si-OH in Ge-

BEC** 

 

3844.94 

2.81% 

3870.1 

3.48% 

3921.50 

4.85% 

374010 

Ti-BEC 
970.02 

1.04% 

975.29 

1.59% 

962.85 

0.30% 

96011 

Sn-BEA 

Acetonitrile 

2375.76 

2.85% 

2389.76 

3.42% 

2403.93 

3.99% 

230812 

* Vibrational frequency due to the OH stretching in germanol 

** Vibrational frequency due to the OH stretching in silanol 

 

A.2 Validation of the Basis-Sets 

Table A- 3. Influence of the sizes of the basis sets in the electronic properties. 

  Si-BEC Ge-BEC Ti-BEC Ti-BEA Sn-BEC 

εLUMO (A.U.) 

6-31+G** 0.037 0.032 -0.002 -0.003 0.006 

6-311+G** 0.036 0.030 -0.003 -0.004 0.004 

ɳ (A.U.) 

6-31+G** 0.4229 0.4176 0.3839 0.3838 0.3911 

6-311+G** 0.4233 0.4163 0.3836 0.3835 0.3899 
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A.3 Supplementary Data 

 

Table A-4. Relative energies in kCal/mol for the three lowest spin states of Ti-BEC for each T-

site. 

kCal/mol  T1 T2 T3 

Singlet 0 0 0 

Triplet 114 148 139 

Quintet 217 287 206 

 

 

Table A-5. Relative energies, in kCal/mol for the three lowest spin states of Ti-BEA for each T-

site. 

 T1 T2 T3 T4 T5 T6 T7 T8 T9 

Singlet 0 0 0 0 0 0 0 0 0 

Triplet 102 * 105 102 105 105 107 * 102 

Quintet * 204 * 206 * 231 * 233 235 

*The optimization did not converge. 

** The values shown have as zero, the lowest energy found for each T-Site. 
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Figure A-4. Clusters used for the DFT calculations of Ti-BEA a.) 57-atom cluster centered in T3 

b.) 57-atom cluster centered in T4 c.) 56-atom cluster centered in T5 d.) 56-atom cluster centered 

in T6 e.) 63-atom cluster centered in T7 f.) 64-atom cluster centered in T8 g.) 65-atom cluster 

centered in T9. 
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Table A-6. Preferential location of the heteroatoms (Ge,Sn, Ti) in BEC 

ΔErxn 

(kcal/mol) 

Ge-BEC Sn-BEC Ti-BEC 

T1 22.12 29.78 18.95 

T2 27.03 36.61 25.04 

T3 26.72 34.75 22.31 

 

Table A- 7. Preferential location of Ti in BEA 

ΔErxn 

(kcal/mol) 

T1 T2 T3 T4 T5 T6 T7 T8 T9 

Ti-BEA 14.84 14.89 16.96 16.81 16.02 15.92 20.36 20.66 21.47 

 

Table A-8. LUMO energies of Ge-BEC, Sn-BEC and Ti-BEC in the three T-sites. 

εLUMO (A.U.) Ge-BEC Sn-BEC Ti-BEC 

T1 0.0320 0.0058 -0.0021 

T2 0.0344 0.0151 0.0054 

T3 0.0366 0.0060 0.0004 

 

Table A-9. Hardness of Ge-BEC, Sn-BEC and Ti-BEC in the three T-sites. 

ɳ (A.U.) Ge-BEC Sn-BEC Ti-BEC 

T1 0.4176 0.3911 0.3839 

T2 0.4189 0.3995 0.3897 

T3 0.4192 0.3891 0.3826 

 

Table A-10. NBO Charges of Ge, Sn and Ti in M-BEC for the three T-sites. 

NBO Charges Ge-BEC Sn-BEC Ti-BEC 

T1 2.706 2.837 1.685 

T2 2.722 2.846 1.718 

T3 2.725 2.867 1.681 
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Table A-11. Local structural perturbation at the T-Site for Ge-BEC, Sn-BEC and Ti-BEC. 

𝜑 Ge-BEC Sn-BEC Ti-BEC 

T1 0.97 2.97 1.24 

T2 0.58 1.88 0.62 

T3 2.01 6.47 2.48 

 

 
Figure A- 5. Bonds through which the hydrolysis can occur in M-BEC 

 

 

 

Table A-12. Hydrolysis energies of M-BEC 

ΔErxn 

(kcal/mol) Si-BEC Ge-BEC Sn-BEC Ti-BEC 

O1 19.43 9.14 -4.34 -0.79 

O2 35.55 25.58 4.59 8.11 

O3 48.46 42.30 10.89 19.02 

O4 34.63 21.00 6.58 8.95 



 

 

 

 

122 

 

 
Figure A- 6. Bonds through which the hydrolysis can occur in Ti-BEA 

 

Table A-13. Hydrolysis energies of Ti-BEA 

ΔErxn 

(kcal/mol) 

O1 O2 O3 O4 

Ti-BEA 14.74 9.37 17.70 1.83 

  

 
Figure A-7. Bonds through which the hydrolysis can occur in Sn-BEA 

 

Table A-14. Hydrolysis energies of Sn-BEA 

ΔErxn 

(kcal/mol) Sn-BEA  Sn-BEA 

O1 1.88 O5 3.99 

O2 -2.94 O6 -6.35 

O3 -2.17 O7 1.42 

O4 -8.19 O8 -2.22 
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Table A-15. Summary of the properties of the hydrolyzed and non-hydrolyzed M-BEC, Sn-BEA 

and Ti-BEA  
εLUMO (A.U.) ɳ (A.U.) NBO Charge 

Si-BEC 0.0371 0.4229 2.594 

Si-BEC_OH 0.0339 0.4149 2.567 

Ge-BEC 0.0320 0.4176 2.706 

Ge-BEC_OH 0.0292 0.4104 2.693 

Ti-BEC -0.0021 0.3839 1.685 

Ti-BEC_OH -0.0211 0.3513 1.570 

Ti-BEA -0.0035 0.3838 1.694 

Ti-BEA_OH -0.0197 0.3608 1.562 

Sn-BEC 0.0058 0.3911 2.837 

Sn-BEC_OH 0.0120 0.3923 2.847 

Sn-BEA -0.0038 0.3841 Sn_1 2.879 

Sn_2 2.879 

Sn-BEA_OH -0.0109 0.3681 Sn_1 2.895 

Sn_2 2.876 

 

Table A-16. Hydrolysis energies for M-BEC, Sn-BEA and Ti-BEA for different metal 

composition. For M-BEC the ratios M/Si are R1=1/13, R2=1/32, R3=1/64, R4=1/114; for Sn-BEA 

the ratios Sn/Si are R1=2/30, R2=2/50, R3=2/86, R4=2/148; for Ti-BEA the ratios Ti/Si are 

R1=1/15, R2=1/33, R3=1/62, R4=1/110. 

ΔEHydrolysis(kcal/mol) Si-BEC Ge-BEC Ti-BEC Ti-BEA Sn-BEC Sn-BEA 

M/Si 

R1 19.43 9.14 -0.79 1.83 -4.87 -8.19 

R2 20.68 10.21 -0.49 1.37 -3.83 -6.46 

R3 20.69 10.23 -0.46 0.06 -3.80 -6.45 

R4 20.67 10.27 -0.47 1.41 -3.80 -7.53 

 

 

Table A-17. Local structural perturbation of M-BEC, Sn-BEA and Ti-BEA for different metal 

composition. For M-BEC the ratios M/Si are R1=1/13, R2=1/32, R3=1/64, R4=1/114; for Sn-BEA 

the ratios Sn/Si are R1=2/30, R2=2/50, R3=2/86, R4=2/148; for Ti-BEA the ratios Ti/Si are 

R1=1/15, R2=1/33, R3=1/62, R4=1/110. 

𝜑 Ge-BEC Ti-BEC Ti-BEA Sn-BEC Sn-BEA 

M/Si 

R1 0.80 1.05 1.00 2.63 2.97 

R2 0.30 0.96 1.05 1.23 2.99 

R3 0.30 1.00 2.00 1.20 2.97 

R4 0.29 1.01 1.05 1.18 2.97 
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Table A-18. Hydrolysis Energies of M-BEC, Sn-BEA and Ti-BEA. For M-BEC the ratios M/Si 

are R1=1/13, R2=1/32, R3=1/64, R4=1/114; for Sn-BEA the ratios Sn/Si are R1=2/30, R2=2/50, 

R3=2/86, R4=2/148; for Ti-BEA the ratios Ti/Si are R1=1/15, R2=1/33, R3=1/62, R4=1/110. 

ΔEHydrolysis(kcal/mol) Si-BEC Ge-BEC Ti-BEC Ti-BEA Sn-BEC Sn-BEA 

M/Si 

R1 62.67 -39.50 5.45 6.55 0.15 -2.45 

R2 25.22 14.52 6.57 6.25 1.52 -0.37 

R3 25.17 14.86 6.44 5.27 1.43 -0.47 

R4 25.14 14.95 6.42 6.24 1.40 -1.52 

 

Table A-19. Properties of the hydrolyzed and non-hydrolyzed M-BEC and Sn-BEA taking in 

consideration the solvent effect 

 εLUMO (A.U.) ɳ (A.U.) NBO Charge 

Si-BEC 0.0464 0.3759 2.655 

Si-BEC_OH 0.0382 0.4127 2.569 

Ge-BEC 0.0321 0.4088 2.703 

Ge-BEC_OH 0.0330 0.4076 2.697 

Ti-BEC -0.0008 0.3807 1.713 

Ti-BEC_OH -0.0171 0.3526 1.587 

Ti-BEA 0.0030 0.3857 1.725 

Ti-BEA_OH -0.0141 0.3665 1.584 

Sn-BEC 0.0177 0.3992 2.933 

Sn-BEC_OH 0.0253 0.3993 2.927 

Sn-BEA 0.0038 0.3876 

(Sn_1) 2.899 

(Sn_2) 2.899 

Sn-BEA_OH -0.0058 0.3768 

(Sn_1) 2.888 

(Sn_2) 2.906 
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Figure A-8. Representation of the surface cavity used for the PCM calculations. The structure 

corresponds to the hydrolyzed Ge-BEC with a M/Si ratio of 1/114. 
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APPENDIX B – DFT STUDY OF CLOSED AND OPEN SITES OF BEA, 

BEC, FAU, MFI ZEOLITES SUBSTITUTED WITH SN AND TI 
 

 

 

Figure B-1. M-BEC clusters centered in a.) T2 (65 atoms) b.) T3 (60 atoms) 

 

 

Table B-1.  Preferential location of the heteroatoms Sn and Ti in BEC. 

ΔErxn 

(kJ/mol) 

Sn-BEC Ti-BEC 

T1 124.60 79.29 

T2 153.18 104.77 

T3 145.39 93.35 
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Figure B-2. M-MFI clusters centered in a.) T1 (64 atoms) b.) T2 (63 atoms) c.) T3 (63 atoms) d.) 

T4 (63 atoms) e.) T5 (65 atoms) f.) T6 (63 atoms)   
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Figure B-3. M-MFI clusters centered in a.) T7 (66 atoms) b.) T8 (64 atoms) c.) T9 (61 atoms) d.) 

T10 (61 atoms) e.) T12 (65 atoms)   
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Table B-2. Preferential location of the heteroatoms Sn and Ti in MFI. 

ΔErxn 

(kJ/mol) 

Sn-MFI Ti-MFI 

T1 167.53 118.70 

T2 146.61 113.72 

T3 155.94 114.93 

T4 153.59 108.45 

T5 149.45 110.79 

T6 164.43 118.91 

T7 144.22 106.32 

T8 145.98 112.01 

T9 144.26 102.34 

T10 141.88 100.16 

T11 132.51 101.55 

T12 150.83 110.96 

 

 
Figure B-4. M-BEA clusters centered in a.) T1 (59 atoms) b.) T3 (57 atoms) c.) T4 (57 atoms) d.) 

T5 (56 atoms) 
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Figure B-5. M-BEA clusters centered in a.) T6 (56 atoms) b.) T7 (63 atoms) c.) T8 (64 atoms) d.) 

T9 (65 atoms) 

 

 

Table B-3. Preferential location of Ti in BEA 

ΔErxn 

(kJ/mol) 

T1 T2 T3 T4 T5 T6 T7 T8 T9 

Ti-BEA 62.09 62.30 70.96 70.33 67.03 66.61 85.19 86.44 89.83 
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Figure B-6. Bonds through which the hydrolysis can occur in Ti-BEA. 

 

Table B-4. Hydrolysis energies of Ti-BEA. 

ΔErxn 

(kJ/mol) 

O1 O2 O3 O4 

Ti-BEA 61.67 39.20 74.06 7.66 

 

 
Figure B-7. Bonds through which the hydrolysis can occur in Sn-Sn-BEA. 

 

Table B-5. Hydrolysis energies of Sn-BEA 

ΔErxn 

(kJ/mol) Sn- BEA  Sn- BEA 

O1 7.87 O5 16.69 

O2 -12.30 O6 -26.57 

O3 -9.08 O7 5.94 

O4 -34.27 O8 -9.29 
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Figure B-8. Bonds through which the hydrolysis can occur in M-BEC. 

 

 

Table B-6. Hydrolysis energies of M-BEC. 

ΔErxn 

(kJ/mol) Sn-BEC Ti-BEC 

O1 -18.16 -3.31 

O2 19.20 33.93 

O3 45.56 79.58 

O4 27.53 37.45 
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Figure B-9. Bonds through which the hydrolysis can occur in M-FAU. 

 

 

 

 

Table B-7. Hydrolysis energies of M-FAU 

ΔErxn 

(kJ/mol) Sn-FAU Ti-FAU 

O1 41.71 56.40 

O2 25.15 54.94 

O3 17.87 23.64 

O4 -39.08 -15.65 
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Figure B-10. Bonds through which the hydrolysis can occur in M-MFI. 

 

Table B-8. Hydrolysis energies of M-MFI 

ΔErxn 

(kJ/mol) Sn-MFI Ti-MFI 

O1 76.94 104.18 

O2 77.49 102.26 

O3 -5.77 5.23 

O4 13.22 24.89 

 

Preferential Location of Al in BEA 

The preferential location of Al in BEA was calculated with the electronic energy difference 

between the zeolite substituted with Al and the pure zeolite. The clusters that were used for these 

calculations are shown in the Figure B-4, Figure B-5 and Figure 3-1 a.  When Al is substituted in 

the zeolite, the negative charge is compensated with a proton in one of the four oxygens bonded 

to Al (O1 to O4). The electronic energies differences are shown in Table B-9, and the lowest 

energy obtained (T2-O4) was set as zero.  On the basis of Table B-9, the preferential location of 

Al in BEA was in T2 with the proton bonded to either O4 or O1.  Despite T2-O4 has slighlty lower 

energy than T2-O1, with a difference in energy of 0.78 kJ/mol, the proton in the former 
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configuration is not exposed to the pore.  Hence, T2-O1 was selected as the preferential location 

of Al in BEA. The ONIOM cluster used for the calculation of the deprotonation energy is shown 

in the Figure B-11. 

 

Table B-9. Preferential location of Al in BEA. 

Site Bond 

Energy 

(kJ/mol) Site Bond 

Energy 

(kJ/mol) Site Bond 

Energy 

(kJ/mol) 

T1 

O1 1.82 

T2 

O1 0.78 

T3 

O1 12.83 

O2 8.12 O2 8.50 O2 20.09 

O3 0.84 O3 1.92 O3 13.22 

O4 44.56 O4 0.00 O4 4.85 

T4 

O1 14.04 

T5 

O1 7.04 

T6 

O1 8.01 

O2 12.48 O2 5.91 O2 5.28 

O3 4.70 O3 9.28 O3 15.60 

O4 19.97 O4 15.43 O4 11.64 

T7 

O1 5.85 

T8 

O1 10.14 

T9 

O1 17.95 

O2 5.85 O2 11.28 O2 17.95 

O3 20.06 O3 7.74 O3 18.01 

O4 19.96 O4 22.66 O4 10.02 

 

 

 
Figure B-11. ONIOM cluster of Al-BEA.Color legend: yellow = Si; red = O; white = H; pink = 

Al 
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Table B-10. Difference between the binding energy calculated using the ONIOM cluster and the 

binding energy calculated using the DFT cluster for each zeolite 

Zeolites 

Energy  

Difference (kJ/mol) 

Sn-BEA 8.08 

Sn-BEC 4.66 

Sn-FAU -9.82 

Sn-MFI -20.21 

Ti-BEA 0.70 

Ti-BEC -5.04 

Ti-FAU -10.61 

Ti-MFI -22.37 

 

 

 

Table B-11. VDW forces contributions to the ONIOM binding energies of NH3 on the metal 

substituted zeolites. 

Energy (kJ/mol) DFT VDW Total 

Sn-BEA -87.41 -21.47 -108.88 

Sn-BEC -77.08 -18.06 -95.14 

Sn-FAU -72.01 -17.83 -89.84 

Sn-MFI -69.94 -24.55 -94.49 

Ti-BEA -46.17 -23.21 -69.38 

Ti-BEC -53.11 -18.86 -71.97 

Ti-FAU -52.08 -18.55 -70.64 

Ti-MFI -48.93 -25.62 -74.55 

 

 

 

Table B-12. Difference between the binding energy calculated using the ONIOM cluster in water 

and the binding energy calculated using the ONIOM cluster in vacuum for each zeolite. 

Zeolites 

Energy  

Difference (kJ/mol) 

Sn-BEA 10.23 

Sn-BEC 18.44 

Sn-FAU 0.13 

Sn-MFI 30.28 

Ti-BEA 25.48 

Ti-BEC 13.82 

Ti-FAU 1.95 

Ti-MFI 23.56 
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APPENDIX C – CLOSED SITES OF M-BETA (M = SN, TI, ZR, OR HF) 

ZEOLITES CAN OPEN GLUCOSE AND FRUCTOSE RINGS IN ONE 

ELEMENTARY STEP.   
 

 

 
Figure C- 1. BEA unit cell and its nine crystallographic sites (T1 to T9). 

 

 

 
Figure C- 2. Relative substitution energies of Sn in BEA T-sites. 

 



 

 

 

 

139 

 

 
Figure C- 3. Relative substitution energies of Hf in BEA T-sites. 

 

 
Figure C- 4. Relative substitution energies of Zr in BEA T-sites. 

 

 
Figure C- 5. Relative substitution energies of Ti in BEA T-sites. 

 

 

Table C- 1. Optimized distances for the adsorption of glucose in M-BEA. 

 Sn-BEA Hf-BEA Zr-BEA Ti-BEA 

dO1-M (Å) 2.335 2.334 2.373 2.369 

dO2-M (Å) 2.374 2.376 2.401 2.567 

dO3-M (Å) 2.246 2.262 2.293 2.229 

dO4-M (Å) 2.274 2.301 2.325 2.291 

dO5-M (Å) 3.014 2.841 2.806 3.365 

dO6-M (Å) 2.243 2.255 2.328 2.222 
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Figure C- 6. Optimized geometries for the adsorption of glucose through (a) O1, (b) O2, (c) O3, 

(d) O4, (e) O5, (f) O6 on M-BEA. 

 
 

Table C- 2. Optimized distances for the adsorption of fructose in M-BEA. 

 Sn-BEA Hf-BEA Zr-BEA Ti-BEA 

dO1-M (Å) 2.262 2.298 2.322 2.248 

dO2-M (Å) 2.368 2.348 2.381 2.440 

dO3-M (Å) 2.368 2.367 2.414 2.454 

dO4-M (Å) 2.409 2.393 2.502 2.658 

dO5-M (Å)* 

dO6-M (Å)* 

2.609 

(2.179) 

2.547 

(2.207) 

2.587 

(2.246) 

2.735 

(2.166) 

dO6-M (Å) 2.218 2.231 2.276 2.192 

*Bidentate mode 
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Figure C- 7. Optimized geometries for the adsorption of fructose through (a) O1, (b) O2, (c) O3, 

(d) O4, (e) O5, (f) O6 on M-BEA. 
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APPENDIX D - DFT STUDY TO UNRAVEL THE CATALYTIC 

PROPERTIES OF M-EXCHANGED MFI, (M = BE, CO, CU, MG, MN, ZN) 

FOR THE CONVERSION OF METHANE AND CARBON DIOXIDE TO 

ACETIC ACID. 
 

 

Table D-1. Changes in the NBO charge of the carbon atom through CH4 dissociation obtained 

with DFT. 

 C in A C in B C in C 

Be-MFI 

-0.97 

-0.98 -1.43 

Co-MFI -0.99 -1.29 

Cu-MFI -0.99 -1.04 

Mg-MFI -1.03 -1.49 

Mn-MFI -1.00 -1.39 

Zn-MFI -1.00 -1.39 

 

 

Table D-2. Changes in the NBO charge of the metal atom through CH4 dissociation obtained with 

DFT. 

 M in A M in B M in C 

Be-MFI 1.319 1.315 1.307 

Co-MFI 1.294 1.156 1.123 

Cu-MFI 1.251 1.184 0.883 

Mg-MFI 1.614 1.525 1.502 

Mn-MFI 1.387 1.173 1.244 

Zn-MFI 1.431 1.326 1.325 

 
 

Table D-3. Energy contributions in kcal/mol to CH4 adsorption energies obtained with ONIOM. 

 DFT Stretching, bending, and torsion Disp. Total 

Be-MFI -0.71 -0.11 -7.86 -8.69 

Co-MFI -0.44 -0.23 -8.26 -8.93 

Cu-MFI -2.65 -0.17 -8.20 -11.02 

Mg-MFI -4.96 -0.30 -8.66 -13.92 

Mn-MFI -5.12 -0.37 -8.28 -13.77 

Zn-MFI -4.26 -0.40 -8.40 -13.06 
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Table D-4. Energy contributions in kcal/mol to CH4 dissociation energies obtained with ONIOM. 

 DFT Stretching, bending, and torsion Disp. Total 

Be-MFI 22.18 -2.01 -0.18 19.98 

Co-MFI 21.86 -2.24 0.20 19.82 

Cu-MFI 10.36 -2.71 -0.09 7.57 

Mg-MFI 40.96 -1.96 0.44 39.43 

Mn-MFI 31.04 -1.36 -0.39 29.30 

Zn-MFI 10.74 -1.72 -0.17 8.85 

 

 

Table D- 5. Energy contributions in kcal/mol to the TS energies of CH4 dissociation obtained with 

ONIOM. 

 DFT Stretching, bending, and torsion VDW Total 

Cu-MFI 24.30725 -2.44235 0.673359 22.53826 

Zn-MFI 30.11197 -1.94533 0.563884 28.73053 

 
 
Table D- 6. Geometric parameters of the TS for CH4 dissociation on Cu-MFI obtained with 

ONIOM and with the DFT cluster. 

Cu-MFI DFT ONIOM 

d M-C (Å) 2.11 2.02 

dM-O4 (Å) 2.04 3.44 

dM-O2 (Å) 2.28 1.92 

dM-O5 (Å) 3.33 1.92 

Mulliken Charge -0.16 0.56 
 

 
Table D- 7. Geometric parameters of the TS for CH4 dissociation on Zn-MFI obtained with 

ONIOM and with the DFT cluster.  

Zn-MFI DFT ONIOM 

d M-C (Å) 2.10 2.04 

dM-O4 (Å) 2.32 2.00 

dM-O2 (Å) 2.08 3.35 

d M-O5 (Å) 3.25 1.95 

Mulliken Charge 0.21 0.38 

 

 

 


