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Abstract 

Zeolites offer many benefits as a catalyst. The adjustable acid sites in zeolites and 

its well-defined pore structure allows for a fine-tuning of the catalytic performance. The 

activity and selectivity of several reactions have been shown to be dependent on the 

location and distribution of the acid sites in the zeolite. However, the underlying 

mechanisms responsible for this dependence remain to be explored. In this thesis, using 

density functional theory (DFT) calculations, the impact of proximity of Brønsted acid 

sites in zeolite HZSM-5 as well as the role of water in enhancing catalytic reactions is 

investigated.  

It is found that Brønsted sites with close spatial proximity can significantly 

strengthen the adsorption of water, which is used as a molecular probe for the local 

activity. It is shown that a water molecule can form H-bonds with two adjacent sites with 

increased adsorption energy. Following on this, ab initiomolecular dynamics simulations 

are used to analyze water interactions with acid sites, and the charge stabilizing effect of 

water clusters are shown. This charge stabilization as well as the polarization effect of 

nearby acid sites are proposed as the causes behind a series of water enhanced reactions 

at zeolites with high acid site densites. 

The catalytically beneficial effects of water cluster interaction and acid site 

polarization of n-hexane cracking in HZSM-5 was studied using DFT Nudged Elastic 

Band (NEB) kinetic barrier calculations. Water showed potential for reaction 

enhancement, appearing to stabilize the charged intermediate by forming hydrogen bonds 

with the reverse zeolite wall. Nearby acid sites also showed enhancement. One would 

polarize the hexane while the other participated in the protonation. With the two 
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beneficial effects in combination the benefits compounded, with a greater result than the 

sum of their parts. The results are far from conclusive but they are very promising if 

consistent enhancement can be achieved. 
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Chapter 1: Introduction 

1.1 Zeolites & ZSM-5 

Zeolites are one of the most widely used catalysts in industry. Because of the well-

defined small pore sizes and tunable acid sties, zeolites have been applied in separation 

and catalysis processes such as oil refining, petrochemistry, and organic synthesis. The 

focus of this project is on ZSM-5, a zeolite with particularly widespread use in conversion 

of hydrocarbons in the petrochemical industry. The entirety of the zeolite structure is a 

crystalline aluminosilicate, composed of TO4 tetrahedra (T = Si, Al) with the O atoms 

connecting neighboring tetrahedra. 10-member silicon rings form micropores throughout 

the structure. These small pore sizes make it very useful as a molecular sieve and catalyst, 

only allowing relatively small molecules to pass and giving high size-specific selectivity.1  

 

 

Figure 1: The Microporous Molecular Structure of a Zeolite, ZSM-5. This figure 

was taken from an article by Dr. Splettstoesser.2 
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Zeolites are a type of acid catalyst but not in the silicate form shown by Figure 1. 

The acidic form is titled HZSM-5 and has highly active Brønsted acid sites (BAS), in 

which the silica framework contains substituted aluminum atoms. These are normally 

counterbalanced by protons bonding to one of the neighboring oxygen forming the BAS. 

Upon incorporation of Al into the silica framework, the +3 charge on the Al makes the 

framework negatively charged, and requires the presence of extraframework cations, such 

as H+, within the structure to keep the overall framework neutral. A graphic of this can 

be seen below in Figure 2. The extraframework cations are ion exchangeable and give 

rise to the rich ion-exchange chemistry of these materials, with the novelty of zeolites 

stemming from their microporosity and the unique topology of the framework.1 The 

intrinsic properties of these active sites, such as the acid strength and molecular 

confinement within the micropores are of great interest in catalyst design.3 

 

 

Figure 2: Form of Zeolite Brønsted Acid Sites. This figure was taken from a textbook 

by Drs. Hattori and Ono.4 
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The unit cell of ZSM-5 has 96 tetrahedral sites (T sites) of silicon and 192 oxygen 

atoms. The pore network is composed of two types of interconnected perpendicular 

channels, one of them straight and the other sinusoidal, weaving perpendicularly to each 

other. Of the 96 T sites, there are 12 symmetrically distinguishable T site locations that 

can be occupied by Al. Ghorbanpour et al. looked at every site configuration possible 

using density functional theory (DFT) simulation and found that theoretical investigations 

of HZSM-5 require a careful selection of the active site.5 Because some sites will be 

inherently less stable and less likely to be the actual site for reaction, having a realistic 

starting point is important to ensure the relevance of the calculation. Even then, where 

the acid sites are actually located in reality is highly dependent on zeolite synthesis 

techniques, reaction conditions, and any number of other complications. 

Density of these acid sites have been shown to play significant roles in zeolite 

catalysis.6 When discussing acid site density, a common phrase is the Si/Al ratio. Since 

the BAS are where the aluminum substitutes, the Si/Al ratio is a quick and easy way to 

quantify acid site density. A lower Si/Al ratio means more Al have substituted and thus a 

higher acid site density. This doesn’t necessarily correlate to local density on a molecular 

scale but in general acid sites as charged locations should spread out throughout the 

zeolite structure at a similar composition as the Si/Al ratio. Intriguingly, previous studies 

have shown modified catalytic selectivities and improved catalyst activity beyond the 

expected proportional improvement of the reaction rate to number of sites, implying the 

important role of site location and distribution.7-10 Deeper understanding of the structure 

of ZSM-5 and the impact of BAS placement at distinct locations is important to fully 

understand what is taking place during reaction.  
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Distribution of these acid sites must also be considered. The internal volume of 

zeolites consists of interconnected cages or channels. The framework can exhibit some 

flexibility with changes in temperature or via diffusing molecules. ZSM-5, also known 

by its framework type MFI consists of two types of intersecting 10-membered-ring pores. 

The geometry and size of these perpendicular pores differ: one type consists of straight 

channels with a size of 5.3 × 5.6 Å2, the other has a tortuous shape, commonly referred 

to as the sinusoidal channels, with a size of 5.1 × 5.5 Å2.11 Such differences in pore size 

and local environment can trigger different adsorption properties between the two types 

of pores or even the intersection between them. Such a slight change in pore dynamics 

makes a large difference when it comes to reactions. Diffusion, confinement, 

accessibility, and activity are all likely to change based on the location of an acid site in 

the zeolite framework. 

Zeolites in general have far too many unknowns and uncertainties in the structure, 

acid strength, and confinement for optimizing reactions conditions to be an easy task. 

However, the importance and strong purpose of zeolites in the petrochemical and other 

industries makes this challenge well worth undertaking. For decades this catalyst and 

details of reactions involving it have been the focus of many research groups and 

companies across the world. In that regard this project is only a drop in the bucket. The 

rest of the introduction will go over the basics of the theory behind calculations and 

provide an idea of what motivated this project and what will be the focus amongst all the 

potential questions that could be asked about zeolite catalysis. 
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1.2 Density Functional Theory (DFT) 

 This project is completely composed of calculations done using the Vienna Ab 

initio Simulation Package (VASP) to compute the ground state properties using density 

functional theory (DFT). This project doesn’t delve too deeply into the details of these 

calculations but regardless it is important to discuss what exactly is being solved. Specific 

computational methods will be detailed in each section separately, with subsections in the 

introductions describing specific calculations done for the following results. 

DFT is one of the most popular and successful quantum mechanical approaches 

to matter. It is nowadays routinely applied for calculating the binding energy of molecules 

in chemistry and the band structure of solids in physics.12 In its most basic form it is 

simply solving Schrödinger’s Equation. All information about a given system is 

contained in the system’s wave function, Ψ. The nuclear degrees of freedom (e.g., the 

crystal lattice in a solid) appear only in the form of a potential v(r) acting on the electrons, 

so that the wave function depends only on the electronic coordinates.12 This wave 

function is calculated from Schrödinger’s equation, which for a single electron moving 

in a potential v(r) is 

[−
ħ2𝛻2

2𝑚
+ 𝝂(𝒓)]𝝍(𝒓) = 𝝐 ∗ 𝝍(𝒓) 

If there is more than one electron (i.e., one has a many-body problem) 

Schrödinger’s equation becomes 

[∑(−
ħ2𝛻𝑖

2

2𝑚
+ 𝝂(𝒓𝒊))

𝑁

𝑖

+∑𝑈(𝑟𝑖, 𝑟𝑗)

𝑖<𝑗

]𝝍(𝒓𝟏, 𝒓𝟐, … , 𝒓𝑵) = 𝑬𝝍(𝒓𝟏, 𝒓𝟐… , 𝒓𝑵) 

where N is the number of electrons and U(ri, rj) is the electron-electron interaction.  
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For a system of particles interacting via Coulomb interaction, this electron-

electron interaction looks like 

Û =∑𝑼(𝒓𝒊, 𝒓𝒋)

𝒊<𝒋

=∑
𝒒𝟐

|𝒓𝒊 − 𝒓𝒋|𝒊<𝒋

 

Whether the system is an atom, a molecule, or a solid it only depends only on the 

potential v(ri).
12 The specifics get more complex than this but at its root DFT is fairly 

straightforward. It is the many-body system with hundreds or thousands of electrons 

where the calculation becomes extremely complex and computationally expensive.  

The usual quantum-mechanical approach to Schrödinger’s equation can be 

summarized by the following sequence as given by Capelle et al. 

 

Basically, one specifies the system by choosing v(r), plugs it into Schrödinger’s 

equation, solves that equation for the wave function Ψ, and then calculates “observables” 

by taking expectation values of operators with this wave function.12 Many powerful 

methods for solving Schrödinger’s equation have been developed during decades of 

struggling with the many-body problem. The problem with these methods is the great 

demand they place on one’s computational resources: it is simply impossible to apply 

them efficiently to large and complex systems.  

It is here where DFT provides a viable alternative, which is also much more 

versatile. One of the “observables” found by the standard quantum mechanical approach 

is the particle density n(r). DFT simplifies the calculation by promoting n(r) from an 

“observable” to a key variable. From this one can approach the problem in what is 

basically the reverse order as the standard quantum-mechanical approach.  
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This approach forms the basis for most of electronic-structure calculations in 

physics and chemistry.12  The specifics of that approach vary based on the type of 

application, but the base idea of the equation for getting wavefunction from n(r) is as 

follows 

𝑛(𝑟) = 𝑁∫𝑑3 𝑟2⋯∫𝑑3 𝑟𝑁𝜓
∗(𝑟, 𝑟2, … , 𝑟𝑁) ∗ 𝜓(𝑟, 𝑟2, … , 𝑟𝑁) 

and the density-functional approach can be summarized by the sequence 

 

Knowledge of n(r) implies knowledge of the wave function and the potential, and 

hence of all other observables.12 Although this sequence describes the conceptual 

structure of DFT, it does not really represent what is done in actual applications of it, 

which typically proceed along rather different lines, and do not make explicit use of 

many-body wave functions. From this groundwork, changes can be made to fit the 

problem at hand and give DFT a very wide degree of usefulness for those in any science 

discipline but particularly physics or chemistry atomic based calculations such as those 

done in this text. 

For nearly every calculation presented in this text, DFT will be used to “optimize” 

the energy of a certain combination and configuration of molecules by finding the lowest 

combined energy state. Using either this energy or the resulting structure that DFT deems 

the most energetically stable conclusions will be drawn on how molecules are most likely 

to interact with each other and how this can be manipulated or improved. From these 

calculations, one can gain insight into any number of different trends relevant to real 

world systems. 



8 

1.3 Project Motivation and Scope 

Factors that enhance zeolite-catalyzed reactions and the reasons for them doing 

so haven’t been fully explored. As discussed previously, the immense impact of these 

catalysts on petrochemical reactions means that any enhancement however small is worth 

pursuing to better understand their mechanisms. 

Promising results such as Chen et al. show that controlled addition of sub-

stoichiometric amounts of water led to nearly an order of magnitude increase in benzene 

reaction rate.13 Interestingly, this enhancement only took place at high aluminum density 

(Si/Al ratio of 15) and the enhancement quickly dropped off with higher water loading. 

The decrease at higher loading can be easily explained as the competitive adsorption of 

water inhibiting the benzene reaction, but the curiosity is that there was an enhancement 

at all and why it was only seen at high acid density. The study suggests that the water 

enhancement effect is due to a “vehicle hopping” proton transfer effect, which cannot 

occur when acid sites are isolated.13 

An intriguing result was found by OU alum Dr. Abhishek Gumidyala.14 While 

testing n-hexane cracking over HZSM-5, with the addition of water a huge leap in 

conversion was achieved. Once again, this enhancement only took place at high 

aluminum density and it quickly dropped off with higher water loading. At its peak, 

however, there was nearly a doubling of the conversion possible at those reaction 

conditions. Figures showing this enhancement can be seen on the next page as Figure 3 

and 4. 
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Figure 3: N-hexane cracking conversion as a function of time, both with and without 

water. This and the following plot was provided by Dr. Gumidyala.14 

 

 

Figure 4: N-hexane cracking conversion on HZSM-5 as a function of amount of 

water. The highest point on this figure is the data used for Figure 3.14 
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The primary goal of this project is to use DFT simulation to investigate the water 

enhancement phenomena on zeolites such as those found by Dr. Gumidyala14 and Chen 

et al.13 and provide a greater understanding of what might be taking place. The specific 

focus of this research was the impact of BAS proximity to each other as a possible 

explanation of why the results were only seen at low Si/Al. A few different approaches 

were taken to tackle the beneficial effect of water. The results will be discussed in the 

following chapters, but details of it will be listed here to explain the train of thought that 

led to the decisions that were made. 

The work began and shown in Chapter 2 is as follows. Ghorbanpour et al.5 was 

used as a basis in order to identify all of the T sites of HZSM-5 and then expanded upon 

to check the effect of site configuration. Based on the recommendation of this article, site 

T7 was used as the starting point for calculations since it is the most stable. Next, insight 

on how proximity between two BAS sites affects molecular adsorption was gained 

through calculations using water as a probe molecule. By varying the distance between 

sites, the difference in chemical activity of isolated and clustered BAS in HZSM-5 was 

found. This compared favorably to experimental adsorption energy results as found by 

Ohlin et al.15. The adsorption of the nonpolar molecule hexane was also calculated on an 

adjacent and isolated BAS to see if the same benefits carried over. The water molecule is 

polarized, as evidenced by significant charge redistribution. This is similar to the 

predicted polarization on acetone and alkanes as done by Song et al.16. Interestingly, it 

was found that the proton of one of the two BAS may become delocalized and a 

hydronium ion is formed when interacting with adjacent acid sites, similar to that of the 

water cluster found by Vjunov et al.17.  
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Both the enhanced polarization and proton delocalization were determined as 

possible causes for activity and selectivity enhancement in zeolite-catalyzed reactions. 

The importance of using hybrid functional calculations when comparing stability of 

configurations with two acid sites separated by varied distance was examined. They did 

not change the results but was important to be sure the calculations were not flawed.   

The Chapter 3 is focused on water clusters as detailed by Vjunov et al.17, the 

difference is that these calculations will be ab initio molecular dynamics (AIMD) 

simulations at 320K using close proximity Bronsted sites to see if one or both protons go 

into the cluster and how the charge is delocalized amongst the water molecules. There is 

also a tangential AIMD simulation looking at if water preferentially occupies the 

sinusoidal channel. This has been claimed in experimental studies such as that done by 

Kubarev et al.11 and is not influential to the primary goal of the project but it provides 

some insight into how water occupies the zeolite during regular conditions. 

In Chapter 4 the focus is on a zeolite catalysis reaction itself. The reaction focused 

on this project was protolytic hexane cracking as such done by Dr. Gumidyala and using 

a specific mechanism as given by Boronat et al.18. By applying the two main theories 

generated of what is occurring, water clusters forming around sites stabilizing charged 

intermediates and nearby acid sites working to polarize and enhance adsorption, there 

was shown to be significant enhancement in the kinetics of the reaction. The extent of 

this kinetic analysis was limited to the barriers of the reaction, but this could be further 

expanded upon in the future. 
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Chapter 2: Enhancement of Chemical Adsorption for Adjacent Acid 

Sites 

2.1 Introduction 

As mentioned in Chapter 1, density and distribution of the acid sites play 

significant roles in zeolite catalysis.6, 19 While the density of the acid sites is determined 

by the framework Si/Al ratio, the distribution of these acid sites is controlled by 

nucleation and growth kinetics during the hydrothermal synthesis9, which in turn 

determine whether they are placed as either isolated or paired sites in the framework.  

Therefore, the pairing of sites can be manipulated to some extent by changing the 

structure-directing agents during the synthesis19-23 and upon post-treatment methods such 

as zeolite steaming24. Intriguingly, previous studies have shown modified catalytic 

selectivities and improved catalyst activity beyond the expected proportional 

improvement of the reaction rate to number of sites, implying the important role of site 

location and distribution.7-10 The exact reasons for this extra activity improvement remain 

unclear.25-30 Early quantum mechanical calculations using a cluster model suggest 

increased proton affinity, corresponding to reduced acidity, when two BAS are located in 

the proximity.31, 32 This reported reduced acidity is in line with experimental work using 

NH3-TPD to determine the ZSM-5 acidity.7 However, using dehydration rate of CH3OH 

as a probe, it has been shown that the rate constant is insensitive to the density of Al sites 

in MFI, suggesting that the acid strength of each isolated site remains the same within a 

certain range of acid site density.28 

Alkane cracking is an important industrial process and has been shown in 

numerous studies that the distribution16, 33-38 of BAS determines the activity and 
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selectivity. Cracking activity per site for hexane39, 40 has been found to remain constant 

within a large range of Si/Al ratio in Zeolite Y and HZSM-5. Enhanced cracking rates 

have been reported when Si/Al is reduced, and may be attributed to non-homogeneous 

distribution of BAS into different confinement environment, which lead to modified 

apparent activation barrier and/or intrinsic activation barriers.33, 36, 38, 41 More recently, 

Song et al. reported that adjacent BAS in HZSM-5 shows higher adsorption energies than 

isolated BAS for adsorption of acetones and alkanes due to enhanced polarization, which 

results in increased rate for alkane cracking in HZSM-5.16 In addition, enhanced olefin 

oligomerization10, 35 and hydrogen transfer35 has also been attributed to BAS in the close 

proximity. It seems that adjacent BAS may have synergistic effect for molecular 

adsorption and reaction, though the underlying mechanism remains to be explored. 

In this section, DFT calculations will be reported through which the chemical 

activity of isolated and clustered BAS in HZSM-5 is explored. By using a water molecule 

as a probe, the adsorption energy of a water molecule is shown to be significantly 

enhanced when two BAS are in close proximity, such as Al-O-(Si-O)1-Al, and this 

enhanced water adsorption results from the increased H-bonding between water and the 

two BAS. The water molecule is polarized, as evidenced by significant charge 

redistribution. Interestingly, one of the two BAS is shown to become delocalized and a 

hydronium ion is formed when interacting with adjacent acid sites. Both the enhanced 

polarization and proton delocalization may affect activity and selectivity for zeolite-

catalyzed reactions. The importance of using hybrid functional calculations when 

comparing stability of configurations with two acid sites separated by varied distance is 

also discussed. 
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2.1.1  Heat of Adsorption Calculations 

 The primary calculation done in this chapter is very simple, with the figure of 

analysis being the heat of adsorption. This calculation is simply the difference of the 

energies of the combined system and its separate components. The adsorption energy was 

calculated as ΔEads = E(water/HZSM-5) - E(water) - E(HZSM-5), where E(water/HZSM-

5), E(water), E(HZSM-5) were the total energies of optimized configurations of water 

adsorption in HZSM-5, molecular water in vacuum, and HZSM-5 without water 

adsorption, respectively. This can be easily visualized as once the energy of the isolated 

water and zeolite are removed from the combined system, the difference remaining is the 

energy of the bond formed through adsorption. 

  

2.1.2  Hybrid vs Explicit Functional 

A concept discussed in this chapter is that of a hybrid functional. Hybrid 

functionals are a class of approximations to the standard functionals used in DFT. 

Essentially they are combining explicit functionals, in this case for hybrid functional HSE 

it is incorporating a portion of the explicit PBE functional with an error function screened 

Coulomb potential to calculate the exchange portion of the energy in order to improve 

computational efficiency and accuracy.42 

 This text will not delve into the specifics of why the hybrid HSE functional can 

be better suited for certain calculations but in general the standard PBE functional 

underestimates the repulsion felt by nearby charged sources such as the BAS in zeolites. 

This is known as a charge delocalization error. For this reason, it was necessary to check 

the results using hybrid calculations to be sure that they were reasonable. 
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2.2 Computational Methods 

Calculations based on density functional theory (DFT) were carried out using the 

VASP (Vienna ab initio simulation) package.43 The PBE generalized gradient 

approximation (GGA) exchange-correlation potential44 was used, and the electron-core 

interactions were treated in the projector augmented wave method45, 46. The van der Waals 

interaction was taken into account through DFT-D3 semi-empirical methods via a 

pairwise force field.47, 48 An HSE hybrid functional49 was also used to calculate the total 

energy of structures that were already optimized by PBE-D3 calculations to reduce 

underestimation of the charge delocalization error of the semi-local PBE functional50. It 

has recently been shown that charge delocalization error in zeolite using the PBE 

functional caused quite significant changes in energy calculations as compared to values 

obtained using hybrid functionals.51, 52 Note, as discussed later, all the compared 

adsorption enthalpy values are very similar between PBE and hybrid functional 

calculations, showing that the error was most likely cancelled out in the calculation of the 

adsorption enthalpy.  

All the calculations were performed using a ZSM-5 unit cell including 96 Si and 

192 O atoms. One Si atom at the T7 site, located at the intersection and more accessible 

to reactions5, was the first replaced with an Al atom.  The proton was initially attached to 

the O atom that was between the Al atom and T8 Si atom for reasons of minimizing 

energy as explained later by Table 2. The structure of the unit cell was taken from an 

experimental work (a = 20.078Å; b = 19.894Å; c = 13.372Å)53 and fixed during the 

calculation. Atomic relaxation was performed using a single Γ point of the Brillouin zone 



16 

with a kinetic cutoff energy of 400 eV. All the atoms (zeolite and the molecules) were 

fully relaxed until the atomic forces were smaller than 0.02 eV Å-1.  

For the calculations of heat of adsorption, a water molecule was positioned at the 

aforementioned T7 site. When two sites were included in the calculations, the other T site 

was changed while the water was always positioned at the T7 site. In this way, the entropy 

contribution to the adsorption energy of water in zeolite doesn’t change much since the 

relative position of the water molecule with respect to the zeolite framework remains the 

same. Therefore, though only calculated the adsorption enthalpy was calculated, we 

assume the Gibbs free energy follow the same trend assuming a similar entropy change. 

Changes to electron density were calculated based on the difference of the charge density 

between the adsorbed water and the zeolite at their optimized adsorption configurations, 

that is, Δρ = ρ(water/HZSM-5) - ρ(water) - ρ(HZSM-5). 

 

2.3 Results and Discussion 

2.3.1  ZSM-5 Characterization 

As previously discussed, the unit cell of ZSM-5 has 96 tetrahedral sites (T sites) 

of silicon and 192 oxygen atoms.53 The pore network is composed of two types of 

interconnected perpendicular channels, one of them straight and the other sinusoidal, 

weaving perpendicularly to each other. Of the 96 T sites, there are 12 symmetrically 

distinguishable T site locations that can be occupied by Al (see Figure 5). In addition, 

each of these T sites has 4 different neighboring oxygen atoms making a total of 48 

different configurations for isolated BAS5. This complexity can be simplified by focusing 
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on the most stable and physically accessible sites around the channel intersection, as can 

be seen in many prior studies.10, 37 

 

 

Figure 5:  Atomic structure of the ZSM-5 unit cell with the 12 distinguishable T sites 

color-coded.   

 

The T site chosen for Al substitution can have a large impact on the calculation 

results.54 Also, local confinement must be carefully considered.5, 55, 56 In an effort to 

reduce excess computational expense, prior theoretical studies have often been focused 

on specific T site locations, the most common being sites T7 and T12. This selection has 

been based on the highest accessibility to reactants (e.g. T12) or the highest stability, 

relative to the other sites when substituted (e.g. T7).5 The distribution of Al at different T 

sites is mostly driven by nucleation and growth kinetics during the synthesis19, and more 

than 10 different framework T sites have been reported in H-ZSM5 samples57. The site 

T7 and T10 has been shown in previous studies as generally being the most highly 
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populated positions.58-61 The choice of the organic templates in synthesis plays a large 

role.5, 62 One of the more common agents used for this synthesis is tetrapropylammonium 

(TPA) and has been shown to result in aluminum placement primarily on the channel 

intersections, taking advantage of the aforementioned site accessibility.62 

In this study, the T7 site is the starting point, and the conclusion is likely generally 

true for all T sites as discussed below. In order to capture the effects of BAS proximity, 

two T sites were substituted with aluminum, one always being the T7 site, and categorized 

by the number of T sites that separate them, labeled as D1-D4 (see Figure 6), which is the 

same as notation Al-O-(Si-O)x-Al-O with x between 0 and 3. The BAS separation was 

then defined as the distance that separates the two oxygen atoms that have a bonded 

proton, following the path around the channel. 

 

Figure 6: HZSM-5 crystal layer with labels showing the terminology used in 

describing site separation. A water molecule is positioned close a T7 site in all the 

calculations, while the second BAS is positioned with varied distance from the T7 

site. The Si, O, Al, H are colored yellow, red, purple and white, respectively. 
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Water was then used as a probe to compare local activity, DFT calculations were 

used to examine properties of interest to acid catalysis63, which may be considered an 

indicator for acid strength, which determines the activity and selectivity in zeolite-

catalyzed reactions63, 64. Improved understanding of how water molecules adsorb in 

zeolites with densely populated acid sites may also help to improve the stability of the 

zeolite in a liquid phase and its catalytic performance.17, 56, 65  

The configuration of a single isolated BAS site was the first to be investigated. 

The same as for previous studies, site T7 was among the most stable sites for Al 

substitutions as can be seen in Table 1.5 The stability also varies when the proton is 

positioned at different oxygen. Table 2 shows the sensitivity of energy towards proton 

position around site T7. The importance of using the most stable site is debated, since 

experimentally it is shown that the site distribution is dependent on synthesis conditions, 

but for reasons of calculation consistency and reproducibility, the stability of the chosen 

substitutions is still considered nonetheless.  
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Table 1:  Relative stability calculations between the 12 possible T sites. The energy 

of the most stable site is set to zero and only the relative energies are shown. 

Site Energy (eV) Relative Stability Literature5 

T1 -2301.6132 0.18 0.26 

T2 -2301.5711 0.22 0.28 

T3 -2301.6711 0.12 0.26 

T4 -2301.7811 0.01 0.1 

T5 -2301.6351 0.16 0.32 

T6 -2301.6195 0.17 0.35 

T7 -2301.7538 0.04 0 

T8 -2301.7932 0.00 0.21 

T9 -2301.5562 0.24 0.38 

T10 -2301.5828 0.21 0.17 

T11 -2301.5527 0.24 0.26 

T12 -2301.6955 0.10 0.2 

 

 

Table 2:  Relative stability calculations between possible configurations of site T7. 

The first number describes which T site is substituted with Al and the second 

describes the neighboring T site that the protonated oxygen is bisecting. The energy 

of the most stable site is set to zero and only the relative energies are shown. 

 

Site  Location Hydrogen Direction Stability (eV)b 

7-4  Intersection Sinusoidal Channel 0.057 

7-4  Intersection Straight Channel 0.066 

7-7  Intersection Sinusoidal Channel 0.208 

7-7  Intersection Straight Channel 0.203 

7-8  Intersection Sinusoidal Channel 0 

7-8  Intersection Straight Channel 0.011 

7-11  Intersection Sinusoidal Channel 0.272 

7-11  Intersection Straight Channel Inaccessible 
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Protonating site T7-8 is the most stable with differences between the directionality 

of the proton being negligible. Site T7-11 is the only site found to be inaccessible to 

adsorbates due to steric hindrance. The stability differences between protonating sites are 

found to be significant enough to warrant computing the most stable proton configuration 

for simulations but overall less significant than the choice of initial T site. The energy 

difference between these different configurations is about 1-10 times kBT at room 

temperature (0.026 eV), where kB is the Boltzmann constant, and suggests that at room 

temperature, the proton may hop between a couple different sites.9 Thus, the proton and 

the molecular adsorption at the proton can be quite dynamic during reactions.  

 

2.3.2  Heat of Adsorption Calculations 

Note the distribution of Al at different T sites is mostly driven by nucleation and 

growth kinetics during the synthesis.19 In the following calculations are restricted to the 

most stable calculated configuration, that is, Al is located at the T7 position and proton is 

bonded to oxygen between T7 and T8 (Al-O-Si), and vary the other Al site between 

different positions. The advantage of this self-restriction is two folds: this reduces the 

total number possibilities of Al-O-(Si-O)x-Al pair configurations; and, as detailed below, 

when water was used as a molecular probe, the water always positioned to form a H-bond 

with the proton bonded to oxygen between T7 and T8, and in this way, the entropy change 

for water adsorption remains almost constant when the spacing between the two BAS is 

changed. 

When two BAS are introduced into the H-ZSM5 framework, the focus is on Al 

configurations that allow the protons face into the same channel of H-ZSM5 and can 
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cooperate with each other for coordination19, but some other configurations have also 

been included to compare with x up to 5 in the Al-O-(Si-O)x-Al sequences . 

Figure 7 shows the calculated heat of adsorption for water. The adsorption is 

shown to be significantly stronger as the site separation is smaller. In D1 configuration 

Al-O-(Si-O)0-Al, in which the spacing between the two BAS is about 3.5 Å, the heat of 

water adsorption is about two times the value of D3-D6 configurations corresponding to 

Al-O-(Si-O)x-Al with x between 2 and 5. The D2 configuration, which is Al-O-(Si-O)1-

Al, also shows stronger interaction than D3-D6 by about 40 kJ/mol. Once the spacing 

between the two BAS is equal to or large than 2 (Si-O) units, the adsorption energy 

flattens out and become similar to the adsorption of water at a single isolated BAS as 

would be expected as the two sites are no longer electronically see each other to a 

significant margin. This data is in agreement with experimental results, where at a very 

high Si/Al ratio equal to 250 (~1 substituted Al per 3 unit cells), the adsorption energy of 

water was found to be -0.78 eV, while at a low Si/Al ratio of 38 (~3 substitutions per unit 

cell), the adsorption energy was found to be -1.17 eV15, 66, which is close to the calculated 

adsorption of water when two BAS are located in close proximity (D1 and D2). The 

hybrid functional HSE calculations do not significantly change the adsorption energy 

calculations as shown in Figure 7, However, the PBE and HSE calculations differ 

significantly in the stability calculations to a significant margin (see Figure 10). Due to 

significant stability differences and breaking the Loewenstein rule that states no Al atoms 

should occupy adjacent T sites, D1 should be considered as an extreme case unlikely to 

form under regular zeolite synthesis.67  
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Figure 7:  Calculated water adsorption energies plotted as a function of separation 

between two BAS. The values are also compared to the average found for the case 

of 1 BAS (dashed line). Hybrid functional HSE calculations over a select few points 

are shown in orange. 

   

To understand the physical reason behind this significantly enhanced water 

adsorption as the site separation decreases, the change in charge densities caused by water 

adsorption at the BA sites was examined (Figure 8). At site separation D1, the water is 

shown to be strongly protonated and form a H3O
+, which is adsorbed via two H-bonds to 

both the original T7-O-T8 and another oxygen atom of the second BAS (Figure 8C). The 

adsorption-induced large depletion of the electron density around the H3O shows a 

localization of positive charge on the water, now a hydronium. This finding shows that 

thermodynamically the proton prefers to be localized at the water molecule forming H3O
+ 

rather than the oxygen atom bonded to wthe substituted Al center. It is expected that a 

large number of water molecules can further enhance the deprotonation of the BAS and 

form a more mobile proton within the water network because of the increased dielectric 

screening. This deprotonation is in line with recent work of dehydration of cyclohexanol 
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in liquid phase using solid acids as the catalysts.17 Hexane was also tested as an example 

of non-polar molecules and find negligible difference between adsorption energies of one 

BAS and two BAS at D1 (Table 3). This different trend between hexane and water 

adsorption in zeolite indicates important role of the polarity of the adsorbates. 

 

Table 3:  Hexane adsorption energy calculations between the 1 BAS and D1 BAS. 

Site  Zeolite Energy 

(eV) 

Zeolite with Hexane 

(eV) 

Adsorption E 

(eV) 

B1. T7-8  -2301.55 -2409.47 -1.13 

B1. T7-4  -2301.56 -2409.51 -1.16 

B1. T7-7  -2301.42 -2409.48 -1.07 

D1. T78-9  -2303.68 -2411.72 -1.15 

D1. T78-2  -2303.67 -2411.54 -1.07 

D1. T78-12  -2303.55 -2411.47 -1.18 

 

2.3.3  Charge Density Calculations 

By increasing the site separation to D2 (Figure 8B), in which one (Si-O) unit 

separates the two sites, the H3O
+ species doesn’t form, at least for the single water studied 

in this case. Instead, the water adsorbs at the T7 BAS forming a H-bond with an oxygen 

atom at the second BAS. This cooperation between the two BAS enhances the water 

adsorption by almost half eV as compared to the single isolated case (dashed line in 

Figure 8).  

At distances larger than that of D3, in which two (Si-O) units separate the two 

BAS, water adsorbs at the T7 BAS with a single H-bond formed. Note water is one of the 

smallest molecules to be used for probing the local activity. It is expected that, if a large 

probing molecule is used, even when two BAS are further apart from each other, 
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adsorption of the probing molecule may still be enhanced. Indeed, recent experiments 

suggested enhanced adsorption of n-hexane and acetone in low Si/Al samples (Si/Al=16), 

which was attributed to increased polarization by more than one BAS in HZSM-5.16 

 

 

Figure 8:  Adsorption-induced changes in electron densities are shown with the 

orange portions being areas of electron density accumulation and blue areas of 

electron density depletion. The isosurface used to plot the charge density difference 

is ± 0.03 e Å-3. 

 

Figure 8 A-C also suggests different amounts of charge transfer between water 

the HZSM-5 framework. The charge transfer is more pronounced when water interacts 

with two BAS. In all situations the hydrogen atoms on the original water molecule are 

shown to lose electrons and become more positively charged. Bader charge analysis was 

used68, through which the values for the charge difference resulting from reaction was 

obtained and listed in Table 4. In every situation, the two hydrogen atoms of the water 

lost electrons while oxygen gain electrons, indicating enhanced polarization upon 

adsorption. As the proximity reaches D2 and D1, that charge difference is nearly doubled 

and tripled as compared to D3, respectively. Note that there are different ways to define 

exact number of the electron population at an atom in the literature, which may give 

different numbers but the trend should remain.  
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Table 4:  Bader charge analysis. The first hydrogen H1 refers to the internal 

hydrogen of the water that bonds with a neighboring oxygen. The second hydrogen 

H2 refers to the hydrogen that points towards the pore. H1 and H2 are labelled in 

Figure 8 for reference. 

Site  Eads (ev) Charge difference (H1-H2-O)a 

D1 -1.31 -0.14  -0.13 0.14 

D2 -1.09 -0.12 -0.07 0.08 

D3 & D4 -0.66 -0.05 -0.03 0.03 

 

2.3.4  Hybrid Functional Analysis 

All these calculations suggest enhanced water adsorption when the two BAS are 

in the close proximity with x is equal to or smaller than 1 in Al-O-(Si-O)x-Al. The energy 

difference was calculated for two acid sites within a unit cell of H-ZSM5 when varying 

the separation between two BAS. It is intriguing to notice that the calculations performed 

using the DFT-PBE functional don’t show significant variation of the energy when 

changing the Al-Al distance within a pair (Figure 10A), indicating a relatively random 

distribution of isolated and paired acid sites. This trend is rather counterintuitive, because 

one would expect electrostatic repulsion between the charges localized at the two acid 

sites should become pronounced when two BAS are in the close proximity and cause 

significant repulsion between the two sites.  

It is well known that charge delocalization error exists when semi-local 

functional, such as PBE, is used for calculations of charged species.50 Indeed, when HSE 

hybrid functional is used, a drastic change of the profile is obtained (Figure 10B), in 

which a large energy cost is observed when the separation between the two sites is within 

two (Si-O) units. The data was fitted to have the energy reduce (becomes more stable) 

linearly as a function of 1/r (Figure 9), which should be expected as the electrostatic 
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interaction dictates the thermal stability. The basic for this can be seen in the equation for 

Coulomb interaction explained in Chapter 1 while discussing the groundwork of DFT. 

 

 

Figure 9:  Comparison between the ability of PBE and HSE functionals to calculate 

the stability of the two-site HZSM-5 as a function of site separation. 
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Figure 10:  Energy difference between two BAS configurations as a function of the 

distance between the two sites. Both the semi-local PBE functional and HSE hybrid 

functional are used, which show different variation of total energies between 

configurations. In (A) and (B), the total energy of the least stable configuration is set 

to zero, so only the relative energies are plotted in the figure. 

 

This energy penalty for forming these pairs suggests that the specific D1 and D2 

structures are not as thermodynamically stable as if the sites are separated. However, it is 

noted the D2 Al-pair Al-O-(Si-O)1-Al is populated with low possibility in most Si-rich 

H-ZSM5 samples57, while in Al-rich frameworks (Si/Al ~ 8), predominantly Al-O-(Si-

O)1-Al sequences have been formed19. The thermodynamic energy penalty for forming 

these pairs shown in the DFT calculations thus suggests that the formation of close Al 

pairs is kinetically controlled in previous experiments by varying the structure-directing 

agents.20-22 It should be pointed out that the water adsorption energy is insensitive to the 

functional used in the calculations (Figure 3), which may be caused by cancellation of 

errors when calculating the systems with and without water adsorption.  
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2.4 Conclusions 

The effects of location and density of BAS on water adsorption in HZSM-5 was 

studied using DFT calculations. Adsorption energy of water grows significantly as the 

separation between BAS decreases because of interaction of water with two acid sites in 

close proximity (zero or one Si-O unit between the T sites). The water is polarized by 

both sites leading to the enhanced adsorption, which is evidenced by the directional 

charge transfer. These results suggest that for a molecular reaction in HZSM-5, and 

probably other zeolites as well, adjacent acid sites, which exist in low Si/Al samples, may 

play a role in determining the molecular adsorption and reaction. The enhanced water 

adsorption also suggests that the acid sites in the proximity may serve as nucleation 

centers for water wetting the surface. In addition, it is expected the proton delocalization 

from the zeolite framework into water may be more pronounced when a large water 

cluster or an aqueous phase is present in the system. This concept will be examined in 

Chapter 3. On top of that, both the enhanced polarization and proton delocalization may 

affect activity and selectivity for zeolite-catalyzed reactions. This will be investigated in 

Chapter 4. 
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Chapter 3: Behavior of Water Clusters on Zeolite Acid Sites 

3.1 Introduction 

One of the important elements of the results of Dr. Gumidyala14 and Chen et al.13 

is that water had to be present to some degree for this enhancement to take place. Looking 

through the literature gives some ideas of what might be going on. As is shown by Vjunov 

et al.17, at ambient conditions water forms a cluster around the acid site and the protons 

are present as hydrated hydronium ions that are ion-paired to the zeolite. This can be seen 

in DFT simulations as well as in IR spectra taken at different temperatures. The DFT-

optimized structures seem to indicate that the proton enters the water cluster when there 

are two or more water molecules in the cluster. The study proved the existence of these 

clusters by comparing experimental IR spectra taken at various temperatures with the IR 

frequencies calculated using the DFT optimized structures for different concentrations of 

water in the zeolite pores. At 30 °C, approximately 5 of the predicted bands at 3615, 3750, 

3345, 3130, and 2955 cm-1 for structure V (H11O5
+) are observed in the experimental 

spectrum at similar frequencies. Between 70°C and 120°C there is a broad shoulder near 

3400 cm-1 and around 1700 cm-1 that are consistent with smaller H7O3
+ or H9O4

+ 

clusters.17  

For near ambient reactions over zeolite, the formation of water clusters could be 

the key to reaction enhancement, possibly stabilizing charge intermediate species or 

making the protons more accessible to reactants. Finding answers to these questions of 

water cluster enhancement will require further analysis of the subject. The approach taken 

by this text will be using ab initio molecular dynamics (AIMD) Simulation to better 

understand how water would behave at conditions such as those done in the literature. 
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As discussed in previously, the MFI framework consists of two types of 

intersecting 10- membered-ring pores. The geometry and size of these perpendicular 

pores differ: one type consists of straight channels with a size of 5.3 × 5.6 Å2, running 

along the crystallographic b-axis, the other has a tortuous shape, commonly referred to as 

the sinusoidal channels, with a size of 5.1 × 5.5 Å2 , running along the crystallographic 

a-axis11. Such differences in pore size and local environment can trigger different 

adsorption properties between the two types of pores. For example, it has been shown 

that aromatic molecules, such as p-xylene, p-dichlorobenzene, and trans-stilbene, 

preferentially adsorb at different locations of the framework depending not only on the 

adsorbate nature but also on the adsorbate loading.11 

In one study done by Kubarev et al.11 it was claimed that solvents appear to 

selectively absorb in one of the two channels based on the polarity of the solvent. It shows 

that differences in solvent and reagent polarity can be employed to steer the catalytic 

activity toward the straight or sinusoidal pores in HZSM-5. This effect was attributed to 

the intrinsic presence of silanol defects. CLS microscopy in combination with furfuryl 

alcohol oligomerization as probe reaction shows that this acid catalyzed reaction 

preferentially occurs in the straight pores of H-ZSM-5 crystals if water is used as the 

solvent and in the sinusoidal pores if more apolar 1,4-dioxane or 2-butanone are used.  

Strangely enough, even without silanol defects the AIMD simulations of this 

chapter were showing that water would preferentially locate itself in the sinusoidal 

channels, even when water near saturation. Since there were no silanol defects to attribute 

this to, the conclusion drawn here was that hydrogen bonding between the water was 

greater in the sinusoidal channel and intersection as compared to the straight channel. 
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3.1.1  Ab initio Molecular Dynamics (AIMD) Simulation 

As already discussed the primary calculation technique use in this chapter are ab 

initio molecular dynamics simulation, or AIMD. The goal of AIMD is quite simple: given 

a system of particles, all potential forces involved, and their positions in space and initial 

conditions, integrate Newton’s equations of motion to compute future positions, 

velocities, and forces of each particle for as long as the computational resources allow.69 

This algorithm can be summarized in four basic steps. First, input conditions of potential 

forces, positions, and velocities are given. Second, the resulting forces on an atom are 

calculated based on the equations used by the specific simulation method. Third, the 

configuration is updated to the next time step based on those forces. Finally, the new 

conditions of positions, velocities, energies, ect. are output from that new configuration. 

Steps 2-4 are repeated until the number of steps has been satisfied or the calculation time 

has been reached.  

AIMD simulations allow for a bridge between theory and experiment; they fill in 

the gaps that experiment cannot easily access and vice versa. It is challenging for 

experimentalists to track movements of a single molecule on the picosecond scale but 

with AIMD it is possible. Essentially the molecules take the path of least resistance the 

same way as they would in reality and this gives insight into how the molecule would 

behave in real world situations. The AIMD simulations undertaken by this project are not 

too complicated. Starting with a ZSM-5 framework the same as Chapter 2 differing 

amounts of water were added and the behavior in the pores and BAS interactions were 

analyzed. 
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3.1.2  Explicit vs Implicit Solvation 

 One concept touched upon in this chapter but investigated more in depth in 

Chapter 4 is the idea of simplifying the calculation by implicitly calculating the solvation 

energy. Conceptually, it is very easy to see why this would be easier to calculate, 

especially for dozens of water molecules. Rather than spend the calculation time for all 

of the separate water molecules to orient themselves correctly, a continuous polarizable 

field can be applied using the bulk dielectric constant of water. 

 

Figure 11: For explicit solvation, water molecules reorient themselves to 

preferentially point the negative end of their dipole towards the positive solute 

charge (left).  For implicit solvation, the system can be modelled with a continuous 

polarisable field (right). This graphic was taken from Skyner et al.70 

 

3.2 Computational Methods 

For the most part the calculations are the same as those done in Chapter 2. 

Calculations based on density functional theory (DFT) were carried out using the VASP 

(Vienna ab initio simulation) package.43 The PBE generalized gradient approximation 

(GGA) exchange-correlation potential44 was used, and the electron-core interactions were 

treated in the projector augmented wave method45, 46. The van der Waals interaction was 

considered through DFT-D3 semi-empirical methods via a pairwise force field.47, 48  

All the calculations were performed using a ZSM-5 unit cell including 96 Si and 

192 O atoms. The structure of the unit cell was taken from an experimental work (a = 
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20.078 Å; b = 19.894 Å; c = 13.372 Å)53 and fixed during the calculation. Where this 

differs from chapter 2 is that in addition to the unit cell, differing amounts of water 

molecules were added to the pores. AIMD simulations with two BAS in the D2 

configuration were done with water contents of 6, 23, and 30 water molecules. 6 water 

molecules in order to emulate the results of Vjunov et al.17, 23 water molecules as a 

predicted amount by Olson et al.66, and then 30 water molecules from a personal 

calculation of a saturated ZSM-5 pore. In addition, 37 water was added with no BAS in 

order to examine solvent channel preferences.11 

 AIMD Simulations were set to 4 minimum electronic self-consistency steps and 

temperature is set to 320K. Each separate configuration was run for a total of 10ps, aside 

from the 30-water case because the 30 water molecules proved to not be enough to fully 

saturate the zeolite pore. Results shown are visualized using the software Visual 

Molecular Dynamics (VMD).71 
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3.3 Results and Discussion 

3.3.1  Water Cluster Interaction with BAS 

 It is clear from Dr. Gumidyala’s results14 that water has a vital role to play in the 

enhancement, but it is less clear what that role is. As mentioned in this chapter’s intro, 

Vjunov et al.17 had an intriguing finding where water clusters would deprotonate a BAS 

and distribute the charge throughout the cluster via hydrogen bonds. In pursuing this 

theory, AIMD calculations were chosen as a way to observe how process occurs in real 

time and how quickly. A temperature of 320K was chosen as a near ambient condition as 

was in Vjunov et al.17. For the first AIMD simulation, the same size of the water cluster 

was used. But as an additional twist on that experiment, the optimal D2 configuration as 

detailed in Chapter 2 was used rather than just a single BAS. The AIMD simulation was 

run to 10ps but after 3ps the cluster is mostly stable, simply trading the proton between 

water molecules. These results can be seen in Figure 13 and 14. 

 

Figure 12: D2 BAS with 6 water, including initial configuration and 1ps snapshots 

of the AIMD simulation. The dashed green lines indicate hydrogen bonds and the 

protons that become hydronium are labelled. 

 

H 
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Figure 13: D2 BAS with 6 water, including 2ps and 3ps snapshots of the AIMD 

simulation. The dashed green lines indicate hydrogen bonds and the protons that 

become hydronium are labelled. Note both protons have entered the cluster at 3ps 

but the second is held tightly to the acid sites. 

 

 Looking at these one by one, Figure 13A shows the beginning of the AIMD 

simulation. These water molecules were placed by hand so they aren’t realistically 

arranged at this stage. By 1ps in 13B, one of the BAS protons has already detached and 

entered the water cluster. This occurred much quicker than expected, implying that the 

proton highly prefers the hydronium form. This helps put in perspective why water is 

often such a problem for competitive absorption and killing sites in zeolites.72  

 The next figure shows the further stripping of these acid sites. At 2ps in figure 

14C, the first proton has begun to progress further away from the BAS and into the cluster, 

and the second BAS is beginning to form a second hydronium ion. By 3ps in 14D, the 

first proton is held two water molecules away from a BAS and the second has completely 

detached into a hydronium cooperatively absorbed similar to Chapter 2. 

H H 

H 
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The results for 6 water molecules was interesting so from there it was decided to 

mostly fill the pore to the same amount as that in an article from Lercher’s group, 23 

water molecules in total.9 These results can be seen in Figure 15 and 16. The first thing 

to notice for the larger water cluster is how much faster the timescale is. Deprotonation 

happens immediately, and the protons drift further away from the acid sites as for the 6 

water cluster. The only thing that is similar is that after 3ps the cluster is mostly stable in 

how far away from the BAS the protons go. 

Figure 15A is once again simply the initial starting point of the AIMD simulation. 

15B is at a similar point as 13B was but it is important to note that it reached this point 

0.1ps, a tenth of the time it took for the 6 water cluster. With this many water molecules 

it is significantly harder to tell is going on but behind the first layer of water the 

hydronium ion can be seen. At this point the other BAS proton is still firmly intact. 

 

Figure 14: D2 BAS with 23 water, including initial configuration and 0.1ps 

snapshots of the AIMD simulation. The dashed green lines indicate hydrogen bonds 

and the protons that become hydronium are labelled. We do notice that at this short 

time thermal equilibrium within the system has not been reached. 
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 As can be seen by Figure 16A, by 0.2ps the first proton is now well stripped from 

the BAS, a full 2 to 3 water molecules away. Further in the back it can be seen that the 

other water is beginning to strip away as well. Shortly after it does strip but the next image 

16D fast forwards to 3ps, at which point the AIMD simulation is fairly stable. At this 

point a well-developed cluster has collected, holding both the protons from the acid sites 

3 full water molecules away. There might be brief moments in future parts of the AIMD 

simulation shows them 4 water molecules away but the proton quickly returns to around 

a 3 molecule distance. 

 

Figure 15: D2 BAS with 23 water, including 0.2ps and 3ps snapshots of the AIMD 

simulation. The dashed green lines indicate hydrogen bonds and the protons that 

become hydronium are labelled. 

 

 While intriguing it is not altogether clear what this might mean for reaction 

enhancement. If anything this shows how the acid might be weakened. The takeaway for 

improving the reaction is the stabilization effect of the water cluster. What might be bad 

for acid sites is good for reaction intermediates. Chapter 4 will explain further.  
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3.3.2  Water Preferential Channel Diffusion 

 An additional curiosity found during the AIMD simulations was that the water 

molecules were shown to selectively diffuse to the sinusoidal channels. This is seen the 

strongest for the partially filled pore with 23 water molecules, but all the rest of the AIMD 

simulations all also show it to some degree. Kubarev et al.11 attributes this to silanol 

defects, but since these unit cells do not possess any, there must be some additional 

explanation, at the very least for water. Water follows the prediction given by that report, 

where polar solvents, interacting with each other through H-bonds, prefer the sinusoidal 

channel and nonpolar prefer the straight channel.  

The AIMD simulations displaying this are shown in figures 17, 18, and 19. In all 

of these images, the zeolite unit cell is being viewed perpendicularly to the direction of 

the straight and sinusoidal channels. The straight channel runs horizontally through the 

center of the images, and the sinusoidal channels can be seen running vertically on the 

right and left sides of the images. 

 

Figure 16: Beginning and end, 0ps to 10ps, of AIMD simulation for 23 water 

molecules in the zeolite pore, 2 BAS. 
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Figure 17: Beginning and end, 0ps to 10ps, of AIMD simulation for 30 water 

molecules in the zeolite pore, 2 BAS. 

 

  

 

Figure 18: Beginning and end, 0ps to 10ps, of AIMD simulation for 37 water 

molecules in the zeolite pore, no BAS. 
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The reason for this preferential diffusion proposed by this study is that the 

sinusoidal channels allow for more hydrogen bonds to occur between water molecules, 

despite the pore being slightly smaller than the straight channel.11 This can be seen 

visually where the angled entrances, exits, and turns of the sinusoidal channel are better 

suited for allowing water molecules to position themselves around each other and form 

more hydrogen bonds more often than that in straight channels where the water molecules 

essentially line up in a single row. 

This visual theory was verified when VMD was used to track the number of 

hydrogen bonds for water molecules in the straight and sinusoidal channels in real time, 

seen in Figure 20. The choosing of water molecules is finicky since they are relatively 

mobile throughout the simulation so this mobility was minimized with the packed 37 

water simulation. From this a clear difference in hydrogen bond formation can be seen. 

 

Figure 19: Average Hydrogen Bonds per Water Molecule for both the straight and 

sinusoidal channel with 37W per unit cell. 
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3.4 Conclusions 

The effects of water cluster interaction with BAS and preferential solvent 

diffusion in HZSM-5 was studied using DFT AIMD simulations.  Water clusters were 

shown to be highly preferential locations for protons to be rather than the BAS of zeolites. 

This demonstrated the strong stripping ability of water and the power of stabilizing 

charged species in water clusters. From this water clusters can be expected to 

competitively absorb on acid sites and are likely to be to the detriment of zeolite catalyzed 

reactions under normal circumstances. However, there is still potential for the 

stabilization power of water clusters to have some benefit. This is shown in Chapter 4. 

In addition, water was shown to strongly selectively diffuse into the sinusoidal 

channel over the straight channel. This occurred for every AIMD simulation but was 

particularly evident for cases in which the pore was only partially filled such as with the 

6 and 23 water molecule AIMD simulations. It is theorized that for water at least, the 

shape of the sinusoidal channel is better suited for the positioning of hydrogen bonds. The 

additional bonds lower the energy and makes the sinusoidal channel energetically the 

better place for water molecules to be located.  
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Chapter 4: Enhancement of Hexane Cracking from Water Clusters 

and Polarization 

4.1 Introduction 

When it came time to choose a reaction to put theories of water enhancement to 

the test, protolytic hexane cracking was chosen. This was done for a multitude of reasons. 

First and most importantly, hexane cracking was the reaction analyzed by Dr. 

Gumidyala.14 Secondly, a relatively simple reaction path was found in the literature by 

Boronat et al.18. Simplicity is very beneficial when calculating barriers as the nudged 

elastic band (NEB) method used is prone to fail or create wildly unstable intermediates 

for overly complicated mechanisms. This path can be seen below in Figure 13. The only 

barrier focused on is that of the protonating step for the center carbon-carbon bond, the 

one that is 67kcal/mol in this figure. The only differences being that the alkane is hexane 

and it is being calculated in the reverse order. 

 

Figure 20: Calculated energy profile for the reactions of C4H11+ carbenium ion on a 

zeolite active site. This figure was taken from Boronat et al.18 
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This will be shown visually in the results of this chapter, but this mechanism starts 

with an absorbed alkane, protonates it at the BAS to the intermediate state of a carbonium 

ion, a pentavalent carbon atom, and then the molecule is split down the middle with the 

proton as a pseudo-transition state. This cracking could occur on any one of the carbon-

carbon bonds but the center one is chosen due to it being the lowest barrier and the most 

likely to occur.18, 73 In this case the goal is not modelling the entire reaction pathway that 

would occur for hexane cracking, but rather the goal is to single in on a highly replicable 

rate determining step for a cracking mechanism and to test how it is impacted by water 

clusters and close proximity BAS.  

Alkane cracking is an important industrial process and it has been shown in 

numerous studies that the distribution of BAS influences the activity and selectivity.8, 33, 

34 Song et al.16 reported that adjacent BAS in HZSM-5 shows higher adsorption energies 

than isolated BAS for adsorption of acetones and alkanes due to enhanced polarization, 

which results in increased rate for alkane cracking in HZSM-5. This is one of the theories 

tested. Since hexane is non-polar there won’t be the same cooperative adsorption as there 

was for water shown in Chapter 2, but if hexane is polarized and then better stabilized 

from the nearby acid sites that could help to explain the enhancement. 

The other theory tested is of course that the water cluster theory of Vjunov et al.17 

as discussed in chapter 3. However, since it was not altogether clear how to consistently 

make a barrier from a delocalized proton and whether that would even be as acidic for 

reaction, there had to be some other benefit that water was bringing to the table. The 

solution found by this text is that water served as a stabilizing element on the outside of 

the cracking hexane. They serve as a “flexible confinement” and could theoretically 
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benefit nearly any reaction, but this would require further analysis into water competitive 

adsorption and kinetics. Regardless, this study shows a significant lowering of the barrier 

for this cracking reaction. If this enhancement is stronger than the detriments of 

competitive adsorption, this could possibly result in a significant improvement in alkane 

cracking in general.  

 

4.1.1  Nudged Elastic Band Method 

The nudged elastic band (NEB) is a method for finding saddle points and 

minimum energy paths between known reactants and products. The method works by 

optimizing several intermediate images along the reaction path. Each image finds the 

lowest energy possible while maintaining equal spacing to neighboring images. This 

constrained optimization is done by adding spring forces along the band between images 

and by projecting out the component of the force due to the potential perpendicular to the 

band. The potential energy maximum along the minimum energy path, or MEP, is the 

saddle point energy which gives the activation energy barrier, a quantity of central 

importance for estimating the transition rate within harmonic transition state theory.74 A 

visual representation of this process can be seen in Figure 14 on the next page.75  

In most cases however, the images will not optimize directly to the saddle point 

so additional images must be run in between the two highest energy images. For this 

reason, NEB calculations can become very computationally expensive very quickly if the 

saddle point is not found. This study instead only generates one NEB calculation for each 

barrier from images created in the software Virtual NanoLab and opts to calculate the 

saddle point from the highest energy image using the Dimer Method. 
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Figure 21: Example NEB Simulation showing initial images created (line with white 

circles) along a direct reaction path from initial to final. The final optimized path 

(line with gray circles) passes through the MEP of that specific reaction. This figure 

was taken from Jonsson et al.75 

 

4.1.2  Dimer Method 

The dimer method (or more generally a min-mode method) is used to find saddle 

points on a potential energy surface. It is complimentary to the nudged elastic band 

method because it does not require a final state.74 This method can also be used to start 

from a minimum basin and search in random directions for saddle points. In some simple 

systems, reaction endpoints can be guessed, and the nudged elastic band can be used to 

find reaction pathways. Instead of creating more images effectively doubling the 

calculation time, the dimer method can be used instead to find the saddle point relatively 

easily. For a simple barrier like that of the simple mechanism used here it works well.74 
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4.2 Computational Methods 

For the most part the details of the calculations are the same as those done in 

Chapter 2 and 3. Calculations based on density functional theory (DFT) were carried out 

using the VASP (Vienna ab initio simulation) package.43 The PBE generalized gradient 

approximation (GGA) exchange-correlation potential44 was used, and the electron-core 

interactions were treated in the projector augmented wave method45, 46. The van der Waals 

interaction was considered through DFT-D3 semi-empirical methods via a pairwise force 

field.47, 48 Structures were optimized until the atomic forces were smaller than 0.02 eV 

Å−1 with a kinetic cutoff energy of 400 eV. Reaction barriers were determined with the 

Nudged Elastic Band method and the saddle point was found using the dimer method. 

NEB used 8 images and set the spring constant to 5.0 eV/Å2  with nudging and it was set 

to the climbing image algorithm. The dimer separation was set to 0.01Å with a maximum 

of 6 rotation steps per translation and the rotational force range is 0.01-1.0. 

All the calculations were performed using a ZSM-5 unit cell including 96 Si and 

192 O atoms. The structure of the unit cell was taken from an experimental work (a = 

20.078 Å; b = 19.894 Å; c = 13.372 Å)53 and fixed during the calculation. Where this 

differs from chapter 2 and 3 is that in addition to the unit cell and water, hexane was 

added as the absorbed species on the acid sites instead of water. This was done with both 

a single BAS as well as two in the D2 configuration. To probe the impact of water, this 

was done without water, with 1 water molecule both in-between the BAS and the hexane 

and on the outside, and then the same with 3 water molecules. In addition, solvation 

effects were examined by finding how the barrier changed using implicit solvation as 

described in Chapter 3.  
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4.3 Results and Discussion 

4.3.1  Hexane Protolytic Cracking for 1 BAS  

 As discussed in the introduction, the entirety of these results will be chemical 

potential barriers in order to determine sources of enhancement of the kinetics of 

protolytic cracking of n-hexane on HZSM-5. As was also mentioned, the mechanism that 

will be used will be that shown in Boronat et al.18. Starting off it is important to have a 

control barrier to compare to. In this case the control is a single acid site with a single 

hexane molecule and no water.  This control barrier is shown in Figure 23. 

 

Figure 22: Protolytic Hexane Cracking Reaction Pathway. Energy listed in eV. 

 

 

This barrier is significantly smaller than the one found by Boronat et al.18 of 67 

kcal/mol but significantly larger than the one found experimentally by Luknayov et al.76 

of 75.6–152.4 kJ/mol, the exact value in the range depending on the reaction products. 

1.82eV is about equal to 42kcal/mol which is equal to 175.9 kJ/mol. As for the result 
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from Boronat et al., this was the same mechanism but that report used butane rather than 

hexane, which should have a slightly lower barrier for cracking since it is a larger 

alkane.33 And for Luknayov et al., it is possible that the kinetics that were measured 

included some of the enhancements that will be discussed in this section. Either way, it 

is not the goal of this DFT study to provide rigorous kinetic parameters, but rather to 

simply investigate sources of enhancement to hexane cracking. So long as the barrier is 

of a similar scale to previously published work, it will work as a base of comparison. 

With a control barrier of 1.82eV, the effect of water on the reaction can be 

examined. Keeping just 1 BAS for now, water was placed absorbed on the acid site and 

the hexane was then protonated by the hydronium as can be seen in Figure 24A. The order 

was switched for 24B where the hexane is protonated by the BAS as normal but the water 

serves to stabilize the charge by forming hydrogen bonds with zeolite wall. A hydrogen 

bond with the hexane does not form but the negative oxygen end comes close. 

 

 

Figure 23: Position of the water during the reaction. Note for water on the inside it 

is one of the protons of the water that is transferred and the site is then deprotonated 

by the hydroxide. The dashed lines are hydrogen bonds. 
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The barriers for these different 1 water reactions are shown below in Figure 25. 

The water enhancement predicted in Chapter 2 turned out to be untrue as it raised the 

barrier nearly 0.2eV. It seemed that pushing the hexane further away from the wall caused 

a large amount of Van der Waals interactions to weaken and for the intermediate to be 

less stable as a result. For water on the outside, however, there was shown to be a small 

lowering of the barrier. This is assumed to be due to the hydrogen bonds that can be seen 

distributing the charge of the intermediate into the opposite zeolite wall. This 

enhancement is small enough that it is not quite convincing yet that it could overpower 

the detrimental effects of water demonstrated. For that we need to look at adding more 

water to the system. 

 

 

Figure 24: Kinetic barrier comparison between water being on the inside and 

outside. Energy listed in eV. 



51 

 3 water molecules was chosen as the amount that could potentially be present in 

the small amounts used in Dr. Gumidyala’s results.14 In addition it fits naturally for there 

to be one water molecule for every bend in the hexane. The final structures of these 

barriers can be seen below in Figure 26. 26A is the same as 24B but it was relisted in 

order to more easily compare to the 3 water case. As can be seen in 26B, three water 

molecules function in much the same way as one, but they seem to have a tendency to 

chain in order to form as many  hydrogen bonds with the zeolite wall as possible. In this 

way the charge is distributed and the intermediate stabilized much more than one water 

molecule could ever do.  

  

 

Figure 25: Number of water used for different reactions. The extra water serves to 

further stabilize the intermediate. The dashed lines are hydrogen bonds. 
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The barriers comparing the 1W and 3W case can be seen below in Figure 27. The 

result for 3 water molecule is another small enhancement, this time of 0.09eV compared 

to the case for 1W and resulting in a total of 0.14eV enhancement to the control. While 

1W may have been an enhancement within the range of error, 0.14eV is much more 

significant appreciable as a realistic source of improved kinetics. This does not prove that 

this is enough to overpower the increased likelihood of water competitively absorbing or 

stripping sites but the possibility is increasing the lower the barrier gets. Now with some 

promising enhancement due to water, the next step is to look at where the enhancement 

from nearby BAS might be coming from. 

 

 

 

Figure 26: Kinetic barrier comparison between 1 water molecule and 3 water 

molecules. The 1 water case is for water on the outside. Energy listed in eV. 
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4.3.2  Combining Multiple BAS and Water Cluster Effects on Cracking 

 With the original theory of nearby BAS enhancing the reaction by turning the 

water into a hydronium disproven by the first set of barrier calculations, there had to be 

some other source of enhancement that multiple BAS offer. The theory that was tested is 

that of Kubarev et al.11 where one BAS polarizes the alkane while the other is the proton 

donator. An example of what this looks like can be seen below in Figure 28. The BAS on 

the right side of the image is not participating, but the proposal is that the charge center 

will polarize the molecule so that the end by the acid site is more negative. This should 

then make it easier for the first BAS to split a carbon-carbon bond and protonate. This is 

shown to be true based on the barriers presented in the next page on Figure 29. 

 

 

 

Figure 27: Optimized final state for 2BAS, no water. The enhancement is attributed 

to the nonparticipating BAS polarizing the hexane. 
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Figure 28: Kinetic barrier comparison of the effect of multiple acid site polarizing 

the hexane. Energy listed in eV. 

 

 This new setup is compared back to the control, and from this it can be seen how 

significant the enhancement due to this polarization is. It results in a lowering of the 

barrier by 0.16eV, even more than that of three water molecules. If both of these 

beneficial effects were to combine, that could begin to explain why Dr. Gumidyala saw 

enhanced conversion of cracking. With this in mind the next and final barriers were 

combining the effects of adjacent BAS polarization and water cluster stabilization. The 

final states for the barriers are shown on the next page in Figure 30. Here the water and 

adjacent BAS appear to function exactly the same as for previously cases when they were 

separate, Figure 26 and 28, respectively. The barriers are shown below it on Figure 31. 
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Figure 29: Structures for the combined water cluster and nearby BAS 

enhancements. The dashed lines are hydrogen bonds. 

 

     

 

 

Figure 30: Kinetic barrier comparing all 2BAS cases. Energy listed in eV.  
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 Looking at Figure 31, all combined the water cluster enhancements resulted in the 

barrier lowering by a staggering 0.38eV as compared to the case for 2BAS and no water. 

Combining that with the benefit from the BAS polarization and the total reaches 0.54eV, 

a huge amount in reference to the impact on kinetics. Given the right circumstances, a 

barrier lowering by that much could certainly double the rate or massively improve 

conversion, if not more than that. The requirements surrounding this enhancement are 

very specific and not likely to be beneficial in many reactions due to the negative impact 

of water, but it seems that if the enhancement occurs it could absolutely result in the 

results of Chen et al. and Dr. Gumidyala.13, 14 

 All of the calculated barriers are combined and compiled below in Table 5 for 

ease of comparison. There is not much to add on top of what has already been said but it 

is interesting to note that the benefit from the two sources is more than just additive. If 

that were the case the end benefit would have been around 0.3eV but instead it is 0.54. 

And in theory these benefits wouldn’t necessarily be limited to hexane. The combination 

of high acid density and tight confinement are mostly unique to zeolites, but these same 

enhancements should be possible with other hydrocarbons and zeolites. 

Table 5: All protolytic hexane cracking activation energy and heat of reaction 

tabulated. Arranged in the order presented in the text. 

Configuration EA (eV) ΔH (eV) 

1BAS, no water 1.82 1.57 

1BAS, 1W inside 2.11 1.91 

1BAS, 1W outside 1.77 1.43 

1BAS, 3W 1.68 1.26 

2BAS, no water 1.66 1.43 

2BAS, 1W 1.53 1.30 

2BAS, 3W 1.28 1.03 
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4.3.3  Possible Drawbacks and Concerns 

A couple of things must be said about these results before it is assumed that the 

benefits can be freely applied to all manner of zeolite catalyzed reactions. Firstly, this 

was mentioned multiple times throughout this section, but water is a deterrent to basically 

all petrochemical reactions. It is either a product of the reactions so it limits the reaction 

from Le Chatelier’s principle or it competitively absorbs on sites and clogs up pores. In 

basically in every way other than the specific case show here water will only inhibit 

reaction kinetics. To better confirm whether this enhancement would overpower 

detrimental effects, a more in depth kinetic analysis of both water diffusion/absorption, 

and some experimental results would be necessary. 

Secondly, the conditions surrounding the improvement due to polarization by 

nearby acid sites are very specific, too specific to be simply universally applicable to 

every low Si/Al ratio zeolite. The acid sites must be close enough that the hexane can 

comfortably reach and be affected by both acid sites, and ideally, they would be placed 

lengthwise along a pore or in the intersection so that the hexane would interact with them 

in its natural lengthwise orientation of diffusion down a pore. Such a combination of 

attributes likely would only occur under specific zeolite synthesis conditions. Since at 

least some degree of enhancement has been found experimentally by multiple sources11, 

13, 14, there should be some specific combination or combinations of solvent, precursor, 

and synthesis conditions that result in an ideal zeolite for this purpose. There is literature 

out there that could provide direction on this front but this is out of the scope of this 

project. 
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And finally, this is all just a theory at this point. The barrier results make it a 

promising theory, but there is only light experimental backing for many of the decisions 

made. The most glaring of these is the choice of mechanism for the hexane cracking. 

Hexane cracking as an enhanced reaction is supported by Dr. Gumidyala’s results, but 

the exact mechanism is yet to be determined for sure. A very specific type of protolytic 

cracking was chosen for its simplicity and comparative ease in creating barriers from 

NEB calculations, but this was chosen more for reasons of being able to confirm 

enhancement theories than to discover the true mechanism that of that specific 

experiment. The reasons behind these enhancements as presented in this report should be 

looked at as an exciting possibility rather than proven at this stage of research. Hopefully 

in the future this possibility can be cemented into something beneficial to zeolite catalysis. 
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4.4 Conclusions 

The catalytically beneficial effects of water cluster interaction and acid site 

polarization of n-hexane cracking in HZSM-5 was studied using DFT NEB kinetic barrier 

calculations. A control barrier of 1.82eV was found for the protonation of hexane. Water, 

despite being generally considered detrimental to zeolite catalysis, showed some potential 

for reaction enhancement under specific conditions. When positioned on the outside of 

hexane during a standard protonation step in protolytic cracking, water appeared to 

stabilize the charged intermediate by forming hydrogen bonds with the reverse zeolite 

wall. This enhancement effect was compounded when 3 water molecules were placed 

instead of one. The result was a lowering of the barrier by 0.14eV. 

Nearby BAS also showed enhancement when in a certain configuration. Placed 

lengthwise along the straight channel, one acid site was shown to polarize the hexane 

before the other participated in the protonation. This cooperative effect had a very large 

impact on the barrier, lowering it by 0.16eV. With the two beneficial effects in 

combination the benefits compounded, with a greater result than the sum of their parts. 

The total benefit relative to the control barrier for 3 water and 2BAS configured as 

described was 0.54eV. Many of the details behind this general theory need some 

additional work but the results are very promising. For example, Gibbs free energies 

should be included in addition to the DFT-calculated total energies since the cracking 

reactions are normally conducted at moderate temperatures. 
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Chapter 5: Concluding Remarks and Future Work 

In chapter 2, the effects of location and density of BAS on water adsorption in 

HZSM-5 was studied using DFT calculations. Adsorption energy of water grew 

significantly as the separation between BAS decreases because the water is polarized by 

both sites leading to the enhanced adsorption, which is evidenced by the directional 

charge transfer. These results suggest that in HZSM-5 and other high acid density 

zeolites, nearby acid sites, which exist in low Si/Al samples, may play a role in 

determining the molecular adsorption and reaction. In addition, from these results it is 

expected the proton delocalization from the zeolite framework into water may be more 

pronounced when a large water cluster or an aqueous phase is present in the system.  

In chapter 3, the effects of water cluster interaction with BAS and preferential 

solvent diffusion in HZSM-5 was studied using DFT AIMD simulations.  Water clusters 

were shown to be highly preferential locations for protons to be rather than the BAS of 

zeolites. This demonstrated the strong stripping ability of water and the power of 

stabilizing charged species in water clusters. In addition, water was shown to strongly 

selectively diffuse into the sinusoidal channel over the straight channel. This occurred for 

every AIMD simulation but was particularly evident for cases in which the pore was only 

partially filled such as with the 6 and 23 water molecule AIMD simulations. It is theorized 

that for water at least, the shape of the sinusoidal channel is better suited for the 

positioning of hydrogen bonds. The additional bonds lower the energy and makes the 

sinusoidal channel energetically the better place for water molecules to be located. 

In chapter 4, the catalytically beneficial effects of water cluster interaction and 

acid site polarization of n-hexane cracking in HZSM-5 was studied using DFT NEB 
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kinetic barrier calculations. A control barrier of 1.82eV was found for the protonation of 

hexane. Water showed some potential for reaction enhancement under specific 

conditions, appearing to stabilize the charged intermediate by forming hydrogen bonds 

with the reverse zeolite wall. This enhancement effect was compounded when 3 water 

molecules were placed instead of one. The result was a lowering of the barrier by 0.14eV 

in total. Nearby BAS also showed enhancement when in a certain configuration. Placed 

lengthwise along the straight channel, one acid site was shown to polarize the hexane 

before the other participated in the protonation. This cooperative effect had a very large 

impact on the barrier, lowering it by 0.16eV. The two beneficial effects in combination 

compounded, for a grand total of a 0.54eV decrease in the control barrier.  

 As discussed at the end of chapter 4, these proposed enhancements are just a 

theory. Being proven will require much more evidence, especially experimental evidence. 

In addition, there is an argument to be had for the enhancement to not necessarily be two 

BAS. Research into cooperative interaction between Brønsted and Lewis acid sites could 

be important to fully understand the possible causes for enhancement. Another natural 

places for future work to spring off this project would be to try another cracking reaction, 

such as cumene cracking. This reaction occurs at lower temperature and thus would be 

less impaired by water stripping like hexane cracking is. There are similar enhancements 

for this reaction so this could be a good project to start a new student. Hopefully some 

future researchers at OU or elsewhere can pick up where this project left off and better 

understand the sources of the bizarre zeolite reaction enhancement. There is certainly 

potential here and it would be a waste for it to go untapped. To any who come next, I 

wish them luck and hope my thesis can be of some help.  
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