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Abstract 

The conversion of crude gas and oil into platform chemicals like olefins and aromatics 

is essential for the syntheses of numerous polymer materials and commodity 

chemicals that have played a key role in the activity of mankind since the turn of the 

last century. In the future, it is likely that concerns over the widespread use of fossil 

fuels will require the switch to alternative feedstocks such as biomass. 

In both cases conversion to platform chemicals is carried out using catalysts, often 

based on zeolites. These porous materials possess an inherent acidity caused by the 

presence of both Lewis (LAS) and Brønsted acid sites (BAS), in addition to shape and 

size selective adsorption from internal channels and pore mouths. These properties 

make them great candidates for catalysis reactions. The chemistry is far from simple, 

however, with zeolites catalysing many reactions of hydrocarbons, such as 

isomerisation, oligomerisation, alkylation and cracking, to name but a few. 

This thesis therefore focuses on elucidating the structural chemistry associated with 

the BAS chemistry of zeolites. Using high-resolution synchrotron powder X-ray 

diffraction (SXRD) as the primary characterisation technique, we propose a novel 

methodology for understanding the molecular chemistry in zeolites (with H-ZSM-5 as 

an illustration) from the structural perspective, which is discussed in a systematic 

manner.  

The fundamentals, and the structure and acidity characterisation techniques of 

zeolites are introduced in Chapter 1. The procedures of the experimental and 

theoretical studies used in this thesis are provided in Chapter 2.  
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Chapter 3 investigates a microporous H-ZSM-5 that hosts pyridine, methanol and 

ammonia as guest molecules for the elucidation of their adsorption geometries and 

interactions with the BAS. By carefully studying the interatomic distances and angles, 

the locations of the BAS are identified at the framework T6 and O18 sites. More 

interestingly, in the case of ammonia in H-ZSM-5, the storage capability and sorption 

kinetics are reported in Chapter 4.  

Consequently, based on the structural understanding of the BAS of H-ZSM-5, Chapter 

5 reports the rational design of a novel biomass conversion reaction from biomass-

derived furan and ethanol to aromatics. The use of liquid ethanol instead of high-

pressure gaseous ethylene as the source of dienophile in this one-pot synthesis makes 

the aromatics production much simpler and renewable. The key facilitating step is 

studied accordingly by experimental and theoretical techniques. 

Chapter 6 demonstrates a study of the mechanism of an industrially important 

catalytic process. By monitoring the catalytic conversion of methanol using operando 

SXRD, we demonstrate for the first time, that the concerted associative mechanism is 

responsible for dimethyl ether production via an activated protonated methanol 

intermediate species over H-ZSM-5 in an early stage of the reaction at 200 °C. The 

minor contribution from the dissociative mechanism of the adsorbed methoxy 

intermediate species at the BAS, renders their accumulation during the late stage of 

reaction. The accumulation of the methoxy species leads to a build-up of the 

‘hydrocarbon pool’ and eventually to ‘carbon’ through C-C bonds formation. 
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Chapter 1. Introduction 

The fundamentals, structure and acidity characterisation techniques of zeolites are 

introduced in this chapter. 

1.1 Zeolites  

1.1.1 What and Why? 

Silicate in origin, zeolites occur naturally or can be synthesised commercially. As of 

July 2015, there are 229 unique zeolite frameworks, including two recently identified 

by Corma et al.: ITQ-541 and ITQ-402. The most value-added application of zeolites is 

in the petroleum refining and catalysis industries. Zeolites are composed of TO4 

(where T = Si or Al) interconnecting tetrahedra via the corner O atoms. The tetrahedra 

form distinct 3-D structures dependent on synthesis, substrate composition and 

reaction conditions.  

Naturally occurring zeolites are of limited value in catalysis for various reasons. In 

contrast, synthetic zeolites are more valuable and exploited in numerous areas. The 

most commercially important ones are: A (a commercial drying and gas separation 

agent), X and Y (mainly used in fluid catalytic cracking (FCC)) and ZSM-5 (important 

for xylene isomerisation, disproportionation of toluene, production of crude-oil-

derived hydrocarbons, such as the methanol-to-hydrocarbons (MTH), methanol-to-

gasoline (MTG) and methanol-to-aromatics (MTA)).3,4 

Zeolites are microporous materials that possess pores (or channels) ranging from 3 ‎Å 

(zeolite A) to 13 ‎Å (zeolite Y), see Figure 1.1. Aside from the difference in the pore sizes, 

the pore shapes are also dramatically different from each other. For example, ZSM-5 
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zeolite which adopts the MFI framework is built upon many pentasil units, resulting in 

interconnecting straight (5.6 Å × 5.3 Å) and sinusoidal (5.5 Å × 5.1 Å) channels. But 

zeolites X and Y which adopt the Faujasite structure are built upon sodalite units. This 

results in supercages interconnecting with channels (13 Å and 7.4 Å in diameter, 

respectively). During most zeolite catalysed reactions, a combination of the inherent 

zeolitic acidity, intrinsic shape and size selectivity5, and mass transport effects6 

significantly alters the product distribution.  

 

Figure 1.1. Various structures and physical properties of some common zeolites.7 the 

vertices in the structure represent the T atoms (where T = Si or Al), whereas the lines 

between the vertices represent the bridging O atoms. The O atoms are not shown for 

clarity. 
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Zeolite ZSM-5 is used as an illustration in this thesis for the structural study of the 

chemistry in zeolites. The crystal structure was determined using single-crystal X-ray 

diffraction (XRD) by van Koningsveld in 1990.8 ZSM-5 has an orthorhombic crystal 

system and the space group symmetry of Pnma (equivalents to a total of 8 special 

positions in a unit cell). The crystal structure of ZSM-5 contains 12 T and 26 O sites. 

Hence, its chemical formula is NanAlnSi96-nO192 (for the Na+-exchanged form). As seen 

in Figure 1.2, the straight channel can clearly be seen. 

 

Figure 1.2. Published crystal structure of H-ZSM-5 by von Koningsveld9, showing a 

unit cell viewing from the [010] (straight channel). Atoms are presented using the stick 

model. 
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Zeolites can also soften water in domestic and commercial applications (see Figure 1.3). 

In an ion-exchange water softener, hard water (i.e., Ca2+ and Mg2+ rich) exchange with 

Na+-containing zeolites in a column. This makes the water ‘softer’ by removing the 

‘harder’ metal cations (at the expense of more Na+). Zeolites are also present in 

commercial detergents to remove the water ‘hardness’. 

 

Figure 1.3. The most common applications of zeolites, namely catalysis, gas separation, 

and ion-exchange.10 
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1.1.2 Applications in Modern Catalysis  

The petrochemical industry is playing a crucial role in the global economy and lifestyle 

of mankind. For example, the direct consumption of fossil fuels accounts for more 

than 80% of total energy consumption worldwide.11 The petrochemical derivative 

products, i.e., commodity chemicals and polymer materials, are also of great 

importance. In fact, most of these processes involve the use of zeolite catalysts. The 

wide application of zeolite catalysts in industry is due to their unique framework 

structures and tuneable acid-base properties.  

The earliest application of zeolites in catalysis was by Mobil during the early 1960s. 

They converted long-chain petroleum into shorter chain hydrocarbons such as 

gasoline using zeolite X (see Scheme 1.1 for the schematic of the FCC process). It was 

then found that rare earth metal ion-exchanged zeolites X and Y can increase the 

hydrothermal stability and improve their catalytic properties. Later in the 1970s, 

dealuminated zeolite Y, USY (Ultra-Stable Y), was made and found to produce 

gasoline with higher octane rating.12 With further optimisation, USY with ion-

exchanged rare earth metal ions is the major component nowadays for the FCC 

process.12 
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Scheme 1.1. Schematic of the fluid catalytic cracking (FCC) process.12 

Following the success in FCC of long-chain hydrocarbons, many petrochemical 

companies have focused on the development and application of new zeolites. The 

most prominent example is high-silica ZSM-5, which is found to be applicable in many 

catalysis reactions, such as xylene isomerisation, MTA, and MTG.12 Later in 2010, 

Dalian Institute of Chemical Physics (China) successfully developed the coal-to-olefins 

technology (via MTO) and built an industrial plant over SAPO-34 zeolite.13 

At present, researchers are still actively developing new zeolites, as well as new 

applications using existing/modified zeolites. For example, various forms of zeolites 

are used to mimic the special atomic and spatial arrangements in enzymes; Cu-

exchanged ZSM-5 and mordenite are receiving great attention in the selective 

oxidation of methane.14–16 
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1.1.3 Applications in Gas Separation and/or Storage  

Due to the well-defined molecular-sized pores, high-porosity, high-thermal and 

chemical stability and intrinsic acidities, zeolites are widely used for gas separation, 

and are a potential candidate for gas storage. 

Their gas separation properties are summarised as follows: 17 

(i) Size exclusion – direct molecular sieving, when the kinetic diameters of one 

gas are greater than the pore, e.g., the separation of H2 from i-butane using 

DD3R zeolite membrane.18 

(ii) Diffusion selectivity – when the smaller gas diffuses much faster than the 

larger gas, with respect to the corresponding kinetic diameters. This effect 

increases at elevated temperatures due to faster diffusion kinetics. Many 8-

membered-ring zeolite membranes are effective in separating H2 from 

CH4.19 

(iii) Adsorption strengths – the basicities of gas molecules are noticeably 

different, and can easily be distinguished by acid-base interactions with the 

acid sites in zeolites. For instance, Venna and Carreon have recently 

engineered zeolite ZIF-8 for the separation of CO2 and CH4.20 

For gas storage capabilities in zeolites, the latest research has focused on how to 

effectively store functional gases that are mostly related to energy supply and storage. 

During the 1990s, when hydrogen storage was proposed as a viable alternative for 

mobile energy provision, zeolites have been considered a candidate with high 

potential for storing hydrogen. Ernst et al. first investigated extensively the chemistry 

of hydrogen storage in various zeolites.21 Yaghi et al. designed a zeolite-like metal-



8 
 

organic-framework (MOF) material, MOF-5, with improved hydrogen storage 

properties.22 Yildirim et al. investigated another MOF material, ZIF-8, whereas Mokaya 

et al. studied microporous carbon synthesised by a zeolite templating method.23–25  

Another great example is ammonia storage in zeolites. Aside from the extensive use of 

ammonia as a fertiliser precursor chemical, ammonia is a possible carbon-free fuel 

candidate. This offers exciting potential for ammonia to be used in energy storage with 

higher energy density than liquid hydrogen.26,27 Recently, zeolites26, covalent-organic-

frameworks (COFs)27, and MOFs28 are used to store ammonia. These materials show 

great ammonia storage properties by using the Lewis (LAS) or Brønsted acid sites (BAS) 

to interact with the basic ammonia molecules. It has been postulated that the 

ammonia molecules are interconnected via their H moieties by a forming H-bonding 

network, hence behaving as a ‘liquid’ inside zeolites.29 However, the highest ammonia 

uptake (15 mmol g-1) achieved to date is still not satisfactory for industrial 

requirements. At the ammonia release stage, some ammonia may be released under 

low energy input condition, but some may need high temperature without clear 

rationale.  
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1.2 Acid Sites 

The unique chemical/physical properties of zeolites in adsorption, gas separation and, 

catalysis, are caused by their microporous framework structures and inherent surface 

Brønsted and/or Lewis acidities.  

1.2.1 Brønsted Acid Sites (BAS) 

Zeolites are aluminosilicate compounds. When tetravalent Si(IV) is substituted with 

trivalent Al(III), the substitution creates charge imbalance that is compensated by 

cations (e.g., H+ and Na+). In the H+-form, a H+ moves close to the substituted Al atom 

to form a BAS. In principle, this H+ can be populated on either one of the four O atoms 

bonded to each framework-Al site, as demonstrated in the early work by Haag et al. 

(see Figure 1.4).30 However, these substituted sites are found to be synthesis condition 

dependent, where control measures like the use of organic templates, have been 

employed to alter the location of substitution sites.31–34  

 

Figure 1.4. The Brønsted acid sites (BAS) in zeolites, and the formation of an acid-base 

adduct with a Brønsted basic molecule. 



10 
 

The strengths of the BAS are drastically different in various forms of zeolites. The BAS 

catalyses many reactions, such as hydrocarbon cracking and isomerisation, and 

methanol conversion reactions (to olefins, aromatics, or gasoline).35,36 The BAS have 

intrinsic acid strengths defined by their ability to interact with Brønsted base 

molecules, but their strengths differ according to the chemical composition and 

framework structure. In addition, the location of the substituted Al also plays a role in 

determining the Brønsted acidity.7,30 But neither the Al location nor the Al distribution 

within the zeolite framework is random or controlled by simple theoretical rules. The 

Al location and distribution instead depend on the conditions of the zeolite 

synthesis.37,38 Meanwhile, the acidity depends on the location, distribution, and 

bonding geometry (bond length and angle) of the Al with respect to the 

framework.39,40 Hence, the location of the BAS is extremely crucial to the 

understanding the chemistry of zeolites. 
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1.2.2 Lewis Acid Sites (LAS) 

The LAS are well known to be generated from (i) the dehydration of the BAS at high 

temperature (Scheme 1.2) and (ii) mild steaming of zeolites leading to the dislodging 

of the framework-Al (where the extra-framework-Al (EFAl) species are Lewis acidic): 

 

Scheme 1.2. The formation schematics of framework Lewis acid sites (LAS) from 

BAS.41 

By definition, a LAS is a site that accepts a lone pair of electrons. As shown in Scheme 

1.2, upon dehydration, the vacant Si+ moiety does not carry any Lewis acidity; rather, 

the vacant Al moiety now has an empty orbital which accepts a pair of electrons. 

Whereas for EFAl that has high charge density (which exists in the form of Al(OH)3 or 

AlOH2+, usually generated from the steaming process or directly from synthesis 

‘defects’), it acts as a LAS naturally. Moreover, coordination of the EFAl species to the 

O atom(s) adjacent to the framework-Al enhances the Brønsted acidity of 

dealuminated zeolites, which is called the BAS/LAS synergy (see Figure 1.5).42 Equally, 

the LAS are broadly applied in adsorption, catalysis, gas sensing, etc. 
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Figure 1.5. (a) The optimised geometries for the BAS/LAS synergy, obtained from 9T 

cluster density functional theory (DFT) calculation; (b) the corresponding schematic.42 

This thesis will however mainly focus on the discussion of the catalysis chemistry 

related to the BAS. To adequately understand how the BAS and LAS govern the 

catalysis chemistry, it is extremely important to understand their nature, strength and 

concentration, as well as precise location. 
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1.3 Traditional Characterisation of BAS 

In this section, four traditional characterisation techniques for BAS will be introduced. 

1.3.1 Fourier Transformed-Infrared (FT-IR) spectroscopy 

FT-IR is commonly used to directly measure the strength of the BAS in zeolites. FT-IR 

is an absorption spectroscopy based technique. As different molecules possess 

different bond energies, the FT-IR measures the frequency of the absorbed radiation 

that matches with the various transition energies of a bond, e.g., bond vibration and 

bending. In addition, these energies vary with different atomic masses, molecular 

potential energy surfaces and vibronic coupling.  

In fact, FT-IR spectroscopy is the most basic identification tool for any fundamental 

study of BAS and LAS. There are two ways that are commonly used to compare with 

literature, namely (i) direct measurement of the O-H stretching frequencies (for the 

H-forms) and (ii) measurement of the stretching frequencies between the interaction 

of the framework zeolites and probing molecules, such as pyridine and ammonia. In 

this thesis, pyridine probed FT-IR spectroscopy has been used to identify the 

interactions between the acid sites and pyridine, where the corresponding modes have 

been well assigned in previous literature.43–46  
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1.3.2 Thermogravimetric Analysis (TGA) 

TGA is a simple and direct thermal analysis technique, which measures the amount 

and rate of change in the weight of a sample is measured as a function of temperature 

or time. Any weight change by effects such as oxidation, reduction, desorption, and 

decomposition can be observed in the TGA. This can predict the thermal stability of a 

material at elevated temperatures. Upon heating, any adsorbed molecules on zeolites, 

such as water and ammonia, desorb accordingly. Hence, the strength (by plotting the 

difference TGA curve) and quantity (by measuring the total change in mass) of the 

sorption interaction between the adsorbed molecules and the framework can be 

identified.  Conventionally, isothermal and constant heating rate TGA have been used 

to obtain additional kinetic information. Although other TGA methods, such as 

dynamic heating rate TGA47, have also been developed, the constant heating rate 

method developed by Flynn and Wall48 is generally used because if requires less 

experimental time. By applying the Arrhenius equation to the TGA of zeolite materials, 

the apparent activation energy of desorption can be estimated.  

1.3.3 Solid State Nuclear Magnetic Resonance (ssNMR) Spectroscopy 

ssNMR spectroscopy has been generally regarded as the ‘ultimate’ technique in 

understanding the global information of zeolite acidity. It can readily differentiate BAS 

and LAS, the coordination of Al (framework-Al or EFAl), the distribution of Al among 

the T-sites, etc. 

The principle of ssNMR spectroscopy is like that of the solution state analogues. 

Under an applied magnetic field, a spin (an unpaired electron) interacts with another 

spin (of other atoms) in close proximity to the first nuclei. In contrast to traditional 
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solution state NMR spectroscopy where the interactions between the nuclei are 

isotropic, the interactions in ssNMR are anisotropic due to the absence of sample 

mobility. The anisotropy leads to peak broadening in the ssNMR spectra, which means 

that there will be significant peak overlap if the peaks are in close proximity. There are 

various techniques for reducing the problems of line broadening, hence increasing the 

resolution of the ssNMR spectra. In the modern high-resolution ssNMR instruments, 

the following techniques are mostly pre-installed, unless otherwise specified; magic 

angle spinning, macroscopic sample orientation, and radio frequency irradiation.  

In this thesis, 27Al, 15N-pyridine probed and 31P-trimethylphosphine (TMP) probed 

ssNMR experiments are performed. 27Al ssNMR experiment directly measures the ratio 

of framework-Al and EFAl. Together with ICP-AES, the exact number of framework-Al 

can be determined by simple arithmetic calculation. The 15N-pyridine experiment 

distinguishes various modes of pyridine adsorption behaviour with the BAS, with the 

integrated peak intensity giving quantitative information. Whereas for the 31P-TMP 

probed ssNMR experiment, the peak position reflects the adsorption environment of 

the TMP molecule, and the peak area suggests the quantity ratio between the 

interaction of TMP and acid sites. All in all, ssNMR is an excellent technique 

sufficiently accurate in determining the acid properties of zeolites. But the major 

limitation is its deficiency in understanding the sorption chemistry from the structural 

perspective, i.e., the location of the acid sites and adsorbed molecules cannot be easily 

elucidated without other supporting techniques.  
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1.3.4 Powder X-ray Diffraction (PXRD) 

The traditional characterisation techniques can only give limited information about 

the acid strength and quantity, but without the necessary local atomic arrangement. 

Whereas PXRD and various microscopy techniques have been generally used to 

determine the topology of zeolites, and some other crystallographic information. On 

the one hand, PXRD is well established for structural refinements, particularly when 

sufficiently large single crystals are not available. Basically, a high precision 

diffractometer and a monochromatic X-ray beam, typically Cu K radiation ( = 1.5404 

Å) is used in an angular dispersive instrument. Detailed descriptions of PXRD can be 

found in elementary text books.49,50  

PXRD combined with Rietveld refinement (see Chapter 1.4.4), especially when using 

powerful synchrotron X-ray beam, can reveal small details in the 3-D microporous 

structures of zeolites including the detailed structural or atomic parameters: fractional 

atomic coordinates, site occupancy, and atomic displacement or temperature factor. 

Although specialised, synchrotron powder X-ray diffraction (SXRD) is a well-

established technique and provides higher resolution data in general (see Chapter 

1.4.6). The methodology is described in detail by Cox (1992), Cockcroft & Fitch (2008) 

and Wilmott (2011).51–53 

In the next section, the structural characterisation of zeolites using PXRD will be 

discussed in detail. 
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1.4 Structural Characterisation  

The acidic properties are not the full story of zeolite chemistry; the structural 

properties of zeolites complete the remainder of the story. The pore shape and size 

determine which molecules can enter the zeolitic frameworks, and how the pore 

hinders the product distribution in catalysis reactions. The traditional characterisation 

techniques described in Chapter 1.3, however, do not provide sufficient structural 

information of the BAS, and their corresponding structural chemistry in zeolites. 

Classically, shape and size selectivity is understood to be caused by mass transfer 

and/or transition state effects.54 The former simply circumvents the formation or 

diffusion of ‘over-sized’ products by the rigid zeolite framework, acting as a molecular 

sieve. Whereas the latter is caused by the confined space within the zeolite framework 

that influences the formation of certain transition state species. The sheer difference 

between the framework structure of the zeolites may provide information on how 

dominant is one effect.54 Herein, this thesis employs PXRD to systematically 

understand the structural properties of zeolites in terms of molecular interactions at 

an atomistic level. 

PXRD has long been regarded as an indispensable crystallographic technique in 

studying the structure of zeolites. The most basic use of PXRD is the ‘fingerprint’ 

phase identification; different zeolites produce different PXRD patterns, see Figure 

1.6.12 As early as the 1970s, crystallographers started to use the Rietveld method to 

solve and refine the fractional atomic coordinates (x, y, z), occupancy, and atomic 

displacement of the framework atoms of zeolites.55 A notable example is Gallezot et al. 



18 
 

who in 1974 published the crystal structure of dealuminated H-Y zeolite, and revealed 

that the dealumination process does not create holes within the zeolite structure.56  

 

Figure 1.6. The powder X-ray diffraction (PXRD) patterns of five different 

commercially available zeolites. Different PXRD patterns are observed using Cu X-ray 

radiation ( = 1.5404 Å) – ‘fingerprint’ phase identification.12   

In addition to the crystal structure, other information could be obtained from PXRD 

by refinements, e.g., the topology, ‘apparent’ crystal size, strain or stress, extent of 

heteroatom substitution, crystallinity including lattice imperfections such as stacking 

faults, dislocation and atomic species disorder, etc.12 As the work in this thesis 

employed SXRD as the primary characterisation technique, the following sub-sections 

discuss the background of PXRD and synchrotron radiation, as well as the general 

process for structure solution and structure refinement. 
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1.4.1  Background  

The diffraction technique originates from the discovery of William Lawrence Bragg 

and his father William Henry Bragg in 1912, that a crystalline material generates 

unique patterns of diffracted X-ray, distributed according to the Bragg’s law.57 In short, 

Bragg’s law has to be satisfied for diffraction to occur, where intense peaks of 

diffracted X-rays are detected at certain X-ray wavelengths and incident radiation 

angles (θ). Of course, Bragg’s law also applies to electron diffraction and neutron 

diffraction (ND). Bragg peaks are observed when the scattered X-ray beams 

constructively interfere (where n is an integer). The Bragg’s law can be described by 

the equation below, and can be understood through Figure 1.7.  

2dsinθ = nλ          

where  d is the inter-planar distance,  

θ is the scattering angle,  

n is an integer, and  

λ is the wavelength of the incident X-ray. 

 

 

Figure 1.7. Schematic of a beam satisfying the Bragg’s law.  
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In principle, irradiated X-rays are scattered by the electrons surrounding an atom. At 

low 2θ angles, the scattering factor for an atom is almost proportional to the number 

of electrons. Therefore, light atoms are weak X-ray scatterers, whereas heavy atoms 

are strong X-ray scatterers. On the other hand, at high 2θ angles, the scattering factor 

decreases rapidly due to the partial interference of X-rays away from the incident 

angle of the beam. Thus, there is a general decrease over the Bragg peak intensity (see 

Figure 1.8 for the angular dependence of X-ray scattering factors).  

 

Figure 1.8. The angular dependence of X-ray scattering factors of various species. 

The curves were created from data in the International Tables for 

Crystallography.12 

Indeed, both single-crystal XRD and PXRD can be used to study the structure of 

zeolites. When studying zeolite chemistry, PXRD is more commonly used due to its 

superiority in vast number of particle sampling (true representation of bulk behaviour) 

when the specimen is subjected to non-ambient or operando conditions. But a major 

disadvantage of PXRD is the overlap of Bragg peaks, which prevents the most accurate 

determination of the structure. Here the use of high resolution SXPD (to improve peak 

separation) has mitigate to some extend the issue. 
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Later in 1977, a whole-pattern refinement method was developed by Hugo M. Rietveld, 

the Rietveld refinement. It can independently calculate these overlapping peaks, 

which allows a more accurate determination of the crystal structure.55,58 

1.4.2 Indexing  

The most basic use of PXRD in zeolites is structural identification and impurity 

determination. The first step to understanding an unknown diffraction pattern is to 

‘index' the Bragg peaks as these can be assigned to their corresponding Miller hkl 

indices according to the space group symmetry of the structure. Herein, an 

investigator can extrapolate the lattice settings (e.g., cubic or monoclinic, etc.) and the 

space groups of the zeolite samples. However, as the zeolite structure has been 

determined in the past8, the use of ‘indexing’ technique was not required in this thesis, 

the general procedure and theory will not be discussed. 
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1.4.3  Structure Solution – Le Bail Method 

After ‘indexing’ that reveals the lattice setting and space group of a zeolite sample, an 

investigator can then perform ‘structure solution’ to determine the crystallographic 

parameters, such as the lattice strain/stress, apparent crystalline size and lattice 

parameters. To solve the zeolite structure, methods were reported in the past, such as 

the Pawley method, direct space method, Monte Carlo method, Patterson method, Le 

Bail method and multiple wavelengths phasing.59–61  

In this thesis, the Le Bail method is used to reveal the crystallographic parameters by 

‘structure solution’ of the zeolite samples. Since atomic parameters are not required in 

the Le Bail refinement, the useful crystallographic parameters can be easily obtained. 

It uses a least-squares algorithm over the whole diffraction pattern, where the 

background, peak shape function parameters, and lattice parameters can be refined 

together (provided there are sufficient experimental observables). A significant 

advantage is the input of instrumental parameters is not compulsory, where an 

analytic peak shape function can be used instead. As the Le Bail method is a whole 

pattern refinement technique, even the overlapped peaks can be calculated during the 

refinement process. 

  



23 
 

1.4.4 Structure Refinement - Rietveld Refinement 

After ‘structure solution’, the next procedure is ‘structure refinement’ that refines the 

atomic parameters of a crystal structure. The most commonly used structure 

refinement method is called the Rietveld refinement, which is the basis of this thesis. 

The Rietveld refinement was devised by Hugo M. Rietveld; it is a whole-pattern fitting 

method using a non-linear least-squares procedure.55 The non-linear least-squares 

procedure minimises the quantity based on the calculated peak intensity and observed 

peak intensity, with applied weighting statistics. The three contributors of the Bragg 

peaks are: sample lattice, diffraction optic effects, and instrumental effects. The Bragg 

peak intensity, Ihkl, is calculated as: 

 Ihkl = sΣhkl Lmhkl|Fhkl|
2φ(2θi-2θhkl)PhklA+Ibi 

where  s is the overall scale factor, 

 hkl represents the Miller plane indices, 

 L refers to the Lorentz-polarisation factors, 

 mhkl is the multiplicity associated with the hkl plane, 

 Fhkl is the structure factor for the Bragg peak of the hkl plane, 

 φ(2θi-2θhkl) is the profile function, where 2θi is corrected for 2θ zero error, 

 Phkl is the preferred orientation function, 

 A is the absorption factor, and 

 Ibi is the background scattering intensity at the ith step. 
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The structure factor (Fhkl) of a unit cell describes the Bragg peak of the hkl plane which 

contains the structural information: 

 Fhkl = Σfjgj[exp-2πi(hxj+kyj+lzj)]exp(-Bjsin2θ/λ2) 

where  fj is the scattering factor of the atom j, 

 gj is the site occupancy factor (SOF), 

 xj, yj, and zj are the fractional atomic coordinates, and  

 Bj is a measure of the root-mean-square amplitude of atomic vibration. 

As seen, multiplicity (mhkl) is a factor that contributes to the Bragg peak intensity. 

Multiplicity arises from the sets of hkl planes in a crystal, which have identical d-

spacing and |F|2 values (due to symmetry). For example, in a cubic lattice m100 = 6, 

whereas m111 = 8. Therefore, the Bragg peak intensity is calculated including the 

multiplicity of the corresponding hkl plane. In addition, some planes overlap but 

possess different structure factors. For example, in a cubic lattice the 511 and 333 

reflections possess identical lattice d-spacing. As the Rietveld refinement is a whole-

pattern fitting technique that involves all the structural parameters, when the peak 

intensity is calculated, the overlapped Bragg peaks can be resolved.  

The Rietveld refinement allows simultaneous refinements (and adjustments) of 

structural parameters, e.g., peak profile, unit cell, background, etc. Thus, the least-

square algorithm allows an improvement of the structural model, which is 

continuously fed back during the course of the refinement.55 By using the derivatives 

of the parameters in the least-squares minimisation equation with respect to zero, a 

set of non-linear equations can be obtained. By solving these derived non-linear 

equations using a n×n matrix, the solution is refined relative to the starting parameters, 
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until the solution ultimately converges.55 Hence, the least-square refinement 

procedure ensures the global minimum of the parameters is met. In addition, a 

reasonable starting model is required; in this thesis, the initial H-ZSM-5 crystal 

structure is obtained from Heo et al.9  

1.4.5 The Quality of Rietveld Refinement 

Like other curve/peak fitting techniques, a set of R-factors can also be used to evaluate 

the quality and progress of the Rietveld refinement. But before judging the quality of 

the fit, the investigator should first study how close the fitting is between the observed 

and calculated PXRD pattern. This means the difference plots should always be first 

examined to identify any gross errors in the structural model. For a well-fitted PXRD 

pattern, the difference between the observed and calculated patterns should be small, 

and no specific peaks should be poorly fitted. If there is any major peak discrepancy, it 

may suggest the presence of any faults in the proposed model.  
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Next, the R-factors of the refinement can provide a more quantitative judgement over 

the quality of the fit, where the R-factor quantities are Rp, Rwp, Rexp, and χ2 (a.k.a. 

goodness-of-fit): 

𝑅𝑝 =
∑ |𝐼𝑜 − 𝐼𝑐|𝑖

∑ 𝐼𝑜𝑖
 

𝑅𝑤𝑝 = √
∑ 𝑤𝑖(𝐼𝑜 − 𝐼𝑐)2

𝑖

∑ 𝑤𝑖𝐼𝑜
2

𝑖
 

𝑅𝑒𝑥𝑝 = √
𝑛 − 𝑝

∑ 𝑤𝑖𝐼𝑜
2

𝑖
 

χ2 =
𝑅𝑤𝑝

2

𝑅𝑒𝑥𝑝
2 

where n is the number of observables of the data, 

 p is the number of parameters of the refinement,  

 Io is the experimental Bragg peak intensity, 

 Ic is the calculated Bragg peak intensity, and 

 wi is the weighting coefficient at the ith step (=𝐼𝑜,𝑖𝑡ℎ
−1/2). 

From a statistical point of view, Rwp is the most significant as the numerator is the 

function being minimised. Rexp is the ‘expected’ R-factor when there are n observables 

and p parameters, which is the best possible value that the calculated Rwp value could 

possibly reach. For a general PXRD pattern, David62 and Toby63 have independently 

discussed the meanings of the fitting quantities of a Rietveld refinement. They 

proposed that adequate refinements generally have Rwp values below 12%, and χ2 

should approach 1 for a perfect refinement. Lutterotti and Scardi64 have also critically 

commented on how to judge the R-factors. They suggested that, as the number of 
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peaks increases, it is more difficult to achieve low Rwp values. In general, for a highly 

symmetric structure that has few Bragg peaks, Rwp < 8% is considered acceptable. For a 

medium complex phase/structure, Rwp < 10% is good; for a complex phase/structure 

(i.e., monoclinic to triclinic), Rwp < 15% is acceptable.64  

If the PXRD is performed using a synchrotron X-ray source, the Rexp values become less 

meaningful as the number of observables is much greater than that of a laboratory X-

ray analogue. Note that the statistical precision increases due to better detection 

resolution (smaller 2θ step) and longer counting time. Both lead to a greater number 

of observables n, which lowers the Rexp value. Paradoxically, an improved statistical 

precision will in general increase the difference between Rexp and Rwp, eventually 

increasing  χ2.59 

This means that for SXRD, the χ2 value should not be the major quantities in studying 

the quality of a Rietveld refinement. Thus, the quality should be predominantly judged 

by how close the fitting is between the observed and calculated patterns, then by the 

Rwp value. 

Finally, and equally importantly, the chemistry of the atomic parameters must be 

reasonable, which includes the bond distances, bond angles, and SOF values, etc. The 

refined result would still make no sense without a sensible and reasonable final crystal 

structure, even if the Rwp value is extremely low. 
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1.4.6 Synchrotron Powder X-ray Diffraction (SXRD) 

However, as the incidental effects due to the very close lattice parameters that may 

lead to severe peak overlap, a high-quality and well-aligned instrument with high-

resolution data is necessary for the Rietveld refinement work. Owing to the 

advancement of the synchrotron X-ray facilities around the globe, the PXRD pattern 

using synchrotron X-ray radiation can achieve higher peak resolution due to better 

instrumentation. 

Synchrotron X-ray beams are generated by a large particle accelerator where very fast 

electrons (approaching the speed of light) accelerated in magnetic lattices such as 

bending magnets and insertion devices (undulators and wigglers).53 There are 

powerful X-ray sources, in particular at today’s 3rd generation synchrotron facilities 

such as Diamond Light Source (UK), European Synchrotron Radiation Facility 

(France), Advanced Photon Source (USA) and SPring-8 (Japan). Figure 1.9 is a 

schematic representation of a synchrotron facility. By harnessing the power of the 

synchrotron X-ray beams, purposely built beamlines (tangential to the main storage 

ring) are used to probe the minute details of material.  
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By taking advantage of the unique properties of synchrotron beam listed below, SXRD 

is known to be outstanding when comparing with the laboratory analogues.49,52,53 

 High brightness (intense and tight collimation) means: (i) smaller angular 

divergence of the beam, hence high angular resolution data can be obtained, 

and (ii) deep probing of structural details with high contrast (high signal-to-

noise ratio) data for the detection of small features, 

 Horizontally polarised, which reduces the fall in intensity as a function of 2θ, 

 Tuneable X-ray wavelength, i.e., the X-ray absorption problems of certain 

atoms can be avoided, which reduces sample fluorescence that causes high 

background,  

 Large or spacious instrument for sample environments.   

 

Figure 1.9. Schematic of a synchrotron X-ray facility.53,65,66 
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Due to the above, higher resolution of data can be obtained with relative short 

collection time using customised sample environments (see Chapter 2). When SXRD is 

employed in zeolite studies, it is mainly applied for the following purposes53: 

 Investigation of new zeolite materials where high brightness instrument can 

accurately determine the structures, 

 Extreme temperature and/or pressure study, which cannot be done using a 

laboratory diffractometer, 

 In situ/operando study, technologically permissible to develop dedicated 

sample environments, 

 Stress/strain study, using detailed peak profile analysis to high precision data 

which have negligible or small instrumental contributions. 

To achieve the objective, it was necessary to study the behaviour of the zeolite ZSM-5 

samples by performing in situ/operando SXRD experiments (to be described in 

Chapters 4 and 6). 
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1.4.7 SXRD or Neutron Diffraction (ND)? 

Unlike X-ray, neutrons are scattered by the nucleus (a point) rather than from the 

electrons (diffused). The variation of the neutron scattering factors (scattering lengths) 

behaves differently from that of the X-ray analogues. They depend on the properties of 

the nucleus; hence different isotopes have different scattering factors. The presence of 

positive and negative scattering factors makes ND a handy tool in identifying different 

species from the Fourier contrast maps. 

All in all, the most important use of zeolites is as catalysts for the petrochemical 

industry, which involves small organic molecules interacting with the BAS within their 

microporous channels. Thus, a reliable experimental method is needed to reveal the 

atomic arrangement of the adsorbates about the BAS. This may guide the rational 

design of new zeolite systems. Previous attempts have been made using ND or SXRD 

or a combination of the two to observe the presence of organic molecules in various 

zeolites. Previous work, notably by Czjzek, Fitch and Vogt, have located large organic 

molecules (e.g., benzene, aniline, and pyridine) in H-Y and H-ZSM-5 zeolites using ND 

in the early 1990s.67,68 Furthermore, as ND is sensitive to hydrogen atoms, the BAS 

(H/D) location has been directly determined in highly symmetric H-Y zeolite.69 But 

possibly due to the lower angular resolution in ND, further elucidation of the 

interactions between small organic adsorbates and BAS seems to be limited.  

However, while ND is sensitive to light elements, it is difficult to study the catalysis 

chemistry in zeolites using ND. In general, when compared with SXRD, ND shows 

lower resolution, requires large sample sizes, has a low flux and small cross section. 
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Also, the complex ND instrumentation leads to limited availability and difficulties in 

carrying out in situ or operando catalysis experiments.  

In contrast, the recent dramatic improvement of synchrotron sources and the use of 

modern instrumentation has allowed SXRD to determine the structure of various 

zeolites65,70,71, as well as the positions and occupancies of Na+, K+, and Cs+ ions in 

zeolites A and H-ZSM-5 with high precision.72,73 More recently, SXRD has been used to 

establish the adsorption interactions of CO2 and SO2 in MOFs.74 Thus, it is anticipated 

that not only the interaction between various organic molecules and the zeolite 

framework can be revealed, but also a mechanistic study of a carefully selected 

catalysis reaction is technically feasible and practical.  
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1.5 Theoretical Studies  

Aside from the above mentioned experimental techniques, significant progress was 

made using theoretical computational modelling. Some common modelling 

techniques include density functional theory (DFT), quantum mechanics/molecular 

mechanics (QM/MM), QM-pot, and our own N-layered integrated molecular orbital 

and molecular mechanics (ONIOM)) for long-range zeolite–guest interactions, and for 

describing acid sites and their adsorption of molecular species at the quantum 

mechanical level.39,75–80 Li et al. have studied the distribution of Al and Brønsted acid 

sites in MCM-22.80 Redondo and Hay have determined that the most stable sites of the 

BAS oriented towards the major pores of the ZSM-5 lattice, using semi-empirical QM 

calculations.81 Sillar and Burk39, and Lomratsiri et al.79 have calculated the properties 

of BAS of ZSM-5 using the ONIOM method. By the QM/MM method, de Vries et al. 

have studied the zeolite structure and reactivity.77 Li et al. predicted the location and 

dribution Al sitting in a silicon-rich zeolite framework.82 And there are many more 

examples where researches studied the properties of zeolites using various theoretical 

techniques.  

In addition to quantum calculations, force-field calculations have also been employed 

widely in the study of molecular behaviour in zeolites. Van der Mynsbrugge et al.83 

and Bai et al.84 have studied molecular adsorption behaviour in H-ZSM-5 supported by 

force-field calculations. 
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1.6 Aim and Objectives 

The aim of this thesis is to provide understanding of the catalysis chemistry in zeolites 

from molecular and structural perspectives, via the study of H-ZSM-5 as one of the 

most commonly used zeolites. Attempts to determine the structures of organic species 

in microporous materials by SXRD were carried out. By conducting careful studies of 

the interactions between organic adsorbates and zeolite framework using SXRD and 

Rietveld refinement, their corresponding catalysis chemistry are systematically studied.   

The objective of this thesis is to systematically study the zeolite catalysis chemistry in 

the following manner: (i) to reveal the location of the BAS in H-ZSM-5, (ii) to study 

the acid-base interactions of the BAS with various functional molecular species, (iii) to 

study the ammonia storage potential, (iv) to design a novel catalytic system, and (v) to 

investigate the mechanism and intermediate species of industrially important catalysis 

reactions. 
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1.7 Thesis Overview 

This thesis consists of seven chapters. Chapters 3 to 6 inclusive, detail the research 

performed during my study for this D.Phil. degree. 

Chapter 1 introduces the background of zeolites and their active acid sites during 

catalysis reactions, and reviews some up-to-date characterisation 

techniques of zeolites.  

Chapter 2 details the experimental and characterisation techniques used. 

Chapter 3 locates the BAS in H-ZSM-5, and elucidates their interactions with 

adsorbed functional molecular species using SXRD, supported with 

force-field calculations. 

Chapter 4 studies the ammonia storage potential of H-ZSM-5 from the structural 

perspective. In addition, the ammonia sorption kinetics at specific 

adsorption sites is discussed using temperature programmed SXRD and 

TGA. 

Chapter 5 reports a novel catalytic conversion of biomass-derived furans and 

alcohol to aromatics over zeolites. The key facilitating step is studied 

accordingly by experimental and theoretical techniques. 

Chapter 6 studies the mechanistic of the industrially important methanol 

conversion process, by operando SXRD and theoretical calculations. 

Chapter 7 concludes and outlooks the impact of the work presented.  
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Chapter 2. Materials, Methods and Experimental Techniques 

The procedures of the experimental and theoretical studies used in this thesis are 

provided in this chapter. 

2.1 Zeolite Samples 

All the zeolites used in this thesis are commercial samples obtained from SRIFT-

SINOPEC, China.1 The samples were pretreated with 0.1 M hydrochloric acid overnight 

for H+-exchange to remove NH4
+ or Na+ residues from synthesis. The sample was first 

calcined in air at a ramp rate of 1 °C min-1 to 480 °C. Then, the sample was cooled and 

stored in dry air for further use.  

2.2 Sample Preparation for SXRD Measurements 

The preparation details for zeolite adsorption study are described in this section. All 

the specific experimental/preparation methods will be individually described in the 

corresponding chapters in this thesis. 

For pyridine adsorption 

The pretreated H-ZSM-5 was loaded into a 0.7 mm (diameter) borosilicate glass 

capillary. The sample tube was connected to the gas-cell developed by Parker et al.2 

and then repeatedly evacuated-heated to 300 °C for 2 hours, to remove any residual 

water before pyridine adsorption. Next, the sample was reacted with vaporised 

anhydrous pyridine (Sigma Aldrich, Germany) in the gas-cell for 30 minutes. The 

capillary was cooled, cut and sealed for the SXRD measurements. 

  



41 
 

For ammonia adsorption 

Same procedure as described for pyridine adsorption was employed. Anhydrous 

ammonia (Sigma Aldrich, Germany) was used. 

For methanol adsorption 

Same procedure as described for pyridine adsorption was employed. Anhydrous 

methanol (Sigma Aldrich, Germany) was used. 

For ethanol & dimethylfuran (DMF) study 

The zeolite sample was first treated under vacuum at 200 °C for 2 hours before 

adsorption with ethanol and/or DMF vapour. For pure ethanol or DMF uptake 

experiment, a saturated vapour pressure of adsorbate was used. For the equimolar 

ethanol/DMF uptake experiment, an equimolar mixture of ethanol/DMF was used. 

The total number of mole of ethanol/DMF introduced to the reactor chamber 

containing the zeolite was set at 75% of the total number of BAS. 

Isothermal Testing – Carbon Deposition 

The H-ZSM-5 sample was loaded in a 250 mL round bottom flask reactor at 200 °C, 

and connected to a flowing stream of methanol vapour under a N2 flow rate of 2 mL 

min-1 at 1 atmosphere via a methanol saturator at room temperature. 

Operando SXRD High-Pressure Gas-cell 

A capillary high-pressure gas-cell was specifically designed for the methanol 

dehydration reaction in the H-ZSM-5 sample under operando SXRD in a controllable 

manner (see Figure 2.1). The stainless-steel capillary cell support holder was strong 

and rigid enough to ensure the alignment of the capillary for low and high 

temperature experiments. A both-way open-ended borosilicate capillary (diameter of 
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0.7 mm) was mounted by two brass capillary holders and was glued using Araldite; 

over the reaction temperature and pressure (up to 10 bar), no gas leakage was detected. 

Within the both-way open-ended capillary, the H-ZSM-5 sample was sandwiched 

between two pieces of quartz wool in the capillary to prevent sample dislocation. One 

end of the capillary was connected to a gas inlet end that received anhydrous 

methanol vapour from a liquid saturator kept at room temperature with He carrier gas 

(flow rate = 2 mL min-1). The vapour pressure of methanol and the flow of He carrier 

gas were carefully calibrated to ensure a reasonable amount of methanol vapour 

reaching the sample. The other end was connected to a quadrupole mass spectrometer 

(MS) that analysed the gas composition on-line with simultaneous SXRD data 

collection. In addition, the dead volume between the MS and the reactor cell was kept 

minimal under a slow flow rate of He within 30 sec time delay. A hot-air blower was 

mounted at 5 mm from the capillary for heating. The temperature of the hot-air 

blower had been calibrated using a high-quality standard Pt powder sample. A 

separate fan was mounted 150 mm from the hot-air blower to reduce the heat 

conducted to the detectors. In general, SXRD measurements that are performed using 

capillary sample holders requires high-speed spinning to allow an optimal 

measurement statistic. However, it was technically extremely difficult to achieve 

spinning with the current set-up. Therefore, a constant capillary rocking generated by 

the sample stage holder was employed to reduce the loss in data quality.  
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Figure 2.1. (a,b) 5 arms (x9) multiple-analyser crystals (MAC) detectors of SXRD 

diffractometer (DIF) with carousal auto-sampler and a capillary sample stage at 

beamline I11, Diamond Light Source, UK, for high-resolution SXRD measurements.3,4 

(c) The operando SXRD system with one end of the both-way open-ended capillary 

(diameter of 0.7 mm) connected to inlet methanol vapour, with the other end 

connected to the mass spectrometer for on-line gas analysis. The hot-air blower is also 

in place. (d) The high-pressure operando gas-cell with stainless-steel support and air-

tight brass holders that ensure good capillary alignment and no gas leakage. 
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2.3 Catalytic Conversion of 2,5-Dimethylfuran and Ethanol 

In a typical experiment, 15 mL DMF (99% Sigma-Aldrich), 8.2 mL of ethanol (99.5% 

Sigma-Aldrich) and 0.4 g of zeolite were used over a temperature range of 200 to 

300 °C and 1.0 mL of tridecane as an internal standard. The reaction vessel was flushed 

with inert N2. In addition, the solid residue was filtered and washed with acetone and 

dried overnight (80 °C). The solid residue was then analysed by TGA by heating at 

10 °C min−1 from room temperature to 900 °C under air, to determine the coke content 

for the carbon balance. The conversion was expressed in term of the molar conversion 

of DMF and carbon balance was achieved at the minimum of 90-95%. After reaction, 

the autoclave was cooled down to −60 °C by a dry ice/acetone bath. The liquid 

products were identified and quantified by 5977A Series GC/MSD System, whereas the 

gas products (CO, CO2, CH4) analysed by Perkin Elmer Autosystem XL Arnel Gas 

phase GC-FID-Methanator, in which C2H4 was assumed to be mainly produced from 

ethanol.  
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2.4 Characterisation Techniques 

The details of the characterisation techniques in thesis are provided in this section. 

2.4.1 SXRD and Rietveld refinement 

All the SXRD data were collected at Beamline I11, Diamond Light Source, UK.3 The 

energy of the incident X-ray flux was set at 15 keV. The wavelength and the 2θ-zero 

point were refined using a diffraction pattern obtained from a high-quality Si powder 

(SRM640c). The high-resolution SXRD data were obtained from the zeolite samples 

using the multiple-analyser crystals (MAC) detectors. The patterns were collected in 

the 2θ range of 0-150° with 0.001° data binning. Each MAC pattern was collected for an 

hour for good statistics. In total, there are 4190 hkl reflections measured within the 2θ 

refinement region of 3-55°, of which at least 300 independent hkl reflections are 

observed. From a mathematical perspective, the number of variables, p, should not 

exceed the number of observables, n. In the Rietveld refinements performed in this 

work, the number of structural parameters has not exceeded 190. 

The crystallographic parameters were refined using the Le Bail method, whereas the 

atomic parameters were refined using the Rietveld refinement method, both using the 

TOPAS software. The starting coordinates used were based on the H-ZSM-5 zeolite 

model by Heo et al. for sample refinement.5 The background curve was fitted by a 

Chebyshev polynomial with an average of 20 coefficients. The Thompson-Cox-

Hastings pseudo-Voigt peak function proposed by Thompson et al. was applied.6 The 

scale factor and lattice parameters were allowed to vary for all the histograms.  
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The final refined atomic parameters for each data histogram were carried out using 

the Rietveld method with the fractional atomic coordinates (x, y, z), SOF and isotropic 

displacement factors (Beq) for all the atoms.  

(i) Framework atoms 

In principle, upon organic molecule adsorption, the positions of the framework atoms 

may change slightly – a small deviation from the model by Heo et al.5 Therefore, prior 

to the refinement of the entire structure with guest molecules, the framework atoms 

were first refined to avoid a miscalculation of the structure. As the guest molecules do 

not consist of any heavy atoms, it is reasonable to assume the guest molecules only 

minimally contribute to the low 2θ angle reflections. Thus, the fractional coordinates 

and the Beq values of the framework atoms (Si and O) were first independently refined 

over the 2θ range of 30-55°. 

(ii) Fourier analysis 

Over the 2θ range of 3-55°, the Fourier analysis (electron contrast map) was used to 

identify the positions with the highest remaining electron density in the framework, 

once the positions of the framework atoms have been refined. For example, in the case 

of ammonia pre-adsorbed in H-ZSM-5, the (approximate) positions of the N atoms can 

be determined. 

(iii) Inclusion of guest molecules 

Based on the Fourier analysis, a Monte Carlo-based simulated annealing technique 

was used to locate the positions of the guest molecules in the H-ZSM-5. The guest 
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molecules were described by rigid body Z-matrices. During the refining process, the 

fractional atomic coordinates of the framework atoms were fixed.  

Taking the H-ZSM-5 pre-adsorbed with methanol sample as an example, it was refined 

using four rigid body Z-matrices that describe methanol molecules at fixed bond 

distances and angles. The rigid body Z-matrices were first applied to be simulated 

annealed using the Rietveld method (while the fractional atomic coordinates of the 

framework atoms kept fixed). The SOF of two of these four rigid body Z-matrices 

approached zero. Thus, the annealing technique ensures the correct number of guest 

molecule sites. 

After identifying the number and location of the guest molecules, the SOF and Beq 

were first separately refined. Then, all the relevant parameters were all relaxed to be 

refined by simulated annealing repeatedly, to ensure the global minimum has been 

reached. In general, the global minimum is indicated by the lowest Rwp and χ2 values. 

However, in some cases, the derived crystal structures did not make much chemical 

sense, e.g., the guest molecules are located far too close from the framework. This 

required a closer check of the parameters before repeating refinement procedure. 

Ultimately, several criteria were met to ensure high quality and reliability of 

refinement, namely, (i) the global minimum has been reached, (ii) the derived crystal 

structure fits chemical sense, (iii) reasonable systematic error values for all the refined 

parameters, and (iv) reasonable SOF and Beq values. 

The Beq values of the framework T and O atoms are constrained in the following ways: 

(i) all the T atoms share the same value, and the O atoms share the same value, (ii) the 
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Beq of the H atoms of the adsorbed species are set 1.3 times that of the parent C/N/O 

atom, and (iii) the Beq values of ‘carbon’ were all fixed to 8 Å2.7  

To determine the number of guest molecule to be included in the model, the 

procedure is described as follows (taking ammonia as an example):  

The rigid body matrix describing ammonia molecule was added into H-ZSM-5 

progressively (N1, N2, N3, N4…). The R-factors (Rwp, χ2) were used to gauge the quality 

of the Rietveld refinement. When the number of ammonia molecule increased, Rwp 

decreased. This indicates the approaching of the global minimum of the Rietveld 

refinement procedure. Judging by the chemistry of the intermolecular distances 

between the ammonia molecules in the derived crystal models, the total number of 

rigid body matrices can be concluded. In the case of H-ZSM-5 pre-adsorbed with 

ammonia measured at 25 °C, the best-fit was concluded to contain four ammonia sites 

per unit cell. 
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2.4.2 Force-field Modelling Optimisation  

Force-field modelling optimisation is a functional form of calculation with the 

potential energy of atoms based on molecular mechanics. It includes bonding and 

non-bonding energy functions, with both covalent and non-covalent contributions. 

The parameters of the energy functions were derived from experimental work and QM 

calculations. 

In Chapters 3 and 4, the force-field modelling optimisation was used to verify the 

accuracy of the initially derived models, by comparing the interatomic bond distances 

and bond angles. The pyridine positions were modelled using the corresponding force-

field atomic potential energies and compared to the Rietveld derived crystal structures. 

The framework energy for the zeolite adsorbed with pyridine was calculated using the 

Forcite modules in Materials Studio v6.0 in collaboration with Dr Qu Jin (Tsang group, 

Oxford). The zeolite framework was calculated in a pure SiO2 form, with Al at the T6 

site. The force-field of COMPASS27 was used with parameters of o2z (for O), si4z (for 

Si), al4z (for Al), h1 (for H), c3a (for C), and n2a (for N). The Smart algorithm, by 

calculating the potential energy overlaps, was used to optimise the geometry and 

lattice parameters at high quality.8–10  
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2.4.3 Theoretical Calculation – Reaction Energetics  

The ab initio electronic structure calculations were performed to study p-xylene 

formation from ethanol and DMF over the BAS in zeolites. The detailed reaction 

energetics were calculated at the M06-2X/6-311+G(d,p)11 level of theory, as 

implemented in the Gaussian 09 package in collaboration with Dr Giannis  

Mpourmpakis (University of Pittsburgh, USA).12 The BAS has been modelled as a point 

proton site in our calculations. The identical computational approach has been shown 

to be effective in calculating the reaction energetics in the production of p-xylene via 

cycloaddition between ethylene and DMF.13 The reaction pathways were first mapped 

by scanning the potential energy surface (PES) along the reaction coordinate. The 

energy maximum found along each reaction coordinate was relaxed to a saddle point 

to locate the actual transition state. All transition states and local minima were 

obtained by full optimisations and verified by vibrational frequency and Intrinsic 

Reaction Coordinate (IRC) calculations.14 In addition, the proton affinities (PA) of all 

relevant reaction species were calculated at the CBS-QB315 level of theory, chosen for 

its accuracy in calculating the gas-phase thermos-chemistries, as reported by 

Kostestkyy et al.16 The PA values were used to quantify the thermodynamic preference 

of the different species to bind the acidic proton and it is calculated according to the 

equation below:  

PA = Emolecule+H
+ -Emolecule  

where Emolecule+H
+and Emolecule are the total electronic energies of the protonated and 

neutral species, respectively, as the electronic energy of a proton is zero. 
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2.4.4 Theoretical Calculation – Binding Energies Estimation  

This ONIOM calculation was performed in collaboration with Dr Giannis 

Mpourmpakis (University of Pittsburgh, USA). To investigate the adsorption 

behaviour of ethanol, DMF and ethylene in the pores of the zeolite samples, we used 

the ONIOM method that was first developed by Morokuma et al.17 It is a hybrid 

method that can be applied to large systems using multiple levels of theory. The 

ONIOM3 (three-layer) method was used for these calculations, applying MM (UFF) 

calculation for the Low-Level calculations, Semi-Empirical (PM6) calculation for the 

Intermediate-Model, and QM (hybrid density functional, M06-2X/6-311+G(d,p)) 

calculation by Truhlar and Zhao for the high-level system.11,18,19 

The atoms in the Low- and Intermediate-layers were kept frozen in their 

crystallographic positions, while the High-Level atoms were allowed to relax during 

geometry optimisations. The gas phase electronic binding energies of the adsorbates 

were calculated using the following equation:  

 Binding energy = EONION3,ads – EONION3,zeolite - Eadsorbate  

where EONION3,ads and EONION3,zeolite are the energies of the adsorbate species in the 

zeolite and the empty zeolite pore system, respectively, and Eadsorbate is the (high-level) 

electronic energy of the adsorbates.  

2.4.5 Theoretical Calculation – Reaction Profile Calculation 

The periodic 3-D H-ZSM-5 zeolite structure of Si96O192 with experimental lattice 

parameters of 20.022×19.899×13.383 Å3 was used to explore the reaction mechanisms in 

collaboration with Dr Donghai Mei (PNNL, USA). Consistent with the experiments, 
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the H-ZSM-5 zeolite with the Si/Al ratio of 23 was modelled by replacing four Si atoms 

at the T6 sites with Al atoms in one unit cell. The resulting negative charges were 

compensated by adding four H atoms at the O atoms shown in Figure 6.5, forming the 

BAS, i.e., Si−O(H)−Al of the H-ZSM-5 framework.  

In Chapter 6, the DFT theoretical calculations were performed using the CP2K code.20 

The core electrons were represented with norm-conserving Goedecker-Teter-Hutter 

pseudo-potentials21–23, and the valence electron wave function was expanded in a 

double-zeta basis set with polarisation functions24 along with an auxiliary plane wave 

basis set with an energy cut-off of 360 eV. The generalised gradient approximation 

exchange-correlation functional of Perdew, Burke, and Enzerhof was used.25 The test 

calculations showed that the total energy change of the reactive system was negligible 

(<0.01 eV) when the maximum force convergence criteria of 0.001 Hartree/Bohr was 

used. Each reaction state configuration was optimised with the Broyden-Fletcher-

Goldfarb-Shanno algorithm with SCF convergence criteria of 1.0×10-8 au. To 

compensate the long-range van der Waals dispersion interaction between methanol 

molecules and the zeolite framework, the DFT-D3 scheme26 with an empirical damped 

potential term was added into the energies obtained from exchange-correlation 

functional in all the calculations. The transition states of elementary steps were 

located using the Climbing Image Nudged Elastic Bands method27,28 with seven 

intermediate images along the reaction pathway between the initial and final states.  
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2.4.6 Theoretical Calculation – Interatomic Distance Estimation 

The dynamic behaviour of methanol molecules was investigated using ab initio 

molecular dynamics (AIMD) simulations in collaboration with Dr Donghai Mei (PNNL, 

USA). The AIMD simulations were performed in the canonical ensemble (NVT) with 

Nose-Hoover thermostat29,30 at six different temperatures between the range of 298 - 

523 K for a long time period of 15 ps. The time step of 0.5 fs was used in all AIMD 

simulations. In this case, the H-ZSM-5 zeolite (Si/Al = 95) with three methanol 

molecules around the T6 site shown in Figure 6.5 was used. The radial pair 

distribution functions, g(r), between Om with O5 and O18 adjacent to the Al (T6) atom 

were calculated using the AIMD trajectories of the final 10,000 steps. 

For the zeolite acid-catalysed reaction, the confinement and steric hindrance strongly 

affect the stabilities of reaction intermediates and transition states.31–35 To account for 

the entropic contribution and zero-point energy corrections, Gibbs free reaction 

energies (G) and Free energy of activation (G≠) along the associative and reaction 

mechanisms leading to the formation of DME were calculated using standard 

thermodynamic method.36–38  
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2.4.7 FT-IR Spectroscopy 

The FT-IR measurements were provided by SRIFT-Sinopec, China. For the FT-IR 

measurements, a self-supported wafer placed in an IR cell was pretreated in vacuum at 

400 °C for 2 h. The samples were exposed to 1 Torr of pyridine at 50 °C for 10 min, 

followed by outgassing at 50, 100, 200, 300 and 400 °C for 5 min, respectively (ramping 

rate of 10 °C min-1). The FT-IR spectra from 400 to 4000 cm-1 were recorded on a 

Nicolet 5700 FT-IR instrument. 

2.4.8 TGA 

The TGA measurements of adsorbed pyridine zeolite sample were performed in air (60 

cm3 min-1) up to 600 °C using TA Instruments TGA Q50 at 1 °C min-1.  

For the desorption of adsorbed pyridine molecules from H-ZSM-5 (diffusion 

controlled, 1st order process), the rate constants were calculated using the 1st order rate 

Arrhenius equation by originally developed by Rouquerol39 and later improved by 

Paulik and Paulik40: 

𝑑𝛼
𝑑𝑡⁄ = 𝐴𝑒

𝐸𝑑𝑒𝑠
𝑅𝑇

 (1 − 𝛼)𝑛 

By taking natural log yields: 

ln (
𝑑𝛼

𝑑𝑡
) = ln 𝐴 − (

𝐸𝑑𝑒𝑠

𝑅𝑇
) + ln(1 − 𝛼)𝑛 

ln (
1

(1 − 𝛼)𝑛
) =  −

𝐸𝑑𝑒𝑠

𝑅𝑇
+ 𝑙𝑛𝐴 − ln (

𝑑𝛼

𝑑𝑡
) 
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where α is the fraction of dissociation Edes is the activation energy, R is the gas 

constant (=8.314 J mol-1 K-1), T is the reaction temperature (in Kelvin), n is the order of 

reaction, and A is the Arrhenius pre-exponential factor.  

For the desorption of ammonia (1st order process), the desorption activation energies 

were estimated by the modified Arrhenius equation in the stretched exponential form 

below at five different temperature ramping rates:41,42  

 2𝑙𝑛𝑇𝑚 − 𝑙𝑛𝛽 =
𝐸𝑑𝑒𝑠

𝑅𝑇𝑚
+ 𝑙𝑛

𝐸𝑑𝑒𝑠

𝐴𝑅
         

where Tm is the peak desorption temperature at a specific β, β is the temperature 

ramping rate, Edes is the desorption energy and A is a numerical constant. Plotting 

(2lnTm – lnβ) versus 1/Tm for a series of β values allows the estimation of Edes. 

2.4.9 27Al ssNMR – Aluminium Environment 

All the ssNMR measurements were performed on 400WB AVANCE III Spectrometer at 

room temperature in collaboration with Dr Lin Ye (Fudan University, China). The 

pretreatment was carried out at 300 °C for 2 h under vacuum (10-1 Pa). According to 

the electron density difference between four- and six-coordinate Al, 27Al ssNMR was 

used to study the coordination of Al in H-ZSM-5.43 For the 27Al ssNMR measurement, 

the 27Al ssNMR spectrum was obtained at the Larmor frequency of 104.34 MHz. The 

one pulse sequence was adopted, with a 10° pulse, a delay time of 0.4 s and a scanning 

number of 8000. The chemical shift was referenced to 1 M AlCl3 aqueous solution.  

2.4.10 31P ssNMR – Acid Sites Determination 

The Brønsted acidic properties of were characterised using 31P ssNMR (high-powered 

decoupling) with probing TMP. For the 31P MAS ssNMR measurement, the sample was 
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introduced into a glass tube, which was then connected to a vacuum system. The 

pretreatment was carried out at 300 °C for 2 h under vacuum (10-1 Pa). After exposing 

the sample to TMP vapour at room temperature, the glass tube was then isolated and 

immersed in liquid nitrogen. Then the content of the glass tube was transferred to a 

glove box. Under dry nitrogen, the sample was packed into a 4 mm ZrO2 rotor and 

closed with Kel-F lids. 31P NMR spectra were acquired at a resonance frequency of 161.9 

MHz, using 30° pulses with a recycle delay of 15 s at a speed of 12 kHz. NH4H2PO4 was 

used as a standard sample for chemical shift reference and the external intensity 

standard to quantify the signal in the 31P ssNMR spectra. The error between the 

amount of BAS that calculated from the 27Al and 31P ssNMR measurements can be 

explained by the systemic errors in the measurements of peak area and sample weight.  

2.4.11 1H-15N ssNMR - Pyridine Adsorption 

After adsorption of pyridine at room temperature, the glass tube was immersed in 

liquid nitrogen and switched off. Then the glass tube was transferred to a glove box. 

Under dry nitrogen condition, the sample was compacted into a 4 mm ZrO2 rotor and 

closed with Kel-F lids. Cross coupling 1H-15N ssNMR spectra were obtained at a MAS 

speed of 6 kHz with proton pulse duration of 2.8 μs, a contact time of 2 ms, a recycle 

delay of 3 s and several transients of 1000. 
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2.4.12 Scanning Electron Microscopy (SEM) 

SEM provides the surface information of a sample. In this thesis, SEM is employed as a 

supporting technique to show the crystal size and size distribution of the zeolite 

samples. 

SEM first focuses electron beams that are controlled by coils over a defined area of the 

sample surface (see Figure 2.2). The electrons interact (mainly via reflection) with the 

surface, then are captured by appropriate detectors in the microscope.44 After coating 

the zeolite samples with a thin layer of gold (to create/ensure a conducting surface), 

the morphologies were observed using a Philips XL30 FEG SEM equipped with an 

EDAX energy dispersive X-ray spectrometer (EDS) (Oxford ISIS-Energy) in SRIFT-

Sinopec, China.  

 

Figure 2.2. Schematic of a SEM microscope. The detectors are not shown.44  
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2.4.13 Transmission Electron Microscopy (TEM) 

TEM works on a similar principle as a conventional optical microscopy. In TEM 

microscope (see Figure 2.3), a beam of electrons is ‘transmitted’ through an ultra-thin 

sample coated on a copper grid. The beam of electrons interacts with the electrons of 

the sample atoms when the beam is ‘transmitted’ through the sample. An image is 

therefore captured based on the electron-sample atom interactions from solid angle 

scattering.45,46 The detectors in TEM capture the transmitted electrons; unlike in SEM, 

the detectors capture electrons from surface reflection. The intensity of the electron-

sample interactions depends on the atomic number of the sample atoms: an atom with 

more electrons interacts with the electron beam more strongly, creating a darker area 

in the image, and vice versa. 

 

Figure 2.3. Schematic of a TEM microscope, with a fluorescent screen detector.45 
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In this thesis, TEM was measured by FEI TECNAI-20 with an accelerating voltage of 

200 kV in SRIFT-Sinopec, China. The TEM specimen was prepared by dispersing the 

sample in ethanol and dropping onto a holey carbon film supported on a copper grid, 

then dried in air. 

2.4.14  Inductive Coupled Plasma-Atomic Emission Spectroscopy (ICP-   

 AES)  

ICP-AES is an emission spectroscopic technique that first excites atoms and ions by 

ICP, then measures the electromagnetic radiation emitted from decaying by AES. 

Consequently, the characteristic emission energy by different excited atoms/ions can 

allow elemental identification.47,48 ICP-AES provides quantitative elemental 

information of a sample, where the intensity of the emission shows the concentration 

of the corresponding element. 

Once an aqueous sample (by solving zeolites in a known concentration of acid/alkali) 

is injected into the ICP-AES instrument, it is atomised into a mist-like cloud. This 

cloud is then thermally excited by ICP (argon) that has a temperature of close to 

7,000 °C. The thermally excited electrons relax to the ground state, which emits an 

electromagnetic radiation that the energy is element specific.49 

In this thesis, the ICP-AES data of the solid samples was measured by Hitachi P-

4010/ICP-AES, provided by SRIFT-Sinopec, China.  

  



60 
 

2.4.15 BET Isotherm - Surface Area Measurement  

The BET (named after Brunauer, Emmett and Teller) isotherm is a common technique 

used to estimate the surface area of a sample.50 The technique is based on the 

Langmuir theory51 for monolayer adsorption and with the same assumptions applying 

on multilayer adsorption, which assumed the layers with an exposed surface are in 

equilibrium with adsorbate species. This process is described by the following 

equation: 

𝑃

𝑉(𝑃0−𝑃)
=

1

𝑉𝑚𝐶
+

(𝐶−1)𝑃

𝑉𝑚𝐶𝑃0
         

where V refers to the volume of nitrogen gas adsorbed by the sample at pressure P, Vm 

is the volume by monolayer adsorption, P0 is the pressure with saturated adsorbate, 

and C is the BET constant that is a function of the heat of adsorption.  

The N2 sorption isotherms were obtained at -194 °C on a Micromeritics Tristar-3000 

apparatus in collaboration with Dr Lin Ye (Fudan University, China). The samples 

were pretreated for 4 h under vacuum at 350 °C. The specific surface area was 

calculated using the BET method. The total pore volume was obtained by converting 

the amount adsorbed at a relative pressure of 0.995 to the volume of liquid nitrogen. 

The microporous surface area and volume were determined by the t-plot analysis of 

the adsorption branch of the isotherm. The pore size distributions of the samples were 

analysed from the desorption branch of the isotherm by the BJH method.52  
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2.4.16 Gas Chromatography-Mass Spectrometry (GC-MS) 

GC-MS is a combined tool (GC with MS) for a conclusive proof of chemical identity, 

despite some limitations. Indeed, GC or MS on its own is not sufficient for a reliable 

identification of specific compounds. As shown in Figure 2.4, the first part, GC, is 

effective in the separation of molecules from a mixture using a capillary column, due 

to the molecular difference in interacting with the stationary phase of the column. 

Different molecules have different retention times in the capillary, before being eluted. 

This allows the second part, MS, to separately identify the eluted molecules, where the 

MS ionises and breaks the molecules into ionised fragments for the determination of 

the charge-to-mass ratio.53 

In this thesis, GC-MS was used to identify liquid products from the catalytic 

conversion of DMF and ethanol, in collaboration with Ivo F. Teixeira (Tsang group, 

Oxford), using Agilent 6890 and Agilent MSD 5973 (N) calibrated with pure 

standards.54  

 

Figure 2.4. Schematic of a GC-MS instrument.53  
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2.4.17  Gas Chromatography (GC) 

The components in the gaseous mixture are separated based on the difference in 

vapour pressure between the mobile phase (helium as an inert carrier gas) and the 

gaseous analyte. In this thesis, the gaseous products were analysed by Perkin Elmer 

Autosystem XL Arnel Gas Phase GC-FID-Methanator to reveal the concentrations of 

CO, CH4, CO2, and other gases in collaboration with Ivo F. Teixeira (Tsang group, 

Oxford).55,56 

The GC instrument in this part is slightly different from the part in GC-MS, which also 

contains a methanator and a flame ionisation detector (FID). The methanator is a 

device made by nickel, converting the carbon-containing gaseous compounds into 

methane after the gaseous compounds have eluted from the column. Then the FID 

measures the quantity of methane from the methanator at a given time.57 
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Chapter 3. Elucidation of Adsorbate Structures and Interactions on 

Brønsted Acid Sites in H-ZSM-5 by Synchrotron Powder 

X-ray Diffraction 

This chapter investigates a microporous H-ZSM-5 that hosts pyridine, methanol and 

ammonia as guest molecules for the elucidation of their adsorption geometries and 

interactions with the BAS by SXRD and Rietveld refinement. By carefully studying the 

interatomic distances and angles, the locations of the BAS are for the first time 

identified at the framework T6 and O18 sites in this given synthesised H-ZSM-5 of 

Si/Al ratio of 20.4.  

The work in this chapter was published in Angewandte Chemie International Edition 

as a back cover, ‘Elucidation of Adsorbate Structures and Interactions on Brønsted 

Acid Sites in H-ZSM-5 by Synchrotron X-ray Powder Diffraction’ by Lo, B. T. W., Ye, 

L., et al. with equal contribution. 
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3.1 Introduction 

Traditionally, adsorbates containing light elements such as C, N and O are difficult to 

be located by X-ray techniques, as X-ray only ‘sees’ electrons. However, such 

adsorbates can give rise to a slight but significant alteration in the scattering 

parameters of the framework atoms in close proximity. In this way, Brønsted basic 

molecules such as pyridine, methanol, and ammonia (C5H5N, CH3OH and NH3) can 

act as chemical probes for the BAS in zeolites. By using modern SXRD instrumentation 

combined with Rietveld refinement, the acid-base interactions can be revealed. It 

clearly suggests the intrinsic acidity is not the only parameter that influences catalytic 

performance, but the effect of the zeolite framework should also be considered.1 To 

achieve stereo-specificity like in enzyme systems, the tertiary structure of the 

adsorbate molecules will determine the spatial conformation, as well as the nature of 

H-bonding about the zeolite framework. 
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3.2 Conventional Characterisation for the Fresh H-ZSM-5 Sample 

The fresh H-ZSM-5 sample was characterised extensively using conventional 

techniques. In short summary, the fresh H-ZSM-5 sample is uniform, highly crystalline, 

and possesses predominantly only one type of Al (and hence BAS) within the 

framework. As determined by ICP-AES and ssNMR, the structural formula of the H-

ZSM-5 is H4.48Al4.48Si91.52O192; hence each asymmetric unit (4 asymmetric units per unit 

cell) possesses about 1 Al site.  
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3.2.1 SEM, TEM and BET  

The SEM and TEM images (see Figure 3.1) clearly show a uniform distribution of 

crystal that has a mean particle size of ca. 2 μm × 1 μm × 1 μm. The uniform, micron 

particle size and high quality crystallinity ensure an accurate and reliable Rietveld 

refinement of the corresponding SXRD data. As measured by BET isotherm, the H-

ZSM-5 particles has a surface area of 330 m2 g-1. The calculated micropore volume (see 

Figure 3.2) is 0.179 cm3 g-1
, which falls in the range of a typical MFI structure. 

 

Figure 3.1. SEM and TEM images, showing the particle size and the crystallinity of the 

crystals: (a) SEM (×6000), (b) SEM (×20000), (c) TEM, and (d) high-resolution TEM. 
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Figure 3.2. N2 sorption isotherm of H-ZSM-5. 
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3.2.2 27Al ssNMR Spectroscopy 

The 27Al ssNMR measurement was performed on the H-ZSM-5 sample to determine 

the Al quantity and environment. There are three peaks observed in the 27Al ssNMR 

spectrum (see Figure 3.3): (i) a sharp peak at 56 ppm, which is assigned to framework-

Al, (ii) a small peak at 1 ppm, which is assigned to EFAl, and (iii) a spinning sideband 

at -36 ppm. Based on the integrated peak area between (i) and (ii), the quantity ratio 

between framework-Al and EFAL is 17:1. In addition, assuming all framework-Al are 

exposed on the inner surface, the amount of BAS is calculated to be 0.78 mmol g-1.   

 

Figure 3.3. 27Al ssNMR spectrum of H-ZSM-5 measured at room temperature, showing 

a sharp peak at 56 ppm and a small peak at 1 ppm. The asterisk denotes the spinning 

sideband. This indicates most Al atoms are located at one specific T-site.2 
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3.2.3 31P ssNMR Spectroscopy 

After studying the Al environments, the types and quantity of BAS will be revealed 

using 31P ssNMR with probing TMP. In the 31P ssNMR spectrum (see Figure 3.4), there 

is only one sharp and symmetrical peak at -4 ppm, which manifests only one type of 

BAS in the sample.3 As the acidity of H-ZSM-5 is relative to ∠Al-O-Si, the proton of the 

BAS should reside on the same framework O atom. Together with the ICP-AES 

characterisation, the chemical formula of this H-ZSM-5 sample can be written as 

H4.48Al4.48Si91.52O192 (which corresponds to the actual number of BAS). The amount of 

BAS is determined to be 0.76 mmol g-1. Consistent with the 27Al ssNMR result, there is 

almost only one type of BAS in the H-ZSM-5 sample. 

 

Figure 3.4. 31P ssNMR spectrum of H-ZSM-5 with probing TMP, showing a nearly 

symmetrical peak at -4 ppm at room temperature. The asterisk denotes the spinning 

sideband. This indicates the Al distribution is uniform.2 
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3.2.4 SXRD 

The crystal structure of H-ZSM-5 is generated from the SXRD pattern (see Figure 3.5) 

showing several unit cells in Figure 3.6. The crystal structure of H-ZSM-5 has a space 

group of Pnma (8 equivalent positions). This means a unit cell can be viewed as four 

asymmetric units, each possessing a symmetry mirror plane in between that is 

perpendicular to [010] (as shown in Figure 3.6). Provided the distribution of Al is 

uniform as determined by 31P ssNMR with probing TMP, this means each asymmetric 

unit contains about 1 Al site. 

 

Figure 3.5. SXRD pattern of the fresh H-ZSM-5 sample, the sharp and symmetric 

peaks suggest high sample crystallinity and large particle size. 
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Figure 3.6. Published crystal structures of H-ZSM-5 by Heo et al.4, showing several 

unit cells viewing from the (a) [010] (straight channel) and (b) [100] directions 

(sinusoidal channel), and one asymmetric unit viewing from the (c) [010] and (d) [100] 

directions, possessing a symmetry mirror plane in between which is perpendicular to 

[010] as shown in red. Atoms are represented in ball/sticks: blue = Si/Al and red = O.  
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3.3 Results and Discussion 

In this section, H-ZSM-5 pre-adsorbed with probing pyridine is used as the primary 

example, alongside methanol and ammonia, to elucidate the adsorbate-framework 

interactions at an atomistic level.  

3.3.1 TGA 

From the TGA (blue curve in Figure 3.7(a)) with pre-adsorbed pyridine, the desorption 

process of pyridine is under a diffusion controlled regime with typical low desorption 

temperatures below 380 °C. From weight calibration, 6.02(1) pyridine molecules were 

desorbed from room temperature to 600 °C with no evidence of further desorption of 

pyridine beyond (due to the levelling of the thermal baseline). This corresponds to 1.50 

pyridine molecules per BAS. From the integrated peak area of the differential data 

(black curve in Figure 3.7(a)), the sample contains 1.00 strongly bound and 0.50 less 

strongly bound pyridine molecules per BAS. One pyridine desorbs at a lower 

temperature, while the other at a higher temperature, giving a roughly 1:2 molecular 

ratio (see Figure 3.7(b)). Therefore, this implies the co-existence of two distinct 

pyridine behaviours per BAS, a monomeric interaction (PyrH+) and a dimeric 

interaction ([PyrH∙∙∙Pyr]+). It is well known that the BAS in H-ZSM-5 are strongly 

acidic, which can readily protonate most basic organic adsorbates.15 Thus, in the 

dimeric form, the second pyridine molecule is held by the primary protonated 

pyridinium ion through a weaker H-bonding interaction. The second pyridine is hence 

expected to be less strongly adsorbed than any protonated (first) pyridinium ion. 

The apparent pyridine desorption energies (Edes) for the two pyridine desorption 

profiles are estimated by the 1st order linear plots derived from the TGA traces (see 
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Figure 3.8). They correspond to 23.31(3) kJ mol-1 and 39.94(5) kJ mol-1. The low 

activation energies reflect typical diffusion limitations due to the micro-porosity of the 

H-ZSM-5.5 

Similarly, from the TGA experiments of H-ZSM-5 independently pre-adsorbed with 

methanol and ammonia as displayed in Figure 3.9, two different forms of methanol 

interactions and three different forms of ammonia interactions are identified.  

 

Figure 3.7. TGA of H-ZSM-5 sample pre-adsorbed with pyridine. (a) TGA and its 

corresponding differential curve measured at 1 °C min-1, and (b) the peak fit of the 

differential curve with Peak 1 at 332 °C and Peak 2 at 458 °C, giving an area ratio of 

about 1:2.  

  

a b

Region 1 Region 2
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Figure 3.8. Activation energies derived from the TGA traces. (a) Above 380 °C, 

corresponds to Edes of 38.94(5) kJ mol-1, and (b) below 380 °C, corresponds to Edes of 

23.31(3) kJ mol-1. Note that α is the fraction of desorption of pyridine.  

 

 

Figure 3.9. TGA of H-ZSM-5 pre-adsorbed with (a) ammonia and (b) methanol, at 1 °C 

min-1.  
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3.3.2 In situ FT-IR Spectroscopy 

FT-IR is widely used to study the interactions between pyridine and zeolite acid 

sites.6,7 The in situ FT-IR spectra of the H-ZSM-5 samples pre-adsorbed with pyridine 

at increasing temperatures are displayed in Figure 3.10. The peak at 1540 cm-1 is 

generally ascribed to C-C stretching modes of the protonated pyridinium ion.6 

The existence of pyridine dimer in zeolites is well studied, despite an absence of a 

characteristic peak in FT-IR. The peak at 1450-1490 cm-1 arises from the C-C stretches 

of the weakly coordinated pyridine complex. The peak can be caused by either 

physisorbed pyridine or by the secondary pyridine in [PyrH∙∙∙Pyr]+. But it is highly 

unlikely to be caused by physisorbed pyridine, as this peak still exists at the 100 °C 

measurement. Upon elevated temperatures, the change in the ratio of the peak 

intensity of 1540 to 1450 cm-1
 signifies the decomposition of [PyrH∙∙∙Pyr]+ to [PyrH]+.6,7 
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Figure 3.10. FT-IR spectra of H-ZSM-5 pre-adsorbed with pyridine at increasing 

temperature. The peaks at 1450, 1490 and 1540 cm-1 are ascribed to the acid-base 

interactions of pyridine with the H-ZSM-5 framework. 
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3.3.3 1H-15N ssNMR Spectroscopy 

Aside from FT-IR and TGA, we also employed 1H-15N cross polarisation ssNMR 

spectroscopy to qualitatively differentiate various pyridine adsorption structures in the 

H-ZSM-5. From the 1H-15N ssNMR spectrum (see Figure 3.11), two peaks are identified 

at -92.8 ppm (broad peak) and -176.0 ppm (sharp peak). The former broad peak can be 

attributed to a 15N-pyridine molecule with a long-range coupling with H+, which 

implies the formation of [PyrH∙∙∙Pyr]+.8,9 Whereas the latter sharp peak matches with 

the typical literature peak value of pyridinium ion (PyrH+) with a stronger 1H-15N 

coupling for the greater downshift in the chemical shift of the 15N of pyridine.10 

 

 

Figure 3.11. 1H-15N cross coupling ssNMR spectrum of H-ZSM-5 pre-adsorbed with 

pyridine, showing two types of pyridine interactions within the H-ZSM-5 framework at 

room temperature as indicated. The asterisk denotes the spinning sideband. 
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3.3.4 SXRD 

The typical characterisation techniques, namely TGA, FT-IR and ssNMR, have 

provided the global information between the zeolite framework and adsorbate 

molecules. However, the local environment (i.e., where the atomic positions of the 

probe molecule locate about the BAS) has not been revealed. In this section, we 

employed SXRD with Rietveld refinement to study the statistical average atomic 

positions of these adsorbates in the H-ZSM-5. 

The SXRD patterns and the corresponding Rietveld derived crystal structures of H-

ZSM-5 pre-adsorbed with pyridine, methanol, and ammonia are summarised in Figure 

3.12. In addition, from the Fourier contrast map of H-ZSM-5 pre-adsorbed with 

ammonia as displayed in Figure 3.13, the electron density clearly resides along the 

channels (see Table 3.1 for the electron contrast optimisation during the refinement 

process and Table 3.2 for the summary of the lowest R-factors from various attempts of 

the Rietveld refinement with different number of ammonia species). Note that the 

SXRD patterns of H-ZSM-5 pre-adsorbed with pyridine and methanol were also 

treated similarly. 

Upon adsorption, the parent structure of the H-ZSM-5 zeolite is not altered with the 

lattice parameters maintained (see Table 3.3). However, the observable change in 

Bragg peak intensity in the low 2θ region indicates the presence of adsorbate 

molecules in the host H-ZSM-5. 
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Figure 3.12. Rietveld refinements of the SXRD patterns of H-ZSM-5, measured at 25 °C, 

(a) dehydrated, pre-adsorbed with (c) pyridine, (e) methanol, and (g) ammonia. Their 

Rietveld derived atomic parameters of the SXRD data are summarised in Appendix 

Tables A3.1-A3.3, and the corresponding derived crystal structures are displayed in (b) 

dehydrated, pre-adsorbed with (d) pyridine, (f) methanol, (h) ammonia from the [010] 

direction (straight channel view). Atoms are represented in ball/sticks: blue = Si/Al, 

red = O, green = N, black = C. No hydrogens are plotted for clarity. 
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Figure 3.13. Fourier contrast map of H-ZSM-5 pre-adsorbed with ammonia measured 

at 25 °C. The electron density clearly resides along the channels.  

 

Table 3.1. The electron contrast between H-ZSM-5 pre-adsorbed with ammonia and 

dehydrated H-ZSM-5. 

 Rho x y z 

1 2.873 0.2007 0.2500 0.9004 

2 2.295 0.0588 0.7500 0.0710 

3 2.232 0.0711 0.2500 0.8395 

4 2.212 0.0147 0.0499 0.4483 

5 1.791 0.2031 0.1634 0.4005 

6 1.707 0.1007 0.0435 0.9859 

7 1.658 0.1212 0.5445 0.2522 

8 1.573 0.0978 0.1325 0.0743 

9 1.566 0.0269 0.2500 0.7117 

10 1.493 0.0715 0.6077 0.1082 

 Rho refers to the calculated electron density. 
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Table 3.2. Summary of the lowest R-factors from various Rietveld refinement attempts 

of H-ZSM-5 pre-adsorbed with ammonia measured at 25 °C (with the number 

ammonia sites underlined).  

Samples Rwp Rp Rexp χ2 

H-ZSM-5 with 1NH3 13.541 10.784 3.441 3.935 

H-ZSM-5 with 2NH3 12.775 10.190 3.441 3.713 

H-ZSM-5 with 3NH3 10.984 8.709 3.441 3.192 

H-ZSM-5 with 4NH3 9.655 7.499 3.440 2.806 

H-ZSM-5 with 5NH3 9.648 7.529 3.440 2.804 
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Table 3.3. Crystallographic parameters of the H-ZSM-5 samples measured at 25 °C, 

dehydrated, pre-adsorbed with pyridine, methanol, and ammonia.  

Samples 

 

H-ZSM-5  
(dehydrated) 

H-ZSM-5  
(pyridine) 

H-ZSM-5 
(methanol) 

H-ZSM-5 
(ammonia) 

Chemical formula H4.48Al4.48Si91.52O192 H4.48Al4.48Si91.52O192. 

nC5H5N 

H4.48Al4.48Si91.52O192. 

nCH3OH 

H4.48Al4.48Si91.52O192. 

nNH3 

Temperature (°C) 25(2) 25(2) 25(2) 25(2) 

Wavelength (Å) 0.825634(2)  0.825634(2)  0.825771(4)  0.826617(4)  

X-ray source Synchrotron Synchrotron Synchrotron Synchrotron 

2θ -zero point (°) -0.002500(10) -0.002500(10) -0.001932(10) 0.000254(10) 

Space group Pnma Pnma Pnma Pnma 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

a (Å) 20.13675(3) 20.14034(4) 20.14167(4) 20.11343(4) 

b (Å) 19.95928(3) 19.92144(4) 19.95348(4) 19.94445(4) 

c (Å) 13.43725(2) 13.43087(3) 13.43055(4) 13.43221(3) 

V (Å3) 5400.63(2) 5388.80(2) 5397.69(2) 5388.35(2) 

2θ range for 
refinement (°) 

3-55 3-55 3-55 3-55 

Detector MAC MAC MAC MAC 

Number of 
parameters 

36 150 156 156 

Number of hkls 4190 4190 4190 4190 

Refinement 
methods 

Le Bail Rietveld Rietveld Rietveld 

Rwp/Rp/Rexp (%) 6.621/5.077/4.958 8.461/6.377/4.822 9.005/6.977/5.258 7.542/5.860/3.436 


2 1.335 1.755 1.712 2.195 
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Although the uncertainty observed in the atomic positions of these adsorbed 

molecules are higher than the rigid framework atoms (O, Si) due to their intrinsic 

higher degrees of freedom and higher isotropic temperature factors, Beq (see Tables 

A3.1-A3.3 in Appendix for the detailed atomic parameters). The low Rwp and 2 values 

with the closely fitted diffraction patterns suggest good quality of Rietveld refinements. 

It also reflects the high reliability of the atomic positions and angles. 

From the Rietveld derived crystal structures (see Figures 3.12 and 3.14), all three 

primary adsorbates (Pyridine 1, Methanol 1 and Ammonia 1) are found to locate in the 

sinusoidal-straight cross-channel region of the H-ZSM-5 framework. This agrees with 

the earlier postulations from spectroscopic and modelling characterisations, that the 

BAS are likely to be located in the cross-channel region.11 As H atoms cannot easily 

identified by SXRD, a simple way to gauge the location of the BAS is by examining the 

interatomic distances and angles between the framework O atoms and the lone pair 

electrons donor of the probe molecules (i.e., Pyridine 1 (N), Methanol 1 (O) or 

Ammonia 1 (N)). As seen in Figure 3.14, the shortest comparable interatomic distances 

are adsorbate-O5 and -O18 in all the three cases. We can therefore identify the Al site 

at T6 which is sandwiched between O5 and O18 in the H-ZSM-5. Note that there are 

four equivalent O atoms of T6, with O5 and O18 directed to the channel surface.12   
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Figure 3.14. The Rietveld derived crystal structures showing one asymmetric unit, 

from the Rietveld refinements of the corresponding SXRD data: (a) pyridine, (c) 

methanol, and (e) ammonia with the unit cell from the [010] direction (straight 

channel view); (b) pyridine, (d) methanol, and (f) ammonia with the unit cell from the 

[100] direction (sinusoidal channel view). Atoms are represented in ball/sticks: blue = 

Si/Al, red = O, green = N, black = C. No hydrogens are plotted for clarity. 
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The strongly acidic nature of the bridging O18(H) between Al and Si in O5-T6(Al)-O18 

of H-ZSM-5 can easily protonate the basic adsorbate molecules to form protonated 

cations. For each adsorbate, there are more than one adsorbed molecules observed in 

the channels. The adsorbed molecules are less strongly bound as observed by lower 

desorption temperatures in TGA (see Figures 3.7 and 3.9). As seen in the derived 

crystal structure of H-ZSM-5 pre-adsorbed with methanol, there is one additional 

methanol (Methanol 2) in the sinusoidal channel. It is linked to the protonated 

Methanol 1 via H-bonding (Figures 3.12(f) and 3.14(c,d)). For ammonia (Figures 3.12(h) 

and 3.14(e,f)), there are three additional ammonia molecules connected through an H-

bonding network to the protonated Ammonia 1, with Ammonia 2 in the sinusoidal 

channel, and Ammonia 3 and 4 in the straight channel. Thus, the common features 

appear to originate from the protonation of the adsorbate molecules by the BAS. The 

protonated chemisorbed species resides in the cross-channel region, and links with 

additional adsorbates via weak H-bonds.  

However, while the second methanol and ammonia13 resides preferentially in the 

sinusoidal channel, the second pyridine (Pyridine 2) locates in the less sterically 

hindered straight channel (see Figures 3.12(d) and 3.14(a,b)). Despite the anticipated 

equal charge density of O5 and O18 (of O5-T6-O18), NPyridine1-O5 is considerably longer 

than NPyrindine1-O18 (cf. 3.96(5) and 3.50(4) Å). Also, the derived interatomic distances 

of NPyridine1–O18 (3.50(4) Å) and NPyridine2–O18 (3.72(4) Å) correspond well with the 

general distance of electrostatic interaction between -NH+ (Pyridine-H+) and the 

negatively charged framework O18. Thus, the steric factor of the bulky pyridine 

molecules therefore clearly plays an important role in the actual adsorption geometry. 

Pyridine 1 that is in the more hindered sinusoidal channel experiences more steric 
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repulsion, whereas Pyridine 2 that is in the straight channel is less sterically repelled. 

This leads to the difference in interatomic distances (also see force-field modelling 

optimisation in the Chapter 3.3.6).  

Acid-base properties from the Rietveld derived interatomic distances 

It is believed that the basicity of the adsorbate molecules can affect the interatomic 

distances between the acid-base adducts. From Figure 3.14, the shortest interatomic 

distances of different probe molecules are comparable, which range within 2.9-3.5 Å. 

Considering the presence of a ‘bridging’ proton between the strongest adsorption site 

(site 1) and O18 atom, these 2.9-3.5 Å interatomic distances match well with the 

expected interatomic distances of acid-base adducts within experimental errors.  

In fact, the BAS of zeolites are generally considered to be ‘solid acids’, because the 

acid-base properties in zeolites do not require the participation of ‘water’. As 

mentioned earlier, a base molecule is protonated when it interacts with a BAS, then 

subsequently form an acid-base adduct. It is noted that upon protonation, a strong 

base becomes a weak conjugate acid, and vice versa. Therefore, according to the PA of 

pyridine (924 kJ mol-1), ammonia (854 kJ mol-1) and methanol (761 kJ mol-1),14 pyridine 

forms the weakest conjugate acid and interacts the least strongly with the framework 

conjugate base. This is consistent with the derived interatomic distances: NPyridine1-O18 

= 3.50(3) Å > NAmmonia1-O18 = 3.16(4) Å > OMeOH1-O18 = 2.91(4) Å.  

In short, the derived interatomic distances can reflect the strength of the acid-base 

adducts: the longer is the distance, the weaker is the acid-base interaction, the more 

readily is the desorption. 
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3.3.5 Temperature programmed SXRD 

We notice a significant mismatch between the SOF of Pyridine 1 (0.239) and Pyridine 2 

(0.505) from SXRD. It suggests the co-existence of a dimer ([PyrH∙∙∙Pyr]+) and a 

monomer (PyrH+) at 25 °C, which agrees with our earlier deduction from the TGA 

experiment (see Chapter 3.3.1). To differentiate the monomer from the dimer, a 

temperature programmed SXRD experiment was performed (see Figure 3.15). Despite 

a greater thermal vibration motion at high temperatures, the Nprydine1-O18 and 

NPyridine2-O18 interatomic distances remain almost unchanged within experimental 

error from 25 to 200 °C (see Table 3.4).  

Upon heating from 25 to 100 °C, the SOF value of Pyridine 2 sharply decreases from 

0.505 to 0.320 (see Table 3.4). Then, the SOF values of both Pyridine 1 & 2 decrease 

steadily. This means some of Pyridine 2 preferentially desorbs upon heating to 100 °C. 

From the TGA experiment (see Figure 3.7), the estimated desorption energy (Edes, 

Figure 3.8) is 24.93 kJ mol-1, which implies Pyridine 2 in the dimer form desorbs more 

easily. This would leave behind only the two monomer forms at ca. 200 °C before their 

final desorption at higher temperatures (Edes = 39.85 kJ mol-1, Figure 3.8). Interestingly, 

the SOF values of the two pyridine sites are comparable at 200 °C, which may imply a 

thermal equilibrium is achieved between these two sites. Taking the entropy factor of 

the molecule in the adsorption site into consideration, Pyridine 2 that is in the less 

sterically hindered straight channel is likely to be the kinetic intermediate site before 

the filling or emptying of other sites.   
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Figure 3.15. Temperature programmed SXRD patterns of the H-ZSM-5 samples pre-

adsorbed with pyridine at various temperatures. Upon adsorption of pyridine, the 

increase in Bragg peak intensity at the low 2θ region indicates pyridine desorption 

from the host H-ZSM-5. 
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Table 3.4. Table displaying H-ZSM-5 pre-adsorbed with pyridine at various 

temperatures, SOF values, N1-O18, N2-O18, and N1-N2 interatomic distances. It is 

noted that the total SOF value from temperature programmed SXRD is noticeably 

different from that deduced from the TGA measurement at various prolonged 

stepwise temperatures.      

Temperature (°C) 25 100 200 300 400 

SOF (Pyr1) 0.239(2) 0.230(2) 0.253(2) 0.187(4) 0.137(3) 

SOF (Pyr2) 0.505(2) 0.320(2) 0.217(2) 0.084(4) 0.067(3) 

N1-O18 (Å) 3.50(4) 3.51(5) 3.47(4) 3.51(5) 3.71(5) 

N2-O18 (Å) 3.72(3) 3.76(3)  3.76(6) 3.83(6) 4.40(7) 

N1-N2 (Å) 3.61(6) 3.41(6) 3.39(6) - - 

Rwp (%) 8.461 8.185 7.721 7.371 7.486 

2 1.755 1.695 1.601 1.524 1.544 

 

  



94 
 

3.3.6 Force-field Modelling Optimisation 

To verify the Rietveld derived crystal structures (see Figure 3.16), the pyridine 

positions in H-ZSM-5 were modelled using the corresponding force-field atomic 

potential energies. As shown in the SXRD derived crystal structure with pre-adsorbed 

pyridine at 25 °C (see Figure 3.16(a) and Table 3.5), N1-O18 corresponds to 3.50(4) Å 

with ∠X1-N1-O18 of 102.2(16)o; N2-O18 corresponds to 3.72(4) Å with ∠X2-N2-O18 of 

136.4(16)o (where X1 and X2 refer to the centre of the pyridine molecule). The best-fit 

calculation was based on the protonation of Pyridine 1 which connects Pyridine 2 

through an H-bonding interaction (see Figure 3.16(b)). The calculated N1-O18 of 3.33 Å 

with ∠X1-N1-O18 of 113.6° and N2-O18 of 3.80 Å with ∠X2-N2-O18 of 143.0° are in good 

agreement with the SXRD data. Although this simple calculation could be improved 

by more rigorous QM calculations, the small discrepancies (ca. 10% longer interatomic 

distances of the derived crystal structure at 25 °C) could be accounted for by the 

difference in the thermal vibration factors between the experimental and theoretical 

approaches. The values for the calculated N1-O18 distances of Pyridine 1 monomer 

presented in Figure 3.16(d) and the N2-O18 of Pyridine 2 monomer (see Figure 3.16(f)) 

remain almost unchanged as those in the dimer model. This suggests the weak H-

bonding in the dimer model seems to affect the interatomic angle and orientation 

slightly, but has limited effect on the N-O interatomic distances. 
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Figure 3.16. (a, c, e) Rietveld derived crystal structures of H-ZSM-5 pre-adsorbed with 

pyridine molecules from 25 °C to 200 °C, and the force-field modelling optimised 

crystal structures of (b) pyridine dimer ([PyrH∙∙∙Pyr]+); (d) Pyridine 1 monomer in the 

cross-channel; (f) Pyridine 2 monomer in the straight channel. There is no significant 

difference between the N1-O18 distances, but slight variations in the bond angles and 

molecular orientation, see Table 3.5. Atoms are represented in balls/sticks: blue = Si/Al, 

red = O, green = N, black = C, and light yellow = H. The values in brackets refer to SOF. 

Some hydrogens are omitted for clarity. 
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Table 3.5. Comparison of Rietveld refinement of SXRD and force-field modelling 

optimisation of H-ZSM-5 pre-adsorbed with pyridine. Selected bond lengths and bond 

angles from the Rietveld refinement of the SXRD data measured at 25 °C and force-

field optimisation data are shown. All interatomic distances and angles are measured 

by the CrystalMaker software. X1 and X2 refer to the centre of the corresponding 

pyridine. 

Bond lengths 

(Å) 

From 

SXRD 

- Rietveld 

From  

force-field 

modelling 

Bond angles 

(°) 

From 

SXRD 

- Rietveld 

From  

force-field 

modelling 

N1-O5 3.96(4) 3.86 ∠X1-N1-O5 100.0(16) 105.2 

N1-O18 3.50(3) 3.34 ∠X1-N1-O18 102.2(16) 126.6 

N2-O5 3.53(3) 3.61 ∠X2-N2-O5 126.9(16) 110.3 

N2-O18 3.27(3) 3.08 ∠X2-N2-O18 136.4(16) 143.0 
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3.4 Conclusions 

In short summary, the atomic positions and angles of the small C-, O-, N-containing 

molecules, namely, pyridine, methanol and ammonia, adsorbed on the H-ZSM-5 have 

been determined. More importantly, the locations of the BAS have been successfully 

identified, with the substituted Al at the T6 site and the proton on the O18 site. The 

strength of the acid-base interactions has been further elucidated by studying their 

corresponding interatomic distances between the BAS and probe molecules. However, 

to characterise the H positions to further elucidate the structures of the adsorbed 

ammonia molecules within H-ZSM-5, ND (neutron diffraction) experiments should be 

carried out. 

This is proven to be a unique and reliable way to reveal the locations of the BAS and Al 

sites, as well as the adsorbate structure in zeolites. Supported by theoretical 

calculations, high-resolution SXRD combined with Rietveld refinement can now offer 

a unique and reliable way to determine adsorbate structures and their interactions 

with the interior acid sites for further exploration of zeolite chemistry. 
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Chapter 4. Probing Atomic Positions in Ammonia Storage in H-ZSM-5 

In this chapter, the storage capability and sorption kinetics in H-ZSM-5 are reported 

based on our structural findings. Some of the data particularly the evaluation of 

sorption kinetics were acquired in collaboration with Dr Lin Ye of our group.    

The work in this chapter was published in Chemical Communications 52, 3422–3425 

(2016), ‘Probing atomic positions of adsorbed ammonia molecules in zeolite’, by Ye, L., 

Lo, B. T. W., et al. with equal contribution. 
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4.1 Introduction 

The catalytic production of ammonia from nitrogen and hydrogen by the Haber–

Bosch process is the second largest industrial chemical manufacturing process in 

global trade. The main drivers are for the agricultural sector as fertiliser and for 

industrially diverse applications as an enabling chemical.1,2 Furthermore, ammonia is a 

possible carbon-free fuel candidate. This offers an exciting potential for ammonia to 

be used as an energy storage with better energy density factors than liquid 

hydrogen.3,4 An established logistics chain for worldwide trading and transportation of 

ammonia already exists.  

Compressed liquefied ammonia is a current solution for ammonia storage and 

transportation, but it is not for long term applications because of ammonia toxicity 

and corrosiveness. Indeed, the choice, cost, weight and design of container, and the 

associated health and safety issues will reduce the attractiveness of using liquefied 

ammonia as a fuel for small vehicles. Recently, zeolites3 , porous COFs4 and MOFs5 

have been used to store ammonia reversibly. These materials show great storage 

performance by using the LAS or BAS to interact with ammonia. They may also be 

used to store ammonia as a selective reductant for deNOx for both stationary and 

mobile applications.6–8 At the ammonia release step, some ammonia could be released 

under low energy input conditions, but some may need high temperature with no 

rationalisation. Meanwhile, the highest ammonia uptake (15 mmol g−1) achieved to 

date is still not satisfactory for industrial requirements. Thus, elucidating the 

fundamental interactions between the adsorbed ammonia and porous frameworks is 

critical for improved storage.  
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In the case of ammonia storage over porous materials, NH3-TPD (temperature 

programmed desorption) is widely used to characterise the amount and strength of 

ammonia adsorption crudely. In zeolite materials, by combining NH3-IR and 

theoretical calculations, the formation of NH4
+·nNH3 (n ≥ 1) has been determined, 

when NH3/Al used was greater than 1.9,10 However, these measurements can neither 

provide the atomic information of the adsorbates nor reflect the nature of interactions. 

In zeolites, the BAS can form strong acid-base adducts with ammonia molecules;11,12 

also, the small cavity within the zeolite framework allows ammonia–ammonia 

interactions at high loading of ammonia uptake.13,14
  

In this chapter, based on the BAS identification in H-ZSM-5 from Chapter 3, the 

understanding of the internal topology of porous structures and molecular adsorbates 

at an atomic level is revealed. This may lead to a rational design of highly selective 

adsorbents and catalysts. By using temperature programmed SXRD combined with 

Rietveld refinement, together with TGA and force-field modelling optimisation, the 

bonding geometries of the adsorbed ammonia about the internal surface of BAS are 

probed within experimental error.  
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4.2 Results and Discussion 

In this section, a series of characterisation techniques are employed to investigate the 

ammonia-framework and ammonia-ammonia interactions in H-ZSM-5. 

4.2.1 SXRD 

From the SXRD patterns of H-ZSM-5 before and after adsorption, (as discussed in 

Chapter 3.3.4), the crystal structure of the H-ZSM-5 framework remains unchanged 

upon the adsorption of ammonia.  

From the Rietveld derived crystal structure (see Figure 4.1, measured at 25 °C), there 

are three ammonia species along the sinusoidal channel and one ammonia deep in the 

straight channel. As determined by the interatomic distances in Chapter 3.3.4, 

Ammonia 1 has the shortest interatomic distance with the framework O18 atom 

(NAmmonia1–O18 = 3.16(3) Å). This first ammonia acts as a Brønsted base that accepts the 

proton from the BAS to form an NH4
+ ion. Meanwhile, the derived interatomic 

distances among the four adsorbed ammonia molecules are NAmmonia2–NAmmonia1 = 

3.43(8) Å, NAmmonia3–NAmmonia1 = 3.84(8) Å and NAmmonia4–NAmmonia3 = 4.36(9) Å. The 

former two fall in the range of typical H-bonding interactions and geometries of (N–

H⋯N) with medium strength as displayed in Table 4.1. Whereas, the latter shows 

almost no formal bonding interaction between Ammonia 3 & 4. Therefore, Ammonia 4 

is likely to have arisen from physisorption in the straight channel through weak 

interaction with the internal framework surface.  
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Table 4.1. The guiding values of “strong”, “moderate” and “weak” hydrogen bonds.15 

 Strong Moderate Weak 

Type of interaction  
Strongly 
covalent 

Mostly 
electrostatic 

Electrostatic/ 
dispersive 

Bond lengths B-H (Å) 1.2 – 1.5 ca. 1.0 ca. 1.0 

Bond lengths H···A (Å) 1.2 – 1.5 1.5 – 2.2  > 2.2 

Bond lengths B······A (Å) 2.2 – 2.5 2.5 – 3.2 3.2 – 4.0 

Bond energy (kJ mol-1) 63 – 167 16 – 63 < 16 

Bond angles (°) 170 – 180 > 130 > 90 
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Figure 4.1. (a) Rietveld refinement profile of the SXRD pattern of H-ZSM-5 pre-

adsorbed with ammonia, measured at 25 °C, and its corresponding Rietveld derived 

crystal structures, viewed from the [010] direction showing (b) an asymmetric unit, 

and (c) several unit cells. There are four ammonia molecules per asymmetric unit: 

Ammonia 1-3 in the sinusoidal channel and Ammonia 4 in the straight channel. Atoms 

are represented in ball/sticks: white = Si/Al, red = O, light green = O18, blue = N. No 

hydrogens are plotted for clarity. 
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4.2.2 Force-field modelling optimisation  

To verify the atomic positions of the adsorbed ammonia species, a force-field 

modelling optimisation has been performed (see Figure 4.2 and Table 4.2). The 

optimisation result is consistent with the Rietveld refinement result in terms of 

ammonia location; three ammonia species along the sinusoidal channel and one 

ammonia species in the straight channel. There is however a slight deviation in the 

interatomic distances between the adsorbed ammonia molecules and BAS at 25 °C 

from the Rietveld refinement analogues. It is likely due to the absence of thermal 

factors in the theoretical calculations and the selected part of a unit cell in the 

theoretical calculations. Despite the force-field modelling optimisation agrees with the 

atomic information of H-ZSM-5 pre-adsorbed with pyridine in Chapter 3, the 

optimisation of ammonia seems less promising in terms of atomic coordinates. 
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Figure 4.2. Comparison between the Rietveld derived crystal structure from SXRD and 

force-field modelling optimisation, showing one asymmetric unit. The preliminary 

calculation result is consistent with the Rietveld refinement result, apart from a slight 

deviation in the interatomic distances. The same colour scheme is applied as Figure 4.1. 

 

Table 4.2. Force-field modelling optimisation of H-ZSM-5 pre-adsorbed with 

ammonia, comparing the interatomic distances and the atomic coordinates with the 

Rietveld derived crystal structure. 

Interatomic 

distance 

(Å) 

SXRD 

(N···H···O) 

Force-

field 

(N···H···O) 

x 

(SXRD/Force-

field) 

y 

(SXRD/Force-

field) 

z 

(SXRD/Force-

field) 

N1-O18 3.18(3) 4.49 -0.5336/-0.4694 -0.4580/-0.7020 0.2708/0.0160  

N2-N1 3.43(8) 2.74 -0.8939/-0.0537 -0.7836/-0.8072 0.1300/0.0271 

N3-N1 3.84(9) 2.62 -0.5007/-0.6952 -0.0504/-0.0414 0.5839/0.8331 

N4-N3 4.36(9) 3.03 -0.6987/-0.7382 -0.9195/-0.9599 0.9582/0.8195 
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4.2.3 TGA 

To understand the ammonia sorption properties of H-ZSM-5, TGA was used to reveal 

the ammonia desorption kinetics from H-ZSM-5. 

The TGA data of H-ZSM-5 pre-adsorbed with ammonia were collected up to 600 °C in 

air at ramping rates of 1, 7.5, 10, 15 and 20 °C min-1 (see Figures 4.3 and 4.4). From 

calibration, 5.06% in weight loss was observed upon heating from 25 to 400 °C, which 

is equivalent to a total ammonia storage capacity of H-ZSM-5 of 3.13 mmol g-1 

(equivalent to 18 ammonia molecules per unit cell, see Table 4.3). According to the 

modified Arrhenius plot (see Figure 4.5, as described in Chapter 2.4.8), the estimated 

ammonia desorption energies, Edes, from H-ZSM-5 correspond to 6.81(6), 21.3(1), and 

62.5(2) kJ mol-1. Referring to the strength of H-bonding (see Table 4.1), the Edes of 62.5 

kJ mol-1
 falls in the range of “Moderate” to “Strong” H-bonding. Note that the ∠O-H···N 

hence should be almost linear. Whereas, the first two Edes values, 6.81(2) and 21.3(1) kJ 

mol-1, are noticeably smaller than the case in pyridine (see Chapter 3.3.1, c.f. 24.93(3) 

and 39.85(4) kJ mol-1). This is due to the smaller ammonia molecules are much less 

sterically hindered from the desorption process from the zeolite confined channels. 
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Figure 4.3. TGA of H-ZSM-5 pre-adsorbed with ammonia measured at 1 °C min-1, 5.06% 

in weight loss was observed from 25 to 400 °C. The total ammonia storage capacity of 

H-ZSM-5 is 3.13 mmol g-1 (18 ammonia molecules per unit cell). 

 

 

Figure 4.4. Difference TGA of H-ZSM-5 pre-adsorbed with ammonia, measured at 7.5, 

10, 15, and 20 °C min-1. 
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Table 4.3. Comparison of residual ammonia molecules per unit cell at various 

temperatures between TGA and Rietveld refinements. 

Temperature 

(°C) 

#Ammonia/unit cell 

from TGA 

#Ammonia/unit cell 

from Rietveld refinements* 

25 18.0 18.0 

100 10.0 9.36 

200 5.23 5.44 

300 1.97 2.00 

400 0 0 

*The number of ammonia molecules from Rietveld refinements is calculated from the 

sum of the derived SOF values of the ammonia sites, taking symmetry into account. 

 

Table 4.4. The peak temperatures of ammonia desorption from H-ZSM-5 at different 

temperature ramping rates. The desorption energies, Edes, are estimated from the 

modified Arrhenius plot in Figure 4.5. 

Ramping rate (°C min-1) 7.5 10 15 20 Edes (kJ mol-1) 

TI (°C) 22 25 30 34 6.81(6) 

TII (°C) 134 142 156 170 21.3(1) 

TIII (°C) 330 338 354 369 62.5(2) 
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Figure 4.5. Edes estimation from the modified Arrhenius plots. Linear fitting of the 

peak temperature of three types of desorption measured at different temperature 

ramping rates. The R2 values are 0.997 (top, peak I), 0.961 (middle, peak II) and 0.974 

(bottom, peak III).  
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4.2.4 Temperature programmed SXRD 

As mentioned in Chapter 3, conventional techniques only detect the global picture of 

the ammonia desorption process. In this section, temperature programmed SXRD was 

employed to directly ‘visualise’ the ammonia desorption process from the H-ZSM-5 

sample. 

The temperature programmed SXRD patterns are displayed in Figure 4.6. Upon 

elevated temperatures, the Bragg peak intensity significantly increases in the low 2θ 

region. This signifies ammonia desorption from H-ZSM-5 (see Table A4.1 for the 

detailed crystallographic parameters). From the Rietveld derived crystal structures 

(see Figure 4.7), at elevated temperatures (i) the interatomic distances between 

ammonia–BAS and ammonia–ammonia both increase, and (ii) the number of residual 

ammonia molecules decreases. At 200 °C, nearly all physisorbed ammonia and 

intermolecular H-bonding connected ammonia are readily desorbed from H-ZSM-5. 

To release the remaining strongly bound BAS adduct NH4
+ species with the framework, 

a higher energy input is needed. Interestingly, the TGA and temperature programmed 

SXRD experiments have shown an excellent match for the number of residual 

ammonia molecules in the H-ZSM-5 at various desorption temperatures (25, 100, 200, 

300, and 400 °C, as seen in Table 4.3). 

As determined by TGA, the estimated Edes for ammonia desorption from H-ZSM-5 are 

6.81(6), 21.3(1), and 62.5(2) kJ mol-1. They correspond well with the expected activation 

barriers from the interatomic distances derived from the temperature programmed 

SXRD measurements: for very weak interactions (N–H⋯O), H-bonded (N–H⋯N), and 

strong Brønsted acid–base adduct (O⋯+H-N) (see Table 4.5).15 We acknowledge these 
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interatomic distances may not be referenced directly, especially for the immediate 

desorption of weakly bound molecules under 50 kJ mol−1, and the possible water 

molecule contamination that could introduce small errors. Nonetheless, the TGA and 

temperature programmed SXRD results agree well with each other. 

 

Figure 4.6. Temperature programmed SXRD patterns of ammonia desorption from 

the H-ZSM-5, measured at 25, 100, 200, 300, and 400 °C.  
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Figure 4.7. Rietveld derived crystal structures of temperature programmed SXRD 

measurements of H-ZSM-5 pre-adsorbed with ammonia. The numerical values 

represent the interatomic distances, whereas the percentage values correspond to the 

SOF values of the corresponding site. The same colour scheme as Figure 4.1 is applied. 

(See Figures A4.1-A4.4 and Tables A4.2-A4.5 in Appendix for the corresponding 

Rietveld refinement profiles and detailed atomic parameters.) 
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Table 4.5. Summary of the Rietveld refinement results of the temperature 

programmed SXRD of H-ZSM-5 pre-adsorbed with ammonia, showing the derived 

interatomic distances and the SOF values of the ammonia sites. 

Temperature (°C) 25 100 200 300 400 

SOF (Ammonia1) 0.89(1) 0.87(1) 0.93(1) 0.50(1) - 

SOF (Ammonia2) 0.76(1) 0.67(1) - - - 

SOF (Ammonia3) 0.97(1) 0.80(1) 0.43(1) - - 

SOF (Ammonia4) 0.94(1) - - - - 

N1-O18 (Å) 3.18(3) 3.82(4) 3.89(4) 4.03(4) - 

N1-O5 (Å) 3.44(4) 3.86(4) 4.07(4) 3.84(4) - 

N2-N1 (Å) 3.43(4) 3.52(5) - - - 

N3-N1 (Å) 3.84(6) 4.06(6) 4.48 (5) - - 

N4-N3 (Å) 4.36(9) - - - - 
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4.3 Conclusions 

In conclusion, ammonia storage in H-ZSM-5 is clearly originated from strong acid-

base interactions between BAS and ammonia (by first forming a chemisorbed 

NH4
+ species (O⋯+HN)). Due to the confinement effect by the framework structure of 

H-ZSM-5, there are only two other ammonia molecules interacting with the first NH4
+ 

species through its unused H moieties to form typical H-bonds (N–H⋯N) along the 

sinusoidal channel. At 25 °C, an additional ammonia molecule is weakly adsorbed on 

the internal surface of the H-ZSM-5 deep in the straight channel through N–H⋯O. At 

elevated desorption temperatures, ammonia molecules with different sorption 

strengths desorb accordingly. It results in three desorption peaks from the differential 

of the TGA measurements. We believe such atomic coordination analysis 

unprecedentedly achieved in the present case could provide fundamental 

rationalisation, as to why multiple release stages are frequently observed in many 

reported ammonia storage materials in the forms of physisorption, intermolecular H-

bonding, acid–base adducts, etc.  

As far as ammonia storage is concerned, large fractions of ammonia characterised with 

physisorption and H-bonding interactions could be made available by relatively low 

energy input/output, if they are stored in materials with large voids/channel 

dimensions. To render the strongly bound ammonia available for recyclable ammonia 

storage, a much higher energy input would be required. However, a greater number of 

BAS in the material synthesis is essential to hold the first adsorption layer of ammonia 

before more ammonia molecules are taken up through the H-bonding network. 
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Meanwhile, tuning the acidity of the BAS and their spatial arrangement could be 

feasible to reduce the energy cost of the desorption process.   
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Chapter 5. From Biomass-Derived Furans to Aromatics with Ethanol  

Based on the structural understanding of the BAS of H-ZSM-5, this chapter reports the 

rational design of a novel biomass conversion reaction from biomass-derived furan 

and ethanol to aromatics. The use of liquid ethanol instead of high-pressure gaseous 

ethylene as the source of dienophile in this one-pot synthesis makes the aromatics 

production much simpler and renewable. The key step in facilitating the reaction is 

accordingly studied by experimental and theoretical techniques. Some of the data 

particularly the evaluation of catalytic performances was acquired in collaboration 

with Mr Ivo Teixeira of our group. 

The work in this chapter was published in Angewandte Chemie International Edition 

as an inside back cover, ‘From Biomass-Derived Furans to Aromatics with Ethanol 

over Zeolite’ by Teixeira, I. F., Lo, B. T. W., et al. with equal contribution. 
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5.1 Introduction 

Non-renewable fossil fuels are of great importance for the current energy and 

chemicals provision for the society.1–3 The CO2 and related problems from the 

consumption of these fuels have evidently associated with global warming and climate 

change.1–3 Therefore, a CO2-neutral solution has attracted substantial attention, such 

as solar power and biomass conversion are possible candidates.4 Lignocellulose is one 

of the most common biomass materials available around the globe.5,6 It can readily be 

converted into valuable platform chemicals, including furfuryl alcohol and 2,5-

dimethylfuran (DMF).7,8 Some of these platform chemicals contain a furan group; the 

presence of the furan group makes it available to be further converted into various 

aromatic products, via Diels-Alder (DA) and dehydration reactions. These conversions 

have been investigated over a range of zeolite catalysts, using ethylene or propylene as 

the co-substrate.9–11  

To avoid the handling of high-pressure ethylene/propylene gas, we present a novel 

catalytic conversion of biomass-derived DMF and ethanol to aromatics (mainly p-

xylene) over zeolite catalysts. From our experimental and theoretical studies, ethanol 

first dehydrates to form ethylene; the in situ produced ethylene (dienophile) then 

reacts with DMF (diene) via the DA reaction. The use of liquid ethanol instead of 

high-pressure ethylene for the DA reaction makes the entire ‘one-pot’ process much 

simpler and safer to handle, and more importantly, completely renewable. Under the 

optimised reaction conditions, much higher reaction rates are observed. The rate 

promotion is investigated using both experimental and theoretical approaches, that a 

preferential protonation of ethanol over DMF leads to a lower activation barrier. The 
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preferential protonation of ethanol is believed to be the key step facilitating the DA 

and cycloadduct dehydration reactions in zeolite catalysts. 

5.2 Catalytic Performance 

The catalytic conversion of ethanol and DMF (ethanol/DMF) was first compared 

against ethylene/DMF under comparable reaction conditions as reported by 

Mpourmpakis et al.12 High catalytic activities (> 80% conversion) are observed over all 

zeolite samples (H-USY and H-ZSM-5 with different Si/Al ratio, see Table 5.1). H-USY 

(Si/Al = 6) shows the best catalytic performance, with the highest DMF conversion 

and aromatic selectivities. In general, the p-xylene selectivity is higher when H-USY is 

used as the catalyst. 

Like that of ethylene/DMF9,10, ethanol/DMF produces p-xylene as the main product 

(see Figure 5.1 and Scheme 5.1). This hints ethylene may be produced in situ from the 

dehydration of ethanol over the BAS in zeolites. The side products include 2,5-

hexanedione (from DMF hydrolysis), alkylated aromatics, alkylated furans and coke. 

As displayed in Figure 5.2, the overall conversion (yield) of ethanol/DMF is also higher 

than that of ethylene/DMF (97% vs. 70%) over H-USY (Si/Al = 6). Note that the use of 

ethanol produces a small quantity of aromatics with oxygen-containing substituent 

groups. In addition, the reaction conditions were also optimised for a range of 

parameters, such as time, temperature and ethanol/DMF ratio (see Chapter 2.3).  

We understand the same Si/Al ratio should be compared between H-USY and H-ZSM-

5. But due to the difference in sample synthesis, a direct comparison is extremely 

difficult. In fact, H-USY (Si/Al = 6) and H-ZSM-5 (Si/Al = 19) are in the same regime in 

terms of BAS concentration (0.6 vs. 0.76 mmol g-1, see Table 5.1). This suggests the 
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framework structure of H-USY may favour the specific geometric requirement for the 

DA reaction.  

 

Figure 5.1. Product distribution for the catalytic conversion of 2,5-dimethylfuran 

(DMF) with ethanol over different zeolites.  
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Scheme 5.1. Schematic for the catalytic production of p-xylene from DMF and ethanol. 

 

 

Figure 5.2. Catalytic performance of the conversion of ethanol/DMF and 

ethylene/DMF reactions over H-USY (Si/Al = 6). Reaction condition: temperature = 

300 °C; substrate concentration: ethylene = 0.45 mol (40 bar), ethanol = 0.14 mol, and 

DMF = 0.14 mol. 
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Table 5.1. Acid site concentrations and surface area of the zeolite samples.  

Zeolite 
Samples 

Si/Al[i] 
BAS conc.[ii]  
(mmol g-1) 

Surface Area[iii] 

(m2 g-1) 
Turnover frequency[iv] 

(102 h-1) 

H-ZSM-5 

19 0.76 349  0.63 

25 0.31 311  1.50 

60 0.03 309 14.95 

252 - 329 - 

H-USY 

6 0.6 735  2.57 

5 1.1 650  0.23 

7.5 0.1 550  4.75 

250 0.1 620  5.02 

[i] synthesis ratio 

[ii] the values for H-ZSM-5 are estimated using the extinction coefficient method by Emeis13; 

the values for H-USY are provided by SRIFT-Sinopec 

[iii] from BET  

[iv]  rate per mole of DMF to mole of products per BAS per hour 
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5.3 Kinetic Studies 

When ethanol is used as the co-substrate instead of ethylene, the improvement in the 

catalytic conversion of DMF is significant. The initial conversion rate is improved by 

more than four times under the same reaction conditions over H-USY (Si/Al =6, 0.141 

and 0.034 mol gcat
−1
 h−1 for ethanol/DMF and ethylene/DMF). 

The optimised substrate concentrations over the H-USY (Si/Al = 6) are DMF (0.14 mol) 

with ethanol (0.14 mol) or ethylene (40 bar, 0.45 mol). Interestingly, a higher reaction 

rate was however observed when ethanol was used as the dienophile (see Figures 5.3(a) 

& 5.4). Not to mention that less ethanol was used, the possible competing side 

reactions from ethanol should also lower the rate of reaction. Therefore, the kinetic 

difference may reveal important mechanistic details.  

In addition, the apparent activation energy of ethanol/DMF is estimated to be 55.8(12) 

kJ mol−1 from the Arrhenius plot (see Figure 5.3(b)). It is notably lower than that of 

ethylene/DMF (ca. 100 kJ mol−1, making a difference of ca. 44 kJ mol-1).9 Hence, the 

two reaction profiles could be substantially different.  

In the next sections, the rate promotion will be extensively discussed by combing 

theoretical calculations and experimental techniques. 
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Figure 5.3. (a) Kinetic data derived for the catalytic conversion of ethanol/DMF and 

ethylene/DMF over H-USY (Si/Al = 6). (b) Arrhenius plot for the estimation of 

apparent activation energy of ethanol/DMF. Reaction condition: temperature = 300 °C; 

substrate concentration: ethylene = 0.45 mol (40 bar), ethanol = 0.14 mol, and DMF = 

0.14 mol. 
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Figure 5.4. Rate constant derivation based on first order fitting. R2 (ethanol/DMF) = 

0.971, R2 (ethylene/DMF) = 0.985. 
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5.4 Theoretical Calculations 

In this section, the energy profiles of p-xylene formation from ethanol/DMF and 

ethylene/DMF, and the binding energies between the BAS and the adsorbates are 

calculated by theoretical calculations. 

5.4.1 Reaction Energetics 

The DFT - electronic structure methods were used to calculate the two energy profiles 

of the elementary steps of p-xylene formation from ethanol/DMF (green path) and 

ethylene/DMF (black path), as shown in Figure 5.5. The corresponding free energies, 

enthalpies and entropies of the elementary steps were also computed under our 

reaction conditions and summarised in Table 5.2. To express the computational 

energy representation (E-representation) landscapes of a catalytic cycle in term of 

experimental kinetics (k-representation), the energetic span model of Kozuch and 

Shaik was also summarised in Table 5.2.14 

In ethylene/DMF (black), DMF is first protonated by the BAS (see Table 5.3 and 

Chapter 5.5 for the PA analysis). Therefore, either the DA reaction (via DA≠) or 

dehydration of the cycloadduct (via C−O≠ and C−H≠) should be the rate determining 

step. It is however difficult to judge between the two due to the similarity in energy 

barrier. It has recently reported that the rate determining step is BAS concentration 

dependent.9,10 From the BAS concentration of our H-USY (Si/Al = 6) sample, it is 

believed the DA reaction should be rate-limiting as proposed by Williams et al.9,10 

Note that the ethylene/DMF route was originally studied by Caratzoulas et al. using 

the same approach.9,15 
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In the case of ethanol/DMF (green), there are a cascade of fundamental steps: ethanol 

will be first preferentially protonated instead of DMF by the BAS. The pronated 

ethanol is then followed by dehydration of the protonated ethanol (via E1 mechanism) 

to ethylene and hydronium ion (H3O
+). The H3O

+ then binds with the DMF through 

weak H-bonding (O-H‡). This weak interaction does not alter the electron density of 

the DMF as much as in the case of ethylene/DMF (where DMF is preferentially 

protonated). Hence, the HOMO-LUMO gap is narrowed (see Figure 5.6), which lowers 

the activation barrier for the rate-determining DA‡ state. Indeed, the calculated 

electronic stabilisation energy of ethanol/DMF (96.7 kJ mol-1) is notably lower than 

that of ethylene/DMF (107.9 kJ mol-1 , see Table 5.3). In addition, the BAS with the 

H3O
+ produced can further catalyse C-O cleavage (C-O‡) and C-H removal (C-H‡) via 

facilitated hydrogen transfer. This ultimately forms another water molecule. The 

catalytic cycle is completed by a final proton transfer, forming p-xylene and a proton.  

From the overall Gibbs free energy, the calculated energetic span barriers are 115.1 

kJ mol−1 for ethanol/DMF and 155.4 kJ mol−1 for ethylene/DMF, respectively. 

Surprisingly, the difference in energetic span barrier between the two routes, 40.3 

kJ mol−1, matches perfectly with the kinetic experimental observations (ca. 44 kJ mol−1). 
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Figure 5.5. Calculated Gibbs free energy profiles for the catalytic conversion of 

ethanol/DMF (green) and ethylene/DMF (black), with the corresponding transition 

state geometries shown as insets.  

Table 5.3. DFT calculated barriers for the elementary steps in the ethylene/DMF and 

ethanol/DMF routes at 300 °C. 

Pathway 
Elementary 
step 

Enthalpy 
(kJ mol-1) 

Entropy 
(J mol-1 K-1) 

Total 
Gibbs free 
energy 
(kJ mol-1) 

Electronic 
stabilisation 
energy 
(kJ mol-1) 

Ethylene/DMF 

DA‡ 109.0 -63.2 145.2 107.9 

C-O‡ 25.4 3.5 23.4 33.7 

C-H‡ 69.9 -27.4 85.6 84.0 

Ethanol/DMF 

E1‡ 77.6 10.5 71.6 93.3 

O-H‡ 38.5 -15.4 47.3 36.4 

DA‡ 96.3 -54.7 127.6 96.7 

C-O‡ 53.6 11.6 46.9 59.9 

C-H‡ 17.1 -28.5 33.5 59.9 
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Figure 5.6. HOMO-LUMO orbital analysis at the initial state of the DA reaction of the 

ethanol/DMF and ethylene/DMF pathways.  

 

Table 5.3. CBS-QB3 calculated gas phase proton affinities (PA) of reaction species. 

Note that negative values indicate exothermicity. 

Reaction  

species 

Gas phase  

proton affinity  

(kJ mol-1) 

Ethylene -677.3 

Water -682.2 

DMF (C) -732.3 

p-xylene -770.8 

Ethanol -779.1 
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5.4.2 Binding Energies Estimation 

We further investigated the adsorption behaviour in zeolites using the ONIOM 

method. However, the H-USY structure is extremely highly symmetric (space group of 

Fd-3m). There are limitations in using the combined theoretical-experimental method 

to study the adsorbate structure in H-USY. Therefore, H-ZSM-5 (Si/Al = 19, space 

group of Pnma) was deliberately chosen based on our structural understanding. Figure 

5.7(a) shows the ONIOM three-layer partitioning scheme. The corresponding ground 

state adsorption geometries are displayed in Figure 5.7(b)-(e). The ONIOM calculated 

binding energies for ethanol, ethylene and DMF are -70.1, -24.1 and +16.5 kJ mol-1, 

respectively. It means that the adsorption of DMF is slightly endothermic, in contrast 

to the highly exothermic ethanol adsorption. This is perhaps caused by the steric 

hindrance of the bulky DMF when it is adsorbed onto the zeolite framework. Thus, the 

ONIOM calculation indicates that ethanol is more preferentially protonated by the 

BAS than DMF and ethylene.  

Next, the preferential protonation will be experimentally verified by SXRD in this next 

section. 
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Figure 5.7. (a) ONIOM3 partitioning scheme applied on H-ZSM-5. (b)-(e) Ground 

state adsorption conformations of ethanol, DMF, ethylene, and ethanol-DMF dimer, 

respectively, on H-ZSM-5. The adsorbate molecules are shown in ball model: grey = C, 

white = H, and red = O. The zeolite framework is shown in line representation. 
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5.5 Experimental characterisation: SXRD  

It has been demonstrated by DFT and ONIOM calculations that the rate promotion in 

the catalytic conversion of ethanol/DMF is partly due to the preferential protonation 

of the ethanol. When ethanol is protonated by the BAS in zeolites, the in situ 

production H3O
+ stabilises the key DA‡ transition states (see Figure 5.5). To 

experimentally verify the subtle change in terms of preferential protonation, we 

combined SXRD with Rietveld refinement to elucidate the adsorbate structures at an 

atomistic level. As displayed in Figure 5.8, the Rietveld refinement profiles and the 

corresponding crystal structures of H-ZSM-5 pre-adsorbed (a,b) independently with 

ethanol, (c,d) independently with DMF, and (e,f) with an equimolar mixture of 

ethanol and DMF. Also see Table 5.4 for the corresponding crystallographic 

parameters. 

In the case of H-ZSM-5 independently pre-adsorbed with ethanol or DMF, the two 

primary adsorbates (labelled as EtOH 1 and DMF 1) locate in the sinusoidal-straight 

cross-channel region of the framework. From the shortest interatomic/intermolecular 

distances (like the interpretation in Chapter 3), the BAS selectively protonates the 

adsorbate molecules to form primary protonated adduct cations, followed by linking 

other adsorbate molecules via weak H-bonding interactions. By comparing the 

interatomic/intermolecular distances, it clearly shows the first protonated ethanol or 

DMF molecule locates in the cross-channel region. The interatomic distances between 

these primary acid-base adducts are 3.2±0.1 Å. Next, weakly adsorbed species are 

detected at > 4.0 Å from the framework O atoms.  
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However, when an equimolar mixture of ethanol and DMF is applied, ethanol is 

preferentially protonated by the BAS in the cross-channel region, then interacts with 

DMF via a weak intermolecular H-bonding. Thus, the DMF in the straight channel will 

be forced to interact with the EtOH2
+ through a weak intermolecular H-bonding 

interaction, as depicted in Figure 5.5. 

Excitingly, we have experimentally verified by SXRD the preferential protonation of 

ethanol in the case of ethanol/DMF. It agrees with our prediction based on the 

theoretical PA values of the adsorbate species (see Table 5.3; ethanol > DMF > water > 

ethylene). This is also consistent with the ideal proton flux for this reaction, as 

demonstrated by our DFT calculations.  

In short, as ethanol is readily adsorbed on the BAS in zeolites, the subsequent rapid 

dehydration will produce high concentration of ethylene and H3O
+. There are two rate 

promoting effects in the catalytic conversion of DMF, when ethanol is used instead of 

ethanol; (i) the H3O
+ facilities the DA reaction by lowering the HOMO-LUMO gap, 

and (ii) the ethylene in situ produced has a higher local concentration than that of 

ethylene/DMF. 
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Figure 5.8. Rietveld refinement profiles of H-ZSM-5 pre-adsorbed with (a) ethanol, (c) 

DMF, and (e) ethanol/DMF at 25 °C, and the corresponding crystal structures viewing 

from the [010] direction are displayed; (b) ethanol, (d) DMF, (f) ethanol/DMF. Their 

crystallographic/atomic parameters from Rietveld refinement are summarised in Table 

5.6 and Tables A5.1-A5.3 in Appendix. Atoms are represented in ball/sticks: white = 

Si/Al, red = O, black = C. No hydrogen atoms are plotted for clarity. 
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Table 5.4. Crystallographic parameters of the H-ZSM-5 samples measured at 25 °C, 

dehydrated, pre-adsorbed with ethanol, DMF, and an equimolar mixture of DMF and 

ethanol.  

Samples H-ZSM-5  
(dehydrated) 

H-ZSM-5  
(ethanol) 

H-ZSM-5 
(DMF) 

H-ZSM-5 
(DMF & ethanol) 

Chemical formula H4.48Al4.48Si91.52O192 H4.48Al4.48Si91.52O192 

-nC2H5OH 
H4.48Al4.48Si91.52O192 

-nC6H8O 
H4.48Al4.48Si91.52O192 

-mC6H8O.nC2H5OH 

X-ray source Synchrotron Synchrotron Synchrotron Synchrotron 

Wavelength (Å) 0.825634(2)  0.825850(2)  0.825850(2)  0.825850(2)  

2θ -zero point (°) -0.002500(10) 0.010275(10) 0.010275(10) 0.010275(10) 

Space group Pnma Pnma Pnma Pnma 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

a (Å) 20.13675(3) 20.12191(3) 20.16651(4) 20.09515(4) 

b (Å) 19.95928(3) 19.93057(3) 19.97710(4) 19.96020(4) 

c (Å) 13.43725(2) 13.42604(2) 13.45305(3) 13.43518(3) 

V (Å3) 5400.631(22) 5384.394(15) 5419.812(19) 5388.893(22) 

2θ range for 
refinement (°) 

3-55 3-55 3-55 3-55 

Detector MAC MAC MAC MAC 

Number of 
parameters 

36 170 161 153 

Number of hkls 4190 4190 4190 4190 

Refinement methods Le Bail Rietveld Rietveld Rietveld 

Rwp/Rp/Rexp (%) 6.621/5.077/4.958 7.649/5.808/3.364 8.457/6.461/3.339 8.955/7.030/3.883 

Χ2 1.335 2.274 2.533 2.306 
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5.6 Conclusions 

In summary, combining high-resolution SXRD, detailed kinetic measurements and 

quantum level calculations, we demonstrate that ethanol is a much superior co-

substrate and dienophile than ethylene for the catalytic conversion of biomass-derived 

furan over zeolites. Not only the use of high-pressure gaseous ethylene is avoided, but 

the rate of reaction has also been remarkably increased. The DA reaction with 

different biomass-derived furans and dienophiles, including alkynes and alkenes in 

spatially defined zeolites may lead to tailored activity and stereochemistry. More 

importantly, the successful and rational design of the catalytic system in zeolites is 

encouraging. We believe the progressive advancement in biomass utilisation makes 

such renewable resource more valuable, and biomass will eventually play a major role 

in the future energy and chemicals provision. 
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Chapter 6. Identification of Activated Organic Adsorbates in H-

ZSM-5 during Methanol Conversion by Operando 

Synchrotron Powder X-ray Diffraction 

This chapter studies the mechanism of an industrially important catalytic process. By 

monitoring the catalytic conversion of methanol using operando SXRD in combination 

with theoretical calculations, we demonstrate for the first time, that the concerted 

associative mechanism is responsible for dimethyl ether production via an activated 

protonated methanol intermediate species over H-ZSM-5 in an early stage of the 

reaction at 200 °C. The minor contribution from the dissociative mechanism of the 

adsorbed methoxy intermediate species at the BAS, renders their accumulation during 

the late stage of the reaction. The accumulation of the methoxy species leads to a 

build-up of the ‘hydrocarbon pool’ and eventually to ‘carbon’ through C-C bond 

formation. 

The work in this chapter was submitted, ‘Identification of Activated Organic 

Adsorbates in H-ZSM-5 during Methanol Conversion by Operando Synchrotron 

Powder X-ray Diffraction’ by Lo, B. T. W., et al. 
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6.1 Introduction 

Methanol becomes increasingly important as the building block for chemicals and 

energy carrier in ‘methanol economy’ according to George A. Olah, the Nobel laureate 

in Chemistry in 1994. It ultimately utilises renewable biomass sources to replace 

traditional fossil fuels.1 Although methanol is currently produced from fossil fuels via 

the syn-gas route, it can also be produced from various biomass sources or from CO2 

reduction in carbon recycling.1 Despite the fact that methanol can be directly 

combusted as a fuel, the general routes to convert methanol-to-hydrocarbons (MTH) 

have also recently been attracting more attention as an alternative pathway to crude-

oil-derived hydrocarbons, such as commodity chemicals (olefins, MTO), aromatics 

(MTA) and high-grade gasoline (MTG), etc.2,3 One of the most important technical 

problems is during methanol conversion, rapid catalyst deactivation and ‘carbon’ 

deposition commonly occur.4 The successful practice of these processes is critically 

dependent on the catalyst nature and conditions used.  

Although catalytic methanol conversion has been extensively investigated over various 

acidic catalysts, including zeolites and alumina,5–7 the prevailing mechanism of how 

methanol is first activated and the fates of intermediates are still not fully understood. 

At low temperatures and high flow rate condition, methanol dehydration to dimethyl 

ether (DME) is known to take place favourably.8 Consequently, although the reaction 

route leading to the formation of DME from methanol is still debateable, it is broadly 

believed that the organic intermediates as so-called ‘hydrocarbon pools’ (HCP) in 

zeolites are derived from DME and related species (as initially proposed by Dahl and 

Kolboe).9–11 Briefly, there are two proposed mechanisms12–15: (i) the dissociative route: 
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methanol is protonated at a BAS, followed by dehydration generating surface methoxy 

species, which then reacts with another incoming methanol; (ii) the associative route: 

methanol first adsorbs onto a BAS. This ‘activated’ protonated species then combines 

with another methanol molecule, forming a dimer like species, subsequently followed 

by dehydration producing DME. Recent theoretical modelling efforts by Moses and 

Nørskov15 (in H-ZSM-22), and  Grabow et al.16 (in H-ZSM-5) have suggested that the 

associative mechanism dominates at low temperature, while the dissociative 

mechanism prevails at high temperature. Based on comprehensive calculations, 

Grabow et al. have reported that the ‘crossover’ temperature between these two 

mechanisms is zeolite framework and acidity dependent, where the ‘crossover’ 

temperature in H-ZSM-5 is around 427 °C.16 However, there is a general lack of 

experimental evidence, particularly at in situ or operando condition to verify one 

mechanism from the other. There is also a chance for the two reactions concurrently 

taking place, should their activation barriers are both overcome. In fact the methoxy 

species (CH3-Oz, where Oz is a framework O atom adjacent to the Al site) has been 

previously identified by ex situ spectroscopic techniques such as 13C ssNMR17–19 and 

FT-IR6,20,21, which is indicative of the dissociative mechanism. But there is no proof for 

the associative mechanism or hint for the hydrocarbon and carbon formations during 

methanol conversion in zeolites at specific experimental conditions. 

From the previous chapters, by making use of the Bragg repeating zeolite porous 

templates as an alternative to the spectroscopic techniques, the interatomic distances 

and angles between organic adsorbates with the BAS in H-ZSM-5 have been measured 

within experimental errors.22,23 Thus, we have built a high-pressure, low-dead-volume 

capillary reactor gas-cell using an on-line mass spectrometer (see details in Chapter 2.2) 
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to monitor the structure-activity relationship for catalytic studies under operando 

SXRD conditions.  

In this chapter, it is demonstrated for the first time, that the direct observation of the 

activated protonated methanol species in H-ZSM-5. It locates on the BAS during the 

early stage at 200 °C, where a high activity for DME is prevalence. As the reaction 

progressed, only small residual activity for DME formation is observed in the late stage 

(over 10 h), largely due to catalyst deactivation. Our structure refinement shows that 

the methoxy species associated with poly-aromatic condensed ‘carbon’ in the macro-

pore of H-ZSM-5 can be favourably detected at increasing quantity. 
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6.2 Results and Discussion 

The experimental and theoretical work will be discussed accordingly for the 

mechanistic study of methanol conversion over H-ZSM-5. 

6.2.1 Kinetic Analysis and Basic Characterisation 

The H-ZSM-5 sample, containing one Al (one BAS) per asymmetric unit was 

deliberately chosen. The temperature programmed ramping at 10 °C min-1 for 

methanol conversion over H-ZSM-5 in the capillary reactor under a N2 flow rate of 1 

mL min-1 at 1 atmosphere via a methanol saturator (kept at RT) was first collected. The 

on-line mass spectra of methanol substrate and DME as the major product (traces of 

CO, HCHO and CH4) were simultaneously monitored. As seen in Figure 6.1(a), the 

slight increase in the methanol concentration from 25 – 150 °C is due to a higher 

methanol vapour pressure from the warm-up of methanol saturator placed near the 

reactor. However, Figure 6.1(a) clearly shows an increasing DME concentration from 

100 °C, with a corresponding fall in methanol indicative of the initial dehydration 

process. Figure 6.1(b) shows the corresponding intensity changes of the Bragg peaks at 

low 2θ angles. It is attributed to the decrease in adsorbed methanol occupancy and 

increase in thermal vibrations at higher temperatures. The apparent activation energy 

is estimated from the Arrhenius plot to be 40.3(18) kJ mol-1 (see Figure 6.2). This value 

of activation energy falls in the range of a diffusion control reaction as expected in a 

typical zeolite catalysis reaction. Also, the lattice of H-ZSM-5 slightly expands at 

higher temperatures (see Table 6.1 for the detailed crystallographic parameters). 



145 
 

 

Figure 6.1. (a) On-line mass spectra showing the relative DME and methanol 

concentrations, and (b) operando SXRD patterns with a flowing stream of methanol 

vapour over H-ZSM-5 (25 to 250 °C). 

 

Figure 6.2. The apparent activation energy estimation from the Arrhenius plot. 
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Table 6.1. Operando SXRD crystallographic parameters of the H-ZSM-5 sample at 

various temperatures with a flowing stream of methanol vapour. 

Temperature (°C) 25(1) 50(1) 100(1) 150(1) 200(1) 250(1) 

X-ray source Synchrotron Synchrotron Synchrotron Synchrotron Synchrotron Synchrotron 

Wavelength (Å)  0.826617(2)  0.826617(2) 0.826617(2) 0.826617(2) 0.826617(2) 0.826617(2) 

2θ - zero point (°) 0.00025(1) 0.00025(1) 0.00025(1) 0.00025(1) 0.00025(1) 0.00025(1) 

Space group Pnma Pnma Pnma Pnma Pnma Pnma 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

a (Å) 20.15846(3) 20.14305(3) 20.12853(3) 20.13284(3) 20.13535(3) 20.11817(4) 

b (Å) 19.96164(3) 19.96386(3) 19.96378(3) 19.96097(3) 19.96414(3) 19.97811(3) 

c (Å) 13.43443(3) 13.43133(3) 13.42803(3) 13.42818(2) 13.43113(2) 13.43698(3) 

V (Å3) 5405.959(17) 5401.181(16) 5395.940(16) 5396.396(13) 5399.189(14) 5400.634(18) 

2θ range for 
refinement (°) 

3-55 3-55 3-55 3-55 3-55 3-55 

Detector MAC MAC MAC MAC MAC MAC 

Number of 
parameters 

168 168 168 168 168 168 

Number of hkls 4190 4190 4190 4190 4190 4190 

Refinement 
methods 

Rietveld Rietveld Rietveld Rietveld Rietveld Rietveld 

Rwp/Rexp/Rp (%) 6.855/2.436/5.366 6.538/2.441/5.124 6.515/2.434/5.085 5.976/2.354/4.634 5.903/2.341/4.601 6.285/2.328/4.796 

χ2 2.814 2.679 2.676 2.629 2.522 2.700 

Rwp: weighted profile; Rexp: expected; Rp: profile; χ
2
: goodness-of-fit.  
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6.2.2 Operando SXRD  

Figure 6.3 shows the selected Rietveld refinement profile of the SXRD of the H-ZSM-5 

with a flowing stream of methanol vapour measured at 25 °C and the corresponding 

derived crystal structure in an asymmetric unit (the atomic parameters of the 

operando SXRD are summarised in Tables A6.1-A6.6 in Appendix). In general, the 

SXRD data have been refined well with three methanol molecules (rigid bodies, at all 

temperatures) producing acceptable Rwp and excellent data fittings. In all the Rietveld 

derived structures, three MeOH species are observed in the H-ZSM-5 per asymmetric 

unit. We acknowledge the increase in thermal motion of the adsorbed species at 

higher temperatures. Therefore, the more rigid framework O atoms with less disorder 

are chosen as the crystallographic pointers in measuring their interatomic distances 

with the O atom of the most strongly bound methanol species. Clearly, the BAS in the 

sinusoidal-straight cross-channel region attracts the MeOH1 molecule, giving O18-

OMeOH1 = 3.80(4) Å and O5-OMeOH1 = 3.85(4) Å as the closest distances. This implies 

that this species is directly protonated, forming a nearly bidentate mode with the two 

framework O atoms. Also, other adsorbed species can be identified and resolved by 

SXRD under reaction conditions. The slightly uneven negative charge distribution on 

O5 (smaller) and O18 (larger) adjacent to Al is due to the steric characteristics of H-

ZSM-5 that slightly distorts the bidentate morphology.24  

Comparing to our previous study in Chapter 3 under a static ex situ condition,22  these 

O18-OMeOH1 and O5-OMeOH1 interatomic distances are slightly longer. This is 

presumably due to the dynamic measurement in excess flowing methanol in the 

present study. In addition, for MeOH2 and MeOH3, their derived O18-OMeOH and O5-
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OMeOH are substantially longer than those of MeOH1. The interatomic distances 

between MeOH1 with MeOH2 and MeOH3 fall in the regime of H-bonding. Thus, a 

strongly bound protonated methanol (MeOH1) and two weakly bound methanol 

molecules (MeOH2 and MeOH3) inside the H-ZSM-5 cavity are clearly resolved by 

SXRD under the flowing methanol condition. There is a consistent and steady 

decrease in the SOF of MeOH1 from 150 °C. The fall in SOF matches with the 

increasing DME formation, which can clearly reflect the chemical reaction of MeOH1 

(see Table 6.2).  
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Figure 6.3. (a) Rietveld refinement profile of the H-ZSM-5 sample with flowing stream 

of methanol vapour measured at 25 °C (Rwp = 6.524%, χ2 = 2.680), and (b) its 

corresponding Rietveld derived crystal structure showing an asymmetric unit. The 

atomic parameters of the complete operando SXRD measurements are summarised in 

Tables A6.1 – A6.6 in Appendix. Atoms are represented in ball/sticks: white = Si/Al, 

red = O, black = C. No hydrogens are plotted for clarity.  

Table 6.2. Comparison of the interatomic distances between the protonated methanol 

located in sinusoidal-straight cross-channel region and the framework O18 and O5 

atoms derived from Rietveld refinements and obtained from AIMD simulations. The 

numbers in the brackets are estimated standard deviations.  

Temperature 
(°C) 

Interatomic distances 
from Rietveld 
refinements 

Occupancy 
of MeOH1 

Isotropic 
displacement 

factors of ‘C’ in 
MeOH1  

Interatomic distances 
from AIMD  
simulations 

 
O18-OMeOH1 

 (Å) 
O5-OMeOH1 

(Å) 
SOF of 
MeOH1 

Beq of CMeOH1 

(Å
2
) 

O18-OMeOH1 

(Å) 
O5-OMeOH1  

(Å) 

25 3.80(4) 3.85(4) 0.763(5) - 3.85 3.75 

50 3.83(4) 3.98(4) 0.741(6) - 3.95 3.95 

100 3.82(5) 3.97(5) 0.648(6) 10.3(11) 3.95 4.05 

150 3.63(6) 3.97(6) 0.598(7) 25.3(16) 3.45 3.55 

200 3.47(7) 3.50(7) 0.582(8) 34.9(32) 3.45 3.55 

250 3.49(7) 3.57(7) 0.519(8) 36.3(38) 3.35 3.55 
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Interestingly, starting from 150 °C where a significant quantity of DME is produced, 

O18-OMeOH1 and O5-OMeOH1 show a clear shortening beyond our experimental errors 

(see Table 6.2), whereas they remain relatively constant below 100 °C. This observation 

is in stark contrast to the expected extension of the interatomic distances arisen from 

thermal vibration at higher temperatures. Most importantly, this unique observation 

clearly depicts a strengthened adsorbate-framework interaction about the rigid zeolite 

framework. Obviously, it implies a lesser degree of σC-O orbital overlap with the 

increasing covalency of the protonated terminal -O(H2) moiety during activation at 

higher temperatures. Furthermore, the significant increase in Beq of CMeOH1 atom 

(notably greater the extent of the reaction temperature effect) about the allegedly rigid 

CMeOH1-OMeOH1 bond also suggests its activation upon increasing temperature. The 

CMeOH1-OMeOH1 bond distance has however not been compared directly due to higher 

degree of thermal motions of the molecule and additional interactions during 

bombardment with other methanol molecules under a dynamic condition.  

As a result, this activated protonated methanol as [‘CH3’…OH2]
+ can become more 

reactive and receptive to another incoming methanol to form DME in the concerted 

associative mechanism. The associative mechanism has a lower overall apparent Gibbs 

free energy of activation than that of the dissociative mechanism (115 kJ mol-1 vs. 169 kJ 

mol-1). Eventually, via a simple proton transfer, the formed DME and H2O will first 

desorb; then a BAS will be regenerated on the negatively charged framework O atom.  

It is worthy to note that at low temperatures, we failed to fit the SXRD data with any 

CH3-Oz species (i.e., the intermediate species from the dissociative mechanism). Our 

Rietveld refinement attempts in placing a ‘C’ atom adjacent to O5 and O18 have 
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resulted in the SOF approaching zero. In addition, there was no noticeable carbon 

deposition observed.  

Similar results were obtained in a separate methanol flowing experiment where the 

temperature was kept isothermally at 200 °C. A notable formation of DME was 

observed in the first hour. We detected the activation of [‘CH3’…OH2]
+ intermediate 

species is associated with the DME formation under the operando condition during 

the early stage of the methanol conversion. Thus, our DFT prediction of the 

dominancy of the associative mechanism can be confirmed (which will be discussed in 

Chapter 6.2.4). It should be noted that such an activated intermediate species and its 

interactions with neighbouring MeOH molecules at the BAS on the zeolite internal 

surface resolved in the stereo-specific manner in a 3-D atomic arrangement cannot be 

easily obtained by other in situ spectroscopic techniques.     

As the reaction proceeded at 200 °C, we observed a rapid catalyst deactivation as 

generally reported until <5% residue activity for the DME production after 10 h. The 

SXRD pattern after 24 h of reaction is displayed in Figure 6.4(a) and the Rietveld 

derived crystal structure is shown in Figure 6.4(b). The atomic parameters of the H-

ZSM-5 with various hours of flowing methanol vapour are summarised in Tables A6.7-

A6.9 in Appendix. Interestingly, we herein observe an isolated ‘C’, presumably the 

CH3-Oz species at an interatomic distance of ca. 1.6 Å with O5 which is adjacent to the 

substituted Al site (while the fitting for protonated methanol was unacceptable). The 

population of CH3-Oz increased progressively upon longer reaction time, with the SOF 

increased from 0.43(1) (10 h) < 0.46(1) (18 h) < 0.51(2) (24 h). This suggests the CH3-Oz 

became relatively stable once they were formed at the later stage. The detection of 

CH3-Oz indicates the dissociation mechanism at this temperature, which is also 
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suggested by previous DFT16,25 and spectroscopic6,18,19 reports. This may imply that some 

protonated [‘CH3’…OH2]
+ intermediate species did not proceed to form DME via the 

associative mechanism. They instead underwent the dissociative dehydration route 

and formed CH3-Oz on the zeolite framework. As a result, it is evident that two surface 

intermediates, namely the protonated activated methanol [‘CH3’…OH2]
+ and CH3-Oz 

co-exist at 200 °C, where the former dominantly covers the BAS sites. It is therefore 

envisaged that at higher temperatures, the dissociative mechanism with a higher 

apparent Gibbs free energy of activation becomes a competing or even dominant 

mechanism for the DME formation. However, at temperature ≤ 200 °C, the slow but 

gradual replacement of H+ on the BAS by the kinetically sluggish CH3-Oz from the 

dissociative mechanism will circumvent the associative mechanism and then 

accumulate. This consequently deactivates the zeolite catalyst, as presently observed.  

 

Figure 6.4. (a) Rietveld refinement profile of the H-ZSM-5 sample with 24 h of flowing 

methanol vapour at the reaction temperature of 200 °C (Rwp = 7.044%, χ2 = 1.665), and 

(b) its corresponding Rietveld derived crystal structure showing one asymmetric unit. 

See Tables A6.7-A6.9 in Appendix for the detailed atomic parameters (10, 18 and 24 h). 

Atoms are represented in ball/sticks: white = Si/Al, red = O, black = C. No hydrogen or 

carbon species deep in the channels are plotted for clarity. 
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6.2.3  Theoretical Calculations – Interatomic Distances 

Our theoretical calculations derived from ab initio molecular dynamics (AIMD) 

simulations of methanol in H-ZSM-5 at different temperatures indeed support the 

operando SXRD results (see the original crystal structure for theoretical calculations in 

Figure 6.5). The atomic interactions between the protonated methanol with the 

framework O atoms in terms of the OMeOH1-O18/O5 interatomic distances at different 

temperatures are summarised in Table 6.2. The averaged OMeOH1-O18/O5 interatomic 

distances derived from the radial distribution functions, g(r) between OMeOH1 with O18 

and O5 (see Figure 6.6) are in excellent agreement with the derived Rietveld analogues. 

The OMeOH1-O18/O5 interatomic distances display with the same increasing trend at 

low temperatures, then decrease at high temperatures (up to 250 °C).  

A snapshot of three methanol molecules around the active T6 site in the AIMD 

simulation at 100 °C is displayed in Figure 6.7. We note a slight inconsistency between 

the experiment and simulation at 150 °C. It might be due to a minor experimental 

discrepancy over the true sample temperature during the reaction. Again, as 

previously discussed, this clearly indicates the non-cleaved but activated protonated 

methanol on the BAS.  
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Figure 6.5. The H-ZSM-5 zeolite structure used in the ab initio calculations, with the 

Si/Al ratio of (a) 95 and (b) 23. Atoms are presented in ball: yellow = Si, magenta = Al, 

red = O, and white = H. 

 

 

Figure 6.6. Radial distribution functions of the (a) OMeOH1-O18 and the (b) OMeOH1-O5 

pairs averaged from 10 ps AIMD trajectories. OMeOH1 is the O atom of the protonated 

methanol. O18 and O5 are the O atoms of two adjacent framework O atoms of the Al 

(T6) site. 
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Figure 6.7. A snapshot of three methanol molecules around the Al T6 site in the 

AIMD simulation at 100 °C. The same colour scheme in Figure 6.5 is applied. 
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6.2.4 Theoretical Calculations – Reaction Energy Profile 

The dominancy of the associative mechanism for the DME formation over H-ZSM-5 

until 200 °C is further elucidated using DFT calculations. Figure 6.8 shows the Gibbs 

free energy profiles for methanol conversion to DME via both mechanisms. The 

corresponding configurational structures are given in Figure 6.9. 

The calculated Gibbs free energies of the initiative steps of activation for the 

dissociative mechanism (TS1 (D-iv), 117 kJ mol-1) and the associative mechanism (TS4 

(A-iv), 115 kJ mol-1) for the protonated methanol are comparable. However, the C-O 

bond scission and subsequent CH3-Oz cleavage steps in the dissociative mechanism 

are highly endothermic (+95 and +68 kJ mol-1, respectively), as compared to the mild 

endothermic concerted step in the associative mechanism of (+21 kJ mol-1). The 

products formed from the associative mechanism (DME and H3O
+) appear to be more 

favourable than the products from the dissociative mechanism (CH3
+, H2O and 

MeOH). In other words, despite both the mechanisms are energetically competitive, 

the associative mechanism for the DME formation is preferred by a lower apparent 

energy of activation elementary steps at low temperatures.15,16,26,27 This supports the 

direct operando observation of the activated [‘CH3’…OH2]
+ intermediate species (in (A-

iv) TS1 in Figure 6.8) for the DME formation at higher coverage without cleaving the 

C-O bond. In the early stage of the reaction, as reflected by its undetectable coverage 

at 200 °C, the formation of CH3-Oz is insignificant. Whereas in the late stage of the 

reaction, a gradual increase in CH3-Oz coverage is noted by our SXRD experiment 

(corresponding to (D-v) and/or activated TS2 (D-vi) in Figure 6.9). This can be 

attributed to a small quantity of [‘CH3’…OH2]
+ that have overcome the high-energy 
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barrier of the C-O cleavage under the reaction temperature. Once formed, the sluggish 

CH3-Oz can poison the BAS to regenerate the required intermediates in the associative 

mechanism, which subsequently further accumulate.   

 

Figure 6.8. DFT calculated Gibbs free energy profile for methanol conversion to DME 

in the H-ZSM-5 zeolite at 200 °C.  
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(D-i) CH3OH + CH3OH(g) (D-ii) CH3OH2
+ 

+ CH3OH(g) 

  

(D-iii) CH3OH2
+
 + CH3OH (D-iv) TS1 

  

(D-v) CH3Oz
 
+ H2O + CH3OH (D-vi) TS2 

  

(D-vii) CH3OH
+
-CH3 + H2O  (D-viii) TS3 
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(D-ix) CH3OCH3
 
+ H2O  

 

Figure 6.9(a). Configurational structures of all the reaction states and transition 

states in the dissociative mechanism (shown in Figure 6.8) for methanol 

dehydration to DME over H-ZSM-5 (Si/Al = 23). The C atom is in grey; the same 

colour scheme in Figure 6.5 is applied. 
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(A-i) CH3OH + CH3OH(g) (A-ii) CH3OH2
+ 

+ CH3OH(g) 

  

(A-iii) CH3OH2
+
 + CH3OH (A-iv) TS1 

  

(A-v) TS4 (A-vi) CH3OCH3
 
+ H3O

+
 

  

Figure 6.9(b). Configurational structures of all the reaction states and transition 

states in the associative mechanism (shown in Figure 6.8) for methanol 

dehydration to DME over H-ZSM-5 (Si/Al =23). The C atom is in grey; the same 

colour scheme in Figure 6.5 is applied.  

  



161 
 

6.2.5 Carbon Deposition Study 

As the reaction proceeded (or when a higher temperature is applied), the sample 

became notably darker with the dominant surface coverage of the catalyst switching to 

methoxy. Thus, the build-up of the methoxy species produced by the dissociative 

mechanism could directly relate to ‘HCP’ which further leads to ‘carbon’ deposition or 

so-called ‘heavy coking’ in H-ZSM-5 in the late stage of the reaction. In fact, the 

industrial processes of MTA (H-ZSM-5 based catalysts28) and MTO (SAPO based 

catalysts3,29) in conjunction with a large quantity of ‘carbon’ deposition commonly 

take place at 400-500 °C. This reaction temperature is in the high-temperature regime 

to overcome the energy barriers of the cleavage of CMeOH1-OMeOH1 and CH3-Oz bonds 

(see Figure 6.8) in the dissociative route to produce surface methoxy from methanol. 

The formation of ‘HCP’ apparently depends on the stereo-specific pore geometry of 

zeolites and the reaction temperature required to overcome the energy barriers for a 

range of fundamental steps for the BAS catalysed reactions to take place, e.g., 

acetylation, decarboxylation, hydrocarbon radicals formation30, Diels-Alder reaction31, 

polymerisation32, etc. The possible routes for the formation of C-C bond from the HCP 

mechanism, originally proposed by Dahl and Kolboe11 which have been recently 

verified by Weckhuysen et al.33, should be consulted.    

Nevertheless, the dense electron clouds by ‘carbon’ deposition in the Fourier contrast 

map derived from SXRD (see Figure 6.10) can be clearly identified in the sinusoidal 

and straight (macro-pore) channels of the H-ZSM-5 sample after a flowing stream of 

methanol vapour treatment for 24 h even at as low as 200 °C. In fact, we observed a 

good correlation of the progressive build-up of the ‘carbon’ deposits (TGA analysis, 
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Table 6.3) with an increasing coverage of methoxy even at this low temperature. Some 

of these ‘carbon’ species can be dissolved in cyclohexane to give a yellowish solution. 

The ultraviolet-visible spectrum shows the presence of conjugated aromatic systems 

(see Figure 6.11). From the analysis of GC-MS (see Figure 6.12), although the product 

distribution is rather heterogeneous, most identified products are poly-aromatics, and 

approaching to a graphitic structure in nature. This implies the participation of the 

dissociative mechanism with the methoxy species or derivatives for polymerisation in 

H-ZSM-5. Notice that the H-ZSM-5 cavity is well known for the ‘HCP’ to undergo 

aromatisation.28 

The incorporation of C-O moieties in these poly-aromatic fragments has been 

occasionally observed from the GC-MS. However, the low O/C ratios in both light 

products/heavy carbon deposits suggests that the build-up of ‘carbon’ from methoxy is 

more reasonable, rather than from oxygenated protonated methanol or DME. The 

relatively low reactivity of the methoxy on the BAS has raised doubts in the past about 

the direct route to the ‘HCP’ and eventually to ‘carbon’. Lercher et al.34 and 

Weckhuysen et al.35 have independently suggested that carbonylation (with CO) of the 

CH3-Oz on the BAS with a low energy barrier of 80 kJmol-1 initiates the first C-C build-

up forming ‘HCP’ by using the ssNMR technique. Indeed, we observed the exit-gas 

contains CO which is likely obtained from the decomposition of methanol. Thus, the 

poly-aromatic ‘carbon’ build-up is likely related to the CH3-Oz via alternative pathways, 

such as carbonylation with low activation barriers. However, the more favourable 

formations of ‘HCP’, aromatics, and pure graphitic carbon deposit from methanol in 

zeolites at higher temperature > 400 °C are particularly noted.34  
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Table 6.3. Carbon number estimation by TGA of the H-ZSM-5 samples under various 

hours of flowing methanol vapour at 200 °C.  

Time of H-ZSM-5 under flowing 
methanol vapour (h) 

10 18 24 

Number of carbons per unit cell* 41.3(1) 45.6(1) 50.5(1) 

*Assuming the entire weight loss as observed from TGA is from carbon. 
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Figure 6.10. The Fourier contrast map of H-ZSM-5 with 24 h of flowing methanol 

vapour at 200 °C was generated using the TOPAS software by fixing the framework 

atoms, without the inclusion of any guest species. The density electron cloud indicates 

the location of the ‘carbon’ deposit in H-ZSM-5. 

 

Figure 6.11. Ultraviolet-visible spectrum of the carbon deposit in cyclohexane from H-

ZSM-5 with 24 h flowing methanol vapour at 200 °C. 
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e 

 

 

Figure 6.12. GC-MS analysis of some typical ‘carbon’ deposits from H-ZSM-5 with 24h 

of flowing methanol vapour at 200 °C. The peaks (a)-(e) identified by the NIST 

database and the corresponding MS spectra are presented. 
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6.3 Conclusion 

In short summary, by monitoring the catalytic conversion of methanol using operando 

SXRD, in combination with AIMD simulations and DFT calculations, it is 

demonstrated with confidence that the concerted associative mechanism is 

responsible for the DME production over H-ZSM-5 in the early stage of the reaction 

below 200 °C. The minor contribution from the dissociative mechanism is due to the 

formation and slow activation of methoxy on the BAS, rendering their accumulation in 

the H-ZSM-5 during the late stage of the reaction. However, the adsorbed methoxy 

could also lead to a build-up of HCP and eventually to ‘carbon’, through the formation 

of C-C by alternative low energy pathways on the internal zeolite surface. The 

dissociative mechanism is anticipated to dominate for a greater amount of DME, 

hydrocarbon and ‘carbon’ pools formation in the high temperature range. This 

conclusion and the new toolsets, although presently demonstrated for methanol 

reactions over H-ZSM-5 under operando SXRD, would be expected to be transferable 

to monitor other catalytic reactions over zeolites, leading to further understanding of 

structure-activity relationships. 
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Chapter 7. Conclusions and Future Perspectives 

7.1 Conclusions 

In this thesis, we have developed a novel methodology to study the molecular 

chemistry in microporous materials by primarily using modern high-resolution 

synchrotron powder X-ray diffraction (SXRD) with Rietveld refinement. Using H-ZSM-

5 zeolite as an illustration, we systematically studied the Brønsted acid sites (BAS) and 

its corresponding molecular chemistry.  

First, in Chapter 3, we have studied the acid-base interactions between the BAS in H-

ZSM-5 with functional molecules (namely pyridine, methanol, and ammonia). The 

locations of the BAS have been successfully identified, with the substituted Al at the 

T6 site in H-ZSM-5. We have also verified the relationship between the interatomic 

distances and the strengths of the acid-base interactions. When a strong base interacts 

with the BAS, it forms a weak conjugate acid-base pair, hence rendering a long 

interatomic distance, and vice versa. 

Second, in Chapter 4, based on the atomic information determined from temperature 

programmed SXRD and thermogravimetric analysis (TGA), we extensively 

investigated the ammonia storage capability and sorption kinetics in the H-ZSM-5. 

The first ammonia molecule interacts with the BAS by forming the chemisorbed 

NH4
+ species (O⋯+HN). Due to the steric effect, there are only two other physisorbed 

ammonia molecules which can interact with the first chemisorbed NH4
+ species 

through its unused H moieties to form a typical H-bonding (N–H⋯N) along the 

sinusoidal channel.  
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Third, in Chapter 5, we reported a novel catalytic conversion of biomass-derived furan 

and ethanol to aromatics over zeolites. By combining SXRD and theoretical 

calculations, we demonstrated that structural understanding can guide the rational 

design of new zeolite catalytic systems and the employment of co-substrates for 

improvement of other catalysis processes. 

Finally, in Chapter 6, we studied the catalytic conversion of methanol using operando 

SXRD, in combination with theoretical calculations. For the first time, we 

demonstrated that the concerted associative mechanism is responsible for dimethyl 

ether production via an activated protonated methanol intermediate species over H-

ZSM-5 in an early stage of the reaction at 200 °C. The minor contribution from the 

dissociative mechanism of the surface methoxy on the BAS, leads to their 

accumulation during the late stage of the reaction. This eventually leads to a build-up 

of the ‘hydrocarbon pool’ and eventually to ‘carbon’ through C-C bond formation. 

To conclude, the catalysis chemistry in zeolites has been investigated at an atomistic 

level. Not only have the locations of the active sites been revealed, but the mechanistic 

aspects of two catalysis reactions have also been extensively studied and understood 

by making use of SXRD and Rietveld refinement. This thesis has demonstrated that, 

by using SXRD as the primary characterisation technique and supported with 

theoretical calculations, some long-standing challenges in zeolite catalysis could be 

resolved from the structural perspective. 
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7.2 Future Perspectives 

There are two more future directions that can be immediately explored based on the 

findings from this thesis: 

(i) Real-Time Carbon Deposition and Deactivation Study of Zeolite Catalysts 

Zeolites have been commonly used as catalysts in the petrochemical industry, where 

the notable examples are H-ZSM-5 for MTA, SAPO-34 for MTO, and HY for FCC. 

According to previous studies on the deactivation of zeolite catalysts, the major factor 

is attributed to carbon deposition in their framework cavity. However, it is difficult to 

use conventional techniques to extensively study the real-time information of how and 

where the ‘carbon’ starts to accumulate. 

Future work can be carried out with the real-time study of carbon deposition by SXRD 

in H-ZSM-5 and SAPO-34 zeolite catalysts, to show the carbon deposition under in 

situ catalytic reaction conditions. Eventually, it is anticipated the change in atomic 

parameters can be correlated with the catalytic performance, which can provide 

valuable information for the rational optimisation of zeolite catalysts. 

(ii) In situ Study of Ethanol/DMF Diels-Alder Reaction 

From the Diels-Alder reaction of DMF with ethanol in zeolite catalysts as discussed in 

Chapter 5, we reported that based on SXRD and PA studies, the preferential 

protonation of ethanol over DMF is a key step in facilitating the reaction. Future work 

can be focused on the molecular movements of the DMF and ethanol at different 

temperatures, studied by in situ SXRD experiments. It is anticipated to observe 

consistent changes in interatomic distances between the reaction molecules at 
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elevated temperatures, which is expected to provide information critical to investigate 

the reaction mechanism (in combination with theoretical calculations) of this 

facilitated Diels-Alder reaction.  
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Appendix 

Supplementary Information for Chapter 3 

Table A3.1. Atomic parameters of H-ZSM-5 pre-adsorbed with pyridine measured at 
25 °C (Rwp = 8.461%, Rexp = 6.377%, χ2 = 1.755).  

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite framework O1 0.37066(57) 0.04742(81) 0.77161(78) 1 0.983(12) 8d 

 O2 0.30798(67) 0.06124(64) 0.92237(71) 1 0.983(12) 8d 

 O3 0.20398(51) 0.05798(66) 0.02338(62) 1 0.983(12) 8d 

 O4 0.08950(52) 0.06148(70) 0.92342(79) 1 0.983(12) 8d 

 O5 0.11586(62) 0.04562(77) 0.73897(78) 1 0.983(12) 8d 

 O6 0.24342(54) 0.05523(90) 0.74881(74) 1 0.983(12) 8d 

 O7 0.38410(62) 0.84504(64) 0.76244(89) 1 0.983(12) 8d 

 O8 0.30159(71) 0.84258(50) 0.93626(77) 1 0.983(12) 8d 

 O9 0.18394(55) 0.84304(48) 0.02067(73) 1 0.983(12) 8d 

 O10 0.09090(60) 0.84994(60) 0.91463(90) 1 0.983(12) 8d 

 O11 0.12489(62) 0.84355(64) 0.73476(83) 1 0.983(12) 8d 

 O12 0.25695(55) 0.84187(60) 0.77994(88) 1 0.983(12) 8d 

 O13 0.30270(62) 0.94517(58) 0.82577(60) 1 0.983(12) 8d 

 O14 0.07568(50) 0.95810(60) 0.81414(76) 1 0.983(12) 8d 

 O15 0.41667(62) 0.13239(59) 0.60535(86) 1 0.983(12) 8d 

 O16 0.40296(69) 1.00533(60) 0.59453(90) 1 0.983(12) 8d 

 O17 0.39993(66) 0.87963(58) 0.57066(97) 1 0.983(12) 8d 

 O18 0.19330(82) 0.12179(58) 0.63042(76) 1 0.983(12) 8d 

 O19 0.19718(80) -0.00118(56) 0.60537(78) 1 0.983(12) 8d 

 O20 0.20147(74) 0.86595(55) 0.59518(76) 1 0.983(12) 8d 

 O21 0.99674(59) 0.05076(85) 0.79401(77) 1 0.983(12) 8d 

 O22 1.00678(65) 0.84299(68) 0.78508(81) 1 0.983(12) 8d 

 O23 0.42392(92) 0.75 0.6475(12) 1 0.983(12) 4c 

 O24 0.1860(10) 0.75 0.6594(11) 1 0.983(12) 4c 

 O25 0.28567(86) 0.75 0.0623(11) 1 0.983(12) 4c 

 O26 0.10925(93) 0.75 0.0581(13) 1 0.983(12) 4c 

 Si1 0.42505(31) 0.05901(36) 0.66662(44) 1 0.983(12) 8d 

 Si2 0.27977(26) 0.05986(35) 1.03477(43) 1 0.983(12) 8d 

 Si3 0.30764(38) 0.03246(26) -0.18020(44) 1 0.983(12) 8d 

 Si4 0.12134(27) 0.06479(34) 0.03317(44) 1 0.983(12) 8d 

 Si5 0.06914(31) 0.03206(31) 0.81952(48) 1 0.4915(61) 8d 
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 Si6 0.18739(33) 0.05490(33) 0.68073(41) 1 0.4915(61) 8d 

 Si7 0.42683(34) 0.83338(30) 0.67502(50) 1 0.4915(61) 8d 

 Si8 0.30879(36) 0.87005(29) 0.82429(40) 1 0.4915(61) 8d 

 Si9 0.27475(30) 0.82875(30) 0.04209(44) 1 0.4915(61) 8d 

 Si10 0.11670(32) 0.82650(30) 0.03045(50) 1 0.4915(61) 8d 

 Si11 0.07330(34) 0.87114(35) 0.81614(49) 1 0.4915(61) 8d 

 Si12 0.18913(40) 0.82357(25) 0.68813(45) 1 0.4915(61) 8d 

        

Pyridine 1 H1 1.11245 1.67447 0.52609 0.5050(31) 22.3(16) 8d 

 C2 1.06633 1.68274 0.48395 0.5050(31) 16.4(12) 8d 

 C3 1.06085 1.73795 0.41998 0.5050(31) 18.8(13) 8d 

 C4 1.01311 1.63807 0.49431 0.5050(31) 14.1(10) 8d 

 H5 1.10267 1.77305 0.41184 0.5050(31) 24.6(18) 8d 

 H6 1.01742 1.59470 0.54458 0.5050(31) 19.9(14) 8d 

 N8 0.94895 1.70381 0.37671 0.5050(31) 14.1(10) 8d 

 C9 1.00216 1.74848 0.36636 0.5050(31) 16.4(12) 8d 

 C10 0.95442 1.64861 0.44069 0.5050(31) 14.1(10) 8d 

 H11 0.99786 1.79186 0.31609 0.5050(31) 22.3(16) 8d 

 H12 0.90283 1.71209 0.33458 0.5050(31) 19.9(14) 8d 

        

Pyridine 2 H1 -0.2282 0.72262 0.02215 0.2387(26) 4.5(15) 8d 

 C2 -0.1897 0.73190 0.07854 0.2387(26) 3.4(12) 8d 

 C3 -0.2077 0.75296 0.17426 0.2387(26) 3.0(10) 8d 

 C4 -0.1227 0.72267 0.05461 0.2387(26) 3.0(10) 8d 

 H5 -0.2604 0.76021 0.19306 0.2387(26) 4.0(14) 8d 

 H6 -0.1085 0.70613 0.97941 0.2387(26) 4.0(14) 8d 

 N8 -0.0916 0.75555 0.22211 0.2387(26) 2.13(72) 8d 

 C9 -0.1587 0.76478 0.24604 0.2387(26) 2.56(87) 8d 

 C10 -0.0736 0.73449 0.12639 0.2387(26) 2.56(87) 8d 

 H11 -0.1728 0.78132 0.32124 0.2387(26) 3.6(12) 8d 

 H12 -0.0210 0.72724 0.10759 0.2387(26) 3.6(12) 8d 

*All the adsorbed molecules are described in rigid-body matrices, with the Beq of H atoms set 
at 1.3 times their corresponding parent atoms. 
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Table A3.2. Atomic parameters of H-ZSM-5 pre-adsorbed with ammonia measured at 
25 °C (Rwp = 7.542%, Rexp = 3.436%, χ2= 2.195).  

Species Atom x y z SOF Beq (Å
2) Wyckoff 

Zeolite 
framework 

O1 0.37647(44) 0.06083(55) 0.74179(54) 1 1.995(28) 8d 

 O2 0.31090(43) 0.06302(44) 0.91920(54) 1 1.995(28) 8d 

 O3 0.19373(43) 0.06432(35) 0.02025(42) 1 1.995(28) 8d 

 O4 0.09384(35) 0.06111(48) 0.90745(62) 1 1.995(28) 8d 

 O5 0.10722(39) 0.04788(54) 0.72441(55) 1 1.995(28) 8d 

 O6 0.24360(38) 0.05838(67) 0.75576(50) 1 1.995(28) 8d 

 O7 0.37188(45) 0.85025(46) 0.76114(58) 1 1.995(28) 8d 

 O8 0.30807(52) 0.84147(37) 0.92935(56) 1 1.995(28) 8d 

 O9 0.19679(50) 0.84436(30) 0.02905(49) 1 1.995(28) 8d 

 O10 0.09307(44) 0.83956(42) 0.91662(68) 1 1.995(28) 8d 

 O11 0.11916(44) 0.84025(45) 0.73614(64) 1 1.995(28) 8d 

 O12 0.23590(42) 0.84119(50) 0.75237(61) 1 1.995(28) 8d 

 O13 0.31791(35) 0.94636(45) 0.81383(43) 1 1.995(28) 8d 

 O14 0.07933(33) 0.95274(50) 0.82350(54) 1 1.995(28) 8d 

 O15 0.42212(50) 0.12641(44) 0.60876(67) 1 1.995(28) 8d 

 O16 0.41794(51) 1.00549(46) 0.58264(66) 1 1.995(28) 8d 

 O17 0.40392(48) 0.86750(45) 0.56592(65) 1 1.995(28) 8d 

 O18 0.19089(56) 0.13303(41) 0.60766(56) 1 1.995(28) 8d 

 O19 0.19760(61) 0.00031(39) 0.59222(57) 1 1.995(28) 8d 

 O20 0.20347(50) 0.86424(42) 0.58718(55) 1 1.995(28) 8d 

 O21 0.99653(42) 0.04900(61) 0.79295(56) 1 1.995(28) 8d 

 O22 0.99890(46) 0.85617(50) 0.78975(60) 1 1.995(28) 8d 

 O23 0.41854(63) 0.75 0.63086(81) 1 1.995(28) 4c 

 O24 0.18773(71) 0.75 0.65685(73) 1 1.995(28) 4c 

 O25 0.28536(60) 0.75 0.04507(77) 1 1.995(28) 4c 

 O26 0.10781(65) 0.75 0.06690(85) 1 1.995(28) 4c 

 Si1 0.42482(22) 0.05598(28) 0.66118(30) 1 0.998(14) 8d 

 Si2 0.31166(25) 0.03043(18) 0.80709(30) 1 0.998(14) 8d 

 Si3 0.27864(19) 0.06270(24) 0.03103(30) 1 0.998(14) 8d 

 Si4 0.11702(21) 0.06203(25) 0.02491(32) 1 0.998(14) 8d 

 Si5 0.06998(22) 0.03071(21) 0.81261(33) 1 0.998(14) 8d 

 Si6 0.18292(20) 0.05889(24) 0.67002(29) 1 0.998(14) 8d 

 Si7 0.42261(22) 0.83020(20) 0.67000(36) 1 0.998(14) 8d 

 Si8 0.30597(25) 0.86770(21) 0.81222(29) 1 0.998(14) 8d 
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 Si9 0.27441(22) 0.82555(21) 0.02851(33) 1 0.998(14) 8d 

 Si10 0.12253(23) 0.82572(20) 0.02634(35) 1 0.998(14) 8d 

 Si11 0.07229(21) 0.87098(23) 0.81901(34) 1 0.998(14) 8d 

 Si12 0.18495(24) 0.82579(18) 0.67795(33) 1 0.998(14) 8d 

        

Ammonia 1 N1 0.97164 0.16481 0.54693 0.741(17) 20.0(15) 8d 

 H12 1.00238 0.13244 0.58029 0.741(17) 24.0(18) 8d 

 H13 0.94991 0.19209 0.60025 0.741(17) 24.0(18) 8d 

 H14 0.99904 0.19351 0.50173 0.741(17) 24.0(18) 8d 

        

Ammonia 2 N2 0.48679 0.45790 0.04306 0.570(15) 16.4(16) 8d 

 H22 0.51556 0.49103 0.00747 0.570(15) 19.7(19) 8d 

 H23 0.51173 0.41458 0.04621 0.570(15) 19.7(19) 8d 

 H24 0.47793 0.47610 0.11116 0.570(15) 19.7(19) 8d 

        

Ammonia 3 N2 0.90538 0.71968 0.25856 0.736(11) 20.0(16) 8d 

 H22 0.90480 0.66988 0.26709 0.736(11) 24.0(19) 8d 

 H23 0.92266 0.72935 0.19023 0.736(11) 24.0(19) 8d 

 H24 0.85871 0.73605 0.26677 0.736(11) 24.0(19) 8d 

        

Ammonia 4* N3 0.75529 0.24006 -0.3810 0.7043(88) 20.0(15) 8d 

 H32 0.71376 0.26074 -0.4081 0.7043(88) 24.0(18) 8d 

 H33 0.79358 0.25895 -0.4193 0.7043(88) 24.0(18) 8d 

 H34 0.75811 0.25212 -0.3089 0.7043(88) 24.0(18) 8d 

**Ammonia 4 is located deep inside the straight channel with the weakest interaction 
with the zeolite framework hence it will be gradually desorbed even at room 
temperature. 
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Table A3.3. Atomic parameters of H-ZSM-5 pre-adsorbed with methanol at 25 °C (Rwp 
= 9.005%, Rexp = 5.259%, χ2 = 1.712).  

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite framework O1 0.37499(74) 0.06098(85) 0.75091(95) 1 2.682(34) 8d 

 O2 0.31175(72) 0.05779(81) 0.92230(85) 1 2.682(34) 8d 

 O3 0.19495(68) 0.06052(63) 0.02140(65) 1 2.682(34) 8d 

 O4 0.09911(55) 0.05895(83) 0.91567(94) 1 2.682(34) 8d 

 O5 0.11395(73) 0.04951(97) 0.72526(90) 1 2.682(34) 8d 

 O6 0.24836(68) 0.0486(11) 0.75288(93) 1 2.682(34) 8d 

 O7 0.37288(80) 0.84764(76) 0.7635(11) 1 2.682(34) 8d 

 O8 0.30776(83) 0.84938(57) 0.93328(88) 1 2.682(34) 8d 

 O9 0.19045(72) 0.84994(46) 0.03369(72) 1 2.682(34) 8d 

 O10 0.08631(66) 0.83790(67) 0.9261(11) 1 2.682(34) 8d 

 O11 0.11748(78) 0.84021(74) 0.7437(10) 1 2.682(34) 8d 

 O12 0.24303(75) 0.84756(87) 0.7620(12) 1 2.682(34) 8d 

 O13 0.31642(59) 0.95098(73) 0.81327(67) 1 2.682(34) 8d 

 O14 0.07860(53) 0.95362(79) 0.82623(85) 1 2.682(34) 8d 

 O15 0.41698(75) 0.12660(70) 0.6080(10) 1 2.682(34) 8d 

 O16 0.40988(72) 1.00959(71) 0.5806(11) 1 2.682(34) 8d 

 O17 0.40266(82) 0.86938(72) 0.5756(12) 1 2.682(34) 8d 

 O18 0.19285(96) 0.12699(69) 0.61269(89) 1 2.682(34) 8d 

 O19 0.19975(90) -0.00631(67) 0.60494(91) 1 2.682(34) 8d 

 O20 0.19929(86) 0.87162(67) 0.57942(90) 1 2.682(34) 8d 

 O21 0.99697(72) 0.05220(99) 0.79456(86) 1 2.682(34) 8d 

 O22 0.99655(79) 0.85037(80) 0.79552(90) 1 2.682(34) 8d 

 O23 0.4229(11) 0.75 0.6413(12) 1 2.682(34) 4c 

 O24 0.1978(12) 0.75 0.6586(11) 1 2.682(34) 4c 

 O25 0.28013(89) 0.75 0.0619(14) 1 2.682(34) 4c 

 O26 0.1032(11) 0.75 0.0668(15) 1 2.682(34) 4c 

 Si1 0.42204(34) 0.05887(46) 0.66574(51) 1 1.341(17) 8d 

 Si2 0.27701(29) 0.05951(42) 1.03284(51) 1 1.341(17) 8d 

 Si3 0.31047(45) 0.02887(29) -0.18899(50) 1 1.341(17) 8d 

 Si4 0.11764(32) 0.06373(39) 0.03324(50) 1 1.341(17) 8d 

 Si5 0.06929(34) 0.03106(33) 0.81749(53) 1 1.341(17) 8d 

 Si6 0.18786(38) 0.05780(37) 0.67765(45) 1 1.341(17) 8d 

 Si7 0.42438(37) 0.83078(33) 0.67233(58) 1 1.341(17) 8d 

 Si8 0.30684(44) 0.87006(33) 0.82037(47) 1 1.341(17) 8d 
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 Si9 0.27567(33) 0.82620(31) 0.03335(52) 1 1.341(17) 8d 

 Si10 0.12203(35) 0.82521(33) 0.02718(53) 1 1.341(17) 8d 

 Si11 0.07259(36) 0.87085(37) 0.81683(55) 1 1.341(17) 8d 

 Si12 0.18792(45) 0.82521(28) 0.68244(52) 1 1.341(17) 8d 

        

Methanol1 O1 0.89287 0.70863 0.26235 0.2518(84) 14.7(33) 8d 

 H2 0.88144 0.75509 0.29482 0.2518(84) 17.7(40) 8d 

 C3 0.94565 0.71959 0.19189 0.2518(84) 19.1(43) 8d 

 H4 0.95801 0.76813 0.19157 0.2518(84) 22.1(50) 8d 

 H5 0.98515 0.69217 0.21121 0.2518(84) 22.1(50) 8d 

 H6 0.93048 0.70610 0.12388 0.2518(84) 22.1(50) 8d 

        

Methanol2 C1 0.24201 0.68380 0.41136 0.2154(81) 7.3(22) 8d 

 O2 0.23041 0.71352 0.34922 0.2154(81) 8.7(27) 8d 

 C3 0.24979 0.61590 0.37698 0.2154(81) 9.4(29) 8d 

 H4 0.24228 0.61411 0.30343 0.2154(81) 10.9(34) 8d 

 H5 0.29572 0.59995 0.39238 0.2154(81) 10.9(34) 8d 

 H6 0.21677 0.58641 0.41123 0.2154(81) 10.9(34) 8d 
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Supplementary information for Chapter 4 

Table A4.1. Crystallographic parameters of H-ZSM-5 pre-adsorbed with ammonia at 

various desorption temperatures. 

Temperature 100 °C 200 °C 300 °C 400 °C 

Crystal system Orthorhombic Orthorhombic Orthorhombic Orthorhombic 

Space group Pnma Pnma Pnma Pnma 

NH3 per unit cell 10.1 5.3 2.1 0 

2θ range refinement 

(o) 
3 - 55 3 - 55 3 - 55 3 - 55 

Detector Multi-analyser crystals 

Multi-analyser crystals 

Multi-analyser crystals 

Multi-analyser crystals 

Number of 

parameters 

149 149 143 135 

Number of hkls 4174 4174 4172 4172 

Refinement methods Rietveld       Rietveld Rietveld Rietveld 

a (Å) 20.11851(4) 20.12129(4) 20.11047(3) 20.11098(4) 

b (Å) 19.94929(3) 19.95194(3) 19.94394(3) 19.94619(4) 

c (Å) 13.43452(3) 13.43445(3) 13.42542(3) 13.42460(3) 

V (Å3) 5391.944(19) 5393.378(19) 5384.694(19) 5385.110(21) 

Rwp / Rp / Rexp (%) 9.048/6.971/3.411  9.047/6.955/3.389  9.413/7.237/3.593  9.623/7.510/4.072  

Wavelength (Å) 0.826617(4) 0.826617(4) 0.826209(3) 0.826209(3) 

2θ-zero point (°) 0.000254(3) 0.000254(3) -0.000489(2) -0.000489(2) 

 χ2 2.653 2.669 2.619 2.364 
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Desorption temperature = 100 °C 

 

Figure A4.1. Rietveld refinement of the SXRD pattern and the corresponding crystal 

structure of H-ZSM-5 pre-adsorbed with ammonia, measured at 100 °C. Comparison of the 

SXRD (blue) and Rietveld refinement (red) profiles and the difference (grey), (a) 2θ range 

of 3-20° and (b) 2θ range of 20-55°; (c) the corresponding crystal structure (view from 

[010]). Atoms are represented in ball/sticks: green = Si/Al, red = O, blue = N, black = C. 

The symmetry for the ammonia molecules is disregarded and no hydrogens are plotted for 

clarity.  
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Table A4.2. Atomic parameters of H-ZSM-5 pre-adsorbed with ammonia, measured at 

100 °C. 

Species Atom x y z SOF Beq (Å
2
) Wyckoff 

Zeolite framework O1 0.37560(47) 0.06238(55) 0.74925(60) 1 2.549(35) 8d 

 O2 0.30868(46) 0.05882(47) 0.91545(56) 1 2.549(35) 8d 

 O3 0.20212(43) 0.05357(51) 0.01532(44) 1 2.549(35) 8d 

 O4 0.09788(38) 0.06018(51) 0.91611(64) 1 2.549(35) 8d 

 O5 0.11217(44) 0.05436(59) 0.72055(57) 1 2.549(35) 8d 

 O6 0.24402(42) 0.05735(67) 0.75728(58) 1 2.549(35) 8d 

 O7 0.36958(47) 0.84858(46) 0.76486(61) 1 2.549(35) 8d 

 O8 0.30234(52) 0.84204(39) 0.93343(58) 1 2.549(35) 8d 

 O9 0.19066(51) 0.84021(36) 0.03428(52) 1 2.549(35) 8d 

 O10 0.08708(45) 0.84558(45) 0.90962(70) 1 2.549(35) 8d 

 O11 0.11710(49) 0.84402(47) 0.73923(67) 1 2.549(35) 8d 

 O12 0.23423(44) 0.84860(50) 0.73986(66) 1 2.549(35) 8d 

 O13 0.31310(42) 0.94718(45) 0.81818(46) 1 2.549(35) 8d 

 O14 0.07991(37) 0.96168(46) 0.81788(59) 1 2.549(35) 8d 

 O15 0.42091(45) 0.12862(49) 0.60634(72) 1 2.549(35) 8d 

 O16 0.40159(45) 0.99834(46) 0.57392(78) 1 2.549(35) 8d 

 O17 0.40433(49) 0.86100(44) 0.57521(79) 1 2.549(35) 8d 

 O18 0.18818(56) 0.12801(43) 0.61915(57) 1 2.549(35) 8d 

 O19 0.19668(58) 0.00615(43) 0.58903(63) 1 2.549(35) 8d 

 O20 0.19613(56) 0.87802(42) 0.58337(58) 1 2.549(35) 8d 

 O21 0.99669(46) 0.04988(66) 0.79030(60) 1 2.549(35) 8d 

 O22 0.99387(47) 0.85243(55) 0.79026(63) 1 2.549(35) 8d 

 O23 0.42080(64) 0.7500 0.63040(92) 1 2.549(35) 4c 

 O24 0.19305(79) 0.7500 0.65964(77) 1 2.549(35) 4c 

 O25 0.28418(62) 0.7500 0.05096(87) 1 2.549(35) 4c 

 O26 0.10062(67) 0.7500 0.05720(02) 1 2.549(35) 4c 

 Si1 0.42288(25) 0.06151(28) 0.65849(36) 1 0.886(18) 8d 

 Si2 0.30876(31) 0.02938(22) 0.80744(36) 1 0.886(18) 8d 

 Si3 0.27953(22) 0.06112(27) 0.03164(35) 1 0.886(18) 8d 

 Si4 0.12180(23) 0.06450(28) 0.02350(37) 1 0.886(18) 8d 

 Si5 0.06876(24) 0.03148(24) 0.81544(38) 1 0.886(18) 8d 
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 Si6 0.18413(24) 0.05587(27) 0.67206(33) 1 0.886(18) 8d 

 Si7 0.42375(26) 0.82995(25) 0.66933(40) 1 0.886(18) 8d 

 Si8 0.30482(28) 0.86846(24) 0.81327(34) 1 0.886(18) 8d 

 Si9 0.27512(25) 0.82829(23) 0.03073(38) 1 0.886(18) 8d 

 Si10 0.11984(25) 0.82585(25) 0.02576(40) 1 0.886(18) 8d 

 Si11 0.07077(25) 0.87360(27) 0.81519(40) 1 0.886(18) 8d 

 Si12 0.18580(28) 0.82649(22) 0.68117(38) 1 0.886(18) 8d 

        

Ammonia 1 N1 0.9160 0.7600 0.2120 0.87(1) 2.48(31) 4c 

 H12 0.8800 0.7400 0.1700 0.87(1) 2.98(37) 4c 

 H13 0.9100 0.7390 0.2780 0.87(1) 2.98(37) 4c 

 H14 0.9600 0.7500 0.1800 0.87(1) 2.98(37) 4c 

        

Ammonia 2 N2 0.7500 0.2430 0.6320 0.67(1) 3.23(40) 4c 

 H22 0.7500 0.2800 0.6800 0.67(1) 3.87(48) 4c 

 H23 0.7090 0.2500 0.5900 0.67(1) 3.87(48) 4c 

 H24 0.7910 0.2500 0.5900 0.67(1) 3.87(48) 4c 

        

Ammonia 3 N3 0.9870 0.3040 0.5410 0.80(1) 3.23(40) 4c 

 H32 0.0280 0.3300 0.5500 0.80(1) 3.87(48) 4c 

 H33 0.0000 0.2570 0.5300 0.80(1) 3.87(48) 4c 

 H34 0.9600 0.3100 0.6000 0.80(1) 3.87(48) 4c 
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Desorption temperature = 200 °C 

 

Figure A4.2. Rietveld refinement of the SXRD profile and the corresponding crystal 

structure of H-ZSM-5 pre-adsorbed with ammonia, measured at 200 °C. Comparison 

of the SXRD (blue) and Rietveld refinement (red) profiles and the difference (grey), (a) 

2θ range of 3-20° and (b) 2θ range of 20-55°; (c) the corresponding crystal structure 

(view from [010]). Atoms are represented in ball/sticks: green = Si/Al, red = O, blue = 

N, black = C. The symmetry for the ammonia molecules is disregarded and no 

hydrogens are plotted for clarity.  
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Table A4.3. Atomic parameters of H-ZSM-5 pre-adsorbed with ammonia, measured at 

200 °C. 

Species Atom x y z SOF Beq (Å
2
) Wyckoff 

Zeolite framework O1 0.37642(49) 0.05700(62) 0.75602(64) 1 2.909(35) 8d 

 O2 0.31000(48) 0.06301(45) 0.91929(62) 1 2.909(35) 8d 

 O3 0.20398(45) 0.06229(42) 0.01724(46) 1 2.909(35) 8d 

 O4 0.09666(38) 0.06112(52) 0.91176(68) 1 2.909(35) 8d 

 O5 0.11553(46) 0.04679(59) 0.72142(65) 1 2.909(35) 8d 

 O6 0.24334(45) 0.05349(68) 0.75356(63) 1 2.909(35) 8d 

 O7 0.36961(49) 0.84413(48) 0.76818(64) 1 2.909(35) 8d 

 O8 0.30031(52) 0.84737(39) 0.93415(63) 1 2.909(35) 8d 

 O9 0.19904(51) 0.84318(33) 0.03084(52) 1 2.909(35) 8d 

 O10 0.08606(46) 0.84732(48) 0.91522(74) 1 2.909(35) 8d 

 O11 0.11932(50) 0.83941(48) 0.74398(70) 1 2.909(35) 8d 

 O12 0.23465(45) 0.84566(51) 0.74176(71) 1 2.909(35) 8d 

 O13 0.31350(45) 0.94990(48) 0.82010(47) 1 2.909(35) 8d 

 O14 0.08154(38) 0.95987(50) 0.81544(60) 1 2.909(35) 8d 

 O15 0.42065(46) 0.12766(51) 0.60059(73) 1 2.909(35) 8d 

 O16 0.40184(46) 0.99763(50) 0.58615(81) 1 2.909(35) 8d 

 O17 0.40349(49) 0.86710(51) 0.56900(79) 1 2.909(35) 8d 

 O18 0.19168(63) 0.12953(45) 0.61812(60) 1 2.909(35) 8d 

 O19 0.20038(59) 0.00339(46) 0.59695(67) 1 2.909(35) 8d 

 O20 0.19864(57) 0.87113(45) 0.57710(61) 1 2.909(35) 8d 

 O21 0.99730(49) 0.05083(67) 0.79317(62) 1 2.909(35) 8d 

 O22 0.99490(50) 0.85274(53) 0.79499(66) 1 2.909(35) 8d 

 O23 0.41795(66) 0.7500 0.64329(90) 1 2.909(35) 4c 

 O24 0.19096(87) 0.7500 0.66020(77) 1 2.909(35) 4c 

 O25 0.27431(56) 0.7500 0.06211(90) 1 2.909(35) 4c 

 O26 0.09338(62) 0.7500 0.05532(106) 1 2.909(35) 4c 

 Si1 0.42292(26) 0.06190(31) 0.66311(40) 1 1.177(17) 8d 

 Si2 0.30908(32) 0.03024(23) 0.80952(37) 1 1.177(17) 8d 

 Si3 0.27905(23) 0.06354(27) 0.03466(38) 1 1.177(17) 8d 

 Si4 0.12102(24) 0.06130(31) 0.02531(40) 1 1.177(17) 8d 

 Si5 0.06993(26) 0.02949(25) 0.81652(42) 1 1.177(17) 8d 
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 Si6 0.18563(26) 0.05675(29) 0.67322(37) 1 1.177(17) 8d 

 Si7 0.42370(27) 0.83179(26) 0.66995(45) 1 1.177(17) 8d 

 Si8 0.30653(31) 0.86852(26) 0.81783(35) 1 1.177(17) 8d 

 Si9 0.27685(25) 0.82796(23) 0.03013(41) 1 1.177(17) 8d 

 Si10 0.12199(26) 0.82667(25) 0.02388(42) 1 1.177(17) 8d 

 Si11 0.07132(27) 0.87284(30) 0.81453(41) 1 1.177(17) 8d 

 Si12 0.18770(31) 0.82481(22) 0.68206(41) 1 1.177(17) 8d 

        

Ammonia 1 N1 0.8990 0.7400 0.1860 0.93(1) 2.94(46) 4c 

 H12 0.8540 0.7500 0.1600 0.93(1) 3.52(55) 4c 

 H13 0.9330 0.7600 0.1400 0.93(1) 3.52(55) 4c 

 H14 0.9000 0.7600 0.2550 0.93(1) 3.52(55) 4c 

        

Ammonia 3 N3 0.9950 0.3100 0.5430 0.43(1) 3.82(60) 4c 

 H32 0.0000 0.3600 0.5400 0.43(1) 4.58(72) 4c 

 H33 0.0400 0.2900 0.5800 0.43(1) 4.58(72) 4c 

 H34 0.9500 0.3000 0.5800 0.43(1) 4.58(72) 4c 

 

  



xiv 
 

Desorption temperature = 300 °C 

 

Figure A4.3. Rietveld refinement of the SXRD profile and the corresponding crystal 

structure of H-ZSM-5 pre-adsorbed with ammonia, measured at 300 °C. Comparison of 

the SXRD (blue) and Rietveld refinement (red) profiles and the difference (grey), (a) 

2θ range of 3-20° and (b) 2θ range of 20-55°; (c) the corresponding crystal structure 

(view from [010]). Atoms are represented in ball/sticks: green = Si/Al, red = O, blue = 

N, black = C. The symmetry for the ammonia molecules is disregarded and no 

hydrogens are plotted for clarity.  
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Table A4.4. Atomic parameters of H-ZSM-5 pre-adsorbed with ammonia, measured at 

300 °C. 

Species Atom x y z SOF Beq (Å
2
) Wyckoff 

Zeolite framework O1 0.37520(52) 0.05196(70) 0.75575(67) 1 3.481(36) 8d 

 O2 0.30867(55) 0.06262(49) 0.92244(66) 1 3.481(36) 8d 

 O3 0.20145(49) 0.05850(49) 0.02160(47) 1 3.481(36) 8d 

 O4 0.09524(42) 0.06376(54) 0.91395(71) 1 3.481(36) 8d 

 O5 0.11755(49) 0.05735(69) 0.72764(64) 1 3.481(36) 8d 

 O6 0.24527(48) 0.05737(70) 0.75535(67) 1 3.481(36) 8d 

 O7 0.37101(51) 0.83914(51) 0.76617(70) 1 3.481(36) 8d 

 O8 0.30354(60) 0.84506(41) 0.93106(69) 1 3.481(36) 8d 

 O9 0.19533(56) 0.84028(35) 0.03070(52) 1 3.481(36) 8d 

 O10 0.08822(49) 0.84767(49) 0.92292(79) 1 3.481(36) 8d 

 O11 0.11573(54) 0.84648(52) 0.74597(72) 1 3.481(36) 8d 

 O12 0.23838(50) 0.84675(54) 0.74786(73) 1 3.481(36) 8d 

 O13 0.31376(49) 0.95051(54) 0.81810(49) 1 3.481(36) 8d 

 O14 0.07864(39) 0.95596(58) 0.81991(60) 1 3.481(36) 8d 

 O15 0.41978(50) 0.12525(52) 0.60703(77) 1 3.481(36) 8d 

 O16 0.40299(52) 0.99730(53) 0.59248(79) 1 3.481(36) 8d 

 O17 0.40087(52) 0.86477(51) 0.56193(77) 1 3.481(36) 8d 

 O18 0.19136(66) 0.13166(47) 0.61882(64) 1 3.481(36) 8d 

 O19 0.20282(64) 0.00256(48) 0.59519(70) 1 3.481(36) 8d 

 O20 0.19709(64) 0.86900(47) 0.58171(64) 1 3.481(36) 8d 

 O21 0.99575(53) 0.04976(69) 0.79451(61) 1 3.481(36) 8d 

 O22 0.99404(55) 0.85123(55) 0.79742(65) 1 3.481(36) 8d 

 O23 0.41658(72) 0.7500 0.63753(95) 1 3.481(36) 4c 

 O24 0.19328(91) 0.7500 0.65918(80) 1 3.481(36) 4c 

 O25 0.27832(61) 0.7500 0.05764(96) 1 3.481(36) 4c 

 O26 0.09411(69) 0.7500 0.06854(108) 1 3.481(36) 4c 

 Si1 0.42278(27) 0.06021(32) 0.66457(41) 1 1.374(16) 8d 

 Si2 0.30891(36) 0.02995(22) 0.81037(38) 1 1.374(16) 8d 

 Si3 0.27983(24) 0.06382(27) 0.03698(38) 1 1.374(16) 8d 

 Si4 0.12083(24) 0.05982(32) 0.02670(40) 1 1.374(16) 8d 

 Si5 0.06902(28) 0.02947(27) 0.81822(43) 1 1.374(16) 8d 
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 Si6 0.18732(29) 0.05534(29) 0.67503(37) 1 1.374(16) 8d 

 Si7 0.42392(28) 0.82857(27) 0.67284(47) 1 1.374(16) 8d 

 Si8 0.30778(34) 0.87109(26) 0.81977(37) 1 1.374(16) 8d 

 Si9 0.27496(26) 0.82978(24) 0.03025(42) 1 1.374(16) 8d 

 Si10 0.12126(28) 0.82356(25) 0.02677(43) 1 1.374(16) 8d 

 Si11 0.07219(28) 0.87106(32) 0.81548(43) 1 1.374(16) 8d 

 Si12 0.18781(33) 0.82624(23) 0.68478(42) 1 1.374(16) 8d 

        

Ammonia 1 N1 0.9202 0.7630 0.1870 0.50(1) 3.19(87) 4c 

 H12 0.9600 0.7400 0.1800 0.50(1) 3.82(105) 4c 

 H13 0.8900 0.7500 0.1300 0.50(1) 3.82(105) 4c 

 H14 0.9000 0.7500 0.2510 0.50(1) 3.82(105) 4c 
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Desorption temperature = 400 °C 

 

Figure A4.4. Rietveld refinement of the SXRD profile and the corresponding crystal 

structure of H-ZSM-5 pre-adsorbed with ammonia, measured at 400 °C. Comparison 

of the SXRD (blue) and Rietveld refinement (red) profiles and the difference (grey), (a) 

2θ range of 3-20° and (b) 2θ range of 20-55°; (c) the corresponding crystal structure 

(view from [010]). Atoms are represented in ball/sticks: green = Si/Al, red = O, blue = 

N, black = C. The symmetry for the ammonia molecules is disregarded and no 

hydrogens are plotted for clarity.  
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Table A4.5. Atomic parameters of H-ZSM-5 pre-adsorbed with ammonia, measured at 

400 °C. 

Species Atom x y z SOF Beq (Å
2) Wyckoff 

Zeolite framework O1 0.37736(66) 0.05331(72) 0.75523(84) 1 3.865(55) 8d 

 O2 0.30947(66) 0.06264(58) 0.92641(80) 1 3.865(55) 8d 

 O3 0.20385(57) 0.05641(61) 0.02465(59) 1 3.865(55) 8d 

 O4 0.09330(53) 0.06688(60) 0.91660(87) 1 3.865(55) 8d 

 O5 0.11922(62) 0.06028(69) 0.73160(80) 1 3.865(55) 8d 

 O6 0.24472(61) 0.05458(88) 0.75232(88) 1 3.865(55) 8d 

 O7 0.37280(65) 0.83552(57) 0.76765(89) 1 3.865(55) 8d 

 O8 0.30362(77) 0.84479(50) 0.92785(85) 1 3.865(55) 8d 

 O9 0.18994(64) 0.83699(42) 0.02948(64) 1 3.865(55) 8d 

 O10 0.09000(60) 0.85115(58) 0.91709(95) 1 3.865(55) 8d 

 O11 0.11578(70) 0.84921(60) 0.74896(90) 1 3.865(55) 8d 

 O12 0.24567(68) 0.84861(69) 0.75621(96) 1 3.865(55) 8d 

 O13 0.31544(59) 0.94963(64) 0.82147(60) 1 3.865(55) 8d 

 O14 0.07905(48) 0.95436(70) 0.81721(73) 1 3.865(55) 8d 

 O15 0.42140(61) 0.12475(59) 0.61799(94) 1 3.865(55) 8d 

 O16 0.40099(62) 0.99572(62) 0.59388(91) 1 3.865(55) 8d 

 O17 0.40166(66) 0.86281(59) 0.56106(90) 1 3.865(55) 8d 

 O18 0.19096(78) 0.13676(51) 0.62312(79) 1 3.865(55) 8d 

 O19 0.20224(74) 0.00475(55) 0.59570(84) 1 3.865(55) 8d 

 O20 0.19859(79) 0.86767(54) 0.58141(83) 1 3.865(55) 8d 

 O21 0.99592(66) 0.05110(80) 0.79697(74) 1 3.865(55) 8d 

 O22 0.99728(70) 0.85003(66) 0.79661(77) 1 3.865(55) 8d 

 O23 0.41574(86) 0.7500 0.62442(124) 1 3.865(55) 4c 

 O24 0.19171(09) 0.7500 0.65522(101) 1 3.865(55) 4c 

 O25 0.27359(71) 0.7500 0.06908(124) 1 3.865(55) 4c 

 O26 0.08904(78) 0.7500 0.08014(123) 1 3.865(55) 4c 

 Si1 0.42180(32) 0.05770(39) 0.66422(50) 1 1.455(23) 8d 

 Si2 0.30851(42) 0.02973(26) 0.81211(47) 1 1.455(23) 8d 

 Si3 0.27992(28) 0.06377(32) 0.04033(44) 1 1.455(23) 8d 

 Si4 0.12078(29) 0.05877(38) 0.02634(48) 1 1.455(23) 8d 

 Si5 0.06831(33) 0.03048(32) 0.82136(52) 1 1.455(23) 8d 

 Si6 0.18719(35) 0.05597(35) 0.67605(46) 1 1.455(23) 8d 

 Si7 0.42470(34) 0.82576(32) 0.67469(56) 1 1.455(23) 8d 

 Si8 0.31002(40) 0.87134(30) 0.82252(46) 1 1.455(23) 8d 
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 Si9 0.27526(32) 0.83011(29) 0.02857(50) 1 1.455(23) 8d 

 Si10 0.12087(33) 0.82257(30) 0.02942(53) 1 1.455(23) 8d 

 Si11 0.07277(36) 0.87088(37) 0.81494(53) 1 1.455(23) 8d 

 Si12 0.18886(42) 0.82717(27) 0.68660(50) 1 1.455(23) 8d 
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Supplementary Information for Chapter 5 

Crystallographic and atomic parameters of H-ZSM-5 pre-adsorbed with ethanol, DMF, 

and an equimolar mixture of both, measured at 25 °C  

Table A5.1(a). Atomic parameters of H-ZSM-5 pre-adsorbed with ethanol measured at 

25 °C (Rwp = 7.649%, Rexp = 3.365%, χ2= 2.274).  

Species Atom x y z SOF Beq (Å
2) Wyckoff 

Zeolite 
framework 

O1 0.37346(45) 0.05149(62) 0.75410(57) 1 2.099(23) 8d 

 O2 0.30627(54) 0.05716(52) 0.92008(54) 1 2.099(23) 8d 

 O3 0.19923(44) 0.05827(45) 0.02005(40) 1 2.099(23) 8d 

 O4 0.09506(38) 0.06229(55) 0.91329(62) 1 2.099(23) 8d 

 O5 0.11620(45) 0.04839(55) 0.72565(57) 1 2.099(23) 8d 

 O6 0.24673(40) 0.06016(59) 0.75345(55) 1 2.099(23) 8d 

 O7 0.37308(47) 0.84215(49) 0.76509(66) 1 2.099(23) 8d 

 O8 0.30857(52) 0.84282(39) 0.93245(57) 1 2.099(23) 8d 

 O9 0.19539(50) 0.84636(32) 0.03209(49) 1 2.099(23) 8d 

 O10 0.08777(43) 0.83897(46) 0.92199(71) 1 2.099(23) 8d 

 O11 0.11477(44) 0.83726(45) 0.74053(63) 1 2.099(23) 8d 

 O12 0.23986(44) 0.84962(49) 0.75554(69) 1 2.099(23) 8d 

 O13 0.31079(46) 0.94840(46) 0.81731(46) 1 2.099(23) 8d 

 O14 0.07952(35) 0.95448(51) 0.82108(57) 1 2.099(23) 8d 

 O15 0.42233(46) 0.12706(51) 0.60269(64) 1 2.099(23) 8d 

 O16 0.40969(50) 1.00129(50) 0.58709(68) 1 2.099(23) 8d 

 O17 0.40488(47) 0.86747(49) 0.57131(73) 1 2.099(23) 8d 

 O18 0.19211(58) 0.12849(43) 0.61891(54) 1 2.099(23) 8d 

 O19 0.20463(54) 0.00367(44) 0.59379(61) 1 2.099(23) 8d 

 O20 0.20156(57) 0.87023(46) 0.58355(58) 1 2.099(23) 8d 

 O21 0.99693(46) 0.04676(56) 0.79233(58) 1 2.099(23) 8d 

 O22 0.99505(48) 0.85142(49) 0.79070(59) 1 2.099(23) 8d 

 O23 0.41960(66) 0.75 0.64682(83) 1 2.099(23) 4c 

 O24 0.19149(82) 0.75 0.64986(75) 1 2.099(23) 4c 

 O25 0.28440(61) 0.75 0.05534(83) 1 2.099(23) 4c 

 O26 0.10992(66) 0.75 0.0624(10) 1 2.099(23) 4c 

 Si1 0.42491(22) 0.05671(31) 0.66327(31) 1 1.049(11) 8d 

 Si2 0.27891(19) 0.06068(24) 1.03346(32) 1 1.049(11) 8d 

 Si3 0.30834(30) 0.03098(19) -0.18939(31) 1 1.049(11) 8d 

 Si4 0.11967(22) 0.06401(25) 0.02769(34) 1 1.049(11) 8d 

 Si5 0.07071(23) 0.02983(22) 0.81467(35) 1 1.049(11) 8d 

 Si6 0.18862(25) 0.05696(25) 0.67589(30) 1 1.049(11) 8d 
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 Si7 0.42292(24) 0.82909(23) 0.67228(37) 1 1.049(11) 8d 

 Si8 0.30910(28) 0.87051(22) 0.81671(30) 1 1.049(11) 8d 

 Si9 0.27422(21) 0.82685(21) 0.03309(35) 1 1.049(11) 8d 

 Si10 0.12073(24) 0.82612(22) 0.03050(36) 1 1.049(11) 8d 

 Si11 0.07261(23) 0.87075(27) 0.82161(35) 1 1.049(11) 8d 

 Si12 0.18757(27) 0.82643(19) 0.68213(33) 1 1.049(11) 8d 

Ethanol1 O1 -2.10743 0.75557 1.25099 0.3825(68) 20.0(17) 4c 

 H2 -2.08704 0.79846 1.28459 0.3825(68) 24.0(20) 4c 

 C3 -2.09765 0.76177 1.14514 0.3825(68) 26.0(22) 4c 

 H4 -2.07417 0.80486 1.13039 0.3825(68) 30.0(26) 4c 

 H5 -2.07024 0.7233 1.12067 0.3825(68) 30.0(26) 4c 

 C6 -2.16377 0.76131 1.09357 0.3825(68) 28.0(24) 4c 

 H7 -2.16968 0.80418 1.0559 0.3825(68) 34.0(29) 4c 

 H8 -2.16578 0.72262 1.04625 0.3825(68) 34.0(29) 4c 

 H9 -2.2 0.75683 1.14412 0.3825(68) 34.0(29) 4c 

Ethanol2 O1 0.02961 0.32422 1.47871 0.5969(53) 15.12(73) 4c 

 H2 -0.00282 0.2861 1.45523 0.5969(53) 18.15(88) 4c 

 C3 -0.01034 0.37741 1.51974 0.5969(53) 19.66(95) 4c 

 H4 -0.05837 0.36484 1.51561 0.5969(53) 22.7(11) 4c 

 H5 0.00216 0.38479 1.59099 0.5969(53) 22.7(11) 4c 

 C6 0.00129 0.4407 1.46185 0.5969(53) 21.2(10) 4c 

 H7 -0.04156 0.45625 1.432 0.5969(53) 25.7(12) 4c 

 H8 0.019 0.47618 1.50733 0.5969(53) 25.7(12) 4c 

 H9 0.03419 0.43192 1.40756 0.5969(53) 25.7(12) 4c 

Ethanol3 O1 -0.97621 0.17557 0.64367 0.2723(79) 6.5(12) 4c 

 H2 -0.94124 0.13727 0.65542 0.2723(79) 7.9(14) 4c 

 C3 -0.96682 0.22492 0.72073 0.2723(79) 8.5(16) 4c 

 H4 -0.92979 0.2105 0.76555 0.2723(79) 9.8(18) 4c 

 H5 -0.95549 0.26912 0.68985 0.2723(79) 9.8(18) 4c 

 C6 -1.02957 0.23174 0.78019 0.2723(79) 9.2(17) 4c 

 H7 -1.02043 0.22035 0.85143 0.2723(79) 11.1(20) 4c 

 H8 -1.04615 0.27894 0.77568 0.2723(79) 11.1(20) 4c 

 H9 -1.064 0.20048 0.75318 0.2723(79) 11.1(20) 4c 

Ethanol4 O1 -1.08952 0.17105 0.59341 0.4383(63) 20.0(14) 4c 

 H2 -1.05627 0.15065 0.64553 0.4383(63) 24.0(17) 4c 

 C3 -1.12174 0.22747 0.63985 0.4383(63) 26.0(18) 4c 

 H4 -1.10456 0.23299 0.70926 0.4383(63) 30.0(21) 4c 

 H5 -1.11226 0.26906 0.60068 0.4383(63) 30.0(21) 4c 

 C6 -1.19533 0.21567 0.64292 0.4383(63) 28.0(20) 4c 
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 H7 -1.21086 0.21594 0.71367 0.4383(63) 34.0(24) 4c 

 H8 -1.21855 0.25196 0.60507 0.4383(63) 34.0(24) 4c 

 H9 -1.20571 0.17121 0.61208 0.4383(63) 34.0(24) 4c 

 

Table A5.1(b). Translational and rotational axes for the matrices describing the 
adsorbate ethanol molecules, together with their corresponding systematic errors. 

 x y z 

Translational    
Ethanol1 -2.1074(18) 0.7556(86) 1.2510(23) 
Ethanol2 0.02961(88) 0.32422(63) 1.4787(15) 
Ethanol3 -0.9762(16) 0.1756(18) 0.6437(25) 
Ethanol4 -1.0895(13) 0.1711(18) 0.5934(29) 
Rotational    
Ethanol1 190.7(75) 244.1(82) 52.4(27) 
Ethanol2 108.3(26) 17.8(23) -34.8(11) 
Ethanol3 -75.5(25) 53.2(29) -125.6(36) 
Ethanol4 -26.9(47) 41.6(39) -68.7(29) 
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Table A5.2(a). Atomic parameters of H-ZSM-5 pre-adsorbed with DMF measured at 
25 °C (Rwp = 8.457%, Rexp = 3.339%, χ2 = 2.533).  

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.37684(48) 0.05499(68) 0.75255(65) 1 1.832(25) 8d 

 O2 0.30932(50) 0.05871(54) 0.92543(59) 1 1.832(25) 8d 

 O3 0.19809(46) 0.06165(43) 0.02543(45) 1 1.832(25) 8d 

 O4 0.09579(38) 0.05807(57) 0.91475(65) 1 1.832(25) 8d 

 O5 0.11354(48) 0.04504(55) 0.72940(62) 1 1.832(25) 8d 

 O6 0.24622(43) 0.05293(70) 0.75865(61) 1 1.832(25) 8d 

 O7 0.37427(51) 0.84195(50) 0.75952(71) 1 1.832(25) 8d 

 O8 0.30251(56) 0.84755(42) 0.93166(61) 1 1.832(25) 8d 

 O9 0.19652(51) 0.84845(33) 0.03241(52) 1 1.832(25) 8d 

 O10 0.08424(47) 0.84053(46) 0.92706(73) 1 1.832(25) 8d 

 O11 0.11719(47) 0.83640(46) 0.74246(67) 1 1.832(25) 8d 

 O12 0.24036(48) 0.84717(52) 0.76361(74) 1 1.832(25) 8d 

 O13 0.31361(43) 0.95152(49) 0.81623(49) 1 1.832(25) 8d 

 O14 0.07984(36) 0.95337(55) 0.82822(55) 1 1.832(25) 8d 

 O15 0.41967(48) 0.12367(51) 0.60807(72) 1 1.832(25) 8d 

 O16 0.40289(52) 1.00242(54) 0.58739(76) 1 1.832(25) 8d 

 O17 0.40537(49) 0.87167(51) 0.57239(75) 1 1.832(25) 8d 

 O18 0.19076(60) 0.12924(45) 0.61922(60) 1 1.832(25) 8d 

 O19 0.20281(60) 0.00204(48) 0.59549(66) 1 1.832(25) 8d 

 O20 0.19965(60) 0.87055(49) 0.58780(60) 1 1.832(25) 8d 

 O21 0.99733(51) 0.04932(64) 0.79526(60) 1 1.832(25) 8d 

 O22 0.99596(52) 0.85111(52) 0.79386(67) 1 1.832(25) 8d 

 O23 0.41913(73) 0.75 0.64018(89) 1 1.832(25) 4c 

 O24 0.19650(83) 0.75 0.65447(80) 1 1.832(25) 4c 

 O25 0.28593(62) 0.75 0.04753(82) 1 1.832(25) 4c 

 O26 0.11467(68) 0.75 0.06522(96) 1 1.832(25) 4c 

 Si1 0.42464(26) 0.05924(33) 0.66587(36) 1 0.916(13) 8d 

 Si2 0.27852(20) 0.06072(27) 1.03645(34) 1 0.916(13) 8d 

 Si3 0.31074(31) 0.02973(21) -0.18602(36) 1 0.916(13) 8d 

 Si4 0.12108(23) 0.06360(28) 0.02698(36) 1 0.916(13) 8d 

 Si5 0.06991(25) 0.03036(24) 0.81778(36) 1 0.916(13) 8d 

 Si6 0.18663(26) 0.05780(27) 0.67567(33) 1 0.916(13) 8d 

 Si7 0.42310(27) 0.82944(23) 0.66747(38) 1 0.916(13) 8d 

 Si8 0.30950(30) 0.86991(24) 0.81522(33) 1 0.916(13) 8d 

 Si9 0.27425(23) 0.82715(22) 0.03047(38) 1 0.916(13) 8d 

 Si10 0.12082(26) 0.82569(23) 0.03173(39) 1 0.916(13) 8d 
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 Si11 0.07270(25) 0.87069(28) 0.82009(37) 1 0.916(13) 8d 

 Si12 0.18727(30) 0.82621(20) 0.68486(35) 1 0.916(13) 8d 

DMF 1 O1 -2.10446 0.77858 1.26435 0.4296(35) 14.40(82) 4c 

 C2 -2.09845 0.75538 1.16989 0.4296(35) 17.28(98) 4c 

 C3 -2.03265 0.74961 1.14424 0.4296(35) 20.2(11) 4c 

 C4 -1.996 0.77064 1.2284 0.4296(35) 20.2(11) 4c 

 C5 -2.042 0.78776 1.29952 0.4296(35) 17.28(98) 4c 

 C6 -2.0255 0.81297 1.40135 0.4296(35) 20.2(11) 4c 

 C7 -2.15541 0.73846 1.10309 0.4296(35) 20.2(11) 4c 

 H8 -2.0077 0.70499 1.11431 0.4296(35) 24.5(14) 4c 

 H9 -1.95627 0.74283 1.26628 0.4296(35) 24.5(14) 4c 

 H10 -1.97068 0.81559 1.41013 0.4296(35) 24.5(14) 4c 

 H11 -2.04643 0.77829 1.45799 0.4296(35) 24.5(14) 4c 

 H12 -2.04713 0.86376 1.41162 0.4296(35) 24.5(14) 4c 

 H13 -2.13617 0.72067 1.03018 0.4296(35) 24.5(14) 4c 

 H14 -2.18654 0.7838 1.09154 0.4296(35) 24.5(14) 4c 

 H15 -2.18585 0.69834 1.13791 0.4296(35) 24.5(14) 4c 

DMF 2 O1 -1.96795 0.86786 1.45559 0.4868(31) 14.58(59) 4c 

 C2 -1.99818 0.92089 1.49958 0.4868(31) 17.50(70) 4c 

 C3 -2.04431 0.89929 1.56778 0.4868(31) 20.42(82) 4c 

 C4 -2.0422 0.82845 1.56539 0.4868(31) 20.42(82) 4c 

 C5 -1.99493 0.81181 1.49592 0.4868(31) 17.50(70) 4c 

 C6 -1.97592 0.74174 1.46863 0.4868(31) 20.42(82) 4c 

 C7 -1.9834 0.99274 1.47705 0.4868(31) 20.42(82) 4c 

 H8 -2.04797 0.91419 1.6463 0.4868(31) 24.8(10) 4c 

 H9 -2.03544 0.79459 1.62906 0.4868(31) 24.8(10) 4c 

 H10 -2.00582 0.70573 1.51307 0.4868(31) 24.8(10) 4c 

 H11 -1.9223 0.73394 1.48444 0.4868(31) 24.8(10) 4c 

 H12 -1.98548 0.73347 1.38808 0.4868(31) 24.8(10) 4c 

 H13 -2.01535 1.02549 1.5238 0.4868(31) 24.8(10) 4c 

 H14 -1.99351 1.00284 1.39711 0.4868(31) 24.8(10) 4c 

 H15 -1.93033 1.00331 1.49347 0.4868(31) 24.8(10) 4c 

DMF 3 O1 -1.85598 0.77216 1.31054 0.3328(35) 19.1(12) 4c 

 C2 -1.86218 0.71832 1.37145 0.3328(35) 23.0(14) 4c 

 C3 -1.8017 0.70143 1.41159 0.3328(35) 26.8(17) 4c 

 C4 -1.75547 0.74793 1.37275 0.3328(35) 26.8(17) 4c 

 C5 -1.79099 0.78993 1.31164 0.3328(35) 23.0(14) 4c 

 C6 -1.76204 0.84717 1.25442 0.3328(35) 26.8(17) 4c 

 C7 -1.92586 0.68239 1.39203 0.3328(35) 26.8(17) 4c 



xxv 
 

 H8 -1.78994 0.69483 1.49083 0.3328(35) 32.6(20) 4c 

 H9 -1.72077 0.77931 1.41528 0.3328(35) 32.6(20) 4c 

 H10 -1.70781 0.85022 1.26911 0.3328(35) 32.6(20) 4c 

 H11 -1.78624 0.89464 1.27807 0.3328(35) 32.6(20) 4c 

 H12 -1.77056 0.83919 1.17354 0.3328(35) 32.6(20) 4c 

 H13 -1.91651 0.64031 1.44442 0.3328(35) 32.6(20) 4c 

 H14 -1.94637 0.66235 1.32122 0.3328(35) 32.6(20) 4c 

 H15 -1.96205 0.7178 1.42574 0.3328(35) 32.6(20) 4c 

 

Table A5.2(b). Translational and rotational axes for the matrices describing the 
adsorbate DMF molecules, together with their corresponding systematic errors. 

 x y z 

Translational    
DMF1 -2.10446(84) 0.7786(13) 1.2643(15) 
DMF2 -1.96795(73) 0.86786(65) 1.4556(11) 
DMF3 -1.8560(13) 0.7722(18) 1.3105(19) 
    
Rotational    
DMF1 -200.1(12) -4.65(78) 2.17(31) 
DMF2 58.57(84) -33.31(66) -131.53(89) 
DMF3 52.04(81) -11.1(13) 1.92(13) 
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Table A5.3(a). Atomic parameters of H-ZSM-5 pre-adsorbed with limited equimolar 
DMF and ethanol at 25 °C (Rwp = 9.005%, Rexp = 5.259%, χ2 = 1.712).  

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.36816(50) 0.06015(63) 0.74449(73) 1 1.718(30) 8d 

 O2 0.29519(55) 0.06478(49) 0.91155(70) 1 1.718(30) 8d 

 O3 0.20000(50) 0.05169(57) 0.02262(55) 1 1.718(30) 8d 

 O4 0.09514(48) 0.05082(62) 0.92036(78) 1 1.718(30) 8d 

 O5 0.11615(53) 0.04771(65) 0.71605(74) 1 1.718(30) 8d 

 O6 0.23764(47) 0.05105(67) 0.74567(68) 1 1.718(30) 8d 

 O7 0.36641(50) 0.84642(51) 0.75978(73) 1 1.718(30) 8d 

 O8 0.30329(57) 0.84794(43) 0.92707(66) 1 1.718(30) 8d 

 O9 0.20262(55) 0.84233(44) 0.03986(60) 1 1.718(30) 8d 

 O10 0.09086(50) 0.83272(51) 0.91736(83) 1 1.718(30) 8d 

 O11 0.12136(51) 0.84033(50) 0.72749(78) 1 1.718(30) 8d 

 O12 0.23326(48) 0.85372(56) 0.74264(79) 1 1.718(30) 8d 

 O13 0.30281(53) 0.95322(54) 0.81407(55) 1 1.718(30) 8d 

 O14 0.07423(43) 0.95268(59) 0.82301(67) 1 1.718(30) 8d 

 O15 0.41283(52) 0.12406(52) 0.59261(83) 1 1.718(30) 8d 

 O16 0.41001(57) 1.00514(57) 0.57015(94) 1 1.718(30) 8d 

 O17 0.40626(55) 0.87189(57) 0.57146(90) 1 1.718(30) 8d 

 O18 0.18609(56) 0.12848(51) 0.61341(67) 1 1.718(30) 8d 

 O19 0.19906(64) -0.00304(50) 0.59427(70) 1 1.718(30) 8d 

 O20 0.20508(62) 0.86455(52) 0.57121(77) 1 1.718(30) 8d 

 O21 0.99504(53) 0.04374(66) 0.78773(79) 1 1.718(30) 8d 

 O22 0.99488(58) 0.85313(59) 0.78702(77) 1 1.718(30) 8d 

 O23 0.42169(75) 0.75 0.6357(11) 1 1.718(30) 4c 

 O24 0.19631(92) 0.75 0.65161(94) 1 1.718(30) 4c 

 O25 0.29415(80) 0.75 0.0652(10) 1 1.718(30) 4c 

 O26 0.11518(73) 0.75 0.0661(11) 1 1.718(30) 4c 

 Si1 0.42418(26) 0.05246(32) 0.65964(39) 1 0.859(15) 8d 

 Si2 0.27955(24) 0.06519(26) 1.02249(39) 1 0.859(15) 8d 

 Si3 0.30701(32) 0.02964(23) -0.19411(40) 1 0.859(15) 8d 

 Si4 0.12224(24) 0.05826(32) 0.02829(39) 1 0.859(15) 8d 

 Si5 0.06841(27) 0.02989(26) 0.80727(42) 1 0.859(15) 8d 

 Si6 0.18370(26) 0.06265(26) 0.66179(36) 1 0.859(15) 8d 

 Si7 0.42446(29) 0.82906(26) 0.66408(41) 1 0.859(15) 8d 

 Si8 0.30297(33) 0.86993(27) 0.80714(36) 1 0.859(15) 8d 

 Si9 0.27728(26) 0.82723(23) 0.03058(38) 1 0.859(15) 8d 



xxvii 
 

 Si10 0.12154(28) 0.82232(25) 0.02161(41) 1 0.859(15) 8d 

 Si11 0.07141(28) 0.86702(30) 0.81750(39) 1 0.859(15) 8d 

 Si12 0.18798(31) 0.82429(23) 0.67949(37) 1 0.859(15) 8d 

Ethanol1 O1 -2.10464 0.75904 1.22838 0.7520(59) 29.32(94) 4c 

 H2 -2.07265 0.80007 1.2183 0.7520(59) 35.2(11) 4c 

 C3 -2.13891 0.748 1.13569 0.7520(59) 38.1(12) 4c 

 H4 -2.12381 0.78179 1.08559 0.7520(59) 44.0(14) 4c 

 H5 -2.1288 0.70191 1.11071 0.7520(59) 44.0(14) 4c 

 C6 -2.21247 0.75493 1.15161 0.7520(59) 41.1(13) 4c 

 H7 -2.23006 0.79178 1.1086 0.7520(59) 49.8(16) 4c 

 H8 -2.23504 0.71192 1.1338 0.7520(59) 49.8(16) 4c 

 H9 -2.22141 0.76571 1.22306 0.7520(59) 49.8(16) 4c 

DMF1 O1 -3.02226 1.85689 0.49902 0.5396(30) 12.91(65) 4c 

 C2 -3.0041 1.79275 0.47906 0.5396(30) 15.49(78) 4c 

 C3 -2.95026 1.79157 0.41582 0.5396(30) 18.07(91) 4c 

 C4 -2.93442 1.85937 0.39574 0.5396(30) 18.07(91) 4c 

 C5 -2.97971 1.89716 0.44815 0.5396(30) 15.49(78) 4c 

 C6 -2.98177 1.97213 0.44896 0.5396(30) 18.07(91) 4c 

 C7 -3.03791 1.73189 0.5201 0.5396(30) 18.07(91) 4c 

 H8 -2.92467 1.74696 0.38672 0.5396(30) 21.9(11) 4c 

 H9 -2.89405 1.87804 0.3479 0.5396(30) 21.9(11) 4c 

 H10 -2.94125 1.99211 0.40091 0.5396(30) 21.9(11) 4c 

 H11 -2.97486 1.99051 0.52649 0.5396(30) 21.9(11) 4c 

 H12 -3.03074 1.98949 0.4201 0.5396(30) 21.9(11) 4c 

 H13 -3.01277 1.68608 0.49154 0.5396(30) 21.9(11) 4c 

 H14 -3.09098 1.73168 0.49643 0.5396(30) 21.9(11) 4c 

 H15 -3.03511 1.7327 0.60282 0.5396(30) 21.9(11) 4c 

 

Table A5.3(b). Translational and rotational axes for the matrices describing the 

adsorbate molecules, together with their corresponding systematic errors. 

 x y z 

Translational    
Ethanol1 -2.05677(87) 0.76004(41) 1.1929(17) 
DMF1 -1.97832(66) 0.69500(30) 1.45665(90) 
    
Rotational    
Ethanol1 106.3(25) -4.07(51) 47.9(25) 
DMF1 60.80(40) 33.04(50) -45.36(63) 
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Supplementary Information for Chapter 6 

Table A6.1. Atomic parameters of H-ZSM-5 with a flowing stream of methanol vapour, 
measured at 25 °C.  

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.38107(43) 0.04886(60) 0.75697(56) 1 0.262(30) 8d 

 O2 0.30491(48) 0.05760(53) 0.92753(53) 1 0.262(30) 8d 

 O3 0.20489(38) 0.05952(45) 0.02246(46) 1 0.262(30) 8d 

 O4 0.09426(37) 0.05665(57) 0.91024(58) 1 0.262(30) 8d 

 O5 0.11781(44) 0.05789(63) 0.73015(55) 1 0.262(30) 8d 

 O6 0.25017(40) 0.05449(65) 0.76112(53) 1 0.262(30) 8d 

 O7 0.36835(44) 0.84528(48) 0.77375(62) 1 0.262(30) 8d 

 O8 0.30645(52) 0.84243(39) 0.93536(58) 1 0.262(30) 8d 

 O9 0.19177(47) 0.84547(31) 0.02251(50) 1 0.262(30) 8d 

 O10 0.08819(44) 0.84218(45) 0.91477(67) 1 0.262(30) 8d 

 O11 0.11898(48) 0.84653(48) 0.73753(61) 1 0.262(30) 8d 

 O12 0.23619(41) 0.84138(45) 0.74486(62) 1 0.262(30) 8d 

 O13 0.30070(42) 0.94836(44) 0.82602(48) 1 0.262(30) 8d 

 O14 0.07278(34) 0.95782(43) 0.81317(58) 1 0.262(30) 8d 

 O15 0.41623(45) 0.12152(43) 0.61102(68) 1 0.262(30) 8d 

 O16 0.40540(42) 0.99096(43) 0.58913(67) 1 0.262(30) 8d 

 O17 0.40099(46) 0.87185(44) 0.58105(68) 1 0.262(30) 8d 

 O18 0.18819(48) 0.13282(39) 0.62073(58) 1 0.262(30) 8d 

 O19 0.20095(52) 0.00969(38) 0.60418(57) 1 0.262(30) 8d 

 O20 0.20317(53) 0.87065(46) 0.58420(56) 1 0.262(30) 8d 

 O21 0.99600(45) 0.04451(52) 0.79673(60) 1 0.262(30) 8d 

 O22 0.99957(51) 0.84308(50) 0.78832(61) 1 0.262(30) 8d 

 O23 0.42247(64) 0.75 0.64575(90) 1 0.262(30) 4c 

 O24 0.19857(72) 0.75 0.64873(84) 1 0.262(30) 4c 

 O25 0.28211(58) 0.75 0.06580(88) 1 0.262(30) 4c 

 O26 0.10562(64) 0.75 0.05683(97) 1 0.262(30) 4c 

 Si1 0.42463(22) 0.05435(30) 0.66394(31) 1 0.254(16) 8d 

 Si2 0.27945(20) 0.06012(27) 1.03930(32) 1 0.254(16) 8d 

 Si3 0.30791(27) 0.03232(19) -0.18195(32) 1 0.254(16) 8d 

 Si4 0.12004(22) 0.06213(27) 0.02896(35) 1 0.254(16) 8d 

 Si5 0.06931(23) 0.02940(23) 0.80958(35) 1 0.254(16) 8d 

 Si6 0.19015(26) 0.05945(24) 0.67998(30) 1 0.254(16) 8d 

 Si7 0.42491(24) 0.82869(23) 0.67572(37) 1 0.254(16) 8d 
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 Si8 0.30706(27) 0.87183(22) 0.82157(31) 1 0.254(16) 8d 

 Si9 0.27772(23) 0.82699(21) 0.03298(36) 1 0.254(16) 8d 

 Si10 0.12220(26) 0.82448(23) 0.03349(37) 1 0.254(16) 8d 

 Si11 0.07131(24) 0.86756(27) 0.82255(35) 1 0.254(16) 8d 

 Si12 0.18886(27) 0.82530(20) 0.67956(36) 1 0.254(16) 8d 

Methanol1 O 0.91982 0.75665 0.21509 0.7657(53) 9.92(85) 4c 

 H 0.9019527 0.7513018 0.2880739 0.7657(53) 12.9(11) 4c 

 C 0.8635708 0.7539855 0.1491378 0.7657(53) 15.0(12) 4c 

 H 0.8221031 0.7477835 0.1889382 0.7657(53) 19.5(15) 4c 

 H 0.860625 0.796741 0.1105988 0.7657(53) 19.5(15) 4c 

 H 0.868867 0.7155791 0.1020111 0.7657(53) 19.5(15) 4c 

Methanol2 O 2.99203 3.6656 0.47422 1 11.29(48) 4c 

 H 2.945372 3.666473 0.4395015 1 14.67(62) 4c 

 C 3.006649 3.596943 0.4987321 1 8.58(59) 4c 

 H 2.969135 3.567678 0.4767922 1 11.15(77) 4c 

 H 3.04828 3.582816 0.4641224 1 11.15(77) 4c 

 H 3.012699 3.592587 0.5723282 1 11.15(77) 4c 

Methanol3 O 1.16367 0.71537 0.30361 0.5598(56) 17.5(17) 4c 

 H 1.203777 0.7460321 0.323889 0.5598(56) 22.7(22) 4c 

 C 1.105447 0.7411969 0.3524352 0.5598(56) 15.8(19) 4c 

 H 1.117686 0.7813773 0.3929198 0.5598(56) 20.5(25) 4c 

 H 1.071751 0.7541954 0.301334 0.5598(56) 20.5(25) 4c 

 H 1.086412 0.7059787 0.3970062 0.5598(56) 20.5(25) 4c 
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Table A6.2. Atomic parameters of H-ZSM-5 with a flowing stream of methanol vapour, 
measured at 50 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite framework O1 0.37723(45) 0.05220(62) 0.75777(55) 1 0.422(29) 8d 

 O2 0.30352(49) 0.05757(51) 0.92586(51) 1 0.422(29) 8d 

 O3 0.20455(37) 0.06114(40) 0.02120(42) 1 0.422(29) 8d 

 O4 0.09482(38) 0.05823(55) 0.90981(57) 1 0.422(29) 8d 

 O5 0.11764(44) 0.05283(65) 0.72744(55) 1 0.422(29) 8d 

 O6 0.24891(40) 0.05517(66) 0.75771(53) 1 0.422(29) 8d 

 O7 0.36827(44) 0.84829(47) 0.76854(61) 1 0.422(29) 8d 

 O8 0.30565(54) 0.84354(38) 0.93125(56) 1 0.422(29) 8d 

 O9 0.19342(46) 0.84665(29) 0.02439(48) 1 0.422(29) 8d 

 O10 0.09092(44) 0.84060(44) 0.91450(67) 1 0.422(29) 8d 

 O11 0.11899(47) 0.84367(49) 0.73774(61) 1 0.422(29) 8d 

 O12 0.23634(41) 0.84160(44) 0.74255(62) 1 0.422(29) 8d 

 O13 0.30229(42) 0.94621(42) 0.82299(47) 1 0.422(29) 8d 

 O14 0.07316(33) 0.95714(41) 0.81630(59) 1 0.422(29) 8d 

 O15 0.41570(44) 0.12263(43) 0.61000(68) 1 0.422(29) 8d 

 O16 0.40744(44) 0.99429(44) 0.58614(65) 1 0.422(29) 8d 

 O17 0.40320(47) 0.87063(45) 0.57813(66) 1 0.422(29) 8d 

 O18 0.18739(48) 0.13259(37) 0.61713(56) 1 0.422(29) 8d 

 O19 0.20210(51) 0.00786(37) 0.60241(56) 1 0.422(29) 8d 

 O20 0.20257(55) 0.87007(44) 0.58296(56) 1 0.422(29) 8d 

 O21 0.99623(44) 0.04399(51) 0.79802(59) 1 0.422(29) 8d 

 O22 0.99800(49) 0.84193(48) 0.78954(59) 1 0.422(29) 8d 

 O23 0.42206(64) 0.75 0.64361(88) 1 0.422(29) 4c 

 O24 0.19594(77) 0.75 0.64519(80) 1 0.422(29) 4c 

 O25 0.28566(60) 0.75 0.06153(84) 1 0.422(29) 4c 

 O26 0.10655(66) 0.75 0.05531(96) 1 0.422(29) 4c 

 Si1 0.42444(21) 0.05489(29) 0.66397(32) 1 0.325(15) 8d 

 Si2 0.28000(19) 0.06015(26) 1.03775(31) 1 0.325(15) 8d 

 Si3 0.30785(27) 0.03210(18) -0.18525(32) 1 0.325(15) 8d 

 Si4 0.12006(21) 0.06239(26) 0.02774(33) 1 0.325(15) 8d 

 Si5 0.06938(22) 0.02925(22) 0.80972(35) 1 0.325(15) 8d 

 Si6 0.18960(25) 0.05905(24) 0.67718(30) 1 0.325(15) 8d 

 Si7 0.42492(23) 0.82832(22) 0.67324(37) 1 0.325(15) 8d 

 Si8 0.30625(27) 0.87242(21) 0.81784(30) 1 0.325(15) 8d 
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 Si9 0.27730(22) 0.82651(20) 0.03045(34) 1 0.325(15) 8d 

 Si10 0.12256(25) 0.82497(23) 0.03246(36) 1 0.325(15) 8d 

 Si11 0.07140(23) 0.86826(26) 0.82175(34) 1 0.325(15) 8d 

 Si12 0.18807(26) 0.82569(19) 0.67930(35) 1 0.325(15) 8d 

Methanol1 O 0.92346 0.74494 0.22237 0.7409(56) 11.95(95) 4c 

 H 0.906842 0.743254 0.296424 0.7409(56) 15.5(12) 4c 

 C 0.865901 0.751917 0.159637 0.7409(56) 24.3(14) 4c 

 H 0.825035 0.753387 0.201856 0.7409(56) 31.6(18) 4c 

 H 0.869416 0.794307 0.120325 0.7409(56) 31.6(18) 4c 

 H 0.863223 0.712908 0.113105 0.7409(56) 31.6(18) 4c 

Methanol2 O 2.99274 3.66834 0.47676 1 14.96(54) 4c 

 H 2.945067 3.670086 0.445249 1 19.45(70) 4c 

 C 3.006646 3.599492 0.500995 1 10.66(62) 4c 

 H 2.967864 3.570966 0.481953 1 13.85(80) 4c 

 H 3.046903 3.584313 0.463723 1 13.85(80) 4c 

 H 3.014842 3.595318 0.574164 1 13.85(80) 4c 

Methanol3 O 1.16154 0.74346 0.34942 0.5264(57) 25.2(16) 4c 

 H 1.199108 0.775696 0.324098 0.5264(57) 32.8(21) 4c 

 C 1.098782 0.774019 0.325485 0.5264(57) 18.0(22) 4c 

 H 1.106644 0.817755 0.291161 0.5264(57) 23.4(29) 4c 

 H 1.073012 0.743687 0.280575 0.5264(57) 23.4(29) 4c 

 H 1.073045 0.781867 0.388074 0.5264(57) 23.4(29) 4c 
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Table A6.3 Atomic parameters of H-ZSM-5 with a flowing stream of methanol vapour, 
measured at 100 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite framework O1 0.37630(44) 0.05303(64) 0.75494(56) 1 0.485(29) 8d 

 O2 0.30391(52) 0.05751(50) 0.92405(52) 1 0.485(29) 8d 

 O3 0.20513(37) 0.06146(40) 0.02053(42) 1 0.485(29) 8d 

 O4 0.09463(39) 0.05969(53) 0.91054(58) 1 0.485(29) 8d 

 O5 0.11846(45) 0.05035(62) 0.72613(56) 1 0.485(29) 8d 

 O6 0.24980(40) 0.05562(71) 0.75428(54) 1 0.485(29) 8d 

 O7 0.37034(46) 0.84842(48) 0.76768(60) 1 0.485(29) 8d 

 O8 0.30525(57) 0.84405(38) 0.92989(57) 1 0.485(29) 8d 

 O9 0.19499(47) 0.84537(29) 0.02857(48) 1 0.485(29) 8d 

 O10 0.09173(46) 0.84117(44) 0.91702(69) 1 0.485(29) 8d 

 O11 0.11691(46) 0.84214(48) 0.74172(62) 1 0.485(29) 8d 

 O12 0.23479(40) 0.84301(44) 0.74104(61) 1 0.485(29) 8d 

 O13 0.30449(44) 0.94569(40) 0.81932(47) 1 0.485(29) 8d 

 O14 0.07438(35) 0.95947(38) 0.81973(62) 1 0.485(29) 8d 

 O15 0.41444(45) 0.12398(45) 0.61106(68) 1 0.485(29) 8d 

 O16 0.40741(45) 0.99476(44) 0.58594(67) 1 0.485(29) 8d 

 O17 0.40424(49) 0.86998(45) 0.57845(66) 1 0.485(29) 8d 

 O18 0.18678(48) 0.13139(38) 0.61805(57) 1 0.485(29) 8d 

 O19 0.20388(51) 0.00483(39) 0.59766(58) 1 0.485(29) 8d 

 O20 0.20248(58) 0.87041(44) 0.58365(57) 1 0.485(29) 8d 

 O21 0.99615(43) 0.04595(55) 0.79798(59) 1 0.485(29) 8d 

 O22 0.99784(49) 0.84325(50) 0.78986(59) 1 0.485(29) 8d 

 O23 0.42109(65) 0.75 0.64303(89) 1 0.485(29) 4c 

 O24 0.19415(82) 0.75 0.64602(79) 1 0.485(29) 4c 

 O25 0.28728(63) 0.75 0.05734(82) 1 0.485(29) 4c 

 O26 0.10475(65) 0.75 0.04904(94) 1 0.485(29) 4c 

 Si1 0.42461(21) 0.05561(29) 0.66431(32) 1 0.349(15) 8d 

 Si2 0.28012(19) 0.06098(26) 1.03490(31) 1 0.349(15) 8d 

 Si3 0.30918(28) 0.03154(18) -0.18477(33) 1 0.349(15) 8d 

 Si4 0.12069(21) 0.06237(26) 0.02645(33) 1 0.349(15) 8d 

 Si5 0.06991(22) 0.02941(22) 0.80914(34) 1 0.349(15) 8d 

 Si6 0.18959(25) 0.05902(24) 0.67523(30) 1 0.349(15) 8d 

 Si7 0.42461(24) 0.82835(22) 0.67207(37) 1 0.349(15) 8d 

 Si8 0.30603(27) 0.87188(21) 0.81568(30) 1 0.349(15) 8d 



xxxiii 
 

 Si9 0.27746(22) 0.82615(20) 0.03080(34) 1 0.349(15) 8d 

 Si10 0.12241(25) 0.82555(23) 0.03259(37) 1 0.349(15) 8d 

 Si11 0.07177(23) 0.86867(25) 0.82230(34) 1 0.349(15) 8d 

 Si12 0.18659(26) 0.82604(19) 0.67961(35) 1 0.349(15) 8d 

Methanol1 O 0.9339442 0.7401096 0.2329602 0.6480(54) 18.6(13) 4c 

 H 0.9122571 0.720672 0.2979407 0.6480(54) 24.2(17) 4c 

 C 0.8808886 0.7571188 0.1656136 0.6480(54) 10.3(11) 4c 

 H 0.8372246 0.7462755 0.1972693 0.6480(54) 13.4(15) 4c 

 H 0.8827359 0.8060736 0.1500888 0.6480(54) 13.4(15) 4c 

 H 0.8858088 0.7308362 0.1026477 0.6480(54) 13.4(15) 4c 

Methanol2 O 2.995267 3.673169 0.4701096 0.8064(52) 13.38(76) 4c 

 H 2.946972 3.675955 0.4408439 0.8064(52) 17.40(99) 4c 

 C 3.006154 3.605093 0.5015747 0.8064(52) 6.95(69) 4c 

 H 2.965464 3.577884 0.4878146 0.8064(52) 9.03(90) 4c 

 H 3.044645 3.585821 0.4642111 0.8064(52) 9.03(90) 4c 

 H 3.015924 3.604231 0.5745803 0.8064(52) 9.03(90) 4c 

Methanol3 O 1.162034 0.7518436 0.3643717 0.4380(63) 27.3(23) 4c 

 H 1.195826 0.7830717 0.3270498 0.4380(63) 35.5(29) 4c 

 C 1.096669 0.7670871 0.3271409 0.4380(63) 20.0(28) 4c 

 H 1.099835 0.8031626 0.2756941 0.4380(63) 26.0(36) 4c 

 H 1.076834 0.7260087 0.2966106 0.4380(63) 26.0(36) 4c 

 H 1.067881 0.7826907 0.3832265 0.4380(63) 26.0(36) 4c 
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Table A6.4. Atomic parameters of H-ZSM-5 with flowing stream of methanol vapour, 
measured at 150 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.37809(42) 0.05650(55) 0.76019(50) 1.1663(19) 2.059(23) 8d 

 O2 0.30360(46) 0.05760(47) 0.92397(50) 1.1663(19) 2.059(23) 8d 

 O3 0.20231(37) 0.06257(34) 0.02352(37) 1.1663(19) 2.059(23) 8d 

 O4 0.09562(35) 0.06083(49) 0.91265(55) 1.1663(19) 2.059(23) 8d 

 O5 0.11555(40) 0.05398(55) 0.73103(52) 1.1663(19) 2.059(23) 8d 

 O6 0.24815(37) 0.05490(65) 0.75371(49) 1.1663(19) 2.059(23) 8d 

 O7 0.37489(49) 0.85407(45) 0.76365(58) 1.1663(19) 2.059(23) 8d 

 O8 0.30830(49) 0.84349(34) 0.93036(52) 1.1663(19) 2.059(23) 8d 

 O9 0.19586(43) 0.84817(26) 0.03138(42) 1.1663(19) 2.059(23) 8d 

 O10 0.08770(41) 0.83692(40) 0.91849(64) 1.1663(19) 2.059(23) 8d 

 O11 0.12320(47) 0.83950(45) 0.73401(55) 1.1663(19) 2.059(23) 8d 

 O12 0.24315(46) 0.84017(45) 0.76210(59) 1.1663(19) 2.059(23) 8d 

 O13 0.30000(37) 0.94869(41) 0.82675(42) 1.1663(19) 2.059(23) 8d 

 O14 0.07306(29) 0.95265(44) 0.81584(48) 1.1663(19) 2.059(23) 8d 

 O15 0.41535(40) 0.12719(42) 0.61356(62) 1.1663(19) 2.059(23) 8d 

 O16 0.40946(42) 1.00137(44) 0.59138(62) 1.1663(19) 2.059(23) 8d 

 O17 0.40260(44) 0.86848(43) 0.57957(63) 1.1663(19) 2.059(23) 8d 

 O18 0.18515(41) 0.13165(37) 0.61607(51) 1.1663(19) 2.059(23) 8d 

 O19 0.20383(48) 0.00117(38) 0.60071(53) 1.1663(19) 2.059(23) 8d 

 O20 0.20309(51) 0.86968(40) 0.58293(52) 1.1663(19) 2.059(23) 8d 

 O21 0.99538(40) 0.04566(49) 0.79881(52) 1.1663(19) 2.059(23) 8d 

 O22 0.99793(47) 0.84443(48) 0.78886(53) 1.1663(19) 2.059(23) 8d 

 O23 0.41578(58) 0.75 0.65330(79) 1.1663(19) 2.059(23) 4c 

 O24 0.19547(74) 0.75 0.64707(68) 1.1663(19) 2.059(23) 4c 

 O25 0.28618(56) 0.75 0.06411(74) 1.1663(19) 2.059(23) 4c 

 O26 0.10382(58) 0.75 0.05223(84) 1.1663(19) 2.059(23) 4c 

 Si1 0.42295(20) 0.05603(29) 0.66607(31) 1.1179(13) 1.030(12) 8d 

 Si2 0.27908(18) 0.06142(24) 1.03525(31) 1.1179(13) 1.030(12) 8d 

 Si3 0.30859(26) 0.03113(17) -0.18494(30) 1.1179(13) 1.030(12) 8d 

 Si4 0.11941(19) 0.06142(25) 0.03086(32) 1.1179(13) 1.030(12) 8d 

 Si5 0.06961(21) 0.02879(20) 0.81335(33) 1.1179(13) 1.030(12) 8d 

 Si6 0.18952(25) 0.05851(23) 0.67789(29) 1.1179(13) 1.030(12) 8d 

 Si7 0.42453(22) 0.82813(20) 0.67316(37) 1.1179(13) 1.030(12) 8d 

 Si8 0.30927(25) 0.87225(20) 0.81861(28) 1.1179(13) 1.030(12) 8d 
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 Si9 0.27652(20) 0.82679(19) 0.03404(32) 1.1179(13) 1.030(12) 8d 

 Si10 0.12367(22) 0.82524(21) 0.03081(36) 1.1179(13) 1.030(12) 8d 

 Si11 0.07132(22) 0.86924(24) 0.82165(34) 1.1179(13) 1.030(12) 8d 

 Si12 0.18961(27) 0.82690(17) 0.68013(34) 1.1179(13) 1.030(12) 8d 

Methanol1 O 0.911176 0.749888 0.238448 0.5982(71) 23.2(14) 4c 

 H 0.903615 0.797525 0.269614 0.5982(71) 30.1(18) 4c 

 C 0.883975 0.750903 0.13928 0.5982(71) 25.3(16) 4c 

 H 0.864937 0.79619 0.125162 0.5982(71) 32.9(20) 4c 

 H 0.919879 0.740862 0.090033 0.5982(71) 32.9(20) 4c 

 H 0.848191 0.716363 0.133681 0.5982(71) 32.9(20) 4c 

Methanol2 O 2.996748 3.669088 0.480709 0.8469(70) 20.00(97) 4c 

 H 2.946196 3.680901 0.488549 0.8469(70) 26.0(13) 4c 

 C 3.004238 3.598761 0.501801 0.8469(70) 19.0(12) 4c 

 H 2.959935 3.579063 0.518424 0.8469(70) 24.7(15) 4c 

 H 3.02296 3.57553 0.44209 0.8469(70) 24.7(15) 4c 

 H 3.035028 3.592782 0.559558 0.8469(70) 24.7(15) 4c 

Methanol3 O 1.138352 0.771785 0.38031 0.5672(76) 30.0(25) 4c 

 H 1.187723 0.783547 0.362159 0.5672(76) 39.0(32) 4c 

 C 1.096192 0.805301 0.309445 0.5672(76) 20.0(22) 4c 

 H 1.12419 0.831061 0.261305 0.5672(76) 26.0(29) 4c 

 H 1.069231 0.771383 0.272436 0.5672(76) 26.0(29) 4c 

 H 1.065836 0.836769 0.345311 0.5672(76) 26.0(29) 4c 
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Table A6.5. Atomic parameters of H-ZSM-5 with a flowing stream of methanol vapour, 
measured at 200 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.37759(42) 0.05759(52) 0.76091(52) 1.1721(19) 2.329(24) 8d 

 O2 0.30521(47) 0.05773(47) 0.92601(52) 1.1721(19) 2.329(24) 8d 

 O3 0.20153(39) 0.06329(34) 0.02361(37) 1.1721(19) 2.329(24) 8d 

 O4 0.09566(35) 0.05978(51) 0.91305(56) 1.1721(19) 2.329(24) 8d 

 O5 0.11570(41) 0.05558(53) 0.73171(53) 1.1721(19) 2.329(24) 8d 

 O6 0.24763(39) 0.05035(59) 0.75303(51) 1.1721(19) 2.329(24) 8d 

 O7 0.37647(47) 0.85432(45) 0.75870(59) 1.1721(19) 2.329(24) 8d 

 O8 0.30854(51) 0.84446(35) 0.92920(53) 1.1721(19) 2.329(24) 8d 

 O9 0.19550(45) 0.84835(27) 0.03370(43) 1.1721(19) 2.329(24) 8d 

 O10 0.08710(42) 0.83721(40) 0.92049(66) 1.1721(19) 2.329(24) 8d 

 O11 0.12181(48) 0.84175(45) 0.73412(57) 1.1721(19) 2.329(24) 8d 

 O12 0.24538(45) 0.83538(41) 0.76353(57) 1.1721(19) 2.329(24) 8d 

 O13 0.30169(39) 0.94863(42) 0.82538(43) 1.1721(19) 2.329(24) 8d 

 O14 0.07389(29) 0.95273(44) 0.81711(50) 1.1721(19) 2.329(24) 8d 

 O15 0.41394(42) 0.12898(41) 0.61465(63) 1.1721(19) 2.329(24) 8d 

 O16 0.41173(42) 1.00440(42) 0.58648(62) 1.1721(19) 2.329(24) 8d 

 O17 0.40335(44) 0.86879(44) 0.58016(67) 1.1721(19) 2.329(24) 8d 

 O18 0.18665(46) 0.12979(38) 0.61288(51) 1.1721(19) 2.329(24) 8d 

 O19 0.20581(44) -0.00276(39) 0.60608(53) 1.1721(19) 2.329(24) 8d 

 O20 0.20288(49) 0.86813(40) 0.58263(52) 1.1721(19) 2.329(24) 8d 

 O21 0.99654(42) 0.04810(52) 0.79806(52) 1.1721(19) 2.329(24) 8d 

 O22 0.99741(48) 0.84704(49) 0.79095(55) 1.1721(19) 2.329(24) 8d 

 O23 0.41504(58) 0.75 0.65080(79) 1.1721(19) 2.329(24) 4c 

 O24 0.19145(72) 0.75 0.64979(68) 1.1721(19) 2.329(24) 4c 

 O25 0.28539(55) 0.75 0.06019(79) 1.1721(19) 2.329(24) 4c 

 O26 0.10328(59) 0.75 0.05735(90) 1.1721(19) 2.329(24) 4c 

 Si1 0.42311(20) 0.05629(29) 0.66942(33) 1.1226(13) 1.165(12) 8d 

 Si2 0.27892(18) 0.06082(25) 1.03613(31) 1.1226(13) 1.165(12) 8d 

 Si3 0.30960(27) 0.03088(17) -0.18376(32) 1.1226(13) 1.165(12) 8d 

 Si4 0.11922(19) 0.06305(24) 0.03187(32) 1.1226(13) 1.165(12) 8d 

 Si5 0.07059(22) 0.02857(20) 0.81446(35) 1.1226(13) 1.165(12) 8d 

 Si6 0.18998(26) 0.05879(24) 0.67601(29) 1.1226(13) 1.165(12) 8d 

 Si7 0.42491(23) 0.82707(20) 0.67460(39) 1.1226(13) 1.165(12) 8d 

 Si8 0.30972(25) 0.87218(21) 0.81859(30) 1.1226(13) 1.165(12) 8d 
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 Si9 0.27688(20) 0.82630(19) 0.03275(33) 1.1226(13) 1.165(12) 8d 

 Si10 0.12326(22) 0.82567(21) 0.03020(36) 1.1226(13) 1.165(12) 8d 

 Si11 0.07140(22) 0.86913(25) 0.82194(35) 1.1226(13) 1.165(12) 8d 

 Si12 0.18944(28) 0.82698(18) 0.68281(34) 1.1226(13) 1.165(12) 8d 

Methanol1 O 0.90918 0.728856 0.229734 0.5818(76) 26.7(22) 4c 

 H 0.885176 0.76328 0.276622 0.5818(76) 34.7(29) 4c 

 C 0.880241 0.73534 0.132165 0.5818(76) 35.0(32) 4c 

 H 0.844964 0.770586 0.133546 0.5818(76) 45.4(41) 4c 

 H 0.91543 0.748338 0.083307 0.5818(76) 45.4(41) 4c 

 H 0.860203 0.691606 0.111791 0.5818(76) 45.4(41) 4c 

Methanol2 O 2.993593 3.669263 0.486112 0.6935(85) 30.0(18) 4c 

 H 2.943159 3.675215 0.468314 0.6935(85) 39.0(23) 4c 

 C 3.004307 3.599474 0.507922 0.6935(85) 18.6(15) 4c 

 H 2.961528 3.574494 0.500726 0.6935(85) 24.2(19) 4c 

 H 3.037808 3.580724 0.460547 0.6935(85) 24.2(19) 4c 

 H 3.021037 3.59467 0.577659 0.6935(85) 24.2(19) 4c 

Methanol3 O 1.138566 0.773011 0.380188 0.4701(89) 30.0(28) 4c 

 H 1.185724 0.794933 0.387384 0.4701(89) 39.0(37) 4c 

 C 1.098853 0.816905 0.319414 0.4701(89) 30.0(36) 4c 

 H 1.125841 0.856775 0.299556 0.4701(89) 39.0(47) 4c 

 H 1.083975 0.792445 0.258389 0.4701(89) 39.0(47) 4c 

 H 1.059125 0.832019 0.358033 0.4701(89) 39.0(47) 4c 
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Table A6.6. Atomic parameters of H-ZSM-5 with a flowing stream of methanol vapour, 
measured at 250 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.37165(47) 0.05987(60) 0.75690(57) 1.1870(22) 2.137(30) 8d 

 O2 0.30656(49) 0.05571(55) 0.91919(58) 1.1870(22) 2.137(30) 8d 

 O3 0.20138(43) 0.06214(41) 0.02126(42) 1.1870(22) 2.137(30) 8d 

 O4 0.09914(38) 0.05766(58) 0.91070(65) 1.1870(22) 2.137(30) 8d 

 O5 0.11518(45) 0.05878(57) 0.72713(59) 1.1870(22) 2.137(30) 8d 

 O6 0.24523(42) 0.04972(61) 0.74734(59) 1.1870(22) 2.137(30) 8d 

 O7 0.37365(50) 0.85684(49) 0.75362(62) 1.1870(22) 2.137(30) 8d 

 O8 0.31002(54) 0.84139(41) 0.92816(60) 1.1870(22) 2.137(30) 8d 

 O9 0.19701(49) 0.84967(30) 0.03169(47) 1.1870(22) 2.137(30) 8d 

 O10 0.08982(48) 0.83839(46) 0.91787(74) 1.1870(22) 2.137(30) 8d 

 O11 0.11993(50) 0.84351(49) 0.73445(64) 1.1870(22) 2.137(30) 8d 

 O12 0.24132(47) 0.83945(48) 0.75367(64) 1.1870(22) 2.137(30) 8d 

 O13 0.30124(42) 0.94540(48) 0.81307(48) 1.1870(22) 2.137(30) 8d 

 O14 0.07389(34) 0.95555(47) 0.81676(58) 1.1870(22) 2.137(30) 8d 

 O15 0.41500(49) 0.12541(45) 0.61025(72) 1.1870(22) 2.137(30) 8d 

 O16 0.41597(48) 1.00313(47) 0.58287(71) 1.1870(22) 2.137(30) 8d 

 O17 0.40405(49) 0.86669(50) 0.57275(77) 1.1870(22) 2.137(30) 8d 

 O18 0.18342(46) 0.13136(40) 0.60607(60) 1.1870(22) 2.137(30) 8d 

 O19 0.20643(49) 0.00068(44) 0.59724(63) 1.1870(22) 2.137(30) 8d 

 O20 0.20350(52) 0.86906(46) 0.57847(61) 1.1870(22) 2.137(30) 8d 

 O21 0.99493(43) 0.04789(55) 0.79957(58) 1.1870(22) 2.137(30) 8d 

 O22 0.99774(50) 0.84554(49) 0.79358(61) 1.1870(22) 2.137(30) 8d 

 O23 0.41429(62) 0.75 0.64317(90) 1.1870(22) 2.137(30) 4c 

 O24 0.19063(75) 0.75 0.64685(78) 1.1870(22) 2.137(30) 4c 

 O25 0.28470(61) 0.75 0.05348(87) 1.1870(22) 2.137(30) 4c 

 O26 0.09642(67) 0.75 0.0519(10) 1.1870(22) 2.137(30) 4c 

 Si1 0.42206(22) 0.05672(32) 0.66693(38) 1.1303(15) 1.068(15) 8d 

 Si2 0.27894(20) 0.06105(28) 1.03064(34) 1.1303(15) 1.068(15) 8d 

 Si3 0.30815(29) 0.03049(20) -0.19070(36) 1.1303(15) 1.068(15) 8d 

 Si4 0.12042(21) 0.06087(29) 0.02892(36) 1.1303(15) 1.068(15) 8d 

 Si5 0.06925(23) 0.02905(23) 0.81162(39) 1.1303(15) 1.068(15) 8d 

 Si6 0.18652(25) 0.05901(27) 0.67183(35) 1.1303(15) 1.068(15) 8d 

 Si7 0.42533(24) 0.82676(23) 0.67111(44) 1.1303(15) 1.068(15) 8d 

 Si8 0.30758(28) 0.87157(23) 0.81353(33) 1.1303(15) 1.068(15) 8d 
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 Si9 0.27710(24) 0.82696(21) 0.02947(35) 1.1303(15) 1.068(15) 8d 

 Si10 0.12675(24) 0.82375(24) 0.02739(38) 1.1303(15) 1.068(15) 8d 

 Si11 0.07055(24) 0.86875(28) 0.81917(40) 1.1303(15) 1.068(15) 8d 

 Si12 0.18794(29) 0.82768(20) 0.67849(40) 1.1303(15) 1.068(15) 8d 

Methanol1 O 0.908583 0.734197 0.235559 0.5190(83) 18.9(20) 4c 

 H 0.959165 0.743617 0.222344 0.5190(83) 24.6(26) 4c 

 C 0.874224 0.741044 0.142099 0.5190(83) 36.4(38) 4c 

 H 0.906782 0.752912 0.088704 0.5190(83) 47.4(50) 4c 

 H 0.851965 0.6978 0.124953 0.5190(83) 47.4(50) 4c 

 H 0.840031 0.777182 0.147645 0.5190(83) 47.4(50) 4c 

Methanol2 O 3.005474 3.667797 0.480527 0.6352(81) 18.8(15) 4c 

 H 2.960706 3.688474 0.50638 0.6352(81) 24.5(19) 4c 

 C 3.008068 3.5994 0.514118 0.6352(81) 16.8(17) 4c 

 H 2.967063 3.588892 0.553174 0.6352(81) 21.9(22) 4c 

 H 3.010868 3.568839 0.455328 0.6352(81) 21.9(22) 4c 

 H 3.048076 3.592905 0.557213 0.6352(81) 21.9(22) 4c 

Methanol3 O 1.128572 0.795968 0.395691 0.4183(96) 26.5(31) 4c 

 H 1.17704 0.814904 0.402599 0.4183(96) 34.5(41) 4c 

 C 1.10722 0.807858 0.294942 0.4183(96) 20.7(33) 4c 

 H 1.143487 0.830892 0.257296 0.4183(96) 26.9(44) 4c 

 H 1.096694 0.7642 0.262129 0.4183(96) 26.9(44) 4c 

 H 1.066631 0.83675 0.295338 0.4183(96) 26.9(44) 4c 
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Table A6.7. Atomic parameters of H-ZSM-5 with 10 hours of flowing stream of 
methanol vapour, measured at 200 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.37049(51) 0.05615(67) 0.75474(71) 1 2.107(28) 8d 

 O2 0.31405(49) 0.05594(55) 0.91931(67) 1 2.107(28) 8d 

 O3 0.20186(48) 0.06015(48) 0.01357(49) 1 2.107(28) 8d 

 O4 0.10043(40) 0.06034(58) 0.91002(73) 1 2.107(28) 8d 

 O5 0.12040(55) 0.05081(67) 0.73374(67) 1 2.107(28) 8d 

 O6 0.24158(45) 0.05668(69) 0.75365(67) 1 2.107(28) 8d 

 O7 0.37601(53) 0.83804(50) 0.75805(74) 1 2.107(28) 8d 

 O8 0.30985(60) 0.84422(45) 0.92572(67) 1 2.107(28) 8d 

 O9 0.20197(56) 0.84674(37) 0.03723(56) 1 2.107(28) 8d 

 O10 0.08822(50) 0.83937(51) 0.92007(91) 1 2.107(28) 8d 

 O11 0.12081(55) 0.84913(52) 0.74288(78) 1 2.107(28) 8d 

 O12 0.24257(52) 0.85500(57) 0.74807(79) 1 2.107(28) 8d 

 O13 0.31860(42) 0.95201(54) 0.81473(52) 1 2.107(28) 8d 

 O14 0.07955(39) 0.95102(63) 0.82234(63) 1 2.107(28) 8d 

 O15 0.41745(49) 0.12262(56) 0.60355(84) 1 2.107(28) 8d 

 O16 0.41434(54) 1.00241(56) 0.57611(80) 1 2.107(28) 8d 

 O17 0.40626(53) 0.86823(51) 0.56053(76) 1 2.107(28) 8d 

 O18 0.18265(51) 0.13303(47) 0.61022(73) 1 2.107(28) 8d 

 O19 0.20864(49) -0.00135(51) 0.59632(70) 1 2.107(28) 8d 

 O20 0.20218(58) 0.87116(50) 0.58283(69) 1 2.107(28) 8d 

 O21 0.99626(50) 0.05073(67) 0.80074(67) 1 2.107(28) 8d 

 O22 0.99412(56) 0.84799(54) 0.79101(74) 1 2.107(28) 8d 

 O23 0.41324(70) 0.75 0.65036(97) 1 2.107(28) 4c 

 O24 0.19483(82) 0.75 0.65115(88) 1 2.107(28) 4c 

 O25 0.28738(69) 0.75 0.05875(95) 1 2.107(28) 4c 

 O26 0.11531(66) 0.75 0.0716(11) 1 2.107(28) 4c 

 Si1 0.42231(25) 0.05655(35) 0.66659(37) 1 1.053(14) 8d 

 Si2 0.30993(33) 0.02838(22) 0.80829(38) 1 1.053(14) 8d 

 Si3 0.27861(23) 0.06144(30) 0.03229(37) 1 1.053(14) 8d 

 Si4 0.12086(25) 0.06235(31) 0.02799(38) 1 1.053(14) 8d 

 Si5 0.07104(27) 0.02786(26) 0.81425(43) 1 1.053(14) 8d 

 Si6 0.18707(27) 0.05998(28) 0.66935(35) 1 1.053(14) 8d 

 Si7 0.42286(27) 0.83002(26) 0.66442(39) 1 1.053(14) 8d 

 Si8 0.30535(31) 0.86966(26) 0.81332(36) 1 1.053(14) 8d 



xli 
 

 Si9 0.27465(26) 0.82589(25) 0.02909(39) 1 1.053(14) 8d 

 Si10 0.12373(30) 0.82728(29) 0.03107(42) 1 1.053(14) 8d 

 Si11 0.07041(26) 0.87024(29) 0.81824(43) 1 1.053(14) 8d 

 Si12 0.18414(28) 0.82760(23) 0.68656(36) 1 1.053(14) 8d 

Carbon 
species Ca -0.0206(13) 0.71486(96) 0.5362(21) 0.693(23) 8 

4c 

 Cb 0.2256(15) 0.28280(78) 0.9119(24) 0.437(11) 8 4c 

 Cc 0.4351(10) 0.2174(33) 0.5522(47) 0.276(16) 8 4c 

 Cd 0.0165(17) 0.4350(20) 0.4846(27) 0.441(12) 8 4c 

 Ce 0.4043(16) 0.2145(11) 0.8594(22) 0.630(19) 8 4c 

 Ch 0.5172(22) 0.2902(20) 0.8113(51) 0.422(20) 8 4c 

 Cj 0.0288(10) 0.64449(69) 0.4350(18) 0.929(17) 8 4c 

 Cm 0.0439(12) 0.28179(63) 0.7946(23) 0.677(23) 8 4c 

 Cn 0.3030(34) 0.2175(11) 0.7834(30) 0.294(12) 8 4c 

 Cp 0.0317(30) 0.71512(86) 0.4498(48) 0.390(24) 8 4c 

Framework 
carbon Cl 0.1201(22) 0.1431(22) 0.7305(27) 0.434(17) 8 

4c 
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Table A6.8. Atomic parameters of H-ZSM-5 with 18 hours of flowing methanol vapour, 
measured at 200 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.37107(38) 0.05963(50) 0.73621(52) 1 2.001(22) 8d 

 O2 0.30731(41) 0.05928(43) 0.91241(54) 1 2.001(22) 8d 

 O3 0.19950(40) 0.05293(43) 0.02014(43) 1 2.001(22) 8d 

 O4 0.10328(35) 0.06375(46) 0.90275(58) 1 2.001(22) 8d 

 O5 0.11205(39) 0.05380(52) 0.71555(54) 1 2.001(22) 8d 

 O6 0.24002(35) 0.05478(54) 0.74877(49) 1 2.001(22) 8d 

 O7 0.37151(41) 0.83868(38) 0.75636(52) 1 2.001(22) 8d 

 O8 0.30914(44) 0.84499(34) 0.91918(53) 1 2.001(22) 8d 

 O9 0.19523(46) 0.84297(32) 0.03285(45) 1 2.001(22) 8d 

 O10 0.09778(41) 0.83661(40) 0.91250(65) 1 2.001(22) 8d 

 O11 0.11865(41) 0.84696(39) 0.73267(59) 1 2.001(22) 8d 

 O12 0.23585(37) 0.85413(42) 0.73557(58) 1 2.001(22) 8d 

 O13 0.29975(37) 0.94951(43) 0.80460(41) 1 2.001(22) 8d 

 O14 0.07192(31) 0.95193(48) 0.81550(51) 1 2.001(22) 8d 

 O15 0.42271(37) 0.12673(40) 0.59558(64) 1 2.001(22) 8d 

 O16 0.40826(42) 1.00565(42) 0.56708(67) 1 2.001(22) 8d 

 O17 0.40476(40) 0.86775(43) 0.56306(67) 1 2.001(22) 8d 

 O18 0.17881(37) 0.13225(39) 0.60243(55) 1 2.001(22) 8d 

 O19 0.19982(51) 0.00066(38) 0.58106(54) 1 2.001(22) 8d 

 O20 0.19360(43) 0.86933(39) 0.57341(52) 1 2.001(22) 8d 

 O21 0.99611(37) 0.05120(52) 0.79936(54) 1 2.001(22) 8d 

 O22 0.99486(41) 0.85278(41) 0.79066(56) 1 2.001(22) 8d 

 O23 0.41159(53) 0.75 0.63470(82) 1 2.001(22) 4c 

 O24 0.19054(69) 0.75 0.63538(74) 1 2.001(22) 4c 

 O25 0.28309(51) 0.75 0.05094(78) 1 2.001(22) 4c 

 O26 0.10242(60) 0.75 0.05074(95) 1 2.001(22) 4c 

 Si1 0.42146(20) 0.05622(28) 0.65737(30) 1 1.001(11) 8d 

 Si2 0.30559(24) 0.02825(17) 0.79784(30) 1 1.001(11) 8d 

 Si3 0.27987(18) 0.06215(23) 0.02355(29) 1 1.001(11) 8d 

 Si4 0.12109(19) 0.06284(24) 0.02153(32) 1 1.001(11) 8d 

 Si5 0.07054(20) 0.02765(19) 0.80964(35) 1 1.001(11) 8d 

 Si6 0.18179(19) 0.06093(23) 0.66200(29) 1 1.001(11) 8d 

 Si7 0.42359(21) 0.83033(21) 0.66066(32) 1 1.001(11) 8d 

 Si8 0.30123(24) 0.86992(19) 0.80471(27) 1 1.001(11) 8d 
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 Si9 0.27598(21) 0.82731(18) 0.02265(30) 1 1.001(11) 8d 

 Si10 0.12265(22) 0.82448(20) 0.02147(33) 1 1.001(11) 8d 

 Si11 0.06761(19) 0.86973(22) 0.80988(33) 1 1.001(11) 8d 

 Si12 0.18199(21) 0.82866(19) 0.67397(28) 1 1.001(11) 8d 

Carbon 
species Ca -0.01892(59) 0.71354(57) 0.52404(83) 1.072(12) 8 

4c 

 Cb 0.2245(16) 0.28573(94) 0.9140(27) 0.346(12) 8 4c 

 Cc 0.51511(81) 0.21479(74) 0.71532(74) 0.499(16) 8 4c 

 Cd 0.01264(93) 0.4481(11) 0.4843(14) 0.7059(92) 8 4c 

 Ce 0.40289(57) 0.21448(65) 0.86223(86) 0.783(14) 8 4c 

 Ch 0.5564(14) 0.28594(96) 0.7973(24) 0.465(13) 8 4c 

 Cj 0.04068(68) 0.63870(48) 0.4302(13) 0.964(14) 8 4c 

 Cm 0.0870(10) 0.28395(50) 0.8956(14) 0.652(10) 8 4c 

 Cn 0.26432(92) 0.21722(46) 0.7910(15) 0.605(12) 8 4c 

 Cp 0.04738(61) 0.71422(51) 0.4346(19) 0.651(17) 8 4c 

Framework 
carbon Cl 0.1295(16) 0.1313(17) 0.7202(21) 0.466(14) 8 

4c 
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Table A6.9. Atomic parameters of H-ZSM-5 with 24 hours of flowing methanol vapour, 
measured at 200 °C. 

Species Atom x y z SOF Beq (Å
2) Wychoff 

Zeolite 
framework 

O1 0.37079(71) 0.05831(89) 0.73340(96) 1 1.572(37) 8d 

 O2 0.30317(73) 0.06081(66) 0.90845(98) 1 1.572(37) 8d 

 O3 0.20091(71) 0.06018(68) 0.03372(80) 1 1.572(37) 8d 

 O4 0.10361(65) 0.05192(85) 0.9029(11) 1 1.572(37) 8d 

 O5 0.10718(66) 0.05158(85) 0.7059(10) 1 1.572(37) 8d 

 O6 0.24132(71) 0.0548(12) 0.73862(99) 1 1.572(37) 8d 

 O7 0.37718(86) 0.84417(71) 0.75577(94) 1 1.572(37) 8d 

 O8 0.31404(69) 0.84712(57) 0.92224(91) 1 1.572(37) 8d 

 O9 0.19941(80) 0.84614(52) 0.03381(87) 1 1.572(37) 8d 

 O10 0.10019(75) 0.83019(66) 0.9188(11) 1 1.572(37) 8d 

 O11 0.12218(75) 0.84380(71) 0.73558(95) 1 1.572(37) 8d 

 O12 0.23606(70) 0.85305(77) 0.72606(98) 1 1.572(37) 8d 

 O13 0.29419(62) 0.94539(72) 0.81002(76) 1 1.572(37) 8d 

 O14 0.06859(59) 0.95642(73) 0.81400(97) 1 1.572(37) 8d 

 O15 0.41627(63) 0.12942(73) 0.5953(11) 1 1.572(37) 8d 

 O16 0.42007(63) 1.01293(68) 0.5545(12) 1 1.572(37) 8d 

 O17 0.40053(72) 0.87020(78) 0.5574(11) 1 1.572(37) 8d 

 O18 0.17242(64) 0.13048(71) 0.60262(90) 1 1.572(37) 8d 

 O19 0.20707(74) 0.00121(63) 0.5867(10) 1 1.572(37) 8d 

 O20 0.20497(75) 0.86398(67) 0.56612(94) 1 1.572(37) 8d 

 O21 0.99374(64) 0.0513(11) 0.8020(10) 1 1.572(37) 8d 

 O22 0.99398(74) 0.84792(81) 0.7896(11) 1 1.572(37) 8d 

 O23 0.41761(96) 0.75 0.6326(15) 1 1.572(37) 4c 

 O24 0.1886(12) 0.75 0.6228(14) 1 1.572(37) 4c 

 O25 0.3140(11) 0.75 0.0597(13) 1 1.572(37) 4c 

 O26 0.1014(10) 0.75 0.0434(17) 1 1.572(37) 4c 

 Si1 0.42367(36) 0.05666(48) 0.65519(56) 1 0.786(19) 8d 

 Si2 0.30421(42) 0.03179(30) 0.79558(54) 1 0.786(19) 8d 

 Si3 0.27932(32) 0.06154(43) 0.01952(53) 1 0.786(19) 8d 

 Si4 0.12288(35) 0.06437(41) 0.02021(59) 1 0.786(19) 8d 

 Si5 0.06610(37) 0.02672(34) 0.80595(61) 1 0.786(19) 8d 

 Si6 0.17862(32) 0.05855(42) 0.66436(54) 1 0.786(19) 8d 

 Si7 0.42421(37) 0.82984(36) 0.65954(60) 1 0.786(19) 8d 

 Si8 0.30095(43) 0.87016(34) 0.80111(50) 1 0.786(19) 8d 
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 Si9 0.27546(36) 0.82643(30) 0.01978(53) 1 0.786(19) 8d 

 Si10 0.12649(39) 0.82528(38) 0.01991(57) 1 0.786(19) 8d 

 Si11 0.06800(37) 0.86743(40) 0.80947(58) 1 0.786(19) 8d 

 Si12 0.18258(38) 0.82585(32) 0.66911(50) 1 0.786(19) 8d 

Carbon 
species Ca -0.0378(11) 0.6566(11) 0.5371(15) 1.294(32) 8 

4c 

 Cb 0.1739(25) 0.28110(99) 0.9141(27) 0.599(24) 8 4c 

 Cc 0.5076(25) 0.22078(82) 0.6645(33) 0.624(25) 8 4c 

 Cd 0.0089(25) 0.4586(14) 0.4898(39) 0.564(19) 8 4c 

 Ce 0.4004(13) 0.21136(73) 0.8676(17) 1.126(25) 8 4c 

 Ch 0.5681(18) 0.27981(85) 0.7783(29) 0.667(25) 8 4c 

 Cj 0.04744(82) 0.6274(11) 0.4199(13) 1.490(27) 8 4c 

 Cm 0.0927(17) 0.2764(17) 0.8589(25) 0.848(32) 8 4c 

 Cn 0.2649(10) 0.21934(83) 0.7667(14) 1.039(23) 8 4c 

 Cp 0.0127(14) 0.7040(12) 0.4588(20) 1.073(35) 8 4c 

Framework 
carbon Cl 0.1640(25) 0.0436(28) 0.7897(40) 0.505(25) 8 

4c 

 


