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Abstract

In this thesis the subject c;f molecular self-diffusion in zeolites is addressed using the
Molecular Dynamics simulation technique. We have focused our attention on the
phenomenon of the intra—crystalline diffusion of linear hydrocarbon molecules in the
zeolite Silicalite, and, to a lesser extent, also in the zeolite Chabazite. Two different
models have been considered. In the first we included the full mobility of the lattice,
and no restrictions were imposed on the molecular degrees of freedom. Simulations of
ethane, propane, n-butane and n-hexane in silicalite show a clear trend of decrease
in the diffusion coefficients as the molecular size is increased. It was also seen that
the diffusion takes place by means of a hopping mechanism. However, due to the high
computational cost of these simulations, other trends such as the dependence of the
diffusivity on the adsorbate loading and system temperature could not be established
without longer production runs. Therefore a second set of simulations was performed
using a simpler model, which did not include the framework mobility. This allowed
us to undertake long (1000 ps) simulations on bigger systems, thus increasing the
accuracy of the resulting statistical averages. n-butane and n-hexane were simulated
in Silicalite under a wide variety of conditions of sorbate loading and temperature.
The trend of the diffusion with increasing loading could then be clearly established,
and activation energies in good agreement with experimental values were obtained.
Also, by comparing trajectories in the rigid and mobile framework models, it was

possible to extract a number of conclusions on the role played by the framework
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dynamics in the diffusion process.

A general Purpose FORTRAN Molecular Dynamics program, FUNGUS, was de-
veloped to perform the simulations that are described in this thesis. This program is
based on a previously existing code, and was written in collaboration with G.E. Mills.
Its generality allow it to be used in simulations of systems as varied as fast ionic con-
ductors, polymer electrolytes and zeolites. FUNGUS is now being used by a number

of groups worldwide, a fact that testifies to its wide applicability.



Acknowledgments

I would like to thank my supervisor, Professor C.R.A. Catlow, whose constant help
and encouragement have been invaluable. During the last three years I have benefited
from innumerable enlightening discussions with him on the subject of this thesis. I
would also like to extend my gratefulness to the European Community for providing
generous financial support under their Science Plan for the realization of this research
project.

I am greatly in debt to the following: Josef Breu, Jacob Gavartin, Steve Nicholl,
John Harding, Akira Takada, Alexander Shluger, Eugene Stefanovich, Glen Mills,
Masahiro Kawano, Gemma Sesé, Alexander Shubin, Dean and Thi Sayle, Julian Gale,
Maurice Leslie, David Gay, Dewi Lewis and David Willock. I would also like to thank
Andrew Rohl and Jason Binks, who kindly revised the manuscript and made many
suggestions on how to improve it. Thanks are also given to Peter Wilde, who provi;ied
the data for one of the figures (Fig. 2.1).

Finally, I would like to dedicate this work and the efforts that have gone into

it to my Parents, brothers and cats, and to Liz, Linda, Little Owen and his proud

Grandmother.



Contents

Abstract
Acknowledgments
Contents

List of Tables
List of Figures

1 Introduction
1.1 Zeolites, their properties and applications. . . . ... ... ... ...
1.2 Experimental measurements of diffusion in zeolites. . . . . . ... ..
1.3 Simulation of adsorbed molecules in zeolites . . . ... ... ... ..
1.3.1 Quantum Chemistry calculations . ... .......... L
1.3.2 Energy Minimization calculations . .. ... ..........
1.3.3 Monte Carlo type calculations . . . .. ... ..........
1.3.4 Molecular Dynamics Studies . . . . . ... ... ... .....
1.4 Aimoftheproject . . ... ... ... ... ... . ... ..., .
1.5 Structure of the thesis . . . e e e e e ......

2 The Fundamentals of Simulation

10

12

16
16
20
24
25
26
27
28
32
33

35



2.1 The Role of Computer Simulation in Physical Chemistry . . . . . . .

2.2 The Bridge between Computer Simulation and Statistical Mechanics .

2.3 Model Potentials . . . .. ... .. ... ... ... ..
2.4 Molecular Dynamics . . . ... .. ... ...,
2.4.1 The leap—frog algorithm . . . . .. ... .. ... ... ... ..

2.4.2 The Velocity-Verlet algorithm . . . . .. ... ... ... ..

2.5 Practical Implementation of Molecular Dynamics . . . .. .. .. ..

2.5.1 Mean square displacements . . . ... ... ... ... ....
2.5.2 Velocity autocorrelation functions . . . . . ... ... ... ..
2.6 Constraints . . . . . . . . . ..

3 FUNGUS, a general Molecular Dynamics package

3.1 The Development of FUNGUS . . . . ... ... ... .........
3.2 The Characteristics of FUNGUS . . . . . ............ ...
3.2.1 Spiinéd potentials . . . . .. ... ... L
3.2.2 Automatic bond-list generation . . .. .. ... .. ... .. K
3.2.3 Pair, three-body and four-body potentials . . . ... ... ..
324 Commanddriveninput . . . .. .. ... ............
3.2.5 Output control . . ... ... ... ... .. .. ... ....
3.2.6 The execution of FUNGUS. . . ... .. ............
3.3 The Parallel Version of FUNGUS . . . ......... PR
3.3.1 Parallel computing . . . ... ... ... ... ... ..

3.3.2 The Replicated Data algorithm for parallel MD simulations . .

4 MD simulations of diffusion in Silicalite and Chabazite

4.1 The Structures of Silicalite and Chabazite . . . =. .. ... ... ..
4.1.1 Silicalite . . . . . . . . .
4.1.2 Chabazite . . . . . . .

38
41
48
91

53
59
60
63



4.2 The Model . . . . . . . ., 102

4.2.1 Framework potentials . . . . . ... .. ... . ... ..., .. 104
4.2.2 Framework-guest molecule interactions . . . . . ... ... .. 106
4.2.3 Intramolecular force field . . . . . ... ... ... .. ..... 108
4.2.4 Intermolecularinteractions . . . . ... ... .......... 109
4.3 Simulations of Diffusion in Silicalite . . . . ... ... ... ...... 110
4.4 Simulations of Methane Diffusion in Chabazite . . . . . .. .. .. .. 117
4.5 Conclusions . . .. ... e 121
Diffusion of n—-butane in Silicalite 123
51 Model . .. .. . e 124
5.1.1 Intramolecular force field and intermolecular potential . . . . . 124
5.1.2 Framework model and framework-guest interactions . . . . . . 12'5
52 Calculations . . . . . .. ... . 128
53 Results. . . .. .. 132
5.3.1 Time-independent equilibrium properties . . . . . ... .. .. 132
5.3.2 Time—dependent equilibrium properties . . . . . .. ... ... 139
54 Conclusions . . . . .. . . .. e 154
Diffusion of n—hexane in Silicalite 157
6.1 Model and Calculations . . ... .................... 158
6.2 Results. . . .. ... ... . ... . .. 159
6.2.1 Thermodynamic averages . . ... ............... 159
6.2.2 Dihedral angle distributions . . .. ... ... ... .. .. .. 161
6.2.3 Mean square displacements and diffusion . . . . ... ... .. 163
6.2.4 Velocity autocorrelation functions and power spectra . . . . . 165
6.2.5 End-to-end vector correlation functions . . ... ... .. .. 166
6.2.6 Diffusion mechanism . ... ... ... .. ... ... ... 166



6.3 Conclusions . . . . . . . . . e,

7 Conclusions and Future Work
7.1 Conclusions . . - . o v v v v o e e e e,

7.2 Prospects for future work in the simulation of diffusion in zeolites . .

A The BUTAN Program

B On the use of Transition State Theory in Zeolite Science

Bibliography



List of Tables

4.1
4.2
4.3
4.4
4.5

5.1

5.2
5.3

5.4

3.5

5.6

5.7

Framework potential parameters. . . . . ... ... ..........
Lennard-Jones potential parameters. . . . . . ... .. ........
Intramolecular force-field potential parameters. . . .. ... ... ..

Calculated diffusion coeflicients of silicalite adsorbates . . . . . . . ..

Intramolecular bond-bending, dihedral and adsorbate-adsorbate po-
tential parameters. . . . . . .. ... L
Lennard-Jones zeolite-adsorbate potential parameters. . . . . . . ..
Average system properties of n-butane adsorbed in silicalite at differ-
entloadings . . ... ... ... ...
Average system properties for n-butane adsorbed in silicalite at a load-
ing of 4 molecules/u.c. as a function of temperature. . ... ... ..
Contributions to the potential energy of adsorbed n-butane as a func-
tionofloading . . . . . .. ... .. L
Contributions to the total potential energy of the adsorbed molecules
as a function of temperature.. . . . . . . ... ... .... e e e
Populations of the conformational states of adsorbed n-butane under

different conditions of loading and temperature . ... ... ... ..

10

108

133

134



5.8

5.9

5.10
5.11

5.12

6.1

6.3

6.4

6.5

B.1

Relative populations of adsorbates in zig-zag and straight channel sec-
tions and in channel intersections . . . . . .. ... .. ... ... .
Relative populations of a:dsorbates in the intersections and different
types of channels as a function of temperature. . . . . . . . .. .. ..
Diffusion coefficients of n-butane in silicalite as a function of loading
Diffusion coefficients of n-butane in silicalite as a function of system
temperature at a loading of 4 molecules/u.c. . . . . .. ... ... ..
Correlation time decay constants for the end-to-end vector compo-
nents of n-butane in silicalite as a functién of temperature and adsor-
bate loading . . . . .. .. ... . L
Average system properties for n-hexane adsorbed in silicalite at a load-
ing of 4 molecules/u.c. as a function of temperature . . . . . . .. ..
Contributions to the total potential energy of adsorbed n-hexane as a
function of temperature . . . . .. ... ... L L.
Populations of conformational states for the central and peripheral
dihedral angles in n-hexane adsorbed at different temperatures.
Diffusion coeflicients of n—hexane in silicalite as a function of system
temperature for a fixed loading of 4 molecules/u.c.. . . . . .. .. ..
Correlation time decay constants of the end-to-end vector components
on n-hexane in silicalite as a function of temperature. . . . . . . . ..

Saddle point locations and energies of Xe in Silicalite . . . .. .. ..

11

141

149

160

160

163

165



List of Figures

2.1
2.2
2.3
24

3.1
3.2
3.3
3.4
4.1
4.2
4.3
4.4
4.5
4.6
4.7
4.8

4.9

Example of MSD vs time as calculated from an MD simulation . . . . 60
Example of a VAF function .. ... ...... e e e e 62
An example of a system with constraint forces: the pendulum. . . . . 64
Probability distributions for a quantum and a classical harmonic oscil-
lators with equal force constants and total energy . ... ... .. .. 66
Triatomic chain molecule. . . . . ... ... .............. 79
Four-atom chainmolecule . . . .. .. ... .. ............ 86
The execution of FUNGUS. . ... ... ... ............. 89
The double force loop in an MD simulation. . ... .......... 93
Secondary building unit of silicalite . . ... ... ........... 98
Silicalite layer.. . . . . . . . . . . 99
The channel network in zeolite silicalite. . . . ... .......... 100
Stereographic projection of silicalite along the sinusoidal channels . . 101
Stereographic projection of silicalite along the straight channels . . . 101
Stereographical projection of a chabazite layer. . . . . . ... ... .. 103
Stereographic projection of the structure of chabazite . . . . . .. .. 103
Comparison of the total Mean Square Displacements for ethane, propane

and n-butane in silicalite . . . . .. ... ... ... ... .. ... .. 112
Mean Square Displacements of ethane in silicalite . . . . . . ... .. 114

12



4.10

4.11

4.12
4.13

4.14

5.1

5.2

5.3

5.4

3.5

5.6

5.7

5.8

3.9

5.10

Time evolution of the  component of the centre-of-mass of an ethane
molecule in silicalite . . . .. ... ... L 116
Time evolution of the y component of the centre—of-mass of an ethane
molecule in silicalite . . . ... ... L oo L 116
Total MSD’s of methane in chabazite at 300, 450 and 600 K. . . . . . 118
Normalized VAF functions of the centre-of-mass velocity of the methane
molecules in chabazite at different temperatures . . . . ... ... .. 120
Comparison between experimental and computational diffusion coeffi-
cients for n~alkanes in silicalite as a function of the hydrocarbon chain

122
Dihedral angle potential for the Ryckaert—-Bellemans model of n—butane.126

Contour plot of the zeolite-monomer potential energy in the plane y =

0.25¢ (along the sinusoidal channel) . . . . . . . ... ... ... ... 127
Contour plot of the zeolite-monomer potential energy in the plane r =
0 (along the straight channel) . ... ... .. ... ... ....... 127
Comparison of the dihedral angle distributions for adsorbed and ad-
sorbed n—-butane in the Ryckaert-Bellemans model . ... ... . .. 136
Dihedral angle distributions as a function of adsorbate loading . . . . 137

Dihedral angle distributions as a function of simulation temperature . 137
Mean Square Displacements of n-butane in silicalite at-a loading of
4 molecules/u.c. and a temperatureof 287.2 K . . . .. .. .. .. .. 140
Total Mean Square displacements of n-butane in silicalite as a function
ofloading . .. .. .. ... .. e 143
Total Mean Square Displacements of n-butane in silicalite as a function
of temperature . . .. .. ... ... ... ... T e 143
Normalized ‘centre—of—mass velocity autocorrelation function for n-—

butane at 287.2 K and a loading of 4 molecules/u.c. . . .. . ... .. 144

13



5.11

5.12

5.13

5.14

5.15

5.16

8.17

5.18

6.1

6.2

6.3

6.4

6.5

6.6

[Fourier transform of the velocity autocorrelation function for n—butane

at 287.2 K and loading of 4 molecules/u.c. . . ... .. ... ..... 144
Short time behaviour of the end-to-end vector correlation function at

a loading of 4 molecules/u.c. and 287.2 K .. ... .. ........ 147
End-to—end vector correlation function for n-butane at a loading of

4 molecules/u.c. and a temperatureof 209.4 K . . . . ... ... ... 148
End-to-end vector correlation function for n-butane at a loading of

4 molecules/u.c. and a temperatureof 400.1 K . . . .. ... ... .. 148
Time evolution of the z centre—of-mass coordinate of an adsorbate
n-butane molecule in the simulation of loading 2 molecules/u.c. . .. 151
Time evolution of the y centre—of mass coordinate of an adsorbate
n-butane molecule in the simulation of loading 2 molecules/u.c. . .. 151
Time evolution of the z centre-of-mass coordinate of an adsorbate
n-butane molecule in the simulation of loading 8 molecules/u.c. . .. 153
Time evolution of the y centre-of-mass coordinate of an adsorbate
n-butane molecule in the simulation of loading 8 molecules/u.c. . .. 153
Distributions of dihedral angles obtained for n-hexane adsorbed in
silicalite at a loading of 4 molecules/u.c. and a temperature of 206.6 K. 162
Distributions of the central dihedral angles obtained for n-hexane ad-
sorbed in silicalite as a function of temperature . ... .. .. .. .. 162
Centre—of-mass mean square displacements of n-hexane in silicalite at
atemperatureof 380.8 K . . . . . .. ... ... oL, 164
Total mean square displacements of n-hexane in silicalite as a function

of temperature . . .. . ... . .. ... .. 164
Normalized centre-of-mass velocity autocorrelation function of n—-hexane
adsorbed in silicaliteat 380.8 K . . . . .. ... ... ... ... ... 167

Power spectra of n-hexane adsorbed inat 380.8 K . . ... ... ... 167

14



6.7 End-to-end vector correlation functions for n-hexane at a temperature

of 206.6 K . . . . . . . .. . 168
6.8 End-to—end vector correlation functions for n-hexane at a temperature
of 380.8 K . . . . . o 168

6.9 Time evolution of the z centre-of-mass coordinate of a sample n-

hexane moleculeat 314.1 K. . . . . . . .. .. . ... ... .. ... . 169

6.10 Time evolution of the y centre—of-mass coordinate for the same molecule

as in the previous figure. . . . ... ... e e e e e e 169

A.1 Average CPU time per time step as a function of the number of Intel

nodes used in the simulation. . . . .. ... ... .. ... ...... 184

B.1 Potential energy surface for Xe in Silicalite in the neighbourhood of

point S1 . . . . .. 190

15



Chapter 1

Introduction

The purpose of this Thesis is to study the diffusion of molecules adsorbed in zeolites.
In this introductory Chapter we give a brief summary of the necessary background on’
zeolite science, with especial emphasis on diffusion processes of adsorbed molecules in
zeolites. Sec. 1.1 is therefore devoted to a brief discussion of zeolites, their composition
and structural characteristics, and of how they can be used to advantage in practical
applications. Next, in Sec. 1.2, the experimental information concerning adsorption
and diffusion processes in zeolites is summarized. Since our aim is to study these
processes by means of computer simulation techniques, in Sec. 1.3 we review previous
simulation work on diffusion and adsorption in zeolites. In Sec. 1.4 we summarize the
aims and goals of this research project, after which we conclude in Sec. 1.5 with an

outline of the structure of the thesis.

1.1 Zeolites, their properties and applications

Zeolites are microporous crystalline aluminosilicate materials. Strictly-speaking, this
definition excludes other materials of similar structure and chemical properties, such

as aluminophosphates, but in practice the term Zeolite Science encompasses both
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Introduction 17

experimental and theoretical research on all these types of materials. Structurally,
zeolites are constructed from tetrahedra, represented as TOy, consisting of a T centre
where an Si or Al ion is located, and four O ions, each of which is positioned at one of
the tetrahedron corners. These tetrahedra are known as the primary building units
of zeolite structures. By sharing corners, these tetrahedra are linked together to form
secondary building units.(SBU). The structure of a particular zeolite is generated by
applying the symmetry operations of the corresponding space group of the structure

to the SBU.

Zeolites present a number of properties that are of great interest from the scientific
point of view, but also from the applied perspective. Among these are their selective
sorptive properties, their selective catalytic behaviour, and their potential for cation
exchange. All these characteristics can be ultimately understood in terms of two basic
properties: their porosity and the presence of extra-framework cations and protons

within the zeolite structure. Let us discuss these two concepts first.

Zeolites contain channels and cavities of various sizes and shapes in which molecules
can be adsorbed, diffuse and undergo chemical reactions. The diameters of these pores
and voids range from a few to over 10 A, and therefore zeolites are classified as micro-
porous materials. The crystalline nature of zeolites implies that the pore structure is
well characterized in shape and size, in contrast to non—crystalline porous materials
such as activated carbons, where the distribution of pore sizes can be very broad.
Because the pores of zeolites have effective diameters in the molecular range, they
can adsorb selectively different molecules according to their sizes and shapes. The
presence of extra—framework cations and protons in zeolites can be a,ttfibuted to the
electrostatic imbalance rising when Si ions are substituted by Al ions. The protons
and cations compensate this imbalance. The presence of-protons in the structure
creates Bronsted acid sites, which are responsible for the acidity of zeolites and for

much of their catalytic behaviour. The extra—framework cations are loosely bound,
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and when hydrated can easily be exchanged with other cations, giving rise to the

properties of zeolites as cation exchangers.

The use of zeolites as molecular sieves results from the molecular dimensions of
the pores and cavities they contain. These micropores are capable of discriminating
between molecules according to their sizes or shapes. Molecules of the “right shape”
will be absorbed, since the interactions of the molecular atoms with the framework
ions will contribute to make the adsorption process energetically favourable. However,
for molecules of the “wrong shape”, steric effects will cause the interactions with the
framework ions to be mainly repulsive, and the adsorption process will be energetically
unfavourable. Therefore, the appropriate zeolite can be used to separate mixtures of
chemical compounds, for example linear and branched paraffins. Furthermore, by
controlling the Si to Al ratio, and hence, the number of extra—framework cations-
contained within the zeolite, it is possible to change the hydrophobic/hydrophilic
character of zeolites. On increasing the number of cations the crystal becomes more
polar, and therefore has an increased affinity for polar molecules. In contrast, highly
siliceous zeolites have a hydrophobic character, and sorb non-polar molecules pre-
ferably. It is also possible to modify the sieving activity of a particular zeolite by
changing the types of extra—framework cations. This is because the cations occupy
relatively fixed positions within the channel network, and increasing the cation size

may block the passage of molecules which were previously sorbed.

The well defined shape of pores and cavities of zeolites makes them ideal systems
for the study of the relation between the structure of the host and the products of
the chemical reactions taking place inside the host. The phenomenon by which the
ratio of products of a chemical reaction inside a zeolite depends on the structure of
the zeolitic framework is known as shape selectivity. There are three mechanisms by
which shape selectivity can manifest itself, these being known as product selectivity,

reactant selectivity and transition state selectivity. In the first case, the outcome of the
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reaction is determined by the matching of the products to that of the pore network.
Those products that are subject to less steric effects rising from interactions with the
framework ions will clearly be favoured, unlike those which, due to their molecular
shape or size cannot be easily accommodated within the pores. Here the réle of the
zeolite structure is to accentuate the energy differences between the possible products
of the reaction. Shape selectivity can also result from reactant selectivity, in which
the zeolite structure plays the part of a sieve of competing reactants, allowing only
certain ones to diffuse through the structure and react. Finally, the products of
the reaction can be controlled by favouring speciﬁc transition states, again through
steric effects. This is similar to the product selectivity mechanism, but the lattice
topology influences the reaction intermediates rather than the products. Given the
wide variety of zeolite structures, both natural and synthetic, their shape selective

catalytic behaviour can be exploited in many different cases.

As noted above, the hydrated extra-framework cations are only loosely bound to
the structure, and can easily be exchanged by other cations. It has also been noted
that this ability to exchange cations can be used advantageously, since it can modify
the selectivity of zeolites as molecular sieves. It can also be used to concentrate or
isolate particular types of ions, since the same properties of selectivity that apply for
molecular absorption apply for molecular ions. As well as extra—framework catioﬁs,
small highly charged metal cations, such as Ti*t, can substitute framework Si or Al
ions, thus becoming part of the zeolite structure. These “intra—framework™ cations

can also play important catalytic roles.

The possibilities of shape selectivity and the presence of cations (both extra and
intra—framework) are responsible for the many applications that zeolites have found
in the chemical industry, and in particular in the petrochemical industry. The three
main types of reactions catalysed by zeolite-based catalysts are reactions of cracking,

by which long chain hydrocarbon molecules are broken down to lengths in the gasoline
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range, isomerization reactions, like for instance the interconversion of the meta and
para isomers of xylene, and hydrocarbon synthesis, as achieved from methanol. As
cation exchangers zeolites are used in the detergent industry, and also for isolation
and storage of dangerous materials such as radioactive compounds. More examples
of the industrial applications of zeolites can be found in Refs. [1] and [2]. In all these
processes of catalytic, molecular sieving and ion exchange activity, intracrystalline
diffusion of the adsorbed species is a controlling factor. Reactants must be adsorbed
and diffuse before they can reach the active sites and react. Also the adsorbed species
in gas separation processes must diffuse through the pore structure, and the same
applies to the ions in ion exchange processes. Therefore, there is considerable interest
in measuring diffusivities of adsorbed species in zeolites, in understanding the diffusion
mechanisms and in determining how the crystal structure affects the rates of diffusion. .
A number of experimental techniques have been proposed and are routinely used to
measure diffusion coefficients in zeolite-adsorbate systems. Computer simulations of
these systems offer the possibility of providing complementary information in this
area of research. Simulations provide a detailed picture at the molecular level of the
diffusion process, and therefore can help to elucidate diffusion mechanisms and other
microscopic features of the diffusion process which are difficult, if not impossible, to
observe experimentally. As will be shown in this thesis, they can also be used to

obtain accurate values of diffusion coefficients in zeolites.

1.2 Experimental measurements of diffusion in

zeolites

Probably the most commonly used techniques in the experimental determination of
diffusion coefficients of adsorbed species in porous materials are the Pulsed Field-

Gradient (PFG) NMR and Sorption Uptake type techniques, although others, such
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22 Chapter 1

Response techniques. In the FR method the volume containing the sample is subject
to small harmonic variations of amplitude approximately equal to 1% of the total
volume and variable frequency. The pressure response of the system is measured as a
function of the applied frequency. The diffusion coefficient is then obtained by fitting
this response to the behaviour predicted by Fick’s Law. In the SS version, as its name
indicates, the system is perturbed only once. Adsorption/desorption processes can
be monitored by compressing or expanding the volume. A more detailed explanation

of the experimental implementation of these techniques can be found in Refs. [5, 4].

The experimental determination of intracrystalline diffusion coefficients has been
characterized by striking disagreements between the measurements provided by diff-
erent techniques, a fact that highlights the difficulties involved in these types of
studies. In 1977 Karger and Caro [6] performed a series of measurements on sev-
eral zeolite-adsorbate systems using both PFG NMR and Sorption Uptake tech-
niques. Samples of different origins a.;xi‘tdi”va.rious crystallite sizes were employed. The
PFG NMR values were found to be bigger by a factor of 10° than the Sorption Uptake
measurements. Furthermore, it was noticed that, while the diffusivities obtained from
PFG NMR measurements remained unaltered when the crystallite size was varied,
there was a marked dependence of the values obtained by sorption uptake measure-
ments on the crystallite size. The authors concluded that the assumption of the
adsorption/desorption process being controlled by intracrystalline diffusion alone (an
important assumption in sorption uptake experiments) did not hold under the exper-
imental set—-up used in the sorption uptake determinations, and other effects, such as
surface barriers and intercrystalline transport played an important part. However, it
was found that these effects could be minimized if the crystal size of the sample was

increased, and then the measurements provided by the different techniques converged.

Using a combination of techniques, which included FR, SS FR, PFG NMR and
NMR tracer desorption, Van-Den-Begin et al. [7] measured the diffusivity of ethane
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in silicalite. Again, substantial discrepancies (as much as 10%) were found between
the FR and NMR measurements. The conclusion of these authors was that the
sorption uptake measurements were not exclusively determined by the intracrystalline
diffusion. This work suggested that if these effects could be somehow eliminated or
accounted for, better agreement between the measurements provided by both types of
techniques would be obtained. Shortly afterwards these authors [8] reported SS FR
measurements of methane, ethane and propane in silicalite, in which much better
agreement with NMR data of Caro et al. [9] for the same systems was indeed achieved.
Although there was still a systematic difference between these values, this had been
reduced to a factor of about 5. Their technique allowed them to show that diffusion
in these systems takes place by means of activated jumps, the length of which remains
relatively constant up to loadings of about 10 molecules per unit cell (of propane),
the jump lengths being of the order of 11 A; at loadings higher than this the jump

lengths start to decrease.

Both NMR and FR techniques, as well as others, are now frequently used for
measurements of diffusivities in zeolites. Examples can be found in the work of Caro
et al. [10], who measured the diffusion of methane and water in silicalite. A more
recent example is the work of Datema et al. [11], who measured the diffusion of n-
butane and n—pentane in silicalite as a function of temperature. These authors found
diffusivities of the order of 107!° and 10~"' m?/s and activation energies of 8.4 and
12.6 kJ/mol for n-butane and n-pentane respectively. Examples of the use of the FR

technique can be found in the previously discussed work of Van-Den-Begin et al. [8].

The latest developments in the experimental measurements of the diffusion of ad-
sorbates in zeolites have concerned the effects of the anisotropy of the host lattice
on the diffusion coefficients. These studies have concentrated mainly on the zeo-
lite Silicalite, as it presents an interesting channel network of interconnecting pores

of different structural characteristics along different crystalographic directions (see
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Chapter 4, Sec. 4.1). Shen and Rees [12] used the SS FR method to measure the
diffusion of n-butane and 2-butyne adsorbed in silicalite. For both adsorbates it
was found that the response curves could not be appropriately fitted unless two in-
dependent diffusion processes, one for each type of channel, were assumed. In this
way it was possible for the first time to measure the diffusion along the sinusoidal
and straight channels of silicalite. It was found that both the adsorbates considered
diffused preferably along the straight channels. In addition the diffusion of n-butane
was found to be slightly slower than that of 2-butyne, which according to the authors
is due to the slightly smaller dynamic dimension of 2-butyne, and to the lack of the
dihedral degree of freedom in this molecule.

The PFG NMR technique has also recently been used to address questions con-
cerning the anisotropy of the diffusion in silicalite. By growing the silicalite crystals.
inside a set of parallel capillaries, Karger and Pfeifer [13] were able to obtain a sample
in which the crystallites were aligned in the ¢ axis with a maximum dispersion of 20°.
However it was not possible to align the crystallites with respect to any other axis, so
only D. could be determined, together with an average of D, and D,.. These authors
reported values of diffusion in the zy plane that were some five times faster than in
the z axis.

These examples of state—of-the art experimental techniques illustrate the current
capabilities. By carefully monitoring the experimental conditions, different tec_hniques

are now able to give measurements of great accuracy which are in good agreement

with each other.

1.3 Simulation of adsorbed molecules in zeolites

In this section some of the extensive literature concerning simulations of zeolite—

adsorbate systems is reviewed. The aim is to illustrate what can be achieved with
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the different techniques available, providing some examples of special interest. The
difficulties and limitations will be highlighted.

The different computational techniques available for the study of the systems of in-
terest here can roughly be classified into four types: Quantum Chemistry calculations,
Energy Minimization, Monte Carlo and Molecular Dynamics simulations. Only the
first type of approach avoids the use of atomistic potentials for describing the system,
since the electronic structure is treated explicitly with the methodology of Quantum
Chemistry, although this does not mean that this approach is free from approxima-
tions. The other three types of techniques rely on the definition of a model system
which can be trusted as an accurate replica of the real system, at least with respect
~ to those properties that are of interest. The details and considerations concerning

the definition of an appropriate model are discussed in Chapter 2.

1.3.1 Quantum Chemistry calculations

The methodology of Quantum Chemistry is normally applied in this context to the
study of reactivity of adsorbed species close to active sites in the host framework. This
aspect of zeolite science can not be approached with atomistic simulations, since these
do not include explicitly the electronic degrees of freedom. One of the major problems_
that limits the use of Quantum Chemistry studies is the complexity of the majority of
zeolite structures, which consist of unit cells containing many atoms. Normally only a
portion of the structure is treated quantum mechanically (the quantum cluster), and
this is either embedded in a periodic array of point charges which aims at reproducing
the effc::cts of the rest of the lattice, or it is assumed that the cluster is big enough
to represent the structure. These two possible approaches are extensively discussed
by Sauer [14]. This author reviews the use of ab initio methods to the study of
absorbent-adsorbate reactivity in zeolite science. It is also possible to use the semi-

empirical methodology which results from either neglect or parametrization of some
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of the integrals of the ab initio treatment. The use of semi—empirical methods in this
field has been reviewed by Vetrivel and Catlow [15].

Embedded cluster quantum mechanical calculations have been used by Vetrivel et
al. to study acidic sites in a number of structures [16]. Also a cluster calculation
has been used to study the mechanism of the dissociation of methanol in ZSM-
5 [17). These calculations predicted the abstraction of hydrogen from the methyl
group rather than from the alcohol. However, similar semiempirical cluster calcula-
tions of Gale et al. suggest that there is a hydrogen bonding of the alcohol proton
to the acidic site [18]. The different predictions of these calculations highlight the

difficulties found in the treatment of zeolite-adsorbate problems with the methods of

Quantum Chemistry.

1.3.2 Energy Minimization calculations

Energy Minimization (EM) calculations consist, as their name indicates, in finding
the structure of lowest potential energy for a particular system, given an expression of
its potential energy as a function of the positions of its constituent atoms or ions. This
technique is adequate for the kind of problems we address in this thesis, concerning the
location of low energy sites for sorbed molecules within zeolite pores, and for obtaining
the potential energy profile for possible diffusion pathways within the structure. It is
also a useful technique for testing different model potentials. Nowak et al. have used
EM calculations in order to study the energetics of adsorbed benzene and toluene in
zeolites zeta—1 and silicalite [19]. Pickett et al., using similar calculations, identified
adsorption sites of para—xylene in silicalite [20]. Another example of the stﬁdy of
zeolite-adsorbate interactions with this technique is the work of Titiloye et al. [21]
who investigated the adsorption of several organic molecules in zeolites A, silicalite

and faujasite.

But the application of EM calculations in zeolite science is not limited to the
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study of problems in adsorption. Indeed, other subtle structural phenomena have
also been investigated with this technique, such as the intergrowth of two different
structures, addressed by Tomlinson et al. [22] or the monoclinic distortion that the

silicalite structure undergoes between 300-350 K, studied by Bell et al. [23].

This technique, although simple and economical, suffers from one basic problem
common to all minimization algorithms based on the use of the gradient and second
derivatives of the potential energy surface, namely that the search for a minimum
stops when the first minimum is found, and there is no guarantee that this particular
minimum is the global minimum. Complicated pot';ential functions may be character-
ized by a high number of local minima, and this may complicate the localization of

the global minimum.

1.3.3 Monte Carlo type calculations

These simulations are used mainly to obtain the distributions of adsorbed molecules
within the pores of the adsorbant structure in order to determine preferred adsorption
sites; they are also used for the calculation of statistical averages, for example the heat
of adsorption. The Monte Carlo (MC) method is an algorithm capable of exploring
exhaustively the potential energy surface, and therefore it is capable of overcoming the
problems encountered by EM when the potential energy has a multitude of minima.

Examples of the use of MC studies in zeolite science are those of Smit and
den Ouden [24], who reported MC simulations of methane adsorption in faujasite,
mordenite and ZSM-5. They predicted a sharp decrease of the heat of édsorption of
methane in mordenite with an increasing Al/Si ratio. Their results seem to indicate
that the presence of a higher number of extra—framework cations brought about with
the increasing Al/Si ratio causes a blockage of the pore regions which are favourable

adsorption sites for methane molecules, thus making the process of adsorption more
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energetic and therefore less favourable. Woods and Rowlinson [25] have reported simi-
lar calculations for Xe and methane adsorbed in zeolites X and Y. June et al. [26] have
reported MC calculations of light hydrocarbons, both linear and branched, adsorbed
in silicalite at different loadings and temperatures. They found that the distribution
of molecules in the pores is strongly dependent on the molecular shape. Methane,
n-butane and n-hexane are found to occupy the channel sections preferably, while
for 2-methylpentane and 3-methylpentane the channel intersections are energetically
more favourable.

MC studies have certain advantages with respect to other simulation techniques
in that they are very efficient methods for calculating statistical averages. However,
given their random nature, they can not provide the time evolution picture that is so
important in the study of diffusion processes. At the present time, this can only be,

achieved with Molecular Dynamics simulations.

1.3.4 Molecular Dynamics Studies

Molecular Dynamics (MD) is an important technique in zeolite science, since the
dynamical approach that it provides constitutes the obvious choice for the study of
diffusion processes, which, as has been pointed out earlier (see Sec. 1.1), are important
questions that rise when considering the adsorption and/or catalysis of molecular
species in zeolites. As with EM and MC, the technique relies on the definition of
a potential energy model for the system of interest, which depends on the positions
of the atoms or ions that constitute it. From this potential energy function the
forces acting on all atoms, which govern the time evolution of the system, can be
calculated. The trajectory of the system in its configuration space is then followed
for a sufficiently long time by means of some numerical integration algorithm. The
details of this technique are the subject of Chapter 2.

Yashonath et al. [27] and Demontis et al. [28] have used MD to study methane



























































































































































































































































































































































































































































































































