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ABSTRACT

The work presented in this thesis encompasses the computer simulation of 

molecular sorption.

In Chapter 1 we outline the aims and objectives of this work. Chapter 2 follows in 

which an introduction to sorption in zeolites is presented, with discussion of 

structure and properties of the main zeolites studied. Chapter 2 concludes with a 

description of the principles and theories of adsorption. In Chapter 3 we describe 

the methodology behind the work carried out in this thesis.

In Chapter 4 we present our first computational study, that of the sorption of 

krypton in silicalite. We describe work carried out to investigate low energy 

sorption sites of krypton in silicalite where we observe krypton to preferentially 

sorb into straight and sinusoidal channels over channel intersections. We simulate 

single step type I adsorption isotherms and use molecular dynamics to study the 

diffusion of krypton and obtain diffusion coefficients and the activation energy. We 

compare our results to previous experimental and computational studies where we 

show our work to be in good agreement.

In Chapter 5 we present a systematic study of the sorption of oxygen and nitrogen 

in five lithium substituted zeolites using a transferable interatomic potential that we 

have developed from ab initio calculations. We show increased loading of nitrogen 

compared to oxygen in all five zeolites studied as expected and simulate adsorption 

isotherms, which we compare to experimental and simulated data in the literature.



In Chapter 6 we present work on the sorption of ferrocene in the zeolite NaY. We 

show that a simulated, low energy sorption site for ferrocene is correctly located by 

comparing to X -  ray powder diffraction results for this same system.
I

The thesis concludes with some overall conclusions and discussion of 

opportunities for future work.
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AIMS AND OBJECTIVES OF THIS WORK

The aim of the body of work contained within this thesis is to advance knowledge 

of and make new insights into sorption in zeolites using computer simulation 

techniques. The work has two main themes:

1. The study of systems previously investigated using experimental and simulation 

methods, where a variety of computational techniques can be used to draw 

together multiple aspects of a zeolite/sorbate system to produce a 

comprehensive study of that system.

2. The study of systems that have been subjected to limited study by experimental 

methods and perhaps little or no study using simulation methods. Simulation of 

these systems will aim to provide new insights into the fundamentals of the 

zeolite/sorbate system, such as optimum locations for sorbate molecules. 

Results will offer a platform for further study of the system whilst extending the 

current understanding of that system.

Chapter 4 of this work belongs to the first category outlined above. It reports a 

study of the sorption of krypton in silicalite, for which a detailed comparison of 

computational with experimental results is presented. The work fulfils two 

objectives; firstly it illuminates general features relating to the sorption of small 

molecules in zeolites by using a range of computational techniques and secondly

26



makes detailed comparison to experimental and simulated literature studies to 

produce a comprehensive study of the krypton/silicalite system.

Five different computational techniques were employed to carry out this study: 

Monte Carlo Docking followed by Energy Minimisation, Canonical Monte Carlo 

Internal Energy calculations. Grand Canonical Monte Carlo simulations and 

Molecular Dynamics. Monte Carlo docking allowed us to study the location of 

sorbed krypton in silicalite. Docked krypton positions were accepted below a 

specified energy threshold and subsequent energy minimisation optimised these 

positions. Low energy sorption sites and adsorption energies were obtained from 

these calculations. Canonical Monte Carlo Internal Energy calculations (CMC) 

were carried out to study a high number of low energy sorption sites and complete 

the energy minimisation study. The CMC calculations provided a statistically 

accurate study of adsorption energies for krypton in silicalite. Grand Canonical 

Monte Carlo (GCMC) simulations were run to study adsorption isotherms at 

temperatures and pressures which would enable comparison to previous isotherms 

for the same system. Molecular dynamics allowed us to study the diffusion of 

krypton in silicalite. Mass distribution plots and diffusion coefficients were 

calculated as a function of silicalite loading and the activation energy for krypton 

sorption in silicalite was also calculated. A variety of potentials were employed in

1 2  3
this work including potentials of Hope et al. , Loriso et al. and Hirschfelder et al.

4-6 7-12
which modelled sorbate to sorbent interactions whilst CVFF and PCFF 

potentials were used to model the zeolite framework structure. Comparison is made

to krypton low energy sites^’̂ ,̂ adsorption isotherms and energies^’̂ "̂ diffusion
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coefficients and activation energiesseen in a range of literature studies, where 

results will show good agreement to both experimental and simulated literature 

results.

Chapter 5 moves on to discuss work on the sorption of oxygen and nitrogen in 

lithium substituted zeolites and fulfils two main objectives. Firstly it develops new 

insights into the field of oxygen and nitrogen sorption in lithium exchanged zeolites 

-  a key system in air separation technologies, by developing a new interatomie 

potential to describe lithium to oxygen and nitrogen interactions and using this 

potential on a range of zeolites. The seeond objeetive was to compare results with 

previous literature studies of the same oxygen/nitrogen/zeolite system. The work 

falls between the two categories defined earlier on, in that it expands and extends 

previous studies on oxygen and nitrogen sorption in lithium exchanged zeolites 

such as LiX and Li -  chabazite carried out in the literature using experimental and 

simulation methods. New insights are also made into systems such as Li A, Li -  

mordenite and Li -  rho, which have not been studied in great depth previously.

Cation exchanged zeolites have the ability to sorb nitrogen more strongly than 

oxygen, due to the greater interaction of the quadrupole moment on nitrogen, 

compared to oxygen, with the electrostatic field gradient on the extra framework 

cations; preferential sorption of nitrogen compared to oxygen is seen in these 

systems. This property of selective adsorption of nitrogen over oxygen has 

immense industrial significance in air separation industries. Previous adsorption 

studies employing the Pressure Swing Adsorption technique (PSA) and various 

laboratory methods as well as some computational studies have been carried out on
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various cation - exchanged zeolites to understand better the separation of oxygen

and nitrogen . McKee^ was amongst the first to report that Li^ is one of the

cations that provides the strongest interaction with N2 . The present work has 

therefore focussed on the sorption of oxygen and nitrogen in lithium substituted 

zeolites. The first stage of the work involved producing a set of potentials to 

describe extra framework lithium cations interacting with oxygen and nitrogen 

molecules from ab initio calculations. Potential energy surfaces produced from 

these calculations were then fitted to Lennard -  Jones 12-6 potential functions and

4-6
the resulting potential was embedded into the CVFF potential. Initial GCMC 

calculations on oxygen and nitrogen sorption into the LiX zeolites refined the 

Lennard - Jones 12-6 potential before further production runs were carried out. 

Five lithium substituted zeolites were used in the work: LiX, LiA, Li-Chabazite, Li- 

Mordenite and Li-Rho. Detailed structural work exists for the location of cations in 

LiX, LiA, Li-Chabazite and Li-Rho and these positions were used in the 

simulations involving these four zeolites. Previous literature has not characterised 

Li positions for Li-Mordenite, so Monte Carlo docking and minimisation of Li into 

Mordenite was carried out in order to obtain a Li-Mordenite structure.

GCMC simulations to obtain adsorption isotherms and energies followed by the 

calculation of Henry constants were then carried out for the sprption of oxygen and 

nitrogen in the five Li substituted zeolites. Results were compared with existing 

literature studies, which used both experimental and simulated methods.

Chapter 6 completes the work on computer simulation of molecular sorption in 

zeolites by studying the sorption of ferrocene in NaY zeolite. The work falls into
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the second category outlined previously, in that the system is studied using 

computational techniques for the first time, bringing a new aspect to previous 

experimental studies of ferrocene in zeolites other than NaY. Work on ferrocene in 

cation -  exchanged zeolites has stimulated interest from a number of research 

groups throughout the world, the reason for which stems from the incorporation of 

iron into a zeolite channel or cage, which could be applied in Fischer -  Tropsch 

catalysis for the synthesis of hydrocarbons. Work was first carried out on ferrocene 

sorbed in NaY by Gleeson and Sankar at the Davy Faraday Research Laboratory, 

where X-ray powder diffraction (XRPD) studies were used to identify the location 

of ferrocene in NaY. Work presented in this thesis involved the use of Monte Carlo 

docking and energy minimisation to produce a position for ferrocene in NaY, 

which would improve the fit, obtained from the diffraction studies. A model for 

ferrocene was created which could be described using molecular mechanics 

forcefields in Monte Carlo docking studies.

The thesis concludes with an overall summary of the work carried out on the 

computer simulation of sorption in zeolites and highlights where future studies 

could continue this work.
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INTRODUCTION TO SORPTION IN ZEOLITES

The sorption of small molecules into microporous materials is a widely studied 

phenomenon both because of the intrinsic nature of these processes and because of 

their importance in separation technologies. The availability of good quality

experimental data relating to the sorption of small molecules in zeolites^’̂  provides 

a further stimulus for study of fundamental processes in these systems, for which 

computational techniques are extremely powerful.

The study of sorption in zeolites is wide ranging, with species from noble gases 

to air, hydrocarbons to metal containing molecules all stimulating interest from 

academic and industrial research groups.

The separation of oxygen from nitrogen in air using cation -  exchanged zeolites 

is of great industrial interest and importance. The use of zeolites offers an 

alternative method to cryogenic separation methods that had been used prior to

22 27 32
around 1970. Work by Chao et al ’ and Collins illustrate the use of various 

cation exchanged A and X zeolites in the separation of air. The sorption of metals 

is of interest owing to possible application of zeolites in hydrocarbon synthesis 

such as in the Fischer -  Tropsch method.

The most well studied field of sorption in zeolites is taken up by hydrocarbons. 

Cracking hydrocarbons to produce petroleum is a huge worldwide industry and the 

use of zeolites in this process has lead to numerous simulation studies of
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hydrocarbons in zeolites to understand better this field of sorption in zeolites. For

33
example, work by Titiloye et al. studied alkanes (Cl -  C8) in siliceous faujasite

34
and silicalite, Smit et al. studied long chain alkanes (C8 and above) in silicalite.

35
Zones et al. used Monte Carlo docking techniques to study charged polycyclic 

hydrocarbon sorption in zeolites. Molecular dynamics studies on the diffusion of 

hydrocarbons such as methane, ethane, and propane in silicalite have been carried

out by workers such as Catlow et al.^ ,̂ Nicholas et al.^  ̂ and Smirnov . Work by

39 40
Sastre et al. ’ used molecular dynamics to study the diffusion of o- and p- xylene 

in zeolite CIT-1 and C-60 in NaY zeolites. Work using H-MCM-22 has been

41
carried out to study the adsorption and desorption of benzene . The interest in this 

system stems from the use of MCM-22 to produce cycloparrafm -  rich jet fuel.

Work on noble gases sorbed into zeolites is of particular interest as there is often 

a wide range of data including X-ray and neutron diffraction patterns with which to

42
compare results of computational studies. Work by Jones et al studied the 

sorption of krypton in ferrierite using X-ray powder diffraction methods to locate 

krypton positions. Ferrierite has a two -  dimensional pore system, a ten -

43
membered ring channel and a smaller eight -  membered ring channel. Hoe et al 

studied the sorption of krypton in zeolite A. The zeolite needed to be heated to 

increase the pore diameter to enable sorption of krypton since krypton is too large

to fit through the pore openings of zeolite A under standard conditions. Loriso et

2
al. studied the sorption of krypton in zeolite rho using computational techniques.

44,45 46-48
Previous work has investigated noble gases including argon ’ , xenon and
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krypton  ̂ sorbed in silicalite and has provided a good background for the 

computational simulation of the sorption of krypton in silicalite that will be 

described in Chapter 4.

The next few sections of Chapter 2, will give an introduction to zeolites, outlining 

structure and synthesis, after which adsorption theory is discussed and descriptions 

of the five main types of adsorption isotherm are given.

M

ZEOLITES

The definition of zeolites is that they are microporous inorganic compounds 

incorporating a continuous 4 -  net geometry, whose crystal structure contains large 

pores and voids, of sufficient size so as to enable the diffusion of organic

molecules^^. Pore sizes range from 3 Â to over 10 A. This definition initially 

covered the aluminosilicates but with the advent of aluminophosphate synthesis, 

the definition is now extended to cover these systems as well. Zeolite frameworks 

consist of TO4 tetrahedra where T can be silicon or aluminium atoms. These 

tetrahedra are joined together by shared oxygen atoms to form an open crystal 

lattice which contains pores and cavities of molecular dimensions into which guest 

molecules can sorb. The micropore structure is determined by the crystal lattice so 

is uniform throughout with pore sizes constant throughout the structure. Zeolite 

frameworks may be described as being built up of secondary building units (SBUs), 

which are made up of Si0 4  and AIO4 tetrahedra. The tetrahedra share all comers to
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generate the three dimensional structure. SBU’s are single or double ring structures, 

which are linked together to form the three -  dimensional zeolite structure. At a 

higher level of structural organisation is the sodalite unit or p cage, which is made 

up of polyhedral building blocks rather than SBUs. The sodalite unit consists of 

both four - and six - rings, which are linked together to form a cubo -  octahedron, 

which has an internal free diameter of about 6 Â. Fig. (2.0) shows that by 

connecting together the sodalite units in different ways, different zeolite structures 

can be formed. Connection via the four -  rings generates the sodalite unit, which is 

a naturally occurring mineral as well as a synthesised material. By bridging the four 

rings as opposed to fusing them, the zeolite A structure is generated, whilst 

bridging via the six rings generates the (naturally occurring mineral) faujasite 

structure, which is also adopted by the synthetic zeolites X and Y. Zeolites X and Y 

refer to the degree of silicon substitution by aluminium. Zeolite X has a Si:Al ratio 

of between about 1 and 1.5 whilst zeolite Y has a Si:Al ratio of between about 1.5 

and 3.
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49

FAUJASITE

FIGURE 2.0 The construction of sodalite, zeolite A and faujasite from sodalite 

units. Sodalite is constructed by fusion of the four -  membered rings of the p - 

cage, zeolite A is constructed from bridging of the four -  membered rings, faujasite 

is constructed from bridging of the six -  membered rings.

An important aspect of zeolite science is the nature of the silicon and aluminium

50
distribution over the T sites. Here Lowenstein’s rule is of key importance. The 

rule forbids formation of Al-O-Al bridges. The presence of the AIO4 tetrahedra in 

the zeolite framework has two important consequences:

First the replacement or substitution of silicon atoms by aluminium atoms creates 

negative charges in the zeolite framework owing to the silicon atom carrying a +4 

charge whilst an aluminium atom carries a +3 charge. These negative charges can
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be neutralised by the addition of protons (H^) or extra framework cations, such as 

monovalent ions (Na' ,̂ K^, Li^), divalent ions (Ca^ ,̂ Sr̂ "̂ ) or trivalent ions (La^^). 

The protons are firmly bonded to the lone pairs on the bridging oxygen atom 

between silicon and aluminium atoms, with these acidic hydroxyl groups playing 

an important role in the catalytic activity of zeolites. The extra framework cations 

tend to have well defined locations depending on the framework structure.

The second property induced by the presence of AIO4 tetrahedra in zeolite 

frameworks is hydrophilicity. The Si:Al ratio in a zeolite is never less than one but 

has no upper limit with 100% pure silica forms of the zeolite such as silicalite 

available. Zeolites with high aluminium content are hydrophilic whilst high silica 

zeolites such as silicalite are hydrophobic. Transition between a zeolite being 

hydrophilic and hydrophobic occurs at a Si:Al ratio of between 8 and 10.
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2.1.1

APPLICATIONS OF ZEOLITES

Zeolites essentially have three main properties, which are utilised. The first is their 

use in heterogeneous catalysis. Zeolites can catalyse reactions such as the cracking, 

isomérisation of organic molecules and the synthesis of hydrocarbons. Some of the 

uses of zeolites in treating hydrocarbons were described in section 2.0. Zeolites 

contribute to these types of heterogeneous catalysis reactions in two ways:

1. The internal structure of zeolites gives them their molecular sieve type 

property. The size of the channels and cages determine what can and cannot 

diffuse through a particular zeolite; if one isomer of an organic molecule 

contains bulky side chains, whilst another contains a longer but thinner 

chain, then a zeolite of pore size close to the second type of isomer would 

allow that isomer to pass through it, but the bulkier isomer would not be 

able to fit through the zeolite pores. The zeolite can be selected to favour 

one isomer over another.

2. Reaction mechanism of the cracking, isomérisation or hydrocarbon 

synthesis. Reaction mechanisms can be controlled and influenced by acid 

sites within the zeolite. The most common acid site in aluminium -  

substituted zeolites is the hydroxyl group formed by protonation of oxygen 

atoms that bridge between silicon and aluminium. Br0nsted acid catalysis in 

zeolites obeys normal convention in that the acidic hydroxyl group can 

protonate basic groups or unsaturated organic molecules. A zeolite’s Lewis
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acidity or basicity can determine what happens to the protonated species. 

The framework oxygen atoms have Lewis acid/base properties, which could 

play a part in the reaction mechanism of protonating species. Reaction 

mechanisms can also be influenced by the presence of metal atoms in the 

zeolite. Generally it is thought that small, high valence ions such as Ti"̂  ̂

occupy the T sites in the framework (Si or A1 positions), larger, low valence 

ions such as Ca^^ would occupy extra -  framework positions. One such type 

of system that is touched on within this thesis, in chapter 6 is the 

incorporation of iron within a zeolite. Iron is incorporated into a NaY 

zeolite in an extra -  framework position as part of the ferrocene molecule. 

Iron containing zeolites could be utilised in the Fischer -  Tropsch reaction 

for the synthesis of carbon -  carbon bonds.

Zeolites can also accommodate redox reactions. Titanosilicate molecular 

sieves are one example where species such as Ti"̂  ̂can be reduced to Ti^  ̂by

51
dry hydrogen .

The second major property of a zeolite is ion exchange. Extra -  framework 

cations present in aluminium substituted zeolites are loosely bound and can 

exchange with other cations that can be introduced into a zeolite through aqueous 

solutions. This property has been utilised in the water softening and detergent

industry^^^^ and also in petroleum refining^^.

The third major property of a zeolite is separation. This has already been touched 

on when describing preferential production of one type of organic isomer compared 

to another. Zeolites can influence separation in two ways:
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1. The molecular sieve property can be used to control the size of molecules 

that can pass through a zeolite. Pore size can be tailored to allow molecules 

of one size pass through but molecules of a larger size are unable to fit 

through the pores. This pore size control confers kinetic selectivity on the 

zeolite.

2. Zeolites can be used in equilibrium selectivity where a mixed species 

contains components that have stronger interactions to a zeolite than other 

components. The most important system of this type is the use of cation -  

exchanged zeolites for the equilibrium selectivity of nitrogen over oxygen 

in air. Nitrogen has a stronger interaction of its quadrupole moment with the 

electrostatic field gradient created by the extra framework cations than 

oxygen, therefore nitrogen is held within the zeolite whilst oxygen passes 

through.

The following section describes the structure and properties of six major types of 

zeolite, which have been used as sorbents in simulations that follow in chapter 4, 5 

and 6.
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2.1.2

PENTASIL ZEOLITES

The pentasil zeolite family comprises silica rich structures based on double 5 ring 

units. These double 5 ring units are linked to form chains and these chains are 

linked to give layers, which are then stacked in different sequences to obtain 

various zeolite structures. The two end members are ZSM-5 and ZSM-11. The 

name ZSM originated in the early 1970’s when highly siliceous zeolite catalysts 

were synthesised. They were known as the Zeolite Socony Mobil series (ZSM). 

ZSM-5 is used in catalytic applications such as isomérisation reactions and 

synthesis of hydrocarbons from methanol. If the neighbouring layers formed by the 

stacking of the double 5 ring units are related by a reflection (a) then ZSM-11 is 

formed. This contains two sets of linear channels, which intersect at right angles. If 

the layers are related by an inversion (/) then ZSM-5 is formed. This consists of 

straight channels and sinusoidal channels, which intersect. Silicalite has straight 

channels with a cross section of about 5.7 x 5.2 Â running parallel to 010 and 

sinusoidal channels with an almost circular cross section of 5.4 Â running parallel 

to 100. If a combination of (a) and (/) is applied then a hybrid channel system is 

formed with an intergrowth of ZSM-11 in ZSM-5.

Fig. (2.1a) shows a view of silicalite illustrating the entrance to the straight 

channels, whilst Fig. (2.1b) shows a view of the intersecting straight and sinusoidal 

channels and the entrance to the sinusoidal channel.
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10 -  membered ring entrance to 
the straight channels

FIGURE 2.1a View of silicalite along the 010 plane, with indication of the

opening to the straight channels. The sinusoidal channel runs perpendicular to the

straight channel and is unseen in this view.

Straight Channel

10 -  Membered Ring 
Entrance to the Sinusoidal Sinusoidal Channel

FIGURE 2.1b View of silicalite illustrating the intersecting straight and sinusoidal 

channels as well as the 10 -  membered ring entrance to the sinusoidal channel.
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2.1.3

ZEOLITES X AND Y

Zeolites X and Y are synthetic zeolites, whilst faujasite is the isostructural natural 

zeolite. All, however, have the same framework structure. The crystallographic unit 

cell consists of eight cages with 192 (AIO2 and SiOi) tetrahedral units. The zeolite 

framework can be thought of as either a tetrahedral lattice of sodalite units 

connected by the six -  membered oxygen rings or as a tetrahedral arrangement of 

double six ring units. A supercage is formed by the eight cages in the 

crystallographic unit cell. Channels are present in the structure, with each cage 

connected to four other cages through twelve -  membered oxygen rings. The 

diameter of these 12 membered rings is about 7.4 Â.

The name X or Y depends on the Si:Al ratio. Si:Al ratios in the region 1 - 1 .5  

give zeolite X whilst Si:Al ratios of 1.5 -  3.0 give zeolite Y. The number of cations 

within each zeolite differs depending on whether it is an X or Y zeolite. Zeolite X 

has between 10 and 12 cations per cage whilst zeolite Y can have as few as 6 

cations per cage. Five different cation sites have been identified as illustrated in Fig

Site I is the site located at the centre of the double six-ring

Site r  is on the inside of the p cage, adjacent to the double six-ring

Site n ’ is on the inside of the sodalite unit adjacent to the single six-ring

Site n  approaches the single six-ring outside the P-cage, it lies within the large

cavity opposite site IF
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Site III refers to positions in the wall of the large cavity, on the fourfold axis in the 

large 12-ring aperture 

The distribution of the cations between the various sites depends on both the 

nature of the cations, and the number of cations present per unit cell.

Supercage

Double Six 
ring, also 
termed 

Hexagonal 
prism

FIGURE 2.2 View of faujasite. Illustration of silicon only framework, oxygen 

atoms lie half way along the vertices formed by Si -  Si. The five cation sites are 

shown, as are the double six -  membered rings which are situated between the P 

cages and the supercage that is formed.
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2.1.4

ZEOLITE A

Zeolite A consists of eight (3 cages located at the comers of a cube. The cages are 

joined together through the four-membered oxygen rings forming a large 

polyhedral a  cage with a diameter of about 11.4 Â. This a  cage is accessible 

through the eight -  membered oxygen windows. These units are then stacked in a 

cubic lattice giving a three -  dimensional isotropic channel structure that is 

constricted by the eight-membered oxygen rings.

Each unit cell within the zeolite contains 24 tetrahedral (AIO2 or SiOi) units. The 

Si:Al ratio in zeolite A is usually around 1 so there are 12 exchangeable cations per 

cell. There are three distinct cation sites as illustrated in Fig (2.3):

Type I -  at the centres of the six-rings in the eight comers of the central cavity 

Type II -  in the eight-rings

Type m  -  on the cage wall in close proximity to a four-ring 

Most cations preferentially occupy type I sites, followed by type II sites, with 

type n i  sites only occupied once type I and II sites are filled.
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4 -  membered oxygen rings

Type III

a Cage

P Cage

Type II

Type I

FIGURE 2.3 View of zeolite A. Illustration of T - site only framework, oxygen 

atoms lie half way along the vertices formed by Si -  Si (shown in orange). The 

three cation sites are indicated, as well as the a  and P cages. The four -  membered 

oxygen rings linking the p cages are also shown.
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2.1.5

MORDENITE

The structure of mordenite is made up of stacked TgOi6 units. The Si:Al ratio in 

both natural and synthetic forms is close to 5, but the aluminium content can be 

decreased without loss of framework crystallinity. Mordenite contains a uni -  

dimensional channel system, with blind side pockets. The main channel is formed 

from twelve -  membered rings and has a pore diameter of 6.7-7 Â. Natural 

mordenite has narrower channels than expected from the pore opening due to the 

presence of impurities, which can be removed by acid leaching to open the full pore 

diameter. Synthetic mordenites do not suffer from such problems. Due to the uni -  

dimensional channel system, any blocking of the pores can have more serious 

effects than in a three-dimensional channel system such as silicalite. It is for this 

reason that mordenite is unsuitable for the sorption of hydrocarbons where coke 

formation would block the pores, clean non - hydrocarbon gases therefore make up 

the majority of sorbates that are used together with mordenite.

55
Mordenite contains eight possible cation sites defined by Mortier et al. . These 

are shown in Fig. (2.4).

Sites A, B and D consists of 4 sites per lattice in the side pockets

Site C consists of 16 sites per lattice in the side pockets

Sites E and H consists of 8 sites per lattice in the uni -  dimensional channels

Site F consists of 4 sites per lattice in the uni -  dimensional channels

Site G consists of 16 sites per lattice in the uni -  dimensional channels
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SiteE

Site G

Site F ;

Site H

SiteC

S teB

Site A

SiteD

Uni -  dimensional 
channel

Side pockets

FIGURE 2.4 View of mordenite (2x2x2 cell). The eight cation positions are 

indicated, as are the channels and side pockets. The solid blue rectangle outlines the 

unit cell.
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2.1.6

ZEOLITE RHO

Zeolite rho is composed of two interpenetrating but unconnected cubic lattices of 

cages; the cages in each sub -  lattice are connected by pairs of eight -  membered 

rings, which are circular and form windows into the cage from the face of the cubic 

structure. A six membered -  ring is also present and lies along the cube diagonal. 

Cation sites lie at the centres of the eight and six -  membered rings. The cages 

themselves are roughly spherical with a diameter of about II Â. The diameters of 

the eight and six - membered rings are 9Â and 5Â respectively. Zeolite rho is 

unusual in that the framework undergoes some distortion on the introduction of 

extra framework cations. For the work carried out here, however, framework 

distortion is not included in the simulations. Cations have been introduced to an 

undistorted zeolite rho structure.

Cations are located in three regions, labelled according to the work by Johnson et

,5 6
al. as:

S8R and D8R, which are elliptical eight -  membered rings 

S6R, which is a six -  membered ring 

Fig. (2.5) shows a view of zeolite rho.
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S8R

S6R

D8R

FIGURE 2.5 View of zeolite rho. For clarity, only one unit cell is shown, in order 

to illustrate the regions where cations are located. The unit cell has formula 

All iSi37096. The eight -  membered rings are shown in light grey and yellow, whilst 

the six -  membered ring is shown in dark grey.
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2.1.7

CHABAZITE

The chabazite structure consists of a three -  dimensional channel system. The 

channel system also contains pores formed from eight -  membered oxygen rings 

which have a diameter of about 3.8Â. The channel structure is formed from the 

connection of hexagonal prisms by four -  membered ring units. Three cation sites 

have been identified:

SI at the centre of the hexagonal prism

Sn above the six -  ring window of the hexagonal prism

Sni at the eight -  ring window.

Fig (2.6) shows a view of chabazite.
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SIII

8 -  ring 
opening

Hexagonal 
prism

4 -  ring 
units

FIGURE 2.6 View of chabazite with a 2x2x2 cell. The three cation sites are shown 

and indication of the eight -  membered ring opening to the pores, the hexagonal 

prisms and the connecting four -  membered ring units which form the channel 

between hexagonal prisms is given.
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ZEOLITE SYNTHESIS

Zeolites are crystallised from aqueous alkaline gels. The gels contain the 

“ingredients” for the zeolite product such as sources of silica, aluminium and

cations. Ruthven^^ gives a schematic summary of the steps used in the manufacture 

of a zeolite, which involves the reagents in aqueous form (sodium silicate, sodium 

hydroxide, sodium aluminate etc.) being added to an autoclave so that 

hydrothermal synthesis can take place. Following this, a metal salt may be added 

and ion exchange is carried out. The reaction mixture is then dried at about 150 °C 

and the product is produced. Further drying at 200 °C followed by calcination at 

650 °C gives the activated zeolite product. The formation of the desired zeolite 

product depends on maintaining the correct conditions of pH, temperature and 

concentration. Other considerations in zeolite synthesis include the use of seeding 

to promote crystallisation and the use of high pressures. Operating temperatures 

during zeolite synthesis can be higher than the boiling point of the solution so high 

pressures may need to be employed. Some zeolites can be produced directly in the 

sodium form such as zeolites A, X, Y and Mordenite, but many zeolites, such as the 

pentasil zeolites need the addition of quaternary amine to act as a template.

Most zeolites and in particular the aluminium rich zeolites have only limited 

hydrothermal stability. Care must therefore be taken in the dehydration and 

calcination steps of the synthesis. In anhydrous conditions, zeolites can usually 

remain stable at temperatures up to and over 700°C. In the presence of water.
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however, crystallinity can be destroyed in very short periods of time and at 

relatively low temperatures. Thermal stability can also depend on the cation -  

exchanged form of the zeolite. The unexchanged zeolite can he prepared first in a 

pellet form. Following filtration to remove the zeolite crystals from the synthesis 

liquor, the required cation exchanged form can be prepared by washing in an 

aqueous solution containing the appropriate cation.
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23

ADSORPTION

One of the most important properties of a zeolite is its ability to act as a “molecular

sieve”. Since the 18*̂  century and the work of Fontana^^ and Scheele^^, it has been 

known that porous solids can reversibly adsorb large volumes of condensable gas. 

In 1777 Fontana carried out an experiment where freshly calcined charcoal was 

cooled under mercury. The charcoal was observed to take in several times its own 

volume of various gases. Scheele later in 1777 recorded that charcoal expelled air 

on heating and took air in again on cooling. During the 19̂  ̂century, de Saussure^^

and Mitscherlich^^ were the first to observe that the efficiency of a solid at 

adsorbing gas depended on the surface area and the pore sizes in the solid.

The term adsorption is used for gases condensing on free surfaces, whilst the term 

absorption is employed where molecules of gas penetrate into the absorbing solid. 

The official definition of physical adsorption is the enrichment (positive 

adsorption) or depletion (negative adsorption) of one or more components in an

interfacial layer. The term sorption was first proposed by McBain^^ in 1909. It 

covered adsorption on the surface, absorption by penetration into the lattice of the 

solid and capillary condensation within the pores.

Adsorption is measured by adsorption isotherms. When a porous solid is exposed 

to a gas or vapour in an enclosed environment at a certain pressure it begins to 

adsorb. The weight of the solid will increase, until equilibrium is attained. The
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amount of gas adsorbed can then be calculated from application of the gas laws 

given knowledge of the volume of the vessels and the solids, or by measuring the 

increase in the weight of the solid. In such systems, the material being adsorbed by 

the solid is termed the adsorbate whilst the solid is termed the adsorbent.

The amount of gas taken up by a solid is proportional to the mass of the sample 

and also depends on the temperature, the pressure of the vapour and the nature of 

both the gas and solid. If:

« = / ( / ? ,  T, gas, solid) Eq. 2.0

where n is the amount of gas adsorbed in moles per gram of solid, proportional to 

pressure (p) of the vapour and the temperature (T) of both the gas and solid.

If temperature is fixed then the equation becomes:

«  =  /  ( P K g a . ,  soBd Eq. 2.1

If the temperature is below the critical temperature of the gas then the equation can 

take the form:

n = f Eq. 2.2
T, gas, solid

where p° is the saturation vapour pressure of the adsorbate.

These are all expressions for the adsorption isotherm, which relates the quantity of 

gas adsorbed to pressure at constant temperature.

There are five main classes of adsorption isotherm. Types I to V as classified by 

Brunauer, Deming, Deming and Teller (BDDT) (or referred to in some cases as the
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Brunauer, Emmett and Teller (BET) classification). Fig. (2.7) shows the five types 

of isotherm.
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Type I Isotherm Type n  Isotherm

I
I

I
I

P/kPa P/kPa

Type in  Isotherm Type IV Isotherm

I
I

1
P/kPa P/kPa

Type V Isotherm

10
1
o

P/kPa

FIGURE 2.7 BET classification of adsorption isotherms
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A description of Type I isotherms which are the most applicable to microporous 

materials will be given, followed by a description of Type II isotherms. A 

description of Type IV, HI and V isotherms is then given.

M

TYPE I ISOTHERMS
/

Type I isotherms are very common and are produced by the physical adsorption of 

gases in microporous solids and the main concern in this study. The characteristic 

of Type I isotherms is a plateau region reached at saturation, the filling of the 

monolayer, after which loading remains constant with no further multilayer 

adsorption.

In microporous solids, the interaction energy between the solid and the gas is 

greatly enhanced due to the potential field overlap from neighbouring walls that 

make up the microporous structure. These walls are only a few molecular diameters 

in width enabling significant potential field overlap. The enhanced interaction 

energies gives increased adsorption and complete filling of the pores at low relative 

pressures. The isotherm is characterised by a plateau at high relative pressures, 

brought about by the tailing off of the loading as the saturation pressure is 

approached. The pores are narrow enough to accommodate only one molecular 

layer on their walls and the plateau corresponds to the completion of this 

monolayer.
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The shape of the isotherm is explained in terms of the Langmuir model. The 

Langmuir model makes four assumptions:

1. Molecules are adsorbed at a fixed number of well -  defined localised sites

2. Each site can hold one adsorbate molecule

3. All sites are energetically equivalent

4. There is no interaction between molecules adsorbed on neighbouring sites

The model labels the fraction of occupied sites as 0i and the fraction of bare sites as 

00 so that 00 + 01 = 1. The rate of condensation (Rc) on a unit area of surface area is 

given by:

R  ̂ k: 6 q Eq. 2.3

where k is the constant given by the kinetic theory of gases, a\ is the condensation 

coefficient (the fraction of molecules that condense on the surface). The 

evaporation of an adsorbed molecule from a unit area of solid is an activated 

process where the activation energy can be equated to the isosteric heat of 

adsorption q\. The rate of evaporation (Re) is then given by:

RT
Eq. 2.4

where Zm is the number of sites per unit area (zm^i is the number of adsorbed 

molecules) and vi is the frequency of oscillation of the molecule in a direction 

normal to the surface.
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At equilibrium, the rate of condensation = the rate of evaporation so:

a^K p 0 0 = z ^ 0 iVI Q Eq. 2.5

Since 0o = l-0i:

 ̂ Eq- 2-6
«1^ P + ZmVlG /RT

If n is the amount of adsorbed gas in moles on Ig of adsorbent, then Qi = n / rir, 

where rim is the monolayer capacity, substitution into the above gives:

—  -  Eq. 2.7
rim I + B p

which is the standard Langmuir equation for adsorption confined to a monolayer, 

where:

B = e Eq. 2.8

If relative pressure is used then the equation becomes: 

n c { p / p ° )
rim \ + c (p/p )

Eq. 2.9

Eq. (2.9) is a special case of the BET model (described in the following section 2.5) 

where adsorption is restricted to one monolayer.

For the majority of the sorption studies carried out here. Type I isotherms will be 

observed. Calculations will model adsorption using the Langmuir model.
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incorporating Monte Carlo methods for creation and destruction of molecules or 

atoms.

Z A

TYPE II ISOTHERMS

Type II isotherms tend to occur with sorption of gases by nonporous solids. The 

isotherm exhibits a step indicating complete adsorption of a monolayer, followed 

by further multilayer adsorption.

Type II isotherms for a given gas on a specific solid can be used to derive a value 

for the monolayer capacity of the solid. Monolayer capacity is defined as the 

amount of adsorbate, which can be accommodated in a completely filled, single 

molecular layer -  a monolayer -  on the surface of unit mass (Ig) of the solid. To 

obtain the monolayer capacity from the adsorption isotherm the Type II isotherm 

needs to be interpreted in a quantitative form. A kinetic model was proposed by

Langmuir^^, and used as a base for the BET model . In the BET model the surface 

of the solid is regarded as an array of adsorption sites and a state of dynamic 

equilibrium exists for which the rate at which molecules arriving from the gas 

phase and condensing onto the adsorption sites is equal to the rate at which 

molecules evaporate and desorb from the sites.

The traditional BET equation to describe Type II isotherms where the number of 

molecular layers even at saturation pressure is restricted to a finite number N is 

given as:
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n c ( p / p ° ) l - ( N  + l ) ( p / p ° ) ’̂ + N ( p / p ' ‘f * '  210
n„ l - p / p °  l + ( c - l ) ( p / p ° ) - c { p / p ' ’f * '

Where n is the amount adsorbed on Ig of adsorbent (in moles), rim is the monolayer 

capacity, p is the pressure of the vapour and p® is the saturation vapour pressure, c 

is taken as:

c = Eq. 2.11

Where (qi-qt) is the net heat of adsorption, R is the gas constant and T is 

temperature. Eq. (2.10) can be shown to equal Eq. (2.9) if N = 1.

The adsorption isotherm indicates that a sharp increase in loading with pressure is 

terminated at a point labelled usually as “Point B” shown in Fig (2.7), after which 

loading increases linearly with pressure followed by a steeper increase in loading 

with pressure representing multilayer adsorption. Point B indicates the filling of the 

monolayer so that adsorption at “Point B” should be equal to the monolayer 

capacity.
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M

TYPE IV ISOTHERMS

Type rV isotherms describe adsorption of gases by mesoporous solids. Indeed the 

mesopore range of pore size is usually taken to be the range which produces a Type 

IV isotherm. Generally mesopores are defined as having a diameter between 15Â 

and 500Â. In the low pressure region, the isotherm resembles the Type II isotherm 

where loading tails off after an initial sharp increase. The Type IV isotherm then 

starts to deviate upwards from the Type II isotherm until at higher pressures the 

slope of the isotherm decreases. As saturation vapour pressure is approached, 

loading shows little variation. A characteristic feature of Type IV isotherms is that 

it exhibits a hysteresis loop (shown by the dashed line in Fig (2.7)). The shape of 

the loop varies according to the particular system, but always shows that the 

amount adsorbed is always greater at any given relative pressure on the desorption 

pathway (dashed line) than on the adsorption pathway.

Zsigmondy^^ proposed his capillary condensation theory for the interpretation of 

the Type IV isotherm, which in various forms is the basis for all theoretical 

treatments of this type of isotherm. The theory was based on the principle proposed 

by Lord Kelvin that the equilibrium vapour pressure over a concave meniscus of 

liquid must be less than the saturation vapour pressure at the same temperature. 

This implies that a vapour can condense to liquid inside the pores of a solid even 

when its relative pressure is less than unity. Zsigmondy’s model assumed that the 

initial, low -  pressure region of the Type IV isotherm leading to the first sub -  step
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represented adsorption of a thin layer of adsorbate on the walls of the mesoporous 

solid. After the first sub -  step, Zsigmondy proposed that capillary condensation 

commences in the most narrow pores and as pressure increases, condensation 

continues in wider and wider pores until saturation pressure and the entire system is 

fully loaded with the condensed sorbate.

i n _

TYPE III AND TYPE V ISOTHERMS

Both Type IE and Type V isotherms are convex towards the pressure axis, in the 

Type n i isotherm this trend remains throughout the isotherm whereas in Type V 

isotherms an inflection occurs at high pressure in the multilayer region of the 

isotherm where loading reaches a plateau. Type III and Type V isotherms are 

characteristic of weak adsorbate -  adsorbent interactions. The adsorbent tends to be 

non porous or macroporous (pore size is greater than 500Â) in Type IE isotherms 

and mesoporous or microporous (pore size is between 20Â and 500Â for 

mesoporous materials and less than 20Â for microporous materials) in Type V 

isotherms.

The trend of convexity towards the pressure axis is a consequence of adsorbate -  

adsorbate forces. The weakness of adsorbate -  adsorbent forces that give rise to 

Type lE/V isotherms causes only a small uptake at low relative pressures. Once 

molecules are adsorbed, adsorbate -  adsorbate forces will promote further 

adsorption of molecules via a cooperative process. This cooperative process leads
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to convexity towards the pressure axis. Type V isotherms display a sub -  step due 

to the ability of the systems they model to reach saturation. Adsorbates giving rise 

to Type HI and V isotherms could be polar or non -  polar molecules with weak 

adsorbate -  adsorbent forces.

Type n  isotherms can be converted into a Type HI isotherm, by pre -  adsorption 

of a substance that will weaken adsorbate -  adsorbent interactions. One example is 

that of the adsorption of pentane on rutile. Under normal conditions, un -  modified 

rutile will give rise to a Type II isotherm on the adsorption of pentane. If ethanol is 

first adsorbed onto rutile, the strong pentane to rutile interactions are shielded by 

ethanol, promoting slow initial uptake at low pressures and then convexity towards 

the pressure axis as pentane -  pentane cooperative adsorption occurs.

We now introduce and discuss the various methodologies used to study the 

sorption of various atoms and molecules by computer simulation.
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M

METHODOLOGY

This methodology section will discuss all the computational techniques that have 

been applied to the sorption of krypton in silicalite, oxygen and nitrogen in LiX, Li 

-  chabazite, LiA, Li -  mordenite, Li -  rho and the sorption of ferrocene in Na - Y. 

A large part of the work has used Monte Carlo methods in determining low energy 

sorption sites, adsorption energies and adsorption isotherms. Five techniques used 

to study the sorption of krypton in silicalite will be discussed firstly:

(i) Monte Carlo Docking

(ii) Energy Minimisation (Fixed framework and Relaxed Lattice) -  To 

determine low energy sorption sites in silicalite

(iii) Canonical Monte Carlo (CMC) Internal Energy -  In calculating statistically 

accurate, average adsorption energies

(iv) Grand Canonical Monte Carlo (GCMC) -  To calculate adsorption isotherms

(v) Molecular Dynamics (MD) -  In studying the diffusion of sorbates through 

the flexible zeolite framework

Henry constant calculation will then be discussed in reference to the oxygen and

nitrogen sorption in Li exchanged zeolites. The chapter will then move on to

describe forcefield methods, which have been applied to the Monte Carlo, energy

66
minimisation and Henry constant work. The use of the Ewald summation to 

truncate potentials contained within a forcefield is outlined, as is the use of periodic
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boundary conditions (PBC) to treat long range behaviour of a system efficiently in 

terms of computational power.

The chapter will conclude with a brief introduction and review of ab initio 

quantum mechanical (QM) methods, which were specifically used in developing an 

interatomic potential to describe Li to oxygen and nitrogen interactions. A 

description of the method used to fit an interatomic potential to the ab initio 

calculations will also be given. This potential was used in the sorption studies of 0% 

and N2 in Li exchanged zeolites.

M

MONTE CARLO DOCKING

Monte Carlo docking^^ is a simple and robust procedure for locating low energy 

sites within microporous solids. It combines MD (used to generate a library of 

starting configurations when using a flexible guest molecule), with Monte Carlo 

random selection procedures and finally energy minimisation, to introduce a guest 

molecule into a host. The host/guest system is then relaxed to obtain an optimised 

structure.

If the system studied does not consist of flexible guest molecules, such as the 

krypton/silicalite system studied later on, the initial high temperature MD 

calculation is not required. The first step in the krypton Monte Carlo docking 

therefore starts with krypton being inserted into a random position in the silicalite 

framework. A minimum energy threshold is specified and the energy of interaction
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for the sorbate/sorbent system is calculated. If the energy is less than the threshold 

level then the docked sorbate position is accepted. The energy level is chosen to 

exclude excessive steric interactions between sorbate and sorbent. If the energy of 

the system is greater than the specified level i.e. there is too much steric 

interference, the docked system is rejected and a new random placement is made 

and the calculation repeated. The initial positioning of the guest sorbate species into 

the host provides a good starting configuration for the energy minimisation process. 

The docking process stops when the calculated sorbate/sorbent interaction energy is 

less than the threshold limit or after a specified maximum number of trials are 

concluded. The docked system then undergoes energy minimisation to find the

lowest energy conformation of the sorbate/sorbent complex, the DISCOVER

68
code was used to carry out the energy minimisation.

The Solids Docking Module in the Insightll package^^ was used to carry out the 

Monte Carlo Docking procedure. A schematic representation of the Monte Carlo 

Docking process can be seen in Fig. (3.0).

68



Monte Carlo Docking Process

Energy Minimisation

Host StructureGuest Atom or Molecule

Energy threshold (E t) set

Final docked and minimised 
structure

Es < Et : Position of guest 
atom or molecule 
accepted and a written to 
an archive file

Es > Et : Position of guest 
atom or molecule rejected 
and a new random 
position is taken up

Guest atom or molecule randomly positioned in host 
structure. Energy of the system (Es) calculated and 

compared with threshold energy (E t)

High temperature Molecular Dynamics run on flexible guest 
molecule (not carried out for the docking of Kr into 

silicalite). Host structure kept rigid so not involved in MD.

FIGURE 3.0 Schematic representation of the Monte Carlo Docking process
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ENERGY MINIMISATION

Leach^^ stated that energy minimisation can be addressed as the following problem: 

“Given a function/which depends on one or more variables %2, , %i, find the

values of those variables where/has a minimum value.”

The first derivative of the function with respect to each of the variables will be 

zero and the second derivatives will all be positive:

■ 1=^=  0 ;  > 0 Eq. 3.0
O X .  o x .

The functions dealt with in this work will be the quantum mechanics or molecular 

mechanics energy with the variables being the Cartesian or internal coordinates of 

the atoms.

The way in which energy varies with coordinates is termed the potential energy 

surface or hypersurface. The term “energy” refers to the potential energy. It is 

almost impossible to work with the entire potential energy surface as for a system 

of N atoms, the energy is a function of 3N-6 internal coordinates or 3N Cartesian 

coordinates. Only in the simplest of systems where the number of coordinates is 

limited to one or two is it possible to visualise the entire potential energy surface. 

One example is the calculation of the van der Waals energy between two atoms 

using a Lennard -  Jones type potential. This calculation only depends on the 

interatomic distance.
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In molecular systems coordinates are gradually changed using numerical methods 

in order to generate configurations with lower and lower energies until a minimum 

is found. Minimisation algorithms can either use derivative methods or non - 

derivative methods. Derivative methods use derivatives of the energy with respect 

to the coordinates in order to find the energy minimum whilst non -  derivative 

methods do not. The use of derivatives enables the shape of the energy surface to 

be studied and can improve the efficiency of the minimisation.

There is no ideal algorithm in energy minimisation, each individual molecular 

system may require one algorithm, or another, or a combination of two or more 

algorithms. The most important aspect is the amount of computational time and 

power needed to carry out the minimisation using the chosen algorithm. The ideal 

algorithm will find the energy minimum in the shortest time available using the 

least amount of the CPU and memory.

Most energy minimisation algorithms will locate the energy minima closest to the 

starting point so will go downhill in energy. Finding the energy minima can be 

conceptually viewed as a ball rolling along a hilly surface, where the hilly surface 

represents the energy surface. The ball is under the influence of gravity, and where 

it comes to rest on the surface is the energy minimum. In order to sample more than 

one minimum or to locate the global energy minimum, a variety of different 

starting points are needed. Some minimisation methods allow for an uphill move in 

energy in order to locate minima that may not be closest to the starting point, but no 

present algorithm can locate the global energy minimum from a random starting 

point.
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The starting point for an energy minimisation takes the form of a set of initial 

coordinates that define the system under study. These coordinates may come from 

experimental techniques such as X-ray crystallography. In this work, starting 

configurations are generated from initial Monte Carlo docking simulations.

3.2.1 

DERIVATIVE METHODS

The derivatives of energy provide valuable information for an energy minimisation. 

The first derivative of the energy, also called the gradient, shows where the 

minimum is. The magnitude of the gradient indicates the steepness of the slope. 

The force acting on an atom is minus the gradient, so the energy of the system can 

be lowered by moving each atom according to the force acting on it. The force 

acting on each atom will be zero at the energy minimum. The second derivative of 

energy shows the curvature of the function, this will predict where a function will 

change direction, which happens when it passes through a minimum or stationary 

point.

The function describing energy can be expressed as a Taylor series expansion 

about point jcjt:

v ( x )  =  v ( x ^ )  +  ( x  -  v ’ ( : r ) - I - v " ( ^ 2 )  + — Eq. 3.1
The variable x  is replaced by the vector x and matrices are used for the derivatives 

in a multidimensional function.
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If the potential energy v(x) is a function of 3N cartesian coordinates then the 

vector X will have 3N components and Xk corresponds to the current configuration 

of the system. v ’(Xk) is a 3N x 1 matrix where each element is the partial derivative 

of V with respect to the corresponding coordinate. The gradient at the point k is 

labelled gk. Elements (i, j) of the matrix v” (Xk) are the partial second derivatives of 

the energy function with respect to jci and jcj. The matrix v ” (Xk) has dimension 3N x 

3N and is called the Hessian or force constant matrix. The Taylor series expansion 

is then written for the multidimensional case:

v(x) =  v(Xk) + (x - X)c).v’(Xk) + V4(x - X k f. v ” (Xk). (x - x j  +  ...  Eq. 3.2

Where T stands for transpose of the column matrix represented by (x -X k ) to a row 

matrix.

Since the functions used in molecular modelling are rarely quadratic, the Taylor 

series expansion can only be an approximation. This means that for any given 

minimisation method, performance for a molecular or quantum mechanics energy 

surface will not be as good as for a pure quadratic function. Also, at points far 

from the minimum the harmonic approximation is poor so some minimisation 

methods will fail at these points even if they work at points closer to the minimum.

Two first order minimisation methods (steepest descents and conjugate gradient) 

will be discussed, followed by second order minimisation methods (Newton 

Raphson and Quasi Newton Raphson).
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3.2.2

THE STEEPEST DESCENTS METHOD

The steepest descents method moves in a direction parallel to the direction of the 

net force. The direction is represented by Sk, which is a 3N dimensional unit vector: 

Sk =  - g k / | g k |  Eq. 3.3

On a two -  dimensional energy surface, following the gradient direction along a 

line, the function will pass through a minimum and then increase again. In order to 

find the minimum a line search can be carried out or a stepwise search along the 

line can be employed.

A line search involves locating the minimum along a specified direction. Three 

points are located along the line, with the central point at a lower energy than the 

two other points. This ensures that at least one minimum must lie between the two 

outer points. The distance between the two outer points can then be decreased to 

narrow the region in which the minimum occurs. This is computationally 

expensive due to the number of function evaluations that need to be carried out. 

Alternatively a function can be fitted to the three points and differentiation of the 

fitted function enables an analytic approximation of the minimum to be identified. 

Each direction in the steepest descents method is orthogonal to the previous 

direction.

The arbitrary step approach to the steepest descents method is an alternative 

approach to the line search method that could be computationally expensive. In the 

step approach, a move is made along the gradient unit vector (Sk) to generate a new
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set of coordinates at some distance along the gradient unit vector from the starting 

point. The new coordinates are given by the equation:

Xk+I =  Xk +  XkSk Eq. 3.4

^k is the step size and will have a predetermined value depending on the application 

being iised. If after the first iteration, the energy is lower than the initial energy, the 

step size is increased by a certain multiplicative factor and is continually increased 

if the energy moves to a lower and lower value. If the energy moves to a higher 

value after initially decreasing, it is assumed that the minimum has been passed and 

energy is increasing on the other side of the minimum. The step size is then 

decreased by a multiplicative factor to go back towards the minimum again. This 

method could lead to more steps being taken compared to the line search method, 

but it involves fewer function evaluations so is less computationally demanding. A 

detailed example of how steepest descents are calculated is given in APPENDIX A 

(A.1).

The steepest descents method is good at minimising high energy systems from an 

initial starting configuration; the direction of the gradient is determined by the 

largest interatomic forces. The method is good for systems that are initially far 

from the minima. The drawbacks of the method are that a lot of steps need to be 

taken in order to reach the minimum for a long narrow valley. Also the method 

requires a right angle turn at each stationary point calculated until it reaches the 

minimum and this may not be the most efficient route towards the minimum. The 

method also continuously overcorrects itself as it oscillates along its path to the 

minimum. If a step takes the energy through the minimum and up the other side of
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the energy “hill”, the method corrects this by reducing the step size and going 

backwards over the path it has already taken to try to find the minimum.

3.2.3 

CONJUGATE GRADIENTS TECHNIQUE

Whereas the steepest descents method treats the gradient and direction at each 

successive step as being orthogonal (i.e. the scalar product of the gradient and 

direction at successive steps is zero), the conjugate gradients technique only treats 

the gradients as being orthogonal, the directions are conjugate. The method 

prevents each successive direction from retracing directions previously explored, 

each successive step refines the direction towards the minimum. This stops the 

oscillatory trend seen in some cases when using the steepest descents method. For a 

quadratic function of M variables, a set of conjugate directions will have the 

property that the energy minimum is found in M steps.

The method involves moving in a direction Vk from the previous point Xk. Vk is 

calculated from minus the gradient at the present point and the previous direction 

vector Vk-i:

Vk = -gk + TkVk-i Eq. 3.5
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7k is the scalar constant and can be given in two forms:

Fletcher Reeves algorithm

^ _  ëk • 8k Eq. 3,6

or the Polak -  Ribiere method

„  = i & .: Bid.) Eq. 3.7
gk.i -gk-i

68
The Polak - Ribiere method was used in the DISCOVER Monte Carlo Docking 

energy minimisation. For a purely quadratic function, Fletcher Reeves and Polak- 

Ribiere are identical.

The conjugate gradients method can only start from the second step onwards. The 

first step is carried out using the steepest descents method. APPENDIX A (A.2) 

contains a detailed explanation of how conjugate gradients techniques can locate 

the energy minimum for a purely quadratic function.
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3.2.4

NEWTON-RAPHSON METHOD

The Newton Raphson method is a second order method. This means that it uses the 

first derivatives (the gradients) and also the second derivatives, which give 

information about the curvature of the function.

The Taylor series expansion about the point Xk is: 

v(x) = v(Xk) + (x - Xk)v’ (Xk) + V2(x - Xk)̂ . v ” (Xk) +. . .  Eq. 3.8

The first derivative of v(x) is:

V ’ (x) = V ’ (Xk) + (x - Xk)v ’ ’ (Xk) Eq. 3.9

For a purely quadratic function the second derivative is the same everywhere so

v ” (x) = v ” (Xk). Also at the minimum (x = x*) v ’(x*) = 0 so for a

multidimensional function:

X* = Xk - v ’(Xk).v” '*(Xk) Eq. 3.10

where v ” '̂ (Xk) is the inverse Hessian matrix of second derivatives.

APPENDIX A (A. 3) contains a worked example of how the Newton Raphson 

method can calculate the location of the energy minimum.

The minimum for a purely quadratic function is reached in one step, but in reality 

the functions used for molecular systems are not purely quadratic so more steps 

will be needed and the Hessian matrix must be fully updated at each step. This is 

undesirable because the method then becomes computationally expensive. Another 

requirement of the method is that the Hessian matrix of second derivatives must be 

positive definite. A positive definite matrix contains all positive eigenvalues. In the
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example above the eigenvalues are V2 and Va. If the Hessian matrix is not positive 

definite then the Newton Raphson method will converge towards a maximum and 

not a minimum. Also at points far from the minimum, the method is not very robust 

as the harmonic approximation is not appropriate.

3.2.5 

QUASI ■ NEWTON METHODS

Quasi -  Newton methods address the problem of time consuming Hessian matrix 

calculations for functions that are not purely quadratic. The method does this by 

building up the inverse Hessian matrix in successive iterations so that as the 

number of iterations tends to infinity, the sequence of matrices Hk will be equal to

lim H . = v "   ̂ (%k) Eq. 3.11
k ^ o o  * *
v” -'(xt):

The new positions Xk+i are obtained from the current position Xk, the gradient gk 

and the updated inverse Hessian matrix Hk at every iteration k:

H k g t  Eq. 3.12

This is similar to the formula derived for the Newton-Raphson method and is exact 

for a purely quadratic function. For a non purely quadratic function, a line search 

along the vector Xk+i - Xk is performed. The accuracy of the line search can vary 

depending on how many steps the quasi-Newton method carries, the more accurate
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the line search, the fewer steps are needed to be performed. At the new position 

Xk+i the Hessian is updated. There are a number of methods of updating the

71,72
Hessian, two of the most common are the Davidon -  Fletcher -  Powell (DFP)

and Broyden -  Fletcher -  Goldfarb -  Shanno (BFGs/^ methods.

The (DFP) formula is:

JJ -%k)®(Xk-1 - X , ) ( g w  - g t ) ] ® [ H ,  (g„_i - gfc)]

(Xtrt-Xk).(gk.,-gk) (gk«-gk)-Hf(gk_i-gk)

where (8) means that a matrix is to be formed between the two vectors either side of 

the symbol.

The (BFGS) formula is similar but has an additional term at the end of the 

equation:

I J  I ( X k ^ i - X k ) ® ( X k - i - X k )  [ H k  ( g k t i - g k ) ] ® [ H t  ( ë k - 1 - ë k ) 3

" ( X k + I - X k ) - ( g k + i - g k )  (gk+1 - g k )  H k  (g k - i  - g k )

! +[(gk+i-gk) Hk .(gfc^i-gk)]u®u Eq. 3.14

where:

u  = --------------- - Xk )--------------------------------- - gk)]-------  Eq. 3.15
(Xk+l -  Xk )  . ( g k + l  -  g k  )  ( g k + l  -  g k  )  • H k  . (gk-M - g k )
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3.3

CANONICAL MONTE CARLO INTERNAL ENERGY

CMC internal energy calculations were employed to calculate adsorption energies. 

The canonical ensemble consists of a constant number of molecules, N, constant 

volume, V and constant temperature T. Energy is represented as an ensemble 

average:

( E ) = j j d ; d ; : E ( p \ r ^ ) p ( p \ r ) Eq. 3.16

where p( p^, r^) is the probability density, the probability of finding a 

configuration with momentum and positions and is equal to the Boltzmann 

distribution:

exp
ÂTbT

/Q Eq. 3.17

Where E(p'^,r'^) is the energy, tg is the Boltzmann constant, T is temperature and Q 

is the partition function. The partition function is more generally written in terms of 

the Hamiltonian, H. For the canonical ensemble the partition function is:

Eq. 3.18
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H is considered to be the same as the total energy E (p^, r^) which equals the sum 

of the kinetic energy (H (p*̂ )) of the system, which depends on the momentum of 

the system, and the potential energy (V (r^)) that depends upon the positions. The 

factor 1/h^^ (h is Plancks constant) is required to ensure that the partition function 

is equal to the quantum mechanical function for a particle in a box, i.e. a particle of 

mass m confined between two walls at x = 0 and x = L will have zero potential 

energy between x = 0 and x = L and the potential energy will rise abruptly to 

infinity as soon as the particle touches the walls.

Each new configuration for the system, that is, each new position of the sorbate 

within the zeolite host (using krypton and silicalite as an example), is generated by 

randomly moving the krypton atom to a new position within silicalite, using the 

Metropolis method^^. The energy of the new configuration is then determined using 

the potential energy function shown above. If the energy of the new configuration 

is less than the energy of the previous configuration, the new configuration is 

accepted and the new configuration becomes the next state. If the energy of the new 

configuration is greater than the previous energy, the new configuration is accepted 

with probability equal to the Boltznaann factor:

exp V.W ( r ' ' )
k ^ T

Eq. 3.19

A random number between 0 and 1 is selected and if the random number is higher 

than the Boltzmann factor, the new configuration is rejected and if the random 

number is lower than the Boltzmann factor, the new configuration's accepted and 

becomes the next state.
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The internal energy (U) is the ensemble average of the energies of all the states 

examined during the simulation:

1 M

U = ( E ) = — y  E,  Eq. 3.20

Where M is the number of states examined.

M

GRAND CANONICAL MONTE CARLO
I -  —  I -  I -  I -  — II—  —  I — I 1.1

GCMC simulations (constant pressure volume and temperature; PVT) were used to 

calculate adsorption isotherms. In GCMC simulations, the key feature is that 

number of guests is allowed to vary. There are three types of move:

1. A sorbate species is displaced using the Metropolis method described in section 

3.3

2. A sorbate species is destroyed

3. A sorbate species is created in a random position.

The probability of creating a sorbate atom or molecule should be equal to the 

probability of destroying the sorbate atom or molecule.
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For a creation, a position within the zeolite host is randomly chosen, the sorbate 

species inserted and the following quantity is calculated:

^ bT zV
Eq. 3.21

For an attempted destruction, a sorbate species is randomly chosen and the 

following quantity calculated:

AD = (r " )  - «dd (r " )1 _ ,n 
* bT

Eq. 3.22

Where AC and AD are the probabilities for creation and destruction respectively, 

t)new and \)oid are the energies for the new and old configurations, N is the number 

of sorbate species and V is volume, z is the activity given by:

z = -----—— -  Eq. 3.23
ArgTlnA"

Where p is the chemical potential, ks is the Boltzmann constant, T is temperature 

and A is the de Broglie wavelength given by:

A = yj[h^ / 2 k  mk^  t )  E q .3.24

Where h is Plancks constant and m is mass.

Statistics are collected at the defined pressure, volume and temperature by 

running the GCMC simulation for a statistically significant number of iterations. 

The average number of guest molecules Nav and the average interaction energy, Uav 

are calculated as averages over all sampled configurations.
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3j5

MOLECULAR DYNAMICS

The DL_Poly code^^ was used to study the MD of krypton diffusing through 

silicalite. Molecular dynamics is a method by which the microscopic behaviour of 

well-defined systems is studied by solving, numerically, Newton’s equations of 

motion. The use of MD methods enables the inclusion of time into the system, so 

allowing the pathway of diffusion (the positions and velocities of particles in the 

system) to be analysed over a real time period. Newton’s laws of motion are:

1. A body continues to move in a straight line at constant velocity unless acted 

upon by an outside force.

2. Force is equal to the rate of change of momentum

3. To every action there is an equal and opposite reaction

The second law of motion is utilised to determine diffusion pathways by solving 

the differential equations contained within the law. The second law:

F = ma Eq. 3.25

can be expressed:

d^x. F_,
dt m

Eq. 3.26

where the motion of particles of mass m along one coordinate (xj has a force F;c/ 

being exerted on it, in that direction. The force acting on each particle will change 

whenever the particle changes position, or when other particles interacting with that

85



specific particle change position. In order to calculate the force, the equations of 

motion are integrated using a finite difference method. The idea of a finite 

difference method is that the integration is broken down into steps, separated by a 

fixed time bt. The total force on a particle at time t is calculated as a vector sum of 

its interactions with other particles. Calculation of the force will enable acceleration 

of particles to be calculated. Combination of the force, acceleration, position and 

velocities at the present time t enables the positions and velocities of the particles at 

a future time r + ôr to be calculated and the forces on the particles in their new 

position can be determined and the positions and velocities at further future times 

can be calculated leading to the diffusion pathway being simulated.

All algorithms for integrating the equations of motion using the finite difference 

method assume that positions, velocities and accelerations can be approximated as 

a Taylor expansion series:

r(t + St) = r{t) + Ôty(t) +—5t^Si(t) + —Ôt^h(t) +— ôt‘̂ c(t) + ... Eq. 3.27
2 6 24

Differentiation of Eq. (3.27) gives the first derivative of the positions with respect 

to time, which is velocity v:

v(f + 6if) = v(^) + H— — &̂ c(f) +... Eq. 3.28

Differentiation of Eq. (3.28) gives the second derivative, which is acceleration a:

a(f + &) = a(r) + &b(f) + ̂ &^c(f) + ... Eq. 3.29
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Differentiation of Eq. (3.29) gives the third derivative:

b{t + ôt) = b(t) + Ôtc(t) + ... Eq, 3.30

Differentiation of Eq. (3.30) would give the fourth derivative and so on.

The most widely used method of integrating the equations of motion in molecular

79
dynamics is the Verlet algorithm . The Verlet algorithm takes the positions and 

accelerations at the present time t and the positions only from the previous step r(r- 

bt). The new positions at t+bt, r{t-bt) can then be calculated. The velocities at the 

present time t can be related to the accelerations and positions at previous (r(t-bt)) 

and new (r(r+&)) steps:

r(r + &) = r(r) + &v(r) + ̂ &^a(r) +... Eq. 3.31

= + Eq. 3.32

Addition of Eq. (3.31) and Eq. (3.32) gives:

r(t + 0t) + r ( t -  St) = 2r(0 + & ̂ a(r) Eq. 3.33

r(t + ôt) = 2 r ( t) -r ( t-ô t)  + Ôt̂ Sk(t) Eq. 3.34
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Velocity is cancelled out of the equations and does not appear explicitly in the 

Verlet algorithm. To calculate velocity, two methods can be applied. Either by 

dividing the difference between the next position at time t+dt and the previous 

position at time t-dt by 26t:

= + 20t Eq. 3.35

Or the velocities can be calculated for the half step t + V2dt:

V t+ - S t
2

[r(r + & )-r(r)] 
St

Eq. 3.36

The Verlet algorithm provides a straightforward method of integrating the 

equations of motion. A major consideration in molecular dynamics is how much 

information is needed to be stored during a calculation. Only the present and 

previous positions r(r) and r(t-bt) and accelerations a(r) are required for storage 

during the calculation. A disadvantage of the algorithm is the absence of an explicit 

velocity term in the equations. Velocities can not be calculated until the positions 

have been computed for the next step. New positions are calculated from two 

positions, the current position and the previous positions which m e^s at r = 0 

where there is no previous position, the position at a previous position needs to be 

computed by other means.

A variation of the Verlet algorithm was used to carry out the molecular dynamics 

simulations in this work. The leap -  frog algorithm^^ was employed.



The leap frog algorithm uses the following:

r (r + St) = r(t) + Stwi r + Eq. 3.37

t + —St 
2

=  V t - - ô t
2

+ &a(f) Eq. 3.38

The velocities v(r + ViSt) are calculated from the velocities at the previous time 

\{t - ViSt) and the accelerations at time t. The positions at the next step r(t + bt) are 

then found from these velocities calculated and the current position r(t). The 

velocities at time t are calculated from:

v(0 = - V

L V
t+ - &  

2
+  V Eq. 3.39

The algorithm calculates velocities in such a way that they leap -  frog over the 

positions to give values at t + Yibt. Positions then leap -  frog over the velocities to 

give their new values at r + ôf. The advantage of the leap -  frog algorithm over the 

Verlet algorithm is that it explicitly includes velocity and does not need to calculate 

differences between large numbers.

We now continue by discussing Henry constant calculation, which was used in the 

sorption studies of oxygen and nitrogen in Li exchanged zeolites.
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3.6

HENRY CONSTANT

Henry constant calculation involves the study of adsorption at low surface 

coverage. For physical adsorption there is no change in the molecular state on 

adsorption, that is, there is no association or dissociation. For adsorption on a 

uniform surface where the concentration of the sorbate is so low that each molecule 

is isolated from each of its neighbouring molecules, the equilibrium relationship 

between fluid and adsorbed phase concentrations will be linear. This linear 

relationship is referred to as Henry’s law after the chemist William Henry who first 

observed it. Henry’s law is analogous to Raoult’s law for ideal solutions. Raoult’s 

law states that the ratio of the partial vapour pressure of each component to its 

vapour pressure as a pure liquid is approximately equal to the mole fraction of the 

component, the constant of proportionality being the vapour pressure. Henry’s law 

states that at low concentrations the vapour pressure of the solute is still 

proportional to the mole fraction but the constant of proportionality is no longer the 

vapour pressure, but the Henry constant.

The Henry constant (K) can be expressed in terms of either pressure (P) or 

concentration (c):

q = Kc or q = K’p Eq. 3.40

where q and c are the sorbate concentrations expressed as molecules or moles per 

unit volume or in this case molecules per unit cell. K is the dimensionless
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concentration form of the Henry’s law equilibrium constant. K’ is the pressure form 

of the Henry’s law equilibrium constant.

From the ideal gas law:

P V = nR T
n
— = c 
V

c =
RT

Eq. 3.41

it follows that K = K’RT.

The Henry constant can also be written in terms of surface concentration (n )̂:

K K'
Eq. 3.42

where A is the specific surface are per unit volume of the adsorbent.

The temperature dependence of the Henry constant obeys the van’t Hoff 

equation:

d  InK' AH d  InK AU
d  T RT d  T RT

E q. 3.43

where AHq and AUq are the differences in enthalpy and internal energy between 

adsorbed and gaseous states. These equations can be integrated to give:

K’ = K q exp
RT

K = K q exp
RT

Eq. 3.44
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where K’o and Kq are pre -  exponential factors for the pressure form (K’) and 

concentration form (K) of the Henry constant. Plots of InK versus 1/T are found to 

be linear over a wide range of temperature for some systems.

In the sorption studies that follow, the Henry constant was calculated from 

simulation. The Henry constant found from theoretical calculation can be computed 

via direct integration of the configurational integral. Using this method, the Henry 

constant is given by the ratio of the partition functions per unit volume for the 

adsorbed and vapour phases ( f  g/f g) with correction for the difference in potential 

energy. For an inert gas there are no internal degrees of freedom so this ratio of 

potential functions is equivalent to the configuration integral Z:

K — — Z — J exp - ^ l d r « K o e ' ^ ' "  Eq. 3.45
L CT J/s

where ip is the potential energy averaged over a zeolite cage.
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For zeolitic adsorbents that are considered here, the equation assumes a simple 

form if the adsorbed species can be regarded as retaining complete translational, 

rotational and internal freedom within the free volume of the cage:

-  AH 
N

^= -(l)  + kT Eq. 3.46

K = K' Â:T = — exp 
£ kT

exp
AH,
RT £ ^ k J

Eq. 3.47

where v is the free volume of the zeolite cage and e is the total energy.

A description of forcefield methods, which have been utilised in all aspects of the 

work presented in this thesis, now follows.

3.7

EMPIRICAL FORCEFIELDS

In order to simulate the physical properties and processes of a zeolite and sorbate 

system, empirical forcefields have been utilised. A forcefield consists of functional 

forms of inter and intra molecular forces within a system, where the sum of the 

forces gives the potential energy of the particular system. The total potential energy 

of a system will consist of contributions from properties such as bond stretching, 

opening and closing of bond angles and rotations about single bonds. An empirical 

forcefield implies that these contributions are derived from experiment.
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Empirical forcefield methods calculate the potential energy of a system as a 

function of the nuclear position of atoms. A fundamental assumption is, of course, 

the Bom -  Oppenheimer approximation, under which the total wave function for a 

molecule can be written as:

^tot(l^^clei, electrons) — (̂electrons)» (̂nuclei) E(J. 3«48

The total energy of the molecule is then:

Etot (nuclei, electrons) — Ê eiectrons) Ê nuciei) Eq. 3.49

where the energy of the nuclei consists of the electrostatic repulsion between nuclei 

and the electronic energy of the kinetic and potential energy of electrons moving 

through the electrostatic field created by the nuclei and electron to electron 

repulsion.

The energy of a molecule in its ground electronic state can be considered a 

function of the nuclear coordinates only with the electronic contribution to the 

energy is subsumed into the forcefield. The electronic contribution to the energy 

(which is included in quantum mechanics) requires a more heavily intensive 

calculation in terms of computational resources such as memory, processor speed, 

disk size and speed of access to the disk and ignoring this term vastly cuts down on 

the time required for calculation. The larger the system, the more computational 

resources are needed so inclusion of just the nuclear contribution enables the 

energy of large systems such as zeolites to be calculated without requiring the leVel 

of resources that a QM calculation would require. The significant drawback of 

forcefield methods is that they cannot be used to study properties of a molecule that 

depend on the electronic distribution in a molecule.
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A forcefield in its most basic form can be viewed as consisting of four 

components:

L Energy associated with the deviation of bond lengths from their equilibrium 

value

2. Energy associated with the deviation of bond angles from their equilibrium 

value

3. Function to describe how energy changes as bonds are rotated

4. Terms describing interaction between non -  bonded species

The more sophisticated a forcefield, the more terms are included which enables the 

forcefield to extend to bigger, more complicated systems. The forcefield contains 

the functional forms that describe the various components as well as the parameters 

that are needed for calculation. The functional forms and parameters need to be 

transferable so that new functional forms and parameters do not need to be 

specified for each molecule in a system, rather the same values can be used for 

related molecules.

An important concept in forcefields is that of the atom type. The atom type 

contains information about the hybridisation state and local environment of each 

atom in a system. For example, most forcefields will distinguish between sp  ̂ -  

hybridised carbons, sp  ̂ -  hybridised carbons and sp -  hybridised carbons. The 

fundamental difference between these three types of carbon is the geometries they 

infer. A forcefield with the ability to distinguish between the three types of 

hybridised carbon would represent the reference angle Go as about 109.5° for sp  ̂

carbons and about 120° for sp^ carbons. The extent to which atoms are
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distinguished according to their hybridisation and local environment depends on

the forcefield. Forcefields such as MM2^^ and MM3^^ (molecular mechanics 2 and 

molecular mechanics 3) for the treatment of hydrocarbons will distinguish between 

carbon atoms such as: sp ,̂ sp ,̂ sp, carbonyl, cyclopropane, radical, cyclopropene

and carbonium ion. The AMBER forcefield^^’̂  ̂ designed for the treatment of 

proteins, nucleic acids and other organic molecules can distinguish between 

carbons in isolated five -  membered rings such as in histidine and carbons in 

benzene rings. The more specific a forcefield to particular classes of molecules, the 

more atoms types will be available to distinguish between all atoms in the 

molecule. Commercial forcefields in molecular modelling packages such as the

4-6
Consistent Valence Forcefield (CVFF) and Partial Consistent Force Field

7-12
(PCFF) cater for the modelling requirements needed for this thesis, mainly the 

ability to model the zeolites and sorbates. CVFF can distinguish between atomic 

silicon, aluminium and oxygen atoms and those present in a zeolite framework. 

PCFF contained parameters for krypton interactions with a zeolite.

The analytical expression of the energy as used by CVFF is shown in Eq. (3.50) 

to illustrate and highlight the functional form and parameters required by a 

forcefield.
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Epot — ^Db{l - exp[- a(b- bj,)]} + (6 — 0o)̂  + ^H *[l + scos(n(|))]+
b 6 $ %

(1) (2) (3) (4)

+ Z  Z  Fi* (b - k )  (b'-b' o) + % % Egg ( 8 - 8») (8'- e'o) + % % Fbe (b - bo) (8 - e«)
0 O'

(5) (6)

+ F̂<too' cos (|) (8 - 8o) (8' - 8 o) + Fxz' %%' + Z ^
♦ XX'

b 6

:  y

(8) (9)

(7)

/
-2 

(10)

+ Z
qiqi
eiij 

( 11)
Eq. 3.50

Terms 1 to 4 (the diagonal terms) account for the energy associated with bond 

stretching (1), bond bending (2), bond rotation (3) and out of plane interactions (4). 

Terms (5) -  (9), the off diagonal or cross terms, represent couplings between 

deformations of internal coordinates. These terms are required to model 

experimental vibrational frequencies giving information about the dynamic 

properties of molecules.

Terms (10) -  (11) account for non bonded interactions including van der Waals 

interactions (10) and electrostatic interactions (11).
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3.7.1

TERM 1; BOND STRETCHING

The energy required to stretch a bond away from its equilibrium value is 

represented by the Morse potential, or a simple harmonic potential. The Morse 

Potential as shown in term 1 of Eq. (3.50) takes the form:

^ D jl-e x p [-a (b -b j]} ^  Eq. 3.51
b

where Db is the depth of the potential energy minimum, bo is the reference bond 

length and a  is:

a  = (0  ̂J L . ^ Eq. 3.52

where p is the reduced mass and co is related to the stretching frequency of the bond

k b y  (0 = V(A/p).

Harmonic potentials model the potential energy curve accurately at the bottom of 

the potential well representing binding between ground state molecules but is less 

accurate at longer distances which is why the Morse potential is used for the 

treatment of bond stretching.
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3.7.2 

TERM 2; ANGLE BENDING

The energy required to bend a bond (alter the bond angle) away from its 

equilibrium value, is modelled by a harmonic potential shown in term 2 of Eq. 

(3.50) to be:

Eq. 3.53
e

where He = k!2 and 0o is the reference bond angle.

3.7.3 

TERM 3: TORSION ANGLE

The energy to bend or stretch a bond from its equilibrium value is usually quite 

substantial; most variation in the configurational energy of a structure comes from 

torsional and non-bonded contributions. Energy changes with bond rotation in 

ethaine show maximum energy values in the eclipsed conformation and minimum 

energy values when staggered, which is thought to arise from unfavourable 

antibonding interactions between hydrogen atoms at opposite ends of the molecule 

in the eclipsed conformation, whilst antibonding interactions are minimised in the 

staggered conformation.
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The torsional potential is expressed as a cosine expansion series as shown in term 3 

of Eq. (3.50):

^ H j l  + cos(n0)] Eq. 3.54

where H,t) = (V„ gives a qualitative indication of the relative barriers to

rotation), n gives the multiplicity (the number of minimum points in a function as 

the bond rotates through 360°) and (]) = co - y. y is the phase factor which is where 

the torsion angle passes through its minimum value, co is the torsion or dihedral 

angle and in reference to Fig (3.1) refers to the angle between two planes, one 

containing atoms A, B and C and the other containing the atoms B, C and D. 

Viewed along the bond BC, the torsion angle is the amount that the bond AB needs 

to be rotated in a clockwise direction in order to superimpose the two planes:

FIGURE 3.1 Illustration of the torsion angle. The torsion angle is the amount that 

the bond AB, viewed along BC needs to be rotated so that the planes ABC and 

BCD are superimposed.
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3.7.4

TERM 4; OUT OF PLAN BENDING MOTIONS

The out of plane bending motion is modelled by a harmonic potential. Out of plane 

bending is needed in some cases, where an experimentally observed structure 

differs from that predicted from theory. For example, if the cyclobutanone structure 

was modelled using just bond stretching and bending terms in the forcefield, a 

structure would be predicted where the oxygen atom of cyclobutanone would lie 

out of the plane defined by the four carbon ring, at an angle of 120°. This would be 

the reference value given for the geometry of sp  ̂ carbons bonded to oxygen. 

Experimentally however, the oxygen in cyclobutanone lies in the plane of the four 

carbon ring in order to maximise the K bonding energy. The out of plane bending 

term allows this type of property to be modelled by a forcefield.

The potential has a harmonic form as shown in term 4 of Eq. (3.5):

Eq. 3.55
X

where = kl2 and % is the height of a central atom above a plane defined by 3 

other atoms.
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3.7.5 

TERMS 5 - 9 ;  CROSS TERMS

The cross terms reflect coupling between internal coordinates. For example if a 

bond angle decreases, this may lead to an increase in a bond length to ensure 

reduction between two other atoms. Cross terms such as: stretch-stretch (5), bend- 

bend (6), stretch-bend (7), torsion-bend (8), out of plane bending-out of plane 

bending (9) can be included in a forcefield although they were not specifically used 

in the work carried out in this thesis.

3.7.6 

TERM 10; VAN PER WAALS INTERACTIONS

Non -  bonded terms in a forcefield are treated in two groups, electrostatic 

interactions and van der Waals interactions. Electrostatic interactions are covered in 

the following section, 3.7.7, they cannot account for all non -  bonded interactions, 

the rare gases providing a prime example of a system which cannot be modelled by 

electrostatic interactions. All of the multipole moments of a rare gas are zero so 

electrostatic interactions would not exist, but non - bonded atoms of a rare gas do 

interact leading to the gases having liquid and solid phases and showing deviations 

from ideal gas behaviour. The deviations from ideal gas behaviour were quantitated 

by van der Waals, from which the term van der Waals interactions or forces 

originated. The interaction between two rare gas atoms for example, would consist
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of a balance between attractive and repulsive forces. The attractive interaction is 

due to dispersive forces, which arise from instantaneous dipoles caused by 

correlated fluctuations in the electron clouds. This instantaneous dipole in one 

molecule can in turn cause induced dipoles on interacting atoms on other molecules 

giving an attractive inductive effect. The repulsive contribution at short separations 

leading to increased interaction energy has its basis in the Pauli principle which 

prohibits any two electrons in the same system or orbital from having the same set 

of quantum numbers. The high interaction at short distance is caused by 

interactions between electrons of the same spin. The term “exchange interaction” is 

used to describe the reduction in the electron -  electron repulsion energy by their 

exclusion from the same region of space. The reduced electron density surrounding 

the nucleus means that at short internuclear separation there is repulsion between 

the two nuclei, which are decreasingly shielded by surrounding electrons. The 

dispersive and repulsive interactions need an empirical expression that can be 

straight forwardly implemented in a force field. The high number of non -  bonded 

van der Waals interactions require the expression to be solved swiftly. The 

Lennard-Jones 12-6 function is one such expression. The function consists of an 

attractive part that varies as r'^ and a repulsive part that varies as r'̂ .̂
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3.7.6.1

LENNARD JONES POTENTIAL

The Lennard Jones potential takes the form:

A C
''W  - - ; x - 7 F Eq. 3.56

where A/r^ represents the repulsive energy and -C/r^ represents the attractive 

energy.

The 12-6 and 9-6 forms of the Lennard Jones potential are used for this work. 

The 12-6 potential has the form:

V (r) = 4 e cr
r

12

Eq. 3.57

a  is the value of r for which v(r) = 0 and e is the maximum energy of activation (or 

depth of the potential well) which occurs at r = 2 '̂^cs. This inverse sixth power 

attraction represents the induced dipole -  induced dipole interaction. The potential 

can also be written in terms of r^, the separation at which the energy passes through 

a minimum. At this separation the first derivative of the energy with respect to the 

distance is zero.
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The potential can then be written as:

v(r) = e < -2 Eq. 3.59

or

Eq. 3.60

where

A = e ri^ = 4e and C = 2£  r® = 4e <j’.12 Eq. 3.61

Different powers can be used for the repulsive part of the potential and the Lennard 

Jones 9-6 potential has also been used at times during this work. The Lennard Jones 

potential can be written in the general form:

V (r) = ke

where k =

(T
r

n  -  m  \ m

( n - m )

Eq. 3.62
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3.7.6.2

BUCKINGHAM POTENTIAL

The Buckingham potential is another formulation of van der Waals interaction. The 

r'^  ̂ term of the Lennard -  Jones expression is replaced by an exponential 

expression. The Buckingham potential used in this work took the form:

V (r) = A exp Q_
„6 Eq. 3.63

where A, p and C are adjustable parameters. A drawback of the potential is that at 

very short distances it becomes unphysically attractive, leading to instabilities in 

simulations in which short range internuclear distances are generated.
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3.7.7

TERM 11; ELECTROSTATIC INTERACTIONS

The electrostatic interaction between two molecules or atoms was calculated using 

a Coulombic relationship between pairs of point charges:

where Na and Ng are the numbers of point charges in the two molecules, qi and qj 

are the charges, £o is the relative permittivity of free space, ry is the separation of 

the charges.

Most potential models describe the charge distribution by placing fractional point 

charges on each of the atoms in the molecule. The charges reproduce the 

electrostatic properties of the molecule. To model the electrostatic properties of a 

molecule accurately, charges are placed at locations other than the nuclei. For 

example the nitrogen molecule has a quadrupole moment and this is reproduced by 

using a three or four -  charge model. A partial negative charge (-q) is placed on 

each nucleus of the nitrogen atoms and a partial positive charge, twice the amount 

of the negative charge (+2q) is placed at the centre of mass of the nitrogen 

molecule.

Moving away from the functional forms that make up a forcefield, methods are 

now discussed which enables the modelling of large systems and long -  range 

interactions without the loss of computational efficiency. Two methods that have
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been applied in this thesis are: periodic boundary conditions to enable the 

modelling of forces between particles as if they were in a bulk system using a 

periodic array of smaller systems and the Ewald summation which truncates the 

interatomic potential in the most computationally efficient way so that long range 

forces are modelled in the simulations.
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PERIODIC BOUNDARY CONDITIONS

An important aspect of the simulations carried out here is the use of periodic 

boundary conditions. Ideally, simulations would be carried out on infinite sized 

systems in order to model macroscopic properties extremely accurately. In reality, 

the larger the size of the simulated system, the more expensive the calculation 

becomes, in effect limiting the number of particles which can be included in a 

simulation.

Periodic boundary conditions (PBC) enables simulation to be carried out using a 

small number of particles in such a way that the particles experience forces as if 

they were in a bulk system. The cubic box offers the simplest example of 

explaining the principle of PBC. A cubic box of particles is created and replicated 

in all directions to give a periodic array. In a two-dimensional array, a central 

square box would be surrounded by 8 neighbouring square boxes. In a three- 

dimensional array the central cubic box would be surrounded by 26 neighbouring 

cubic boxes. If a particle moves out of one side of the box, an identical particle 

simultaneously enters the box from the opposite side. This is illustrated in Fig (3.2).
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4 - ;
FIGURE 3.2 A 2 -  dimensional array of periodic cells. The central cell is 

surrounded by 8 neighbouring cells. Each cell contains 6 particles, the particle 

shown in red illustrates that if one particle moves out of one side of a cell, a particle 

simultaneously enters the cell from the opposite side

Any shape of cell can be used in PBC, provided that it fills space under the action 

of 3D translated symmetry operations. Five shapes satisfy the PBC requirements: 

the cube, hexagonal prism, truncated octahedron, rhombic dodecahedron and 

elongated dodecahedron.

Standard periodic conditions may not be appropriate for all simulations. If 

adsorption of molecules onto a surface is being studied it is inappropriate to use 

standard 3 -  dimensional periodic conditions for motion perpendicular to the

10



surface. The surface would be treated as a true boundary, whilst the side of the box 

opposite to the surface would still be treated by periodic boundary conditions.

There are several limitations to PBC. In particular it is not possible to simulate 

fluctuations that have a wavelength greater than the length of the cell. Another 

limitation to the approach is that for long range electrostatic interactions, the size of 

the cell will be small compared to the range over which the interactions act and it 

must be accepted that some long range order will be imposed on the system.

The calculation of non -  bonded forces in simulations is the most time consuming 

part. Methods have therefore been developed in order to treat non -  bonded forces 

in the most cost efficient way. The following section outlines some of these 

methods and focuses on the method applied in this thesis.
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TRUNCATING INTERATOMIC POTENTIALS

Empirical forcefield methods and periodic boundary conditions have been applied 

in this work in order to simulate zeolite -  sorbate systems accurately and 

effectively given the computer and time resources available. A factor greatly 

influencing the computational power required to carry out simulations is the cut -  

off used for the interatomic potential. The calculation of non-bonded energies or 

forces in Monte Carlo, molecular dynamics or any energy minimisation represents 

the most time consuming part of the simulation. The number of forcefield terms 

representing bond stretching, angle bending and torsions is proportional to the 

number of atoms present in the system. However, the number of non-bonded terms 

that need to be evaluated increases as N^, that is the square of the number of atoms 

in a pair wise model. In principle, non-bonded interactions are calculated between 

all pairs of atoms in a system, but for some interactions this is not justified. For the 

Lennard -  Jones potential, energy falls off very rapidly with distance. At 2.5a the 

potential has just 1% of its value at a. The energy converges at increasing distances 

for the Lennard -  Jones potential describing short -  range interactions. A non- 

bonded cutoff is therefore used and the “minimum image convention” applied. The 

minimum image convention restricts each atom in the system to interact with no 

more than one image of each other atom in the system, which is effected using 

periodic boundary conditions. The energy or force is calculated for interactions 

with the closest atom or image within the specified cutoff, with all interactions
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exceeding this cutoff set to zero. Consistent with this convention, for a cubic cell 

the cutoff should be limited to no more than half the length of the cell and for non - 

cubic cells the cutoff should not be more than half the length of the shortest side of 

the cell. For short range interactions, as modelled by the Lennard -  Jones potential, 

a cutoff of 2.5o will as noted give rise to very little error, but for longer range 

electrostatic interactions, cutoffs should not be employed, as the error is much 

greater. More sophisticated methods of truncating the potential are required.

For interactions that decay no faster than r'", (such as charge -  charge interactions 

where n = 1) their effective range is often greater than half the box length, and so 

they cannot be treated with the cutoff method used for short range interactions. One 

solution to treating long -  range forces is to use large simulation cells, but this is 

not practical. Methods that have been used to treat long -  range forces are the 

reaction field method and cell multipole method^^ In the former method, a 

sphere is constructed around the molecule with a radius equal to the cutoff distance. 

All interactions within the sphere are calculated explicitly. Beyond the sphere, the 

space is modelled as a homogeneous dielectric medium and its energy of 

interaction with the contents of the sphere is added to the interaction calculated 

within the sphere. The cell multipole method is an algorithm that allows all N (N-1) 

pairwise non -  bonded interactions to be calculated in a time that scales linearly 

with N rather than N^. It can be applied to Lennard -  Jones type potentials and 

involves simulation space being divided into uniform cubic cells. The multipole 

moments of each cell are then summed and the interaction between each atom in a 

specific cell and another atom or cell outside of that specific cell is calculated.
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The method used to treat long - range forces here is the widely employed Ewald

66
summation . An infinite array of periodic simulation cells is constructed, the array 

of simulation cells is considered to have a spherical shape in the limit and this 

sphere is surrounded by a medium with a relative permittivity of 1 or Firstly the 

interaction of particles within the central simulation cell is given by:

where N is the number of charges, q is the charge on i and j, £o is the relative 

permittivity of free space and rÿ is the minimum distance between charges i and j.

The interaction between the central box and all of the image boxes is then 

calculated. Each simulation box is assumed to be a cube of side L and containing N 

charges. Each image box can be related to the central box through a vector. The 

vector components are integral multiples of the box length.

The contribution of the charge -  charge interaction between the charges in the 

central box and all images of all particles in surrounding boxes at cubic lattice point 

n is:

1 °° N N n  ri

 ̂ Eq. 3.66
^ |n|=o 1=1 j=i d-TT r̂j + n

The expression is written so that charge -  charge interactions in the central box 

where |n| = 0 are also included. The prime on the first summation indicates that for 

the contribution of the interactions in the central box, particles cannot interact with 

themselves (i=j).
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This equation does have a problem however, in that it converges extremely 

slowly. It is said to be conditionally convergent, which means that the equation 

contains a mixture of positive and negative terms, which taken in isolation do not 

have a finite sum i.e. they are divergent. When put together however they do 

converge, albeit slowly, but with the condition that the terms in the summation 

must be in a specific order. The Ewald summation overcomes this problem by 

splitting the equation into two series, each of which converges more rapidly than 

the initial equation. The two series are shown in Eq. (3.68) and Eq. (3.69), one is 

carried out in real space (Eq. (3.68)) whilst the other is carried out in reciprocal 

space (Eq. (3.69)).

Each charge in the periodic array of simulation cells is considered to have a 

neutralising Gaussian charge distribution of the same magnitude surrounding it, 

shown in Fig (3.3). The Gaussian charge distribution, commonly used, has the 

functional form:

,3

Pi(r) = ̂ ^  exp(-aV^) Eq. 3.67
K

where a  controls the shape of the function, small a  values giving a flatter function, 

larger a  values giving sharper functions.
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A. Initial set of charges

B. Gaussian charge distribution 

which is superimposed upon A 

to give Eq. (3.68) which is 

calculated in real space

C. Cancelling charge 

distribution calculated in 

reciprocal space 

Eq. (3.69)

FIGURE 3.3 The Ewald summation treats the initial set of charges (A) as having a 

Gaussian charge distribution superimposed upon it, all calculated in real space, 

shown in (B) and a cancelling charge distribution calculated in reciprocal space 

shown in (C)
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The summation relating to Fig. (3.3 B) is calculated for the interaction between 

charges plus the neutralising Gaussian distribution:

(hq. erfc(a|r^ + n^

h
Eq. 3.68

where erfc is an error function. This new summation converges far more rapidly 

than the initial summation. Rate of convergence depends on the Gaussian function, 

the wider the function the faster the convergence though also entailing diminishing 

accuracy in the Gaussian function neutralising the charge distribution, the narrower 

the function, the slower the convergence but there will be increased accuracy in 

neutralisation, a  is chosen so that only pairwise interactions within the central 

simulation cell are included, or if a cutoff is employed, only interactions within this 

cutoff are included, which leads to faster convergence.

A second summation, relating to Fig. (3.3 C), which counteracts the neutralising 

charge distribution calculated by Eq. (3.68) is added to the system:

N N 1 n n  \

4a\  y
cos (k • ) Eq. 3.69

where L is the distance of each cell from the central cell.

This cancels out the first neutralising Gaussian charge distribution. The summation 

is carried out in reciprocal space, thus enabling faster convergence. The vectors k 

are reciprocal vectors given by 2nnnJ, where L is the length of the cube side.
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A third term is subtracted from the system. The first neutralising Gaussian charge 

distribution in real space (Eq. (3.68)) includes interaction of each Gaussian with 

itself. A self term needs to be subtracted to ensure all the Gaussian functions are 

cancelled out:

Eq. 3.70

A fourth correction term may also need to be added if the medium surrounding the 

sphere of simulation boxes is a vacuum with eo = 1 :

2 k qi
M 4;reo '

Eq. 3.71

The final expression is:

v = | Z Z l
^  i=l j=l

, q,q. erfc(«|r^+n|)

n=0 AKEr Fij+n

4;reo Aa‘

q^

2 k qi Eq. 3.72

The Ewald method is the most accurate method of including long - range forces in 

a simulation.
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3.10

QUANTUM MECHANICS -  AN INTRODUCTION AND 

OUTLINE

The significance in the use of QM techniques in this thesis is that the methods 

described earlier in this section are all based around forcefield type methods. The 

energy of a system has been calculated as a function of nuclear positions only. In 

QM techniques, the energy of a system is calculated as a function of electron and 

nuclei position. This makes the calculation more expensive, but is required if the 

property of a system being studied depends on electronic as well as nuclear motion. 

QM techniques were needed to calculate the energy of Li atoms interacting with 

oxygen and nitrogen, both of which possess quadrupole moments.

QM theory starts with the Schrodinger equation:

HY = EY Eq. 3.73

where H is the Hamiltonian operator, Y represents the wavefunctions and E is the 

energy.

The Hamiltonian is an operator which contains a description of the kinetic and 

potential energy:

H = T + V Eq. 3.74

where T is the kinetic energy and V is the potential energy.
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Simple probability theory can be used to explain the wavefunction. For two people 

flipping a coin, the probability of the first person (Pi) getting a head and of the 

second person (P2) getting a tail is given by the product of the two probabilities:

P 12 = Pi . P2 Eq. 3.75

If there was a way of the two people being able to arrange between themselves that 

one person would try to get heads and the other would get tails, then an extra term 

needs to be included in the calculation of the probability to describe the correlation 

between the two probabilities:

P 12 = Pi . P2 + C 12 Eq. 3.76

where Cu  is the correlation term between Pi and P2 .

In quantum mechanics, probabilities are replaced by amplitudes of probabilities, 

which are wavefunctions. So drawing an analogy from Eq. (3.75):

P 12 = I \{/i2 P Eq. 3.77

The total wavefunction for a system of N electrons is given by the product of 

wavefunctions for each electron at every position n , r2 , rg, ... r^:

The complete solution of the Hamiltonian requires the kinetic and potential 

energy to be solved for every electron in the system. Kinetic energy is given by:

T = — V / - — V /  ... Eq. 3.79
2 m 2 m
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where m is the mass of an electron and (del squared) relates to the motion of the 

electron denoted by the subscript. In Eq. (3.79) the kinetic energy expression is 

only shown for electrons labelled 1 and 2 .

Potential energy is then subtracted from the kinetic energy. Potential energy 

arises from the electrons experiencing the field created by the nuclei present in a 

system as well as electron to electron interactions.

For the potential energy due to electrons operating in a field created by the nuclei 

to be solved for an entire system, interactions between all nuclear charges: Zi, Z2 , 

Z3 ...and the electron labelled 1 at position 1 are needed, this interaction will be 

attractive. In addition, the interaction between all the nuclei charges and the 

electron labelled 1 at position 2  is needed and so on until all interactions between 

all nuclei and all electrons at all positions are accounted for:

Zje Z ê
|h - ElI |h -R;

Zje Zje
Eq. 3.80

F2 -Ri|  |r2 :R-2 |

The expression shows a part of the full term needed to describe the potential 

energy, where Zi is the nuclear charge labelled 1 operating on the electronic charge 

e, ri-Ri indicates electron labelled 1 at position 1 , ri -  R2 indicated electron 1 at 

position 2  and so on for all the electrons at all positions in the system.

As well as the contribution to the potential energy from interaction between 

electrons and nuclei, there will also be a contribution from electron to electron 

interactions, which are repulsive. The interactions between all pairs of electrons 

would be needed for the full contribution to the potential energy:
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Fi \h ~ h \

The full expression of the Schrodinger equation is therefore: 

H 'F = E 'F , where H = (T + V)

(T + V ) 'F = E 'F ,

where (T + V) :
V /

Zje Z^e

|h 1 |h ^2| 
Z^e Z^e

Eq. 3.81

+  1 r+i  r - K  = E'F
F i - T z  F, - r J

Eq. 3.82

The wavefunction for all electrons in the system is given by a determinant. The 

determinant contains the wavefunctions for all the electrons, at all the positions in 

the system, arranged as a matrix. For example:

V iih )
= vA)l'2ih)-¥A)lfA) Eq. 3.83

The electron -  electron contribution to the potential can then be given as:

electrons

v̂r(Ov̂i(o
J k - r

dr V'iCr.) Eq. 3.84

Eq. (3.84) is written so that the sum of electron -  electron interactions operating on 

electrons at the position labelled 1 is calculated. It excludes self -  interaction, so 

that the electron labelled 1 cannot interact with itself.
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Wavefunctions for each electron are calculated from known basis functions and 

coefficients:

V|/i(ri) = Cî  (pi(ri)+ C,  ̂(p2(ri) + ... Eq. 3.85

Yz (**2) = Cjj 9 1 (̂ 2) + ^ 2 2  9 2 (̂ 2) + Eq. 3.86

where is the known coefficient, labelled 1 for the first electron, labelled 1 , 

is the known coefficient, labelled 1 for the second electron labelled 2  etc.,

(pi(ri) is the known basis function labelled 1 for the first electron labelled 1 , (p2(r2)

is the known basis function labelled 2  for the second electron labelled 2  etc.

Generally Neiectrons — bJ^asis functions nnd usually Nbasis functions is much greater than 

Neiectrons- If Only Neiectron basis functions are used the ground state electrons can be 

analysed, but to analyse excited states, more basis functions are required. A 

description of basis sets will follow at the end of this section.

There are various levels of approach to obtain approximate solutions to the 

Schrodinger equation for many electron systems, the simplest solution was 

proposed by Hartree. The Hartree approach calculates the total wavefunction for 

the system as a product of the individual wavefunctions for each electron. Each 

electron behaves as if in isolation and is not correlated to any other electron i.e. the 

motion of electrons, other than the electron being treated by the Hartree approach, 

does not affect the motion of the electron being treated:

V'(„,„.„....)=V'i(r,)V^2fe)V'3( „ ) -  Eq. 3.87

Electrons do however “know” that there are other electrons in the same system and 

the motion of other electrons are correlated. For example, the electron labelled 1, at
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position 1 , may move to position 2  and the electron labelled 2 , at position 2 , may 

move to position 1 i.e. electrons 1 and 2  swap positions:

V ^(r,.r2 .r3„..) “  V ^l(r,) V ^2(r^) V ^ 3 (rJ

The total wavefunction would then need additional terms added:

V̂(r,.r2,r3....) = V̂ l(r,) V̂2fe) V̂3(r,) ' ' ' + V̂12(r,r,) +V̂ 13(r,r3)+V̂ 123(r,%) ^q . 3.88

Here the wavefunctions for the individual electrons have terms added to describe 

electrons 1 and 2 swapping positions, electrons 1 and 3 swapping positions and 

electrons 1, 2 and 3 swapping positions etc.

Fock made a correction to the Hartree equations, producing the Hartree -  Pock 

equations. Fock realised that correlation of electron motion could be represented by 

charge density, to give an approximate solution for electron correlation. For 

example, the Schrodinger equation can be written for electron 1:

^iV'’i(r, ) = ( Ti + + X ) ) Eq. 3.89

The energy of electron 1 is calculated as a function of the kinetic energy of electron 

1 (Ti) + the potential energy due to electron -  nuclei interaction (Vnuciei) + a term 

labelled X. This term describes the charge density surrounding electron 1 and 

usually has the form:

Eq. 3.90
F i - r |

where p(r) is the charge density.
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The charge density is calculated as an average over the space surrounding the 

electron. It is also termed the mean field approach and allows some contribution of 

electron correlation to the calculation of energy.

In order to treat electron correlation more accurately, the level of calculation 

needs to be increased. Cl theory (correlation interaction) is a method for including 

electronic correlation in a more accurate way than using the mean field approach. 

In Cl theory, equations for the wavefunctions take the form:

V^=Co det„+^Cj_  det i+^Cjj^  d e t j +.. .  Eq. 3.91
i *j

Co deto is simply the Hartree form of the wavefunction, made up by the product of 

the individual wavefunctions for the electrons, there is no correlation included in 

this term.

^ C ;  det; , is the second term in the equation and accounts for switching one pair 

of electrons round:

C. is the coefficient labelled 1 for this type of switch and deti contains the basis

functions used to calculate the wavefunctions for this single substitution. This 

substitution is termed CIS -  correlation interaction for a single substitution.
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^Cjj^ d e t j , is the third term and accounts for a double substitution involving three
ij

electrons, of the type:

l(r,) r  2(p2) V̂3(r3)

Electron 1 switches position with electron 2, electron 1 then switches position with 

electron 3. The wavefunction for this type of substitution is calculated from 

coefficient Cjj^, det2 contains the basis functions describing all permutations of this

type of substitution. The substitution is termed CISD -  correlation interaction for 

single and double substitutions. The series can continue to include triple 

substitutions, however by this stage the calculations are becoming extremely 

computationally expensive.

Other approaches to including correlation effects exist, Cl theory has been used 

to illustrate the different types of substitutions that can be employed in quantum 

mechanics at the present time. The MP method, named after its inventors M0 ller

and Plesset^^ uses perturbation theory gradually to improve the Hamiltonian 

operator to account for electronic correlation. At the MPI level of theory, the 

approach corresponds to single substitutions. If perturbation theory is extended to 

the second order (MP2) then this will account for double substitutions and so on. 

The method applied to the calculations carried out in this thesis is the CCSD

89-92
method (coupled cluster method including single and double substitutions). The 

method is similar in the approach to substitutions as the CISD method, but whereas
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the CISD method accounts for single and double substitutions for all pairs of 

electrons in the system, in turn, the CCSD method corrects the Hartree -  Fock 

equations for electronic correlation by taking clusters of electrons and performing 

single and double substitutions on the clusters of electrons that are selected. Again, 

the method can be extended to triple and even quadruple substitutions, with the 

calculation increasing in expense as the level of substitution increases.

The need to account for electronic correlation at a higher level than Hartree -  

Fock type equations is illustrated by a dipole moment. A dipole could exist as (+ -) 

at one moment in time and (- +) at another moment in time. This dipole may induce 

a dipole moment on another molecule and be responsible for changing the 

properties of a system. In the Hartree -  Fock treatment, the average charge density 

is used. The average of (+-) and (-+) is zero, so using the Hartree -  Fock approach, 

the dipole would disappear.

In the work carried out later on in this thesis, oxygen molecules are present in the 

QM calculations. The oxygen molecule is an open shell system, meaning it 

contains unpaired electrons. The unpaired electron could have spin up or spin 

down, the average of which is again zero. Spin restricted Hartree -  Fock (RHF) 

approach cannot be used to model open shell systems but spin unrestricted Hartree 

-  Fock (UHF) can. At higher levels of theory, methods such as CIS, MP2, CCSD or 

higher can be used.

As well as the wavefunction approach to quantum mechanics illustrated in the 

examples given here, there are alternative approaches. DFT (density functional 

theory) is formulated in terms of charge density. Again there are different levels of
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theory which may be used in DFT calculations: LDA (local density approximation) 

is an approximation to electron exchange and correlation, GGA, which is the 

generalised gradient approximation and meta -  GGA, which is the more commonly 

used high level of DFT theory available. DFT techniques have not been used in this

93 94
work, however, Parr and Yang and Jensen provide a comprehensive description 

of such techniques.

The CCSD approach used in this thesis utilises basis sets to describe 

wavefunctions. Basis sets contain the basis functions and coefficients required to 

calculate the wavefunctions. A further description of basis set theory and 

terminology now follows.
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3.10.1

BASIS SETS

Basis sets composed of atomic functions were used to describe the molecular 

orbitals. In atomic systems Slater type orbitals (STOs) can be used to represent 

atomic wavefunctions. These are almost impossible to evaluate for molecules 

where the atomic orbitals that make up the molecule are centered on different 

nuclei. The STOs are therefore replaced by functions based on Gaussians. Gaussian 

functions have the form exp (-ocr )̂. The basis functions are made up of integral 

powers of coordinates x, y and z multiplied by exp (-cxr̂ ):

exp (-CüT̂ ) Eq. 3.92

a  determines the radial spread of the Gaussian function. A large value of a  means 

the Gaussian function is not spread very far and a small value of a  gives a larger 

spread. The powers by which the coordinates x, y and z are raised determines the 

order of the Gaussian functions. Ifa  + b + c = 0 the function is zeroth -  order, if a + 

b + c = 1 the function is first -  order etc. There is one zeroth -  order function, three 

first - order functions and six second - order functions.

The main advantage of using Gaussian functions is that the product of two 

Gaussians can be represented as a single Gaussian located along a line joining the 

centres of the two Gaussians. So for a two electron system, where the two electrons 

could be on different centres, a Gaussian function to describe each electron is 

replaced by a single Gaussian along a line joining the centres of the two Gaussians. 

So molecular orbitals are formed from the combination of atomic orbitals and
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described by Gaussian functions. Zeroth -  order Gaussian functions (gs) have the 

same angular symmetry as s atomic orbitals and the first -  order Gaussian functions 

(gx, g), and g j  have the same angular symmetry as the 2p^, 2py and 2 p̂  atomic 

orbitals. The second -  order functions do not all have the same angular symmetry 

as the 3d atomic orbitals but a set comprising gŷ , gxy and gxz together with two 

linear combinations of ĝ x, gyy and ĝ z to give g /, g%^-/ does give an equivalent set 

of Gaussian functions.

The disadvantage of the Gaussian functions is that the best fit to a Slater function 

is not extremely accurate. A Is Slater function, looking at energy versus distance 

would show a cusp at the origin followed by exponential decay to zero whereas the 

Gaussian equivalent function does not show a cusp at the origin and decays to zero 

much faster. Replacing a Slater type orbital with a single Gaussian function 

therefore is not accurate enough and would lead to a high degree of error. It can be 

shown however that by representing a single atomic orbital as a linear combination 

of Gaussian functions, the discrepancy is reduced. Each linear combination takes 

the form:

Eq. 3.93
i=l

di  ̂is the coefficient of the primitive Gaussian function cpi, which has exponent oCî . 

L is the number of functions in the expansion. It is found that as the number of 

Gaussian functions in the expansion increases, the fit to the Slater -  type orbital 

improves. Gaussian functions underestimate long -  range overlap between atoms 

and the charge and spin density at the nucleus.
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The Gaussian expansion contains two parameters, the coefficient and the 

exponent. If both of these parameters are allowed to vary during calculation, then 

the calculation is termed to use uncontracted or primitive Gaussians. This is an 

expensive calculation and more commonly used are contracted Gaussian functions. 

The contracted Gaussian functions have predetermined coefficients and exponents, 

which are kept constant during calculation. Such a series of Gaussian functions is 

termed a contraction, with the contraction length being the number of terms in the 

expansion. To further shorten calculations, Gaussian exponents for s and p orbitals 

in a given shell can be the same. As with all computational methods the key to 

shortening a calculation is when loss of accuracy becomes unacceptable compared 

to computational time gained.

As noted earlier, the more Gaussian functions used in an expansion, the more 

accurate the modelling of the orbital. The minimum number of functions required 

to accommodate all the filled orbitals in an atom is termed a minimal basis set. 

Minimal basis sets tend to accommodate not only the filled orbitals but all the 

orbitals in the shell. Basis sets of general type STO-nG (where n is the number of 

Gaussian functions) are minimal basis sets; ST0-3G and STO-4G are the most 

common minimal basis sets. In theory, for hydrogen, which only consists of 1 

electron, only one Gaussian function needs to be used which would be an STO-IG 

basis set. As stated earlier a single Gaussian function does not acceptably model a 

Is Slater orbital, an absolute minimum of three Gaussian functions being regarded 

as acceptable, so the STO-3G basis set should be the minimum basis set used in 

calculation.
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Minimal basis sets do have some drawbacks. Atoms at the end of periods such as 

oxygen or fluorine have the same number of functions as atoms earlier in the period 

even though they have more electrons. Also, by keeping the radial exponent 

constant throughout the calculation, the functions cannot expand or contract in size 

in accordance with the molecular environment. To overcome these problems, the 

number of functions used for each orbital can be increased. A basis set which 

doubles the number of basis functions in the minimal basis set is described as a 

double zeta basis. Using a linear combination of a contracted function (minimal 

basis set) and a diffuse function (double the number of basis functions with a larger 

radial exponent) gives a result somewhere between the two.

An alternative approach to using double zeta basis sets is to keep a single 

function for the inner shells and double the number of functions used to describe 

the valence electrons. The idea behind this is that the inner electrons do not play as 

big a role as the valence electrons in determining chemical properties and vary very 

little from one molecule to another. Split valence, double zeta basis sets have terms 

such as 3-2IG. This refers to three Gaussian functions describing the core orbitals. 

The valence electrons are also described by three functions, two Gaussians for the 

contracted part and one for the diffuse part. Other commonly used split valence 

basis sets are 4-31G and 6-3IG.

Anisotropic charge distribution is a factor that needs special consideration when 

using basis sets. The charge distribution is different for an isolated atom and one in 

a molecule. The electron cloud for an isolated hydrogen atom is symmetrical, but in 

a molecule the electrons are attracted to another nuclei, this is explained by the Is
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orbital on the isolated hydrogen atom, mixing with p-type character in an sp type 

hybrid orbital. Similarly, unoccupied d orbitals cause asymmetry in p orbitals. In 

other words, it is not enough to just model the occupied orbitals, because 

unoccupied orbitals have an effect on the charge distribution. Split valence basis 

sets make an attempt at incorporating this anisotropic charge distribution into the 

calculations. A more complete solution to the problem is to include polarisation 

functions in the basis sets. Polarisation functions have a higher angular quantum 

number so will treat p orbitals in hydrogen and d orbitals in second row elements. 

Polarisation functions are labelled by an asterix (*), so 6-3IG* is a split valence 

basis set with polarisation functions. It includes 6  functions to describe the core 

orbitals, 4 functions to describe the valence electrons, 3 for the contracted part and 

1 for the outer part and polarisation functions on the non hydrogen atoms. Double 

asterix basis sets (e.g. 6-3IG**) denote polarisation functions for hydrogen and 

helium.

To deal with species with electron density away from the nuclear centres such as 

anions or species with lone pairs, special consideration is needed. The amplitudes 

of the Gaussian functions are low far from the nuclei so they do not deal with 

electron density at long distances from the nuclei very well. To remedy this, highly 

diffuse functions are added to the basis set and the basis set is labelled with a ‘+’. 

So the 3-21+G basis set contains extra diffuse s and p -  type Gaussian functions. 

Basis sets denoted by indicate diffuse functions for hydrogen as well as the 

heavy atoms.
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QM calculations were carried out to calculate energy curves for interactions 

between lithium atoms and oxygen and nitrogen molecules. An interatomic 

potential was obtained by fitting to the energy curves. The method for fitting an 

interatomic potential to ab initio energy calculations is now given.

3.10.2 

GULP FITTING

The General Utility Lattice program (GULP) was used to obtain interatomic 

potential parameters from the ab initio calculation of the energy surface. The 

principle of fitting is to reproduce energy curves from quantum mechanical 

calculation by fitting to interatomic potentials, or to fit empirical potentials to 

experimental data. To determine when a satisfactory fit is achieved the sum of 

squares quantity is analysed. This is a numerical quantity that would be zero at the 

end of a fit if the interatomic potential reproduces the ab initio or experimental data 

exactly. Except for the simplest of cases (such as a Morse potential modelling bond 

length) the sum of squares will not be zero, so the lowest sum of squares that is 

achieved can be taken as the best fit obtained. The GULP manual defines the sum 

of squares F, as:

F =  E  « ( / c a i c - Z o b s ) '  Eq. 3.94
all observables

where /caic and/obs are the calculated and observed quantities and m is a weighting*

factor. The sum of squares is minimised using the Newton Raphson method by 

varying the interatomic potential parameters.
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SORPTION OF KRYPTON IN SILICALITE

This chapter will detail the work carried out on the sorption of krypton in silicalite. 

A variety of computational techniques were used including Monte Carlo docking, 

energy minimisation, canonical Monte Carlo (CMC), Grand Canonical Monte 

Carlo (GCMC) and molecular dynamics. Monte Carlo docking, CMC and GCMC 

calculations were carried out using Silicon Graphics 0 2  workstations incorporating 

a R5000 processor or R10000 processor and 128MB of memory. Energy 

minimisation and molecular dynamics calculations were carried out using Silicon 

Graphics Power Challenge machines with eight R 10000 processors and 1024MB of 

main memory or fourteen R 12000 processors and 7168MB of main memory.

Following an introduction to the field of krypton sorption in silicalite, a 

discussion of the work carried out using Monte Carlo docking and energy 

minimisation methods to determine low energy krypton positions in silicalite will 

be presented. The use of CMC to provide a statistically accurate study of 

adsorption energies and the use of GCMC to simulate adsorption isotherms will 

follow and the final technique, molecular dynamics, to study the diffusion of 

krypton, will complete the simulation studies. A comparison to other results from 

both experiment and, in some cases, simulation will be made and the chapter will 

conclude with an overall summary of the work carried out on the sorption of 

krypton in silicalite.

135



4.0.1

INTRODUCTION

Early work by Hope et a l/ studied the sorption of krypton in silicalite 

experimentally, measuring adsorption isotherms by volumetric sorption methods; 

they also reported a computational study of the adsorption energies and sites for 

krypton within the silicalite framework. The gas adsorption apparatus used for the 

experimental part of the work was split into two pressure sections, a low pressure 

(between 1.3 x 10  ̂ and 1.3 x 10  ̂Pa) and a high pressure section (between 1.3 and 

1.3 X 10̂  Pa). This provided a pressure range covering 10 decades for which 

isotherm data could be measured. The sample tube was immersed in a liquid 

nitrogen bath to keep temperature controlled at 78K. Adsorption isotherms were 

measured for Kr at 78K between 0 and 1.3 x 10  ̂ Pa. A single step, rectilinear 

isotherm was measured giving a maximum loading of 23 krypton atoms per unit 

cell (Kr/uc) at 130Pa. The step represented the filling of the pores in silicalite. Once 

it was established that the data being recorded was of high quality, by carrying out 

multiple runs to ensure reproducibility, the energy distribution for krypton in 

silicalite was calculated from experiment. To calculate site energies a model of the 

site topography is required, as well as a site adsorption model and a numerical 

analysis procedure. Hope et al. used a patch model for site topography. Adsorption 

sites are divided into patches where each patch contains sites of the same energy. 

Interactions between sites in the same patch are allowed whereas interactions, of 

sites from different patches are not included. Langmuir and Hill de Boer adsorption
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isotherm models were used. The Hill de Boer model involves a two - dimensional 

equivalent of a van der Waals interaction to include contributions between sites in 

the same patch. The numerical analysis procedure used to calculate fractional 

coverage of krypton on a patch was the iterative analysis method HILDA 

(Heterogeneity Investigated at Loughborough by Distribution Analysis) of House

95
and Jaycock . The energy distributions calculated from experiment were then 

compared to energies calculated from simulation. A defect type calculation was 

carried out to identify low energy sorption sites in silicalite. Krypton atoms were 

placed at various sites in silicalite. The krypton atom was treated as a defect and a 

region of about 1 2 0  atoms surrounding the krypton atom was relaxed to minimum 

energy. Adsorption energies were calculated and compared to the values from 

experiment so that low energy sites could be identified The overall conclusion from 

the work was that krypton was located in the straight and sinusoidal channels and

intersections of silicalite. X-ray diffraction work by Jones et al.^  ̂ also showed the 

location of krypton to be within the channels and intersections of silicalite.

14
Experimental adsorption isotherm studies by Pellenq and Nicholson and 

Llewellyn et al.^  ̂all gave single step isotherms with maximum loadings of 23 and 

32 Kr/uc at 130 and 120 Pa respectively.

Pellenq and Nicholson reported simulated isotherms, obtained using Grand 

Canonical (GCMC) techniques with a potential derived by themselves and called

the PNl potential and they also applied a potential from Kiselev^^ to obtain 

simulated isotherms. The potential from Kiselev was a Lennard Jones 12-6 type 

potential for interactions between sorbate molecules and between sorbate molecules
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and lattice oxygens. Pellenq used a potential that included higher order two-body 

and three-body long - range dispersion terms, first order induced interactions and 

Born Mayer repulsive terms for sorbate-oxygen and sorbate-silicon interactions. 

The potential of Kiselev produced simulated isotherms with a maximum loading of 

about 26 Kr/uc while Pellenq (using the PNl potential) found a maximum loading 

of 20 Kr/uc.

The present work studies the sorption of krypton in silicalite, with the aim of 

elucidating the structural, dynamic and thermodynamic properties of the system.

Monte Carlo docking simulations^^ followed by energy minimisation yield the 

lowest energy sites for krypton within the silicalite framework as well as adsorption 

energies for these locations. Monte Carlo internal energy calculations provide 

adsorption energies for the sorption of krypton in silicalite. Grand Canonical Monte 

Carlo (GCMC) simulations model adsorption isotherms. Finally molecular 

dynamics simulations (MD) are used to study the diffusion of krypton through 

silicalite, starting from the optimum positions determined by the energy 

minimisation results. Diffusion coefficients have been calculated using the Einstein 

Relationship; they are obtained for a series of sorbate concentrations both for the 

entire silicalite unit cell, as well as for the individual channels. Simulation of the 

temperature dependence of the diffusion coefficients allows the activation energy 

of krypton in silicalite to be calculated, using the Arrhenius equation.

Wherever possible, the results of our computational simulations are compared

with experimental results
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Û Â

SORPTION OF KRYPTON IN SILICALITE - RESULTS

The results from the simulations studying the sorption of krypton in silicalite will 

now be presented and discussed. Monte Carlo docking results will firstly be 

analysed and interpreted, followed by CMC, GCMC and finally molecular 

dynamics work. A comparison to literature results on the same system will then be 

given.

TABLE 4.0 contains the key potentials applied to the work carried out on the 

krypton/silicalite system including PCFF^’̂ ,̂ Hirschfelder et al. ,̂ Loriso et al.  ̂ and 

Hope et al.  ̂ krypton potentials, Sanders et al.̂ *̂  and Catlow et al.^  ̂ silicalite 

framework potentials used in GULP and DL_POLY respectively. Selected CVFF^^ 

potentials for the silicalite framework are also shown.

4.1.1 

MONTE CARLO DOCKING OF KRYPTON INTO SILICALITE

The Monte Carlo docking procedure (described in section 3.1) was used to insert 

krypton into the silicalite host. Two sets of potentials were available for use: the

7-12
PCFF potential from MSI and a second set of potentials taken from Hirschfelder

et al. for krypton to krypton and krypton to oxygen interactions. The two sets of 

krypton potentials are shown in TABLE 4.0. Plots of the krypton to krypton and
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krypton to framework oxygen potentials are shown in Figs. (4.0) -  (4.7) for PCFF, 

Hirschfelder, Loriso and Hope.

Insight from MSI was used for the docking and minimisation process. The 

silicalite model was taken from the standard zeolite stmcture library within the

97
package and is the orthorhombic stmcture reported by van Koningsveld et al. . 

The symmetry of the stmcture was converted to PI from PNMA, which ensured 

that the sorbate molecules (Kr), when added to the sorbant framework (silicalite) 

did not interact with their own symmetry generated copies. Periodic boundary 

conditions were applied during the docking and minimisation process. The variable 

parameters for the calculation are shown in TABLE 4.2.

TABLE 4.0 Interatomic Potentials Used for the Sorption of Krypton in 
Silicalite

Potential Type Acting Between Parameters

96
Sanders et al. -  

Buckingham
Si and O A = 1283.907 eV 

p = 0.32052 Â 
C = 10.66158 eV Â"® 

Cu tof f =0-12 Â

Sanders et al. -  
Buckingham

O and O A = 22764 eV 
p = 0.149 Â 

C = 27.88 eV A* 
Cutoff 0 - 1 2  A

Sanders et al. -  
Three Body 

Used In GULP

O - S i - O 00=109.47° 
k2 = 2.097240 eV rad'̂  

W  (1-2) = 1.9 A 
W  (1-3) =1.9 A 
rmax(2-3) = 3.5A 

Oxygen Spring constant = 
74.92 eV
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2
Loriso et al. -  Lennard 

Jones 1 2 - 6
K r - K r A = 2.7767 xlO"eVÂ‘̂  

B = 1.2756 X10  ̂eVÂ® 
8 = 1.4137 kJmor* 

a  = 3.60 À 
Cutoff = 0 -  6.691 Â

Loriso et al. -  Lennard 
Jones 12-6

K r - O A = 5.5927 xlO’ eVÀ'^ 
B = 5.7248 xlO'eVÂ® 

8 = 1.4137 kJ m ol' 
a  = 3.15 Â 

Cutoff = 0 — 6.691 Â

Hope et al.* -  Lennard -  
Jones 1 2 - 6

K r - K r A = 5.5842453 xlO'eV A "  
B = 1.77752 xlO^ eV A® 

Cutoff = 0 -6 .6 9 1  Â

Hope et al. -  Buckingham K r - O A = 227.785 eV 
p = 0.46783 A 

0  = 161.128 eV A ® 
Cutoff = 0 -6 .691  A

PCFF '̂^  ̂-  Lennard Jones 
9 - 6

K r - K r A = 1.69405 xlO" kj mol ' A" 
B = 3.19605 xlO" kJ mol ' A* 

Cutoff = 0 -6 .691  A
PCFF -  Lennard Jones 9-6 K r - O A = 4.42145 xlO" kJ mol ' A" 

B = 1.04803 xlO" kJ mol ' 
Cutoff = 0  — 6.691 A

3
Hirschfelder et al. -  
Lennard Jones 12-6

K r-K r A = 2.4655 xlO' kJ mol ' A'^ 
B = 1.1383 xlO" kJ mol ' A* 

Cutoff = 0 -  6.691 Â

Hirschfelder et al. - 
Lennard Jones 12-6

K r -O A = 1.6878 xlO'kJmoU 
B = 4.2803 xlO^ kJ mor^ 

Cutoff = 0 -  6.691 Â

Catlow et al.^  ̂-  Three 
Body Potential -  Used In 

DL_POLY

O-Si-O Kijk = 729.01 eVrad'^ 
0 0 =  109.47° 

pi = 0.3277 Â 
P2 = 0.3277 Â 

Cutoff = 0 -  12.0 Â
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CVFF^' Morse Potential Si-0 bo =1.6150 À 
Db = 98.2 kcal mol'^ 

a  = 2  Â'^
CVFF Quadratic Angle Si-O-Si k =31.1 kcal mol'^ deg'^ 

0 0 = 149.8 deg
CVFF Quadratic Angle O-Si-O k = 100.3 kcal mol^ deg'^ 

0 0 = 109.47 deg
CVFF Non -  Bonded 

Lennard -  Jones 12-6
Si-Si A = 1.31761x10'kJ mol ' 

B = 2.97064x10^ kJ mol '
CVFF Non -  Bonded 

Lennard -  Jones 12-6
Si-O A = 3.87871x10"^ kJ mol ' A'^ 

B = 2.49011x10^ kJ mol ' A^
CVFF Non -  Bonded 

Lennard -  Jones 12-6
0 - 0 A = 1.14179x10"" kJ mol ' A'^ 

B = 2.08731x10^ kJ mol ' A^

Where Aÿ = 4ea^^ and Bÿ = 4ea^ a n d  Ay = V(AiAj) a n d  Bÿ = V(BiBj) for Lennard 

Jones 12-6 potentials.

The Sanders three body potential took the form:

( 6  -8 o f Eq. 4.0

where k is the three body spring constant, 0 o is the equilibrium bond angle and 0  is 

the calculated bond angle.

The Catlow three body potential took the form:

Eijk = V4 Aijk B̂ ijk exp (-rij/pi) exp (-qk/pz) Eq. 4.1

where

K
A _ ijk

2  ( 0 ^ - Jt)^

Bijk = (00 - nf  -  (0 - n f

Kÿk = three body spring constant 

0 0  = equilibrium bond angle 

0  = calculated bond angle
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FIGURE 4.0 K r -K r  Lennard -  Jones 9 - 6  Potential Curve of PCFF
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FIGURE 4.1 K r - O  Lennard -  Jones 9 - 6  Potential Curve of PCFF
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FIGURE 4.2 K r -K r  Lennard -  Jones 1 2 - 6  Potential Curve of Hirschfelder et al.
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FIGURE 4.3 Kr -  O Lennard -  Jones 1 2 - 6  Potential Curve of Hirschfelder et al.
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FIGURE 4.5 K r - O  Lennard -  Jones 1 2 - 6  Potential Curve of Loriso et al.
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FIGURE 4.6 K r - K r  Lennard -  Jones 1 2 - 6  Potential Curve of Hope et al.
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FIGURE 4.7 K r - O  Buckingham Potential Curve of Hope et al.
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TABLE 4.1 shows the well depths (minimum energy) and position (r) for the four 

sets of Kr -  Kr and K r - O  potentials shown in Figs. (4.0) - 4.7).

TABLE 4.1. Positions of Well depths for the Four Sets of Kr -  Kr and K r - O  

Potentials

Minimum Energy, kJ mol'^ Position, À

PCFF Lennard -  Jones 

9 - 6 K r - K r
-1.69 4.3

PCFF Lennard -  Jones 

9 - 6 K r - 0
-0.87 4

Hirschfelder Lennard -  

Jones 1 2 -  6 K r-  Kr
-1.31 4

Hirschfelder Lennard -  

Jones 12 -  6 Kr - O
-0.27 4.5

Loriso Lennard -  Jones 

1 2 - 6 K r - K r
-1.41 4

Loriso Lennard -  Jones 

1 2 - 6  K r - O
-1.41 3.5

Hope Lennard -  Jones 

1 2 - 6 K r - K r
-1.36 4.3

Hope Buckingham K r - O -0.50 4.9
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All eight potentials show expected curves when plotted in Figs. (4.0) -  (4.7). The 

potentials are plotted on the same x and y axis scale in order for comparison to be 

made easily between them. Two potentials that should be highlighted at this point 

are the Hirschfelder and Hope K r - O  potentials in Fig. (4.3) and Fig. (4.7) 

respectively and in TABLE 4.1. The Hirschfelder potential shows a broader 

potential well than the PCFF or Loriso potentials. Energy is shown to decrease as 

K r - O  distance increases until a minimum is reached, as is observed in all the other 

potentials. The repulsive term in the Lennard Jones potential then starts to dominate 

as energy increases asymptotically. The Hirschfelder potential shows a broader 

minimum to the potential well and a less sharp increase in energy towards zero, 

suggesting the repulsive term is not as great as in the PCFF and Loriso potentials.

The Hope K r - O  potential is the only Buckingham potential used for sorbate -  

sorbate or sorbate -  sorbent interaction. Omitted from Fig. (4.7) are the energies at 

short K r - O  distances (0.5 -  1.5Â), the energies at these short distances were 

extremely negative as expected when using a Buckingham potential.

TABLE 4.1 shows that the minimum of the potential well for the Hirschfelder 

and Hope K r - O  potentials occurs at a longer K r - O  separation than the other 

potentials. The energy at the minimum is not as negative as for the PCFF and 

Loriso K r - O  potentials, but the greater distance at which this niinimum occurs 

suggests a more attractive potential.
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Insight II from MSI was used for the docking and minimisation process. The 

symmetry of the structure was converted to PI from PNMA, which ensured that the 

sorbate molecules (Kr), when added to the sorbent framework (silicalite) did not 

interact with their own symmetry generated copies. Periodic boundary conditions 

were applied during the docking and minimisation process. The variable parameters 

for the calculation are shown in TABLE 4.2.

TABLE 4.2. Variables Used in Monte Carlo Docking Calculations.

Variable Value

Maximum No. Of Iterations 10000

Maximum Threshold Energy 1500 kJ mol *

van der Waals Cutoff 6.691 À

Periodic Boundary Conditions On

Number Of Frames 100

The maximum number of iterations specifies the number of Monte Carlo trial 

iterations. The maximum energy gives the maximum threshold energy below which 

a conformation would be accepted in the Monte Carlo docking calculation. A value 

of 1500 kJ mol * was chosen to ensure that all possible sorption sites were explored 

by krypton. Once the magnitude of adsorption energies is known, the threshold 

energy can be lowered to explore only the most favourable, low energy sites in 

future calculations. By not including highly unfavourable sorption sites, the Monte 

Carlo docking procedure will be shorter. The van der Waals cutoff parameter 

specifies the separation above which van der Waals interactions would be ignored.
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a value of 6.691 A was chosen as this was half the value of the shortest cell 

dimension (13.3830 A). The number of frames gives the number of configurations 

to be generated during the docking calculation. Each configuration is generated 

from up to 10,000 of the Monte Carlo trial iterations.

Once the Monte Carlo docking run had finished, the DISCOVER energy 

minimisation calculation was initiated. During energy minimisation, the host 

(silicalite) is fixed, so that only krypton positions are optimised within the host. The 

number of iterations for the minimisation run was set to a maximum of 1000. The 

Polak - Ribiere algorithm for conjugate gradients as discussed in section 3.2.3 was 

used in the energy minimisation.

4.1.1.1

RESULTS FOR PCFF POTENTIAL

The results which reveal the lowest energy sites for the sorbed krypton and 

therefore the most favourable sites within the silicalite framework are shown in Fig. 

(4.8). The minimised energies are in ascending order, with the lowest energy and 

therefore most favourable position at frame number 1 and the highest energy and 

therefore most unfavourable position at frame number 100.
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FIGURE 4.8 Monte Carlo docking plot after energy minimisation, for frames 1-67 

using PCFF potentials. Energies are sorted according to energy with the lowest 

energy at frame number 1. Straight and sinusoidal positions are within frames 1 to 

45, whilst intersection positions occupy frames 46 to 67. A clear step in energy is 

seen between frames 45 and 46 which separate the lower energy straight and 

sinusoidal channel positions from the higher energy intersection positions.
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4.1.1.2

ANALYSIS OF FRAMES 1-45

Frames 1-45 contained sinusoidal and straight positions only. There were 29 

sinusoidal positions and 16 straight channel positions.

The average energy of krypton in the sinusoidal channel is: -18.0 kJ mol"\ while 

that of the straight channel is: -18.3 kJ mol \  These results suggest that the straight 

channel has a slightly lower (more negative) adsorption energy than the sinusoidal 

channel, although clearly the energies are very close.

Remembering that we are not sampling every single, possible krypton position, 

we cannot comment on actual loadings at the various sites, but we do observe that 

more straight and sinusoidal channel positions are sampled compared to 

intersection positions. In the energy range -19 to -18 kJ mol \  straight and 

sinusoidal channel positions are equally represented. In the higher (more positive) 

energy range, -17.9 to -16 kJ mol \  there are more krypton atoms in sinusoidal 

channel positions than straight channel positions which again suggests that the 

straight channel with a slightly lower adsorption energy is filled first. Even so, the 

difference in adsorption energies between the straight and sinusoidal channels is so 

small (0.3 kJ mol'^) that we would expect both to be occupied except at the lowest 

temperatures and loadings. Indeed the straight and sinusoidal channels can almost 

be seen as a single continuum of low energy sites for krypton.
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4.1.1.3

ANALYSIS OF FRAMES 46-67

Frames 46-67 contain only intersection positions. There are 22 intersection 

positions and the average adsorption energy is: -13.80 kJ mol \  The energy is 

significantly higher (more positive) than for the sinusoidal or straight channels 

meaning that it is also less favourable than either of the channels. Fig (4.8) shows a 

clear increase in the energy difference between the frames containing only straight 

and sinusoidal krypton positions and those with only intersection positions. We 

would expect therefore, that channel intersections would only be occupied at high 

loadings and for high temperatures.

Frames 69 -100 were high-energy sites for non-channel positions and are not 

expected to be significantly occupied.

4.1.1.4

MONTE CARLO DOCKING: POTENTIALS OF HIRSCHFELDER ET AL.

Monte Carlo docking work was repeated in the same way as described in section

3
3.1, using the potential of Hirschfelder et al. , for krypton - lattice interactions. 

Fig.(4.9) shows the resulting Monte Carlo docking results.
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FIGURE 4.9 Monte Carlo docking plot after energy minimisation for frames 1-94 

using potentials of Hirschfelder et al. Energies are sorted according to energy with 

the lowest energy at frame number 1. Intersection positions are shown to be at a 

higher energy (frames 64 to 94) than the straight and sinusoidal channels (frames 1 

to 63).

Frames 1 to 63 contain only straight and sinusoidal positions. There are 22 

straight channel positions and 41 sinusoidal channel positions. The average 

adsorption energy of the sinusoidal channels is -28.0 kJ mol *, while that for the 

straight channel is -26.7 kJ mol '. Frames 64 to 94 contain intersection positions 

only. There are 30 such positions with an average adsorption energy of -18.7 kJ
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mol \  Frames 95 to 100 again contain non-channel and non-intersection positions 

and are not energetically favourable.

The adsorption energies show that the sinusoidal channel has the lowest energy 

and the straight channel has a slightly higher adsorption energy, which is the 

reverse of what is calculated when using the PCFF potential, but again the 

difference between the adsorption energies in the straight and sinusoidal channel is 

small. The intersection again has an adsorption energy that is substantially higher 

than that for either the straight or sinusoidal positions.

4.1.1.5 

MONTE CARLO PACKING OF KRYPTON INTO SILICALITE

Monte Carlo Packing work using only the PCFF potentials was carried out to 

confirm the findings of the initial docking work using PCFF; that the krypton atoms 

were located in the straight, sinusoidal and intersection positions. The packing 

simulations also allowed for the inclusion of Kr-Kr interactions as multiple Kr 

atoms were being docked into the unit cell of silicalite during the simulation.

The Monte Carlo packing simulation was set up in an identical way to the 

docking calculation except that a packing simulation was specified. In the packer 

calculations a specified number of guest molecules are located within the host 

lattice. The simulation was set up so that five krypton guests would be packed into 

the silicalite host structure during the Monte Carlo packer calculation. The 

variables and the rest of the setup were as in the initial docking calculation shown 

in TABLE 4.2.
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Once the packer calculation had completed DISCOVER was used to perform the 

energy minimisation as before. The results of the packer calculation can be seen in 

TABLE 4.3.

The Monte Carlo Packer calculations are harder to interpret in terms of energies 

of specific sites. The results show that in any one frame, there are up to four 

different types of position that krypton could occupy: straight, sinusoidal, 

intersection and 5 ring. Channels and intersections are occupied right up to frame 

number 100. The results do show again that channel and intersection positions are 

favourable positions for krypton to occupy. Initially, up to and including frame 15, 

only channel and intersection positions are occupied. Frames 1 to 4 inclusive 

contain no intersection positions, again confirming earlier calculations that show 

intersections to be less favourable (having higher adsorption energies) than either 

of the channel positions, which were filled first. Subsequent energies for frames 

containing non-channel positions were significantly higher in energy.
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TABLE 4.3. Monte Carlo Packing Energies and Positions.

Key to positions: S = Straight, Sin = Sinusoidal, I = Intersection. Average energy is 

calculated for 5 Kr/uc in each franie.

Frame Number Average Energy, 
kJ mol'^

Positions In Silicalite

1 -17.69369868 S, S, Sin, Sin, Sin
2 -17.2908624 S, S, Sin, Sin, Sin
3 -17.05162144 S, Sin, Sin, Sin, Sin
4 -16.54025416 S, S, S, Sin, Sin
5 -16.53213656 1,1, Sin, Sin, S
6 -16.27708017 1,1, Sin, S, S
7 -16.00646053 1,1,1, Sin, S
8 -15.97792604 1,1, Sin, S, S
9 -15.92980939 1,1,1, Sin, S

10 -15.90361792 1,1,1, Sin, S
11 -15.74487623 1,1, S, S, Sin
12 -15.54421223 1,1, S, S, Sin
13 -15.47902564 1,1, s , S, S
14 -14.959038 1,1,1,1, Sin
15 1.26515648 1,1, Sin, Sin, S

v16 24.98631817 S, S, Sin, 1, 5 ring
17 25.01987389 1, Sin, Sin, Sin, 5 ring
18 25.17058097 1, S, S, S, 5 ring
19 25.19961823 1,1, Sin, Sin 5 ring
20 25.49450608 1, S, S, Sin, 5 ring
21 25.65316318 1, S, Sin, Sin, 5 ring
22 25.77650728 1, S, Sin, Sin, 5 ring
23 26.37490334 1,1, Sin, Sin, 5 ring
24 26.43941958 1, S, S, Sin, 5 ring
25 26.56050525 1,1,1, Sin, 5 ring
26 27.73595794 1,1,1, S, 5 ring
27 28.26012888 1, S, Sin, Sin, 5 ring
28 28.50062434 1,1, S, Sin, Sin
29 28.70563922 1, S, Sin, Sin, Sin
30 29.07517036 1, S, Sin, Sin, Sin
31 29.23298952 1,1, S, S, Sin
32 29.28704833 1,1,1, Sin, Sin
33 61.55678305 1, Sin, Sin, Sin, Sin
34 61.73870284 S, S, Sin, Sin, 6 ring
35 61.79451413 S, S, S, Sin, 6 ring
36 61.9684025 S, Sin, Sin, Sin, 6 ring
37 62.49692431 1, 1, S, Sin, 6 ring
38 63.24895305 1,1, S, Sin, 6 ring
39 63.31363848 1,1, S, Sin, 6 ring
40 63.70024435 1,1,1, Sin, 6 ring
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41 67.1607423 S, S, Sin, 5 ring, 5 ring
42 67.39722205 S, S, Sin, 5 ring, 5 ring
43 67.68156468 1, Sin, Sin, 5 ring, 5 ring
44 68.43242509 1, S, S, 5 ring, 5 ring
45 69.00680513 1,1, Sin, 5 ring, 5 ring
46 69.21274253 1,1, Sin, 5 ring, 5 ring
47 70.46660045 1,1,1, 5 ring 5 ring
48 104.1713595 S, S, S, 5 ring, 6 ring
49 104.3567077 S, S, Sin, 6 ring, 5 ring
50 104.4567109 S, S, Sin, 6 ring, 5 ring
51 104.4679216 1, S, S, 6 ring, 5 ring
52 104.5613108 1, Sin, Sin, 6 ring, 5 ring
53 104.6480027 1, S, Sin, 5 ring, 6 ring
54 104.8851465 1, S, Sin, 6 ring, 5 ring
55 105.1189512 1, S, Sin, 6 ring, 5 ring
56 107.0344685 S, Sin, Sin, Sin, 5 ring
57 108.5663167 1, S, Sin, Sin, 6 ring
58 109.5554062 S, Sin, 5 ring, 5 ring, 5 ring
59 109.5667064 1, Sin, 5 ring, 5 ring, 5 ring
60 112.578256 S, S, Sin, 5 ring, 5 ring
61 135.8330755 S, S, S, Sin, 5 ring
62 136.0189344 S, S, Sin, Sin, 5 ring
63 136.2445289 S, S, Sin, Sin, 5 ring
64 139.4482963 S, S, Sin, Sin, 5 ring
65 140.1461864 1, S, Sin, Sin, 5 ring
66 140.308283 1, S, Sin, Sin, 5 ring
67 140.6655085 1,1, S, Sin, 5 ring
68 140.7226604 S, Sin, Sin, Sin, 5 ring
69 141.1769524 1, S, Sin, Sin, 5 ring
70 141.5847284 1,1,1, S, 5 ring
71 142.7572508 1,1, S, 6 ring, 6 ring
72 146.7518759 Sin, Sin, 5 ring, 5 ring, 6 ring
73 148.4047252 S, S, 5 ring, 5 ring, 6 ring
74 178.2869918 S, Sin, Sin, 5 ring, 6 ring
75 181.6342647 S, Sin, 5 ring, 5 ring, 5 ring
76 181.8735089 S, S, S, 5 ring, 5 ring
77 184.3155434 S, Sin, Sin, 5 ring, 5 ring
78 185.1081505 S, Sin, 5 ring, 5 ring, 5 ring
79 186.9881138 1, Sin, 5 ring, 5 ring, 6 ring
80 189.3968351 1, 5 ring, 5 ring, 5 ring, 6 ring
81 197.1839212 S, 5 ring, 5 ring, 6 ring, 6 ring
82 211.5402936 Sin, Sin, Sin, 5 ring, 6 ring
83 212.7883036 1,1,1, 5 ring 6 ring
84 215.0159414 1, S, S, 6 ring 6 ring
85 219.2220264 1, Sin, 6 ring, 5 ring, 5 ring
86 219.7210975 1, 1, Sin, 5 ring, 6 ring
87 227.4822507 S, S, 5 ring, 5 ring, 5 ring
88 244.717048 S, Sin, 5 ring, 5 ring, 5 ring
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89 256.7860258 S, Sin, 5 ring, 5 ring, 5 ring
90 339.2294024 8, 8 , Sin, Sin, 5 ring
91 340.4199922 1, S, Sin, Sin, 5 ring

. 92 346.3410198 S, S, 1, 5 ring, 5 ring
93 351.9585393 S, Sin, Sin, Sin, 5 ring
94 389.1899693 1, Sin, Sin, 5 ring, 5 ring
95 394.7513327 1, S, Sin, 5 ring, 6 ring
96 460.5288781 S, S, 5 ring, 5 ring, 6 ring
97 510.2154576 1,1, Sin, 5 ring, 5 ring
98 576.090044 1, Sin, 6 ring, 5 ring, 5 ring
99 702.9700614 S, Sin, Sin, 5 ring, 5 ring
100 5060.257624 Sin, Sin, 5 ring, 5 ring, 6 ring
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4.1.1.6

INITIAL SUMMARY AND CONCLUSIONS FROM MONTE CARLO 

DOCKING OF KRYPTON IN SILICALITE

The Monte Carlo docking work showed that both the potentials of Hirschfelder and 

PCFF predicted sorption of krypton into the straight and sinusoidal channels, as 

well as in the intersections. Fig. (4.10) shows a view of silicalite along the 010 

plane showing the three sorption sites found from the Monte Carlo docking work.

FIGURE 4.10 View along the 010 plane of silicalite showing the three distinct 

sorption sites found from Monte Carlo docking calculations: Straight channel (•), 

Sinusoidal channel (•) and Intersection (•).

160



The adsorption energies obtained from the Monte Carlo docking work for the 

PCFF and Hirschfelder potentials are shown in TABLE 4.4. The energies are 

calculated as averages over the straight and sinusoidal channel positions and 

intersection positions respectively.

TABLE 4.4. Adsorption Energies From Monte Carlo Docking Simulations

Straight Channel, 

kJ mol^

Sinusoidal Channel, 

kJ mol^

Intersection, 

kJ mol'^

Potentials of 

Hirschfelder 

et al.

-26.7 -28.0 -18.7

PCFF

potentials

-18.3 -18.0 -13.8

The potentials of Hirschfelder produce adsorption energies that are quite 

appreciably more negative than those obtained for the PCFF potentials. Comparing 

the Kr -  Oframework potentials plotted in Fig. (4.1) and Fig. (4.3) for PCFF and 

Hirschfelder respectively, the Hirschfelder potential appears to be more attractive. 

The more attractive krypton to framework oxygen interaction from the potential of 

Hirschfelder compared to PCFF could account for the lower, more negative 

adsorption energies.

Both potentials show that the energy difference between straight and sinusoidal 

channels is small - less than 2 kJ m ol'\ The potentials of Hirschfelder give the 

sinusoidal channels as having (slightly) the lowest adsorption energy whilst the
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PCFF model gives the reverse order. The results from both potentials agree that the 

intersection has the highest (most positive) adsorption energy of the three types of 

site.

As already described, we also undertook Monte Carlo “packing” calculations of 

krypton in silicalite. Simulations involved multiple Kr atoms being docked per 

frame with a total of 100 frames being used for the simulation; they allow us to 

investigate the influence of Kr-Kr interactions. The results showed the same trend 

as the docking calculations, in that the channel intersections were occupied at a 

higher energy than the straight and sinusoidal channels, which again had similar 

energies.

4.1.2

LATTICE ENERGY MINIMISATION

98 .
The General Utility Lattice Program (GULP) was used to obtain adsorption 

energies for the individual straight and sinusoidal channels and intersection 

positions. The calculations enabled energy minimisation to include lattice 

relaxation as well as the optimisation of the sorbate position. Greater flexibility in 

terms of incorporating interatomic potentials with various functional forms was 

also allowed. Four sets of potentials were used for Kr-Kr and Kr-O interactions,

i.e. those of Hope et al.  ̂ derived in their 1989 paper on the sorption of krypton in

2
silicalite, Loriso et al. used to study the sorption of krypton in zeolite rho, 

Hirschfelder et al.  ̂which was a general krypton to krypton and krypton to oxygen
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potential and the PCFF^'^^ potentials. The potentials of Loriso and Hope could now 

be included in the calculations, because of the facility in the code for inclusion of 

different functional forms of interatomic potentials. Results reported by Hope et al. 

will be compared with results using the same potentials in GULP. Energies 

reported by Hope et al. will be denoted Hopecaicuiated and the energies calculated in 

GULP using the potentials derived by Hope will be denoted HopeouLP- 

The silicalite framework was modelled using a Buckingham potential for Si -  O

96
and 0 -0  framework interactions. A three body potential from Sanders et al. was 

used for Si -  O -  Si interactions. All the potentials used in the calculations 

employing GULP are shown in TABLE 4.0.

The parameters relating to minimisation and simulation described in section 3.2 

were employed. An initial minimisation of silicalite without sorbates was 

performed, for subsequent use in the adsorption energy calculations. Unlike the 

DISCOVER minimisation where only the sorbate was minimised with respect to 

the sorbant, in the GULP minimisation, the framework was flexible and silicalite 

and krypton atom positions were optimised. Four starting configurations for 

krypton were used in the minimisation process:

(1)6 krypton atoms in the straight channel

(2) 6 krypton atoms in the sinusoidal channel

(3)6 krypton atoms in the intersection position

(4) 6 krypton atoms in all channels and intersections -  2 in straight, 2 in sinusoidal 

and 2 in the intersection.
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Initial starting positions were taken from the final, minimised docking positions 

for krypton. Lattice energy minimisation was then used to calculate the lattice 

energies and from this, the adsorption energies for krypton in each of the four 

configurations. Final minimised krypton positions remained in the same channel or 

intersection as they started, although exact positions within the channels and 

intersections altered during the minimisation. The Newton-Raphson minimiser 

together with the BEGS Hessian update scheme was applied for each minimisation. 

We found that the potentials of Hope et al. did not reach a local minimum using 

this optimiser, but did produce adsorption energies similar to literature and docking 

results when the rational function optimiser (RFO) was applied. The results for the 

HopeouLP potential are therefore obtained using the RFO optimiser and not the 

Newton Raphson/BFGS method. TABLE 4.5 shows a summary of the results. 

TABLE 4.5. Average Adsorption Energies From Lattice Energy Calculation

Straight 
Channel, kJ 

mol*

Sinusoidal 
Channel, 
kJ mol *

Intersection, kJ 
mol*

All
Channels and 

Intersection, kJ 
mol*

Potential of 
Loriso et al.

-19.0 -18.9 -12.6 -14.2

PCFF
potential

-20.2 -20.0 -17.8 -15.8

Potential of 
HopeouLP et 

al.

-18.9 -18.2 -14.1 -18.7

Potential of 
Hirschfelder 

et al.

-29.4 -28.5 -26.6 -16.3
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The average adsorption energies were calculated in the following way. The 

silicalite framework was first minimised without any krypton present to obtain a 

lattice energy value for silicalite. Silicalite containing 6 krypton atoms per unit cell 

in straight channel, sinusoidal channel and intersection positions were then 

minimised in turn. The lattice energy for silicalite was subtracted from the energies 

obtained from silicalite and krypton minimisation. This energy difference 

accounted for the adsorption of 6 krypton atoms in straight channel, sinusoidal 

channel and intersection positions. The adsorption energy was then divided by 6 to 

obtain the average adsorption energy for 1 krypton atom situated in straight 

channels, sinusoidal channels and intersection positions.

The results from the potentials of Hirschfelder et al. and PCFF can be compared 

to the Monte Carlo docking results and are slightly more negative than the 

adsorption energies shown in TABLE 4.4. The results using the potential of 

Hirschfelder et al. follow the trend seen in the Monte Carlo docking results, i.e. the 

adsorption energies produced are more negative than the PCFF adsorption energies.

The results with all the potentials showed that the lowest adsorption energy is 

associated with the straight channel, followed by the sinusoidal channel, which 

agrees with the PCFF Monte Carlo docking results. Using Hirschfelder’s potential 

we found that the straight channel has a slightly lower, (more negative) adsorption 

energy than that for the sinusoidal channel, which is opposite to what is seen from 

the docking results, although again there is very little difference between the 

energies of sorbates in the two channels. In agreement with the docking results.
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results with all four potentials found the intersection position to have the highest 

adsorption energy of the three positions.

Lattice energy calculations therefore predict an order of filling; straight channel 

followed by sinusoidal channel, followed by the intersections, with the straight and 

sinusoidal positions having similar energies to each other. This important 

qualitative feature has not been altered by the inclusion of lattice relaxation or by 

the use of other potentials. Inclusion of relaxation is however, as expected, found to 

lower the energies of the sorbate atoms.

4.1.3

ADSORPTION ENERGIES FROM CANONICAL MONTE 

CARLO (CMC) INTERNAL ENERGY CALCULATIONS

CMC internal energy calculations to determine adsorption energies were carried out 

according to the methods described in section 3.3. The adsorption energies 

calculated here were statistically, more accurate than the lattice energy 

minimisation values calculated in section 4.1.2. CMC calculates the adsorption 

energy as an average over sampled sites for the entire silicalite channel and 

intersection system. The adsorption energy of a single krypton atom in silicalite, at 

200K was studied using both the PCFF and potentials of Hirschfelder et al. 

Simulations showed that at 78K, not all of the channel system in silicalite was 

being sampled by the single krypton atom, so the temperature was raised to 200K. 

Analysis of subsequent mass distribution plots showed that at 200K the entire
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channel system was being sampled by the krypton atom. The length of each 

calculation was 1 million iterations. Results of the CMC internal energy 

calculations can be seen in TABLE 4.6, alongside the lowest lattice energies found 

using GULP and the lowest energy found from Monte Carlo docking, using the 

same potentials.

TABLE 4.6. Canonical Monte Carlo Adsorption Energies

CMC Adsorption 

Energy, 

kJ mol"^

Lowest Energy 

MC Docking, 

kJ mol"^

Lowest Energy 

GULP, 

kJ mol'^

PCFF Potential -17.8 -18.8 -20.2

Hirschfelder et al 
Potential

-24.8 -27.8 -29.4

The energies calculated were for one krypton atom, averaged over all the sites 

sampled. We can compare values with the lowest adsorption energies obtained 

from lattice energy minimisation and Monte Carlo docking, for krypton in channel 

and intersection positions (shown in TABLE 4.4) using the same potentials. 

TABLE 4.6 shows that in comparison to the lattice energy minimisation results, the 

CMC results are more positive. In comparison with the lowest energy sites for the 

Monte Carlo docking, both potentials again gave slightly more positive energies. 

The difference between the Monte Carlo and CMC adsorption energies was almost 

equal to kT. At 200K, the temperature at which the CMC adsorption energies were 

calculated at, kT has a value of 1.7 kJ m ol'\ The PCFF potential showed a
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difference of 1 kJ mol'^ which is less than kT. The adsorption energy calculated 

using the potentials of Hirschfelder et al. showed a difference of 3kJ mol^ which is 

slightly greater than kT. The more positive CMC adsorption energy is expected due 

to the CMC calculation including thermal effects as regions of the energy surface 

other than the potential energy minimum.

4.1.4 

ADSORPTION ISOTHERMS

GCMC simulations were performed as described in section 2.4 in order to calculate 

adsorption isotherms of krypton in silicalite. The isotherms were calculated at 78K 

for comparison with experimental adsorption isotherms of the same system

obtained by Hope et a l.\ Pellenq and Nicholson and Llewellyn et al. . The 

isotherms using the PCFF and then Hirschfelder et al. potentials were performed in 

the pressure range 0.101 Pa to 157 Pa with 100,000 iterations plus 10,000 

equilibration steps. The maximum displacement during a Monte Carlo step was 

0.75 Â. A 1x1x2 unit cell of silicalite was used, employing periodic boundary 

conditions which doubled the cell volume and a van der Waals cutoff of 9.95 Â 

was specified, which was again half the shortest cell parameter - in this case the b 

parameter at 19.8990 Â. The extended c parameter enabled a more realistic cutoff 

to be used.

Fig. (4.11) shows the adsorption isotherms from the potentials of Hirschfelder 

and PCFF. Both are single stepped, type-1 isotherms. Maximum loadings at 157 Pa

168



were 21 kryptons per unit cell (Kr/uc) and 22 Kr/uc for the PCFF and Hirschfelder 

potentials respectively with the step occurring at 0.22 Pa for PCFF and 0.17 Pa for 

Hirschfelder. The isotherms showed little detail at lower pressures. The results for 

the lowest pressure gave a loading that was over 18 Kr/uc for both potentials, 

which suggests that saturation is reached swiftly.

-^Hirschfelder
•S 10

50 150 200100
Pressure, Pa

FIGURE 4.11 Adsorption isotherm plots for potentials of Hirschfelder et al. and 

PCFF potentials on a 1x1x2 unit cell of silicalite at 78K

To test the quality of the Kr-Kr interactions in the two potentials, lattice energy 

minimisation were performed on the fee structure of krypton using the GULP code, 

employing both the potentials of Hirschfelder and PCFF. Experimental lattice 

parameters were taken from work by Ruhemann and Simon^* and had a cubic cell 

parameter, a, of 5.71 Â. The potential of Hirschfelder et al. returned a parameter for 

a of 3.80 Â and the PCFF returned a parameter for a of 6.00 Â. The K r - K r  

potential of Hirschfelder et al. is clearly too attractive which explains why
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Hirschfelder gave higher maximum loadings compared with those obtained using 

the PCFF potential for which the calculated lattice parameter is much more 

acceptable.

Analysing the PCFF and Hirschfelder potential plots for Kr -  O in Fig (4.1) and 

Fig (4.3) respectively shows that the Hirschfelder potentials are more attractive, for 

krypton to framework oxygen interactions. This provides further evidence why not 

only the adsorption isotherms shown in Fig (4.11), but also the adsorption energies 

from the Hirschfelder potentials show more favourable krypton sorption than when 

using the PCFF potentials.
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FIGURE 4.12 Mass distribution plot at 0.15 kPa and 78K on a 1x1x1 unit cell of 

silicalite.
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Fig. (4.12) shows a mass distribution plot, calculated using the Cerius2 Sorption

99
package . A simulation at a fixed pressure of 0.15 kPa at 78K over 100,000 

iterations for krypton in a 1x1x1 unit cell of silicalite was performed. The pressure 

was chosen to match the pressure at which the maximum loading was achieved in 

the previous GCMC simulations. The PCFF potential was again used. The 

maximum loading reached was 20 Kr/uc. The plot therefore gives a graphical 

representation, of the distribution of the krypton atoms, at the maximum loading. 

The bluer areas in Fig. (4.12) represent ^eas of zero or low krypton mass, whilst 

the orange areas represent areas of high krypton mass. The figure shows that the 

krypton atoms are located in the channels and intersections of silicalite. Further 

analysis showed that the relative loadings in each of the three sites were 9 Kr/uc in 

the straight channel, 8 Kr/uc in the sinusoidal channel and 3 Kr/uc in the 

intersection positions. The straight and sinusoidal channels show almost equal 

loading whilst the intersection has a lower loading which is consistent with our 

Monte Carlo docking simulations.

4.1.5 

MOLECULAR DYNAMICS

Molecular dynamics using the DL_POLY code^^ was applied to the 

silicalite/krypton system in a series of NVT runs (constant number of molecules, 

volume and temperature). The dependence of the mean square displacement 

(MSD) on sorbate concentration was studied . Loadings at 2, 7, 14 and 18 kryptons
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per unit cell were used; they were selected to give a range from which trends in the 

MSD and diffusion coefficients could be obtained.

Following the lattice energy calculations of adsorption energies using the 

potentials of Hirschfelder and Hope we decided that these were not as useful as 

those of Loriso or PCFF. The potentials of Hirschfelder et al. produced energies 

that suggested greater krypton to framework oxygen interaction than either PCFF 

or Loriso et al potentials. This was reinforced in the analysis of the krypton -  

framework oxygen potential plot in Fig (4.3). Potentials of Hope et al. produced

energies that did not correlate with those reported in the literature \  also in the 

lattice energy minimisation calculations, initial simulations using Newton -  

Raphson and the BFGS Hessian updates scheme did not produce adsorption 

energies comparable to PCFF, Loriso or even Hirschfelder potentials when using 

the same minimisation methods. The potentials of Hope et al. only produced 

energies which were both quantitatively and qualitatively comparable to PCFF and 

Loriso in particular when the rational function optimiser was employed. 

Consequently the Hirschfelder and Hope potentials were not used in the MD 

simulations, as they were not deemed of high enough quality. Initial test runs using 

the two potentials produced non linear mean square displacement plots as well as 

irregular trends in diffusion coefficient compared to loading. The two sets of 

potentials (PCFF and Loriso) used in the MD runs are shown in TABLE 4.0. The 

Sanders potential was used in each case for the Si-O and 0 -0  interactions, while

the three body potential from Catlow et al.^  ̂ was used for the O-Si-O interaction.

The three body shell model potential of Sanders et al.^  ̂used previously is suitable
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for lattice energy calculation, whereas the rigid ion potential of Catlow et al. is 

more suited to MD calculations for which use of the shell model is still 

computationally very expensive. TABLE 4.7 shows the simulation conditions.

TABLE 4.7 Conditions For DL POLY Simulation

Temperature, K 400K

Simulation ensemble NVT

Length Of Run 50 ps zero K run 

Then 150ps (including 50 ps 

equilibrium)

Time step 0.001 ps

Cutoff 6.691 Â

A 50 ps zero Kelvin MD run was first carried out at each loading as a basic 

energy minimisation of the system before a full production run. The zero Kelvin 

MD run was simply to insure that the time consuming full production run was for a 

completely stable system. The configurations used in the zero Kelvin run had 

already been minimised using the GULP package in the calculation of adsorption 

energies; the silicalite structure was the lattice energy minimised structure and 

krypton positions were the lowest energy sites found. The full NVT MD run at 

400K was started from the final configuration obtained in the zero Kelvin run. The 

full NVT run was over 150 ps; data were collected every picosecond and written to 

the History file for use in the MSD and diffusion coefficient calculations.

173



Once the MD run had completed, MSD and calculated diffusion coefficients for 

each of the loadings were analysed. Diffusion coefficients were calculated from the 

Einstein relationship:

< I R(t) ~ R(o) I ^  — 6Dt Eq. 4.2

where R(t) is the displacement at time t and R(o> is the displacement at the time 

origin. D is the diffusion coefficient averaged over time origins and t is the total 

time for the run (149 ps). The time origin was set to calculate displacement 

between every timestep. Diffusion coefficients were calculated for the entire unit 

cell and for individual channels by investigating diffusion in the x, y and z 

directions separately.

Additional runs were carried out using only the potentials of Loriso et al. at a 

loading of 7 Kr/uc. Results from the MSD plots will show that these potentials gave 

the best statistics and so were used for the simulations as a function of temperature. 

MD runs were carried out at 100, 175, 250 and 400K in order to calculate the 

activation energy of krypton in silicalite, using the Arrhenius relationship:

D = A exp (-Eact/RT) Eq. 4.3

where D is the diffusion coefficient at each temperature and Eact is the activation 

energy.
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4.1.5.1

ANALYSIS OF RESULTS FROM MD WORK

Analysis of the MSD plots showed that simulations using the potentials of Loriso 

and the PCFF gave good MSD data, as shown in Fig. (4.13) and Fig. (4.14).
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FIGURE 4.13 MSD plot for potentials of Loriso et al. The plot shows the effect of 

loading on MSD with decreased values when moving from loadings of 2 Kr/uc, 7 

Kr/uc, 14 Kr/uc and 18 Kr/uc. Temperature was constant at 400K.
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FIGURE 4.14 MSD plot for PCFF potentials. The plot shows the effect of loading 

on MSD with decreased values when moving from loadings of 2 Kr/uc, 7 Kr/uc, 14 

Kr/uc and 18 Kr/uc. Temperature was constant at 400K.

TABLES 4.8 and 4.9 show the diffusion coefficients calculated for the simulations 

with the two sets of potentials for the entire unit cell. The standard deviation for the 

MSD and diffusion coefficients are given.
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TABLE 4.8. Diffusion Coefficients for Simulations Using Potentials of Loriso 

et al. at 400K. First 100 of 149 Timesteps Used for MSD and Diffusion 

Coefficient Calculation

Loading, Kr/uc < 1 R(t) -  R(o) P > , D, m  ̂s'^

2 744 + 538 1.2 X 10'̂  ±9.0 X 10'̂

7 120 ±63 2.0xl0'^± 1.1x10^

14 98 ±54 1.6 X 10'  ̂±9.0 X ICfio

18 64 ±34 1.1 X 10'̂  ± 5.7 X 10^̂

TABLE 4.9. Diffusion Coefficients for Simulations Using PCFF Potentials at 

400K. First 100 of 149 Timesteps Used for MSD and Diffusion Coefficient 

Calculation

Loading, Kr/uc < 1 R(t) — R(o) 1 > , D, m^ s'̂

2 390 ± 253 4.4x 10 ’ ± 2 .8 x  lO'*

7 159 ±86 1 .8 x 1 0 ’ ±1.0x10®

14 71 ±37 8.0x 1 0 '°± 4 .1 x  10'®

18 31 ±13 3 .4 x 1 0 '“ +1.5x10-'“

The MD runs using the Loriso and PCFF potentials produced MSD plots that 

increased linearly with time, although at longer times the data is poor as the effect 

of the averaging over time origins decreases. Therefore only the first 100 ps are 

used in calculating diffusion coefficients. Analysis of the calculated coefficients
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shows that at lower loadings diffusion is higher than at higher loadings, the effect is 

commonly found. As loadings increase, it is expected that sorbate collisions with 

other sorbate atoms will increase, so hindering the diffusion of sorbate atoms 

through the silicalite channel system.

TABLES 4.10 and 4.11 show the diffusion coefficients for the individual jc, y and 

z directions in silicalite at 400K for the Loriso and PCFF potentials respectively, 

again using only the first 100 timesteps. The x  direction follows the sinusoidal and 

the y direction the straight channel while the z direction requires alternating motion 

between the straight and sinusoidal channels. The standard deviation is again given 

for each diffusion coefficient.

TABLE 4.10. Diffusion Coefficients for j c ,  y  and z Directions Calculated Using 

Potentials of Loriso et al. at 400K. First 100 of 149 Timesteps Used

Loading,

Kr/uc

D;c.m"s-^ Dy, m"' s ' D2,m''s'

2 3.9 X 10^ 

± 2.6 X 10^

7.3 X 10 “ 

± 5.7 X 10 “

1.1 X 10“

± 7 .9 x  1 0 '“

7 5.8 X 1 0 '“ 

± 2 .6 x  1 0 '“

1.1 X 10“ 

±  6 .8  X 1 0 ‘“

2.9 X 1 0 '“ 

± 1 .3 x 1 0 '“

14 8.4 X 1 0 '“ 

± 5 .3 x  1 0 '“

6.3 X 1 0 '“ 

± 3.2 X 10‘“

1.6 X 1 0 '“

± 6.2 X 1 0 "

18 2.94 X 1 0 '“ 

± 1 .3 x 1 0 '“

6.2 X 1 0 '“

+ 3.9x 1 0 '“

1.3 X 1 0 '“ 

± 5.6 X 1 0 "
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TABLE 4.11. Diffusion Coefficients for x ,  y  and z  Directions Calculated Using 

PCFF potentials at 400K. First 100 of 149 Timesteps Used

Loading,

Kr/uc

D;c, s'̂ Dy, m'‘ s ’ D;,m s '

2 1.1 X 10^

± 6.5 X 10"’

5.0 X lO ” 

+ 3.4x10^

0

7 1.3 X 10'' 

+ 6.6 X icr'o

1.2 X 10"

± 6.8 X icr’o

2.2 X icr’" 

± 1 .0 x 1 0 " ’

14 4.9 X 10'“’ 

+ 2.2x lO ’"

5.7 X lO ’" 

± 3 .4 x  icr’o

1.3 X lO '" 

± 5 .8 x  10”

18 1.9x 10‘‘" 

+ 7.0X lO "

2.6 X icr’" 

± 1.3 X icr’o

5.3 X 10”  

± 2 .0 x 1 0 ”

The results for both the Loriso and PCFF potentials show that diffusion along the 

z direction is slower than in the x or j  directions, which is expected because 

diffusion along z requires krypton to alternate between straight and sinusoidal 

channels. A general trend is seen where diffusion along each individual direction 

decreases as loading increases, an expected trend also seen in the diffusion 

coefficients for the whole cell. Diffusion along the x or y directions shows no 

overall preference for one direction over the other. At each loading, diffusion along 

either x or y is fastest with diffusion along z the slowest; neither x or y is constantly 

the fastest direction as loading increases. The difference between the x and y
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directions is small compared to the more significant difference between the jc or j  

directions in comparison to the z direction.

TABLE 4.12 shows the diffusion coefficients at temperatures of 100, 175, 250 

and 400K. Fig. (4.15) shows the corresponding Arrhenius plot, with a line of best 

fit applied to the plotted points. As would be expected, as temperature increases, 

diffusion increases. The slope of the line enabled the activation energy to be 

calculated as 2.5 kJ m ol'\
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TABLE 4.12. Diffusion Coefficients at Varying Temperatures for Simulations 

Using the Loriso et al. Potential, With a Loading of 7 Kr/uc

Temperature, K < 1 R(t) -  R(o) 1“ > , D, m  ̂s''

100 226 252.8 X 10

175 56.5 6.3 X 10'"*

250 129.0 1.4 X 10 ''

400 179.0 2.0 X 10 ' '

-19.5

-20

-20.5
♦ 7 Kr/uc

Q
c

-21.5

-22

-22.5
1/T, K (*1000)

FIGURE 4.15 Plot of temperature dependence of the diffusion coefficient D, for 

Loriso potential at 7 Kr/uc. Slope of the graph gives the activation energy to be 2.5

kJ mol '.
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DISCUSSION AND COMPARISON WITH 

EXPERIMENTAL OBSERVATIONS:

4.2.1 

DISTRIBUTION OF Kr IN SILICALITE

TABLE 4.13 shows the summary of the adsorption energies from the Monte Carlo 

docking and energy minimisation calculations for each set of potentials used seen 

in TABLE 4.4. Also included are the Hopecaicuiated results from their previously 

published paper. Monte Carlo docking and minimisation energies are taken as 

averages of all straight and sinusoidal channel and intersections positions obtained.
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TABLE 4.13. Summary of Average Adsorption Energies for Monte Carlo 

Docking Simulations

Straight Channel, 

kJ mol'^

Sinusoidal Channel, 

kJ mol^

Intersection, 

kJ mol'^

Potentials Of 

Hirschfelder 

et al.

-26.7 -28 -18.7

PCFF

potentials
-18.3 -18.0 -13.8

Hope

Calculated
-17.3 -18.9 -20.9

These adsorption energies indicate the low energy krypton sorption sites within 

the silicalite framework. An order of filling can be predicted from these energies; 

the potentials of Hirschfelder et al. predict an order of Sinusoidal followed by 

Straight followed by Intersection. The order of filling predicted by the PCFF 

potentials is Straight channel, followed by Sinusoidal channel, followed by 

Intersection.

HopCcaicuiated rcsults using their own potential for krypton interactions gave an 

order of filling of Intersection followed by Sinusoidal followed by Straight channel. 

The method of obtaining low energy sites was however, different from our Monte 

Carlo method. Hope et àl. used a Mott Littleton method, where Kr sorption sites 

were introduced in the structure and a region of about 120 atoms, surrounding this

183



centre was optimised. Mott Littleton incorporated within the GULP package 

specifies that the area surrounding a defect is split into three regions labelled region 

1, 2a and 2b. Region 1 is the area closest to the defect centre and all interactions 

between ions are included, ions are allowed to relax in accordance with the defect 

In region 2a ions are treated as being placed in an harmonic well and react to forces 

imposed on the defect. In region 2b individual ion displacements are not included 

as in regions 1 and 2a. Region 2b is far enough away from the defect that ions only 

polarise according to the electrostatic field created by the charge on the defect at 

the centre of region 1. Hope et al. placed Kr at a number of sorption sites and 

energies were calculated at the various sites. Similar Mott Littleton defect 

calculations were carried out using the GULP code for straight, sinusoidal and 

channel intersection positions generated from the Monte Carlo docking process, 

using the same potentials as Hope et al. to see if this would yield similar results of 

the intersection being at the lowest energy. For the simulation, six different straight, 

sinusoidal and intersection krypton positions were taken as starting positions. Each 

of the six positions were taken from previous minimisation calculations so that they 

represented the six lowest energy straight, sinusoidal and intersection positions. 

Calculations were run for each defect position individually and an average energy 

taken from all six results for each position. Calculations took place for region 1 

only and included an area of 170 atoms surrounding the krypton “defect” centre.
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The energies calculated were:

Straight channel = -7.1 kJ mol'^

Sinusoidal channel = -9.3 kJ mol^

Intersection = -6.1 kJ mol'^

The results show quantitative differences to both the calculated results found by 

Hope et al. and to the Monte Carlo docking and minimised energies. The Mott 

Littleton simulations carried out in GULP were for the equivalent of about 1 unit 

cell of silicalite. Only 170 atoms were included in the calculation whereas the 

energy minimisation calculations in sections 4.1.1 and 4.1.2 employed periodic 

boundary conditions, which could explain the differences seen in comparison to the 

energies returned by these calculations. There is qualitative agreement with the 

earlier Monte Carlo docking results however, in that the intersection is still seen to 

be at a higher, more positive less favourable energy compared to the straight and 

sinusoidal channels, again in conflict with the findings of Hope et al.

The Monte Carlo docking method is a far more reliable procedure for locating 

low energy sorption sites than the crude manual procedure coupled with Mott -  

Littleton calculations.

The results from the simulations using the potentials of Hirschfelder et al. and the 

PCFF show that the difference between adsorption energy in the sinusoidal and 

straight channels is very small. The preference of krypton for one channel or the 

other is negligible. Both, however, show the intersection to have a higher (more 

positive) adsorption energy and it is clear that krypton is preferentially located in 

straight and sinusoidal channel positions compared to the intersection positions.
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which is in contrast to the conclusion of Hope et al. who suggested the intersection 

to be the most favourable position.

Let us now consider the comparison with X-ray diffraction studies of Jones et

al. on krypton in silicalite, which showed that krypton was located in the straight, 

sinusoidal and intersection positions, for which they also calculated site 

occupancies. Diffraction work was carried out on krypton sealed in a capillary tube 

together with silicalite. The tube was cooled from 320 deg C to room temperature 

and then sealed at 680 ton* (85.1 kPa). Data were collected at 260K. They found 

occupancies of 1.38 and 1.39 Kr/unit cell in the straight and sinusoidal channels 

respectively and 1.16 Kr/unit cell in the intersection. A total loading of 3.93 Kr/unit 

cell was therefore observed. The trend of a higher but equal loading in the straight 

and sinusoidal channel follows qualitatively our finding that the straight and 

sinusoidal channels are of almost identical energy showing very little preference for 

one channel over the other. Our work also showed the intersection being of 

significantly higher energy than the straight or sinusoidal channels. Jones et al. 

showed the intersection as having a loading of 1.16 Kr/unit cell, that is less than the 

occupancy of the straight or sinusoidal channel, which again, accords qualitatively 

with our observations.

A GCMC simulation was carried out under the same conditions as used in the 

diffraction study to see if we could obtain similar loadings, i.e. pressure was kept 

constant at 85.1 kPa and temperature was 298K. A maximum loading of 3 Kr/uc 

was observed. This is a little less than the calculated total occupancy from the 

diffraction data. Analysis of the mass distribution plot showed that although
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loading was low, the intersection was still occupied, in accordance with 

experiment.

A second GCMC simulation was performed under a similar temperature of 298K, 

but the loading was kept constant at 4 Kr/uc (which was the total occupancy that 

Jones et al observed) in order to compare calculated with experimental occupancies 

for the three sites. The simulation was carried out using 100,000 iterations and the 

location of each of the 4 krypton atoms was studied every 10,000 iterations to give 

10 sets of positions for each of the 4 krypton atoms. The average number of 

krypton atoms in each of the straight, sinusoidal and intersection sites was then 

calculated. We obtain loadings of 1.7 Kr/uc in the straight channel, 1.5 Kr/uc in the 

sinusoidal channel and 0.8 Kr/uc in the intersections. The agreement with the data 

of Jones et al. (1.38, 1.38 and 1.16) is acceptable, considering that the data analysis 

was based on a refinement of the three site occupancies using conventional 

temperature factors which will not adequately account for complex distribution of 

Kr atoms as shown in Fig. (4.12).

4.2.2 

ADSORPTION ENERGIES

Work by Bakker et al.^  ̂ on the one-component permeation through a silicalite-1 

membrane calculated adsorption enthalpies for a number of gases. Isobars on 

silicalite-1 crystals at 101 kPa over a temperature range of 200 to 600 K were 

plotted for krypton and were then fitted to a Langmuir isotherm. The enthalpy of
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adsorption for krypton on silicalite was obtained as -19.3 kJ mol \  With the 

exception of the adsorption energies using the potentials of Hirschfelder et al., the 

adsorption energies obtained via lattice energy minimisation techniques and CMC 

techniques are in good agreement. In particular, the CMC adsorption energy values 

and lattice energy minimisation values in the straight and sinusoidal channels in 

TABLES 4.4 and 4.5 are within 2 kJ mol'^ of the value obtained by Bakker et al.

4.2.3

ADSORPTION ISOTHERMS

The calculated GCMC adsorption isotherms can be compared with a series of 

experimental adsorption isotherms measured by Hope et al., Llewellyn et al. and 

Pellenq and Nicholson.

Hope et al. used a pressure range of 0 -  133 Pa and studied in further detail the 

ranges 0 -  6.67 Pa and 0 -  1.07 Pa. A maximum loading of 23 kryptons per unit 

cell (Kr/uc) was measured. Llewellyn and Pellenq and Nicholson used the same 

pressure range of 0 -  140 Pa and observed maximum loadings of 32 and 23 Kr/uc 

respectively.

The experimental isotherms of Hope et al., Llewellyn et al. and Pellenq and 

Nicholson and the GCMC simulated isotherms using the PCFF and Hirschfelder 

potentials are shown in Fig. (4.16).
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FIGURE 4.16 Comparison of experimental adsorption isotherms and GCMC 

simulated adsorption isotherms at 78K. Experimental isotherms are Hope, Pellenq 

and Llewellyn whilst GCMC simulated isotherms are PCFF and Hirschfelder.

Simulations using the PCFF gave a maximum loading of 21 Kr/uc, while using

the potential of Hirschfelder et al. we found a maximum loading of 22 Kr/uc, which

are 1 or 2 Kr/uc lower than maximum experimentally observed loadings of 23

Kr/uc reported by Hope et al. or Pellenq and Nicholson. Both simulated isotherms

100
produced single stepped. Type I isotherms. Flanigen et al. noted that pore filling 

in silicalite should be complete at a pressure of about 9.33 Pa and both simulated
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isotherms predict the step occurring at lower pressures of 0.22 Pa (PCFF) and 0.17 

Pa (Hirschfelder) than Flanigens predicted pressure.

Analysing the isotherms of Hope, Pellenq and Llewellyn, all three isotherms 

display a sub - step in the isotherm at a pressure of about 5 Pa, loading continues to 

increase after the sub - step until a maximum loading is reached.and the isotherm 

tails off. The isotherm displays almost a Type IV shape shown in Fig. (2.7). The 

sub - step in the experimentally measured isotherms is interpreted by both Pellenq 

and Llewellyn as being due to possible restructuring of the silicalite framework. 

Pellenq proposes a mechanism that would lead to a sub - step as seen in the krypton 

isotherms. The mechanism applies to adsorbate/adsorbent systems where the 

available pore space is only just sufficient to cater for the adsorbate. The noble 

gases are quite bulky atoms and if the adsorbent undergoes a small expansion, this 

would allow more adsorbate atoms to enter the pores. The final step in the isotherm 

is due to filling of all pore space in silicalite, but the sub - step is due to a slight 

expansion of the framework being induced by the bulky krypton atoms. The 

framework expansion allows krypton atoms to fit into pore space that they 

previously could not fit into. Llewellyn also proposes that the sub - step in the 

isotherm is due to confinement effects in the zeolite framework.

The explanation of the existence of the sub - step being due to framework 

restructuring would account for the absence of a sub - step in the simulated 

isotherms. GCMC adsorption isotherms were measured for a fixed framework, 

which would not account for framework restructuring and the simulation of a sub - 

step. The use of a fixed framework could also explain why the step in the isotherm
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equating to the filling of the pores occurs at a lower pressure than the experimental 

isotherms. In the experimental isotherms there is a slow build up of loading as 

pressure increases until framework restructuring and then rapid filling of the 

remaining pore space. In the simulated isotherms there is rapid filling of all 

available pore space immediately with no waiting for a framework restructure to be 

induced by the krypton atoms. The simulated isotherms were also performed on a 

completely pure silicalite structure, with no defects present. This could affect 

relative pore sizes. The experimental isotherms were interpreted in terms of the 

krypton only just fitting into the pores of silicalite. The expansion of the zeolite was 

required for maximum loading. Defects present in the silicalite sample could reduce 

pore size openings or restrict adsorption of krypton until framework restructuring. 

In a completely pure sample there would be no defects to effect loading. 

Framework restructuring to expand pore sizes may not be needed to allow a high 

loading of krypton in silicalite. The simulated isotherms did predict maximum 

isotherms in good agreement with those found from experiment, but both PCFF and 

Hirschfelder were at slightly lower loadings by about 1 or 2 Kr/uc. This deficit in 

maximum loading at the same pressures as experiment could be due to two factors:

1. The absence of adsorbate induced framework restructuring does not allow 

the maximum loading of krypton to adsorb into the pores

2. The potentials are not accounting for the exact adsorbate -  adsorbate or 

adsorbate -  adsorbent interactions experienced in experiment.

Earlier calculations have already highlighted how the more attractive Hirschfelder 

potentials for Kr -  O have lead to more negative energies and slightly higher
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loadings compared to the PCFF potential. Pellenq also highlights the importance of 

adsorbate -  adsorbate and adsorbate -  adsorbent interactions in analysing 

adsorption properties. The isosteric heats of adsorption were studied for krypton in 

silicalite and decomposed into krypton -  krypton and krypton -  silicalite 

components. Analysis showed that whilst krypton was adsorbing before the sub - 

step, the total isosteric heat of adsorption remained fairly flat. The final increase in 

the krypton -  krypton contribution to the overall isosteric heat of adsorption is 

attributed to krypton forming clusters in the intersections. Framework restructuring 

occurs and krypton -  silicalite interactions become less favourable as more krypton 

is adsorbed, influenced by a cooperative process. As loading increases, krypton 

atoms start to overlap and repel with other krypton atoms rather than overlap with 

the zeolite walls. This repulsion of krypton atoms destroys the previously formed 

krypton clusters in the intersections. At a loading of about 20 Kr/uc the krypton -  

krypton contribution to the isosteric heat of adsorption remains constant whilst 

krypton -  silicalite contributions decrease, above this loading both components to 

the total isosteric heat of adsorption decreases as the zeolite pores are totally filled.

Another interesting point in Pellenq’s analysis is the observation that in the 

krypton component to the total isosteric heat of adsorption, the final increase in 

contribution is attributed to adsorption in the intersections where clusters are being 

formed. Adsorption before this point in the isotherm would be occurring in the 

straight and sinusoidal channels. This again is in agreement with our previous 

Monte Carlo docking and subsequent energy minimisation calculations where the 

intersections were less favourable than the straight and sinusoidal sites.
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Fig. (4.17) shows the comparison between the simulated isotherms of Pellenq and 

Kiselev with those obtained here using PCFF and Hirschfelder potentials.
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FIGURE 4.17 Comparison between previously simulated adsorption isotherms and 

GCMC simulated adsorption isotherms. Literature simulated isotherms are Pellenq 

sim. and Kiselev sim. GCMC simulated isotherms are PCFF and Hirschfelder.

The first observation in Fig (4.17) is that the Kiselev simulated isotherm 

(maximum loading of 26 Kr/uc) over estimates the maximum loading obtained 

from the PCFF and Hirschfelder simulated adsorption isotherms whilst the Pellenq 

simulated isotherm (maximum loading of 20 Kr/uc) under estimates the maximum
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loading. Both the Pellenq and Kiselev simulations produce Type I adsorption 

isotherms, with no sub - step as do the adsorption isotherms from the PCFF and 

Hirschfelder potentials. This reinforces the theory that the sub - step is due to 

framework restructuring, which is not accounted for in the GCMC simulations of 

adsorption isotherm seen in Fig. (4.17).

4.2.4 

KRYPTON DIFFUSION

Our calculations show the expected decrease of diffusion coefficient with loading.

46
The same behaviour was found by Pickett et al. who studied the diffusion of 

xenon through silicalite and also observed that as loading increased the MSD 

decreased as expected.

Pickett et al. also calculated individual diffusion coefficients for the %, y and z 

directions. They showed diffusion to be fastef along y, the straight channel, 

followed by the sinusoidal channel (jc direction). Diffusion along z was shown to be 

slowest. Our results revealed a similar trend in that diffusion was slowest along z, 

but no overall preference for diffusion along jc or y was seen.

Bakker et al. studied the diffusion of various gases including krypton through a 

silicalite membrane. The experiment was set up using a Wicke - Kallenbach

diffusion cell^^\ The diffusion coefficients for krypton calculated from the relation

given by Fuller et al.^^ ,̂ was 1.7 x 10  ̂m  ̂s '\  It is not clear at what temperature the 

diffusion coefficient was calculated. Comparison with the calculated diffusion
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coefficients obtained from the MD simulations at 400K showed values to be 

between 7.4 x 10'*° and 4.4 x 10'^ m^ s'  ̂ for the three loadings using the PCFF and 

Loriso potentials. The significantly lower value of the calculated krypton diffusion 

coefficient compared with the experimental diffusion coefficient could be due to 

the latter being obtained from measurements on a silicalite membrane, to which a 

high pfessure gradient was applied, which might not be expected to yield a reliable 

value for the diffusion coefficient, whereas we are calculating self diffusion 

coefficients.

Bakker et al. also gave activation energies for the gases they studied diffusing 

through silicalite. Two activation energies were quoted for krypton, one for surface 

diffusion at low temperatures ( E d . s  = 7.4 kJ mol^) and one for bulk diffusion at 

higher temperatures ( E d , g t  = 7 kJ moT*). Our value for the activation energy was 

2.5 kJ mol ^ This lower value fits the trend seen in the simulated diffusion 

coefficients, which were also lower than found experimentally by Bakker et al. A 

possible explanation of the lower activation energy from molecular dynamics 

compared to experiment lies within the method used for experiment. In order to 

calculate activation energies, the loading in the zeolite has to be constant at each 

temperature studied. In using a membrane, it is very hard to keep loading at the 

membrane constant at any one temperature. The fluctuation in loading at the 

membrane will give fluctuations in the diffusion coefficients at the temperatures 

studied and it has been seen that this leads to a higher than expected activation 

energy. It would be of interest to obtain experimental diffusion coefficients for Kr 

using techniques designed to yield reliable bulk self diffusion coefficients.
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SUMMARY AND CONCLUSIONS

Simulations have confirmed that there are three regions of low energy sorption sites 

for krypton in silicalite; those in the straight or sinusoidal channels and in the 

channel intersection. Analysis of the individual energies of each site, after 

optimisation using the DISCOVER code has revealed that the straight and 

sinusoidal positions are at similar, low energies compared to the intersection 

positions at a higher energy. Lattice energy minimisation, employing a variety of 

interatomic potentials, revealed similar trends, where the straight and sinusoidal 

channel positions are at similar, low energies and the intersection positions are at 

higher, more positive energies.

CMC simulation enabled us to study a high number of low energy adsorption 

sites and we calculated an average adsorption energy that was in good agreement 

with the lowest energy site obtained from the simulations based on Monte Carlo 

docking and energy minimisation using the DISCOVER code.

GCMC simulations of adsorption isotherms have revealed single step, type I 

isotherms for the filling of the pores in silicalite by krypton atoms. Maximum 

loadings of about 21 Kr/uc have been achieved at 78K and over a pressure range of 

0-155 Pa. Subsequent analysis of mass distribution plots at higher pressures and a 

temperature of 78K have shown occupation of straight, sinusoidal and intersection 

positions by krypton atoms which is consistent with results from our Monte Carlo 

docking work. Acceptable agreement with the results from the diffraction data of
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Jones et al. is also obtained. The absence of a sub - step in the adsorption isotherms 

seem to further indicate that the sub - step is attributed to framework restmcturing. 

The GCMC adsorption isotherms do not account for any framework flexibility so 

would not simulate a sub - step in the adsorption isotherm.

Molecular dynamics using an NVT ensemble has shown that krypton diffuses 

through the channels and intersections of silicalite. Analysis of MSD and calculated 

diffusion coefficients demonstrated the expected trend of slower diffusion on 

moving to higher loadings. Analysis of diffusion along individual jc, y, and z 

directions shows that diffusion along the z direction is slowest, as this process 

requires krypton to alternate between straight and sinusoidal channels. Further MD 

runs using a constant loading, NVT ensemble at a number of different temperatures 

enabled us to calculate the activation energy of krypton in Silicalite to be 2.5 kJ 

mol*.

The simulation studies have provided a firm basis for understanding the sorption 

of krypton in silicalite and outlines a general method for the study of sorption of 

any small molecule within this key microporous material.
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SORPTION OF OXYGEN AND NITROGEN IN 

LITHIUM EXCHANGED ZEOLITES

This chapter will study the sorption of oxygen and nitrogen in five lithium 

exchanged zeolites; LiX, Li -  chabazite, Li A, Li -  mordenite and Li -  rho in the 

first systematic study of a range of lithium exchanged zeolites using a transferable, 

ab initio derived potential. All the simulations in this work were run on a Silicon 

Graphics 0 2  workstation with a R 10000 processor and 128MB of memory. It must 

be considered that the calculations undertaken were not trivial and used 

considerable computational resources in terms of power and time. The aim of the 

work was to investigate a wide range of lithium exchanged zeolites for the 

separation of oxygen and nitrogen and will be highlighted in discussing the results, 

further work would ideally be required to fully explore and explain some of the 

observations that are recorded. Due to time and available computational resources, 

this has not always been possible and has been included in Chapter 7 as work that 

could be carried out in the future. We start with the development of an interatomic 

potential for Li -  O2/N2 interactions from ab initio quantum mechanical calculation 

and move on to the use of this potential, incorporated into a forcefield, for the 

interactions involving the zeolite framework, to study adsorption isotherms, 

adsorption energies and Henry constants.
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The chapter will start with an introduction to the field of air separation using 

zeolites and carbon molecular sieves, highlighting previous work in this area. We 

will then move on to define the models used for oxygen and nitrogen interactions 

with Li^ in the ab initio calculations. We then describe how each zeolite was 

constructed. The ab initio calculations are then presented. Energies are calculated 

as a function of Li -  O2 and Li -  N2 distances. Following the calculation of the 

energy curves we describe how Lennard -Jones 1 2 - 6  potentials are fitted to the 

energy curves and how once a satisfactory fit is achieved the potential is 

incorporated into CVFF, for use in the sorption studies.

Sorption studies for O2 and N2 in the five lithium exchanged zeolites are then 

presented, using GCMC calculations to simulate adsorption isotherms; CMC 

internal energy calculations are used to obtain statistically accurate adsorption 

energies and the effect of temperature on Henry constant is analysed. Comparison 

is made with previous literature studies, both experimental and simulated for 

similar Li -exchanged zeolites/oxygen, nitrogen systems.

The chapter concludes by summarising the work carried out on the sorption of 

oxygen and nitrogen in Li exchanged zeolites.
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5.0.1

INTRODUCTION

Before the 1970’s, the commercial separation of oxygen and nitrogen was carried 

out by cryogenic distillation of air. During the 1970’s, however, it was found that 

the selective adsorption of oxygen or nitrogen in carbon molecular sieves or 

zeolites could be a more cost effective commercial process depending on the

19
amounts of oxygen and nitrogen that were produced. Gaffney reports on advances 

made in recent years on the non - cryogenic production of oxygen and nitrogen. He 

states that the use of porous solids for nitrogen and oxygen production of 50 tons 

per day N2 and 100 tons per day O2 is more cost effective than cryogenic methods. 

Cryogenic distillation is however still the most cost effective method for large 

quantity and high purity separation of oxygen and nitrogen.

Carbon molecular sieve (CMS) adsorbents are used to separate nitrogen. The 

smaller oxygen molecules undergo more rapid diffusion through a CMS adsorbent 

compared to nitrogen. This kinetic selectivity of oxygen relative to nitrogen is due 

to the oxygen molecules being smaller than those of nitrogen and therefore passing 

through the pore openings of the CMS adsorbent more rapidly than the latter. The 

pore openings are of similar size to the molecular dimensions of both oxygen and 

nitrogen. Oxygen passes through the CMS adsorbent whilst nitrogen does not, 

therefore effecting separation of mixtures of the two gases.

Zeolite adsorbents are used to separate oxygen, exemplified by zeolites X and Y. 

The basis of this selectivity stems from nitrogen possessing a greater quadrupole
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moment than oxygen. There is a greater interaction between the quadmpole 

moment of nitrogen and the electrostatic field gradient created by the extra 

framework cations in such zeolites. Nitrogen is therefore retained in the zeolite 

more strongly than oxygen, leading to separation of the two from a mixture.

The present study focuses on the use of zeolites for the sorption of oxygen and 

nitrogen. Previous industrial experimental work has used various adsorption

techniques such as pressure swing adsorption (PSA, first developed by Skarstom^^^

104
in the United States and Domine et al. in France, see APPENDIX B) and vacuum 

swing adsorption (VSA -  see APPENDIX B) to study adsorption of oxygen and

nitrogen in zeolites. Coe et al.^  ̂ studied the use of lithium chabazite for the gas

27
separation of oxygen and nitrogen employing PSA techniques, whilst Chao et al.

employed PSA techniques in the separation of oxygen and nitrogen in

20
lithium/alkaline earth metal A zeolites. Bajusz and Goodwin examined the 

sorption of oxygen and nitrogen in the CaX zeolite employing steady -  state 

isotopic transient kinetic analysis (SSITKA). SSITKA allows in-situ measurements 

of concentration and average lifetimes of surface intermediates for heterogeneously 

catalysed reactions. The principle of the technique is to switch isotopically labelled 

reactants, during a reaction, without changing the partial pressures of the reactants, 

or disturbing steady -  state reaction. The isotopic switches generate transient 

responses of labelled compounds, which are recorded using a mass spectrometer, 

analysis of which provides the information necessary to calculate average surface 

lifetimes and surface concentrations of the reaction surface intermediates.

Theoretical investigations have been carried out by Ustinov et al.^^ ’̂̂ ^, who studied
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the sorption of oxygen and nitrogen in the zeolite NaX using a Gibbs grand 

canonical ensemble. Ustinov et al. argue that the Gibbs grand canonical ensemble 

allows the micropores of a zeolite to exchange adsorbate molecules and energy, 

whilst excluding surface effects at the boundaries to provide statistical 

independence of each micropore. The theory is then applied to an ensemble of 

micropores.

107
A detailed study carried out by Papai et al. investigated the different adsorption 

properties of oxygen and nitrogen in zeolites using quantum mechanical density 

functional theory (DPT). Papai et al. looked at the interaction of oxygen and 

nitrogen molecules with positive point charges and Li^ and Na"̂  cations in two 

zeolite clusters. A pentameric Al(SiOH3 )4X model and a six -  membered ring 

Al3Si306(0H)i2X model, where X represents the Li^ or Na“̂ cations, were used. A 

qualitative explanation for the separation of oxygen and nitrogen is given, based on 

the quantum mechanical DPT calculations. Potential energy curves for the 

interaction of oxygen and nitrogen with the Li^ cations present in the zeolite 

clusters indicated greater interaction of nitrogen compared to oxygen.

The work carried out and presented in this thesis will use quantum mechanical 

methods to obtain interatomic potentials that can be embedded in the empirical 

CVFF to simulate nitrogen and oxygen sorption in lithium exchanged zeolites.

31
McKee first noted that the Li^ cations provides one of the strongest interaction 

with N2 . Previous work by Baksh et al.^  ̂ Rege and Yang^^, Chao^^ and Hutson et

23
al. used PSA methods to measure adsorption isotherms for oxygen and nitrogen in

24
LiX. Bajusz and Goodwin employed isotopic transient kinetic analysis (SSPTKA)
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to measure adsorption isotherms and isosteric heats of adsorption for nitrogen

25
sorption in LiX. Jale et al. carried out a combined experimental and simulation

19
Study on the sorption of oxygen and nitrogen in LiX, whilst Gaffney and Coe et 

al.  ̂ carried out PSA and VSA experiments to measure adsorption isotherms for

27
nitrogen in Li exchanged chabazite. Chao et al. undertook PSA experiments to 

measure adsorption isotherms for oxygen and nitrogen in Li exchanged zeolite A.

28 29 30
Golden and Jenkins , Furuyama and Sato and Choudary carried out 

experimental studies on the sorption of oxygen and nitrogen in Li exchanged 

mordenite, measuring adsorption isotherms and isosteric heats of adsorption.

The use of Li -  exchanged zeolites in separation of oxygen and nitrogen is not 

reported in the literature to the same extent as for Na and Ca -  exchanged zeolites. 

As a result there is limited experimental data available for the former systems. Also 

interatomic potentials for cation to oxygen and nitrogen molecules in zeolites have 

not been widely developed and reported for simulation of oxygen and nitrogen in 

cation exchanged zeolites. Work in the literature, which reports Monte Carlo 

simulation of gas separation generally, tends to use or modify potentials by Razmus

108 109
and Hall or Watanabe et al. . For the purpose of this work, it was decided that 

the study of Li -  exchanged zeolites offered an important field for which Monte 

Carlo methods would be appropriate; but that the development of the important Li 

-  oxygen/nitrogen potentials would be required to carry out the work satisfactorily.
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LI
CONSTRUCTION OF OXYGEN. NITROGEN AND 

ZEOLITE MODELS

The models for oxygen and nitrogen molecules as well as the zeolite models were 

constructed before starting to derive the Lennard -  Jones interatomic potential from 

ab initio calculations of Li -  O2/N2 interactions and using the subsequent potential 

in sorption studies in Li exchanged zeolites, where we must ensure correct 

representation of the quadrupole moments on both molecules. Configurations for Li 

interacting with oxygen and nitrogen were also needed to ensure that the 

interatomic potential accounts for Li interacting with these molecules from a 

variety of angles. In this study, three angles of interaction were used in the energy 

calculations.

The five zeolite models (LiX, Li -  chabazite, LiA, Li -  mordenite and Li -  rho) 

were also constructed, with emphasis on accurate representation of the Li extra 

framework cation positions with which the oxygen and nitrogen molecules would 

interact in the sorption studies. A detailed description of the models and 

configurations is now given.
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5.1.1

DEFINITION OF THE OXYGEN AND NITROGEN MODELS 

AND CONFIGURATIONS

The most important aspect in designing the model to describe oxygen or nitrogen 

interacting with Li^ was to ensure that the quadrupole on oxygen and nitrogen was 

presented as the interaction of the quadrupole moment with Li^ is the basis for the 

preferential sorption of nitrogen over oxygen in the Li exchanged zeolites. Electric 

multipoles are determined by the distribution of charge in a molecule. The dipole is 

the simplest electric moment and is given by:

Eq. 5.0

where qi is the charge located at positions r,.

The quadrupole is the next highest order electric moment. A non -  zero electric 

quadrupole moment is formed when there is a non -  spherically symmetrical 

distribution of charge. The quadrupole may be formed by an arrangement of four 

charges that sum to zero and do not lead to a net dipole. Three such arrangements 

are shown in Fig. (5.0).
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2+    2-

BA B C  

FIGURE 5.0 Arrangement of charges that can be used to model a quadmpole 

moment. The arrangement labelled A was used for the nitrogen and oxygen 

models.

The models used for oxygen and nitrogen molecules were identical with the 

exception of the charges placed on each molecule and the difference in the N-N 

bond and 0 - 0  bond lengths.

A three charge model for the oxygen/nitrogen molecule was used with a single 

charge of +1 on the lithium cation. The charge model (shown in Fig. (5.0A)) 

involved negative charges being placed on the two oxygen/nitrogen atoms and a 

positive charge located half way between the oxygen/nitrogen atoms, giving an 

overall charge of zero. Fig. (5.1) shows the model for oxygen. In the case of 

nitrogen the N-N bond length was 1.12 Â with an N-X distance of 0.56 Â.
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BOND LENGTH = 1.28 A 
4 -----------------------------:------ ►
o------------ X------------- o

0.64 Â

- charge 2 + charge - charge

FIGURE 5.1 Model for oxygen used in QM and fitting calculations. O represents 

the oxygen atoms; X represents the mid point of the 0 - 0  bond at 0.0 Â.

In order to model lithium interacting with the model shown above in the most 

effective manner given time and computational limitations, three main 

configurations were used. Each main configuration involved lithium approaching 

the oxygen (or nitrogen) molecule from a different direction.

O ----------------X  O M------------ ►Li

FIGURE 5.2 Configuration 1 , “head on” approach by Li to oxygen/nitrogen 

molecule where r is the distance between Li and the centre of the bond (labelled X)

Configuration 1 is shown in Fig. (5.2) where Li approaches the oxygen molecule 

“head on”. Li is moved in a series of steps of distance r between the centre of the Li 

atom to the midway point of the 0 -0  bond. Energy calculations were made for Li -  

X distances in the range 1.32Â -  10.58Â. A calculation was also made for a Li - X 

distance of 1 0 0 Â to give the reference value for non -  interacting species.
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Li

O X O

FIGURE 5.3 Configuration 2, Li approaches from “above” the centre of the 

oxygen/nitrogen molecule where r is the distance between Li and the centre of the 

bond (labelled X)

Configuration 2 (shown in Fig. (5.3)) involves Li approaching the centre of the 

0 -0  bond from “above” the molecule. Energy calculations were made in the range 

1.32Â -  10.58Â for Li -  X distances. An energy calculation was again made for a 

Li -  X distance of 100 Â to give the reference value for non -  interacting species.
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Li

O -------------------X  '-----------O

FIGURE 5.4 Configuration 3, Li approaches at 45° to the oxygen/nitrogen 

molecule, where r is again the distance between Li and the centre of the bond 

(labelled X)

Configuration 3 (shown in Fig. (5.4)) represents an intermediate case between 

configurations 1 and 2. Li approached X at an angle of 45°. The minimum Li -  X 

distance was 1.68Â and the maximum Li -  X distance was 7.48 Â for oxygen and 

nitrogen models. Again an energy calculation was made at 100 Â to give the 

reference value for non -  interacting species.

5.1.2 

CONSTRUCTION OF ZEOLITE MODELS

The five Li exchanged zeolites constructed for use in the sorption studies were: 

LiX, Li -  chabazite, LiA, Li -  mordenite and Li -  rho. The zeolites were selected 

owing to their usefulness in separating oxygen and nitrogen as shown by 

experimental work for the same, cation exchanged zeolites, and also for the quality 

of characterisation studies available on the Li positions within these zeolites. Li 

positions were, wherever possible, taken from high quality diffraction work carried
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out in the literature, the only exception to which was for the construction of Li -  

mordenite where no literature data was found that characterised the Li cation 

positions within this particular zeolite. Monte Carlo docking and energy 

minimisation was used to determine the Li positions in this zeolite. Zeolite 

framework structures were either taken from the Cerius library of zeolite structures 

and the Si:Al ratio altered to that used in the literature, or the structures were taken 

from the literature, which provided the Li cation positions. A description of the 

construction of each of the five zeolites now follows.

5.1.2.1

Li POSITIONS IN LiX

The framework structure used for LiX is the faujasite structure from Olson^^^ with 

formula (SiA1 0 4 ) 9 6  and dimensions: a = b = c = 25.7 Â, a  = p = y = 90°. The Li

positions were then taken from Feuerstein and Lobo^^  ̂ to complete the 100% Li 

exchanged final structure with formula (SiA1 0 4 )96Li9 6 . A 1x1x1 unit cell was used 

in the sorption calculations and a potential cutoff of 12Â. All cutoffs were 

determined as half the length of the shortest side of the cell, and numbers were 

rounded down to the nearest integer value. The Feuerstein and Lobo structure 

detailed three positions for Li, sites ST, Sn and Sin* from solid -  state NMR 

spectroscopy and neutron diffraction. The SF site is inside the p cage, adjacent to 

the double six -  ring window. Site SE is inside the supercage in front of the six -
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ring window. Site SIII* is inside the supercage, in front of the four -  ring window. 

The cation sites in zeolite X are shown in Fig. (2.2).

Sites S r , s n  and site SIII* were occupied by 32 Li cations. In order to create the 

zeolite with correct occupancy of each cation site, Li^ cations were randomly 

selected and deleted from the structure. The ST and SIX sites given by Feuerstein 

and Lobo contained 32 Li positions each, the SHI* site however, contained 96 

symmetrically equivalent Li^ positions. To achieve the target number of 32 Li^ 

positions in site SHI*, lithium cations in only SIH* sites were substituted randomly 

for another unique atom, such as hydrogen, to leave 32 lithium cations and 64 

hydrogen atoms. A unique atom in this context is one that is not present in the 

zeolite structure. A target ratio of 2 for H:Li is set and lithium is randomly 

substituted for hydrogen using a tool in the Cerius2 molecular modelling package. 

Once the target ratio is achieved, substitution stops and the hydrogen atoms can be 

deleted from the structure, leaving the correct occupancy of the SIII* site.

After the structure was constructed, Li positions were confirmed as occupying the 

positions determined by Feuerstein and Lobo by studying the computer graphics for 

the structure. A final addition to the structure, were the placement of dummy atoms 

in the p cages of LiX. The P cages in LiX are inaccessible to oxygen and nitrogen 

and the dummy atoms ensured this remained so during simulation.
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5.1.2.2

Li POSITIONS IN Li - CHABAZITE

The framework structure for chabazite, including the Li cation positions, was built

112
from the crystallographic positions given by Smith et al. who carried out a 

combined solid -  state NMR (nuclear magnetic resonance) and neutron diffraction 

study on Li/Na - chabazite. The formula given by Smith et al. for the 100% 

exchanged Li - chabazite structure was Si8 .47 2Al3.52 8O24Li3 .528, with two distinct Li 

positions. Smith et al described three possible sites for Li in chabazite:

Site SI = hexagonal prism

Site s n  = six -  ring window

Site Sm  = eight -  ring window

The two distinct positions observed for Li were:

Centre of the six -  ring window -  categorised as site SIX

Comer of the four -  ring window of the hexagonal prism in the supercage -  

categorised as site SIII. These cation sites are shown in Fig (2.6).

The dimensions of the cell were: a = b = c= 18 .7Â , a = p  = y= 93.482°.

The occupancies determined by Smith et al. were:

Si = 0.706 

A1 = 0.294 

0=1

Lil = 0.976 

Li2 = 0.132
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The composition for the simulation was a 2x2x2 unit cell of formula 

SiggAligOi^Lizg. The original 1x1x1 unit cell specified by Smith et al. contained 

3.528 Li cations in the 100% exchanged structure with 1.952 Lil cations and 1.584 

Li2 cations. In the 2x2x2 unit cell structure there would be 15.616 Lil cations and 

12.672 Li2 cations. These amounts were rounded off to 16 Lil and 12 Li2 cations 

to give a total of 28 Li cations in the structure built for use in simulation.

To obtain the desired occupancy and distribution for lithium and aluminium 

atoms, a process was carried out, similar to that for the LiX zeolite, where random 

substitution of atoms is undertaken to achieve target ratios. The Li -  chabazite 

structure started out as the entirely siliceous form of the Smith et al. structure. 

Aluminium was then randomly substituted for silicon, according to Ldwensteins 

rule until the target ratio for SiiAl had been achieved. The 2x2x2 structure contains 

68 Si atoms and 28 A1 atoms, so a target ratio of 2.43 was specified. A similar 

process was carried out for the lithium sites. The crystallographic positions for the 

Lil and Li2 sites given by Smith et al. were incorporated into the aluminium 

substituted structure. The Lil site was fully occupied with 16 Li positions in the 

2x2x2 cell, the target occupancy for this site contained 16 Li^ cations so no further 

work was needed. The fully occupied Li2 site contained 96 Li^ cations with a target 

occupancy of 12 Li^ cations. Therefore, Li^ cations in the Li2 site were substituted 

for hydrogen to leave 12 lithium atoms and 84 hydrogen atoms. Lithium atoms in 

site Li2 only, were substituted for hydrogen until a target ratio of 0.14 was 

achieved. Hydrogen atoms were then deleted from the structure, leaving the Li2 

sites correctly occupied with 12 LL cations.
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The final occupancies for Si, Al, O and Li are compared to those found by Smith et 

ah in TABLE 5.0.

TABLE 5.0 Comparison of Occupancies From Experiment and Simulation. 

The Numbers in Brackets Indicate the Number of Atoms in the Final 

Si68Al280i92Li28 Structure.

112
Occupancies from Smith et al. Occupancies Used in 

the Simulation

Al 0.294 0.292 (28)

Si 0.706 0.708 (68)

O 1 1 (192)

Lil 0.976 1 (16)

Li2 0.132 0.125 (12)

The two types of Li site found by Smith et al. were confirmed by examining the 

computer generated graphics for the structure used in the simulations.
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5.1.2.3

Li POSITIONS IN LiA

113
The framework structure for LiA was taken from Gramlich and Meier with 

formula Si96Al9603S4 and dimensions a = b = c = 24.6 Â, a  = p = y = 90°. A 1x1x1 

unit cell was used in the sorption studies employing a cutoff of 12Â. Li positions

114
were obtained from Porcher et al. . Two unique Li positions are observed in sites 

I and II. In Site I, Li occupies the centre of the six -  membered ring window; in 

Site n, Li is in the a  cage in front of the eight -  membered ring windows. The 

cation sites are illustrated in Fig. (2.3). Porcher et al. stated that for a 100% 

exchanged LiA structure, Site I had 100% occupation and Site II had 33% 

occupation. The 100% exchanged LiA structure consists of 96 Li cations. 100% 

occupancy of Site I consists of 64 Li cations, whilst 33% occupancy of Site II gave 

32 Li cations. The constructed LiA structure therefore had 64 Li cations in Site I 

and 32 Li in Site II giving a total of 96 Li cations. To achieve the correct occupancy 

of Site n, a similar method as shown in LiX and Li -  chabazite for the random 

substitution of Li for a unique atom, followed by deletion of this unique atom, was 

used.

Li positions were confirmed by analysing the computer graphics of the built 

model. As in the LiX structure, dummy atoms were placed into the p cages of LiA 

in order to ensure that these were inaccessible to oxygen and nitrogen.
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5.1.2.4

Li POSITIONS IN Li - MORDENITE

The framework structure for Li - mordenite was taken from Alberti et a l/  ̂ with 

formula Si4oAlgO%Lig and dimensions a = 18.1 Â b = 20.5 Â c = 7.5 Â, a  = (3 = y = 

90°. The starting structure for Li -  mordenite was the entirely siliceous form. 

Aluminium was then randomly substituted for silicon, according to Ldwensteins 

rule until a target ratio of 5 for Si:Al was achieved, giving 40 silicon atoms and 8 

aluminium atoms. Data for Li positions in Li -  mordenite were not found in the 

literature so a Monte Carlo docking calculation was carried out to dock Li atoms 

into the mordenite structure. Minimisation of the Li positions in mordenite would 

give the final Li -  mordenite structure.

Insightll was used to carry out the Monte Carlo docking procedure, which is 

described in section 3.1. A 1x1x1 unit cell of mordenite of composition as given 

above was used for the simulation, with 100% exchange of Li cations to give a 

LiiAl ratio of 1. PBC were also employed. Framework charges and charges on Li 

atoms were specified and used in the docking procedure. Charge values on all

species were taken from the work of B el/

Si = +2.4 

Al = +1.4 

0 = 1.2 

Li = +1.0
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The packing form of Monte Carlo docking was used so that 8 Li atoms could be 

docked into the unit cell. Simulations were mn for 1 million iterations and 100 

frames, each of the 100 frames therefore contained 8 Li positions in a unit cell of 

mordenite. Specifying 1 million iterations ensured that the docking calculations

were run for long enough to enable 8 lithium atoms to dock into the unit cell. The

68
DISCOVER code was used to carry out energy minimisation and the energies 

were sorted according to energy. The lowest energy frame, consisting of the lowest 

energy configuration for 8 Li atoms in mordenite was then used as the Li -  

mordenite model structure in the sorption studies. Analysis of the Li positions from 

the lowest energy configuration showed 6 Li situated in the twelve -  membered 

rings which form the uni -  dimensional channel (with reference to Fig. (2.4), the

sites were E and F as defined by Mortier et al.^^). 1 Li was in site D and 1 Li in site 

A, again with reference to Fig. (2.4). Sites D and A are in the side pockets of 

mordenite. Mortier et al. report that lithium cations will not block the side pockets, 

unlike larger cations such as sodium, which do block these sites.

The 1x1x1 Li -  mordenite structure was converted to a 2x2x2 structure for use in 

the sorption studies, employing a potential cutoff of 7Â.
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5.1.2.5

Li POSITIONS IN Li - RHO

The framework structure for zeolite rho was taken from McCusker and

Baerlocher^^^ with formula AlnSisvOge. The starting structure for the zeolite was 

the entirely siliceous form, substitution of silicon by aluminium was undertaken, as 

described previously for LiX and LiA, until a Si:Al ratio of 3.36 was achieved, 

giving the correct occupancy and distribution of aluminium. The zeolite had 

dimensions a = b = c = 14.3 Â, a  = p = y = 90°. A 2x2x2 unit cell was used in the 

sorption studies employing a potential cutoff of 14Â. Li positions were taken from

Johnson et al.^  ̂who reported a composition for Li zeolite rho also containing Cs 

and Na atoms, with occupancies of Li = 0.84, Cs = 0.2 and Na = 0.16. A 100% 

exchanged cation structure was created for the simulation, containing 11 cations. 

Occupancies were therefore altered to values: Li = 0.75 (6 Li sites), Cs = 0.17 (1 Cs 

sites) and Na = 0.25 (4 Na sites). In order to create the correct occupancies of each 

Li, Cs and Na site, each site was fully occupied and then random substitution of Li, 

Cs and Na for unique atoms was carried out, as described for the LiX and LiA 

zeolites, until the correct occupation of each site was achieved and the unique 

atoms deleted. Three cation sites were reported by Johnson et al: S8R, D8R and 

S6R, denoting the eight -  and six -  membered rings (as illustrated in Fig. (2.5)). 

The three sites are occupied by Li, Cs and Na in the following manner: Site D8R is 

20% filled with Cs atoms; Site S8R is 16% filled with Na atoms; Site S6R is 84% 

filled with Li atoms. Once the zeolite was built with composition
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Li6CsiNa4AliiSi37096, containing correct occupancy of each of the three sites, Cs 

and Na atoms were substituted for Li atoms to give LinAlnSig^Ogg. Li positions 

were confirmed as occupying the six and eight -  membered rings by analysing the 

computer graphics of the Li zeolite rho structure.

The chapter now moves on to discussing the ab initio calculation of energy 

curves and the fitting of an interatomic potential to this data.
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AB INITIO CALCULATIONS OF SINGLE POINT 

ENERGIES

The key to the study of oxygen and nitrogen sorption in Li -  exchanged zeolites is 

the interaction between the Li atoms and oxygen and nitrogen molecules. As 

argued earlier, the equilibrium selectivity of nitrogen over oxygen in cation - 

exchanged zeolites is due to the quadrupole moment on nitrogen exhibiting 

stronger interaction with the Li cations. Potentials have been developed elsewhere 

to model the cation to oxygen or nitrogen molecule interaction. Work by Razmus

108 109
and Hall and Watanabe et al. developed interatomic potentials for cation to 

nitrogen or oxygen interaction including lithium.

For the purpose of this thesis it was decided that a new, transferable, ab initio 

interatomic potential would be developed and then used in systematic GCMC, 

CMC and Henry constant calculations for oxygen and nitrogen in a range of Li -  

exchanged zeolites. Since the lithium to oxygen and nitrogen interaction is the key 

interaction and owing to time and computer resources, only interatomic potentials 

for Li to oxygen and nitrogen would be developed and the CVFF potential used for 

all other interactions.

Quantum mechanical (QM) techniques were employed in order to calculate the 

single point energies for Li to oxygen and nitrogen interactions. The theoretical 

background and methodologies for these studies are discussed in section 3.10 and
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3.10.1. The GAUSSIAN 98 code^^  ̂was employed in order to carry out the energy 

calculations using ab initio methods.

5.2.1

GAUSSIAN CALCULATION OF SINGLE POINT ENERGIES

The GAUSSIAN calculations were set up so that for each of the three main 

configurations described in section 5.1.1 for both oxygen and nitrogen, Li would be 

moved along a series of steps within the main pattern of the configuration and 

energies calculated at each of these steps.

Configuration 1 was divided into 22 sub - configurations ranging from the closest 

Li -  X distance of 1.32 Â to the maximum Li -  X distance of 10.58 Â. 

Configuration 2 was divided into 16 sub - configurations again ranging from 1.32 -  

10.58 Â. Configuration 3 was divided into 18 sub - configurations ranging from 

1.68 Â to 7.48 Â. An input file was constructed for each sub - configuration so 

single point energies were calculated for each individual sub - configuration.

A direct SCF method was employed, which specified that two -  electron integrals 

are recomputed only when required.

A simplified 6-31G basis set was used for Li: only the s and sp shell types were 

needed for Li, so 6 Gaussian functions were used for the core orbitals and 3 

Gaussian functions for the contracted part of the valence electrons. The 6- 

311+G(2d,p) basis set was used for nitrogen and oxygen, which indicates a single 

zeta core and triple zeta valence representation. Additional diffuse functions are
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included for non hydrogen atoms made up of 2 sets of d functions and one set of p 

functions. Details of the basis sets used for lithium, oxygen and nitrogen are given 

in TABLES 5.1 and 5.2 respectively.

TABLE 5.1 Simplified 6-31G Basis Set for Lithium. SP Functions Have an S 

and P Coefficient

Exponent, a Contraction coefficient, d

S Function 1 0.90046 X 10̂ 0.228704 X 10^

S Function 2 0.134433 X 10̂ 0.17635x 10'

S Function 3 0.304365 X 10^ 0.873434 X 10'

S Function 4 0.862639 X 10' 0.280977

S Function 5 0.248332 X 10' 0.658741

S Function 6 0.303179 0.118712

SP Function 1 0.48689 X 10' S = 0.933293 x lO ' 

P = 0.327661 X 10'

SP Function 2 0.856924 S = 0.943045 

P = 0.159792

SP Function 3 0.243227 S = -0.279827 x 10'  ̂

P = 0.885667
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TABLE 5.2 6-311+G(2d,p) Basis Set for O2 and N2. SP Functions Have an S 

and P Coefficient

Exponent, a Contraction coefficient, d

S Function 1 0.629348 X 10'* 0.196979 X 10'^

S Function 2 0.949044 X 10^ 0.149613 X 10 '

S Function 3 0.218776 X 10^ 0.735006 X 10 '

S Function 4 0.636916 X lO"* 0.248937

S Function 5 0.188282 X 10^ 0.60246

S Function 6 0.272023 X 10' 0.256202

SP Function 1 0.306331 X 10^ 5 = 0.111906 

P = 0.383119 X 10 '

SP Function 2 0.702614 X 10' S = 0.921666 

P = 0.237403

SP Function 3 0.211205 X 10' S = -0.256919 X 10" 

P = 0.817592

SP Function 1 0.684009 5 = 0 .1 x 1 0 ' 

P = 0.1 X lO'

SP Function 1 0.200878 5 = 0 .1 x 1 0 ' 

P = 0.1 X lO'

Additional SP 

Function

0.639 X 10 ' 5 = 0.1x10* 

P = 0.1 X 10'

Additional D Function 0.1826 X 10' 0.1 X 10'

Additional D Function 0.4565 0.1 X 10'
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The overall charge for each sub - configuration cluster consisting of oxygen (or 

nitrogen) and lithium was +1. The multiplicity, given by (2S+1) where S is the total 

spin is an important factor. Nitrogen contains no unpaired electrons; it is a closed 

shell system and the calculations on this molecule are uncomplicated. For oxygen 

the multiplicity is 3 as the oxygen molecule contains two unpaired electrons; i.e. its 

ground state is a triplet with S = 1. The presence of an open shell system increases 

the level of calculation needed and therefore the level of computational resources 

required. In particular, simple single configuration Hartree -  Fock approaches will 

not model an open shell system. As the system for each single point energy 

calculation consisted of only 3 atoms, calculations were carried out at the CCSD 

level (Coupled Cluster calculation using both Single and Double substitutions).

119
Previous work by Demaison et al. who measured equilibrium N-H bond lengths

120
in a number of nitrogen structures. Sharp and Gellene who identified various

121
stationary points on the Li-H2 (n), n=l-3 hypersurfaces, Kowalski and Piecuch

122
who studied the dissociation of the N% triple bond and Archibong arid Ray who 

studied the structures, vibrational frequencies and energetics of Pu0 2  and PuN2 

molecules in their low lying electronic states, all employed similar ab initio CCSD, 

CCSD (T) or CCSD (TQ) quantum mechanical methods.

The single point calculations were made for all the sub - configurations as 

described above. Additionally, as noted, a calculation was made at Li -  X distances 

of 100 Â for each of the three main configurations, in order to estimate the 

reference value for non -  interacting species. Energies at all distances below 100 Â 

were then subtracted from the reference value at 100 Â to calibrate the energies to
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zero on the energy scale. Plots of calibrated energy versus Li -  X distance were 

then made for each configuration for oxygen and nitrogen models.

Figs. (5.5 -  5.7) show the energy curves for main configurations 1-3 for oxygen 

to lithium interaction, whilst Figs. (5.8 -  5.10) show the energy curves for the 

nitrogen to lithium interaction, where r is the distance between Li and the centre of 

the oxygen or nitrogen bond. Configurations with extremely small lithium to 

oxygen distances have been omitted as they were at extremely high energies. All 

the plots show repulsive and attractive interactions between lithium and the oxygen 

or nitrogen molecules. At low values of r, where lithium is close to oxygen or 

nitrogen, the energy is high and the interaction is repulsive. At larger distances, 

however, there is an attractive region in the potentials. We note that the average 

depth of the minimum for all the configurations is greater for Li -  than Li -  O2 

owing to the higher quadrupole moment of the system.
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The ab initio energy curves for all configurations of Li -  oxygen and Li -  nitrogen 

interaction were then used to derive the Lennard -  Jones 1 2 - 6  potential, using the 

GULP code as described in the next section.

229



GULP FITTING OF THE INTERATOMIC POTENTIAL 

FUNCTION TO AB INITIO SINGLE POINT ENERGY 

CALCULATIONS

In this section we describe how the Lennard - Jones 12-6 potential function was 

fitted to the ab initio single point energies calculated using the GULP code. The 12- 

6 function was selected, as this was the most convenient potential to manipulate 

and combine with the CVFF potential in order to carry out sorption studies on 

oxygen and nitrogen in Li exchanged zeolites.

Initially, the fitting was carried out using the GULP ‘fit’ option described in 

section 3.10.2, Lennard Jones epsilon and sigma values were fitted as well as the 

charges. The energies of all 56 sub - configurations were fitted with weighting 

applied to each configuration and energy; configurations situated at the bottom of 

the potential well were weighted more heavily than the rest of the configurations. 

The weighting factor was the inverse of the ab initio single point energies 

calculated in section 5.2. An energy shift was also applied to the energies 

calculated by the fitted Lennard -  Jones potential, to achieve the closest 

correspondence to the energies determined from the GAUSSIAN calculations.

123
Charges on nitrogen and oxygen were taken from the models of Murthy et al.

124
and Joshi And Tildesley respectively.
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The two molecules had point charge values:

O = -0.112, X = +0.224, Li = +1.0 

N = +1.0180, X = -0.5090, Li = +1.0

The results of this procedure were not very satisfactory. The sum of squares 

provides an indication of the quality of the resulting fitted potential; and a visual 

indication given by plots of the GULP fitted energies versus the GAUSSIAN 

calculated energies. The sum of squares for both nitrogen and oxygen models was 

never less than 1000 eV^ for a range of different weights and energy shifts.

The main problem was that at short Li -  X distances (where X is the mid -  point 

of the 0 - 0  or N-N bond), the energy was extremely high compared to the energies 

around the bottom of the potential well, resulting in problems in fitting energies on 

such a wide energy scale. We therefore removed sub - configurations with short Li 

-  X distances (high energies) from the fit. In this ‘contracted’ fit, charges were kept 

constant at the values shown above. Weighting and energy shifts were also 

removed to make sure the fitting was as simple as possible. The results showed a 

marked improvement. Sum of squares values from the best fits achieved were 

0.110449 eV^ and 0.752065 eV^ for oxygen and nitrogen systems respectively. 

Direct comparison to the earlier sum of squares values cannot justify that these fits 

were better, because the inclusion of weighting and energy shifts in the earlier 

fitting has an effect on the sum of squares number, we would not be comparing 

“like with like”. Analysis of the GULP versus GAUSSIAN energy curves showed, 

however, that the quality of the fitted points at the bottom of the potential wells was
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insufficient. There was still a difference between the GAUSSIAN calculated 

energies and those calculated from fitting the Lennard -  Jones potential.

It was decided to take the best results from the ‘contracted’ fits and use a manual 

method (i.e. not using the ‘fit’ option) to effect further improvement. This manual 

method involved taking the best Lennard -  Jones parameters from the GULP 

calculations using the ‘fit’ option, to calculate the energy for each subconfiguation, 

as lithium is moved further away from the centre of the oxygen or nitrogen bond. 

The epsilon and sigma values were scaled to improve the comparison between 

GULP calculated single point energies and the GAUSSIAN energies. As the 

potential parameters from the ‘contracted’ fit were already close to reproducing the 

GAUSSIAN energies, the manual fit merely “tweaked” the parameters to reproduce 

the GAUSSIAN calculated energies even more closely. Charges in this manual fit 

were kept as those stated by Murthy et al. and Joshi and Tildesley, i.e. those used in 

the ‘contracted’ fits. The manual fit was required in order to obtain the best 

achievable fit between ab initio and fitted energies.

Results shown in Figs. (5.11 -  5.13) show the GULP and GAUSSIAN energy 

curves for oxygen whilst Figs. (5.14 -  5.16) show the results for nitrogen. These 

energy curves represent the results from the final stage in the fitting of the Lennard 

- Jones potential, where potential parameters from the ‘contracted’ fit were 

manually altered to produce a better fit of energies from ab initio quantum 

mechanics calculations and those produced by the interatomic potential. The 

scales for all the oxygen graphs are the same, as are all the scales for the nitrogen 

graphs to emphasise the comparison between the GULP fitted energies and those
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from the ab initio calculations. The parameters for the Lennard Jones 12-6 

potentials obtained from the fit are shown in TABLE 5.3.
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We must acknowledge that Fig. (5.12) does show a greater discrepancy between ab 

initio and fitted energies, compared to all the other plots. It does however represent 

the best achievable fit for configuration 2, involving oxygen and lithium. 

Configurations 1 and 3 (Figs. (5.11) and (5.13)) show close comparison between ab 

initio and fitted values. Plots were achieved which exhibited a closer fit between ab 

initio and fitted values than Fig (5.12) shows, but this was at the expense of close 

fits for configurations 1 and 3. Fig. (5.12) is the closest fit achieved without losing 

the quality of the configuration 1 and 3 fits.

TABLE 5.3 Fitted Lennard Jones 12-6 Potential From GULP Calculation

Epsilon, kcal 

rnof^

Sigma, À Charges

Lennard Jones 12-6 

Potential for Li -  O
4.613 2.17

X = -hO.224'^  ̂

O = -0.112^ '̂^

Lennard Jones 12-6 

Potential for Li -  N
3.506 2.3

X = +1.4180'“

123
N = -0.709

The Lennard -  Jones interatomic potential and charges used to obtain the 

satisfactory fit of energies were then embedded into the CVFF potential which was 

used to carry out GCMC, CMC and Henry constant calculation for oxygen and 

nitrogen sorption in LiX, Li -  chabazite, Li A, Li -  mordenite and Li -  rho zeolites.
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M

SORPTION OF O, AND N-, IN LiX -  TESTING OF THE 

DERIVED POTENTIAL

The Lennard - Jones 12-6 potentials fitted in GULP were incorporated into the 

CVFF potential. LiX was the first zeolite studied and initial GCMC runs were first 

carried out to test the potential for both oxygen and nitrogen sorption. The LiX 

structure described in section 5.1.2.1 was used during the simulations.

A GCMC simulation for a unit cell of LiX, at 298K and a pressure of lOOkPa was 

carried out over a 1 million iteration run. The run was designed to make a quick

comparison to a set of experimental results by Rege and Yang  ̂ at the same 

conditions of pressure and temperature, to test if the potential was giving higher 

loadings of nitrogen compared to oxygen and also if the maximum loadings were 

close to those seen by Rege and Yang. This initial isotherm showed higher than 

expected loadings of both nitrogen and oxygen compared to Rege and Yang, 

although showing the expected trend of higher nitrogen loadings compared to 

oxygen. Rege and Yang found loadings at around lOOkPa of 15.7 molecules per 

unit cell (mol uc'^) for nitrogen and 2.42 mol uc^ for oxygen. The derived potential 

was producing calculated isotherms that showed maximum loadings at lOOkPa of 

over 80 mol uc'* for nitrogen and over 40 mol uc'^ for oxygen. Although the 

increased loading of nitrogen compared to oxygen was being reproduced, the
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potential seemed to be either too attractive for both nitrogen and oxygen, or not 

repulsive enough, leading to higher than expected loadings.

This was not completely surprising. The Li-O and Li-N potentials were derived in 

a different environment compared to the one that they were actually being used in. 

The potential was derived for Li cation close to an oxygen or nitrogen molecule in 

a vacuum. Results from GAUSSIAN and GULP seemed to have produced a good 

potential for this scenario, but the potential was then transferred to a zeolitic 

system. The major discrepancy between the potential as derived and as used in the 

zeolitic environment is that the charge on the Li^ cations will be screened by the 

zeolite framework, reducing the strength of electrostatic, and any induced, 

interactions -  both of which would have been incorporated in the original derived 

potential. The interactions between oxygen/nitrogen molecules and the zeolite 

framework were modelled by the CVFF potentials and the derived potentials for 

Li-O and Li-N therefore needed to be altered for this environment. The potential 

was therefore scaled for both L i - O  and L i - N  interactions and the charges on the 

nitrogen and oxygen molecules were also scaled, essentially fitting the potential 

and charges to the Rege and Yang adsorption isotherm data. The epsilon and sigma 

values for Li -  O2 and Li -  N2 were scaled first, the values were scaled upwards 

and downwards until the GCMC adsorption isotherms achieved a lower loading 

than were previously observed. The charges during the scaling of the epsilon and 

sigma values were kept constant. Once the isotherm loadings could not be lowered 

any further by scaling the epsilon and sigma values using the specified charges, the 

epsilon and sigma values were held constant and the charges on oxygen and
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nitrogen scaled up or down until the adsorption isotherms showed close comparison 

to the Rege and Yang loading at 298K and lOOkPa. The scaled potentials, along 

with the significant CVFF potentials for O2 -  O2 , N2 -  N2 , 0 2  -  zeolite framework 

(oxygen, silicon, eduminium), N2 -  zeolite framework (oxygen, silicon, aluminium) 

can be seen in TABLE 5.4. The Li -  O2/N2 potentials are given in terms of epsilon 

and sigma, whilst the CVFF potentials are given in terms of A and B for the 

Lennard -  Jones 1 2 - 6  potential.
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TABLE 5.4 Scaled potentials From Fitting to Rege and Yang Experimental 

Data for Li -  O2/N2 and CVFF Potentials for Other Significant Interactions. 

O2/N2 Denote the Oxygen and Nitrogen Molecules, Whilst Ozeo? Sizeo and Alzeo 

Denote the Oxygen, Silicon and Aluminium Atoms of the Zeolite Framework 

Structure.

Potential Parameters

Scaled Lennard - Jones 12-6 Potential 

and Charges for Li -  O2

e = 0.0842 kcal mol^ 
a  = 3.2720 Â 

Charges; X = +0.2920 
0  = -0.1460

Scaled Lennard Jones 12-6 Potential 

and Charges for L i - N i
e = 0.0106 kcal mol ' 

o  — 2.7 Â 
Charges: X = +0.4040 

N = -0.2020
CVFF^'^ Lennard -  Jones 12-6 

Potential for O2 -  O2 Interactions
A = 2.5174 X lO" kcal mol ' Â'^ 

B = 1.2509 X 10  ̂kcal mol '

CVFF Lennard -  Jones 12-6 Potential 

for N2 -  N2 Interactions
A = 9.0675 X 10* kcal mol ' Â'^ 

B = 2.4611x10^ kcal mol ' Â*

CVFF Lennard -  Jones 12-6 Potential 

for O2 -  Ozeo Interactions
A = 1.6577 X 10* kcal mol ' Â'^ 

B = 1.1172 X 10’ kcal mol ' Â*

CVFF Lennard -  Jones 12-6 Potential 

for N2 -  Ozeo Interactions
A = 3.1461 X 10* kcal mol ' Â '’ 

B = 1.5670 X lO’ kcal mol ' Â*

CVFF Lennard -  Jones 12-6 Potential 

for O2 -  Sizeo Interactions
A = 5.6297 X 10* kcal mol ' Â '’ 

B = 1.3325 X 10’ kcal mol ' Â*

CVFF Lennard -  Jones 12-6 Potential 

for O2 -  Alzeo Interactions
A = 6.1736 X 10* kcal mol ' A '’ 

B = 5.4106 X 10’ kcal mol ' A*
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CVFF Lennard -  Jones 12-6 Potential 

for N2 -  Sizeo Interactions
A = 1.0685 X 1 0 ’ kcal mol '

B = 1.8690 X 10̂  kcal mol ' Â‘

CVFF Lennard -  Jones 12-6 Potential 

for N2 -  Alzeo Interactions
A = 1.1717 X 10  ̂kcal mol '  Â'"

B = 7.5891 X 10̂  kcal mol ' Â \

GCMC calculations were repeated on LiX at lOOkPa and 298K to test the new 

scaled potential. Results showed maximum loadings close to those seen by Rege 

and Yang, so this potential was retained and used in full production runs for the 

calculation of further isotherms, adsorption energies and Henry constants for LiX, 

Li - chabazite, Li A, Li -  mordenite and Li - rho zeolites.

GCMC calculations to simulate adsorption isotherms were carried out at different 

temperatures of 298K, 200K and lOOK for all five zeolites. The pressure range for 

the isotherms was between lOkPa and lOOOkPa. Further isotherms were simulated 

outside the previously specified temperature and pressure range as required, in 

order to meike comparison to literature results. TABLE 5.5 shows the simulation 

conditions.
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TABLE 5.5 Simulation Conditions for GCMC, CMC and Henry Constant 

Calculation

Zeolite Framework Charges Si = +2.4 

Al = +1.4 

O =-1.2

Extra Framework Cation Charge Li =+1.0

Sorbate Charges -  0% O =-0.146

X = +0.292

Sorbate Charges - N = -0.202

X = +0.404

Temperature Range, K 100, 200, 298

Pressure Range, kPa 10, 25, 50, 75, 100,400, 800, 1000

Number Of Iterations 2 million

Cutoffs were applied to each zeolite according to their cell parameters. Each 

isotherm was run for both oxygen and nitrogen. The aim of the GCMC work was to 

analyse the isotherm shape over as broad a range of temperature and pressure as 

possible and to compare results to published data on similar Li exchanged zeolite 

systems.

CMC calculations were then carried out on all five zeolites. Adsorption 

energies were calculated at a number of fixed loadings of oxygen and nitrogen in 

the zeolite hosts (1, 5, 10, 15 and 20 molecules uc'*). Energies were calculated as 

averages over the length of the run. Simulation conditions were as shown in
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TABLE 5.5 with the temperature fixed at 400K. A higher temperature was used as 

past experience showed that high temperatures in CMC calculations enabled 

sorbate molecules to sample all the zeolite pore space available.

Finally the Henry constant was calculated over a range of temperatures for each 

of the five zeolites (298, 350, 400, 500, 600, 700, 800, 900 and lOOOK); 

simulations were again run using 2 million iterations.

GCMC CALCULATIONS FOR OXYGEN AND 

NITROGEN IN LiX ZEOLITE

All sorption studies for LiX used a 1x1x1 unit cell, employing PBC and a cutoff of 

12 Â; simulation conditions are shown in TABLE 5.5. Fig. (5.17) shows the 

adsorption isotherms for nitrogen at lOOK, 200K and 298K whilst Fig. (5.18) 

shows the adsorption isotherm for oxygen at the same temperatures. At all three 

temperatures we find that the loading of nitrogen in LiX is higher than that of 

oxygen as would be expected. Closer inspection of the isotherms show that at 298K 

the maximum loading for nitrogen and oxygen at the highest pressure of 1000 kPa 

was 48 molecules uc'^ and 15 molecules uc'^ respectively. At 200K the highest 

loadings at the highest pressure of 1000 kPa were 80 molecules uc * (N2) and 33 

molecules uc'^ (O2). At lOOK and lOOOkPa the maximum loadings were 124 

molecules uc'^ (N2) and 62 molecule uc"̂  (O2). It should be noted that at the highest
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pressure of lOOOkPa, at all three temperatures, the absolute maximum loading for 

oxygen and nitrogen has not been reached as the isotherms have not completely 

levelled off. Increases in pressure should, of course, lead to an increased loading 

while increases in temperature should lead to decreased loading. As the isotherms 

have shown, the maximum loading achieved for each temperature is seen at the 

highest pressure of lOOOkPa. Loadings at temperatures of lOOK are higher than 

loadings at the same pressures at higher temperatures. So as the isotherms move to 

lower temperatures, the loadings increase as expected.

The isotherm at 298K for nitrogen shows steady increases in loading with 

pressure with no steps or sub - steps visible. The isotherms at 200K and lOOK for 

nitrogen contain single steps and appear to be almost Type I isotherms. There does 

appear however to be a slight sub -  step in the isotherm at lOOK at about 1 0 - 2 0  

kPa, after which loading continues to increase to about lOOkPa where the main step 

in the isotherm occurs. Increases in loading are smaller after this pressure, reaching 

an almost constant value. At 200K, loading seems to have reached an almost 

constant value until a final increase between 800 and 1000 kPa. A sub -  step in this 

isotherm for nitrogen in LiX could exist due to sorption, site by site. LiX contains 3 

Li sites, the SI’, Sn and SIII* sites, the SF site is in the p cage and is inaccessible 

to oxygen or nitrogen, but the remaining two sites are available for oxygen or 

nitrogen to preferentially sorb. Preferential sorption at one site over the other two 

sites could lead to a sub -  step where the preferential site is filled first, with the 

second and third sites filling up afterwards. The shape of the isotherms also suggest 

that the sub -  step could be caused by preferential sorption at the Li sites and once
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the space surrounding the Li sites is filled, nitrogen could condense into the 

remaining available pore space.

Analysis of this hypothesis has not been carried out in this work, owing to the 

intensely time consuming nature of the GCMC calculations, but further discussion 

is made in Chapter 7, where opportunities for future work are described.
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FIGURE 5.17 GCMC adsorption isotherms for N] sorption in LiX at 298K, 200K 

and lOOK.

The loading at lOOK does seem to be slightly high. Comparison to experimental 

data will be made for the isotherm at 298K in section 5.11.1 to verify the loadings 

observed, at this temperature. To interpret the seemingly high loadings at lOOK for 

which no literature data was found, a calculation of the saturation limit for nitrogen 

(and oxygen) was made, to estimate how many nitrogen (and oxygen) molecules
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could physically fit into the occupiable pore space. The saturation limit was 

calculated by enabling a probe molecule, in this case oxygen or nitrogen, to sample 

accessible pore space within the zeolite. The volume of accessible pore space is 

divided by the volume taken up by an oxygen or nitrogen molecule to calculate the 

maximum number of molecules that will fit into the accessible pore space of the 

zeolite. A value of between about 100 and 111 molecules per unit cell for oxygen 

and nitrogen was calculated. At all pressures for the isotherm at 298K and 200K, 

this saturation limit is not being exceeded. For the isotherm at lOOK, the estimated 

saturation figure is being exceeded at pressures above about 75kPa, with the 

maximum loading at lOOOkPa exceeding the “saturation” loading by about 14 

nitrogen molecules per unit cell. An explanation for the high loadings could be due 

to the Li -  N2 potential being too attractive or not repulsive enough, or the N2 -  N2 

CVFF potential being too attractive or not repulsive enough. The overestimation of 

loading occurs at the higher pressures. The Li -  N2 potential would be somewhat 

screened at this stage of the isotherm; the suggestion of sub -  steps in the isotherm 

due to space surrounding the cations being filled at lower loadings means that the 

Li -  N2 potential is not going to have as big an effect as the N2 -  N2 potential in 

predicting higher than expected loadings.

247



60

GCMC 298K 

GCMC200K 

GCMC lOOK

50 -

f 4 0

20 -

0 200 400 600 800 1000 1200

P,kPa

FIGURE 5.18 GCMC adsorption isotherms for O2 sorption in LiX at 298K, 200K 

and lOOK

The isotherm shown in Fig. (5.18) for oxygen shows a similar trend to nitrogen at 

298K, where loading does not show a step and continues to increase as pressure 

increases. The isotherms at 200K and lOOK however differ slightly from nitrogen 

in that a sub -  step appears to be present between 25 -  50 kPa. At both 200K and 

lOOK, loading continues to increase gradually with pressure after the sub -  step, 

with a further step at lOOkPa, after which the loading remains fairly constant until 

800kPa, where the loading shows a final increase to lOOOkPa. Again the presence 

of sub -  steps could be due to preferential sorption to the region around one of the 

two Li sites compared to the other Li site, or preferential sorption at the Li sites 

followed by condensation into the remaining pore space.
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The loading at all pressures is within the predicted saturation limit from volume 

calculations.

5.5.1

CANONICAL MONTE CARLO INTERNAL ENERGY

CALCULATIONS FOR OXYGEN AND NITROGEN IN

LiX

Fig. (5.19) shows the CMC average adsorption energies for oxygen and nitrogen 

over the range of loadings 1, 5, 10, 15 molecules uc^ in LiX. The plot shows that 

both N2 and O2 energies increase slightly as the number of molecules adsorbed 

increases. The shapes of the nitrogen and oxygen plots are similar. At low surface 

coverage (1 molecule uc'^) the energy is the lowest or most negative; as surface 

coverage increases to 5, 10 and finally 15 molecules uc'^ the energies increase and 

become more positive. The nitrogen adsorption energies are at a lower (more 

negative) value than for oxygen, which again reflects the stronger sorption of 

nitrogen than oxygen in cation exchanged zeolites. The shape of the adsorption 

isotherms have indicated that preferred sites are filled first so the sites are 

energetically heterogeneous.
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FIGURE 5.19 Average adsorption energy plots per moleule adsorbed for N] and 

Oo in LiX at 400K
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5.5.2

H E N R Y  C O N S T A N T  C A L C U L A T IO N  F O R  O X Y G E N  A N D

N IT R O G E N  IN  L iX
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FIGURE 5.20 Plots showing the temperature dependence of the Henry constant for 

N] and O2 in LiX

Henry constants were calculated for oxygen and nitrogen in LiX at temperatures 

ranging from 298K to lOOOK; Fig. (5.20) shows plots versus 1000/Temperature. 

Linear plots are expected but Fig. (5.20) shows that for both nitrogen and oxygen 

the plots slightly deviate from a linear trend, although the overall trend is for the 

Henry constants to move to smaller values as temperature increases. The plot has 

two ranges for both nitrogen and oxygen: a low temperature range from 3.4 to 2.0
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(298K -  500K) and a high temperature range from 1.7 to 1.0 K'  ̂ (600K -  

lOOOK). In the high temperature range the plot is linear. At the lower temperature 

range the plot has a slight curve. In the low temperature region the gradient of the 

slope is greater than in the high temperature region. The Henry constants are higher 

for nitrogen compared to oxygen at each temperature and as temperature increases 

the Henry constant decreases for both nitrogen and oxygen. The deviation from 

linearity over the whole temperature range studied could be due to the temperature 

dependence of Henry’s law not being valid over such a wide temperature range.

5,6 

GCMC CALCULATIONS FOR OXYGEN AND 

NITROGEN IN Li - CHABAZITE

All sorption studies employed simulation conditions as specified in TABLE 5.5. A 

2x2x2 unit cell of Li chabazite was used and a cutoff of 9Â employed. Fig. (5.21) 

shows the GCMC adsorption isotherms at 100, 200 and 298K for nitrogen. Fig. 

(5.22) shows the GCMC adsorption isotherms at 100, 200 and 298K for oxygen. 

The isotherms show that the loading of nitrogen is again greater than that of oxygen 

at each of the temperatures simulated as expected. Fig. (5.21) shows that maximum 

loadings at lOOOkPa for nitrogen at each temperature are 3.9 mol uc"\ 16.8 mol uc'  ̂

and 26.4 mol uc'^ at 298K, 200K and lOOK respectively. Fig. (5.22) shows that the 

maximum loadings at l(X)OkPa for oxygen at each temperature are 1.1 mol u c '\ 5.3
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mol uc ' and 13.1 mol uc * at 298K, 200K and lOOK respectively. The saturation 

limit for oxygen and nitrogen in Li -  chabazite from volume calculations was 

estimated to be between 36 and 38 molecules per unit cell; loadings at all pressures 

and temperatures from the GCMC calculations were within this limit. All three 

isotherms for nitrogen show a single step occurring at around lOOkPa leading to a 

plateau after which variations in loading are small. The isotherms for oxygen show 

a single step after about lOOkPa at 200 and lOOK. The isotherm at 298K does not 

exhibit as clear a step as for nitrogen; the loading increases steadily to 1000 kPa.
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FIGURE 5.21 GCMC adsorption isotherms for N2 in Li -  chabazite at 298K, 200K 

and lOOK

The adsorption isotherms for nitrogen in Fig. (5.21) show that at 298K there is a 

single step at about lOOkPa with a tailing off of loading after the step. The isotherm 

at 200K also appears to exhibit Type I behaviour with the step occurring at about 

lOOkPa and a gradual tailing off of loading with a constant loading achieved at 

lOOOkPa. The isotherm at lOOK also shows a single step, although the step is not as
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smooth as at 200K. Loading reaches a more level plateau after lOOkPa compared to 

the isotherm at 200K, but shows a final increase in loading between 800 and 

lOOOkPa.

At 75kPa and between 800 and lOOOkPa there seem to be anomalous points in the 

isotherm at lOOK. These are probably due to equilibration at these points not being 

reached.
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FIGURE 5.22 GCMC adsorption isotherms for O2 in Li -  chabazite at 298K, 200K 

and lOOK

The adsorption isotherms for oxygen show a similar trend to oxygen. At 298K the 

isotherm appears to have a very slight step, although not as marked as that at 298K 

for nitrogen. The isotherm at 298K shows almost constant increases in loading with 

pressure, with no real tailing off or plateau. At 200K, the isotherm appears to be
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Type I in appearance, with a single step, loading continues to increase after the 

step, although the steepness of the slope is less than before the step. The loading 

does not appear to reach a plateau as seen by nitrogen at the same temperature. At 

lOOK the isotherm shows a very slight sub -  step at about 75kPa, with a second 

step at around lOOkPa, after which increases in loading tails off and a constant 

loading is seen at lOOOkPa. A sub -  step in an isotherm for sorption in Li -  

chabazite could be the result of preferential sorption around one Li site. Li -  

chabazite contains 2 distinct Li sites, SU and SHI, any preference for one site over 

the other could lead to a sub -  step in the isotherm. Again, an alternative 

mechanism, which could lead to the sub -  step would be preferential sorption 

around the Li sites followed by condensation in the zeolite pores. The sub -  step for 

this case is also defined by only one point at 75kPa, so could just be a statistical 

artifact.

5.6.1 

CANONICAL MONTE CARLO INTERNAL ENERGY 

CALCULATIONS FOR OXYGEN AND NITROGEN IN Li -  

CHABAZITE

Fig. (5.23) shows the CMC average adsorption energies for oxygen and nitrogen 

over the range of loadings 1, 5, 10, 15 molecules uc'^ in Li - chabazite. The 

energies for both nitrogen and oxygen increase (become more positive) as the 

loading increases. The oxygen plot shows a steady increase in energy from 1
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molecule uc‘‘ to 15 molecules uc'* whilst the nitrogen plot shows increases in 

energy from 1 molecule uc’* up to 10 molecules uc‘‘ after which the increase in 

energy tails off. The overall trend shows that the nitrogen energies are, as usual, 

lower (more negative) than the oxygen energies at higher more positive values.
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FIGURE 5.23 Average adsorption energy plots per molecule adsorbed for N2 and 

O? in Li - chabazite
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5.6.2

HENRY CONSTANT CALCULATION OF OXYGEN AND 

NITROGEN IN Li -  CHABAZITE

Fig. (5.24) shows the plot of In (Henry constant) versus 1000/Temperature for 

nitrogen and oxygen in Li -  chabazite. The overall trend of the plot shows 

increasing Henry constant as temperature decreases for both oxygen and nitrogen. 

The plot, as in the LiX system shows two main regions, a high temperature region 

between lOOOK and 600K and a lower temperature region between 500K and 

298K. At the higher temperature, both oxygen and nitrogen show a linear trend of 

Henry constant versus temperature. At the lower temperature range, the plots 

deviate slightly from linearity although the overall trend of increases in Henry 

constant with decreasing temperature remains. Again the deviation of linearity over 

the entire temperature range could be due to Henry’s law not producing a linear 

relationship over such a wide temperature range.
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FIGURE 5.24 Plots showing the temperature dependence of the Henry constant for 

No and Oo in Li -  chabazite
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GCMC CALCULATIONS FOR OXYGEN AND 

NITROGEN IN LiA

All sorption studies employed simulation conditions as shown in TABLE 5.5. A 

1x1x1 unit cell was used with a 12 Â cutoff. Fig. (5.25) shows the GCMC 

adsorption isotherm for nitrogen in LiA. Fig. (5.26) shows the GCMC adsorption 

isotherm for oxygen in LiA. Fig. (5.25) shows that the maximum loading of 

nitrogen at lOOOkPa is 16.9 molecules u c '\ 56.0 molecules uc'^ and 117.8 

molecules uc^ at 298K, 200K and lOOK respectively. Fig (5.26) shows that the 

maximum loading of oxygen at lOOOkPa is 7.4 molecules u c '\ 23.0 molecules uc'^ 

and 48.2 molecules uc'^ at 298K, 200K and lOOK respectively. The GCMC 

adsorption isotherms therefore show again the preferential sorption of nitrogen over 

oxygen.
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FIGURE 5.25 GCMC adsorption isotherms for N] in LiA at 298K, 200K and 

iOOK

The isotherm for nitrogen shows that at 298K there is no step visible, with 

loading increasing linearly from OkPa to lOOOkPa. At 200K and lOOK the plots 

show a single step at around lOOkPa with the loading tailing off after the step but 

not quite reaching a plateau. For both the isotherms at 200K and lOOK there seems 

to be a slight upturn in loading as the pressure reaches lOOOkPa.

The adsorption isotherms at lOOK, particularly at pressures above 400kPa, look 

to have a high loading, a similar observation made in LiX at higher pressures. The 

saturation limit in LiA from volume calculations was again measured. LiA was 

estimated to be able to hold between 80 and 90 oxygen and nitrogen molecules per
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unit cell. At 298K and 200K the maximum loading at lOOOkPa falls within this 

estimated saturation limit but at lOOK the maximum loading at lOOOkPa exceeds 

this value suggesting an overestimation of the nitrogen loading. If the loading is 

being overestimated, then this could again be the result of the Li -  N2 or N2 -  N2 

potentials being too attractive or not repulsive enough. The Li -  N2 potential will 

have less effect at high loading since it has been hypothesised that space 

surrounding the cation sites become saturated preferentially so the Li -  N2 

interactions will be screened by the nitrogen molecules surrounding the cations. 

This leaves the N2 -  N2 potential as possibly being too attractive or not repulsive 

enough.
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FIGURE 5.26 GCMC adsorption isotherm for O2 in LiA at 298K, 200K and IOOK
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The oxygen adsorption isotherm at 298K shows a similar trend to that of nitrogen 

at the same temperature. Loading increases steadily throughout the pressure range 

from 0 to lOOOkPa. At 200K and IOOK, however, the isotherms appear to contain a 

sub -  step. At 200K the sub -  step occurs between about 25 and 75 kPa, with 

loading levelling off after a further step at lOOkPa. At IOOK the sub -  step occurs at 

a slightly lower pressure between about 25 and 50kPa and after a sharper step at 

around 75 -100 kPa, compared to 200K, the loading again levels off. The sub -  

steps at IOOK and 200K give the isotherms an almost type IV shape. At both 200K 

and IOOK, the loading never quite reaches a completely smooth plateau, but the 

steepness of the isotherm is much less than before the step.

Sub -  steps in LiA could again be attributed to preferential sorption around Li 

sites: LiA has two Li sites, SI and SII, followed by condensation after initial Li 

sites are saturated.

All the isotherms at the various temperatures and pressures predict isotherms 

within the estimated saturation limit of between 80 and 90 molecules per unit cell 

from volume calculations.

5.7.1 

CANONICAL MONTE CARLO INTERNAL ENERGY 

CALCULATIONS FOR OXYGEN AND NITROGEN IN LiA

Fig. (5.27) shows the average adsorption energy plots for oxygen and nitrogen in 

LiA. The plot shows that the enthalpy of adsorption at each loading for nitrogen is
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lower (more negative) than the corresponding loading for oxygen reflecting the 

preferential sorption of nitrogen over oxygen. The nitrogen energies decrease at 

loadings between about 15 and 20 molecules uc'  ̂ after initial rapid increases in 

energy between 1 and 10 molecules uc '\ This suggests that the CVFF potential 

used for N] -  N] interactions could be too attractive. To fully test this, calculations 

would need to be carried out at higher loadings than 20 molecules uc ’ to analyse if 

the decrease in energy continues. The oxygen energies maintain a steady almost 

linear increase from loadings of 1 molecule uc ' to 20 molecules uc '.
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FIGURE 5.27 Average adsorption energy plots per molecule adsorbed for N] and 

O2 in LiA
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5.7.2

HENRY CONSTANT CALCULATION FOR OXYGEN AND 

NITROGEN IN LiA

Fig. (5.28) shows the relationship between the Henry constant and temperature for 

oxygen and nitrogen in LiA. The plot shows the usual trend: the Henry constants 

for nitrogen at each temperature are higher than the Henry constants for oxygen. 

The expected trend of increasing Henry constant on decreasing temperature is seen 

for both oxygen and nitrogen. Again the plots seem to indicate that there are two 

regions at high and low temperatures. In the high temperature region between 

lOOOK and 5OOK the plots for oxygen and nitrogen show a linear relationship 

between In (Henry constant) and 1000/Temperature. In the lower temperature 

region between 400K and IOOK the oxygen plot shows a linear relationship 

between In (Henry constant) and 1000/Temperature. The nitrogen plot deviates 

slightly from a linear increase but continues the trend of increasing Henry constant 

as temperature decreases.

Again, it is noted that the absence of a linear trend across such a wide 

temperature region for oxygen and nitrogen is not surprising.
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FIGURE 5.28 Plots showing the temperature dependence of the Henry constant for 

N] and O2 in LiA
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GCMC CALCULATIONS FOR OXYGEN AND 

NITROGEN IN Li - MORDENITE

All sorption studies for Li -  mordenite used simulation conditions as specified in 

TABLE 5.5 with a 2x2x2 unit cell and a cutoff of 7 Â. Fig. (5.29) shows the 

GCMC adsorption isotherm for nitrogen in Li -  mordenite, whilst Fig. (5.30) shows 

the GCMC adsorption isotherm for oxygen in Li -  mordenite. Both isotherms for 

oxygen and nitrogen show that the loading increases as temperature decreases as 

expected. The maximum loading for nitrogen at each of the temperatures is higher
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than the corresponding oxygen loading showing the preferential sorption of 

nitrogen over oxygen in Li -  mordenite. The maximum loadings for nitrogen at 

lOOOkPa are 14.9, 48.2 and 75.8 molecules uc ' at 298K, 200K and IOOK 

respectively. The maximum loadings for oxygen at lOOOkPa are 3.1, 18.7 and 42.4 

molecules uc ' at 298K, 200K, and IOOK respectively. The saturation limit, 

estimated from volume calculations was between 69 and 74 molecules per unit cell 

for oxygen and nitrogen. The loading at lOOOkPa and IOOK for nitrogen is slightly 

higher than the limit, by 2 molecules per unit cell. All the other isotherms show 

maximum loadings within the estimated saturation limit.
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FIGURE 5.29. GCMC adsorption isotherm for N2 in Li -  mordenite at 298K, 

200K and IOOK
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The adsorption isotherm for nitrogen at 298K does not show a step, with loading 

increasing throughout the pressure range. The isotherms at 200K and IOOK show 

single step behaviour. A step occurs at around lOOkPa at both temperatures, after 

which the loading starts to saturate. At 200K, the isotherm levels off slowly with 

pressure, with a constant loading achieved at lOOOkPa. At IOOK, the step leads to a 

sharper saturation of loading, although there is a final slight increases in loading at 

lOOOkPa. This is probably a statistical artifact at high loading. The sorbate 

molecules are locked into the available pore space, a constant ratio of 50:50 

between creation and destruction is kept throughout a simulation. Towards the end 

of the isotherm run, where loading is high, the acceptance probabilities for creation 

or destruction become very low, and the molecules are “frozen” into a particular 

configuration.
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FIGURE 5.30 GCMC adsorption isotherms for O2 in Li -  mordenite at 298K, 

200K and IOOK

The adsorption isotherm for oxygen at 298K shows a similar trend to that of 

nitrogen in that a step is not visible. Loading increases steadily throughout the 

pressure range. At 200K, the isotherm exhibits a slight sub -  step at about 75kPa, 

increases in loading tails off after a step at lOOkPa. After the step at lOOkPa, the 

loading does not reach a plateau but increases, although the increase with pressure 

is less steep than before the step. At 800kPa, a slight upturn in loading is seen until 

the end of the isotherm at lOOOkPa. At IOOK, a slight sub -  step is seen between 

about 25kPa and 50kPa. A step in the isotherm at around lOOkPa leads to a 

levelling off of the isotherm, but loading increases slightly between 400 and 800 

kPa, before levelling off again between 800 and lOOOkPa. The sub -  step in the 

isotherm, although subtle, could again be explained by preferential sorption by Li
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sites. Li -  mordenite contains three Li sites, (in the uni -  dimensional channel 

labelled E and F in Fig. (2.4) and in the side pockets, labelled D and A in Fig.

(2.4)). Mortier et al^^ report that Li cations in the side pockets will not block them, 

so there is available space for some sorption of oxygen.

5.8.1 

CANONICAL MONTE CARLO INTERNAL ENERGY 

CALCULATIONS FOR OXYGEN AND NITROGEN IN Li -  

MORDENITE

Fig. (5.31) shows the average adsorption energy plots as a function of the amount 

of oxygen and nitrogen adsorbed in Li -  mordenite. The nitrogen energies are at 

lower, more negative values compared to the oxygen energies at the higher more 

positive values. The more negative energies for nitrogen again reinforce the 

observations in the GCMC adsorption isotherms that there is preferential sorption 

of nitrogen compared to oxygen in Li -  mordenite. The nitrogen energies show an 

increasing trend from 1 molecule uc'^ to 10 molecules uc"̂  after which a roughly 

constant value is seen at 15 and 20 molecules uc ^ The oxygen energies show an 

overall trend of slightly increasing energy as the amount of oxygen adsorbed 

increases.
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FIGURE 5.31 Average adsorption energy plots per molecule adsorbed for N] and

O2 in Li - mordenite
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5.8.2

HENRY CONSTANT CALCULATION FOR OXYGEN AND 

NITROGEN IN Li -  MORDENITE

Fig. (5.32) shows the calculated Henry constants as a function of temperature 

(presented as In (Henry constant) versus 1000/Temperature) for both oxygen and 

nitrogen in Li -  mordenite. The Henry constants increase as temperature decreases 

for both oxygen and nitrogen as expected. The Henry constants for nitrogen are 

again greater than those for oxygen. The significance of the plots is that once more, 

there are two regions, a high temperature region between lOOOK and 600K and a 

low temperature region between 500K and 298K. The high temperature regions 

show near linear relationships between In (Henry constant) and 1000/Temperature 

for both oxygen and nitrogen. In the lower temperature region both oxygen and 

nitrogen continue the increase in Henry constant as temperature decreases, but they 

deviate slightly from linear increases although the increase of Henry constant with 

decreasing temperature is steeper than in the high temperature region.
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FIGURE 5.32 Plots showing the temperature dependence of the Henry constant for 

N2 and O2 in Li -  mordenite

L 2

GCMC CALCULATIONS FOR OXYGEN AND 

NITROGEN IN Li -  RHO

Simulation conditions for all the sorption studies were as shown in TABLE 5.5. A 

1x1x1 unit cell for zeolite rho was used with a cutoff of 14 Â. Fig. (5.33) shows the 

GCMC adsorption isotherm for nitrogen in Li -  rho and Fig. (5.34) that for oxygen. 

Comparing the oxygen and nitrogen adsorption isotherms, the loadings at the same 

pressures for nitrogen are greater than those for oxygen, showing the preferential

272



sorption of nitrogen compared to oxygen in the fifth zeolite of the series studied, Li 

-  rho. Fig. (5.33) shows that the maximum loading for nitrogen in Li -  rho at 

lOOOkPa is 2.7, 6.3 and 8.6 molecules uc * at 298K, 200K and IOOK respectively. 

Fig. (5.34) shows the maximum loading for oxygen in Li -rho at lOOOkPa is 0.7, 

3.0 and 4.8 molecules uc * at 298K, 200K and IOOK respectively. The estimated 

saturation limit from volume calculations for Li -  rho is between 13 and 14 

molecules per unit cell. Maximum loading at all temperatures and pressures fall 

within this estimated limit.
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FIGURE 5.33 GCMC adsorption isotherm for N2 in Li -  Rho at 298K, 200K and 
IOOK

The adsorption isotherm for nitrogen at 298K does not show a step; loading 

increases throughout the pressure range, although at higher pressures of 800 and 

lOOOkPa, the increase in loading is less steep than at lower pressures. The isotherm
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at 200K shows a slight sub -  step between about 25 and 75kPa. A step is seen at 

lOOkPa after which loading starts to saturate; after 400kPa, the loading reaches a 

plateau for the remainder of the isotherm. The isotherm at IOOK again exhibits a 

sub -  step. The sub -  step in the isotherm at IOOK occurs between about 25 and 

75kPa, with a step occurring between 75 and lOOkPa. After the step, loading tails 

off, with slight fluctuations between 400 and lOOOkPa. The sub -  step could again 

be due to preferential sorption around the Li sites in zeolite -  rho, followed by 

condensation once the space available immediately surrounding the cations is 

filled. Zeolite -  rho contains three cation sites, D8R, S8R and S6R, as shown in Fig

(2.5).
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FIGURE 5.34 GCMC adsorption isotherm for O2 in Li -  Rho at 298K, 200K and 

IOOK
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The adsorption isotherm at 298K for oxygen (shown in Fig. (5.34)) does not

show a step. Loading increases throughout the pressure range. However, there is a

slight levelling off of the isotherm as pressure approaches lOOOkPa. At 200K the

isotherm has a sub -  step present at about lOOkPa. After the sub -  step loading

continues to increases, with no plateau seen, although the isotherm is less steep
«

after the sub -  step. The sub -  step is however, only defined by one point on the 

isotherm, at lOOkPa. It is thus possible that the sub -  step is a result of the 

simulation at lOOkPa not reaching equilibration after 2 million iterations. A longer 

simulation would reveal whether the loading at lOOkPa is an anomalous result. At 

lOOK, the isotherm shows a clearer sub -  step between about 25 and 50kPa, 

followed by a step at about lOOkPa. Following the step at lOOkPa, the loading 

almost saturates, until there is a slight upturn between 400 and lOOOkPa.

5.9.1 

CANONICAL MONTE CARLO INTERNAL ENERGY 

CALCULATIONS FOR OXYGEN AND NITROGEN IN Li -

RHO

Fig. (5.35) shows the average adsorption energies as a function of the amount of 

oxygen and nitrogen sorbed in Li -  rho. The plot shows the energy for nitrogen is at 

a lower, more negative value than the energy for oxygen, which again reflects the 

preferential sorption of nitrogen over oxygen. Both oxygen and nitrogen show a 

trend of increasing energy as the amount of molecules adsorbed increases from 1
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molecule uc ’ to 20 molecules uc'*. The increases deviate slightly from being 

completely linear; but there is not a great fluctuation up or down for either oxygen 

or nitrogen plots.

Amount Ads., mol uc^

N2
02

■4

5

FIGURE 5.35 Average adsorption energy plots per molecule adsorbed for N2 and 

O2 in Li -  Rho
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5.9.2

HENRY CONSTANT CALCULATION FOR OXYGEN AND 

NITROGEN IN Li -  RHO

Fig. (5.36) shows the calculated Henry constant as a function of temperature (In 

(Henry constant) versus 1000/Temperature) for oxygen and nitrogen in Li -  rho. 

Henry constants for nitrogen are higher than those at similar temperatures for 

oxygen, reflecting the increased loading of nitrogen compared to oxygen in Li -  

rho. For both oxygen and nitrogen, Henry constant increases as temperature 

decreases. Two regions are again present at high and low temperatures. At high 

temperature (lOOOK -  600K) the plot is linear. In the lower temperature region 

(500K -  298K) the relationship is still essentially linear but the increase is slightly 

steeper for both oxygen and nitrogen.
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FIGURE 5.36 Plots showing the temperature dependence of the Henry constant for 

N] and O2 in Li -  Rho
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5.10

SUMMARY OF SORPTION STUDIES

GCMC, CMC internal energy and Henry constant calculations for oxygen and 

nitrogen sorption in lithium exchanged zeolites X, chabazite. A, mordenite and rho 

were undertaken using interatomic potentials obtained from initial fitting to 

quantum mechanical ab initio calculations followed by refinement with reference to 

experimental adsorption isotherm data.

When analysing the results, it must be noted that the calculations were extremely 

consuming in terms of computer power and time. Where an anomalous point on an 

isotherm appears, this is most probably due to poor statistics at that point, where 

the calculations have not equilibrated, unfortunately there was insufficient time to 

go back and repeat calculations for these observations.

The GCMC adsorption isotherms predicted greater loading of nitrogen over 

oxygen in all five zeolites. Trends of increasing loading with increasing pressure 

and increasing loading with decreasing temperature were seen throughout the 

calculations as predicted by the ideal gas law. A common observation for almost all 

zeolites studied was that adsorption isotherms at a temperature of 298K for 

nitrogen and oxygen did not exhibit a step. The adsorption isotherm that proved to 

be the exception to this observation was that for nitrogen in Li -  chabazite where a 

slight step was observed. The absence of a step in the isotherms at 298K was due to 

the zeolite not reaching its maximum capacity for oxygen and nitrogen at the 

temperature and pressures specified.
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The isotherms at 2Ô0K and lOOK exhibit some interesting comparisons. 

Adsorption isotherms for all five zeolites, for oxygen and nitrogen at 200K and 

lOOK show steps with some systems exhibiting sub -  steps as well. Two adsorption 

isotherms for nitrogen showed sub -  steps, those in LiX at lOOK and in Li -  rho at 

200K and lOOK. All five zeolites at lOOK produced adsorption isotherms for 

oxygen, which exhibited sub -  steps. Only Li -  chabazite did not produce an 

oxygen adsorption isotherm, which exhibited a sub -  step at 200K. Sub -  steps 

generally occurred in the pressure region 25 -  75kPa, with all oxygen and nitrogen 

isotherms at 200K and lOOK showing a step around lOOkPa. The step at about 

lOOkPa was followed by a saturation of the loading, as the zeolite reached 

maximum occupancy under the specified conditions of temperature and pressure.

The sub -  steps could be caused by sorption around specific cation sites followed 

by condensation into remaining pore space once the space immediately surrounding 

the cations is filled. All five zeolites contained two or three unique Li extra -  

framework sites. Nitrogen and oxygen may preferentially sorb around one or more 

sites initially and when the space surrounding that site becomes fully occupied, the 

sorbate molecules fill the remaining available zeolite space, causing a sub -  step in 

the isotherm. Interestingly, the oxygen adsorption isotherms showed a greater 

tendency to exhibit sub -  steps and all sub -  steps were observed at the lower 

temperatures of 200K and/or lOOK. At 200K and lOOK, loading is greater than the 

loading at 298K and steps or sub -  steps are not seen at the higher temperature 

because the maximum occupancy of the zeolite in the pressure range 0 -  lOOOkPa 

is not being reached. The steps in the isotherm at 200K and lOOK suggest that the
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maximum occupancy of the zeolite in the same pressure range is being approached. 

So if there is preferential sorption around certain sites in the zeolite, or 

condensation, causing sub - steps, then these processes would take place before the 

main step in the isotherm. Approaching the maximum loading, after the main step 

in the isotherm, sorbate molecules are occupying any available space left in the 

zeolite.

The loading for nitrogen at all temperatures is higher than the oxygen loading at 

the same pressures and temperatures. The absence of the sub -  steps in the majority 

of the nitrogen isotherms is probably due the more rapid filling of and the 

insensitivity of the simulated isotherm to subtle site preferences. All observed sub -  

steps exist over small pressure ranges of 20 -  50 kPa and are not as obvious as the 

steps that occur at around lOOkPa. The oxygen isotherms show lower loading, and 

therefore the isotherms may be able to detect the preferential sorption by site better 

for oxygen than nitrogen.

Further work should be carried out to fully explore these observations. Studies on 

the adsorption sites of oxygen and nitrogen can be carried out in comparison to Li 

sorption sites at points along the adsorption isotherm. Adsorption isotherms should 

also be carried out on narrower pressure ranges, particularly in the regions 

surrounding the step and sub -  steps to ensure the observations are not due to 

failure of the systems to equilibrate at each point on the isotherm. These 

suggestions will be further highlighted in chapter 7.

Nitrogen isotherms for LiX, LiA and Li -  chabazite showed that ma^umum 

loading at higher pressures and temperatures of lOOK was higher than the estimated
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saturation limit of these particular zeolites. The reason for this higher loading could 

be over estimation of sorbate - sorbate attraction or under estimating sorbate -  

sorbate repulsion. Further analysis of the loadings at 298K for oxygen and nitrogen 

will be made in section 5.11 when comparison is made to previous work on the 

same systems.

CMC internal energy calculations for all five zeolites showed that the average 

adsorption energies for nitrogen were always at a lower more negative energy 

compared to oxygen. The increased interaction between nitrogen and lithium 

compared to oxygen and lithium leads to lower enthalpies of adsorption for 

nitrogen compared to oxygen. Each adsorption energy plot showed energies 

increasing (moving to higher more positive values) with increasing concentrations 

of oxygen or nitrogen.

The Henry constant calculations reinforced observations in the GCMC and CMC 

calculations that the potential was modelling correctly the behaviour of nitrogen 

and oxygen sorption in lithium exchanged zeolites. Henry constant calculation 

measures adsorption at low surface coverage. Since it is predicted that nitrogen 

loading will be higher than oxygen loading in Li exchanged zeolites, then it should 

follow that under similar conditions of temperature and pressure, the rate of surface 

coverage for nitrogen should be higher than the rate of surface coverage of oxygen, 

reflected in the increased Henry constants for nitrogen compared to oxygen. In 

accordance with the ideal gas law, the amount of oxygen and nitrogen should 

increase as temperature decreases and this should be reflected in higher Henry 

constant at lower temperature. The plots of In (Henry constant) versus
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1000/Temperature should also be linear. The results for all five zeolites were 

consistent with each of these predictions. Firstly, each zeolite showed that the 

Henry constant for nitrogen at each temperature was higher than the corresponding 

Henry constant for oxygen. Secondly, as temperature decreased from lOOOK down 

to 298K, the Henry constants increased. Thirdly, each zeolite showed a linear 

relationship between In (Henry constant) and 10(X)/Temperature. Two regions 

seemed to exist in the In Henry constant plots. At higher temperatures between 

lOOOK and about 500 or 600K where loading of oxygen and nitrogen is quite low, 

the plots generally showed the linear relationship. At lower temperatures between 

about 500K and 298K the steepness of the slope increased and the plots were not as 

linear as in the higher temperature region. This deviation from linearity could 

perhaps be attributed to the length of the calculation not being longer than 2 million 

iterations and full equilibrium not being reached (due to time restrictions 

calculations were run at 2 million iterations to show general trends in Henry 

constant as a function of temperature, which was achieved). A more likely 

explanation of this trend was that the temperature dépendance of Henry’s law is 

probably not valid over such a wide temperature range.
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5.11

DISCUSSION AND COMPARISON WITH 

LITERATURE OBSERVATIONS

The results from the simulations performed will now be compared, wherever 

possible, to literature data. Comparison will be made to both experimental and 

simulated results.

SORPTION OF OXYGEN AND NITROGEN IN LiX

The LiX zeolite proved to be the most studied Li exchanged zeolite for air 

separation and study of oxygen and nitrogen sorption. Six main literature studies 

were used for comparison with the sorption simulations carried out here: the

experimental studies of Chao^^, Baksh et al.^\ Rege and Yang  ̂ and Bajusz and

Goodwin^^ and the combined experimental and simulated work of Jale et al. and

23
Hutson et al. .

Jale et al. and Hutson et al. used GCMC techniques to study the sorption of 

oxygen and nitrogen in LiX. Lithium positions in their studies were from

Feuerstein and Lobo^^  ̂ as were the Li positions in the LiX structure used for 

calculations in this work. Positions for both Jale et al. Hutson et al. and this work 

were 32 Li in sites SI’, SIX and Sm. Both Jale et al. and Hutson et al. employed the
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109
Watanabe et al. potential to carry out their simulations. Hutson et al. used a 3 

charge model for both oxygen and nitrogen. Charges at the centre of mass for 

oxygen and nitrogen were +0.224 and +0.810 respectively with charges on the 

oxygen and nitrogen atoms of -0.112 and -0.405 respectively. Quadrupole 

moments of -1.2 x 10"̂  ̂ esu and -0.4 x 10'^  ̂ esu were used for nitrogen and 

oxygen respectively. Hutson et al. modified the Watanabe potential to fit their 

simulated results better to their experimental data. Jale et al. used the same charges 

and quadrupole moments as Hutson et al. but modified the charges on the Li 

cations to fit the experimental and simulated data. Framework aluminium and 

silicon charges were varied in accordance with the Li charges to maintain charge 

neutrality whilst the framework oxygen charge was not changed.

Fig. (5.37) shows Jale et al. and Hutson et al. simulated adsorption isotherms for 

nitrogen at 298K in comparison with the GCMC simulated adsorption isotherms 

calculated in this work (Calmiano). The isotherms are shown for a pressure range 

of 0 -  400kPa, the study by Hutson et al. terminated at lOOkPa. Jale et al. show two 

isotherms corresponding to two sets of framework charges. Jale 1 corresponds to 

framework charges of: Li = +1.0, A1 and Si = +1.50, O = -1.0. Jale 2 corresponds to 

framework charges of: Li = +0.95, A1 and Si = +1.525, O = -1.0. All four isotherms 

show good agreement overall up to a pressure of lOOkPa. The isotherms computed 

here and those of Jale et al. have a sub -  step in same place, between 50 and 

lOOkPa. As the pressure increases above lOOkPa the agreement between isotherms 

decreases slightly. Isotherms of Jale et al. show a slightly lower loading at 400kPa 

than the GCMC isotherms calculated here at the same pressure.
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FIGURE 5.37 Simulated adsorption isotherms for N2 in LiX. Jale 1 represents 

simulations with framework charges: Li = +1.0, A1 and Si = +1.50, O = -1.0. Jale 2 

represent simulations with framework charges: Li = +0.95, A1 and Si = +1.525, O = 

- 1.0

Comparison with Jale et al. simulated isotherms reinforce the argument that at 

higher pressures, higher than expected loadings are a result of the N2 -  N2 potential 

over/underestimating attraction/repulsion of the nitrogen -  nitrogen interactions 

respectively. The Li -  N2 potentials is probably not the cause of the overestimation 

of loading. At low pressures, where the Li -  N2 potential will have greater effect, 

comparison to Jale et al. and Hutson et al. is good. As loading increases at higher 

pressures, nitrogen -  nitrogen interactions increase. If there is preferential sorption 

around the cation sites, then Li -  nitrogen interactions will begin to be screened at 

high loadings as nitrogen will have already filled the space surrounding the cations
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at lower loadings and N% -  N% interactions will have greater effect. Since it is at 

higher loadings (higher pressures) that the discrepancy between our simulated 

isotherms and those of Jale et al. increases, it must be the N2 -  N2 potential that is 

making the greatest contribution to the discrepancy.
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FIGURE 5.38 Simulated adsorption isotherms for O2 in LiX. Jale 1 represents 

simulations with framework charges: Li = +1.0, A1 and Si = +1.50, O = -1.0. Jale 2 

represent simulations with framework charges: Li = +0.95, A1 and Si = +1.525, O = 

- 1.0

Fig. (5.38) shows the corresponding oxygen isotherms under the same conditions 

of temperature and pressure as well as the charges specified by Jale et al. in their 

calculations. In the low pressure range between 0 and lOOkPa agreement between
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all four isotherms is excellent. Hutson et al. terminated the isotherm at lOOkPa. 

Above lOOkPa there is greater discrepancy between the simulated isotherms with 

higher loadings seen in this work compared to Jale 1 and Jale 2. This is similar to 

the trend seen for the nitrogen isotherms where at higher pressures, the isotherms 

calculated in this work show higher loadings than Jale et al. show at the same 

pressures. The isotherms calculated here for oxygen are of a slightly higher quality 

than those for nitrogen. Three of the isotherms show steady increases in loading 

with pressure: the isotherms calculated here and those of Hutson and Jale 1. The 

Jale 2 isotherm begins to show a tailing off of the loading between lOOkPa and 

200kPa but then increases again between 200 and 400kPa.
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Experimentally measured adsorption isotherms for oxygen and nitrogen in LiX 

were reported by Rege and Yang, Baksh et a l, Hutson and Jale et al. Work by 

Chao measured the adsorption isotherm of nitrogen in LiX only. The work of Chao, 

Rege and Yang and Baksh et al. employed PSA techniques to study the sorption of 

oxygen and nitrogen. Hutson et al. employed volumetric sorption methods and Jale 

et al. used an isosteric method to measure the adsorption isotherms.

GCMC Calmiano 

Chao 

Rege 

-— Jale 

Baksh 

Hutson

0 100 200 400 500 600300 
P, kPa

FIGURE 5.39 GCMC adsorption isotherm (GCMC Calmiano) compared to 

literature experimental adsorption isotherms for N2 in LiX at 298K (Chao, Rege, 

Jale, Baksh, Hutson)
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Fig. (5.39) presents the GCMC adsorption isotherms calculated here for nitrogen 

in LiX in comparison with experimentally measured adsorption isotherms reported 

by Chao, Rege and Yang, Baksh et al., Jale et al. and Hutson et al. All isotherms 

were measured at 298K. The GCMC isotherms along with isotherms by Jale et al. 

and Chao extended to 400 kPa whilst the remaining experimental isotherms 

terminated at lOOkPa. All the isotherms show increasing loading with increasing 

pressure as is expected. Loading increases steadily with pressure and a step is not 

present in the isotherm. The Baksh isotherm shows a lower overall loading at each 

pressure compared with the other isotherms in Fig. (5.39). The isotherms of Chao 

and Jale et al. along with the GCMC adsorption isotherm extended the pressure 

range to 400kPa and above. At higher pressures the agreement between isotherms 

and the agreement between the GCMC simulated and experimentally obtained 

adsorption isotherms deviates. On moving to higher pressures the GCMC isotherm 

shows increased loading compared to the isotherms of Chao and Jale et al. The 

isotherm of Chao, also shows higher loading than that of Jale et al. at the same 

pressures. Comparison of the simulated isotherms of Hutson et al. and Jale et al. in 

Fig. (5.37) with their experimental isotherms shown in Fig (5.39) shows that they 

are achieving a slightly closer comparison than when the simulated isotherm 

calculated here is compared to the experimental data.

The trend continues the observations found in Figs. (5.37) and (5.38) where 

agreement between loadings of different workers at increasing pressure deviates 

and the GCMC simulated isotherms carried out in this work predicts higher 

loadings than other simulated or experimental isotherms at pressures higher than
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lOOkPa. The reasons for this have already been discussed but amount to the N2 -  

No potential incorrectly modelling nitrogen -  nitrogen attraction or repulsion.
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FIGURE 5.40 GCMC adsorption isotherm compared to literature experimental 

adsorption isotherms for O2 in LiX

Fig. (5.40) shows the GCMC adsorption isotherms carried out here for oxygen in 

LiX in comparison to the experimental isotherms. Chao does not report an isotherm 

for oxygen in LiX. All adsorption isotherms were measure/simulated at 298K. The 

GCMC isotherm shows good agreement with the experimental isotherms. The 

Baksh isotherm shows slightly lower loading at each pressure compared to the 

other isotherms, a trend seen for nitrogen as well. In each case loading increased 

steadily with pressure and no step was seen in the isotherm. Only the Jale et al.
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isotherm showed data above lOOkPa. Again the agreement between the GCMC 

isotherm and the experimental isotherm deviates from the close agreement at 

pressures below lOOkPa. The deviation in this case however, is slightly less than 

those obtained for the nitrogen isotherm comparisons. The simulated isotherms for 

oxygen calculated here show better comparison for literature experimental and 

simulated isotherms than those for nitrogen.
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FIGURE 5.41 CMC isosteric heats of sorption calculated at 400K in comparison to 

literature isosteric sorption heats by Jale et al. from experiment and simulation for 

in LiX calculated at 298K. Simulated isosteric sorption heats used framework 

charges: Li = +0.95, A1 and Si = +1.525, O = -1.0
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Fig. (5.41) shows the isosteric heats of sorption calculated in this work (labelled 

CMC Calmiano in red), in comparison with Jale et al. isosteric sorption heats from 

both simulation and experiment for N2 in LiX. The CMC isosteric heat of sorption 

is calculated by the addition of RT (0.795 kcal mol'^) to the average adsorption 

energies, in order to compare to the isosteric heats of Jale et al shown in Fig. (5.41) 

(and Fig. (5.42)). The isosteric sorption heats of Jale were obtained by plotting total 

potential energy versus loading and calculating the slope of the resulting curves, the 

function RT was then added to this amount, where R is the gas constant and T the 

temperature at which the simulations took place (298K). The Jale simulated results 

for both nitrogen and oxygen are using the set of charges labelled “Jale 2” in the 

adsorption isotherm results, that is +0.95 on Li, +1.525 on A1 and Si and -1.0 on 

framework oxygen. The energies from Jale et al. for both simulation and 

experiment are lower (more negative) than the energies that we have calculated; the 

difference is 2 kcal mol^ at the lowest loading and 2.6 kcal mol"  ̂ at the highest 

loading. Both the simulated and experimental energies of Jale et al. show an 

increasing trend to more positive energies on increased loadings. The Jale 

simulated energies show an almost linear increase whilst the experimental energies 

show small deviations from a linear and steady increase. The average adsorption 

energies calculated (shown in red) show a curved increase in energy as the amount 

of nitrogen in LiX increases.
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FIGURE 5.42 CMC isosteric heats of sorption at 400K in comparison to literature

values by Jale et al. from experiment and simulation for Oo in LiX at 298K. 

Simulated isosteric sorption heats (Jale 2) used framework charges: Li = -f-0.95, A1 

and Si = -hl.525, O = -1.0 

Fig. 5.42 shows the isosteric heats of sorption calculated in this work (labelled 

CMC Calmiano in red) in comparison with isosteric heats of Jale et al. for both 

simulation and experiment for O2 in LiX. The experimental results of Jale et al. 

and CMC results calculated here show quite good agreement. Both show a trend of 

increasing energy as the loading increases. Our CMC energies show a greater 

increase than the experimental results of Jale et al. and show a more pronounced 

curvature towards higher energy, whilst the Jale et al. energies shows an initial 

increase which starts to tail off at higher loadings. The CMC energies calculated in 

this work are at a higher (more positive) energy than the experimental results of 

Jale et al., which is a similar trend to that seen for nitrogen. The difference in
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energies is about 1 kcal m o r\ which is less than the difference seen for nitrogen. 

The simulated energies of Jale et al. (shown in green) show initial decreases in 

energy at low loadings reaching a constant value at the highest loadings measured 

at 4 and 7 molecules u c '\ which was opposite to the trends seen for the other 

oxygen and nitrogen energies calculated by Jale et al. The simulated results of Jale 

et al. are higher (more positive energies) compared to their experimental energies at 

the same loadings. Comparing Figs (5.41) and (5.42) shows that the nitrogen 

energies are at lower more negative values compared to oxygen, reflecting the 

preferential sorption and therefore increased loading of nitrogen compared to 

oxygen in LiX.

Adsorption energies were calculated from CMC adsorption energy runs for 1 

molecule uc'^ in LiX for comparison to adsorption enthalpies calculated from 

experiment by Bajusz and Goodwin, Rege and Yang and Baksh et al. CMC 

adsorption energies were averaged over a 2 million iteration run. TABLE 5.6 

shows the calculated energies alongside the literature values for oxygen and 

nitrogen in LiX.
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TABLE 5.6 Comparison of Calculated CMC Adsorption Energies With 

Experiment

AH N2 , kcal mol'^ AH O2 , kcal mol'^

CMC adsorption energy 

(This Work)

-5.3 -3.7

24 ■
Bajusz and Goodwin -5.0

Rege and Yang -5.6 -3.2

"21
Baksh et al. -4.3 -3.2

The CMC energies show good comparison with the experimental results. The 

Baksh et al. energy for nitrogen is slightly more positive than the other three 

results. All the energies show a more negative value for nitrogen compared to 

oxygen as expected.

5.11.2

SORPTION OF NITROGEN IN Li -  CHABAZITE

Two experimental sorption studies for nitrogen in Li -  chabazite have been

19
reported. Work by Gaffney looked at carbon molecular sieves as well as zeolites 

for use in air separation. Adsorption isotherm results for nitrogen in Li -  chabazite

were measured using PSA techniques. Work by Coe et al.^  ̂studied gas separation 

for various cation exchanged chabazite zeolites using PSA techniques. Adsorption
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isotherm results were presented for nitrogen in Li -  chabazite. Fig. (5.43) shows the 

calculated GCMC adsorption isotherm for nitrogen in Li -  chabazite at 298K in 

comparison with the experimental isotherms of Gaffney and Coe et al. at 303K.
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FIGURE 5.43 Comparison between the GCMC adsorption isotherms for N] in Li -  

chabazite at 298K with experimental studies at 303K

PSA techniques are usually used in industrial plants for large scale gas 

separation. As a result, when comparing our GCMC simulations, it must be 

remembered that we may not be comparing exactly the same systems. The 

simulated system is a pure, 100% exchanged Li -  chabazite zeolite. In the PSA
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system it could be that the zeolite contains impurities, also the temperature at which 

the PSA results are obtained at, may not be certain.

The isotherm of Gaffney extends to lOOkPa, whilst that of Coe et al. extends to 

almost SOOkPa. All three isotherms show quite good agreement. The GCMC 

adsorption isotherm shows greater loading compared to the isotherms of Gaffney 

and Coe et al. at the same pressures. The isotherm of Gaffney shows greater 

loading than the isotherm of Coe et al. Unfortunately the isotherm of Gaffney does 

not extend past lOOkPa in order to study if there is a step in the isotherm at higher 

pressures. Li -  chabazite proved to be an exception to the rule when compared to 

the other lithium exchanged zeolites studied in section 3.3: Li -  chabazite at 298K 

exhibited a step in the simulated isotherm for nitrogen, unlike all the other 

isotherms for oxygen and nitrogen at 298K in the other Li exchanged zeolites. The 

step is however, defined by only one point in the isotherm and therefore could be 

more to do with poor statistics for this particular point. Even so, if this point is an 

artifact of the statistics, the rate of loading with pressure does decrease after 

lOOkPa. Fig. (5.43) shows that the isotherm of Coe et al. at a similar temperature of 

303K does show a step. The step is at a higher pressure of 188kPa compared to 

about lOOkPa for the GCMC isotherm. The GCMC isotherm also shows that, in 

comparison to the isotherm of Coe et al., the loading does not reach a plateau as the 

latter does. The isotherm of Coe et al. reaches an almost constant loading of about 2 

tnolecules uc'^ after the step. The GCMC isotherm continues to increase after the 

step, but the slope of increase is less after the step than before it. The isotherm of 

Coe et al. stops at just under 800kPa, so it is not clear if the loading increases after
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this pressure. Previous isotherms both experimental and simulated have shown that 

at higher pressures, deviations from observed trends are more likely to occur and it 

could be that loading could increase once again at higher pressures for the isotherm 

of Coe et al.

The isotherms of Gaffney and Coe et al. are at a lower loading than the GCMC 

adsorption isotherm at the same pressures. Both the experimental isotherms are 

measured at marginally higher temperatures (303K) compared to the GCMC 

adsorption isotherm (298K), which could lead to slightly higher loadings for the 

GCMC isotherms. The temperature difference is probably too small to account for 

the margin by which the GCMC isotherms are higher than the experimental 

isotherms. The GCMC isotherms have shown that for all the Li exchanged zeolites, 

loadings are higher than other experimental and simulated isotherms at pressures 

above lOOkPa for nitrogen in particular. The higher the pressure above lOOkPa, the 

more the loadings increase in comparison to other experimental and simulated 

isotherms at the same pressures. Remembering again that we may not be comparing 

exactly the same systems in Fig. (5.43), the isotherms suggest again that the N2 -  

N2 potential is either too attractive or not repulsive enough.
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5.11.3

SORPTION OF OXYGEN AND NITROGEN IN LiA

Only one previous study of the sorption of oxygen and nitrogen in LiA was found.

27
Work by Chao et al. used the PSA technique to measure adsorption isotherms for 

oxygen and nitrogen in LiA in a study of gas separation using zeolites. Fig. (5.44) 

shows the GCMC adsorption isotherms for both nitrogen and oxygen in 

comparison with their experimentally measured isotherms.
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FIGURE 5.44 Comparison between GCMC adsorption isotherms for N2 and O2 in 

LiA at 298K and experimental isotherms for N2 and O2 in LiA
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The GCMC adsorption isotherms were calculated at 298K. The isotherms of 

Chao et al. were measured using a PSA technique for temperatures between 258 

and 333K. Again, care must be taken in considering what is being compared. The 

PSA technique may not give a proper equilibrium value for loading at various 

pressures, the temperature at which the results are obtained is uncertain and the 

zeolite or sorbate gases may contain impurities, which could affect results. The first 

observation is that both experimental and simulated isotherms show a higher 

loading of nitrogen compared to oxygen. The experimental isotherms are at lower 

loadings at the same pressures for both oxygen and nitrogen than the GCMC 

isotherms. Both the nitrogen and oxygen experimental isotherms show increasing 

loading on increasing pressure, as do the GCMC isotherms. The GCMC isotherms 

show steeper increases in loading with pressure compared to the experimental 

isotherms. As seen previously, there are some deviations of the GCMC isotherms 

from any agreement with comparable adsorption isotherms. At 400kPa the nitrogen 

GCMC loading is 11 molecules uc'* in comparison to 7 molecules uc'^ for the 

experimental isotherm at 400kPa. The GCMC loading for oxygen at 400kPa is 3 

molecules uc^ compared to 1 molecule uc'^ for the experimental isotherm. The 

GCMC isotherms were calculated at 298K. The isotherms of Chao et al. did not 

specify at exactly what temperature they were measured; a temperature range of 

258K -  333K was reported. If the isotherms were measured at a higher temperature 

than 298K then some of the difference between loadings of the simulated and 

experimental isotherms could be attributed to the higher temperature giving lower 

loading for both nitrogen and oxygen. The shape of the simulated isotherms are
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slightly different, however, with steeper slopes of increasing loading versus 

temperature.

The difference between the loading for nitrogen in the experimental and our 

simulations is greater than that of oxygen. This again suggests that the oxygen 

potentials are doing a better job than the nitrogen potentials, and there is evidence 

that the N2 -  N2 is again under/overestimating attraction/repulsion.

5.11.4 

SORPTION OF OXYGEN AND NITROGEN IN Li - 

MORDENITE

Literature data on oxygen and nitrogen sorption in Li -  mordenite was limited to

29
experimental work by Furuyama and Sato , who used volumetric sorption 

methods. Their adsorption isotherms were measured at 273K; pressures were also 

extremely low and terminated at 16 kPa for oxygen. GCMC adsorption isotherms 

were run under similar conditions for comparison. Fig. (5.45) shows the 

comparison between simulated and experimental isotherms for oxygen and nitrogen 

at 273K.

302



GCMC N2 
Furuyama N2 
GCMC 02  
Furuyama 02■20.8 H

0.6 H

0.4

0.2

0 5 10 15 20 25 30
P, kPa

FIGURE 5.45 Comparison between GCMC adsorption isotherms and experimental 

isotherms for N% and Oi in Li -  mordenite at 273K 

The adsorption isotherms show that the simulated isotherms predict a lower 

loading than the experimental isotherms at all pressures. This is unusual as all 

previous comparisons to experiment showed the potential predicting a similar 

loading as experimental isotherms up to a pressure of about lOOkPa and as pressure 

increases above lOOkPa, the simulated isotherms showed a higher loading than 

experiment. The nitrogen loading at the highest pressures of lOkPa were 1.6 

molecules uc * and 0.9 molecules uc ‘ for experimental and simulated isotherms 

respectively. The oxygen isotherm from experiment had a loading of 0.34 

molecules uc * at the highest pressure used (16kPa). The simulated isotherm for 

oxygen had a loading of about 0.18 molecules uc'* at about the same pressure. Both
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isotherms showed steady increases in loading as pressure increased, with the 

nitrogen showing a steeper increase than the oxygen isotherms. The pressure range 

used in the experimental study was low compared to previous experimental 

isotherms for other Li exchanged zeolites. It would have been interesting to 

compare experiment to simulation over a greater pressure range for Li -  mordenite 

to observe trends at higher pressures.
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5.12

SUMMARY OF O. AND N, SORPTION IN Li 

EXCHANGED ZEOLITES

The Lennard - Jones 12-6 potential obtained by fitting to ab initio calculations and 

then further fitting to experimental data has been shown to model the preferential 

sorption of nitrogen over oxygen in five Li -  exchanged zeolites. The aim of this 

work has been to attempt a systematic study of a range of Li exchanged zeolites 

using an ab initio potential and this has been fulfilled. Adsorption isotherms have 

shown that in all five zeolites, loading for nitrogen is higher than the corresponding 

loading for oxygen at the same pressures. Further comparison to literature data has 

shown that the magnitude of the loading for both oxygen and nitrogen compares 

favourably with both simulated and experimental work carried out elsewhere. 

Agreement is particularly good at pressures up to about lOOkPa. Above lOOkPa the 

GCMC adsorption isotherms tend to predict higher than expected loading for both 

oxygen and nitrogen in comparison to literature data. Results for oxygen have been 

superior to those of nitrogen and this has been attributed to the N2 -  N2 potential, 

possibly overestimating attraction or underestimating repulsion between nitrogen 

molecules.

The behaviour of the adsorption isotherm with respect to temperature and 

pressure has been studied and in both cases, the GCMC isotherms have shown
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agreement with the ideal gas law. Loading increases on increasing pressure and 

decreases on increasing temperature.

GCMC adsorption isotherms at 200K and lOOK for oxygen and nitrogen have 

exhibited sub -  steps in some of the zeolite systems studied. These sub -  steps have 

been attributed to preferential sorption around the different Li sites in the 

exchanged zeolites. Future work should undertake a more detailed analysis of this 

observation.

The CMC adsorption energy calculations reinforce the adsorption isotherm 

observations, predicting more negative, favourable energies for nitrogen compared 

to oxygen in all five of the zeolites studied. The energies tended to increase on 

increase loading and this trend was also observed when comparing the LiX CMC 

energies for oxygen and nitrogen to simulated and experimental results. The 

magnitude of the adsorption energies was also in good agreement to literature 

values found for similar systems.

The Henry constants reinforced GCMC and CMC observations that the potential 

was correctly modelling the preferential sorption of nitrogen over oxygen. Henry 

constants were calculated as a function of temperature. The values were of a higher 

magnitude for nitrogen compared to oxygen at the same temperatures, an indication 

of the greater rate of loading of nitrogen compared to that of oxygen. The Henry 

constants also showed a trend of moving to higher values as temperature decreases 

reflecting a higher rate of loading at lower temperatures.

It is a pity that there are no experimental Henry constants. However, the average 

adsorption energy calculations for O2 and N2 in LiX, shown in TABLE 5.6 in
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particular, indicate that the Li -  N% and Li -  O2 potentials are performing 

reasonably well in representing the cation -  sorbate interaction.
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SORPTION OF FERROCENE IN THE Na -  Y 

ZEOLITE; A COMBINED X-RAY POWDER 

DIFFRACTION AND COMPUTATIONAL STUDY

The following chapter describes the work carried out on the computer simulation of 

the sorption of ferrocene in NaY zeolite in collaboration with X - ray powder 

diffraction work carried out by Sankar and Gleeson at the Davy Faraday Research 

Laboratory (DFRL) -  The Royal Insititution Of Great Britain. The main aim of the 

work is threefold: firstly the work enables a direct comparison to be made between 

experiment and simulation, with aspects of both methods improving on the results 

of each other; secondly an important and interesting field of transition metal 

complex sorption into zeolites is explored, which has great significance in Fischer -  

Tropsch type reactions and thirdly the uses of computer simulation in studying 

molecular sorption is expanded to another system illustrating how the 

computational techniques have great transferability within this field. X-ray powder 

diffraction (XRPD) studies have been carried out to attempt to locate positions for 

ferrocene in NaY. The inherent problem with studying this system is that the 

zeolite framework structure of NaY gives strong signals in X -  ray diffraction 

studies, whilst the contribution to the intensity from ferrocene is weak, which 

results in difficulties in identifying peaks relating to ferrocene and therefore 

defining sorption sites for the molecule. Computer simulations have been used to
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help solve this problem, by calculating low energy sorption sites. These positions 

were then used together with the diffraction data to locate possible ferrocene 

positions, which were otherwise hidden by the strong signals from the zeolite 

framework.

An introduction to the field of ferrocene sorption in zeolites work is given first, 

emphasising the importance to industrial processes of incorporating transition metal 

atoms into zeolites and also highlighting some of the past work carried out on 

similar systems. We then describe the XRPD study on ferrocene in NaY and the 

results obtained which show the need for computer simulation in order to interpret 

and identify sorption sites for ferrocene. Next we describe the work carried out by 

computer simulation, which involves the construction of ferrocene and zeolite 

models, and once viable models have been constructed, the Monte Carlo docking of 

ferrocene in NaY zeolite. Energy minimisation calculations yield low energy 

sorption sites for ferrocene in NaY. The chapter then describes how these positions 

are used to fit experimental to calculated diffraction data. Our results will show that 

the use of the low energy site determined from simulation, will improve the 

calculated fit of data from the XRPD studies. We conclude with an overall 

summary and conclusion of this work.
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INTRODUCTION

The sorption of transition metal complexes into zeolite hosts is becoming of 

increased interest owing to possible applications in heterogeneous catalysis, 

particular interest stems from the petrochemical industry where iron supported 

catalysts on zeolites can be used in selective synthesis of hydrocarbon products, 

which can then be converted into high octane gasoline fuels via the Fischer -  

Tropsch reaction (See APPENDIX C). Zeolites with large channels or cages are 

ideal hosts for transition metal complexes. Zeolites can also confer shape 

selectivity on hydrocarbon products due to their pore sizes.

125
Work by Egiebor et al. showed that by mixing a conventional Fe -  Mn Fischer 

-  Tropsch catalysis with the HY zeolite, more product in the gasoline range is 

yielded. Primary products of chain length C5 -  C2 0 , which may be undesirable 

olefins were shown to be isomerised, cyclised and aromatised into high octane 

gasoline product directly from Fischer -  Tropsch reactions using the strongly acidic

HY zeolite supported Fe -  Mn catalysts. Das et al.  ̂  ̂report on the use of Fe -  Mn 

catalysts supported on the non - acidic silicalite -  1 zeolite for preferential synthesis

127
of lower olefins in the range C2 -  C4. Fujiwara et al. illustrated the use of Fe- 

ZnO supported catalysts on the HY zeolite for the hydrogenation of carbon dioxide. 

Again, the presence of the iron catalysts, promoted a Fischer -  Tropsch reaction, 

converting carbon dioxide to methanol. The presence of the strongly acidic zeolite
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however, enabled conversion of methanol to gasoline, where higher chain 

hydrocarbons than C4  were produced in greater amounts (See APPENDIX C for a

proposed reaction mechanism). Zwart and Vink^^  ̂ showed that iron carbonyl 

complexes supported on the HY zeolite were excellent precursors of stable Fischer 

-  Tropsch catalysis. Thermal decomposition of the iron carbonyl complexes 

produces small iron particles within the cages of the HY zeolite which then shows 

high selectivity for the gasoline type product.

Previous work has therefore shown that iron complexes supported on zeolites can 

lead to Fischer -  Tropsch type reactions and selectivity of olefin or high octane 

products can be achieved by the use of strongly acidic zeolites, in most cases HY 

zeolite owing to large cages and Si:Al ratios which give a high number of acidic 

hydrogen sites. In order to obtain zeolites containing iron complexes, the iron must 

be first introduced into either the zeolite framework structure or into the cavities 

and cages of the zeolite.

129
Latham et al. report on the synthesis, characterisation and catalytic activity of 

zeolite LTL with iron substituted into the framework structure. An oxidation state 

of +3 for iron was observed and catalytic testing of the iron zeolite in the Fischer -

130
Tropsch reaction showed selective production of methane. Bein et al. report on 

three different iron supported NaY zeolite catalysts. Iron is initially introduced as 

iron pentacarbonyl adsorbed onto NaY. This composition is oxidised at 77K and 

heated to room temperature, yielding highly dispersed Fe2 0 3  in the supercages 

(Catalyst I). Two further catalysts were produced by reducing Fc2 0 3  in NaY using 

hydrogen at 573K (Catalyst II) and the iron pentacarbonyl adsorbed onto NaY
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composition being decomposed in - vacuo at 525K (Catalyst III). Catalysts II and 

in were observed to have iron located externally to the zeolite. All three zeolites 

displayed Fischer -  Tropsch behaviour with selective methane production.

The sorption of ferrocene into zeolites offers a route for the inclusion of iron into 

the cavities of zeolites; subsequent decomposition of the adsorbed ferrocene 

molecules would yield supported iron zeolites for Fischer -  Tropsch catalysis. 

Experimental studies on the molecular structure of ferrocene using X-ray

131,132 133
diffraction studies ’ and neutron diffraction has given a picture where iron is

134
sandwiched between the two cyclopentadienyl rings. Work by Moller et al. 

studied the chemistry of ferrocene in the acidic HY zeolite. The zeolite was loaded 

with two molecules of ferrocene per supercage and heated under vacuum to 473K. 

EXAFS (Extended X -  ray Adsorption Fine Structure) data showed that a “half 

sandwich” fragment CpFe(OZ) 2  is produced after heating. Iron is attached to only 

one cyclopentadienyl ring and to two oxygen atoms of the zeolite framework (OZ). 

This complex remains very stable up to a decomposition temperature of greater 

than 800K.

Studies on the motion of ferrocene in faujasite -  type zeolites is also of interest, 

to understand how ferrocene behaves in the cavities before decomposition. Kemner

135
et al. perform a quasielectric neutron scattering study on ferrocene in the KY 

zeolite and compared to earlier work by Overweg et al.^^  ̂which studied ferrocene 

in the NaY zeolite. The work by Overweg et al. in particular is used to compare 

with the results that we have achieved.
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Overweg et al. report on the use of nuclear magnetic resonance (NMR) and 

Mossbauer spectroscopy to study the molecular motion of ferrocene in faujasite 

type zeolites, including NaY. Their results show that there is no translational 

motion of the ferrocene molecule at temperatures below 225K, but there is rapid 

rotation of the cyclopentadienyl rings of ferrocene, about the five -  fold axis. They 

found no evidence that ferrocene undergoes structural changes on adsorption into

137
the supercages of NaY. Comparison may be made with the work by Fitch et al. 

who studied the sorption of benzene in NaY. Fitch et al. found that benzene was 

located at the SII site occupied by sodium cations in NaY. The benzene molecule 

was orientated with the face of the ring perpendicular to the sodium cations. A 

second site was also observed for high loadings, at the centre of the twelve -  ring 

window. Overweg et al. observe that a full loading of each supercage consists of 

two ferrocene molecules. A half full supercage, shows ferrocene to be located close 

to the Sn site with only one of the cyclopentadienyl rings orientated to an Sn site. 

The molecular axis is perpendicular to the plane of the six ring of the SII site. For a 

full loading, this arrangement is sterically hindered and the ferrocene molecules are 

orientated so that both cyclopentadienyl rings are orientated to interact with two 

sodium cations at the Sn sites in the supercages.

Dynamics studies carried out by Overweg et al., on ferrocene in NaY zeolite, 

reveal that intracage motion consisting of jumps between Sn sites is the major 

cause of orientational randomisation. Intercage motion, involving motion from Sn 

sites via the twelve -  ring windows to another SII site in an adjacent supercage, 

which is observed by Fitch et al. for benzene, is less favourable for ferrocene,
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which is due to the twelve -  ring site being less favourable for ferrocene than 

benzene, making SII -  twelve ring -  SII jumps unfavourable. Ferrocene is smaller 

in size than benzene and the five - fold symmetry of the cyclopentadienyl rings 

means that ferrocene fits less closely in the twelve -  ring window than benzene, 

reducing the stabilisation of the twelve -  membered rings. Also the presence of the 

cyclopentadienyl rings of ferrocene would mean cage to cage diffusion is more 

difficult than for the flat benzene rings. Overweg et al. therefore observe that the 

twelve -  ring site will not be occupied by ferrocene.
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LOCATION OF FERROCENE IN THE Na - Y 

ZEOLITE USING XRPD

The experimental work described in this section was carried out by Gleeson and 

Sankar and is as yet unpublished.

Analysis of the ferrocene/NaY sample was carried out on the high resolution 

powder diffractometer at station 9.1 of the Synchrotron Radiation Source at the 

Daresbury Laboratory by Gleeson and Sankar. These X-ray data were collected 

using a wavelength of 1.3999 Â, over the range 5-70° with a 0.01° step. Data was 

normalised with respect to beam current using the PODSUM program available at 

Daresbury. Rietveld refinement of the X-ray data was carried out using the GSAS

(Generalised crystal Structure Analysis System)  ̂ program. The X-ray data was

137
fitted to a bare NaY zeolite model (containing no ferrocene), given by Fitch et al . 

A pseudo -  Voight function was used to describe the peak shapes and a manually 

interpolated background function was employed in each case. The Si:Al ratio was 

fixed at 2.43 as derived by the chemical analysis by Fitch et al. During the 

refinements it was necessary to constrain the temperature factors (Biso )̂ of the 

sodium and oxygen atoms to be constant for a given atom type.

The refinement converged to give the values shown in TABLE 6.0.
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TABLE 6.0 Final Parameters From Fitting to the Bare Na -  Y Zeolite

Atom Type X Y Z Fraction Biso/À'

Sil -0.05205 0.03571 0.12156 0.71 0.0100

A12 -0.05205 0.03571 0.12156 0.29 0.0100

03 0.0 -0.09853 0.09853 1.0 0.0044

04 0.00013 0.00013 0.1365 1.0 0.0044

05 0.17943 0.17943 -0.0196 1.0 0.0044

06 0.1747 0.1747 0.3142 1.0 0.0044

Na7 0.2327 0.2327 0.2327 1.0 0.130

Na8 0.0712 0.0712 0.0712 0.58 0.130

Na9 0.0 0.0 . 0.0 0.44 0.130

Cell parameters: a = b = c = 24.7391Â, a  = P = y = 90°, Space Group Fd3m.

R factors: Rp =9.1%, Rwp = 13.99, %  ̂= 7.151

where Rp is the unweighted profile R factor and R ^  is the weighted profile R 

factor. Both are directly related to the value of the least squares minimisation 

function and are a measure of the agreement between observed and calculated 

profiles.

Fig. (6.0) shows the experimental, calculated and difference profiles for the bare 

NaY zeolite.
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FIGURE 6.0 X -  ray powder diffraction pattern for ferrocene in NaY zeolite (red) 

compared to the calculated profile for bare NaY zeolite (blue) and the Fourier 

difference profile (green)

The analysis of the diffraction data to determine the ferrocene sites in NaY is 

complicated by the strong signals from the zeolite framework atoms, which makes

139
it difficult to identify the peaks due to ferrocene. Kaszkur et al. report in their 

study of the location of 1,4 -  Dibromobutane in the NaY zeolite, that strong peaks 

due to framework atoms in the X-ray diffraction spectra are due to incorrect phases 

for a few of the Bragg reflections. The Fourier difference map shown in Fig. (6.0), 

should identify the ferrocene peaks by subtracting the bare NaY zeolite peaks from 

the experimentally observed peaks. Unfortunately the difference peaks were also
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weak and definite ferrocene locations could not be extracted from the data. In order 

to extract more information from the experimental data, it would be useful to have 

at least approximate knowledge of the location of ferrocene.

The following section describes the use of Monte Carlo docking and energy 

minimisation studies on determining low energy sorption sites for ferrocene in the 

NaY zeolite. The results indicate which reflections in the diffraction pattern are 

most sensitive to the ferrocene positions.
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o
COMPUTER SIMULATION OF THE SORPTION OF 

FERROCENE IN THE Na -  Y ZEOLITE

The sorption of ferrocene in NaY required both models of ferrocene and NaY to be 

constructed in order to carry out the Monte Carlo docking and energy minimisation 

calculations. This section will describe how both sorbate and sorbent structures 

were constructed, before describing the simulation methods and results.

6.3.1 

CONSTRUCTION OF THE FERROCENE MODEL

Construction of ferrocene was the first stage in the sorption study. Ferrocene has 

formula Fe(C5H5)2 . Iron is sandwiched between two cyclopentadienyl rings. The 

traditional picture of the structure of the ferrocene molecule is shown in Fig. (6.1).
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FIGURE 6.1 Traditional picture of the structure of the ferrocene molecule. Iron is 

shown in red, carbons in grey, hydrogens are shown in white, bonded to carbon 

atoms only.

Ferrocene is bonded to the centre of the cyclopentadienyl ring. The two double 

bonds in cyclopentadienyl are then delocalised over the entire ring. Modelling of 

such a system using molecular mechanics would involve placing dummy atoms at 

the centre of each ring. Iron would then be bonded to the dummy atom and the 

dummy atom bonded to each of the five carbons making up the ring. Dummy atoms 

are required because forcefield methods cannot model iron bonding to the centre of 

a ring. To simulate this type of bonding, iron must be connected to an atom at the 

centre of the ring, which is kept in place by bonding to the five surrounding carbon 

atoms. The dummy atom would not influence the chemical and physical properties 

of the ferrocene molecule and ideally would be uncharged and without mass. The 

carbons would then need to be characterised as having delocalised character to 

model the delocalisation of the two double bonds across the ring. Commercial
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forcefields such as CVFF contain interatomic potential parameters for carbon 

species, which are part of a delocalised five -  membered ring. Interatomic 

potentials would then have to be used to describe bonding of iron to the dummy 

atom and bonding of the dummy atom to the carbons. Unfortunately such potentials 

are not readily available. However we can develop an alternative model employing

4-6
available interatomic potentials. The CVFF potential contained parameters to 

model iron to carbon interactions, where carbon was part of a delocalised five -  

membered ring. The structure chosen to model ferrocene is shown in Fig. (6.2).

FIGURE 6.2 Ferrocene model used in simulations. Iron is shown in red, carbon in 

grey and hydrogen in white

Iron is bonded to all five carbons on both rings. The carbon atoms are assigned as

having delocalised character as part of a five -  membered cyclic ring in the CVFF

68
potential. Once constructed, the model was minimised using DISCOVER to 

optimise the structure. The Partial charges for the carbon, iron and hydrogen atoms
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140
that make up the ferrocene molecule were taken from work by McKee , who 

carried out electronic structure calculations of ring and metal protonated ferrocene 

to optimise geometries. Calculations were carried out at the Hartree -  Fock and 

MP2 (M0ller -  Plesset) levels of theory, employing the BASl basis set. The 

charges on the atoms of the ferrocene molecule were:

Fe = +1.16, C = -0.150, H = +0.0340 

Optimisation ensured that the structure to be used in the sorption studies was the 

lowest energy structure and also that the potentials contained within CVFF could 

model the structure without the ferrocene model collapsing.

TABLE 6.1 shows the minimised bond lengths and angles of greatest interest.

133
Comparison is made to work by Takusagawa and Koetzle who carried out a

neutron diffraction study of the crystal structure of ferrocene.
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TABLE 6.1 Average Bond Lengths and Angles for Ferrocene After 

Minimisation (Experimental Values are Given in Brackets)

Bond Lengths, A Bond Angles

F e - C 1.989 ±0.034 

(2.032 ±0.021)

C - C 1.475 ±0.022 

(1.407 ±0.049)

H - C 1.081 ±0.001 

(0.969 ± 0.058)

H - C - F e — 143.5° ±3.0

C - F e - C ^ — 43.7° ±0.8

H - C - C 124.8° ±3.6 

(126° ±4.6)

C - C - F e ■— 68.2° ±2.2

C - C - C 106.47° ±9.8 

(110° ±4.0)
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c  -  Fe -  refers to the angle where the two carbon atoms are on the same 

cyclopentadienyl ring:

The minimised structure showed a slight puckering of the rings, however, 

comparison to experimental bond lengths and angles was good, so the minimised 

structure was deemed acceptable for use in the sorption studies.

6.3.2 

CONSTRUCTION OF THE Na -  Y ZEOLITE MODEL

137
The Na -  Y zeolite structure used in simulation was based on that of Fitch et al. . 

The chemical composition for Na -  Y as specified by Fitch et al. is

Sii36Al5ô0384Na56. The faujasite structure of Olson*was  used as a starting point 

for the creation of the Na -  Y zeolite. Fitch et al. specified a Si:A1 ratio of 2.43, we 

recall that zeolite Y requires a Si:Al ratio of 1.5 -  3, which differentiates it from 

zeolite X with a lower Si:Al ratio. Employing Lowensteins rule, a Si:Al ratio of 

2.43 was achieved. Fitch et al. specified three unique Na positions in zeolite Y, 

which were located at sites SI, SI and SII (See Fig. (2.2) for an illustration of these 

sites). Site SI is located at the centre of the double six -  membered ring, maximum
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occupancy of this site is 16 fold. Site SI* is on the inside of the p cage, adjacent to 

the double six -  membered ring, maximum occupancy of this site is 32 fold. Site 

Sn approaches the single six -  membered ring outside the p cage lying within the 

large cavity opposite site SU*, maximum occupancy of this site is 32 fold. The 

fractional occupancy of each of the three sites from Fitch et al. is 44%, 58% and 

100% for sites SI, SF and SII respectively. These fractional occupancies give the 

number of sodium atoms for the Na -  Y zeolite synthesised by Fitch et al. as: 7.1 

Na atoms in site SI, 18.6 Na atoms in site ST and 32 Na atoms in site SII. The total 

number of sodium atoms in this structure is 57.7, which is in very good agreement 

with the chemical formula of 56 sodium atoms. For the model to be used in 

simulation, the number of sodium atoms has to balance the number of aluminium 

atoms to retain charge neutrality if the same charge assignments for the zeolite 

framework as in previous oxygen/nitrogen work are used. For simulation purposes, 

the number of sodium atoms could be set at 56, in order to do achieve which, the 

percentage occupancy of site SF was reduced from 58% to 53%.

The occupancies used in the zeolite constructed for simulation were therefore: 

44% for site SI, giving 7 sodium atom positions 

53% for site SF giving 17 sodium atom positions 

100% for site SII giving 32 sodium atom positions 

with a total of 56 sodium atom positions in the final structure.

The zeolite structure constructed was then graphically inspected to ensure no 

error had been made.
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6,3.3

MONTE CARLO DOCKING OF FERROCENE INTO THE 

Na -  Y ZEOLITE

Monte Carlo docking and energy minimisation techniques (discussed in sections 

3.1 and 3.2) were used to determine the lowest energy position for ferrocene in Na 

-  Y zeolite. Initial docking involved two ferrocene molecules per unit cell, in line 

with the observation of Overweg et al. of two ferrocene molecules per supercage. 

Although docking results showed that two ferrocene molecules were located in the 

supercage, the positions were not consistent with the XRPD data. We therefore 

continue with a single ferrocene molecule docked into a 1x1x1 unit cell of Na -  Y. 

Simulation conditions for the Monte Carlo docking of ferrocene in Na -  Y are 

shown in TABLE 6.2.
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TABLE 6.2 Simulation Conditions for Monte Carlo Docking of Ferrocene in 

Na -  Y Zeolite

Simulation Condition Value

Number of iterations 1 million

Threshold Energy 1500 kcal mol^

Cutoff 12 Â

Number Of Frames 100

The sorbate charges derived by McKee^"^  ̂were used in the Monte Carlo docking 

work. The partial charges for the zeolite were as used for the previous sorption 

studies in chapter 5. The charges used for both zeolite framework and sorbate 

molecule are shown in TABLE 6.3.

TABLE 6.3 Zeolite Framework and Sorbate Charges

Zeolite Framework Charges . Si = +2.4

Al = +1.4

O = 1 . 2

Extra Framework Cation Charge Na = +1.0

Sorbate Charges -  Ferrocene Fe = +1.16

C = -0.150

H = +0.0340
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Monte Carlo docking was carried out over 100 frames, where each frame contained 

a single ferrocene molecule docked into Na -  Y. The zeolite framework was kept 

fixed and CVFF potentials employed for both sorbate and sorbent. Following

Monte Carlo docking, energy minimisation was carried out to determine low

68
energy sorption sites. The DISCOVER code was employed in the energy 

minimisation calculations.

Fig. (6.3) shows the low energy sorption site simulated by the Monte Carlo 

docking and energy minimisation calculation. Ferrocene is located in the super 

cage.
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FIGURE 6.3 View of the lowest energy, docked ferrocene in zeolite NaY site 

found from Monte Carlo docking and energy minimisation.

A close up view of the zeolite area immediately surrounding the ferrocene molecule 

is shown in Figs. (6.4) and (6.5), indicating distances between iron and the oxygen 

of the twelve membered ring and iron to nearest sodium cation locations 

respectively. The low energy site was then used to refine the X-ray diffraction data 

obtained for ferrocene sorbed in zeolite Na-Y.
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FIGURE 6.4 Distances between iron of the ferrocene molecule and the 

surrounding twelve oxygen atoms forming the twelve -  membered ring. Distances 

labelled 1 - 1 2  are:

1 = 8.794 Â, 2 = 9.063 Â, 3 = 9.002 Â, 4 = 10.635 Â, 5 = 7.061 Â, 6 = 6.165 Â, 7 = 

6.475 Â, 8 = 7.017 Â, 9 = 8.070 Â, 10 = 8.999 Â, 11 = 9.002 Â, 12 = 8.850 Â
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FIGURE 6.5 Distances between iron of the ferrocene molecule and the nearest 

surrounding sodium cations. Distances labelled 1 - 1 0  are:

1 = 14.864 Â, 2 = 7.904 Â, 3 = 11.991 Â, 4 = 12.493 Â, 5 = 11.950 Â, 6 = 11.520 

Â , 7 =  11.517 Â, 8=  12.489 Â, 9 = 11.947 Â, 10= 11.989 Â
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SII Na^ cation site, at the 
centre of the 6 
membered ring.

FIGURE 6.6 An alternative view of the location of ferrocene. The view shows the 

molecule and the closest SII site. The average C -  Na distance is 6.96Â, the closest 

C -  Na distance is 6.22 Â.

Fig. (6.6) shows a view of the ferrocene molecule and the closest SII cation site.
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TABLE 6.4 shows the average distances between the carbon and hydrogen atoms 

of the ferrocene molecule and the closest silicon, aluminium, oxygen and sodium 

atoms that make up the zeolite structure. Also included are the average distances 

between iron and silicon and aluminium of the zeolite stmcture. The average 

distances were calculated over the closest non bonded, van der Waals type 

interactions between ferrocene molecule and zeolite structure.

TABLE 6.4 Average Distances Between the Closest Ferrocene to Zeolite Non 

Bonded Interactions

Non -  Bonded Interactions Average Distances, À

Cferrocene “ Ozeolite 8.53 ± 0.40

Cferrocene “ Sizeolite 9.03 ± 0.77

Cferrocene “ Alvéolite 9.21 ± 1.09

Cferrocene “ Na^eoliteCSII Site) 7.20 ±1.66

Hferrocene “ ^zeolite 9.36 ±0.35

Hferrocene “ Sizeolite 9.66 ± 0.47

Hferrocene “ A1 zeolite 9.98 ±1.18

Hferrocene “ Nazeolite(SH sitc) 8.10 ± 1.36

F^ferrocene Sizeolite 7.89 ±0.98

PGferrocene “ Alzeolite 8.66 ±0.98
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Overweg et al. report that for a loading of 1 ferrocene molecule per supercage, the 

face of the cyclopentadienyl ring lies with its molecular axis perpendicular to the 

plane of the six -  membered ring of the SII site. The position that we observe from 

the docking calculation shows that ferrocene is slightly off from being at a 

complete right angle to the plane of the six -  membered ring. Even so, we do 

observe that ferrocene is orientated with one cyclopentadienyl ring towards an SII 

site. Overweg et al. report however that the distance between the cyclopentadienyl 

ring and the SII site is of the order of about 2.6 -  3.0 Â. The closest C -  Na 

distance from our calculated position is 6.22 Â. This suggests that the site that we 

are observing for ferrocene is different from that proposed by Overweg et al. The 

study carried out by Overweg et al. employed Mossbauer spectroscopy as well as 

NMR to carry out a molecular motion study of ferrocene in faujasite type zeolites 

and therefore did not include a detailed structural study of the system. Refinement 

of the X -  ray diffraction data using the calculated ferrocene site, should indicate 

whether the position obtained is actually occupied in the sample used for 

experimental analysis.
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6 A

COMBINATION OF EXPERIMENTAL AND 

SIMULATED RESULTS

The lowest energy sorption site found from the Monte Carlo docking and energy 

minimisation and the zeolite framework structure was used to refine the 

experimental data for the same sorbate/sorbent system. With a known ferrocene 

position in the calculated structure, the refinement of the X-ray data should reveal 

clearer peaks due to ferrocene.

The X -  ray data was fitted to the NaY zeolite, this time containing the ferrocene 

position found from simulation, using the same method as described in section 6.2. 

Initial refinement showed that it was only possible to carry out the fit to the NaY 

structure containing the iron position of the ferrocene molecule, without the carbon 

rings. This was due to the high multiplicity of the ferrocene site; in addition the 

carbon rings probably spin, making location of the entire ferrocene structure in the 

experimental data very difficult, added to the fact that even fitting to a structure 

containing known ferrocene positions, the contribution to the intensity from 

ferrocene is still weak. The refinement converged to give the values shown in 

TABLE 6.5.
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TABLE 6.5 Final Parameters From Fitting to the N a - Y  Zeolite Containing 

the Iron Position of the Ferrocene Molecule Found From Simulation

Atom Type X Y Z Fraction Biso/À"

Sil -0.053444 0.035028 0.122750 0.71 0.013178

A12 -0.053444 0.035028 0.122750 0.29 0.013178

03 0 -0.103355 0.103355 1 0.013642

04 -0.003025 -0.003025 0.140351 1 0.013642

05 0.177031 0.177031 -0.030317 1 0.013642

06 0.178439 0.178439 0.316109 1 0.013642

Na7 0.234942 0.234942 0.234942 1 0.098286

NaS 0.061273 0.061273 0.061273 0.58 0.098286

Na9 0 0 0 0.44 0.098286

FelO 0.156578

(0.08077)

0.565517

(0.58046)

0.065498

(0.08044)

0.1 0.156473

Cell parameters: a = b = c = 24.739640 Â, a  = p = y = 90°, Space group = Fd3m 

R factors: Rp = 5.96% Rwp = 7.89%, = 2.2

The calculated position for the Fe of ferrocene is shown in brackets in TABLE 6.5. 

The agreement is acceptable.

Fig. (6.7) shows the experimental, calculated and difference profiles for the NaY 

zeolite containing the iron position of the ferrocene molecule found from the 

simulation.
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FIGURE 6.7 X -  ray powder diffraction pattern for ferrocene in NaY zeolite (red) 

compared to the calculated profile for NaY zeolite containing the iron position of 

the ferrocene molecule, from simulation (blue) and the Fourier difference profile 

(green)

Comparison of the R factors obtained from fitting to the bare NaY zeolite from 

Fitch et al. and obtained from fitting to the NaY zeolite containing the iron position 

of the ferrocene molecule from simulation, shows a marked improvement in the 

latter.
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R factors from fitting to NaY containing ferrocene from the simulation: 

Rp =7.89% Rwp = 5.96%, = 2.2

R factors from fitting to the bare NaY zeolite of Fitch et al.:

Rp = 13.99% Rwp = 9.1%, 7.151

The result strongly suggests that the low energy sorption site found from the 

calculations is indeed occupied by the iron atom of the ferrocene molecule in NaY.

Analysis of the profiles obtained from this refinement (given in Fig. (6.7)) shows 

that a better fit is achieved. Due to the high multiplicity of the ferrocene site found 

from simulation, and generally weak contribution to the intensity from ferrocene 

compared to the framework, clearer identification of ferrocene positions within 

NaY is difficult.

The position outlined by Overweg et al. where ferrocene is orientated 

perpendicular to the SII cation position was not observed in the analysis of the 

diffraction data. However the position observed from our simulation seems to be in 

agreement with the diffraction data.

A refinement was also carried out using a position generated from the Monte 

Carlo docking work where ferrocene was closest to an Sn site. No Monte Carlo 

docking generated structure was produced with the ferrocene rings perpendicular to 

the s n  site as Overweg et al. observed, so a ferrocene position was used where C, 

Fe and H distances to the Na"̂  cation at the SII site were shortest. This structure was 

quite high in energy. The Monte Carlo docking run contained 100 frames, where 

frame 1 was the lowest energy position (used in the refinement which gave the

338



results shown in TABLE 6.5 and Fig. (6.7)) and frame 100 the highest energy 

position. The frame with shortest C, Fe and H to Na"̂  SB cation site distances was 

found at frame 70. Subsequent refinement of the XRPD data using this position did 

not converge. From these observations we can conclude that the position that we 

find from Monte Carlo docking calculations, is not the same position observed by 

Overweg et al.
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6.5

CONCLUSIONS AND SUMMARY

Work by Gleeson and Sankar at the DFRL used XRPD techniques to study zeolite 

NaY containing ferrocene. Experimental data was fitted to a bare NaY zeolite, 

which did not contain ferrocene molecules. Analysis of this refinement to 

determine ferrocene positions was complicated by a number of factors, especially, 

(i) weak signals from ferrocene being hidden by stronger signals from the zeolite 

framework, (ii) carbon rings of ferrocene probably spinning, making clear 

identification very difficult and (iii) high multiplicity of the ferrocene sorption 

sites. A clear conclusion of possible ferrocene sorption sites was not made from the 

initial refinement to the bare NaY zeolite. Computer simulations have helped 

considerably by determining low energy sorption sites for ferrocene in the NaY 

zeolite and using these positions in subsequent refinements. Monte Carlo docking 

and energy minimisation calculations were carried out on a single ferrocene 

molecule in a 1x1x1 unit cell of NaY. The lowest energy sorption site for ferrocene 

obtained from these calculations, along with the zeolite framework structure was 

then used to carry out a second refinement of the XRPD data. This second fit was 

to the NaY zeolite containing only the iron position of the ferrocene molecule in 

order to simplify the analysis. Analysis of this latter fit showed a marked 

improvement compared to the first fit, indicating that the simulations had identified 

an iron site in NaY and hence had correctly located one of the ferrocene sites.
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The work carried out in this chapter emphasises the usefulness and success of 

combining experimental and simulation methods to explore a specific complex 

problem. In this work, not until the results from both experiment and simulation 

were brought together could this difficult structural problem be solved. Analysis of 

the XRPD data is difficult and problematic. The Monte Carlo docking work 

computed possible low energy sorption sites for ferrocene, but these needed to be 

compared with other simulated results or other experimental results to verify the 

findings. The comparison to experiment suggested that the simulations had in fact 

found a position for ferrocene in NaY and also enhanced the experimental data by 

assisting its refinement.
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%0

OVERALL CONCLUSIONS -  FUTURE WORK

The aim of this thesis was to study sorption in zeolites using computer simulation. 

Within this broad aim were further objectives of bringing new insight to well 

studied systems as well as exploring properties of previously less well explored 

systems.

We study the sorption of krypton in silicalite,. a system that lent itself well to 

computational methods, being simple in terms of size and interatomic potentials 

required but none the less of considerable interest and the subject of previous high 

quality studies. Our work used a number of different methodologies to carry out as 

complete a study of the system as possible, drawing comparison with previous 

work. The computational calculations studied low energy sorption sites for krypton 

in silicalite, agreeing with past work that krypton was located in straight channels, 

sinusoidal channels and intersections. Analysis of the adsorption energies within 

each region of sites showed that the straight and sinusoidal channels were at lower, 

more favourable energies than the intersection sites. Adsorption isotherms 

predicted single step type I behaviour, with good agreement with maximum 

loadings observed from both experimental and simulated results. Small sub -  steps 

observed by some experimental isotherms were not replicated in the isotherms 

simulated here. Diffusion studies found expected trends of decreasing diffusivity
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with increasing loading and faster diffusion along the channels compared to paths 

alternating between straight and sinusoidal channels.

The work has provided two paths for future or continuing work. On the same 

krypton silicalite system, an area of work that was not covered was the calculation 

of Henry constants and comparison to any experimental or simulated values. 

Further comparison could also be made to diffusion coefficients and activation 

energies, when data of this type is made available in the literature. The second path 

that this work has opened for future studies, is a general methodology for the study 

of sorption in microporous materials, starting off with how to incorporate sorbates 

into sorbents, the study of adsorption energy using lattice energy minimisation 

techniques as well as statistically more accurate Canonical Monte Carlo techniques. 

The natural progression from studying energetically favourable sorption sites is the 

study of adsorption isotherms, which can have interesting interpretations if multiple 

step isotherm systems are studied. Henry constant calculation can follow adsorption 

isotherm work to complete the Monte Carlo aspect of studying such systems before 

moving on to molecular dynamics techniques to study diffusion properties.

The second piece of work studied in this thesis is that of the sorption of oxygen 

and nitrogen in lithium substituted zeolites. The aim of the work was to carry out 

the first systematic study of a range of Li substituted zeolites using a transferable 

ab initio interatomic potential. Here we showed how computational techniques can 

be applied to systems with immense commercial and industrial importance and 

application. By choosing to explore the less well studied field of lithium studied 

zeolites, (compared to more well studied sodium or calcium studied zeolites) new
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results and insights can be included into the field of cation substituted zeolites for 

the separation of oxygen and nitrogen. Whereas the work on krypton and silicalite 

used existing potentials, the work on oxygen and nitrogen sorption in lithium 

substituted zeolites developed a new interatomic potential to be used in conjunction 

with pre -  existing interatomic potentials. Due to time restrictions, it was not 

possible to develop an entirely new forcefield for studying this system; it was also 

not necessary, owing to high quality forcefields already in existence for studying 

zeolitic systems. A new potential was developed for the crucial lithium to oxygen 

and nitrogen interaction, which is the key interaction in separating oxygen from 

nitrogen in lithium exchanged zeolites. The study used Monte Carlo methods to 

calculate adsorption energies, isotherms and Henry constant for oxygen and 

nitrogen in five different zeolite systems. The main conclusion from the results was 

that the new potential does correctly model the preferential sorption of nitrogen 

compared to oxygen in all five lithium substituted zeolites studied.

Some interesting aspects were highlighted by the results obtained which could be 

explored further in future studies. It was clear from comparison to experiment that 

the work on oxygen sorption produced superior results to that of nitrogen and this 

has been attributed to the N2 -  N2 potential overestimating attraction or 

underestimating repulsion.

Adsorption isotherms at 200K and lOOK for almost every oxygen/zeolite system 

and some nitrogen/zeolite systems exhibited small sub -  steps. These have been 

attributed to possible sorption around specific lithium sites in the zeolites, with 

filling of available space around preferential sites leading to the sub -  step as
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oxygen or nitrogen starts to fill the space around another lithium site. Due to time 

restrictions, calculations have not been carried out to confirm this hypothesis. 

Further work can investigate the sub -  step areas of the isotherm using a narrower 

pressure range around the sub -  steps and subsequent analysis of mass distribution 

plots at specific pressures and loadings corresponding to the sub -  steps. Such 

observations should reveal whether oxygen or nitrogen is preferentially sorbing 

around specific lithium sites in each zeolite.

Experimental or simulated data on the sorption of oxygen and nitrogen in 

lithium exchanged zeolite rho for comparison with results obtained here was not 

found: any future work could include comparison to such data when it becomes 

available.

Finally we studied the sorption of ferrocene in the Na-Y zeolite. The study 

enabled experiment and simulation to be combined directly in characterising 

sorption sites for ferrocene in Na-Y. Initial experimental studies fitted XRPD data 

for the ferrocene/Na-Y system to a bare Na-Y zeolite. Ferrocene could not be 

located from the refined experimental data or from the Fourier difference map. 

Computer simulation was then used to generate low energy sorption sites for 

ferrocene using Monte Carlo docking and energy minimisation techniques. The 

XRPD data were then fitted to the Na-Y structure, containing the iron position of 

the ferrocene molecule. The R factors from fitting to the position generated from 

simulation showed a marked improvement to those from fitting to the bare zeolite 

structure, indicating that a correct ferrocene position contained within the XRPD 

data had been located from simulation.
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Future work on this a system should carry out molecular dynamics calculations to 

study the diffusion of ferrocene through Na-Y and to analyse if the carbon rings of 

ferrocene did spin about the axis defined by iron. Such studies would provide an 

interesting addition. Also adsorption isotherms and energies could be studied to 

paint a complete computational study of the ferrocene/Na-Y system.
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APPENDIX A

A l  

LAGRANGE MULTIPLIERS IN ILLUSTRATING THE 

STEEPEST DESCENT ALGORITHM

The simple function /  (jc, y) = + 2y^ can be used to illustrate the minimisation

algorithms. A plot of this quadratic function can be seen in Fig (Al.O):

-15
1510■5 0 5

FIGURE Al.O A plot of the quadratic function + 2y

Differentiating the function gives d /=  2xdx + 4ydy 

The gradient at any point (jc, y) is 4y/2jc.

Taking an imaginary starting point of (9.0, 9.0) the direction of the next move is 

towards (-18.0, -36.0). Since jc and y = 9, therefore 2 jc = 18 and 4y = 36.
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The gradient is therefore:

9 — 36 45
9 — 18 " 27

y = 45, x = 21

The equation for the line along which the search takes place is therefore y = 2 x - 9  

since 2 x 27 = 54 

54 — 9 = 45 = y

The minimum of the function along this line is obtained using Lagrange 

multipliers.

The function d /=  2xdx + Aydy is subjected to the constraint y = 2 x - 9  

The constraint is rewritten in the form g{x, y) = 0 so: 

g(x, y) = y - 2 x  + 9 = 0

To find stationary points, the function/(x, y) subjected to g(x, y) the total derivative

is set to zero:

df= 2xdx + Aydy = 0

Without the constraint, stationary points would be located by setting partial 

derivatives to zero as x and y are independent. With the constraint, x  and y are 

related via the derivative of the constraint function g and this is set to zero: 

dg = -2djc + dy = 0

The derivative of the constraint function dg is then multiplied by X (the Lagrange 

multiplier) and the total derivative d/is added:

a X d X j
+ X

d y  d y
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The terms inside the brackets are then set to zero:

2x-2X  = 0 therefore 2x = 2 Xs ox  = X 

4y + X = 0 so 4y = -X 

From these two equations:

-JC = 4y (i)

also from the constraint equation }; = 2jc-9so2jc = );4-9 (ii)

Multiply (i) by 2 to give

-2jc = 8y(iii)

then (ii) + (iii) gives:

-9y = 9 therefore y = -1 

substitution into (i):

-JC  =  4y therefore j c  = 4

So the minimum of the function along the line y = 2 x -9  is at (4.0, -1.0)

The function at this point has a value:

/ ( j c ,  y )  =  j c ^  +  2 y ^  

y(jc, y) = 16 4- 2 = 18

The direction of the next move from (4.0, -1.0) towards the minimum is the vector 

(-8.0, 4.0). The gradient is then calculated in order to give the equation of the line, 

which the search is performed on and this equation again becomes the constraint in

order to find the minimum along this line. Following the same procedure as above

and applying the new constraint, the second stationary point is generated at (2/3, 

2/3). The function at this point has a value of 4/3, which is lower than the first 

stationary point of 18. The third stationary point is at (0.296, -0.074) and has a
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value of 0.099, which is again lower than the first two stationary points. So the 

example shows how the steepest descents method attempts to calculate the 

minimum energy from a given starting point.

Fig (A2.0) shows the plot produced by the application of the steepest descent 

method to the quadratic function + 2y .̂

-15
-15 -10 5 10 15-5 0

FIGURE A2.0 The steepest descent method applied to the quadratic function x + 

2y. The plot shows the starting position of (9.0,9.0), the first stationary point at 

(4.0, -1.0) and the second stationary point at (2/3, 2/3).
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A.2

ILLUSTRATION OF CONJUGATE GRADIENTS 

TECHNIOUES

Taking the same quadratic function used to illustrate steepest descents,/(jc,

2y , and the same starting point (9.0, 9.0), the first step from steepest descents 

generates the point (4, -1). Remembering that for this function, the gradient at all 

points is Ayllx, the negative gradient at the present point is taken:

-gk = (-8,4)

The vector relating to the negative gradient at the initial point (Vk-i), multiplied by 

the scalar constant (y^) is then combined with gk, using Eq. (3.5). The initial point 

is (9, 9), the negative gradient of this is therefore (-18, -36).

The Polak -  Ribiere method (Eq. (3.7)) is used to illustrate the technique:

V =
k

' - 8 ' ( (-8 --1 8 ).-8 )+ ((4 --3 6 ).4 ) ^-18" "-8  "
+ 0.049382716

"-18^

^  ( -1 8 ) '+ (-3 6 ) ' .-3 6 , .-3 6 ,

V =
k

 ̂ - 8.888889 ^
-  2.222222

V /

The gradient of the line between points (4, -1) and (-8.888889, -2.222222) is 

-0.25. A line search can then be carried out along the line between the two points of 

gradient
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-0.25. The minimum along this specific line for this purely quadratic equation is at 

(0, 0), the minimum for this function.

Fig (A3.0) shows the plot produced by the application of the conjugate gradients 

technique to the quadratic function + 2y .̂

-15
-15 -10 5 50 1510

FIGURE A3.0 The conjugate gradients technique applied to the quadratic function 

jĉ  + 2y. The starting point is (9.0, 9.0) and the first stationary point (4.0, -1.0) is 

generated from the steepest descent method. The minimum is then found by the 

second stationary point for a purely quadratic function.
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A.3

ILLUSTRATION OF THE NEWTON -  RAPHSON

METHOD

Eq. (3.10) states:

X* =  X k - v ’ ( X k ) / v ” ' V x k )

Using the quadratic function/ ( jc, j )  = jc^ + the Hessian matrix is:

Eq. 3.10

f  =

The inverse matrix is:

The minimum is then obtained:

X =

"1
" 9" 2

0

0
1

I J

^18 ^

For a quadratic function, Newton -  Raphson reaches the energy minimum in one 

step.
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APPENDIX B 

PRESSURE SWING ADSORPTION (PSA) AND 

VACUUM SWING ADSORPTION (VSA)

Pressure swing adsorption or vacuum swing adsorption are the two main industrial 

processes used in gas separation. The difference between PSA and VS A processes 

is that PSA re -  pressurises and re -  generates the adsorbent with some of the 

product, whilst the VS A process is carried out at vacuum and a vacuum pump is 

used to evacuate the adsorbent to remove product. A more detailed description of 

the PSA process is now given.

A basic PSA system will consist of two beds, which are alternately pressurised 

and de-pressurised, in a pre - programmed system. For air separation the bed will 

be a cation exchanged zeolite. The first zeolite bed is pressurised, then the feed gas 

(air in this case) is introduced into the system. Nitrogen is preferentially adsorbed 

onto the bed. A gaseous first product containing a greater proportion of oxygen 

than the feed gas is produced. The bed is blown down for oxygen to be separated 

from the adsorbent and removed as product. Pressure is then reduced at almost 

constant temperature to below the level of the first pressure and the bed purged at 

this low pressure to complete desorption. A gaseous second product mixture is then 

removed which contains a greater proportion of nitrogen than the feed gas. 

Meanwhile, the second zeolite bed is pressurised and the process restarts. The 

process allows for the regeneration of the adsorbent during the desorption cycle.
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The energy required to achieve separation in PSA systems is introduced as 

mechanical work rather than heat in thermal swing processes. Mechanical energy is 

more expensive than heat energy so it is essential for the PSA system to be as cost 

efficient as possible. For the two bed systems, oxygen recovery is <25%. Nitrogen 

is adsorbed and oxygen removed as product. For small scale systems, the relatively 

low oxygen recovery does not represent a major concern. On the industrial scale 

however, the low recovery is a major concern. The high price of running the PSA 

systems due to the mechanical energy demands, means production of oxygen must 

be as efficient as possible to make the process economical. One method of 

increasing oxygen recovery is to connect the two adsorption beds after the first bed 

has been purged and the second has completed adsorption of nitrogen. Instead of 

blowing down the second bed in order to remove oxygen product, the connection of 

the two beds means pressure is equalised. The first bed is partly pressurised with 

oxygen rich gas that was fed into the second bed as part of the gas mixture. The 

beds are then disconnected. The second bed is vented to complete blowdown and 

oxygen product removed. The first bed is pressurised with feed gas to add to the 

oxygen rich gas present in the column after equalisation of the beds. Oxygen 

recovery following this process increases to over 60%.

355



APPENDIX C

FISCHER -  TROPSCH REACTION AND

METHANOL TO HYDROCARBON

CONVERSION

A representation of the accepted Fischer -  Tropsch reaction mechanism using 

transition metals on a zeolite support is given below.

Transition metal
^^(g) ^2(g)  ►

on zeolite support

c a

HÎ
CHi

Zeolite Support

c a

H

i  C H O (oxygen not
involved in 
reaction)

Zeolite Support

i
Cf

Zeolite Support

CH3CH2

Zeolite Support

I"

c a CH3CH2CH2

Zeolite Support

i"

CF

-►Etc.

C 2H 6 C 3HÇ
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The primary product from a non acidic catalytic support is methane or methanol. 

Acidic zeolites such as HY can be used to convert methanol to higher hydrocarbons 

in the following manner.

OH

'C H 3

HiC -  OH

O. o.
H+
O . 0

Si À1 Si
Portion of the zeolite framework 
structure.

Si

H.C -  OH

q  O

Si

H+

- H3C -  O -  CH3

Si A1 Si

A1

Si

Si

H3C -  OH

-H2O

O
(:H3+
o

Si

Protonated zeolite is represented as H^Z :

-z  X  RCH2OCH3
CH30CH3 + H^Z a  ^  CH3 -  0+  ► CH3OH+ c

CH

+H+ZCH3OH + RCH = CH2
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