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A bstract

In this thesis the subject of molecular self-diffusion in zeolites is addressed using the 

Molecular Dynamics simulation technique. We have focused our attention on the 

phenomenon of the intra-crystalline diffusion of linear hydrocarbon molecules in the 

zeolite Silicalite, and, to a lesser extent, also in the zeolite Chabazite. Two different 

models have been considered. In the first we included the full mobility of the lattice, 

and no restrictions were imposed on the molecular degrees of freedom. Simulations of 

ethane, propane, n-butane and n-hexane in silicalite show a clear trend of decrease 

in the diffusion coefficients as the molecular size is increased. It was also seen that 

the diffusion takes place by means of a hopping mechanism. However, due to the high 

computational cost of these simulations, other trends such as the dependence of the 

diffusivity on the adsorbate loading and system temperature could not be established 

without longer production runs. Therefore a second set of simulations was performed 

using a simpler model, which did not include the framework mobility. This allowed 

us to undertake long (1000 ps) simulations on bigger systems, thus increasing the 

accuracy of the resulting statistical averages, n-butane and n-hexane were simulated 

in Silicalite under a wide variety of conditions of sorbate loading and temperature. 

The trend of the diffusion with increasing loading could then be clearly established, 

and activation energies in good agreement with experimental values were obtained. 

Also, by comparing trajectories in the rigid and mobile framework models, it was 

possible to extract a number of conclusions on the rôle played by the framework



dynamics in the diffusion process.

A general Purpose FORTRAN Molecular Dynamics program, FUNGUS, was de

veloped to perform the simulations that are described in this thesis. This program is 

based on a previously existing code, and was written in collaboration with G.E. Mills. 

Its generality allow it to be used in simulations of systems as varied as fast ionic con

ductors, polymer electrolytes and zeolites. FUNGUS is now being used by a number 

of groups worldwide, a fact that testifies to its wide applicability.
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C hapter 1

Introduction

The purpose of this Thesis is to study the diffusion of molecules adsorbed in zeolites. 

In this introductory Chapter we give a brief summary of the necessary background on 

zeolite science, with especial emphasis on diffusion processes of adsorbed molecules in 

zeolites. Sec. 1.1 is therefore devoted to a brief discussion of zeolites, their composition 

and structural characteristics, and of how they can be used to advantage in practical 

applications. Next, in Sec. 1.2, the experimental information concerning adsorption 

and diffusion processes in zeolites is summarized. Since our aim is to study these 

processes by means of computer simulation techniques, in Sec. 1.3 we review previous 

simulation work on diffusion and adsorption in zeolites. In Sec. 1.4 we summarize the 

aims and goals of this research project, after which we conclude in Sec. 1.5 with an 

outline of the structure of the thesis.

1.1 Zeolites, their properties and applications

Zeolites are microporous crystalline aluminosilicate materials. Strictly speaking, this 

definition excludes other materials of similar structure and chemical properties, such 

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

16



Introduction 17

experimental and theoretical research on all these types of materials. Structurally, 

zeolites are constructed from tetrahedra, represented as TO4, consisting of a T centre 

where an Si or A1 ion is located, and four O ions, each of which is positioned at one of 

the tetrahedron corners. These tetrahedra are known as the primary building units 

of zeolite structures. By sharing corners, these tetrahedra are linked together to form 

secondary building units (SBU). The structure of a particular zeolite is generated by 

applying the symmetry operations of the corresponding space group of the structure 

to the SBU.

Zeolites present a number of properties that are of great interest from the scientific 

point of view, but also from the applied perspective. Among these are their selective 

sorptive properties, their selective catalytic behaviour, and their potential for cation 

exchange. All these characteristics can be ultimately understood in terms of two basic 

properties: their porosity and the presence of extra-framework cations and protons 

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

Zeolites contain channels and cavities of various sizes and shapes in which molecules 

can be adsorbed, diffuse and undergo chemical reactions. The diameters of these pores 

and voids range from a few to over 10 Â, and therefore zeolites are classified as micro- 

porous materials. The crystalline nature of zeolites implies that the pore structure is 

well characterized in shape and size, in contrast to non-crystalline porous materials 

such as activated carbons, where the distribution of pore sizes can be very broad. 

Because the pores of zeolites have effective diameters in the molecular range, they 

can adsorb selectively different molecules according to their sizes and shapes. The 

presence of extra-framework cations and protons in zeolites can be attributed to the 

electrostatic imbalance rising when Si ions are substituted by A1 ions. The protons 

and cations compensate this imbalance. The presence of protons in the structure 

creates Br0nsted acid sites, which are responsible for the acidity of zeolites and for 

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

properties of zeolites as cation exchangers.

The use of zeolites as molecular sieves results from the molecular dimensions of 

the pores and cavities they contain. These micropores are capable of discriminating 

between molecules according to their sizes or shapes. Molecules of the “right shape” 

will be absorbed, since the interactions of the molecular atoms with the framework 

ions will contribute to make the adsorption process energetically favourable. However, 

for molecules of the “wrong shape” , steric effects will cause the interactions with the 

framework ions to be mainly repulsive, and the adsorption process will be energetically 

unfavourable. Therefore, the appropriate zeolite can be used to separate mixtures of 

chemical compounds, for example linear and branched paraffins. Furthermore, by 

controlling the Si to A1 ratio, and hence, the number of extra-framework cations * 

contained within the zeolite, it is possible to change the hydrophobic/hydrophilic 

character of zeolites. On increasing the number of cations the crystal becomes more 

polar, and therefore has an increased affinity for polar molecules. In contrast, highly 

siliceous zeolites have a hydrophobic character, and sorb non-polar molecules pre

ferably. It is also possible to modify the sieving activity of a particular zeolite by 

changing the types of extra-framework cations. This is because the cations occupy 

relatively fixed positions within the channel network, and increasing the cation size 

may block the passage of molecules which were previously sorbed.

The well defined shape of pores and cavities of zeolites makes them ideal systems 

for the study of the relation between the structure of the host and the products of 

the chemical reactions taking place inside the host. The phenomenon by which the 

ratio of products of a chemical reaction inside a zeolite depends on the structure of 

the zeolitic framework is known as shape selectivity. There are three mechanisms by 

which shape selectivity can manifest itself, these being known as product selectivity, 

reactant selectivity and transition state selectivity. In the first case, the outcome of the
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reaction is determined by the matching of the products to that of the pore network. 

Those products that are subject to less steric effects rising from interactions with the 

framework ions will clearly be favoured, unlike those which, due to their molecular 

shape or size cannot be easily accommodated within the pores. Here the rôle of the 

zeolite structure is to accentuate the energy differences between the possible products 

of the reaction. Shape selectivity can also result from reactant selectivity, in which 

the zeolite structure plays the part of a sieve of competing reactants, allowing only 

certain ones to diffuse through the structure and react. Finally, the products of 

the reaction can be controlled by favouring specific transition states, again through 

steric effects. This is similar to the product selectivity mechanism, but the lattice 

topology influences the reaction intermediates rather than the products. Given the 

wide variety of zeolite structures, both natural and synthetic, their shape selective 

catalytic behaviour can be exploited in many different cases.

As noted above, the hydrated extra-framework cations are only loosely bound to 

the structure, and can easily be exchanged by other cations. It has also been noted 

that this ability to exchange cations can be used advantageously, since it can modify 

the selectivity of zeolites as molecular sieves. It can also be used to concentrate or 

isolate particular types of ions, since the same properties of selectivity that apply for 

molecular absorption apply for molecular ions. As well as extra-framework cations, 

small highly charged metal cations, such as Ti'*'*’, can substitute framework Si or A1 

ions, thus becoming part of the zeolite structure. These “intra-framework’’ cations 

can also play important catalytic rôles.

The possibilities of shape selectivity and the presence of cations (both extra and 

intra-framework) are responsible for the many applications that zeolites have found 

in the chemical industry, and in particular in the petrochemical industry. The three 

main types of reactions catalysed by zeolite-based catalysts are reactions of cracking, 

by which long chain hydrocarbon molecules are broken down to lengths in the gasoline
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range, isomerization reactions, like for instance the interconversion of the meta and 

para isomers of xylene, and hydrocarbon synthesis, as achieved from methanol. As 

cation exchangers zeolites are used in the detergent industry, and also for isolation 

and storage of dangerous materials such as radioactive compounds. More examples 

of the industrial applications of zeolites can be found in Refs. [1] and [2]. In all these 

processes of catalytic, molecular sieving and ion exchajige activity, intracrystalline 

diffusion of the adsorbed species is a controlling factor. Reactants must be adsorbed 

and diffuse before they can reach the active sites and react. Also the adsorbed species 

in gas separation processes must diffuse through the pore structure, and the same 

applies to the ions in ion exchange processes. Therefore, there is considerable interest 

in measuring diffusivities of adsorbed species in zeolites, in understanding the diffusion 

mechanisms and in determining how the crystal structure affects the rates of diffusion.. 

A number of experimental techniques have been proposed and are routinely used to 

measure diffusion coefficients in zeolite-adsorbate systems. Computer simulations of 

these systems offer the possibility of providing complementary information in this 

area of reseaich. Simulations provide a detailed picture at the molecular level of the 

diflFusion process, and therefore can help to elucidate diffusion mechanisms and other 

microscopic features of the diffusion process which are difficult, if not impossible, to 

observe experimentally. As will be shown in this thesis, they can also be used to 

obtain accurate values of diffusion coefficients in zeolites.

1.2 Experim ental m easurem ents o f diffusion in 

zeolites

Probably the most commonly used techniques in the experimental determination of 

diffusion coefficients of adsorbed species in porous materials are the Pulsed Field- 

Gradient (PFG) NMR and Sorption Uptake type techniques, although others, such
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as Quasi-Elastic Neutron Scattering have also been successfully used. In PFG NMR 

experiments, the sample, consisting of sorbent and adsorbate, is subject to a magnetic 

field B consisting of two terms,

B = Bo + gz\^ (1.1)

where it is assumed that the mag: « tic field lies along the z axis (k is the unitary vector 

along this direction). Bo is a time and space independent field, while the second term 

in Eq. (1.1) is a non homogeneous field of constant space gradient, g. The latter field 

is not applied continuously, but only during two short pulses of width 6, the first 

one of which signals the start of the experiment. The second is delayed by a time t 

(the observation time) with respect to the first. In these circumstances, it can be 

demonstrated (see [3, 4j) that the observed signal obeys the following expression

S(8g,t) = exp(-ir^6yD <) (1.2)

where 7 is the gyromagnetic ratio and D  is the diffusion constant. A semi-logarithmic 

plot of S vs. {ôg)"̂  must give a straight line of slope from which the diffusion

coefficient can be found.

In Sorption Uptake experiments, the system is subject to a small but well defined 

distortion of its ambient conditions, such as a small pressure variation. The evolution 

of the system in response to this distortion is monitored until a new equilibrium state 

is reached. The diffusion coefficient is obtained by matching the response of the system 

to that predicted by the solution of the diffusion equation with appropriate boundary 

conditions. There are many techniques based on this idea, differing only in the actual 

implementation and in the boundary conditions employed for the given experimental 

set-up. A detailed review of the different uptake techniques can be found in Ref. [4]. 

One particular form of sorption uptake experiment that has proved very successful 

is the Frequency Response (PR), and its variant, the Single-Step (SS) Frequency
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Response techniques- In the FR method the volume containing the sample is subject 

to small harmonic variations of amplitude approximately equal to 1% of the total 

volume and variable frequency. The pressure response of the system is measured as a 

function of the applied frequency. The diffusion coefficient is then obtained by fitting 

this response to the behaviour predicted by Fick’s Law. In the SS version, as its name 

indicates, the system is perturbed only once. Adsorption/ desorption processes can 

be monitored by compressing or expanding the volume. A more detailed explanation 

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

The experimental determination of intracrystalline diffusion coefficients has been 

characterized by striking disagreements between the measurements provided by diff

erent techniques, a fact that highlights the difficulties involved in these types of 

studies. In 1977 Kârger and Caro [6] performed a series of measurements on sev

eral zeolite-adsorbate systems using both PFG NMR and Sorption Uptake tech

niques. Samples of different origins and various crystallite sizes were employed. The 

PFG NMR values were found to be bigger by a factor of 10® than the Sorption Uptake 

measurements. Furthermore, it was noticed that, while the diffusivities obtained from 

PFG NMR measurements remained unaltered when the crystallite size was varied, 

there was a marked dependence of the values obtained by sorption uptake measure

ments on the crystallite size. The authors concluded that the assumption of the 

adsorption/ desorption process being controlled by intracrystalline diffusion alone (an 

important assumption in sorption uptake experiments) did not hold under the exper

imental set-up used in the sorption uptake determinations, and other effects, such cls 

surface barriers and intercrystalline transport played an important part. However, it 

was found that these effects could be minimized if the crystal size of the sample was 

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

Using a combination of techniques, which included FR, SS FR, PFG NMR and 

NMR tracer desorption, Van-Den-Begin et a l [7] measured the diffusivity of ethane
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in silicalite. Again, substantial discrepancies ( c l s  much as 10 )̂ were found between 

the FR and NMR measurements. The conclusion of these authors was that the 

sorption uptake measurements were not exclusively determined by the intracrystalline 

diffusion. This work suggested that if these effects could be somehow eliminated or 

accounted for, better agreement between the measurements provided by both types of 

techniques would be obtained. Shortly afterwards these authors [8] reported SS FR 

measurements of methane, ethane and propane in silicalite, in which much better 

agreement with NMR data of Caro et al. [9] for the same systems was indeed achieved. 

Although there was still a systematic difference between these values, this had been 

reduced to a factor of about 5. Their technique allowed them to show that diffusion 

in these systems takes place by means of activated jumps, the length of which remains 

relatively constant up to loadings of about 10 molecules per unit cell (of propane), 

the jump lengths being of the order of 11 Â; at loadings higher than this the jump 

lengths start to decrease.

Both NMR and FR techniques, as well as others, are now frequently used for 

measurements of diffusivities in zeolites. Examples can be found in the work of Caro 

et al. [10], who measured the diffusion of methane and water in silicalite. A more 

recent example is the work of Datema et al. [11], who measured the diffusion of n - 

butane and n-pentane in silicalite as a function of temperature. These authors found 

diffusivities of the order of 10“ °̂ and 10“ '^ m^/s and activation energies of 8.4 and

12.6 k j/m o l for n-butane and n-pentane respectively. Examples of the use of the FR 

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

The latest developments in the experimental measurements of the diffusion of ad

sorbates in zeolites have concerned the effects of the anisotropy of the host lattice 

on the diffusion coefficients. These studies have concentrated mainly on the zeo

lite Silicalite, as it presents an interesting channel network of interconnecting pores 

of different structural characteristics along different crystalographic directions (see
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Chapter 4, Sec. 4.1). Shen and Rees [12] used the SS FR method to measure the 

diffusion of n-butane and 2-butyne adsorbed in silicalite. For both adsorbates it 

was found that the response curves could not be appropriately fitted unless two in

dependent diffusion processes, one for each type of channel, were assumed. In this 

way it was possible for the first time to measure the diffusion along the sinusoidal 

and straight channels of silicalite. It was found that both the adsorbates considered 

diffused preferably along the straight channels. In addition the diffusion of n-butane 

was found to be slightly slower than that of 2-butyne, which according to the authors 

is due to the slightly smaller dynamic dimension of 2-butyne, and to the lack of the 

dihedral degree of freedom in this molecule.

The PFG NMR technique has also recently been used to address questions con

cerning the anisotropy of the diffusion in silicalite. By growing the silicalite crystals, 

inside a set of parallel capillaries, Kârger and Pfeifer [13] were able to obtain a sample 

in which the crystallites were aligned in the c axis with a maximum dispersion of 20°. 

However it wa,s not possible to align the crystallites with respect to any other axis, so 

only D .  could be determined, together with an average of Dx and Dy.  These authors 

reported values of diffusion in the xy plane that were some five times faster than in 

the z axis.

These examples of state-of-the art experimental techniques illustrate the current 

capabilities. By carefully monitoring the experimental conditions, different techniques 

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

with each other.

1.3 Sim ulation o f adsorbed m olecules in zeolites

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

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

difficulties and limitations will be highlighted.

The different computational techniques available for the study of the systems of in

terest here can roughly be classified into four types: Quantum Chemistry calculations, 

Energy Minimization, Monte Carlo and Molecular Dynamics simulations. Only the 

first type of approach avoids the use of atomistic potentials for describing the system, 

since the electronic structure is treated explicitly with the methodology of Quantum 

Chemistry, although this does not mean that this approach is free from approxima

tions. The other three types of techniques rely on the definition of a model system 

which can be trusted as an accurate replica of the real system, at least with respect 

to those properties that are of interest. The details and considerations concerning 

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

1.3.1 Q uantum  C hem istry calculations

The methodology of Quantum Chemistry is normally applied in this context to the 

study of reactivity of adsorbed species close to active sites in the host framework. This 

aspect of zeolite science can not be approached with atomistic simulations, since these 

do not include explicitly the electronic degrees of freedom. One of the major problems 

that limits the use of Quantum Chemistry studies is the complexity of the majority of 

zeolite structures, which consist of unit cells containing many atoms. Normally only a 

portion of the structure is treated quantum mechanically (the quantum cluster), and 

this is either embedded in a periodic array of point charges which aims at reproducing 

the effects of the rest of the lattice, or it is assumed that the cluster is big enough 

to represent the structure. These two possible approaches are extensively discussed 

by Sauer [14]. This author reviews the use of ab initio methods to the study of 

absorbent-adsorbate reactivity in zeolite science. It is also possible to use the semi- 

empirical methodology which results from either neglect or parametrization of some
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of the integrals of the ab initio treatment. The use of semi-empirical methods in this 

field has been reviewed by Vetrivel and Cat low [15].

Embedded cluster quantum mechanical calculations have been used by Vetrivel et 

ai to study acidic sites in a number of structures [16]. Also a cluster calculation 

has been used to study the mechanism of the dissociation of methanol in ZSM- 

5 [17]. These calculations predicted the abstraction of hydrogen from the methyl 

group rather than from the alcohol. However, similar semiempirical cluster calcula

tions of Gale et a i suggest that there is a hydrogen bonding of the alcohol proton 

to the acidic site [18]. The different predictions of these calculations highlight the 

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

Quantum Chemistry.

1.3.2 Energy M inim ization calculations

Energy Minimization (EM) calculations consist, as their name indicates, in finding 

the structure of lowest potential energy for a particular system, given an expression of 

its potential energy as a function of the positions of its constituent atoms or ions. This 

technique is adequate for the kind of problems we address in this thesis, concerning the 

location of low energy sites for sorbed molecules within zeolite pores, and for obtaining 

the potential energy profile for possible diffusion pathways within the structure. It is 

also a useful technique for testing different model potentials. Nowak et a i have used 

EM calculations in order to study the energetics of adsorbed benzene and toluene in 

zeolites zeta-1 and silicalite [19]. Pickett et ai, using similar calculations, identified 

adsorption sites of para-xylene in silicalite [20]. Another example of the study of 

zeolite-adsorbate interactions with this technique is the work of Titiloye et a i [21] 

who investigated the adsorption of several organic molecules in zeolites A, silicalite 

and faujasite.

But the application of EM calculations in zeolite science is not limited to the
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study of problems in adsorption. Indeed, other subtle structural phenomena have 

also been investigated with this technique, such as the intergrowth of two different 

structures, addressed by Tomlinson et a i [22] or the monoclinic distortion that the 

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

This technique, although simple and economical, suffers from one basic problem 

common to all minimization algorithms based on the use of the gradient and second 

derivatives of the potential energy surface, namely that the search for a minimum 

stops when the first minimum is found, and there is no guarantee that this particular 

minimum is the global minimum. Complicated potential functions may be character

ized by a high number of local minima, and this may complicate the localization of 

the global minimum.

1.3.3 M onte Carlo typ e calculations

These simulations are used mainly to obtain the distributions of adsorbed molecules 

within the pores of the adsorbant structure in order to determine preferred adsorption 

sites; they are also used for the calculation of statistical averages, for example the heat 

of adsorption. The Monte Carlo (MC) method is an algorithm capable of exploring 

exhaustively the potential energy surface, and therefore it is capable of overcoming the 

problems encountered by EM when the potential energy has a multitude of minima.

Examples of the use of MC studies in zeolite science are those of Smit and 

den Ouden [24], who reported MC simulations of methane adsorption in faujasite, 

mordenite and ZSM-5. They predicted a sharp decrease of the heat of adsorption of 

methane in mordenite with an increasing Al/Si ratio. Their results seem to indicate 

that the presence of a higher number of extra-framework cations brought about with 

the increasing Al/Si ratio causes a blockage of the pore regions which are favourable 

adsorption sites for methane molecules, thus making the process of adsorption more
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energetic and therefore less favourable. Woods and Rowlinson [25] have reported simi

lar calculations for Xe and methane adsorbed in zeolites X and Y. June et al. [26] have 

reported MC calculations of light hydrocarbons, both linear and branched, adsorbed 

in silicalite at different loadings and temperatures. They found that the distribution 

of molecules in the pores is strongly dependent on the molecular shape. Methane, 

n-butane and n-hexane are found to occupy the channel sections preferably, while 

for 2-m ethylpentane and 3-methylpentane the channel intersections are energetically 

more favourable.

MC studies have certain advantages with respect to other simulation techniques 

in that they are very efficient methods for calculating statistical averages. However, 

given their random nature, they can not provide the time evolution picture that is so 

important in the study of diffusion processes. At the present time, this can only be. 

achieved with Molecular Dynamics simulations.

1.3.4 M olecular D ynam ics Studies

Molecular Dynamics (MD) is an important technique in zeolite science, since the 

dynamical approach that it provides constitutes the obvious choice for the study of 

diffusion processes, which, as has been pointed out earlier (see Sec. 1.1), are im portant 

questions that rise when considering the adsorption and/or catalysis of molecular 

species in zeolites. As with EM and MC, the technique relies on the definition of 

a potential energy model for the system of interest, which depends on the positions 

of the atoms or ions that constitute it. From this potential energy function the 

forces acting on all atoms, which govern the time evolution of the system, can be 

calculated. The trajectory of the system in its configuration space is then followed 

for a sufficiently long time by means of some numerical integration algorithm. The 

details of this technique are the subject of Chapter 2.

Yashonath et al. [27] and Demontis et al. [28] have used MD to study methane
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and benzene respectively, adsorbed in faujasite. Hufton [29] and Pickett et ai [30] 

have reported similar studies of methane and Xe respectively in silicalite, and Good- 

body et al. [31] have addressed the study of methane and, at a preliminary level, 

n-butane in silicalite. June et al. [32] have performed simulations of methane and Xe 

adsorbed in silicalite. The same authors, [33], have reported extensive simulations 

of n-butane and n-hexane, also adsorbed in silicalite. All these calculations have 

several aspects in common. They all adopt the approximation of disregarding the dy

namics of the zeolite framework, mainly due to the computational expense required 

to include explicitly these degrees of freedom in the simulation. Also, very idealized 

molecular models are used to describe the adsorbates. In all these studies methane 

is simulated as a spherical Lennard-Jones atom^, thus disregarding the rotational 

structure of the molecule. Although Demontis et al. [28] use an all-atom description 

for the adsorbate in their simulations of benzene adsorbed in faujasite, normally the 

models are more simplified, frequently making use of united-atom approximations, 

such as the Ryckaert-Bellemans model for alkanes [34], which was employed both 

by Goodbody et al. and June et al. in their simulations of n-alkanes adsorbed in 

silicalite.

Although these simulations have provided very important insight into the micro

scopic dynamics and properties of adsorbate molecules in different zeolite structures, 

because of the nature of the models considered, they have failed to address the impor

tant and interesting question of the influence of the lattice dynamics on the diffusion 

process. A first step in this direction was taken by Demontis et al. [36], who pro

posed a mobile framework model consisting of a simple harmonic description. In 

this model the S i-0  bonds are represented by a spring potential, and also the 0 - 0

^The only exception to this rule is the study of June, Bell and Theodorou of methane in silicalite, 
in which they consider a rigid all-atom description of the adsorbate.
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nearest neighbor interactions are simulated in this fashion, to maintain the tetrahe

dral structure of the Si04 units. This model was tested in simulations of methane 

diffusion in silicalite by Demontis et ai [37]. As expected, the influence of the lattice 

dynamics on the diffusion coefficients was rather small. This was expected, given 

the high success of the rigid-lattice models in reproducing experimentally measured 

diffusion coefficients. However, it was found that the inclusion of the lattice motions 

had some subtle effects on the dynamics of the sorbed molecules. Although the entire 

system was simulated under conditions of constant NVE (i.e. in the Microcanonical 

ensemble), the set of sorbed molecules behaved very much like a Canonical ensemble, 

that is, like a system coupled with an external heat reservoir. This obvious conclu

sion is nevertheless an important one, since the lattice motions are one of the possible 

sources of thermalization of the sorbed molecules. By thermalization we refer to the. 

ability of the sorbed molecules to lose their excess kinetic energy when moving from 

regions of higher to lower potential energy. This thermalization process can take 

place either by exchanging energy with the lattice or with other sorbed molecules by 

means of collisions. At relatively high loadings the intermolecular collisions seem to 

provide adequate thermalization (see [38]). At low loadings, however, intermolecular 

collisions become rare, and the only possible source of thermalization comes from 

the lattice vibrations. If these are excluded from the model, it is probable that the 

adsorbate dynamics will differ substantially from those in the real system.

Other studies have also included lattice dynamics in their simulations. Catlow 

et al. [40] used a dynamical framework model, which has also been widely used in 

EM calculations, for their simulations of methane and ethylene adsorbed in silicalite. 

Kawano et al. [41] have extended the results of Catlow et al. for methane in silicalite. 

Good agreement between the predicted diffusion coefficients and experimentally mea

sured data was obtained. Also a comparison between the rigid and mobile framework
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predictions was performed, which seemed to indicate that the influence of the lat

tice dynamics on the diffusion coefficients was somewhat bigger than that found by 

Demontis et ai  [37]. But the question of the influence of the lattice dynamics on the 

diffusion process remains to be properly addressed. No doubt there will be an impor

tant effect for strongly constrained sorbed molecules, or when the coupling between 

adsorbate and the zeolite is stronger than in the cases that have been yet consider

ed, as would be the case with polar molecules. The difficulties involved in properly 

addressing the question of the influence of the lattice dynamics stem mainly from 

the need to perform long simulations on big systems, containing several dozens of 

molecules, in order to obtain statistically reliable results. The inclusion of framework 

dynamics in such big systems through a realistic model can increase the computa

tional cost of the simulation by several orders of magnitude.

Improvements have also been made on the molecular models used. Apart from 

the previously cited work of Demontis et ai [28], in which an all-atom  model was 

considered in their simulations of benzene diffusion in faujasite, June et ai  [32] have 

also included an all-atom  description of methane in silicalite, thus introducing the 

rotational motions of the adsorbate. This was also done in the work of Catlow et 

ai and Kawano et ai. The exclusion of the rotational degrees of freedom seems to 

overestimate slightly the diffusion coefficients because all the kinetic energy goes into 

the translational motion of the sorbed molecules.

Another general characteristic of simulations of zeolite-adsorbate systems which 

is not exclusive to MD calculations is the neglect of Si-adsorbate interactions, and 

whenever lattice motions are included in the model, of Si-Si interactions also. It has 

been generally assumed that as the Si framework ions lie at the centre of tetrahedra 

they are hidden from the adsorbates and from other Si ions by the more voluminous 

O ions. Only recently, Nicholas et ai [42] have included Si-adsorbate interactions
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in their simulations of methane and propane in silicalite. They claim that the con

sideration of this interaction is necessary in order to obtain good agreement between 

the calculated and the experimental diffusion coefficients. The work of these‘ authors 

represents a significant effort in trying to improve the framework-guest molecule in

teractions, possibly one of the most sensitive ingredients of the model. However, 

they could not include the framework dynamics in such a model, and the use of such 

a complicated model prevents them from simulating their systems for times longer 

than 60 ps, a time that is possibly too short to resolve adequately the diffusion of 

propane. This highlights one of the major limitations of MD simulations in these 

systems: namely that the use of sophisticated realistic model potentials prevents the 

simulation of sufficiently large systems for times long enough to provide statistically 

accurate results. In practice, a trade off between the desired accuracy and the com-, 

plexity of the model must be found. However, although these restrictions are serious 

problems today, they can be expected to fade away in the future, given the current 

increase in computer power.

1.4 A im  o f the project

The general aim of this research project is to study the process of hydrocarbon 

diffusion in zeolites using computer simulation techniques. In doing so we hope to 

gain important insight into other aspects of adsorption phenomena in zeolites, such 

as lattice-induced distortions on the conformational distributions of the adsorbed 

molecules, diffusion mechanisms, and to study the influence on these processes of the 

shape and size of the adsorbates, the loading {i.e. the average number of molecules 

adsorbed in the zeolite per unit cell), and the temperature.

All the above aspects of adsorbate-zeolite systems are, of course, deeply related to 

the crystal structure of the adsorbant. Unfortunately, the computational cost of the
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simulations required to gain the detailed information we seek prevents the study of 

diffusion processes in a wide variety of zeolite structures. We have therefore focused 

attention on one particular structure, which turns out to be of great interest both in 

applied and basic zeolite research. The structure in question is that of silicalite, the 

purely silicieous form of ZSM-5. As was seen in Secs. 1.2 and 1.3, there is a great 

abundance of both experimental and theoretical studies involving this structure, a fact 

that testifies to its importance in zeolite science. We have also performed a number of 

simulations of methane diffusion in chabazite, the structure which has been the main 

subject of research of the EEC Zeolite Consortium (of which the group of Professor 

C.R.A. Catlow has been a member).

Since our interest is mainly centred on the diffusion of adsorbed molecules, we 

have made extensive use of the Molecular Dynamics (MD) simulation technique, an 

obvious choice for the study of time dependent phenomena.

1.5 Structure of the thesis

In this first chapter we have given a brief overview to the wide subject of zeolites, their 

properties and applications. We have also provided a short review of the experimen

tal work on measurements of diffusion coefficients in zeolites, and of the theoretical 

techniques currently being used to study zeolite-adsorbate systems. Chapter 2 is 

devoted to an exposition of the principles of Computer Simulation in Physical Chem

istry, paying particular attention to those aspects that concern Molecular Dynamics 

and the work that will be presented in subsequent chapters of this thesis.

A preliminary step to the simulation work that forms the main component of 

this thesis has been the development of an appropriate simulation code. In fact two 

simulation programs have been developed to carry out our studies. The first, a very 

efficient and general MD package called FUNGUS, developed in collaboration with
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G.E. Mills, is discussed in detail in Chapter 3. A second program, of a less general 

nature which was specifically developed for simulations on a more simplified model, 

is described in Appendix A.

In Chapter 4 we discuss in detail the results of simulations of the diffusion of 

methane, ethane, propane, n-butane and n-hexane adsorbed in silicalite at different 

loadings. Also simulations of methane diffusion in chabazite at different temperatures 

are reported in this chapter. As it will be seen, these calculations provide results in 

line with some expected general trends, such as the overall decrease of the diffusion 

coefficients with increasing molecular size. However, in order to obtain the statistical 

accuracy needed to resolve other more subtle trends in the diffusion process, we 

adopted a somewhat simpler model to make longer simulations more accessible. We 

chose two particular systems on which to carry out our extended simulations. These. 

were n-butane and n-hexane adsorbed in silicalite. The former was chosen as the 

first hydrocarbon chain in which a dihedral degree of freedom is present, a fact that 

would allow us to study the influence of the zeolite lattice on the distribution of 

molecular conformations, n-hexane was chosen so as to investigate the effects of 

further increasing the chain length with respect to n-butane in the diffusivity. Both 

adsorbates have been studied under a wide variety of conditions, and the results 

obtained from our simulations and the conclusions that can be derived from them are 

presented in Chapters 5 and 6.

Finally, in Chapter 7 we summarize the conclusions arrived at, and a discussion 

on the possibilities for further developments in this field.
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T he Fundam entals o f Sim ulation

2.1 The Rôle o f Com puter Sim ulation in Physical 

C hem istry

The origins of Computer Simulation as a research tool in Chemistry and Physics 

are characterized by “numerical experiments” on simple model systems, aimed at 

throwing some light on the microscopical properties of systems consisting of many 

interacting particles. These early simulations (see for example Refs. [43, 44]) were 

really exercises in Statistical Mechanics; they provided a means of directly testing the 

theories put forward for explaining the behaviour of liquids and solids, theories that 

were otherwise difficult to contrast with experimental data from real systems. For 

instance, the lattice theory of liquids, proposed by Lennard-Jones and Devonshire [45], 

assumed that each molecule was restricted to move within a given cell of a hypothe

tical lattice, where the molecule in question experienced a potential field which was 

assumed to be equal to that generated by the remaining molecules of the liquid, each 

lying at the centre of their corresponding cells. This simple but plausible model was 

shown to be ill founded by Molecular Dynamics simulations, which indicated that

35
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there is a high degree of correlation between the neighbouring molecules in a liquid, 

correlation that the oversimplified theory of Lennard-Jones and Devonshire does not 

account for. Since Computer Simulations provide essentially the exact behaviour of a 

given model system, they can highlight the deficiencies of a proposed theory, while at 

the same time bring to attention previously unnoticed phenomena, phenomena that 

new theories should be able to explain.

In recent years, however, the aims of simulation in Physical Chemistry have be

come more ambitious. Although work on generic systems still has a rôle to play in 

our understanding of the properties of matter, simulations on specific systems using 

sophisticated model potentials are now the norm. These simulations complement 

experiments by providing an insight into the microscopic behaviour of the particu

lar system under study, insight that is difficult, if not impossible, to obtain in the- 

laboratory. The subject of this thesis provides a clear example. Although, as we 

saw in Chapter I Sec. 1.2, diffusivities of adsorbed molecules in zeolites can be mea

sured experimentally via a number of techniques, it is much more difficult to obtain 

information on the actual mechanism of diffusion. Molecular Dynamics studies pro

vide not only diffusion coefficients in good agreement with the experimental data, 

but also give a clear picture of the microscopic dynamics of the adsorbed molecules, 

thus helping to understand the diffusion mechanisms, as well as identifying preferred 

adsorption sites, calculating activation energies to diffusion, etc. The level of sophis

tication achieved has provided numerous examples of simulation work that has been 

able to predict certain phenomena previously unnoticed, such a.s the negative thermal 

expansion coefiScients of many zeolites at low temperatures (see Jackson et al. [46]).

The work presented in this thesis has made use of Molecular Dynamics, given 

our interest in diffusion processes, and thus the rest of this chapter is dedicated to 

providing a description of this particular technique, although many of our comments 

will also be relevant to other simulation techniques. We start in Sec. 2.2 with a
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discussion of the relation between the microscopical description of bulk systems as 

given by simulation, and their macroscopic properties. Simulations with a predictive 

power can be extremely valuable in the chemical industry. Simulations are in general 

cheaper and faster to produce than experiments, and although they will never replace 

experiments, they can be used to predict the structure and many properties of new 

materials, thus providing a guide in the realization of the experiments. However, 

the increase in the predictive accuracy and reliability of simulations does not stem 

exclusively from the continuous increase in computer power experienced since the 

1950’s. It is also due to the use of sophisticated models capable of providing a realistic 

description of the interactions that are responsible for the properties of the simulated 

system. If computer simulations are to be relied upon, then, clearly, great care must 

be exercised in the choice of model, since a model that fails to properly describe the 

essential features of the interactions taking place between the atoms and molecules of 

the real system will obviously result in unreliable predictions. These important issues, 

as well as others related to potentials, their origin and use are discussed in Sec. 2.3. In 

Sec. 2.4 we discuss the details of Molecular Dynamics, describing the technique and 

some of the common algorithms. In Sec. 2.5 the practical implementation of an MD 

simulation is described, giving a profile of the typical calculation. We then go on to 

illustrate some of the possible analysis techniques that are used in the interpretation 

of the results. We conclude by giving a brief introduction to the theory and use 

of constraints in Sec. 2.6, which have been used in some of the work that will be 

described in later chapters.
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2.2 T he Bridge betw een Com puter Sim ulation and  

Statistical M echanics

The connection between the macroscopic properties of a physical system in thermal 

equilibrium and those at the microscopic level can be made through the use of suitable 

statistical averages. If we have a physical property, which can be expressed as a 

function of the set of coordinates and momenta of the system, q and p respectively, 

then the macroscopic value of this property will be given as

/ ' = < ^ ( q , p ) >  (2.1)

where the brackets represent some statistical average. There are two possible ways 

in which these averages can be taken. Perhaps the most intuitive of the two consists 

of taking an average over the values adopted by T  as the system evolves in time (a 

time average). This would be expressed as

F =  l i m -  /  ^[q(t) ,p{t)]dt  (2.2)
T—oo r  J q

This path towards F  requires solving the equations of motion of the system for 

a sufficiently long time, by which we mean a time that is long enough to allow the 

system to explore those areas of its accessible phase space where the values of T  

contribute significantly to the value of the average.

The second possibility that we have available is to take averages over values of 

T  taken from collections or ensembles of systems, all of which are identical in their 

macroscopical outlook, chosen in such a way that they cover all the microscopic 

configurations compatible with the macroscopic properties of the system of interest 

(a configurational average). Under this formalism the average would be given as

F  =  y  IU (q ,p).^ (q ,p )dqdp (2.3)
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where W is a. normalized probability density function giving the appropriate weight 

for each configuration. The particular form of W  to be chosen will depend on which 

macroscopic properties characterize the system (energy, temperature, etc). The aim of 

Statistical Mechanics has been to find the appropriate function W  that will reproduce 

the density of q, p points in phase space that the system produces as it evolves in 

time. If such a function W  is found, the average represented by Eq. (2.3) will give 

the same results as Eq. (2.2). For a system that does not exchange m atter or energy 

with its surroundings and that remains at a constant volume, W  is given by

constant if E  < ?^(q, p) < E  i- SE
~  ' (2.4)

0 otherwise

where E  is the total energy of the system, and 7Y(q, p) is the Hamiltonian function. 

The collection of system configurations for which W  is different from zero is known 

as the Microcanonical Ensemble. However, if the system does exchange energy with 

the surroundings in such a way that it remains at a fixed temperature, while keeping 

its volume and mass constant, the appropriate distribution function is

W(q,p) oc (2.5)

where (3 =  {k sT ) '^  and ks  is the Boltzmann constant. This distribution is known 

as the Canonical Ensemble. Other distributions exist for systems which are found 

under different conditions than the two examples considered here. For a more detailed 

description of the possible ensembles see [47] or [45].

Statistical Mechanics was devised as a way to overcome the difficulties encountered 

with the kind of average implicit in Eq. (2.2), that is, the need to solve the equations 

of motion of the system. It succeeds in its purpose when it is applied to simple 

problems, such as the ideal gas, or the harmonic solid, but when confronted with 

more complicated (or less idealized) systems, its formalism becomes as untractable 

analytically as that of Classical Mechanics, and hence provides no real alternative
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in such cases. The advent of computers in the 1950’s has made possible the study 

of thermodynamic systems using computer simulation techniques, which essentially 

implement the strategies implicit in Eqs. (2.2) and (2.3). In the first case the equations 

of motion are solved numerically for a sufficiently long time. As the system evolves, 

the instantaneous values of the properties of interest (temperature, energy, pressure, 

etc.) are stored and therefore are available to produce the sought averages. This 

technique is known as Molecular Dynamics (MD) and was first used by Aider and 

Wainright [44] in 1957 to simulate a system of hard spheres. It ha^ become the 

standard technique for the study of time dependent phenomena, such aa diffusion.

The second strategy used in simulation consists of generating random configura

tions of the system in such a way that they are distributed according to I4^(q, p). In • 

this case no dynamical picture of the system is obtained, but this is a very efficient 

way of calculating averages of the form of Eq. (2.3), without actually having to cal

culate W^(q, p) explicitly. This technique is called Monte Carlo (MC) and was first 

used in 1953 by Metropolis and coworkers [43].

Ever since its origin, computer simulation has been playing an increasingly impor

tant part in scientific research. Not only can it help to interpret experimental results 

and provide information which is often not available from experiments, but it can 

also help theorists to develop and test new models and theories.

Two basic steps are present in any simulation study: first, a description of the 

system, or a model, is needed. In other words, suitable potentials describing the 

interactions taking place between the atoms and molecules in the system must be 

provided. Secondly, an algorithm to implement efficiently the simulation strategy, be 

it MD or MC, or any other, is required.
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2.3 M odel Potentials

Most of the MD simulation work that has been reported to date is based on two 

fundamental assumptions: the Born-Oppenheimer approximation, and the assump

tion that Classical Mechanics can provide an accurate description of the underlying 

dynamics of the system.

Adopting the Born-Oppenheimer approximation results in the possibility of treat

ing separately the electronic and nuclear degrees of freedom. Consider two neutral 

atoms, A and B, separated by a given distance R a b -, measured from nucleus to nu

cleus. The potential energy of this system is given by

1 /  rr ri \  "B
M e
R a b

1 /  fy '7 \  ^  /  r/ '7 \

+ E - - E ( -  + —) - Ef —+—) (2-6)^  rij ^ \ r i A  r i s j  ^  V jb VjAj

where atomic units have been used. The first two terms represent the Coulombic 

repulsion of the two nuclei and of the electron-electron interactions respectively. The 

remaining terms represent attractive interactions between nuclei and electrons. Since 

the electrons are so much lighter than the nuclei, it can be assumed in most circum

stances that the coupling between the nuclear and electronic motions is negligible^ 

The electrons will respond instantaneously to the motions of the nuclei, and for a given 

nuclear distance, the electronic degrees of freedom can be treated independently using 

the methods of Quantum Mechanics. It follows that the electronic contribution to 

the potential of interaction between the two atoms can be accounted for by some po

tential function, 0 , which also includes the nuclear repulsion. This potential will only 

depend on the relative positions of atoms A and B, since the electron contribution 

is implicit in the form of the potential. The interactions between the atoms will be 

fully described, within the Born-Oppenheimer approximation, by this potential.

Once the electronic degrees of freedom have been accounted for in the form of a

^Coupling terms do exist. However they depend on inverse powers of the nuclear reduced mass, 
and are in most cases very small.
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potential, we can use Classical Mechanics as the natural way to describe the time 

evolution of the system, provided that the de Broglie wavelengths associated to the 

atoms and molecules in the system are small compared to the dimensions in which 

they are confined. This is in general the ceise, except for light atoms such as hydrogen 

and helium. The system will be characterized by the Hamiltionian function:

W(q,p) =  T(p) +  K(q) (2.7)

where T  and V represent the kinetic and potential energy respectively, and q are 

the set of generalized coordinates^ that characterize the system, with p being their 

conjugate momenta. The Hamiltonian is of crucial importance, since it dictates the 

time evolution of the system through the equations of motion:

q.' -  #

p.- -

(2.8 )

where the dot indicates a time derivative.

The introduction of the Born-Oppenheimer approximation allows us to account 

for the effects of the electronic structure by defining the potential 0 , while at the 

same time eliminating the need for an explicit treatment of the electrons. But we are 

still left with the problem of defining the potential of interaction, which is unknown. 

The possible expressions that might be adopted for 0  define the model of the system. 

Obviously, the validity of such a model will depend on the accuracy with which our 

particular choice of 0  is capable of reproducing the interactions present in the system.

Formally, the potential energy function can be split as a sum of contributions rising 

from two-body and many body (three, four, etc.) interactions, plus contributions due 

to the presence of any external field that might be active:

^(r) =  ^ I 4 ( r i )  +  ^ l / 2 ( r i , r j )  +  ^73(r.-,rj,rjt) +  --- (2.9)
i ij ijk

^In MD studies Cartesian coordinates are usually found to be the most convenient.
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Here r  represents the set of coordinates of the nuclei in the system. The first term does 

not appear in the absence of external fields, while the remaining terms are always 

present, at least in principle. The indexes i, j, k, . . .  must be chosen so that the 

interactions are counted only once. V2 represents the potential energy between a pair 

of molecules^ in isolation as a function of their separation and relative orientation. In 

an analogous way, V3 represents potential energy contributions from isolated triads of 

molecules. The potential energy of a triad of molecules can not be written exclusively 

as the sum of the pair interactions, since the presence of a third molecule will distort 

the electronic charge distributions of the other two in a way they would not do if 

they were isolated. Therefore a contribution to the potential energy from three-body 

interactions exists, and the same can be said about higher order terms, although in 

general it is expected that they decrease in importance. However, three and four-body 

terms can make substantial contributions to the total potential energy.

It is common to substitute the full expansion of the potential energy given in 

Eq. (2.9) by a sum of effective pair interactions, which will try to account not only 

for the real two-body interactions but also to include, to an extent, the contribution 

of higher order terms, by choosing some form of the interaction potential, like the 

Lennard-Jones expression,

12 /rr \&
( ? ) - ( ? ) (2 .10)Vij(r) =  i t i j

or the Buckingham potential,

Vij(r) = (2.11)

and supplying the chosen potential form with appropriate parameters. These para

meters are often calculated from some inversion procedure that allows one to deter

mine the optimal values the parameters must have in order to reproduce as closely as

^To avoid repetition of the phrase “atoms and molecules” we use the word molecule to denote 
both (or either) whenever the distinction is not important.
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possible a set of experimental properties of the simulated system, although theoretical 

methods can also be used (see for example Ref. [48]). In both the Lennard-Jones and 

Buckingham potential expressions the first term represents a repulsive interaction, 

while the second one is normally known as the dispersion interaction. This term is 

always attractive, and is due to the interactions between instantaneous multipoles in

duced in each molecule by the presence of the other. The term in is the first one 

that appears in the perturbative treatment of the intermolecular interactions when

ever permanent multipoles are not present. Higher order terms in inverse powers of 

r  also appear, but they are normally neglected.

Several important issues arise concerning the derivation of potential parameters: 

the disregard of many-body terms, and in particular three and four-body terms, 

whose contribution might be important, implies that we can not expect to obtain 

adequate potential parameters for a wide range of conditions. A particular set of 

potential parameters might be adequate under a certain set of conditions, but not 

under others. Furthermore, the fact that experimental data have been used to obtain 

values of the potential parameters does not imply that the resulting potential will be 

necessarily adequate. It only means that it will be the best approximation that the 

chosen potential form can provide, although this could be a rather poor description 

of the intermolecular interactions. Therefore it is important to use model potentials 

of sufficient flexibility.

The type of experimental data that is chosen for deriving the parameters must be 

sensitive to the potential and known with good accuracy. It is convenient to fit the pa

rameters to a wealth of experimental data covering a wide range of conditions [49, 50], 

so that the potential can give a sensible approximation to the “true” potential experi

enced by the molecules. The types of properties from which the potential parameters 

can be derived are several: virial coefficients and transport properties of dilute gases, 

atomic/molecular collisions [51] (molecular beams), spectroscopic data [52, 53] and
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bulk properties are the most common. The processes involved in obtaining these 

potential parameters are extensively reviewed in ref. [52].

In early simulations the potentials used were extremely simple, like hard disks and 

spheres. This was partly because of computational limitations, but also because at 

this stage it was desirable to investigate such simple models to gain insight into the 

microscopic behaviour of many-body systems, which were becoming accessible for the 

first time. However, the rapid increase in computer power witnessed in the last few 

decades is making possible simulations using more realistic models. This demands 

the use of reliable potentials capable of accounting for such effects as non-sphericity 

of electron charge distributions and directionality of chemical bonds.

The standard model currently used for simulating intermolecular interactions be

tween polyatomic molecules is the isotropic atom-atom potential [49, 50]. This model 

is based on the assumption that the interaction between two molecules, A and B, can 

be expressed as a sum of pair interactions between the atoms of both molecules. The 

resulting potential energy would be

VinUr =  ^  ^(n-j) +  —  (2.12)
i T

where ua and ub are the number of atoms in molecules A and B respectively, 0  

is some simple pair potential (usually the Lennard-Jones expression, Eq. (2.10) or 

Buckingham, Eq. (2.11), or some modification of these), and ç,-, qj are the charges 

on atoms i and j  respectively. To obtain the total potential energy of this pair 

of molecules, the intramolecular potential energy for each of them should be added 

to the intermolecular potential given by Eq. (2.12). The intramolecular potential 

accounts for such motions as bond stretchings and bond bendings, as well as internal 

rotations, etc [54]. Bond stretchings are most commonly simulated by means of a 

harmonic potential, or occasionally by a Morse potential, which has the form

V(r) = D[l -  (2.13)
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where D is the dissociation energy, a  an adjustable parameter and Tg is the equili

brium bond distance. The bond bending is usually described by means of a harmonic 

potential in the bond angle. Internal rotations are governed by means of torsional 

potentials. These potentials are normally a function of the dihedral angle (j). Perhaps 

the most common of such potentials is the following,

y  (<̂ ) =  -A;^(l — s cos n(j)) (2.14)

where is a constant which defines the height of the rotation barriers, s has a 

value of ± 1, indicating whether the minimum of the potential is situated at a value 

of ^ of 0° or 180° respectively, and n defines the periodicity of the potential. In 

principle, coupling terms between the different internal degrees of freedom should 

also be considered, but these are rarely taken into account.

The isotropic atom -atom  model can correctly predict the mutual orientation of the 

Van der Waals complex of a pair of molecules in favourable cases, with suitably chosen 

parameters. However, it only constitutes a first order approximation for cases in which 

the electronic distributions of the molecules have strongly directional features. In such 

CcLses the use of multipole expansions to reproduce the non-spherical character of the 

charge distributions is desirable [49].

It is worth noticing that the isotropic model is also used for the simulation of 

solids'*. Strongly ionic solids can be modelled with Eq. (2.12). For solids with a 

certain degree of covalency it may be convenient to include some of the intramolecular 

terms (such as bond bending) to account for the covalent character of the building 

units of the solid. However too often it is found that this description alone is not 

capable of reproducing many of the properties of solids, where polarizability effects 

of the electronic distributions can be substantial [55]. In an effort to, include these 

effects the shell model was introduced by Dick and Overhauser in 1964. In this model

"*In this context the isotropic atom-atom potential is known as the Born model.
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Uic ion i.s represented as a core, which contains all the mass of the ion, and a massless 

shell, which is connected to the core via a harmonic spring. Both core and shell are 

charged, and the idea is that the displacement between core and shell will create a 

dipole which will reproduce to an extent the polarization of the ion. The shell charge 

and the harmonic spring constant are both connected to the polarizability of the ion, 

a , through the relation

a  =  (2.15)

The shell model is normally used in static (energy minimization) simulations, although 

recently two methods for including this model in dynamical simulations have been 

proposed by Lindan and Gillan [56].

Before we leave this section mention must be made to a recently proposed scheme 

to include electronic degrees of freedom directly into the simulation. We refer to the 

Car-Parrinello [57] and related methods. This methodology still makes use of the 

Born-Oppenheimer approximation in order to separate the electronic and nuclear 

degrees of freedom, but the former are treated explicitly using the methods of Quan

tum  Mechanics, rather than accounted for in the form of an empirical potential. The 

interactions between the atoms are calculated for a particular configuration once the 

electronic distribution has been determined. This technique has made possible the 

study of systems and phenomena, like surface reconstruction processes, amorphous 

materials, etc^ that have proved difficult to approach with more classical simulations 

techniques (see [58, 59, 60]). At the present time this method has the drawback of 

being computationally extremely demanding, since electronic structure calculations 

for systems consisting of many electrons are very expensive. However, if the current 

increase in computer power is maintained at its present rate for some time, such 

limitations might become less important in the near future, and the Car-Parrinello 

method can conceivably become a standard simulation technique.
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2.4 M olecular D ynam ics

Once a model potential has been chosen for a given system, it is possible to study its 

time evolution from a particular configuration (initial positions and momenta) accord

ing to the laws of Classical Mechanics, using the Molecular Dynamics technique. This 

consists of a numerical scheme to advance time in small steps updating the posi

tions and momenta in such a way that they closely resemble the solution of Eqs. (2.8). 

By “small” we mean small enough compared to any tim e scale characteristic of the 

system, such as the period of vibration of a bond, for instance, so that all the motions 

of the system can be adequately reproduced.

Because we have to rely on numerical algorithms to advance time in small but finite 

steps, we will obtain only an approximation to the true time evolution of the system. 

Such approximation will eventually diverge from the true, exact solution of Eqs. (2.8), 

even if it maps it very closely at first. This is not a serious problem, however, since 

we are not interested in exact trajectories of the system. W hat is necessary is that 

the generated trajectory samples configurations of the system which are compatible 

with our particular choice of ensemble. In the case of the Microcanonical ensemble, 

perhaps the most commonly used in Molecular Dynamics simulations, this means 

that the numerically generated trajectory must conserve the total energy. Strong 

emphasis must be put on this point, as if the appropriate conservation laws-are not 

properly obeyed, the resulting averages will be incorrect.

Although numerical trajectories will inevitably diverge from the true time evolu

tion in many-body systems, it is important that the chosen algorithm be capable of 

closely reproducing the true trajectory for periods of time of the order_qf the “memory 

persistence” of the system. At the microscopic level it is found that molecules gradu

ally lose track of their previous history, due to their collisions with other molecules.
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For exain[)le, at a given instant of time, the velocity of a molecule is largely deter

mined by the value it had in the immediate past. However, at longer times the velocity 

is changed by collisions with other molecules in a random fashion, and it becomes 

independent of (or uncorrelated with) the value it had in a more distant instant of the 

past. So molecules gradually lose memory of their past history. It is important that 

numerical algorithms be capable of reproducing the true evolution of the system with 

a sufficient degree of accuracy, at least for lengths of time of the order of the corre

lation time {i.e. the time during which the memory of the system’s previous history 

remains), because otherwise we will have an inaccurate description of the short-tim e 

dynamics of the system. It is worth noticing that here lies the fundamental difference 

between the Molecular Dynamics and the Monte Carlo techniques. Monte Carlo pro

duces ensemble configurations which are statistically uncorrelated with each other, 

and therefore it can not provide a time dependent picture of the simulated system.

From our discussion above, it can be seen that two basic requirements must be 

fulfilled by any possible numerical scheme for the integration of the equations of 

motion. First, it must obey the suitable conservation laws that characterize the chosen 

ensemble with sufficient accuracy. Secondly, it must reproduce the exact solution of 

the equations of motion for long enough times. Other less important requirements 

are also usually made, such that the numerical solution be time reversible, etc.

In the study of many-body systems, Cartesian coordinates are found to be most 

convenient. In such a representation the Hamiltonian equations (Eqs. (2.8)) become

h  = ^
(2.16)

P .  =  - V . , K  =  f .

where mi is the mass of molecule i, V is the total potential energy and f,- is the total 

force acting on it. There will be a set of equations like these for every molecule^ in the

'We will assume here that molecules can be treated as rigid spherical bodies. In the case of rigid
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system. The trajectory that the system will describe in pha^e space given particular 

initial conditions will be the solution of the set of n pairs of coupled equations of the 

form of Eqs. (2.16), with n being the number of molecules in the system. Numerical 

algorithms to solve the equations of motion are based on power series expansions for 

short times St around the current time, for coordinates, velocities and accelerations:

+  =  ri(i) +  v,(i) +  -b

v,(^ +  =  v,(i) +  a ,( i)-f  bx(i) +  • • • (2.17)

a , ( ^  +  St) =  a , ( f )  T  St  b , ( ^ )  T  ^St^  c ; ( Z )  +  • • •

where b,- and c,- are the third and fourth time derivatives of the positions, respectively.

There are two broad types of algorithm used to solve sets of coupled equations 

of the form of Eqs. (2.16) using power series expansions. They are the predictor- 

corrector (or Gear) type algorithms, and the Verlet type algorithms. Both have 

been extensively discussed in the literature (see [61, 62] and references therein). The 

predictor-corrector algorithms will not be discussed here, as they have not been used 

in the work reported in later chapters. However, for the sake of illustration we will 

describe two of the Verlet type algorithms, which have been used in the work that 

will be reported in later chapters. They are the leap-frog and the velocity-Verlet 

algorithms. Our choice of the Verlet type algorithms stems from the fact that they 

have better energy conservation properties when relatively long time steps are used, 

as opposed to the predictor methods, although these perform better when short time 

steps must be used.

non-spherical bodies, the equations as written here govern the motion of the molecular centre-of- 
mass, i .e.  the translation of the molecule. Additional equations are then needed to describe the 
rotations of the molecule around its centre-of-mass.



The Fundam entals of Sim ulation 51

2.4.1 T he leap-frog algorithm

Let us first expand ri{t  +  St)  in powers of St:

Vi{t- \ -St )  =  r i { t ) - \ - S t V i { t ) ^ S t " ^  3Li{t)-{■

(2 . 18)

— r,(f) +  St [v,(t) +  ^Sta.i{t) + • • ']

Now, if we expand the velocities in the same fashion, but in powers of l/2St  (half-step) 

rather than in we get

Vi{t +  -S t)  =  Vi(t) +  —Sta.i(t) +  • • • (2.19)

If we disregard terms higher than first order in St in the velocity expansion, we can 

use it in the coordinate expression to give

n{t  +  St) = r,(t) 4- St Vi{t +  ^St) (2.20)

Now an approximation for the velocities at half-step is needed. We can get this 

by expanding the velocities backwards in time,

-  ^ 6f) =  Vi{t) -  ^Sta.i{t) +  • • • (2.21)

from which we can solve for v,(i), and substituting in Eq. (2.19) we obtain

Vi[t 4* —6t) =  Vi{t — —St) 4- St a.i{t) 4" • • • (2.22)

where higher powers of St have been neglected. The algorithm is based on Eqs. (2.20) 

and (2.22), and it works as follows. With the positions at time i, the current accele

rations can be evaluated from the forces as

a,(f) =  VrjF (2.23)
mi

Once the current accelerations are available, they are used in Eq. (2.22), from where 

the half-step velocities will be obtained. In turn these are used to update the positions
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to time t + St from Eq. (2.20). The current velocities (at time t) will be needed to 

calculate the kinetic energy, as well as for other averages, like the velocity autocorre

lation functions (see Sec. 2.5.2). They can be calculated from the two half-step values 

as

V.(<) =  i[v ,((  +  + Vi(t -  ^St)] (2.24)

This cycle can be now repeated aa many times as necessary to obtain the desired 

trajectory. The algorithm receives its name from the way in which the velocities 

and coordinates jump ahead of each other. A slightly unsatisfactory feature of this 

algorithm is the fact that the velocities and coordinates are not known simultaneously 

unless we take the extra step of averaging the half-step velocities as in Eq. (2.24), 

but in its favour it should be noted that it is exactly reversible in time and that it 

conserves energy very well.

This algorithm has been implemented in the program FUNGUS, which will be 

described in detail in Chapter 3.

2.4.2 T he V elocity-V erlet algorithm

As is evident from its name, this is another of the Verlet type algorithms. It differs 

from the leap-frog method in that its handling of the velocities is much more satis

factory. As usual, we have expansions around time t in powers of the time step, St  ̂of 

the coordinates, velocities and accelerations, as in Eq. (2.17). If we write the velocity 

expansion (see Eq. (2.17)) as

Vi[t 4- St) = v,(t) -f —St [2 s.i(t) +  St b,(t) +  •'•], (2.25)

it is easy to see that we can substitute the acceleration expansion in the brackets, 

thus obtaining

Vi[t -f- St) =  v,(t) -f —St [a,(^) -f a.i[t +  6^)] (2.26)
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which is correct up to terms in . This last equation together with the coordi

nate expansion (including terms up to 6t^) constitute the algorithm. Its practical 

implementation involves two stages. First, using the current positions, velocities and 

accelerations, the positions at time are estimated, and the velocities are updated 

to half-step using

v,(< +  ^8t) =  Yi(t) +  ^8t 2ii{t) (2.27)

At this stage the new forces are calculated, and consequently the accelerations at time

t 8t are made available. The velocities at full-step can now be calculated through

Vi(t +  8t) =  ^^i(t -f- ^8t) -f ]^8t 3ii{t -f 8t) (2.28)

This completes the cycle, and it can now be repeated to produce the desired evolution 

of the system. This algorithm has ben used in conjunction with the Rattle constraint 

algorithm (see Sec. 2.6) to produce simulations of hydrocarbons in zeolites, which will 

be discussed in Chapters 5 and 6.

2.5 Practical Im plem entation of M olecular D y 

nam ics

Simulation techniques like MD and MC are most commonly used for the study of 

bulk systems. However, for the system sizes that can be considered with present day 

computers, it is found that substantial numbers of molecules would be at or near the 

surface, and thus would experience a substantially different environment from that 

felt by molecules that could be considered to lie in the bulk. To avoid this problem. 

Periodic Boundary Conditions (PBC) can be used. The system is placed in a box, 

referred to as the simulation box, which is periodically repeated to infinity in space, 

so that if a given molecule leaves the box during the simulation, it is automatically
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replaced by a replica of itself, which enters the box at a point opposite to that through 

which the original molecule left. In this way, all the molecules can be considered 

to be embedded in the system under bulk conditions, and surface effects are thus 

eliminated. The use of PBC is natural in the simulation of crystalline materials, but 

in the case of liquids or amorphous solids it is clearly an approximation, and care 

must be taken to ensure that this artificial periodicity does not affect the behaviour 

of the system. It is generally accepted that PBC do not substantially modify the 

thermodynamic properties of the system provided that a potential cut-off is used to 

avoid the interaction of molecules with their periodic images, and that the system 

is not close to a phase transition, where density oscillations are important. These 

oscillations have associated wavelengths which are of macroscopic dimensions, which 

obviously can not be reproduced with the normal PBC.

When PBC are used, a given molecule i in the simulation box is surrounded 

by n — 1 molecules and by an infinite number of periodic images of itself and the 

remaining molecules. To calculate the interactions of molecule i with all the other 

ones (including the periodic images) is an impossible task, and a decision must be 

taken on which interactions to include in the force and energy calculations, and which 

not. The number of interactions is reduced to n(n — l)/2  by using the so called 

minimum, image convention. A box of the same size and shape as the simulation 

box itself is positioned so that its centre lies on molecule i. Then only interactions 

with other molecules that are found within this box are considered. Some of these 

molecules will be within the original simulation box, while some others will actually 

be lying in neighbouring boxes.

The evaluation of ?%(n —1)/2 interactions can be a very expensive task, especially if 

the system consists of many molecules, or if the potentials are complicated functions 

of the intermolecular separation. Therefore, the number of interactions is normally 

cut still further by introducing a spherical cut-off, Tc, after which the potential of
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interaction is truncated to zero. The cut-off must be shorter than half the shortest 

length of the simulation box in order to be compatible with the minimum image 

convention.

Whenever potentials are truncated, be it as a result of using the minimum image 

convention, or a cut-off, or both, care must be taken to ensure that the truncation 

occurs for an intermolecular distance which is large enough so that the potential 

energy is practically zero. If this is not the case there will be problems with energy 

conservation and stability of the simulation, since the truncation of the potential 

produces a discontinuity in the potential and its derivatives (and therefore in the 

forces). If this discontinuity is large, the energy conservation will be poor and the 

simulation results unreliable. Normally, most of the model potentials used fall to 

zero rapidly enough as to not make the effects of truncation a problem, provided 

that Tc has a large enough value. However, coulombic interactions present some 

serious difficulties due to their long range effect. In fact, their influence can not be 

properly taken into account with potential truncations. It is customary to treat these 

interactions by making use of the Ewald summation technique [63], which allows the 

rapid and efficient calculation of the Coulomb contribution to the potential energy and 

the forces in a periodic system. This consists in splitting the coulombic contribution 

to the total potential energy,

T  ^  (2,29)

which converges rather slowly, into two sums, one in real space, and another one 

in reciprocal space, both of which are rapidly convergent. The Ewald summation 

technique will be discussed in more detail in Chapter 3.

Once an appropriate model and integration algorithm have been chosen for the 

system, all that remains is to perform the simulation itself. Suitable initial conditions
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(coordinates and velocities) are needed to start the integration procedure. The ini

tial positions can be obtained from some probable configuration of the system, like 

an experimental crystal structure in the case of a solid, or a random distribution 

of molecules (but without overlaps) in a fluid. Initial velocities are usually chosen 

randomly according to the Maxwell-Boltzmann distribution at the target tempera

ture of the simulation. If different species of atoms are present in the simulation, the 

velocities can be set independently for each species according to its particular mass.

When a Microcanonical MD simulation is started, the system will evolve sampling 

configurations which belong to the same ensemble as the initial configuration, i.e. 

configurations of the same total energy. This particular ensemble might not be the 

one at which we desire to carry out the simulation; for example, it might correspond 

to a particular average temperature which is different from the one we want the . 

simulated system to have. In such cases we must subject the initial stages of the 

simulation to a process called equilibration., which consists on artificially driving the 

system towards the desired conditions. In the case of the example above, this can be 

done by scaling the velocities by a factor

f = \ j j  (2-30)

where T  is the desired temperature and T  is the instantaneous temperature. Du

ring the equilibration period the system jumps from one ensemble to another until 

it finally stabilizes itself on the desired one. Thus the data accumulated during this 

time is meaningless, and should not be included in the calculation of the thermo

dynamical averages. The duration of the equilibrium period varies from system to 

system, and it also depends on how “far” in phase space the starting configuration 

was from the constituents of the desired equilibrium ensemble. Some simple systems 

might need just a few picoseconds of equilibration period, while others, characterized 

by slowly varying degrees of freedom, might need several tens or even hundreds of
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picoseconds before they reach equilibrium. Such is the case, for instance, for models 

of alkane chains, for which the process of reaching a conformational equilibrium is 

rather slow, due to the potential energy barriers that separate the different molecular 

conformations (see [64]). This will be an important consideration in our simulations 

of n-butane and n-hexane adsorbed in silicalite, âs we shall see in Chapters 5 and 6.

There are many possible ways to check that equilibrium has been achieved, de

pending on the nature of the system. One which is of particular relevance in simula

tions of molecules with internal degrees of freedom consists in measuring the instan

taneous molecular temperature, i.e. that derived from the molecular centre-of-mass 

velocities, and compare it with the atomic temperature, obtained from the velocities 

of the atoms. If equilibrium has been reached, these two temperatures should provide 

the same averages, although the fluctuations of the molecular temperature will be 

larger, since there will be less molecules than atoms.

The production run, i.e. the portion of simulation during which data will be stored 

to produce the desired thermodynamical averages, starts once the equilibration period 

is complete. By this time, memory of the initial configuration should be completely 

lost. Again, the length of the production run depends very much on the system, and 

in particular on the time scale of the phenomena that we are interested in observing. 

The aim of the simulation is to obtain as many samples of such events as possible, 

so as to provide sufficient accuracy in the relevant statistical averages. There are two 

ways in which this can be achieved; either by running the simulation for sufficiently 

long times, or by increasing the size of the simulation box. In particular cases one of 

the two ways might be found to be more advantageous, but in general a compromise 

between the two must be reached, opting for a system which is big enough as to 

provide good averages, but not too big as to prevent long simulations.

A molecular dynamics simulation produces a complete record of the evolution of 

the system during the time span of the calculation, consisting of the coordinates.
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velocities and accelerations of the molecules, and of all other properties that can be 

derived from them. The potential energy is normally evaluated during the force calcu

lation, and once the velocities are known, it is possible to calculate the kinetic energy 

and the instantaneous temperature. Similarly, other quantities, like the pressure, to

tal momentum, eic., can be calculated. As the simulation proceeds, instantaneous 

values of the properties of interest can be stored to produce averages of the form of 

Eq. (2.2).

The averages that have been mentioned so far can be described as being relevant 

to the whole system, and thus correspond to macroscopic properties; they do not 

have any meaning for individual molecules. However, there is another kind of aver

age which does have a significance at the molecular level. These are the so called 

single-particle averages. They are useful, since they can provide great insight into 

the microscopic dynamics of the system, an insight which would otherwise be difficult 

to obtain from the sometimes massive amounts of data resulting from a simulation. 

Typical single-particle averages are those of bond-angle distributions, or radial dis

tribution functions, which measure the distribution of distances between pairs of 

molecules. In simulations of systems in thermal equilibrium, these averages should be 

independent of time, except for small fluctuations which average out as the simulation 

time is increased. There are however some time-dependent single-particle averages 

which play a fundamental rôle in simulation work, not only because they can help 

to interpret the results, but also because they provide a link with properties of the 

system that can be experimentally measured, such as diffusion coefficients, infrared 

and Raman spectra, neutron scattering spectra, among others [65]. We will illustrate 

the concept of time-dependent single-particle averages by discussing two examples 

that are of special relevance to the work that will be described in later chapters. They 

are the Mean Square Displacements and the Velocity Autocorrelation Functions.
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2.5.1 M ean square displacem ents

It is useful to know how much, on average, a given molecule has displaced after some 

time from its initial position at a given time origin. We are not so much interested 

in the actual direction of the displacement, but rather in its magnitude. Therefore, 

we measure the square of the distance travelled by molecule i in time (, and average 

over the number of molecules present in the system:

1 ^
< |r(<) -  r(0)|^ > =  ^  -  ri(0)]^, (2.31)

t=i

where N  is the total number of molecules. Since during the length of the simulation 

we can find many time intervals of length (, it is customary to perform such averages 

not only over the number of molecules, as implied in Eq. (2.31), but also over different 

time origins, thus increasing the accuracy of the resulting average. We then have

1 Nmol
< |r(<) -  r(0)P >  =  jjvT ^  ~  (2.32)

where Nmol is the number of molecules, and Nt^ is the number of different time origins. 

The resulting average is a function of the time interval t. Mean square displacements 

(MSD) are important because they can be related to the diffusion properties of the 

system. If the diffusion process can be described as a molecular random walk, it is 

found that the MSD’s vary linearly with time (see [4]), the factor of proportionality 

being related to the diffusion coefficient:

< |r ( t ) - r ( 0 ) |"  > =  2kDt  (2.33)

where k is the dimensionality of the system. Therefore the MSD’s are calculated 

whenever diffusion properties are of interest. In Fig. 2.1 some MSD functions are 

illustrated, for which the linear time dependence is clearly seen.
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Figure 2.1: Example of MSD vs time as calculated from an MD simulation. Plotted 
are the MSD of the different species present in Gd2%r207 doped with 25% of Ca 
at a temperature of 3500 K. The linear time dependence of the MSD is clear. The 
simulation was performed by P. Wilde using the program FUNGUS, which will be 
described in Chapter 3.

2.5.2 V elocity autocorrelation functions

These functions illustrate another form of time-dependent average, which is known as 

the time correlation function. These functions are normally single-particle averages 

of some molecular property, although multi-particle or cluster correlation functions 

appear in the theory of liquids, where concerted motions of groups of molecules^ can 

take place [66]. We will not however discuss the latter, as only single-particle func

tions will be used in this work. A time correlation function measures the correlation

^These concerted motions of groups or clusters of molecules in liquids were referred to in Sec. 2.1, 
when we discussed the reasons of the failure of the Lennard-Jones and Devonshire theory of liquids.
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of some properties B at time t with another one, A,  at some time origin (q. As with 

the MSD’s, these averages are time dependent. If both properties are the same we 

speak of autocorrelation functions. In particular, the velocity autocorrelation func

tion (VAF) provides information on the time scale it takes for the molecular velocities 

to become uncorrelated with their previous values. Taking again advantage of the 

possibility of using many different time origins throughout the simulation, we can 

express the VAF as

<  v{t) ■ v(0) > =  • ''■■(*0) (2.34)

The value of this function at time zero is equal to the mean square velocity, < v(0) * 

v(0) > If we divide Eq. (2.34) by this value we get the so called normalized VAF. 

The VAF is important because its time integral provides a second link to the diffusion 

coefficients, given by the Green-Kubo relation [61],

1
D = Y < v(t) • y(0) > df 

^ Jo
(2.35)

where k is again the dimensionality of the system. But perhaps more importantly, the 

VAF can provide useful information about the short time dynamics of the system. At 

short times the normalized VAF has positive values close to 1. But as time increases, 

the loss of memory (see Sec. 2.4) becomes apparent in the function’s tendency to decay 

to zero. Between the short and long time limits the function can smoothly decay to 

zero or oscillate (perhaps more than once) between positive and negative values (see 

Fig 2.2). The smooth decay is characteristic of systems at low densities, while the 

oscillating behaviour is found in more dense systems. The change from positive to 

negative values indicates that on average a molecule is likely to invert its direction of 

motion due to collisions with other molecules. At low densities frontal collisions are 

less numerous, and correlation loss takes place more gradually. The correlation time, 

i.e. the average time it takes for the velocity of a particular molecule to become
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Figure 2.2: Example of a VAF function. Notice the oscillatory behaviour at short 
times. At long times 10 ps) the function decays to zero, indicating that for each 
molecule the value of the velocity has become uncorrelated with its previous value 
10 ps ago.

uncorrelated with its previous values, is given by the time integral of the normalized 

VAF:

i :

< v(<) • v(0) >
(2.36)

lo < v(0) • v(0) >

Single-particle VAF’s are often found to decay exponentially with time, at a rate 

dictated by the correlation time according to

lim < v[t) ' v(0) >oc e(—»oo (2.37)

It is often useful to analyse the frequency components of the molecular motion, to



The Fundam entals of Sim ulation 63

see if there is any kind of oscillatory behaviour in the molecules, which is usually the 

case. This can be done by Fourier transforming the VAF, thus obtaining the power 

spectrum, given by

TOO
P(w) =  I  < v(^) " v(0) > cos(w() (2.38)

Jo

The power spectrum will present peaks at frequencies that correspond to oscillations 

present in the system, such as the rattling of molecules against the cage formed by 

its immediate neighbours in a liquid or a solid, or the vibration of bonds and bond 

angles in a molecule.

2.6 Constraints

In the study of dynamical systems many examples can be found in which some de

grees of freedom are constrained. Consider for instance a two dimensional pendulum 

consisting of a bead attached to a massless thread which hangs from a fixed point, as 

depicted in Fig. 2.3.

In its oscillation, the bead remains at a fixed distance from the other end of the 

thread, i.e. it moves on a section of the circle which is centred at 0  and has radius

i. This constraint imposes a relation between the two Cartesian coordinates that 

define the position of the bead; they are not independent any more. The imposition 

of constraints on a system reduces the number of degrees of freedom.

Here we will be concerned with holonomie constraints, i.e. constraints that can be 

expressed through a mathematical equation. The constraint acting on the pendulum 

of Fig. 2.3 is of this type, since it can be formulated by

7 [ r ( ( ) ] s | r ( < ) | '-  ^ '= 0  (2.39)

It should be noted that the imposition of constraints on the coordinates implies also
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mg

Figure 2.3: An example of a system with constraint forces: the pendulum.

constraints in the velocities. The velocities can not have components along the direc

tions in which the motion is constrained, since otherwise there would be displacements 

along those directions, which would violate the constraints. The velocity constraints 

are given by the time derivatives of the spacial constraints. For the constraints of 

Eq. (2.39), we would have

tM O ] =  2 r(t) ■ v(t) = 0 (2.40)

In principle it is always possible to incorporate the constraints directly in the 

formalism of Classical Mechanics by using generalized coordinates [67] that implicitly 

obey the constraints. The generalized coordinates can be obtained from the Cartesian 

(or any other) coordinates by using the expressions of the constraints to eliminate the 

redundant coordinates. In the example of the pendulum, the obvious candidate for 

generalized coordinate is the angle Û. The number of generalized coordinates needed 

to describe a given system is, by definition, equal to the number of degrees of freedom 

of the system. However, it is also possible to include the effects of constraints while 

using non-generalized coordinates by considering additional forces, which would act 

in such a way as to ensure that the constraints are obeyed at all times. Going back to
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our example of the pendulum, if we decide to maintain the advantages of Cartesian 

coordinates, we then have to include the force of tension of the thread on the bead, 

which combines with the gravitational pull to force the bead to move in an oscillatory 

manner. When this approach is chosen, we must rewrite the equations of motion to 

include the constraint forces. We will then have

rriiSii{t) =  f, +  g,- (2.41)

where g, is the force due to constraints involving atom i.

Constraints are used in Molecular Dynamics studies for several reasons, some of 

which are practical ones, but some others are of a more fundamental nature. We 

will begin describing the latter. In many models of polyatomic molecules, bonds are 

described by means of harmonic or Morse (see Eq. (2.13)) potentials. However, it is 

questionable whether a classical treatment of such degrees of freedom is appropriate, 

since quantum effects are known to be substantial, especially at low energies (see 

Fig. 2.4). The inclusion of these bond vibrations in a classical formalism could lead 

to an unrealistic description of the internal molecular motions. Moreover, the high 

frequencies of the bond vibrations require the use of a small time step in order to 

obtain good energy conservation, since the time step must be several times smaller 

than the period of oscillation corresponding to the highest frequency in the system. 

Explicit consideration of such motions will impose a small time step, which in turn 

will increase the expense of the calculation. It is therefore convenient, and from the 

theoretical point of view perhaps more appropriate, to use constraints to freeze fast 

varying degrees of freedom.

In Molecular Dynamics applications it is found that the easiest way to include 

the effects of constraints is by explicit consideration of the constraint forces in the 

equations of motion. In general, the constraint forces are time dependent, and their 

magnitudes and direction unknown. They are obtained as part of the solution to the
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Figure 2.4: Probability distributions for a quantum and a classical harmonic oscilla
tors with equal force constants and total energy. The dotted curve corresponds to 
the classical oscillator; the vertical lines are positioned at its turning points. Notice 
how the distribution for this case is zero outside the turning points, while for the 
quantum oscillator there is a certain probability of penetration into regions which are 
forbidden to the classical oscillator. Notice also the marked differences between both 
distributions.
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dynamical problem. However, they can be expressed as

Si ~  ^  ] '^ij(0^r,7ij (2.42)
3

where the sum runs over all atoms j  which are linked to i via a constraint 7jj. The 

Xij parameters are time dependent Lagrange multipliers.

A problem that arises with the direct inclusion of the constraint forces in the 

equations of motion is that, even if the g, were exactly known, because the numerical 

methods are only approximate, the constraints will eventually be violated, due to the 

accumulation of errors. This problem was first noticed by Ryckaert et ai  [35], who 

proposed a way to circumvent it. They suggested that rather than including directly 

the constraint forces, it is more convenient to update the positions of the system in 

one time step as if the constraints were not present. It is then possible to find appro

ximations to the constraint forces in an iterative fashion, correcting the positions 

accordingly. In this way the constraints are guaranteed to be satisfied every time step 

within a minimum tolerance, and no long-time problems due to the limited accuracy 

appear. Ryckaert et al. implemented this idea with the basic Verlet algorithm, and 

the resulting method is widely known as the SHAKE constraint algorithm. However, 

the Verlet algorithm has several inherent disadvantages, related to the fact that the 

velocities do not appear explicitly in its equations (see ref. [61]). This makes the use 

of velocity scaling to drive the system towards a desired average temperature rather 

difficult. Also many constant temperature and constant pressure MD algorithms, for 

which the velocities often appear in the equations of motion, are impossible to im

plement with the Verlet algorithm. Due to these limitations, Andersen [68] proposed 

an algorithm inspired by SHAKE that works with the velocity form of the Verlet 

algorithm (see sec. 2.4.2), which does not suffer of the same drawbacks as the basic 

Verlet algorithm. It is known as RATTLE, and it will be explained here in some 

detail, as it has been used in some of the simulations that will be reported in later
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chapters.

RATTLE will be illustrated with a bond constraint^ of the form of Eq. (2.39). 

Given such a constraint acting between two atoms i and j ,  the force on each atom 

due to the constraint will be given by

g- =  - 2 \ i j r i j

(2.43) 

gj — "2,Xijrij

according to Eq. (2.42). Notice that Xij = Aj,-, in virtue of the principle of action and 

reaction. At first stage, the constraint forces shall be ignored, and the positions at 

time t -{■ St and half-step velocities obtained as if no constraints were present. They 

will be corrected later, so that the constraint is obeyed. We have that

v.(^ +  =  Vi(0 +  ^ ^ 6 ^ f,(^ )  (2.44)

and

ri(t 4- St) =  Ti{t) 4- St Vi{t 4- ^St) (2.45)

and similarly for the positions and velocities of atom j .  Now, the new positions and 

half-step velocities will almost certainly not obey the constraints, so they must be 

corrected. If rfj — where i{j is the equilibrium distance between both atoms, differs 

from zero by less than an accepted tolerance, we can assume that the constraint is 

obeyed. If the opposite is the case, we must find corrected positions, and such 

that the constraint is obeyed. The correct positions are

Vi%t 4- St) =  r,(^) 4- St [v,(f +  (2.46)

and

Vj''{t 4- St) — Tj{t) 4- St [vj(i + -St)  4- — gijrij{t)] (2.47)

' The extension of the method to consider other forms of constraints, like bond-angle or torsional 
constraints, is straight forward.
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respectively, where gij = StXij. Çij is as yet unknown, but it can be chosen so that 

I —ifj = 0. So, making use of Eqs. (2.46) and (2.47) we can write

In ' -  r / E  =

=  ^Ij -  2 ri j{t  +  St)  • r i j { t )— Stgi j  +

where gij is the reduced mass of atoms i and j .  If we disregard terms in gfj and 

higher, we can solve for gij, obtaining

2rij(t  + St) ■ Tij{t)

So, if it is found that the constraint is not properly obeyed, the correction factor gij 

must be calculated as given in the above expression, and used in Eqs. (2.46) and (2.47). 

This is done in a loop over all the constraints present, and the loop is repeated until

each constraint is satisfied. Note that at the same time that the positions at time

t St are corrected, so must be the half-step velocities, which are given by

v ,‘̂ (̂  +  ^&) =  Vi{t +  St) -  ^ g i j  rij{t) (2.49)

and

+  ^St) = Vj{t + St) + ^ g i j  rij(t) (2.50)

respectively.

Once the correct positions at time t -h St have been determined, we can complete 

the velocity step by updating the half-step velocities to full-step. For this purpose 

we need to evaluate the forces fi(t-f-St) and use them in Eq. (2.28). Again, the values 

estim ated in this way will not comply with the constraints, and they will have to be 

corrected accordingly. The correct values for atoms i and j  will be

Vi^(t +  St) = Vi[t—St) -f - — fi{t +  S t )  kijVijit +  St) (2.51)
ZilTti 77%;
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and

+  St) =  Yj[t + —St) -f -—  îj{t +  St) H kij Vijit +  St) (2.52)
Zi ZTTlj TTlj

where kij =  StXij{t +  St), kij must be such that the velocity constraint Eq. (2.40) 

is obeyed. So, by substituting v,-̂  and v /  as given by the above equations in the 

expression of the velocity constraint, we obtain

^ij{t +  St) • Yij(t +  St) — f  1 j kij Tij^{t +  St) =  0 (2.53)
\  ^  j /

and solving for A:,j, we have that

^  (2.54)

Once the full-step velocities have been estimated, a loop over the constraints is- 

started, and for each of them the necessary corrections to the velocities are per

formed. The loop is repeated until the constraints are all satisfied. Once this is done, 

both the positions and the velocities at time t -\- St will be known and the velocity 

Verlet cycle can be repeated for the next step.

Before we conclude this section, some remarks on the use of constraints and their 

effect on the thermodynamical properties of the system must be made. It has already 

been mentioned that the introduction of constraints reduces the number of degrees 

of freedom, a fact that must be taken into account when calculating some of the 

statistical averages. For instance, the instantaneous temperature will be given by

« =  (2.55)
 ̂ ' t = l  a

where n is the number of particles, Uc the number of active constraints and ks  is 

Boltzmann’s constant.

It has been known for some time that the use of constraints to freeze some degrees 

of freedom affects the equilibrium distributions of the unconstrained ones. If bond
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stretchings are constrained, the distribution of bond angles will be different from that 

obtained if the bond stretching is allowed, even if these are subject to infinitely stiff 

potentials [69, 61]. Similarly, the freezing of bond angle vibrations introduces a bias in 

the dihedral angle distributions [70]. Fixman [71] has demonstrated that it is possible 

to obtain the averages that an unconstrained model will yield if a constrained model 

of the same system is being used in the simulation, by simply adding to the potential 

energy a term of the form of

Xf =  ^^gT ln  |H | (2.56)

Here H is a square matrix of dimensions equal to the number of constrained degrees 

of freedom, with elements given by

=  “  =  (2-57)
«=1 a ^ ^

where ql and gf are generalized coordinates corresponding to displacements in the 

degrees of freedom which will be constrained. Consider a polyatomic molecule for 

which bond stretchings, bond bendings and internal rotations are possible degrees of 

freedom. If only bond constraints are used for this molecule, the Fixman potential 

Eq. (2.56) will be a function of the bond angles (see [61]), while if both bonds and 

bond angles are constrained, Vj will depend on the dihedral angles. The direct use 

of a Fixman potential in the simulation is rather involved, especially if the number 

of constraints is substantial. It is therefore advisable to limit the use of constraints 

to those degrees of freedom which will provide a Fixman potential that depends only 

on variables which are subject to stiff potentials. In this case Vj will be almost a 

constant, and therefore the averages produced by the constrained and unconstrained 

model will be practically the same. It is generally accepted that the use of constraints 

to freeze bond vibrations does not have substantial effects on the thermodynamical 

averages, and these should be quite similar to those obtained from the unconstrained
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model at a higher computational cost. Further constraining the system by freezing 

the bond angles, however, would lead to substantial differences between both models, 

since now the Fixman potential depends on the dihedral angles, which vary on a 

much wider range than bond bending angles. Therefore, it is not recommended to 

constrain the bond angles without introducing the corresponding corrections via the 

Fixman potential.
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F U N G U S , a general M olecular  

D ynam ics package

An essential feature of any simulation study is a computer program that implements 

the desired technique. Strong emphasis must be placed on the question of efficiency 

of such a program. A Molecular Dynamics simulation will require the evaluation 

of forces between particles many thousands, if not millions of times. Indeed, the 

typical MD code spends more than 90% of its execution time computing the forces. 

Therefore, it is essential that such programs be optimized as far as possible, since 

every little gain in efficiency can result in a large reduction of the computational 

costs.

Two other aspects that must be taken into consideration are those of reliability 

and what in the computer jargon is known as user friendliness. These two aspects 

are related, in the sense that if a program is easy to work with, the user is more likely 

to be aware of exactly what is it that the program is doing for him/her: what are the 

approximations taken, and what exactly is the physical model in use. Obviously, a 

program must be reliable in the sense that it is correctly coded. However, an obscure 

program which is difficult to use, may cause confusion or even unawareness of what

73
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exactly is being clone, resulting in unreliable results, even if the program can provide 

the correct results when used properly. Therefore it helps to have a program which 

is clearly written, so that every step of the calculation is perfectly transparent, and 

the structure of the calculation can be easily followed.

Many of the results that will be reported in later chapters have been obtained 

with a FORTRAN computer program called FUNGUS. The program itself is one of 

the central achievements of this work, and hais been developed in collaboration with 

G.E. Mills (Chemistry Department, University of Keele). A description of this code 

will be given in this chapter. First, we will outline some historical background of the 

program. A detailed description of the program’s capabilities, with special emphasis 

on those we have added ourselves, will follow. Finally, the strategy of paralleliza- 

tion of FUNGUS, i.e. the adaptation of the code to allow it to take advantage of. 

the hypercube architecture of the Intel iPSC/860 machine, available at the SERC 

Daresbury Laboratory, will be explained.

3.1 T he D evelopm ent o f FU N G U S

The first version of the FUNGUS program was written in the early 1980’s by Walker [72], 

who provided an MD program specifically aimed at the simulation of fast ionic con

ductors. The main features of the program at that initial stage were the use of a 

Born type model, i.e. a short range potential (Buckingham or Lennard-Jones) bet

ween ions, complemented by the Coulomb interaction, which was treated with the 

Ewald summation. Also, the possibility of using simulation boxes of different shapes, 

not necessarily cubic, was an important feature of the code, since many fast ionic 

conductors have non-cubic structures.

Walker’s original version was used by many researchers in the following years, 

all of which implemented modifications on the code, in order to suit their particular



Fungus 7 5

needs. Constant temperature and constant pressure algorithms, new types of pair 

potentials, such as the four-range Buckingham (see Sec. 3.2.3) and the possibility of 

using three and four-body potentials were some of the new features added to the code 

during this period. Several workers contributed to the development of the program, 

notably Fincham, Leslie and Vessal. These additions allowed the program to simulate 

more complicated systems such as zeolites [40], polymers [73] and glasses [74].

Unfortunately, improvements to the code were implemented in an unsystematic 

fashion. Each user modified the code more or less independently, giving rise to a 

number of slightly different versions, all of which had Walker’s original code at the 

nucleus, but containing different modifications. No attention Wcis paid to developing 

a standard, general-purpose version. The result of all this was a program which, 

although very efficient, was obscure. The lack of any kind of documentation, either 

in the form of a manual or eis comments in the code itself, made it very difficult to 

use. Each new user was confronted with the tcisk of having to modify the program in 

order to enable it to simulate his/her particular system, due to the lack of generality.

In this context, the need for the development of a stable, easy to use and general- 

purpose version of the code became apparent. This need became even more urgent 

when the possibility of performing simulations on the Intel iPSC/860 machine at 

Daresbury (a powerful parallel computer) waa offered. The task of providing this new 

version of FUNGUS was assigned to G.E. Mills and myself.

The new version we have created is based on the previously existing code provided 

to us by Vessal, and incorporates the same facilities, including the Ewald summa

tion [63] and both cubic and non-cubic simulation boxes. But perhaps more impor

tantly, our version includes a new set of facilities that we hope will enable users to 

perform simulations without needing to modify the program itself, by giving them 

full control through the input of the code. These facilities, which will be explained 

in more detail in the next section, are:
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1. automatic bond-list generation.

2. extensive set of pair, three and four-body potentials.

3. command driven input,

4. full control of the generated output.

With these new facilities, we have improved the program by eliminating many of 

its previous drawbacks, while maintaining its advantages.

3.2 The Characteristics of FU N G U S

In this section, an overview of the program will be given, describing in some detail 

its characteristics and capabilities.

3.2.1 Splined potentials

As already mentioned, the most demanding task in an MD code is the computation 

of the forces acting on each atom of the system. This calculation is performed in a 

double loop, known as the force loop, in which all n(n —1)/2, possible interactions are 

inspected, where n is the number of atoms. Basically, it is the force loop that causes 

MD to be an process, i.e. a process for which the computational cost increases 

with system size as the square of the number of atoms.

If the potentials that define the model are complicated expressions of the inter

atomic distance, the calculation of the forces and the associated potential energy can 

slow down the execution of the program to the point of making the simulation pro

hibitively time consuming, due to the many evaluations of such expressions that need 

to be carried out during the force loop. However, this problem can be alleviated by 

using splines, i.e. interpolation polynomials, usually of third order. Splines can cut
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the cost of the calculation because they are fast to evaluate, and, moreover, their 

derivatives, which are also needed, have very simple expressions.

At the beginning of the calculation, the pair potential functions are splined, or 

in other words, they are tabulated at regular intervals, where x is either the 

interatomic distance or some simple function of it (see below). Between each pair of 

adjacent tabulation points, Xk and an interpolating spline is constructed

t t k X^ bk x ^  + C k X d k -, a: G [xit,Xit+i] (3.1)

The values of the parameters, a t , . . . ,  are completely determined by the value of 

the potential and of its first derivative at the tabulation points. Of course, the spline 

parameters are only valid for a particular interval; they will have different values in 

other intervals. If a higher order polynomial was to be used instead, information 

on higher order derivatives at the tabulation points would be needed in order to 

determine all the parameters of the spline. So, imagine that during the calculation 

of the forces, two atoms are found to be at a distance x from each other, such that x 

lies in the interval [xjt, Tjt+i]. In this case, the potential energy due to this interaction 

will be given by Eq. (3.1), and the force on the first atom will be

3ükX^ +  2bkX +  Ck (3.2)

the force on the other atom being of equal magnitude and opposite direction. The 

evaluation of the potential energy and the forces through expressions like those of 

Eqs. (3.1) and (3.2) can result in a substantial increase in speed.

Another advantage of splines in MD simulations is that the interpolation variable, 

z, can be chosen to be the square of the interparticle distance, r^, rather than the 

distance itself. This has the advantage of avoiding the need to calculate a square

root, which can impair efficiency, in order to obtain the modulus of the distance. As

a result, the tabulation points of the potential are not evenly spaced any more, but 

this is not normally a problem.
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In FUNGUS, splines are used in the following way: the user, from the input, sets 

the number of tabulation points, which is typically chosen to be 1000. The potential 

functions and their first derivatives are tabulated at successive values of r^, and tables 

of spline parameters (ojt,. . . ,  are constructed. Then, during the simulation, the 

splines are used both to obtain the potential energy and the forces, as indicated above.

3.2.2 A utom atic b on d -list generation

The simulation of a system containing different species of atoms requires us to keep 

track of the species to which a particular atom belongs, when working out its in

teractions with other atoms, since atoms of different species will experience different 

interactions. The situation is complicated further when particular sets of atoms are 

chained together to form molecules. In this caise even atoms of the same species may 

experience different interactions, depending on what their position in the molecule 

is. It is necessary to construct bond-list arrays to maintain the connectivity of the 

molecule, so that the intramolecular interactions, which keep the molecule together, 

can be properly calculated for each atom. Consider, for instance, a triatomic chain 

molecule, such ets the one depicted in Fig. 3.1: where the bonds between atoms i - j  

and i -k  are described by some stiff potential. During the force loop, care must be 

taken to ensure that bond interactions are only calculated between atoms la n d  j, 

and i and A’, but not between atoms j  and k. To do this, a bond-list, which identifies 

the atoms to which a particular atom is bonded, is needed. In the old version of 

FUNGUS, bondlist subroutines had to be provided by the user for each new specific 

case that had not been considered before. This was an awkward situation, since it 

required a degree of familiarity with the program, which was not easy to achieve 

due to the lack of documentation on the program. Furthermore, it waa necessary to 

modify and recompile the code.
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Figure 3.1: Triatomic chain molecule.

The new version of FUNGUS avoids this problem by generating bond-lists auto

matically from the initial configuration of the system at the beginning of the calcu

lation. This is done whenever molecules are present in the system. The bond-list 

is generated by looping around each atom that belongs to a molecule and checking 

which other atoms are within a certain cut off chosen to be slightly bigger than the 

equilibrium bond distance. In the example of the triatomic chain molecule of Fig. 3.1, 

starting on atom j ,  only atom i would be found to be within the required distance, 

and no bond will be placed between atoms j  and k. For atom / only atom k will be 

found, since the i- j  bond has already been considered. This method requires that 

the user provides a sensible starting configuration, since otherwise molecules will be 

defined with the wrong connectivity, but we find that in practice it is much easier to 

do this than to modify the program for each new molecule. It is possible to check 

that the connectivity has been correctly set in the output file.
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3.2.3 Pair, th ree-b od y  and four-body potentials

Because FUNGUS was originally developed specifically for the study of fast ionic 

conductors, the program incorporates an efficient algorithm to accurately calculate 

the contribution of the electrostatic interactions to the total potential energy, known 

as the Ewald summation [63]. The reason why the ionic interactions can not be 

treated on the same footing as other pair interactions is their comparatively long 

range of action. The introduction of a potential cut-off of the same order as that 

used with normal pair interactions (z.e. % where L is a characteristic length of 

the simulation box) is known to produce serious inaccuracies in the evaluation of the 

Coulomb term. On the other hand, even if a larger cut-off could be used for the 

electrostatic interactions, the direct evaluation of the sum

L z e  (3-3)47reo rij

is extremely inefficient, due to the partial convergence of the series. This means that 

the speed of convergence is dependent on the order in which the terms are summed. 

Also the use of a larger cut-off would slow down the calculation of the forces and 

hence the simulation itself.

The Ewald summation solves these problems by splitting the Coulomb sum Eq. (3.3) 

into two partial sums, one in real or direct space, the other one in reciprocal space, 

both being rapidly convergent. This is done by adding to the point charges of the 

system a set of smoothly varying charge distributions centred on the ions, and having 

opposite charges to them. These screening distributions are added so that the total 

interaction between ions is now short ranged. The charge distributions are usually 

chosen to be Gaussian,

Pf(r) =  ^ e x p ( - a ^ r ^ )  (3.4)

but other distributions are also possible (see [75]). A new set of distributions, equal
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in form to the screening distributions but of opposite sign (i.e. of equal sign as the 

original point charges) must now be added, so that the potential energy arising only 

from the point charges interacting with themselves. The cancelling distribution is 

added in reciprocal space. Also, it must be noted that when calculating the potential 

energy of the system formed by the point charges and the screening distributions, 

there is a term arising from the mutual interactions of the latter. This term must 

be subtracted in order to get the correct result. In this formalism, the electrostatic 

contribution to the potential energy of the infinite system formed by the simulation 

box and all its periodic images is given by

, OO __
—  ( 3  5 )

a ^  
47T̂ /̂ C0 Ç

where

Ak = — exp(-A;^/4a^),

N

Qk =  ^ 9 j e x p ( - i k - r j ) ,
i=i

and

1 _  2;r 
^  “  y i / z

In these equations, V is the volume of the simulation box, qi is the charge on ion z, 

a. is the so called convergence parameter, and k is a reciprocal lattice vector.

The last sum in Eq. (3.5) is a constant, and needs to be evaluated only once 

during the simulation. The other two terms, however, need to be evaluated at every 

step. The first term represents the reciprocal space sum, the second one being the
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real space sum. Both reciprocal and real space sums contain in principle an infinite 

number of terms, but, by appropriately choosing the convergence parameter a , it is 

possible to truncate both sums, while maintaining their convergence, a  is normally 

chosen so that the real space sum is truncated at the same cut-off as for the normal 

pair potentials. The number of terms in the reciprocal space sum is then adjusted 

so as to obtain convergence in the value of the electrostatic energy. Typically, this 

amounts to including 100-200 k values.

The present version of the program does not include the possibility of using mul

tipoles in the description of the model. Therefore, it is not possible at the moment 

to take into account the effects arising from the non-sphericity of the ionic charge 

distributions. It is not possible either to use the shell model to include the effects of 

polarizability. We hope that these important extensions to the program can be made • 

in the near future.

In addition to electrostatic interactions rising from the ionic charges, a substantial 

number of pair potentials are available in the new version of FUNGUS. These are.

The Buckingham potential

V(r) = -  4

where A, p and c are adjustable parameters.

• The modified Buckingham potential, which is identical to the_ previous one 

except in that the dispersion term is substituted by c /r" , where n is a user- 

supplied integer.
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• The four-range Buckingham potential

,5 I ^ ^4

r <  Ti

asr^ +  -I f- CLir +  Oo < r < T2

F(r) — < 6 3 4 -  62̂ 2 +  * * * +  0̂

a

0

T2 <  r <  ra

ra <  r <  r,

r > r.

The parameters of this potential are A, p and c .̂ Vc is the short range cut-off. 

The remaining parameters (a,-, 6,) are completely determined by imposing the 

condition that the function and its first and second derivatives be continuous, 

and by demanding that the potential has a minimum at rg. This potential avoids 

the divergence to minus infinity that occurs in the Buckingham and modified 

Buckingham potentials.

• The Hulburt-Hirschfelder potential,

V(r) = A[(l -  i i i f  + -  E0)] -  F

where pi  =  p 2 =  and ^  =  B(r — C).

• The Lennard-Jones potential,

V(r) = — ̂ ’ fTil -pri2

where A, B, ni and 722 are the potential parameters.-The default values of rii 

and 722 are 12 and 6, respectively. This corresponds to the usual 12-6 Lennard- 

Jones expression.
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• The modified Lennard-Jones potential,

V ( r )  — --------—  f - -----------j<Tli j'IT'3

which adds an extra dispersion term to the normal Lennard-Jones potential.

• The Morse potential

V{r) = D[1 -

where D is the dissociation energy, is the equilibrium bond distance, and a  

is a parameter which controls the steepness of the potential well. This potential 

is normally used to describe bonded interactions.

• The spring potential

V(r)  =

also normally used to describe bonded interactions.

• The Van der Waals potential,

n r )  =

which gives the repulsive wall of the Lennard-Jones potential without the dis

persion term.

The above potentials can be used as they are given or in their Coulomb subtracted 

forms, i.e. with an added term that removes the effect of the Coulomb interaction. 

It is customary in simulations of molecular systems to extract the electrostatic con

tribution to the intramolecular potential. This is straight forward to do in the new 

version of FUNGUS.

With regard to three-body potentials, the latest version of the program includes 

two:
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the spring angular potential,

v { e )  =

where 6e is the equilibrium angle.

• the modified bond-harmonic potential,

V{0,ri,r2) =

where A = k0/[2{6e — 7r)̂ ] and B  = {6̂  — ?r)̂  — {6 — ?r) .̂ The distance de

pendence introduced through the damping exponentials effectively makes the 

spring constant of this modified harmonic potential distance dependent.

Finally, only one type of four-body potential is included in the present version of 

the program. This is given by

-  scos(nÿ)]

where </> is the dihedral angle formed between the planes containing atoms kij and 

ijU as depicted in Fig. 3.2.

The program is constructed in such a way that it makes easy the addition of new 

analytical potential functions. Thus it is expected that in the future it will expand 

to be able to satisfy the needs of a wide range of users.

3.2.4 Com m and driven input

FUNGUS receives instructions from an input file, which describes the system that is 

to be simulated and the type of calculation that is going to be performed. Among 

other things, the input file must specify the types of atoms and their initial positions 

within the simulation box, the potentials describing their interactions, the shape of 

the simulation box, the length of the simulation, the target temperature, etc. The
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Figure 3.2: Four-atom chain molecule. A torsional or four-body potential is needed 
to describe the hindered rotation of the dihedral angle </>.

input file consists of a string of commands, each of which instructs the program 

to perform some specific action. The program reads this input file when it begins 

execution, and acts according to the instructions contained in the input file. For 

example, the command BASIS instructs the program to read the types of atoms and 

their initial coordinates. Other commands exist for defining the potentials, controlling 

the output of the calculation, etc. A detailed description of the commands is given 

in the FUNGUS Manual [76].

The set of commands available permits the flexible use of the program, allowing 

the user to define the system and the type of calculation without having to modify 

the program itself. This facility eliminates one of the most serious drawbacks of 

previously existing versions. Many of the commands and potentials available in our 

version of the program are inspired by those used in the CASCADE program [77].

3.2.5 Output control

At each step of an MD simulation, the coordinates, velocities and forces, as well as 

any other magnitude that can be derived from these, such as the temperature and
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pressure, become available. Usually it is not necessary to store all this information 

too frequently, but configurations of the system, or of parts of it, are periodically 

saved for later analysis. The amount of data produced, however, can cause storage 

problems if the system is big, or if the simulation is run for a very long time. Also, 

in many situations, the user is not interested in all the system, but only in a part of 

it. For example, in the simulation of fast ionic conductors or diffusion of molecules 

in zeolites, attention is focused on the diffusing species, and it may be more practical 

to avoid saving configurations of the remaining non-diffusive species. Therefore, in 

FUNGUS, the user is given a high degree of control over the output that the program 

generates. The periodicity with which coordinates and velocities are saved to file is 

fixed independently by the user. It is possible to select individual atoms, or groups 

of atoms, like for example atoms that belong to the same molecule, or all atoms of a 

given species, in order to save their coordinates or velocities. For molecules, it is also 

possible to save the centre-of-mass positions and velocities, which might be more 

convenient than saving those of its constituent atoms separately.

Following a simulation, the data produced can be analysed. We provide together 

with FUNGUS, an analysis program which reads the output files and performs the 

appropriate statistical analysis, namely, the calculation of mean square displacements 

(MSB’s) from coordinate files, and of velocity autocorrelation functions (VAF’s) from 

velocity files. In principle it is possible to calculate these averages as the simulation 

proceeds. Indeed many authors prefer this alternative. We have opted for performing 

the analysis after the simulation for two reasons: first, in this way we can keep 

memory requirements for the program relatively low, certainly lower than they would 

be if VAF’s and MSB’s were to be calculated during the simulation itself. Secondly, 

we can keep the computational cost per time step as small as possible, in order to 

improve performance. Furthermore, the creation of a record of the simulation might 

be useful for performing other possible types of analysis that individual users might
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find helpful for their particular problems.

Other types of averages are performed as the simulation run proceeds. In partic

ular these are the radial distribution functions (RDF’s) and the bond-angle distri

bution functions (BAD’s). Both these type of averages are useful for gaining insight 

into the structure of the system during the simulation. The reason for performing 

these averages as the simulation takes place is simple. The calculation of RDF’s and 

BAD’s requires the knowledge of full configurations of the system. If these averages 

were to be calculated a posteriori^ the user would have to save periodically the coor

dinates of all the system, which, as noted earlier, can cause storage problems, or else 

prevent sufficiently long simulations. By calculating these averages as the simulation 

proceeds, the need to store complete configurations is eliminated.

The program also generates a standard output file, which contains information 

on the system properties (temperature, pressure, kinetic, potential and total energy). 

Through this file, the user can monitor the time evolution of the system. Also in this 

file the characteristics of the model will be displayed, so that it is possible to check 

whether the system has been correctly set up.

At the end of the simulation, a file containing the last configuration of the system 

{i.e. the last positions and velocities of all atoms) is generated automatically. This file 

is known as the restart file., and contains all the information that is needed to continue 

the simulation from the point reached in the present calculation. This facility allows 

the breaking up of long simulations into several, more manageable blocks.

3.2.6 The execution  of FU N G U S

The execution of FUNGUS is illustrated in Fig. 3.3. The first action the program 

takes is to read the input file and interpret the commands. Should, any errors be 

encountered in the input file, like a misspelt command, or a potential function lacking 

some parameter, a helpful error message will be displayed in the standard output file.
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Main Loop of the Calculation

laitaRESTART
calculation?

Read the restait 
information file

Generate initial 
random velocities

conqnite the forces
u p d ^  coordinates and velocities

calculate system properties 
(tenq>erature, pressure, etc)

Start the calculation. 
Read the input tile and 
interpret the commands.

create and save restart file

End:

if necessary:

- scale the velocities
- save configuration to a file
- calculate RDF’s and BAD’s

Generate spline tables 
Generate txmd-list arrays

Initialization:

Figure 3.3: The execution of FUNGUS.
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indicating the line of the input file where the error was found. If the run to be 

performed is a restart from a previous one, then the appropriate restart file is read 

in. If not, then initial velocities are generated at random according to the Maxwell- 

Boltzmann distribution defined by the target temperature of the simulation, which is 

given in the input file.

The spline tables (see Sec. 3.2.1) are then generated, i.e. the four polynomial 

parameters are tabulated for each interval of the interatomic distance and for all pair 

interactions. Following this step, the program enters the main loop of the calculation. 

This loop is iterated as many times as indicated in the input file. Each time the body 

of the loop is executed, the coordinates, velocities and forces are updated; also, if 

necessary, the velocities may be scaled to slowly drive the system towards equilibrium. 

If equilibrium has already been achieved, the configuration of the system can be saved 

for later analysis. Any other operations, like RDF’s or BAD’s updating, or writing to 

the standard output file after calculating the properties of the system, are performed 

in this loop.

Once the simulation reaches its target length, the restart file is created, and the 

program terminates.

3.3 The Parallel Version o f FU N G U S

3.3.1 Parallel com puting

There are two possible ways in which computing performance can conceivably be 

improved. The first one is by increasing the efficiency and power of the computer, 

and the second one is by using several computers in a cooperative fashion to work 

simultaneously on the same problem. This second approach is known as parallel 

computing. The use of parallel computing has been recently gaining popularity among 

the scientific community. The advent of massively parallel computers promises to take
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research in computational Chemistry and Physics to a new era of exciting prospects 

in the near future.

A MIMD (Multiple Instructions-Multiple Data) parallel computer, such cls the 

Intel iPSC/860 machine at the SERC Daresbury Laboratory, consists of several nodes, 

each of which can function independently as a separate computer in its own right. 

These nodes can also work together, collaborating in a given task. This, in most 

cases, requires the exchange of information between the nodes, and therefore these 

are interconnected in what is known as a hypercube architecture. A hypercube of 

dimension d consists of 2^ nodes, each of which is directly connected to d neighbouring 

nodes. The communication between the different nodes of a hypercube is usually 

managed through a set of intrinsic routines which are supplied by the manufacturer of 

the computer. The task of the user is to take advantage of this architecture to increase 

the speed at which his/her specific problem can be tackled. Some particular problems 

are especially well suited for the parallel approach, such zls the definite integration 

of functions using, for example, Simpson’s Rule. The interval of integration can be 

divided into segments of equal length, and the function can then be integrated in 

each segment independently by a different node. The final result is given by the sum 

of the individual areas computed in each node. This is an example of a completely 

parallelizable task. In general, however, things are not so simple, and some degree of 

communication between the nodes is needed in order to solve the problem.

Two important concepts that arise in the context of parallel computing are those 

of load balancing and communications cost. Their importance is crucial. There is 

an obvious need to distribute the work among the nodes as equitably as possible, 

so that all nodes use approximately the same time and no resources are needlessly 

wasted while nodes wait for each other to conclude a given task. Regarding the 

communication cost, time that is spent exchanging information between nodes is 

clearly not productive in terms of computation. In general, a parallel algorithm is
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regarded as most efficient when the ratio of the time spent in communication to that 

spent in actual computation is lowest. A parallel algorithm that does disregard any 

of these two questions can result in a wasteful use of resources, and therefore it is 

necessary to design parallel programs with these concepts very much in mind.

3.3.2 T he R eplicated  D ata algorithm  for parallel M D  sim 

ulations

Since the most demanding ta.sk of an MD simulation is the evaluation of the forces 

and the potential energy at each time step, the parallelization strategy adopted must 

focus on improving the efficiency of the force loop. Several algorithms exist for per

forming MD simulations in a parallel environment. They are known as the Replicated ' 

Data (RD), the Systolic Loop, also known as the SLS-G algorithm (Systolic Loop 

Single data packet with particle Grouping) [78], and the Link Cell or Domain Decom

position [79]. The characteristics and merits of each algorithm have been extensively 

reviewed by Smith [78, 80] and by Dornford-Smith [81]. The Link Cell method is par

ticularly appropriate whenever the range of action of the potentials is small compared 

to the system size. This is certainly not the case when Coulombic forces are present, 

and therefore this algorithm was discarded for parallelizing FUNGUS. Both the RD 

and the SLS-G methods can be used with long range forces, but the RD method is 

conceptually simpler and easier to implement. For these reasons we have chosen the 

RD algorithm for the parallelization of FUNGUS. In what follows, the RD method is 

explained. The reader is referred to the above cited literature for clear explanations 

of the SLS-G and Link Cells algorithms.

Consider the simulation of a system containing n particles, which is to be carried 

out on a hypercube consisting of p nodes. In the RD method, each node contains a 

full replica of all the data (positions and velocities), hence the name of the algorithm.
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do i=l,n-l 
do j=i+l,n

compute ij forces and 
potential energy

end do 
end do

Figure 3.4: The double force loop in an MD simulation.

However, each node will perform the force loop only for a subset of the particles. The 

subsets are chosen in such a way as to ensure perfect load balance, so that each node 

receives an equal amount of work as all others. This is done in the following way: 

since the forces are calculated in a double loop, shown in Fig, 3.4, the inner loop {i.e. 

that on j) is longer for particles with lower index i than for particles closer to the end 

of the list. The idea of the RD algorithm is to arrange the particles in sets according 

to their indexes, in such a way that the total time spent in performing the j  loop is 

equal for each set. This can be done by distributing the particles in 2p groups:

n n  n . n .
1, 2, 3, . . . ,  — , — -f 1, . . . ,  —, . . . ,  n — (— +  1) , . . . ,  n 

Ip Ip p Ip

group 2”  ̂ group group

Now, it is easy to see that if we form two sets by taking the first and the 2p^  ̂ groups 

for the first set, the second and the (2p — 1)̂  ̂ groups for the second set, and so on, 

we have formed sets which perfectly balance the work load. We will have in total p 

sets of particles. Each node will calculate the forces for the particles of its own set 

only. In essence, what we have achieved is to distribute the outer loop (the i  loop) of
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the force calculation in such a way that the total length of the inner loop is the same 

in all p nodes.

Once each node has finished its loop, there will be a force array in each node which 

will be local to this node, i.e. different from force arrays in other nodes, since each 

node calculates the forces for a different set of atoms. The real force array, though, 

is the sum of all the local arrays. Therefore, before the calculation proceeds, it is 

necessary that the complete force array be calculated and distributed to all nodes. 

This is done using a global pass-and-sum routine [78]. Once the complete force 

array is available to every node, the advancement of positions and velocities can be 

performed. In general, it is not cost effective to parallelize this step of the calculation, 

since it is not an expensive task. Therefore, the integration of the equations of motion 

is usually done for all particles independently in each node.

One further advantage of the RD algorithm, which becomes now evident, is that, 

because each node contains a full copy of the configuration of the system, it is possible 

to use enhancing strategies, such as the Verlet-neighbour list [61], which can improve 

performance in a rather dramatic way. In particular, the Verlet-neighbour list can 

not be applied in the SLS-G algorithm, and therefore we consider the RD method 

to be more advantageous. The Verlet-neighbour list is not used in FUNGUS, since 

the use of the Ewald summation requires the calculation of all interionic distances 

anyway, but a similar approach has been used in the program BUTAN, with which 

simulations that will be reported in Chapters 5 and 6 have been carried out, with 

considerable improvement in the speed of execution.
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M D  sim ulations o f diffusion in 

Silicalite and C habazite

In this chapter, the results of Molecular Dynamics simulations of a number of small 

linear hydrocarbons adsorbed in zeolites silicalite and chabazite are presented^. The 

choice of these two particular zeolites is due to several reasons. The silicalite struc

ture is of considerable interest in zeolite science due to the catalytic applications of 

ZSM-5, its isomorphous aluminosilicate. Silicalite itself hcis important applications 

as a molecular sieve, being capable of separating molecules of different sizes due to its 

medium pore (10-rings) diameter, and also of separating polar and nonpolar molecu

lar mixtures due to its high hydrophobicity, resulting from its low aluminium content. 

As a result, this structure has been the subject of many studies, both experimental 

and theoretical. A substantial number of these studies concern the diffusion and 

reactivity properties of adsorbed molecular species.

Zeolite chabazite has been the focus of attention of the EC Zeolite Consortium, 

formed by a number of groups from European universities and research centres inclu

ding the University of Turin, the University of Eindhoven, the University of Bochum,

^Some of these results are also described in Ref. [82]

95
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Keele University and the Royal Institution. The aim of the consortium was to con

centrate efforts on a particular zeolite that could be studied using the different areas 

of expertise of each of the research groups, which included both experimental and 

theoretical approaches. Chabazite was chosen due to the small size of its unit cell, 

an important consideration for the ab initio quantum mechanical approach that was 

used in Turin, Eindhoven and the Royal Institution, while being an interesting system 

for the experimentalists at Bochum.

Concerning the dynamical approach that is the subject of this thesis, silicalite and 

chabazite are interesting systems to study for the following reasons. The anisotropic 

structure of silicalite, which contains two different types of channels running in per

pendicular directions and intersecting each other, presents an interesting case in which 

to investigate the effects of the structure on the diffusion of adsorbed species. The 

diffusion process itself is of interest, since it is one of the factors controlling the ca

talytic properties of the zeolite. Chabazite is an example of a zeolite structure with 

a high degree of framework mobility (see [83] and references therein). Traditionally, 

MD simulations of adsorbed species in zeolites have completely disregarded the zeo

lite framework dynamics. Such systems were simulated considering only the adsorbed 

species explicitly, which moved in an external static field due to the presence of the 

zeolite framework. This hcis been justified by arguing that the vibrations of the lattice 

atoms have much higher frequencies than those associated with the motions of the 

adsorbed species. If this is the case, it can be then assumed that the transfer of energy 

between the lattice and the adsorbed species is small, and can therefore be disregarded 

completely. This may be a good approximation in some cases; indeed, a comparison 

between rigid and mobile framework simulations of methane in silicalite [37] seems to 

point in this direction, in so far as the structure does not undergo substantial changes 

and deformations. However, there are probably many systems in which the effects of 

the motions of the host lattice could have some noticeable influence on the diffusional
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properties of the adsorbed molecules. Due to the high mobility of the framework of 

chabazite, this system is a good candidate for testing this possibility.

The simulations reported in this chapter were performed on a model which includes 

explicitly the framework flexibility. These simulations are in a sense a continuation 

of the work carried out at the Royal Institution by Catlow et al. [40] and by Kawano 

et al. [41] concerning the diffusion of methane in silicalite. They concern ethane, 

propane, n-butane and n-hexane in silicalite, and of methane in chabazite.

The outline of this chapter is the following. In Sec. 4.1 we describe the structures 

of zeolites silicalite and chabazite. The model used in our simulations is discussed 

in Sec. 4.2, and the results of simulations of silicalite and chabazite are presented in 

Secs. 4.3 and 4.4 respectively. Our conclusions will be drawn in Sec. 4.5.

4.1 The Structures o f Silicalite and Chabazite

4.1.1 Silicalite

Silicalite and ZSM-5 are isomorphous zeolites which differ only in their Si to A1 

ratio, which is very high in silicalite. The structure is orthorombic and its space 

group is Pnma. They belong to the pentasil family of zeolites, so called because 

their structures can be obtained by joining together five membered oxygen rings. In 

Fig. 4.1 the secondary building unit (SBU) of silicalite is sketched.

The SBU’s can be joined together to form sinusoidal chain-like structures. These 

in turn can be joined to form layers, like that illustrated in Fig. 4.2, in the (010) plane. 

The layers contain 10-rings, the diameter of which is roughly 6 Â. These layers can 

be stacked along [010] in different sequences, each different sequence giving rise to 

a different member of the pentasil family. In particular silicalite is obtained by a 

stacking sequence in which each layer is related to the next by a centre of inversion. 

If the symmetry operation had been a mirror plane, rather than an inversion, the
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Figure 4.1; Secondary building unit of silicalite. Each corner represents a silicon 
atom. There is an oxygen atom between each pair of silicons that are joined by a 
line.

resulting structure would be that of ZSM-11 (see [84]). The stacking of layers which 

results in the structure of silicalite gives rise to a three-dimensional channel network 

consisting of two different types of channels. Along [010] there are straight channels 

resulting from the stacking of the 10-rings seen in Fig. 4.2. Along [100] run channels 

known as zig-zag or sinusoidal^ due to their undulating form. They are also formed 

by 10-rings, and they have a slightly elliptical cross section. A stereographical view 

of the structure looking down these sinusoidal channels can be seen in Fig. 4.4, while 

the view along the straight channels is illustrated in Fig. 4.5. The crests of these 

sine-like pores lie in the (010) plane. Straight and sinusoidal channels intersect in 

regions known as channel intersections, which are approximately spherical in shape. 

The three-dimensional channel network of silicalite is illustrated in Fig. 4.3. This
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Figure 4.2: Silicalite layer.
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Cl

Figure 4.3: The channel network in zeolite silicalite.
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Figure 4.4; Stereographic projection of silicalite. The view is along [100], down the 
sinusoidal channels.

Figure 4.5: Stereographic projection of silicalite. The view is down the straight 
channels, along [010].
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anisotropic network gives rise to a different diffusional behaviour along different di

rections when molecular species are adsorbed by the structure, as has been reported 

in both experiments and simulations. We should note that even though there is no 

channel type that runs along [001], diffusion in this direction is possible by following 

an alternating path in the zig-zag and straight channels.

4.1.2 Chabazite

The structure of chabazite consists of cavities which are interconnected by means 

of 8-rings of diameter of approximately 3.8 x 3.8 A. This connectivity results in a 

three-dimensional channel network, with three identical channels intersecting each 

other in any given cavity. The 8-rings connecting the cavities are not quite perpen

dicular to the axis of the resulting channel, which means that the effective diameter 

of the windows is probably slightly smaller than the reported value of 3.8 A. To this, 

the effects of the high mobility of the atoms in this particular structure should be 

added [S3], which probably narrows even further the section of the channels.

This structure can be visualized as consisting of layers formed by double-six rings 

(hexagonal prisms) [1], which are tilted with respect to the plane of the layer in 

some 60*, and are joined together by four-rings. One such layer is represented in 

Fig. 4.6 as a stereographical projection, in which several double-six rings are clearly 

visible. These layers are stacked in an ahc sequence, which results in the structure 

illustrated in Fig. 4.7.

4.2 The M odel

The model used in the simulations reported in this chapter is the same as that used in 

the earlier simulations of Catlow et al. [40] and Kawano et al. [41]. It includes zeolite 

framework dynamics, framework-guest, guest-guest and intramolecular interactions.
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Figure 4.6:
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All atoms (Si, O, H and C) are considered explicitly; all degrees of freedom are 

allowed to vary, i.e. no constraints have been imposed on the system. In what 

follows, the model potentials accounting for the interactions between the different 

atoms are described in detail.

4.2.1 Framework potentials

These are the potentials describing the interactions between zeolite atoms, which 

control the structure and dynamics of the framework. They include electrostatic 

interactions between the ions, short-range pair and three-body potentials. We employ 

a rigid-ion model, i.e. no polarizability effects have been considered. Full ionic 

charges are assigned to the lattice ions: 0  ions have a —2 e charge, while Si ions are 

assigned a charge of +4e. As pointed out earlier, we do not consider substitution 

of Si by Al, since the ratio of Si/Al in silicalite is very high. This slightly simplifies 

the model, since in a purely siliceous structure there is no need to consider extra

framework cations.

The short-range interactions considered are those for S i-0  and 0 - 0 ;  the Si-Si 

interactions are not explicitly included, since the Si ions lie at the centre of Si04 

tetrahedra, surrounded by the more voluminous 0  ions, with the short-range inter

actions of each Si ion been screened from each other. This is also the rezison why no 

short-range interactions are considered between the Si ions and the guest-molecule 

atoms (see below). The framework short-range interactions are described by means 

of four-range Buckingham potentials (see Chapter 3, page 83). The parameters that 

define these interactions are listed in Table 4.1.

A harmonic-exponential three-body term was included to describe the interaction 

of O -S i-0  triads. This term is responsible for maintaining the structure of the Si04 

tetrahedra from which the structure of zeolites is built. A similar term can be included 

for the Si-O-Si triads, which would favour a particular angle between the different
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Parameter S i-0  Potential 0 - 0  Potential

( eV) 1005.1563 4978496.9000
PH (A) 0.3277 0.149
Cij (eVÂ®) 25.00 52.12
<*5 (eV/Â ) -15.6911723 -0.7894742
04 (eV /Â ') 165.2261909 13.0952378
03 (eV/Â^) -697.1112644 -86.69926290
02 (eV /Â ') 1484.1446300 286.4412780
01 (eV/Â) 724.2200617 311.1788448
ûo (eV) -1611.8417758 -472.3745705
63 (eV/Â^) -0.0233139 -0.0251198
62 (eV/Â") 0.2214821 0.3052061
61 (eV/Â) -0.6702747 -1.2208242
60 (eV) 0.6187898 1.5952103
n  (Â) 1.5 2.9
t 2 (â ) 2.5 3.6
T3 (â ) 3.5 4.2

(A) 7.6 7.6

Parameter 0 ; -  Si, - Ok Potential

(eV/rad^) 729.0189
Pi (A) 0.3277
P2 (Â) 0.3277
&0 (*) 109.47

Table 4.1: Framework potential parameters.
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tetrahedra, but such a term was not included in this model, as it was not found to 

be necessary.

The framework potential model we have used was developed by Vessal et a i [74] for 

the simulation of /5-cristobalite form of vitreous silica, obtained from a least squares 

fit of the elastic and static dielectric constants as predicted by the model to those of 

a-quartz. The model was capable of reproducing correctly the structure, and was 

successfully adapted for the simulation of zeolites. It is based on the original shell- 

model potentials developed by Sanders [85]. The dynamical properties of this model 

have been thoroughly investigated by de Man [86]. In his comparative study of the 

virtues of different models proposed for the simulation of silicates, which was based 

on their ability to reproduce the infra-red and Raman spectra of different structures, 

de Man found that although shell-model potentials could effectively reproduce the. 

low frequency range of the spectra, the use of rigid-ion potentials resulted in notable 

disagreement between the experimental and predicted spectra in all the frequency 

range. This indicates that rigid-ion models do not provide a good description of the 

framework vibrations, as has been shown in studies of simpler ionic materials (see for 

example Ref. [87]). Nevertheless, the influence of the lattice dynamics on the diffusion 

process in silicalite-adsorbate systems seems to be rather small, as indicated by the 

excellent agreement obtained between rigid framework simulations and experimental 

diffusion data. This, however, might not be the case in other zeolites, or when the 

adsorbates are narrowly constrained within the framework.

4.2.2 Fram ew ork-guest m olecule interactions

The framework-guest molecule interactions are also characterized by both short- 

range and Coulombic potentials, although the short-range potentials are of the Lennard- 

Jones 12-6 type, rather than four-range Buckingham, as in the case of the framework.



Diffusion in Silicalite and Chabazite 107

Short range interactions are only considered between 0  zeolite ions and the guest- 

molecule atoms, since the Si are virtually surrounded by 0  ions, and will therefore 

have only small short-range interactions with the extra-framework species. This dis

regard of the Si ions is a common feature of the vast majority of simulations concerning 

adsorbed molecules in zeolites, although recently there has been an exception to this 

rule. In their simulations of methane and propane in silicalite, Nicholas et a i [42] have 

included an interaction of the molecular atoms with the silicon ions, which they claim 

was necessary to obtain perfect agreement with experimental diffusion coefficients.

A small partial charge of —0.3 e was assigned to the carbon atoms. Each hydro

gen atom was assigned a positive balancing charge, so that the total charge of each 

molecule was neutral. In the case of ethane, this meant that each hydrogen atom 

had a charge of 0.1 e. The molecular charges were only considered when calculating 

the framework-guest molecule interaction; they were not taken into account when 

calculating intra-molecular or intermolecular (guest-guest) interactions.

The framework-guest molecule short-range interaction is given by the following 

formula

t= l  j = l

Bio Cio ̂  ^
(4.1)

where rim is the number of atoms in the guest molecule, and rio is the number of O 

ions of the framework. The potential parameters used to model the framework-guest 

interaction were taken from the work of Kiselev et al. [88]. They were originally de

rived using the Slater-K irk wood relation (the C,o dispersion terms), and by assuming 

that the minimum of the potential well lies at a distance between the atoms equal to 

the sum of their Van der Waals radii. The parameters used with these potentials are 

listed in Table 4.2.
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Interaction B C
(eVÂ'') (eVÂ^)

C 0 1.1000 X 10^ 17.654
H- 0 1.5564 X 10^ 5.5717
C- •C 1.9692 X lO'* 18.0933
C- •H 2.8000 X 10^ 5.5717
H •H 3.8484 X 102 1.9867

Table 4.2: Lennard-Jones potential parameters.

4.2.3 Intram olecular force field

The force field used to describe the intramolecular degrees of freedom is based on that 

used by Catlow et a l [40] for the simulation of methane and ethylene in silicalite. 

It consists of a set of harmonic potentials to describe C-H and C-C bonds, and 

also bond-angle vibrations. Non-bonded interactions are incorporated by means 

of Lennard-Jones 12-6 potentials. The following convention regarding non-bonded 

interactions was observed [40]:

• 1-3 interactions, i.e. atoms separated by a single atom, like the hydrogens 

in H-C-H, are not considered to interact via a non-bonded term, since they 

already interact through a bond-bending potential.

• 1-4 interactions contribute to the total potential energy with only half of the 

value of the corresponding Lennard-Jones potential at the current distance 

between the atoms.

• 1-5 interactions and higher, contribute to the potential energy with the full 

value of the potential evaluated at the separation distance.

Taking this convention into consideration, and the pair interactions necessary to 

describe the bond vibrations and bendings, the molecular force field can be written
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as follows:

bonds angles

V i - f  =  r: E  -  i ) '  +  Ô E  +
2 t r  ' ■' 2

The stretching and bending constants were taken from spectroscopic data [89]. The 

parameters corresponding to these interactions are given in Table 4.3. The param

eters used with the non-bonded interactions were taken from [88], and are listed in 

Table 4.2.

Interaction kij
(eVÂ^) n /  (Â)

C-H 31.00 1.054
C-C 41.82 1.536

Interaction ke
(eV/rad^) (degrees)

X -Y -Z (X, Y, Z =  C, H) 3.39 109.47

Table 4.3: Intramolecular force-held potential parameters.

4.2.4  Interm olecular interactions

Molecules interact with each other via a potential constructed from a sum of atom - 

atom pair interactions. Again, the form of the potential used was the Lennard- 

Jones 12-6. The parameters used here are equal to those of the intramolecular non- 

bonded interactions. The guest-guest potential is thus

n m i nm2 /  n  ^

_iL  _  ^
. . 12^ - , = E E e - ^ j  (4.2)

i=l j=l /

where iimi is the number of atoms in molecule I, and Tim2 that of molecule 2.
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4.3 Sim ulations o f Diffusion in Silicalite

Simulations of ethane, propane, n-butane and n-hexane adsorbed in zeolite silicalite 

at a temperature of 300 K and loadings of 1 and 2 molecules per unit cell have 

been performed. These simulations were undertaken in the Microcanonical (NVE) 

ensemble. The Fortran code FUNGUS, which was described in Chapter 3, was used to 

perform these calculations. A time step of 1 fs was used to update the coordinates and 

velocities. The time step was necessarily small in order to resolve the faat vibrations 

of the framework atoms and the bond stretchings and bond-angle vibrations in the 

molecules.

A simulation box of 20.07 x 19.92x26.84 containing 1x1x2 unit cells of silicalite 

(384 O ions, 192 Si ions) was used. The simulation box also contained 2 adsorbate 

molecules in the simulations of loadings of 1 molecule/u.c., and 4 molecules in the 

higher loadings. The molecules were placed within the channel network avoiding 

strong interactions. All atoms were assigned random initial velocities according to 

the Maxwell-Boltzmann distribution at the target temperature of 300 K. Once initial 

coordinates and velocities were available, each system was subject to an equilibration 

period which lasted 5 ps, during which the velocities were scaled every time step, 

in order to drive the system towards the desired target temperature. During the 

equilibration period, all memory of the initial configuration was lost. No drift in the 

total energy was observed once the equilibration period terminated, indicating that 

the time step was sufficiently short. Production runs of 100 ps followed, during which 

configurations of the system were saved every 0.1 ps for subsequent analysis.

Diffusion coefficients were calculated form the mean-square-displacements (MSD) 

using Einstein’s relation (see Chapter 2). The centre-of-mass squared displacements 

were averaged over the number of adsorbate molecules and over different time origins. 

The diffusion coefficients obtained are given in Table 4.4.
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Adsorbate D X 10  ̂
1 molec./u.c.

cm^/s
2 molec./u.c.

methanef 410 1240
ethane 692 620
propane 56 68
n-butane 7 14
n-hexane 14 9

Table 4.4: Calculated diffusion coefficients of silicalite adsorbates at 300 K and load
ings of 1 and 2 molecules/u.c. f Results of M, Kawano [39].

A general trend found in the diffusion coefficients (see Table 4.4 and Fig. 4.8) is 

that the diffusivity decreases with the increasing length of the hydrocarbon chains. 

From methane to n-butane the diffusion coefficient gradually decreases each time 

the chain length is increased by one carbon atom, with the suprising exception of 

the value obtained by Kawano [39] for methane at a loading of 1 molec./u.c. This 

particular result does not fit either with the value obtained at the higher loading 

of 2 molec./u.c. Further increasing the length of the chain does not seem to have 

such dramatic effects on the diffusivity. Methane is practically a spherical molecule; 

indeed, in many instances it has been simulated as a Lennard-Jones atom (see for 

example [37, 31]). Ethane is the first molecule in the series of n-alkanes to show the 

non-spherical features that become characteristic of longer chains, and this is possibly 

the reason why the decrease in D from methane to ethane is more substantial than 

from n-butane to n-hexane.

Concerning the dependence of the diffusion constant on the adsorbate loading, a 

somewhat erratic behaviour is observed (see Table 4.4). Similar behaviour was ob

served by Catlow et a i [40] in their simulations of methane at 600 K. They noted 

that when increasing the loading from 0.5 to 1 molecules/u.c. the diffusion con

stant increased. Kawano et a i [41] have obtained similar results for the same system
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Figure 4.8: Comparison of the total Mean Square Displacements for ethane, propane 
and n-butane in silicalite at a loading of 1 molecule/u.c. and a temperature of 300 K. 
— • ethane, • • • propane, n-butane.

at 300 K. The results listed in Table 4.4 show a decrease for ethane and n-hexane, but 

a slight increase for propane and n-butane. Although in general it is expected that 

diffusion should decrease with increasing loading, due to the augmented frequency of 

molecular collisions, the behaviour is strongly dependent on the adsorbent structure 

and on specific interactions of the adsorbed molecules with extra-framework cations. 

The different possible behaviours of the diffusivity with adsorbate loading have been 

reviewed by Kàrger and Pfeifer [3]. As an example of a structure which could cause 

the diffusivity to increase with loading, consider a zeolite structure, that includes 

“pockets” in its framework, in which certain adsorbed molecules could be accommo

dated. At low loadings, most of the adsorbed molecules will be found trapped in
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such cavities, and diffusion will be low. As the loading is increased further, most 

of the pockets will be eventually occupied, and this will result in an increase of the 

diffusivity with loading. If the loading is increased still further, the intermolecular 

collisions will have the effect of decreasing the diffusion. However, we can not expect 

that this explanation is the correct one in the case of silicalite, given the absence of 

cavities that can effectively trap the molecules in this structure. Neither are specific 

interactions to blame, since the frameworks considered here are purely siliceous. The 

unsystematic behaviour found in our results may be a consequence of poor statistics 

resulting from insufficiently long production runs and from small system sizes. Ex

perimental evidence shows that at the relatively small loadings under consideration 

here, the influence of loading is rather small, and thus it is perhaps not surprising 

that we find this unexpected behaviour. Longer production runs and bigger system 

sizes should provide us with the correct behaviour. However, it must be noted that 

a unit cell of silicalite contains 288 atoms in total, and since MD is a technique for 

which the computational cost grows eis the square of the number of atoms in the simu

lation box, the increase of the system size would render the simulations prohibitively 

expensive. Nevertheless, in spite of the uncertainty concerning the dependence on 

loading, our calculated diffusion coefficients are in close agreement with experimental 

data obtained with the Frequency Response and Pulsed Field Gradient NMR tech

niques [8, 9], as can be seen in Fig. 4.14, indicating that the overall picture provided 

by these simulations is a reliable one.

Fig. 4.9 shows the MSD’s obtained for ethane at a loading of 1 molecule/u.c. The 

influence of the silicalite channel structure is evident in the diffusion along different 

directions. The calculation shows that diffusion is more or less equally fast in both 

the straight and the sinusoidal channels. Although there is-no channel type that runs 

along [001], there is some diffusion in this direction, resulting from molecular motion 

alternating from sinusoidal to straight channels. The finding that diffusion is smallest
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Figure 4.9: Mean Square Displacements of ethane in silicalite at a loading of
1 molecule/u.c. and 300 K. — to ta l ,  x, — • — y, - • • z.

along [001] reflects the fact that the crossing of molecules between different types of 

channels is a slow process.

We note that our calculated results do not show a general trend concerning the 

anisotropy of the diffusion. Although, as already mentioned, the diffusion rates along 

[100] and [010] are virtually equal for ethane at 1 molecule/u.c., the picture changes in 

the case of the higher loading of 2 molecules/u.c., where diffusion seems to be slightly 

faster along the sinusoidal channels. In the case of propane, the situation is the reverse 

with respect to ethane, while in n-butane again the diffusion is faster along [100]. This 

lack of consistency may again be a reflection of poor statistics of the present results. 

It should be taken into account that although the two types of channel have slightly 

different shapes, they are roughly equal in diameter, and therefore, although some 

differences might be expected in the diffusivities in the different directions, these are
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not likely to be substantial. It is then not surprising that we can not resolve them, 

given the short length of our production runs.

Let us now look at the dynamics of the individual molecules resulting from the 

simulations. Figs. 4.10 and 4.11 show the x and y coordinates of the centre-of-mass of 

an ethane molecule obtained from the 1 molecule/u.c. simulation. Several conclusions 

can be extracted from these plots. In the first place, it is evident that diffusion takes 

place by means of jumps; we have here an example of a hopping diffusion mechanism. 

This is particularly noticeable in the y component. Between jumps, the molecule 

remains more or less stationary, vibrating around its temporary equilibrium position. 

During a jump, which is completed in a time which is much shorter than the time the 

molecule remains stationary, the position of the molecule varies by some 10 Â. Jumps 

in the [010] direction take place every 20-30 ps. Notice, at a time of % 70 ps how 

the molecule undertakes another jump attem pt. This time, however, the molecule 

becomes trapped at half the normal length of the jump, while at the same time the 

X coordinate starts changing. This indicates that the molecule has moved into a 

sinusoidal channel via the channel intersection, and is now diffusing along [100]. It is 

also clear from these plots that the molecules tend to reside in the channel sections, 

where their potential energy is lower than in the intersections. These pose barriers to 

diffusion, which the molecules must overcome in order to diffuse. In so doing there is 

a chance that the molecules start diffusing in a different direction.

The plots of Figs. 4.10 and 4.11 show the trajectory of a molecule during the 

whole length of the simulation (100 ps). It is easy to see that the number of hopping 

events per molecule in this time scale is relatively small (only three in this case) 

and therefore it is not surprising that our results show some small inconsistencies 

regarding the calculated diffusion coefficients. In order to improve the statistics of 

these hopping events, much longer simulations (% 1000 ps) of systems containing 

bigger number of molecules would be needed. In spite of this, the reported simulations
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Figure 4.10: Time evolution of the x component of the centre-of-mass of an ethane 
molecule in the 1 molecule/u.c. loading simulation.
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Figure 4.11: Time evolution of the y component of the centre-of-mass of the same 
molecule as in the previous figure.
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Temperature D X lO'̂
(K) (cm^/s)
300 2.05
450 3.72
600 2.23

Table 4.5: Diffusion coefficients for methane in chabazite as a function of temperature 
for a loading of 0.5 molecules/u.c.

provide important insight into the process of diffusion. Fig. 4.11 seems to indicate that 

there is a higher probability for a molecule to continue moving in a given direction 

rather than changing into a different type of channel, since out of three observed 

barrier crossings, only one corresponds to a straight-sinusoidal channel transition. 

However, this conclusion must be checked with longer simulations before we can 

affirm categorically that this is the case.

4 . 4  Sim ulations o f M ethane Diffusion in Chabazite

In this section, the results of simulations of methane in chabazite will be reported. 

The simulation box used contained 8 (2 x 2 x 2) unit cells of the crystal structure, and 

the loading considered was 0.5 molecules/u.c. Rather than varying the loading, in 

this particular system we have focused on the influence of the temperature variation 

on the diffusion process. We have simulated this system at temperatures of 300. 450 

and 600 K. The 4 methane molecules were randomly positioned within the framework, 

and velocities for all atoms in the simulation box were generated from the Maxwell- 

Boltzmann distribution at the corresponding target temperature. The time step used 

was again 1 fs. Each system was equilibrated for a total of 10 ps, and production 

runs of 200 ps were carried out at each temperature.
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The results obtained predict a surprising variation of the diffusion with tempera

ture. Diffusion coefficients (see Table 4.5) increeise, as expected, when the tempera

ture is raised from 300 to 450 K, but when the temperature is increased still further, 

the diffusion seems to slow down again almost to the same value it had at the tem

perature of 300 K. This surprising behaviour diflFers from the Arrhenius behaviour 

that hcis been observed in other zeolites, both in experiments and simulation. NMR 

measurements of methane diffusion in chabazite have been reported by Kàrger and 

Caro [6]; unfortunately, these authors did not study the temperature dependence of 

the diffusion process, and to our knowledge, no experimental confirmation exists of 

the predicted behaviour. The diffusion coefficients reported in Table 4.5 are approxi

mately two orders of magnitude higher than the NMR data of Kàrger and Caro, but 

there seems to be some uncertainty in the actual value reported by these authors [90]..
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Figure 4.12: Total MSD’s of methane in chabazite at 300, 450 and 600 K.

It is well known that the structure of chabeizite has a high degree of mobility
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(see [83] and references therein). Perhaps the high flexibility of the zeolite framework 

could be responsible for this non-Arrhenius behaviour. With the increase of temper

ature, there is an increase in the average kinetic energy of the adsorbed molecules, 

and this normally results in a faster diffusion. But at the same time there is a gain 

of kinetic energy of the framework atoms, which causes their oscillations to become 

larger. This could result in a narrowing of the pore section, which could conceivably 

counteract the effect of the increase in molecular kinetic energy. Since the chabazite 

structure contains pores of small diameter (3.8 Â), this effect, combined with the 

increase of effective diameter of the molecules with temperature, could result in the 

observed behaviour. Nevertheless, the reported differences of D with temperature are 

rather small, and although the production runs for this system are twice as long as 

for the simulations of silicalite, the system sizes are still relatively small, and conse

quently the observed temperature dependence could be a result of lack of statistical 

accuracy in our results.

In Fig. 4.13 the velocity autocorrelation functions (VAF) obtained from the centre- 

of-mass velocities of the methane molecules at the temperatures of 300 and 600 K 

are compared. The VAF’s can provide information on the short time dynamics of 

the adsorbed molecules, aa was discussed in Chapter 2. Note how in the higher 

temperature case the first minimum of the VAF becomes more pronounced and occurs 

at an earlier time than in the 300 K simulation. This indicates that at the higher 

temperature the molecules invert their velocities more frequently than at the lower 

temperature, due to the increase in the number of collisions. At the low loading that 

has been considered here, this is most likely to be due to collisions with the framework, 

rather than collisions involving two molecules. In general, the number of collisions 

with the framework must increase with temperature, but-usually the gain in kinetic 

energy compensates the effect of the higher frequency of collisions and an increase in 

diffusivity results. The fact that this does not happen here seems to indicate that the
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Figure 4.13: Normalized VAF functions of the centre-of-mass velocity of methane 
molecules in chabazite at temperatures of 600 K (—) and 300 K (• • •)

combined effect of the high framework mobility and the narrow diameter of the pores 

of chabazite play an active rôle resulting in a hindrance of methane diffusion at high 

temperatures.

If the predicted temperature behaviour of this particular system is not a spurious 

result due to lack of statistical accuracy, then the following question arises: Is this 

a real effect or is it a fictitious behaviour resulting from inadequacy of the potential 

model? The lack of experimental data to either support or contradict these results 

hcLS already been mentioned, and to our knowledge, no other zeolite-adsorbate sys

tem has been reported to produce a similar behaviour. Concerning the adequacy 

of the model used, we can say that the framework potentials have been thoroughly 

tested, and are known to reproduce the structure of many zeolites in energy mini

mization calculations. However, the questions of how well these potentials reproduce



Diffusion in S ilicalite and Chabazite 121

the dynamical properties of the lattice, and how important these properties might 

be in this case, are subtle ones. As was already noted in Sec. 4.2, rigid-ion models 

are unlikely to reproduce correctly the vibrations of the lattice, but this does not 

seem to be a problem in silicalite. However, in chabazite the channels are narrower 

than in silicalite, and the effects of the lattice could be more important. To improve 

the framework model, i.e. to reproduce better the lattice dynamics, a shell-model 

potential like that developed by Sanders [85] would be needed. However, although 

shell-model MD is already an available technique [56], it has the disadvantage of 

increasing dramatically the computational cost, and it has not been possible for us 

to perform sdch simulations.

4.5 Conclusions

In this chapter, simulations of hydrocarbon diffusion in zeolites silicalite and chabazite 

have been described. The simulation results provide diffusion coefficients for ethane, 

propane, n-butane and n-hexane in silicalite which are in good agreement with Single 

Step Frequency Response [8] and Pulsed Field Gradient NMR [9] experimental data 

(see Fig. 4.14).

We have gained important insight into the diffusion mechanism of these molecules, 

but finer details concerning the change in diffusivity with loading and the anisotropic 

effects resulting from the framework structure have not been unambiguously resolved, 

mainly due to the small size of the simulated systems and to the relatively short 

production runs which were imposed by the expense of the calculations. In subsequent 

chapters the study of some of these systems is re-addressed using a simpler model that 

allows us to overcome these problems. It will be seen then that it is possible to obtain 

a consistent picture of the diffusion process with varying loading and temperature.

Our simulations of methane in chabazite predict a non-Arrhenius temperature
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Figure 4.14: Comparison between experimental and computational diffusion coeffi
cients for n-alkanes in silicalite as a function of the hydrocarbon chain length.

dependence of the diffusion constant. We do not know of any experimental confir

mation of this prediction, and thus we remain cautious regarding the acceptance of 

these results, which could stem from lack of statistical accuracy, in the same way as 

do the inconsistencies observed in the loading dependence of the diffusion in silicalite. 

Studies of the same system with different model potentials, perhaps including a rigid 

framework model, should be carried out to lift the question of whether this predicted 

behaviour is an artifact of the simulation or is it really a phenomenon that can be 

expected to be observed in the real system. We note however that even if this last 

possibility was the case the reported differences are perhaps too small to be detected. 

Chabazite is known to possess a high degree of mobility, which could possibly account 

for this strange behaviour.
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D iffusion o f n—butane in Silicalite

In this Chapter the results of Molecular Dynamics simulations of n-butane adsorbed 

in silicalite will be reported. The model used in these simulations is somewhat siinpler 

than the one described in Chapter 4. This has enabled us to perform simulations on 

bigger systems for times considerably longer than those reported in the previous' 

Chapter, and thus it has been possible to obtain great statistical accuracy in the 

results. The influence of adsorbate loading and tem perature variation on the diffusion 

process and other aspects of this particular system have been investigated.

In Sec. 5.1 the model used in these simulations is described in detail. The calcu

lations and averages obtained will be discussed in Sec. 5.2, while Sec. 5.3 is devoted 

to the analysis of the obtained data. The conclusions resulting from this work are 

given in Sec. 5.4.

' 123
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5.1 M odel

5.1.1 Intram olecular force field and interm olecular p o ten 

tia l

For the simulations reported in this Chapter, a version of the Ryckaert-Beilemans 

model [34] has been adopted to describe the intramolecular degrees of freedom of 

the adsorbates. In this model both CH3 and CHg groups are described as united 

atoms or beads, each with the appropriate mass (15 or 14 g/mol) concentrated where 

the carbon atom of the group would be. Those beads which are directly bonded 

are maintained at the normal C-C bond distance in hydrocarbons of 1.53 Â. This is 

achieved by means of constraints (see Chapter 2) implemented through the RATTLE 

algorithm. These bond constraints are enforced to an accuracy of up to 10~® or better 

during the simulation, which is enough to produce good energy conservation. Several 

authors have used constraints to freeze bond angles to a given equilibrium value, for 

example Brown and Clarke [64] in their simulations of gaseous and liquid n-butane, 

or Goodbody et a/ [31] in their simulations of n-butane adsorbed in silicalite. In the 

present work, however, bond angles have been allowed to evolve under the influence 

of a potential which is harmonic in the cosine of the angle, i.e.

V{6) = ^kg{cos 0 — cos 9^)^ (5.1)

where 9 is the instantaneous angle and 9  ̂ is the equilibrium angle, which has been 

taken to be equal to the tetrahedral angle, 109.47°. The reason for not constrain

ing these degrees of freedom is that the imposition of such constraints is known to 

introduce a bias in the distribution of dihedral angles [70]. Since we_are interested 

in detecting what influence, if any, the presence of the zeolite framework has on the 

conformation of the adsorbed molecules, the avoidance of any effects other than those
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deriving directly from the intramolecular potential and the zeolite-adsorbatc inter

action is highly desirable. The potential of Eq. 5.1 is used in preference to the more 

usual expression (harmonic in the angle), since it is computationally more efficient to 

evaluate. The two potentials are virtually identical for small angular displacements 

of up to 15*.

The torsional degree of freedom for rotation around the central bond of n-butane 

is described by an expansion in powers of the cosine of the dihedral angle given by
5

V W  = cos" <j) (5.2)
n=0

where is defined so that 0* corresponds to the Trans conformation, while the two 

gauche conformations are located at angles of 120* and —120* respectively. The 

potential parameters (n„) are listed in Table 5.1, and the form of the potential is 

illustrated in Fig. 5.1.

No short-range non-bonded intramolecular interactions are considered for this 

particular model. However, different molecules interact via a potential resulting from 

bead-bead pair interactions, for which a 12-6 Lennard-Jones pair potential has been 

adopted. The potential is thus

y  = (-3.)
.=1 i=i

where index i runs over beads of the first molecule, and index j  over those of the 

second molecule. The cut-off distance for the pair interactions was taken to be 13 Â. 

The potential parameters used with the intra and intermolecular potentials are listed 

in Table 5.1.

5.1.2 Framework m odel and fram ew ork-guest interactions

In all the simulations reported in this Chapter a rigid-lattice approximation has 

been adopted. The neglect of the framework dynamics seems to be justified by the
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Figure 5.1: Dihedral angle potential for the Ryckaert-Bellemans model of n-butane.

good agreement achieved between experientally measured diffusion coefficients and 

values calculated within this approximation, both for n-butane [31, 33] and for other 

adsorbate molecules. Nevertheless, this is a significant departure from the real system, 

and as we shall see later in this chapter, it can have important consequences on the 

microscopical description of the adsorbate dynamics under certain circumstances.

The zeolite-adsorbate interaction, as usual, is described by means of Lennard- 

Jones 12-6 potentials between the 0  framework ions and the molecular atoms, or in 

this case beads. Both CH3 and CHg beads interact via the same pair potential with 

the 0  ions. The potential cut-off used in the evaluation of these interactions was 

also 13 Â. Interactions with the Si ions were neglected. The potential parameters 

used were taken from the work of June et ai [33], and are listed in Table 5.2. No
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Figure 5.2: Contour plot of the zeolite-monomer potential energy in the plane y 
0.25 c (along the sinusoidal channel). Energy contours are in eV.
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Figure 5.3: Contour plot of the zeolite-monomer potential energy in the plane z =  0 
(along the straight channel). Energy contours are in eV.
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Parameter Value
ke (eV/rad^) 5.3895

0-0 0.09617
Ol 0.12599
02 -0.13598
03 -0.03172

0.27197
05 -0.32643

(eVÂ") 329750.7236
Caa (eVA") 90.4640

Table 5.1: Intramolecular bond-bending, dihedral and adsorbate-adsorbate potential 
parameters. Except where indicated, the units are eV.

electrostatic terms were included in this model. In Figures 5.2 and 5.3 contour plots 

of the potential energy experienced by a single molecular bead along the sinusoidal 

and straight channels are shown. Notice how the channel intersections are found to 

be regions of higher potential energy than the channel sections.

B C
(eV A '') (eVA®)

60666.5681 41.8614

Table 5.2: Lennard-Jones zeolite-adsorbate potential parameters.

5.2 Calculations

An ensemble of 64 adsorbed molecules was considered in all the simulations. The 

loading was varied either by changing the number of silicalite unit cells in the simu

lation box, or by dividing the molecules into non-interacting sub-ensembles. Using 

a simulation box of 2 x 2 x 4 unit cells and a single ensemble resulted in a loading of
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4 molecules/u.c., whilst reducing the simulation box to 2 x 2 x 2 unit cells produced a 

loading of 8 molecules/u.c.. For the loading of 2 molecules/u.c., rather than increas

ing the size of the simulation box to contain 32 unit cells, two sub-ensembles of 32 

molecules each were set up, and only interactions between molecules pertaining to the 

same ensemble were considered. The use of an equal number of adsorbed molecules 

in each simulation is desirable, since in this way the same accuracy is obtained for all 

the different cases considered. In all, loadings of 2, 4, 5.3 and 8 molecules/u.c. at a 

target temperature of 300 K have been simulated.

As well as varying the loading of adsorbates, simulations at different temperatures 

have been undertaken at the loading of 4 molecules/u.c. Simulations at the target 

temperatures of 200, 300 and 400 K were performed. The study of the temperature 

dependence of the diffusion coefficient allows the estimation of the activation energy 

of the diffusion process at this particular loading.

In all the simulations, the adsorbed n-butane molecules were randomly distributed 

within the pores, ensuring that no strong repulsions took place between the frame

work and the molecules, or among the molecules themselves. Random velocities were 

generated from the Maxwell-Boltzmann distribution defined by the appropriate tar

get temperature, and were assigned to each molecular bead. The trajectories of the 

molecules were then integrated in the Microcanonical (NVE) ensemble, using the ve

locity form of the Verlet algorithm (see Chapter 2 and [61]) with a time step of 2 fs. 

This time step was small enough to produce good energy conservation. After the 

initialization of the simulations, the systems were equilibrated for periods of 100 ps, 

during which the velocities were scaled at regular intervals of 20 time steps, in order 

to drive the system towards the desired target temperature. The equilibration period 

was necessarily long, since it is well known that the equilibration process involving 

degrees of freedom subject to potential energy barriers, as it is the case with the 

torsions in n-butane, is only slowly achieved, taking place over a time scale of the
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order of several tens of ps.

As mentioned in Chapter 2, Sec. 2.6, the imposition of constraints reduces the 

number of degrees of freedom of the system. In the case of an n-butane molecule 

described according to the Ryckaert-Bellemans model, the use of constraints to fix 

the bond lengths reduces the degrees of freedom per molecule from 12 to 9. Taking 

this into account, two different temperatures can be defined in these systems: an 

atomic temperature, based on the velocities of the individual beads, and which is 

given by
 ̂ Tlfi

=  (s-^)
t=i j=i

where n is the number of molecules (in this case 64), Ua is the number of atoms per 

molecule, m* is the mass of atom (bead) z, v ‘- is the velocity vector of atom j  in 

molecule i and Jcb is Boltzmann’s constant, and the molecular temperature, based on 

the centre-of-mass velocities, and which is given by

ï - - - î à ; è " ‘ <“ )
1 =  1

where irii is now the total molecular mass and is the centre-of-mass velocity 

vector. These two temperatures must provide identical averages, within their corre

sponding statistical error bars, if equilibrium has been properly achieved. The two 

temperatures were monitored to ensure that equilibrium had indeed been reached 

after 100 ps of velocity scaling.

After the equilibration period was complete, production runs of 1000 ps (500,000 

time steps) were undertaken. The results reported in Chapter 4 clearly indicate that 

such long simulation runs are necessary if a sufficient degree of accuracy is to be 

obtained. During these production runs, centre-of-mass coordinates jvere saved to 

a file every 100 time steps (200 fs), and centre-of-mass velocities were stored every 

20 time steps. The higher frequency of the velocity storage stems from the need to
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obtain a small enough frequency spacing when the calculated velocity autocorrelation 

functions are Fourier transformed to give the power spectra of the molecular motions. 

Also the components of the normalized end-to-end vector were saved at time intervals 

of 100 time steps. This vector, as its name indicates, points from one end of a 

molecule to the other (from CH3 to CH3). Given the form of n-butane, the end-to- 

end vector roughly coincides with the principal axis of the molecule. This vector is 

useful for several reasons. First, given the structure of the channel network in which 

the molecules are adsorbed, whenever a given molecule is in a channel section it will 

be constrained to lie with its axis more or less parallel to the axis of the channel. 

As a result, it will be very easy to decide whether a molecule is lying in a sinusoidal 

or straight channel just by comparing the x and y components of its end-to-end 

vector, since both channels are roughly perpendicular to each other. If neither of the 

end-to-end vector components is dominant, then the chances are that the molecule 

is located at a channel intersection, the only region of the pore structure in which 

the rotation of n-butane molecules is relatively unhindered. By comparing the end- 

to-end vector components in this fashion, it is possible to obtain an estimation of 

the relative distribution of molecules amongst zig-zag channels, straight channels 

and intersections. Furthermore, this vector can provide insight into the process of 

migration or transition of the adsorbates between the different types of channels. 

This can be done by studying the decorrelation of the vector components, as shown 

by June et a i [33]. Decorrelation of these components comes about through rotation 

of the molecules around their centre-of-mass. However, in this particular case, where 

such rotations are strongly hindered by the zeolite structure whenever the molecules 

are located in channel sections, decorrelation is only possible in appreciable amounts 

through inter-channel (zig-zag ^  straight) crossings. Therefore, the decorrelation 

of these components can provide a measurement of the time scale over which these 

inter-channel events take place.
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Finally, the values of the bond and the dihedral angles have been recorded during 

the production runs at intervals of 50 time steps, to produce distributions of these 

intermolecular degrees of freedom.

The simulations described here have been performed with the program BUTAN, 

specifically written for this purpose. This program is capable of taking advantage of 

several optimizing strategies in the model considered here. Thus it is more efficient 

than other, more generally applicable codes, such as FUNGUS, which was described 

in Chapter 3. The details of BUTAN are briefly described in Appendix A.

5.3 R esults

The results obtained from the simulations described in Sec. 5.2 can be classified into, 

two groups: the first concerns averages of time-independent equilibrium properties, 

such as temperatures, energies, angular distributions and molecular distributions in 

the channel network; the second includes dynamical averages such as the diffusion co

efficients, velocity autocorrelation functions and end-to-end vector correlation func

tions. The time-independent equilibrium properties will be discussed first.

5.3.1 T im e-in d ep en d en t equilibrium  properties

Tables 5.3 and 5.4 summarize the equilibrium averages obtained as a function of n - 

butane loading and system temperature respectively. The tabulated values are the 

atomic temperature < Tg >  and the molecular temperature < T ^ > , as defined by 

Eq. 5.4 and Eq. 5.5 respectively, the atomic kinetic energy < Ek >, the potential en

ergy < Ep >, and the total energy < Ep >. In Tables 5.5 and 5.6 the contributions to 

the total potential energy are individually listed. These include the zeolite-adsorbate 

potential energy < E^a > , the adsorbate-adsorbate potential energy < Eaa > , and 

the intramolecular bond-bending < Ett > and torsional < Ê or > potential energies.
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Loading < Ta > < Tm > < Ea' > < Ep > < Ep >

(molecules/u.c.) (K) (kJ/m ol)
2 303.9 303.5 11.370 -41.849 -30.4792
4 287.2 287.6 10.745 -43.443 -32.6971

5.3 302.1 299.2 11.303 -43.241 -31.9377
8 303.0 303.3 11.337 -44.008 -32.6704

Table 5.3: Average system properties for n-butane adsorbed in silicalite at different 
loadings. < > average atomic temperature, < Tm > average molecular tempera
ture, <  Ea' > average kinetic energy, < Ep > average potential energy and < Ep > 
average total energy.

< Ta > < Tm > < Ea > < Ep > < Ep >
(K) (kJ/mol)

209.4 207.2 7.834 -46.340 -38.5058
287.2 287.6 10.745 -43.443 -32.6971
400.1 400.4 14.971 -39.216 -24.2449

Table 5.4: Average system properties for n-butane adsorbed in silicalite at a loading 
of 4 molecules/u.c. as a function of temperature.



134 Chapter 5

Loading < Ê a > < Eaa > < E66 > < Etor >
(molecules/u.c.) (kJ/mol)

2 -45.660 -0.860 2.548 2.124
4 -46.270 -1.554 2.397 1.985

5.3 -45.912 -1.970 2.510 2.160
8 -45.774 -3.001 2.507 2.260

Table 5.5: Contributions to the potential energy of the adsorbed molecules as a 
function of loading. < E^a >  zeolite-adsorbate potential energy, < Eaa > adsorbate- 
adsorbate potential energy, <  E(,& >  bond-bending intramolecular potential energy 
and < Etor > dihedral torsional potential energy.

< Ta > < Eza > < Eaa > < Ebb > < Etor >
(K) (kJ /  mol)

209.4 -47.850 -1.601 1.782 1.325
287.2 -46.270 -1.554 2.397 1.985
400.1 -44.083 -1.523 3.321 3.068

Table 5.6: Contributions to the total potential energy of the adsorbed molecules as a 
function of temperature.
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It can be seen from Tables 5.5 and 5.6 that the zeolite-adsorbate term is always 

the dominant contribution to the potential energy. Therefore strong effects on the 

molecular conformations can be expected. Indeed, the torsional angle distributions of 

the adsorbed molecules are found to be substantially different from that found in the 

ideal gas. As illustrated in Fig. 5.4, the adsorbed molecules are found to adopt the 

Trans (—60° < (/> < 60°) conformation more readily than in the ideal gas at the same 

temperature. While the fraction of molecules in the Trans conformation in the gaa 

phase at 287 K is some 62%, the fraction of Trans molecules in the adsorbed pheise 

is almost 82%. Obviously, steric effects due to the presence of the zeolite framework 

result in a higher energy difference between the Trans and the Gauche conformations 

of adsorbed n-butane.

In Fig. 5.5 the dihedral angle distributions for the different loadings considered are 

compared. Notice that the influence of the loading on the shape of the distribution is 

small. This is not surprising, since the adsorbate-adsorbate interaction is a compara

tively small contribution to the total potential energy experienced by the molecules. 

It has been previously observed that the dihedral angle distribution remains almost 

unaffected when increasing the density of fluid n-butane. The population of Trans 

molecules varies by about 1% when going from gaseous to liquid n-butane [64]. The 

influence of the variation of temperature, however, is more drastic. Fig. 5.6 shows 

the distributions obtained from the simulations at temperatures of 209, 287 and 

400 K at the loading of 4 molecules/u.c. Raising the temperature has the effect 

of broadening the peak corresponding to the Trans conformation. But noticeably, 

this temperature increase does not result in a substantial increase of molecules in the 

Gauche conformation, although at 400 K some molecules are found with (j) such that 

40° < |<̂ | < 80°, where the distribution is practically zero at lower temperatures. But 

the fact that at this temperature the fraction of Gauche molecules remains smaller 

(~  30°) than it would be at the lower temperature of 287 K in the gas phase (% 40°)
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Figure 5.4: Comparison of the dihedral angle distributions for adsorbed and gaseous 
n-butane in the Ryckaert-Bellemans model. • • - ideal gas, — adsorbed phase at 
loading of 4 molecules/u.c. and 287 K.

gives an idea of the strength of the confinement to which the adsorbates are subject by 

the pore walls. In Table 5.7 the relative populations of Trans and Gauche molecules 

obtained from the distributions resulting from our simulations are reported.

As expected, the bond angle distributions are quite insensitive to variations in the 

loading, and although they do vary slightly when the temperature is increased, the 

resulting broadenings are only small. The standard deviation of the mean angle goes 

from S.G*’ at 209 K to 4.9° at 400 K. These small variations are due to the steepness 

of the bending potential, and for the same reason, the effects due to the presence of 

the zeolite lattice are also expected to be small.
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Figure 5.5: Dihedral angle distributions as a function of adsorbate loading. 
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Figure 5.6: Dihedral angle distributions as a function of simulation temperature. 
209.4, — 287.2, - - - 400.1 K.
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< T« > Loading Q- T 0+ G /T
(K) (molecules/u.c.) (%)

303.9 2 9.33 81.52 9.15 0.23
287.2 4 8.00 82.80 9.20 0.21
302.1 5.3 11.50 78.10 10.40 0.28
303.0 8 11.12 76.90 11.98 0.30
209.4 4 5.40 88.77 5.83 0.13
400.1 4 14.54 69.92 15.54 0.43

Table 5.7: Populations of the conformational states (G  gauche, T  trans) of adsorbed 
n-butane under different conditions of loading and temperature.

As pointed out in Sec. 5.2, the end-to-end vector components can be used to 

obtain a rough estimate of the ratio of molecules adsorbed in intersections, zig-zag 

channels and straight channels. It must be pointed out that the ratios obtained in this 

way can only serve cls an approximation to the real distribution, but nevertheless it 

will be seen that the predictions obtained are sensible. The calculated ratios are listed 

in Tables 5.8 and 5.9 as a function of adsorbate loading and temperature respectively. 

Notice that in all cases the relative population in the channel intersections is compar

atively low, since these regions axe of higher zeolite-adsorbate potential energy, aa can 

be seen from Figs. 5.2 and 5.3. For loadings ranging from 2 to 5.3 molecules/u.c. the 

relative population of adsorbates in sinusoidal channels is higher than that in straight 

channels by a few per cent, indicating that there is a slight difference in the energetics 

of adsorption in the two channels. At loadings of 8 molecules/u.c. the two popula

tions become practically identical, indicating that at this loading a given molecule 

is as likely to lie in one type of channel as it is in the other. This result is consis

tent with the packing arrangement proposed by Richards and Rees [91], according to 

which there will be one adsorbate molecule located at each channel section.

The relative populations are slightly more sensitive to the variation of temperature 

than they are to the variation of loading. At the temperature of 209 K the population
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Loading Z S I
(m./u.c.) (%)

2 44.0 41.0 15.0
4 46.7 41.0 12.3

5.3 44.6 42.6 12.8
8 42.7 42.7 14.6

Table 5.8: Relative populations of adsorbates in zig-zag channels (Z), straight chan
nels (S) and channel intersections (I) at different loadings.

< T a >  Z S I
(K)_________ (%)

209.4 51.6 41.2 7.2
287.2 46.7 41.0 12.3
400.1 40.0 40.5 19.5

Table 5.9: Relative populations of adsorbates in the intersections and different types 
of channels as a function of temperature

in sinusoidal type channels is 10% higher than that in the straight channels. Again, 

this reflects the fact that molecules are more strongly adsorbed in the sinusoidal 

channels, although the difference in potential energy between the two types of channel 

is not substantial, since at 400 K both populations become identical.

5.3.2 T im e-d ep en d en t equilibrium  properties

The mean-square-displacements (MSD’s), the velocity autocorrelation functions (VAF’s) 

and the end-to-end vector correlation functions (EVP’s) have been computed from 

the trajectory data resulting from our simulations. From the slope of the MSD’s, 

diffusion coefficients can be obtained using Einstein’s relation (see Chapter 2). A sec

ond route to the diffusion coefficients is given by the time integrals of the VAF’s via 

the Green-Kubo relation. These functions will also be used to interpret the dynamics
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Figure 5.7: Mean Square Displacements of n-butane in silicalite at a loading of 
4 molecules/u.c. and a temperature of 287.2 K. — [100], • • • [010],---- [001].

of the adsorbed molecules via their Fourier transforms, the power spectra. The EVF’s 

are also an important aid towards understanding the molecular motions. As it shall 

be seen, VAF’s and EVF’s complement each other by providing information of the 

short-tim e and long-time scale adsorbate dynamics respectively.

Fig. 5.7 shows the MSD’s obtained for n-butane adsorbed at a loading of 4 

molecules per unit cell and a temperature of 287 K. It can be seen that, as expected, 

the diffusion is predominant along the [010] direction, i.e. the straight channels, al

though it is also quite substantial along [100]. However, the diffusion along [001] is 

rather slow, since there is no channel type associated with this direction. Diffusion 

along this direction is only possible through alternate motion in zig-zag and straight 

channels, and, as will become clear below, these inter-channel processes are rather
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Loading
(molecules/u.c.)

^ to t D.
(cm^/s X 10=)

D,

2 3.87(2) 2.68(2) 8.20(3) 0.720(4)
4 2.93(2) 1.71(2) 6.65(2) 0.415(3)

5.3 1.95(2) 1.65(2) 4.29(3) 0.408(3)
8 1.02(2) 0.78(2) 2.01(2) 0.271(3)

Table 5.10: Diffusion coefficients of n-butane in silicalite as a function of loading. 
Figures in parenthesis indicate the size of the error.

infrequent. Therefore it is not surprising that the diffusion in this direction is so slow. 

These patterns of diffusion anisotropy are maintained in all the simulations reported 

here, independently of adsorbate loading and system temperature. In Tables 5.10 

and 5.11 the total and directional diffusion coefficients as calculated from the slope 

of the MSD’s are listed as a function of the loading and temperature respectively.

<  T . > ^ to t Dx D,
(K) (cm^/s X 10=)

209.4 0.93(2) 0.45(2) 2.23(2) 0.109(2)
287.2 2.93(2) 1.71(2) 6.65(2) 0.415(3)
400.1 4.15(2) 3.75(2) 7.70(4) 0.980(4)

Table 5.11: Diffusion coefficients of n-butane in silicalite as a function of system 
temperature at a loading of 4 molecules/u.c.

In general it is expected that the diffusion coefficients decrease with increasing 

loading, due to the higher frequency of molecular collisions. This is what is observed 

in the results in Table 5.10 and illustrated in Fig. 5.8, where the total MSD’s have 

been plotted for the different adsorbate loadings that have been considered. However, 

the influence of the loading is not quite as dramatic as that found for the tempera

ture. Fig. 5.9 shows the total MSD’s obtained from the simulations at loading equal
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to 4 molecules/u.c. and temperatures of 209.4, 287.2 and 400.1 K. As expected, the 

diffusivity increases with temperature, due to the increase in average kinetic energy 

available to the adsorbed molecules. As can be seen from Figs. 5.2 and 5.3, in order to 

diffuse through the pores, the adsorbates have to overcome potential energy barriers. 

The combined effect of these barriers and the intermolecular collisions results in the 

diffusion being an activated process. In these circumstances the temperature depen

dence of the diffusion coefficient can be expected to obey the Arrhenius expression:

D(T) =  (5.6)

where Eq is the so called activation energy. The calculated diffusion coefficients at 

different temperatures have been fitted to an expression of the form of Eq. 5.6, from 

which an estimation of the activation energy for n-butane diffusion of 4.40 kJ/m ol 

has been obtained. The value of D° was 1.505 • lO"'  ̂ cm^/s. This activation energy is 

consistent with the experimentally measured value of Datema et al. [11]. Although 

these authors quote a value of 8.1 kJ/m ol, their measurements were performed at 

a higher loading (8 molecules/u.c.), which could explain the difference between the 

experimental value and our calculated one. The activation energy should increase 

with loading, and perhaps simulations at a similar loading as that used by Datema et 

al. would probably provide better agreement.

Diffusion coefficients as calculated from the VAF’s via the Green-Kubo equation 

(see Chapter 2, Eq. 2.35) were found to be always within 10% of the values obtained 

from the MSD’s. Fig. 5.10 shows some typical VAF’s obtained for the three compo

nents of the centre-of-mass velocity. This one in particular was obtained from the 

simulation of loading equal to 4 molecules/u.c. and temperature of 287.2 K. These 

functions can be seen to have an overall exponential decay with time. In fact, they 

behave like a linear combination of cosine functions times a decaying exponential. 

This is particularly clear in the z component of the velocity. All three components
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Figure 5.8: Total Mean Square Displacements for n-butane in silicalite as a function 
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Figure 5.9: Total Mean Square Displacements of n-butane in silicalite at a loading of 
4 molecules/u.c. as a function of tem peratu re .  209.4, • • • 287.2 and — 400.1 K.
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Figure 5.10: Normalized centre-of-mass velocity autocorrelation function for n- 
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Figure 5.11: Fourier transform of the velocity autocorrelation function for n-butane 
at 287.2 K and loading of 4 molecules/u.c.
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have decayed to zero after times greater than 3 ps. Notice how, for shorter times, 

both the X and y components have a similar pattern, which is rather diflferent from 

that of the z component. This is yet more evident in the power spectra of the different 

velocity components, shown in Fig. 5.11. Both .t and y components present two fre

quency peaks, the lower frequency one being centered at approximately i/i =  0 .3 p s" \ 

while the other peak is located at =  1.5ps“ h In the power spectrum of the z com

ponent only the high frequency peak is present. These frequency peaks correspond 

to frequencies of oscillation of the molecular centres-of-mass, and the fact that only 

one peak appears in the power spectrum of the z component indicates that there is 

a molecular mode of motion which is strongly hindered in this dimension, and can 

only take place in the x and y directions. The average amplitudes of these oscillatory 

modes can provide a hint towards the identification of these modes of motion. Such 

amplitudes can be roughly estimated from the expression

<  Ai >% > ' / '  (5.7)

where < Ai > is the sought average amplitude, Ti the period of oscillation, i.e. 1/f/^, 

where is the frequency of a given peak in the power spectrum, and < > is the

average squared velocity, which is given by the value of the VA F at the time origin, 

or alternatively from the statistical mechanical expression

(5.8)

For example, for the y component we can obtain < Ai > =  7 Â and < Ah > =  1.4 Â. 

Clearly, a vibration along y of average amplitude of the order of 7 Â can only be 

accommodated along the straight channels, and therefore the low frequency peak 

must be associated with this type of motion. To the higher-frequency corresponds an 

average amplitude of roughly 1.5 Â. This is most likely to be a molecular vibration 

perpendicular to the pore walls in the sinusoidal channels. In the VA F corresponding
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to the X component of the velocity, the frequencies can be cissociated with an os

cillation along the sinusoidal channel sections (the low frequency peak) and another 

perpendicular to the pore walls in the straight channels. The single peak observed 

in the r  component arises from short amplitude vibrations perpendicular to the pore 

walls which occurs in both straight and sinusoidal channels.

The EVF measures the time-dependence of the self correlation of the end-to-end 

vector components of the adsorbed molecules. As discussed in Sec. 5.2, the time 

scale of this decorrelation in the x and y components can be associated with the 

frequency of inter-channel (straight ^  sinusoidal) crossings. The decorrelation of the 

z component does not reflect any such migration process, and therefore it is of no 

practical interest.

In Fig. 5.12 the EVF’s functions resulting from the simulation of loading 4 molec./u.c. 

and 287.2 K have been plotted for times up to 10 ps. Noticeably, the x and y compo

nents of the vector remain correlated for times well beyond the time scale spanned by 

this graph, while the z component decorrelates very rapidly. All three components 

show at very short times (<  2 ps) an oscillatory pattern, which is quickly damped 

by the overall exponential decay that is typical of single-particle time correlation 

functions. This oscillatory behaviour probably results from the hindered rotation of 

the molecules in the pores. For low temperatures, the correlation of the x and y 

components remains considerably high for times longer than 100 ps, as can be seen 

from Fig. 5.13, where the results from the simulation at 4 molecules/u.c. and 209.4 K 

are shown. However, the decorrelation process speeds up when the temperature rises, 

cLS can be seen in Fig. 5.14, where the EVF’s obtained from the simulation at the 

same loading but at the system temperature of 400.1 K are shown. Notice how, at 

this temperature, correlation in all three components has been either lost completely 

or considerably reduced after 100 ps. As could be expected, the increase of the tem

perature results in a higher probability of interchannel crossings, and therefore the
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Figure 5.12: Short time behaviour of the end-to-end vector correlation function at
a loading of 4 molecules/u.c. and a temperature of 287.2 K. — x, ••• y a n d -----
components.

decorrelation of the end-to-end vector components takes place in a shorter time scale.

Single-particle time-autocorrelation functions are expected to decay exponentially 

with time [66], according to

< B{t) ■ B{0) > oc (5.9)

where (g is a constant which defines the rate of decay of the correlation. In the 

case of the EVF’s, such time constants can serve as an estimate of the average time 

between inter-channel transitions for a given molecule. These time constants have 

been calculated from the EVF functions resulting from the performed simulations, 

and are shown in Table 5.12. We can see how an increase in the loading results in an
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Figure 5.13: End-to-end vector correlation function for n-butane at a loading of 
4 molecules/u.c. and a temperature of 209.4 K. — x, ■" y a n d  z components.
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Figure 5.14: End-to-end vector correlation function for n-butane at a loading of 
4 molecules/u.c. and a temperature of 400.1 K. — a:, • • • y a n d  z components.
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< Ta > Loading
(K) (m./u.c.) (ps)

303.9 2 124 78
287.2 4 148 74
302.1 5.3 170 82
303.0 8 299 176
209.4 4 740 304
400.1 4 62 29

Table 5.12: Correlation time decay constants for the end-to-end vector components 
of n-butane in silicalite 2ls a function of temperature and adsorbate loading.

increase in both and ty  ̂ i.e. the inter-channel crossings take place less frequently. 

We can assume that the same mechanism that is responsible for the decrease in the 

diffusion is also responsible for the reduced frequency of inter-channel events, since 

we can expect that the resulting increase in intermolecular collisions frustrates many 

attem pts of such crossings in the same way as it frustrates hopping events. The 

tem perature increase has, however, the opposite effect. Another clear pattern that 

can be observed in the results shown in Table 5.12 is that, for any given temperature 

and loading, ty is always smaller than tx by a factor of about half. This probably 

indicates that molecules that are sorbed in straight channel sections are more likely 

to undergo an inter-channel transition than molecules located at sinusoidal channel 

sections are. This can be expected if, as our previous results seem to indicate, the 

molecules are more strongly adsorbed in the sinusoidal channels than they are in the 

straight channels, since for a sinusoidal —> straight transition, higher potential energy 

barriers would be found.

Let us now consider the question of the diffusion mechanism, and how this changes 

when the conditions of the system are varied. As indicated by Kàrger and Pfeifer [3] 

there are two possible explanations for the behaviour of the diffusivity as the adsorbate 

loading is increased. Since a hopping mechanism is expected to take place, the total
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diffusion coefficient will be given by

D = ^ u (P  (5.10)

where u is the frequency of hopping events, and d is the jump length. The decrease 

in diffusivity when the loading is increased could either be caused by a decrease 

in f/ or in d, or perhaps in both. There is some experimental evidence suggesting 

that both mechanisms can take place. Caro et al found that for propane diffusing 

in zeolite NaX it is the jump length that decreases with increasing loading, with i/ 

remaining constant. But if silicalite is used as the adsorbant, then it is u that is 

reduced, while d remains constant. This behaviour was observed at low and moderate 

loadings of propane. In our simulations, diffusion is indeed seen to take place by 

means of jumps. However, the predicted average jump length varies with loading. 

At a loading of 2 m./u.c. d comes out to be roughly 15-20 Â, as can be seen from 

Figs.5.15 and 5.16, where both the x and the y coordinate of an n-butane molecule 

obtained from the simulation at this loading is shown. At the early stages of the 

trajectory (300-400 ps) jump lengths of % 10 Â axe observed in the y direction. After 

this time, however, the molecule seems to diffuse by means of longer jumps. These 

large jump lengths are probably an over estimation resulting from the adoption of 

a rigid lattice model. The neglect of the framework dynamics results in inefficient 

thermalization of the adsorbates at low loadings, because this thermalization can only 

take place through intermolecular collisions, since the framework is frozen. But at 

low loadings such collisions are rare, and therefore, energetic molecules have difficulty 

in getting rid of their excess of energy. This could explain the long jum p lengths that 

can be seen in Fig. 5.16. It is worth recalling that in the simulations reported in 

Chapter 4, which did include the framework dynamics, only jumps lengths of about 

10 Â were seen, even at low loadings (1 and 2 m./u.c.). We are probably witnessing 

here an artifact due to the use of a rigid framework model.
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Figure 5.15: Time evolution of the x centre-of-mass coordinate of an adsorbate n 
butane molecule in the simulation of loading 2 molecules/u.c.
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Figure 5.16: Time evolution of the y centre-of-mass coordinate for the same molecule 
as in the Figure above.
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In Fig. 5.17 and 5.18 the evolution of the x and y centre-of-mass coordinates 

of an adsorbed molecule obtained from the simulation at loading of 8 m./u.c. is 

shown. On comparing these two trajectories with those shown in Figs. 5.15 and 5.16 

two important observations can be drawn. First, the frequency of the jumps has 

decreased substantially, with respect to the lower loading case, but secondly, the 

jump length has also decreased to a value of about 5 Â. This jump length would 

imply that the molecules leap from channel sections to intersection regions, where 

they become temporarily localized until a nearby channel section becomes available 

and the molecule can move into it. We can see in Fig. 5.17 that at a simulation time 

of roughly 200 ps, the molecule in question undertakes a jump, becoming trapped for 

some 50 ps in a channel intersection, until it can finally leave it and complete the 

jump. Perhaps it is more justifiable to say that at this high loading, jumps take place, 

in two stages, rather than to say that the average length is shortened. After this first 

jump is completed, the molecule remains more or less stationary until it begins a new 

hopping event at a time of approximately 550 ps. At a time of 750 ps the molecule 

undertakes a jum p which seems to be of length 10 Â, but notice that even in this case 

the molecule becomes trapped in the channel intersection for a time, which although 

brief (perhaps 5-10 ps) is still noticeable in the trajectory plot. Residence times in 

channel intersections seem to vary from a few to a few tens of ps at this loading.

We can conclude from these simulations that at high loadings (% 8 m./u.c.) dif

fusion of n-butane takes place by means of jumps consisting of two stages. The 

molecule becomes momentarily trapped in a channel intersection until other molecules 

in nearby channel sections rearrange in such a way that the intersection molecule can 

finally emerge from its trapping site and move into one of the channel sections.
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Figure 5.17: Time evolution of the x centre-of-mass coordinate of an adsorbate n- 
butane molecule in the simulation of loading 8 molecules/u.c.
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Figure 5.18: Time evolution of the y centre-of-mass coordinate for the same molecule 
as in the Figure above.
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5.4 Conclusions

In this Chapter the results of an extensive set of simulations of n-butane adsorbed in 

silicalite under different conditions of loading and temperature have been reported. 

Long production runs on reasonably sized systems have been obtained, and thus we 

have obtained statistically reliable results. The conclusions that can be derived from 

our work are briefly summarized in what follows.

1. The conformational distributions of the adsorbates are found to be substantially 

different from those n-butane (also described with the Ryckaert-Bellemans 

model) in the liquid or gaseous states, due to the strong confinement to which 

the molecules are subject to by the zeolite lattice.

2. The molecules are found to adsorb favorably in the channel sections, avoiding 

the intersections, which constitute regions of higher potential energy. Conse

quently the intersection regions constitute barriers to diffusion. Of the two types 

of channel sections, the sinusoidal type is found to be slightly more favorable at 

low loadings. As the loading is increased to 8 molecules/u.c., both straight and 

sinusoidal channel sections become equally populated. These results agree with 

the packing arrangement predicted by Richards and Rees [91] for this loading, 

according to which there will be one molecule per channel section.

3. In general, adsorbate properties such as conformational distributions, distri

butions of molecules in different regions of the pore structure and diffusion, 

are found to be dependent on both loading and temperature. However, the 

temperature dependence is found to be always stronger than that of loading.

4. Diffusion is strongly anisotropic under all the different conditions investigated, 

reflecting the influence of the framework structure. In all circumstances diffusion 

is dominant along [010] (i.e. the straight channels), and slowest along [001].
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5. Two different molecular modes of motion have been identified. A fast vibration 

is seen to occur in which the molecules oscillate perpendicularly to the pore 

walls. This mode is present in all three directions, and can be seen in the power 

spectra associated to each of the three directions. A slower vibration is seen to 

take place along the channel sections, with an amplitude of approximately 7 Â. 

This mode cannot take place along [001], since no channel lies in this direction, 

and therefore it does not show aa a peak in the corresponding power spectrum.

6. The migration processes involving different types of channel sections (straight 

;=̂  sinusoidal crossings) have been monitored using the EVF functions. Our 

results suggest that these inter-channel processes are very slow. This partly 

explains the small diffusion observed along [001], since this diflFusion relies on 

this type of inter-channel events in order to take place. This also justifies the 

need for long production runs in simulations of these systems.

7. The diffusion mechanism is seen to take place by means of jumps, the length 

of which seems to be dependent on loading. At low loadings (2 molecules/u.c.) 

jum p lengths of the order of 15-20 Â are found to be dominant, although shorter 

jumps (10 Â) are also seen to take place. At higher loadings (8 molecules/u.c.) 

the jumps seem to take place in two stages, with the molecules being trapped 

in the channel intersections for a time which varies between a few ps to a few 

tens of ps. The long jumps observed at low loadings are probably an artifact 

from the simulations resulting from the neglect of the framework dynamics (see 

below).

8. The exclusion of the framework dynamics from the model does not preclude 

good agreement with experimentally measured diffusion coefficients. Shen and 

Rees [12] have obtained diffusion coefficients of 1.2* 10~^ and 2.0-10“ ' cm^/s for 

diffusion of n-butane in the straight and sinusoidal channels respectively, using
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the Single Step Frequency Response method. Although these values are slightly 

smaller than the ones we have found, the trend of faster diffusion along [010] 

is reproduced by our results. Datema et al. [11] have used NMR methods to 

measure the diffusivity of n-butane at a loading of 8 molecules/u.c. obtaining 

a value of 1.1 • 10“®cm^/s, which also agrees very well with our results. More 

recently quasi-elaatic neutron scattering data has been published [92] providing 

even better agreement with our predicted values. However, in spite of the good 

agreement achieved, the use of a rigid framework model can result in a poor 

description of the studied systems at the microscopic level. As far as we know 

there is no experimental data to back the long diffusive jumps that we have ob

served at low loadings. These are probably a cause of the lack of thermalization 

of the adsorbates at these low loadings, due to the neglect of the framework . 

dynamics. We recall that in the simulations reported in Chapter 4, which also 

considered low loadings, but when framework dynamics were explicitly included 

in the model, no such long jumps were observed. This seems to indicate that 

the effects of framework dynamics can not be excluded, at least in conditions 

where intermolecular collisions are rare.

On the whole, we believe that our simulations provide a reliable picture of the 

diffusion process and of the properties of adsorbed n-butane in silicalite. Although 

due to the nature of our model, the microscopic details are more questionable at low 

loadings, higher loadings are expected to be properly described. Moreover, we have 

gained considerable insight into the diffusion process, how it takes place and how it 

is affected by varying conditions of loading and temperature.
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D iffusion o f n—hexane in S ilicalite

This Chapter is devoted to the discussion of simulations of n-hexane adsorbed in 

silicalite. The simulations that will be reported here were carried out using a similar 

model to that employed for the n-butane simulations, which were the subject of 

Chapter 5. The adsorbate considered here is larger than n-butane, and therefore there 

is less scope for studying the effects of the variation of loading. We have therefore 

concentrated our efforts in the study of the diffusion at different temperatures at the 

single loading of 4 molecules/u.c.

Given the similarities existing between the systems studied here and in the previ

ous Chapter (and consequently of the models used in both cases) the outline of this 

Chapter is parallel to that of Chapter 5. In Sec. 6.1 the model used is described, 

paying specific attention to the new aspects rising from the increase in the number of 

degrees of freedom in these simulations. Also the preparation of the systems and the 

calculations performed are described in this section. In Sec. 6.2 we report the results 

of the simulations, and finally, in Sec. 6.3 a résumé of the results and conclusions will 

be given.

157
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6.1 M odel and Calculations

The molecular model used to perform the simulations described in this Chapter is a 

generalization of the one described in Chapter 5, and that was used in the simulations 

of n-butane that were reported there. The addition of two CH2 beads to the molecular 

chain results in two new bond-bending and two new dihedral degrees of freedom. The 

total number of degrees of freedom per molecule is now 13 (after excluding the 5 bond 

constraints). Our model of n-butane did not include any intramolecular interactions 

other than the bond-bending and dihedral potentials. However, for n-hexane we have 

added to these a non-bonded pair interaction between beads which are separated by 

more than 3 bonds. This is necessary in order to prevent the molecular backbone 

from crossing over itself. In the present systems such crossings are highly unlikely,. 

given the tubular form of the channels and the high degree of confinement to which 

the adsorbates are subject; nevertheless we have included these non-bonded terms 

for consistency with simulations in the gas or liquid phases, in which these additional 

intramolecular terms are necessary. These non-bonding interactions are described by 

means of pair, Lennard-Jones, 12-6 potentials, and the parameters used are the same 

as those used with the intermolecular interaction (see Table 5.1).

All other aspects of the model (adsorbate-adsorbate, zeolite-adsorbate interac

tions) are identical to those of the n-butane-silicalite model, and therefore the reader 

is referred to Chapter 5, Sec. 5.1, where they are discussed in detail.

We have performed simulations of n-hexane in silicalite at the single loading of 

4 molecules/u.c., but several temperatures have been considered. We have therefore 

been able to obtain an activation energy for this diffusion process. For these sim

ulations. an ensemble of 64 molecules was employed. The molecules were initially 

distributed at random within the channel network in a 40.14 x 39.84 x 53.68 

simulation box, containing 2 x 2 x 4  unit cells of silicalite. Three simulations were
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performed on this system, the target temperatures being 200, 300 and 400 K. For each 

simulation, random initial velocities distributed according to the Maxwell-Boltzmann 

probability density at the corresponding temperature were employed. From the ini

tial configurations thus obtained, the equations of motion were numerically integrated 

with the velocity Verlet algorithm, using a time step of 2 fs. This Wcis done using a 

modification of the program BUTAN (see Appendix A). Each simulation was subject 

to a period of equilibration of 100 ps in length, during which the bead velocities were 

scaled every 20 time steps, in order to ensure that the resulting temperature averages 

were sufficiently close to the intended target temperatures. From the averages of the 

atomic and molecular temperatures (see Chapter 5, sec. 5.2) and the initial dihedral 

angle distributions, it was clear that after the periods of velocity scaling equilibration 

had been achieved, and production runs of 100 ps were initiated.

During the production runs energies and temperatures were recorded for the cal

culation of their average values, and several distributions (bond-angle and dihedral) 

were also accumulated. In addition, centre-of-mass coordinates and velocities were 

written to file every 100 and every 20 time steps respectively. Also end-to-end vector 

components were saved with the same frequency as the coordinates. In this occasion, 

the end-to-end vector was taken as the normalized vector pointing from 02 to 05 in 

the molecular chain, rather than from 01 to 06, to avoid the possible increase in the 

decorrelation that would result in this case from the rapid oscillations of the terminal 

bonds.

6.2 R esults

6.2.1 T herm odynam ic averages

The thermodynamic averages (atomic and molecular temperatures, kinetic, potential 

and total energy) are listed in Table 6.1. In Table 6.2 the potential energy is split
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< T a >  < T m> < E/i' > < Ep > < Et >
(K) (kJ/mol)

206.6 208.1 11.168 -67.538 -56.3700

314.1 315.3 16.977 -60.694 -43.7165

380.8 380.5 20.581 -56.070 -35.4885

Table 6.1: Average system properties for n-hexane adsorbed in silicalite at a loading of 
4 molecules/u.c. as a function of temperature. < To > average atomic temperature, 
< Tm > average molecular temperature, < > average kinetic energy, < Ep >
average potential energy and < Et >  average total energy.

< Ta > < Eza > < Eaa > < Efci, > < E t >
(K) (kJ/:mol)

206.6 -70.001 -4.737 3.428 3.745

314.1 -67.821 -4.604 5.200 6.401

380.8 -66.310 -4.280 6.321 8.200

Table 6.2: Contributions to the total potential energy of adsorbed n-hexane as a 
function of temperature. < To > average atomic temperature, < E^o > zeolite- 
adsorbate potential energy, < Eoa > adsorbate-adsorbate potential energy, < E(,6 > 
bond-bending intramolecular potential energy and < Et >  dihedral torsional poten
tial energy.

into its different contributions. The intramolecular non-bonded energy contribution 

is added to the intermolecular energy. As in n-butane, the dominant contribution is 

due to the zeolite-adsorbate interaction.

The increase (decrease in absolute value) in total energy that takes place with 

increasing temperature is partly due to the obvious increase in kinetic energy, but also 

to an increase in the average potential energy. The higher potential energy average at 

higher temperatures results from the fact that as the temperature is increased, regions 

of the pore structure which were previously inaccessible to the adsorbate molecules, 

due to their high potential energy become accessible, and thus have a more noticeable 

contribution to the average than they do at lower temperatures. Also an increaise in
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torsion and bending potential energies occurs with increasing temperature. It can 

be seen from Table 6.2 that the increase in total potential energy is mainly due to 

the zeolite-adsorbate and intra-molecular contributions (excluding the non-bonding 

term) The adsorbate-adsorbate contribution increases only very slightly, because the 

average distances between adsorbates are not very much affected by the temperature 

increase.

6.2.2 D ihedral angle d istributions

In the n-hexane molecule there are three dihedral angles, one defining the rotation 

around the central C-C bond, and two equivalent ones, defining rotations around the 

second and fourth bonds respectively, which will be designated as peripheral dihedral 

angles. Fig. 6.1 shows the distributions found at 206.6 K for the central and peripheral 

dihedral angles, while Fig. 6.2 shows the distributions obtained for the central angle 

at the three temperatures considered in our simulations.

At the lowest temperature considered (206.6 K), the distributions of central and 

peripheral distributions are slightly different, but they become practically identical at 

higher temperatures, as can be seen in Table 6.3, where the percentages of molecules 

found in Trans and Gauche conformations for both the central and peripheral dihedral 

angles are given at the different temperatures resulting from our simulations. It can 

also be seen that the effect of raising the temperature in this system is very similar to 

that observed for adsorbed n-butane; a temperature increase results in a broadening 

of the peak corresponding to the Trans conformation, but no substantial increase 

of molecules in Gauche conformations is observed. Also the population of Gauche 

molecules is always well below that observed in the liquid or gas phases, due to the 

narrow confinement in which the molecules find themselves.
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Figure 6.1: Distributions of dihedral angles obtained for n-hexane adsorbed in sili
calite at a loading of 4 m olecules/u.c. and 206.6 K. —  central, ••• peripheral angle 
distributions.
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Figure 6.2: Distributions of the central dihedral angles obtained for n-hexane ad
sorbed in silicalite as a function of temperature. —  206.6, • • • 3 1 4 .1 ,-----  380.8 K.
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Temperature
(K)

Distribution G~ T
(%)

G+ G /T

206.6 c 5.81 87.11 7.08 0.14
206.6 P 3.88 91.50 4.61 0.09
314.1 c 8.88 80.80 10.32 0.24
314.1 P 9.28 81.80 8.91 0.22
380.8 c 11.33 78.04 10.63 0.28
380.8 p 11.48 76.77 11.75 0.30

Table 6.3: Populations of conformational states (Gauche and Trans) for the central (c) 
and peripheral (p) dihedral angles in n-hexane adsorbed at different temperatures.

6.2.3 M ean square disp lacem ents and diffusion

In Fig. 6.3 we illustrate the MSD’s obtained for n-hexane at 380.8 K. This figure is 

also representative of what is found at other temperatures; the anisotropy patterns are 

maintained, and diffusion is fastest along the direction corresponding to the straight 

channels ([010]) and slowest along [001], since no channels run parallel to this direc

tion. In Fig. 6.4 the total MSD’s obtained at the different temperatures sirhulated 

are compared. The diffusion of n-hexane is found to be slightly slower than that of 

n-butane at similar conditions of loading and temperature, but the differences are not 

very big. As in the case of n-butane, diffusion coefficients calculated from the VAF’s 

using the Green-Kubo equation agree extremely well with those obtained from the 

slope of the MSD’s; they are always within 10% or less of the MSD values, except in 

cases where the diffusion is very small (like Dz at 206.6 K), where the discrepancies 

are slightly bigger. Values of the diffusion coefficients as obtained from the MSD’s 

are shown in Table 6.4.

From the temperature dependence of the total diffusion coefficients, and assuming 

an Arrhenius behaviour, we can estimate the value of the activation energy, Eq. We 

obtain Eq =  5.33 kJ/mol, a value which is in extremely good agreement with that
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Figure 6.3: Centre-of-mass mean square displacements of n-hexane in silicalite at a 
temperature of 380.8 K. — [100], • • • [010],------[001].
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Figure 6.4: Total mean square displacements of n-hexane in silicalite as a function 
of temperature. — 206.6, • • • 314.1,----  380.8 K.
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< T . > ^ to t D. D, D.
(K) (cm^/s X 10®)

206.6 0.56(1) 0.123(6) 1.555(3) 0.0235(8)
314.1 1.42(2) 0.69(1) 3.42(4) 0.160(2)
380.8 2.17(1) 1.28(2) 4.45(3) 0.383(2)

Table 6.4: Diffusion coefficients of n-hexane in silicalite as a function of system 
temperature for a fixed loading of 4 molecules/u.c.

reported by Jobic et al. [92] of % 5 kJ/m ol, which wcls measured from diffusion 

coefficients determined from quasi-elastic neutron scattering experiments.

6.2.4 V elocity  autocorrelation functions and power spectra

Figs. 6.5 and 6.6 show the VA F of the components of the centre-of-mass ,velocity 

for n-hexane at 380.8 K, and the corresponding power spectra respectively. The 

general patterns of the VAF’s and power spectra are not modified as the temperature 

is varied, and from this we can conclude that although the motions of the molecule 

are accelerated as the temperature is increased, the mechanisms of motion are not 

changed. A great similarity with both the VAF’s and the power spectra of n-butane 

adsorbed in silicalite can be observed, and therefore we can extend our conclusion of 

Chapter 5 relating to the existence of two modes of molecular oscillatory motion (a 

vibration against the pore walls which takes place in all three directions and which 

is associated with the high frequency peak, and a second one taking place along the 

channel sections, associated with the lower frequency peak; this mode cannot take 

place along [001], and therefore there is no low frequency peak in the spectrum of 

the j  component). It is worth noting, however, that there is less overlap between 

the power spectra of the x and y components than there was for n-butane (compare 

Fig. 6.6 with Fig. 5.11). This probably reflects the fact that the adsorbate is now
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of comparable size to that of the channel sections, and therefore its motion is more 

sensitive to its pore environment. The differences in pore shape between straight and 

sinusoidal channel sections could result in the small observed discrepancies between 

the two spectra.

6.2.5 E n d -to -en d  vector correlation functions

The decay in the self-correlation of the end-to-end vector components has proved 

to be a very useful tool in determining the frequency of inter-channel crossings of 

adsorbates in silicalite. As was pointed out in Chapter 5, only the decorrelation of 

the X and y components can be associated with long-time motions of the molecules. 

The z component decorrelates on a much shorter time scale determined by the short- ’ 

time dynamics of the molecules, and cannot be related to any migration process. 

The EVF functions have been calculated for n-hexane under the différent conditions 

simulated in our calculations, and examples are given in Fig 6.7, which shows the EVF 

obtained at the temperature of 206.6 K, and Fig. 6.8, containing the EVF resulting 

from the simulation at 380.8 K. Both figures span a time of 100 ps. It can be clearly 

seen that the time scale of the decorrelation in the x and y components is extremely 

slow. Even when the temperature is raised from 206.6 to 380.8 K, correlation remains 

substantial after 100 ps. Indeed, the correlation times listed in Table 6.5 are seen to 

be very long. At the lowest temperature considered, the correlation times exceed by 

several times the length of the production runs of the simulations. This highlights one 

of the difficulties of simulating slow diffusion processes (D < 10~® cm^/s), namely, 

the need to perform extremely long simulations.

6.2.6 Diffusion m echanism
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Figure 6.5: Normalized centre-of-mass velocity autocorrelation function for n-hexane 
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Figure 6.6: Power spectra obtained by Fourier transforming the VAF’s obtained in 
the previous Figure. — z, — y ,  z.
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Figure 6.7: End-to-end vector correlation functions for n-hexane at the system tem
perature of 206.6 K. — z, "  ' y ,  z.
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Figure 6.8: End-to-end vector correlation functions for n-hexane at the system tem
perature of 380.8 K. — X, ■ “ y ,  z.
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Figure 6.9: Time evolution of the x centre-of-mass coordinate of a sample n-hexane 
molecule at 314.1 K.
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Figure 6.10: Time evolution of the y centre-of-mass coordinate for the same molecule 
as in the previous figure.
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< Ta >
(K) (ps)

206.6 4488 1945
314.1 448 384
380.8 235 153

Table 6.5: Correlation time decay constants of the end-to-end vector components on 
n-hexane in silicalite as a function of temperature.

As in n-butane, analysis of the trajectories of individual molecules reveals a hopp

ing diffusion mechanism. An example of a molecular trajectory obtained from the 

simulation at 314.1 K is illustrated in Figs. 6.9 and 6.10, where the x and y centre-of- 

mass coordinates are plotted as a function of the simulation time. The jump distances 

in the x direction seem to be shorter (5-6 Â) on average than those observed in the 

y direction (% 10 Â). Trajectories of other molecules present similar patterns, so this 

dependence of the jump length on the direction of the jump seems to be a general trend 

of adsorbed n-hexane in silicalite. Jobic et ai [92] found an average jump length 

of 6-7 Â in their quasi-elastic neutron scattering experiments, which is somewhat 

shorter than that found by the same authors for n-butane (~  10 Â). The simulation 

results for n-butane and n-hexane show the same trend as the experiments of Jobic et 

ai^ and seem to indicate that the decrease in the jump length along the sinusoidal 

channels is responsible for the overall decrease in the average jump length.

Variation in the temperature of the system seems not to affect the length of the 

jumps either along x or y, but rather the frequency at which the jumps take place. 

Thus, at low temperatures the frequency is decreased, while it increases at higher 

temperatures.
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6.3 Conclusions

Simulations of n-hexane adsorbed in rigid silicalite at a loading of 4 molecules/u.c. 

and at three different temperatures have been performed. The main aim of these 

calculations has been to study the influence of the temperature on the diffusion process 

and to calculate its activation energy. The conclusions that can be drawn from these 

results are in many respects similar to those obtained from of the work on n-butane 

that was reported in Chapter 5. They are briefly summarized below.

1. The dihedral angle distributions are found to be strongly influenced by the 

presence of the zeolite framework, being quite different from the distributions 

obtained in the ideal gas. No substantial difference between the central and pe

ripheral dihedral distributions is found, although at low temperatures (206.6 K) 

they are seen to be slightly different.

2. The diffusion coefficients are found to be somewhat smaller than those of n- 

butane adsorbed under similar conditions of loading and temperature. This 

result was expected, due to the increase in molecular chain length, which will 

result in slightly higher potential energy barriers to diffusion in the case of 

n-hexane.

3. The diffusion anisotropy has the same patterns as found previously, namely, 

diffusion is fastest along [010], slowest along [001] and intermediate along [100]. 

This pattern is maintained over the whole range of temperatures simulated.

4. The variation of the diffusion with temperature is that expected of an activated 

process. An estimate of the activation energy of 5.33 kJ/m ol has been obtained, 

which is in very good agreement with the experimental value reported by Jo vie et 

ai. The predicted diffusion coefficients are also in good agreement with the 

experimental measurements of these authors.
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5. The time scale of inter-channel migration processes is very long, at times even 

longer than the production runs of our simulations, cis is the caise at the low

est temperature simulated. This highlights the main problem faced by MD 

simulations of slow diffusion processes [D < 10“®cm^/s. In order to describe 

appropriately these slow processes, extremely long simulations are needed. This 

is already a problem with the simple description that has been adopted in this 

case, but it is even more of a problem when sophisticated (more realistic) po

tentials are used, since, invariably, a better description of a particular system is 

computationaly more demanding than a simple one. A technique that offers a 

way around the problems of MD in these circumstances is the Transition State 

Theory (TST). Some examples of the use of TST applied to problems of diffu

sion in zeolites are available in the literature [93, 94], but its use is aa yet very, 

rare in this context. In Appendix B we give an outline of how this technique 

can be used to obtain estimates of diffusion coefficients in processes where the 

application of MD would be prevented by the expense of the computation.
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C onclusions and Future Work

The work that forms the body of results of this thesis haa been described in detail 

in Chapters 3 to 6. Sec. 7.1 summarizes the main conclusions of this work. Also, 

the prospects for future work in the field of simulation of diffusion in zeolites will be 

discussed in Sec. 7.2.

7.1 Conclusions

1. A general MD FORTRAN code, FUNGUS, has been written in collaboration 

with G.E. Mills (Keele University). This program is an efficient and flexible 

simulation tool especially designed for the study of bulk ionic systems. This 

program has been incorporated by Biosym Inc. as one of the modules of their 

general simulation software package Catalysis. A parallel version of the code 

exists which is capable of running in the Intel iPSC/860 machine available at 

the SERC Daresbury Laboratory.

2. Using FUNGUS, simulations of small linear hydrocarbons, ranging from ethane 

to n-hexane, adsorbed in zeolite silicalite, have been performed. The model 

used in these simulations included complete flexibility of the lattice. A trend

173
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for decreasing of diffusion with increasing molecular size was observed. However, 

other aspects, such as the anisotropy of the diffusion and the influence of the 

adsorbate loading on the magnitude of the diffusion coefficients could not be 

unambiguously resolved. This was mainly due to the relatively short length of 

the production runs (100 ps) and small system sizes imposed by computational 

limitations.

3. The diffusion of methane adsorbed in zeolite chabazite was also studied with 

FUNGUS. In this case the focus was on the influence of the temperature on 

the diffusion process, and simulations at three different temperatures (300, 450 

and 600 K) were performed. It was found that at the highest temperature 

considered the diffusion is slower, so that the diffusion coefficient has almost 

the same value as it has at 300 K. Our results indicate that this strange non- 

Arrhenius behaviour could be due to the high degree of flexibility of the host 

lattice.

4. It has been found, using a simpler model than that employed in the earlier 

simulations, that the distribution of conformational degrees of freedom of n- 

butane and n-hexane molecules adsorbed in silicalite are substantially different 

from those obtained in the gas or liquid phases, due to the narrow confinement 

in which the adsorbed molecules find themselves.

5. For the kind of adsorbate molecules on which this work has focused [i.e. linear 

hydrocarbons) it is found that the channel segments of both sinusoidal and 

straight channels are the preferred adsorption sites. Channel intersections are 

regions of higher potential energy, and thus they pose barriers to diffusion. 

The sinusoidal channel sections are slightly more favourable than the straight 

channel sections, but the difference is not very significant.
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6. The diffusion coefficients of n-butane increase when the temperature rises, but 

decrease with increasing loading. For n-hexane we only studied the temperature 

dependence of the diffusion coefficients, and the same behaviour found for n- 

butane was also obtained in this case. Activation energies for n-butane and 

n-hexane were found to be 4.4 and 5.3 kJ/m ol respectively, values which are in 

excellent agreement with experimental data of Jobic et a i

7. The diffusion of n-butane is slightly faster than that of n-hexane under similar 

conditions of temperature and loading, but the difference between the two is 

not very big, the corresponding diffusion coefficients normally being within the 

same order of magnitude.

8. All adsorbate properties investigated, such as distributions of conformational 

degrees of freedom and diffusion coefficients, are found to be much more sensitive 

to variations in the temperature than to variations in the adsorbate loading, in 

the range of conditions studied.

9. The crystal structure of the host lattice imposes a high degree of anisotropy in 

the diffusivity of the adsorbates. It has been found that under all the different 

conditions simulated, diffusion is always fastest along the straight channels, that 

is, along [010], and slowest along [001]. Changing the adsorbate loading or the 

temperature only affects the magnitude of the diffusion, but not the anisotropy 

pattern.

10. Using the Velocity Autocorrelation Functions and their Fourier transforms, the 

power spectra, two types of molecular oscillating modes inside the pores have 

been detected. The first mode is a fcist vibrating motion of the molecule against 

the pore walls, which takes place in all three directions. A slower motion is 

associated to bigger amplitude vibrations taking place along the channel sections
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between two intersections. This motion can obviously not take place along 

the [001] direction.

11. In both n-butane and n-hexane, inter-channel migration processes are infre

quent events. Successive inter-channel crossings of a given molecule take place 

with frequencies of the order of several hundreds of picoseconds. This partly 

explains the slow diffusion observed along [001]̂  since diffusion in this direction 

relies on these inter-channel events.

12. Diffusion takes place through aji activated jump or hopping mechanism. The 

time scale over which the jumps take place (a few ps) is much shorter than the 

average residence time in channel sections.

13. The use of a rigid lattice model in some of the simulations (those reported in 

Chapters 5 and 6) produces diffusion coefficients that agree well with experi

mental measurements. However, the microscopic dynamics that results from 

the low loading simulations is questionable, since the predicted lengths of the 

activated jumps are on average twice cls long aa those experimentally deter

mined with quasi elastic neutron scattering techniques. This overestimation of 

the jump length is most likely to be due to the disregard of the thermalizing 

effects of the lattice, which at low loadings is the main source of thermaliza- 

tion. Thus, simulations at low loadings should include the lattice dynamics 

explicitly, or account for its thermalizing effect in some other way (see sec. 7.2). 

The activated jump lengths observed at higher loadings (4-5 molecules/u.c) 

agree better with the available experimental data, indicating that at these in

termediate loadings the intermolecular collisions are frequent enough to provide 

sufficient thermalization of the diffusing molecules.
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14. At high loadings of n-butane (8 molecules/u.c.) the activated jumps seem 

to take place in two stages, with the diffusing molecule becoming temporarily 

trapped in the intersection region. This is due to the high density of adsorbed 

molecules. At this loading every channel section is expected to be occupied by 

an adsorbed molecule, so complete jumps cannot take place unless a neighbour

ing channel section to the one containing the diffusing molecule is unoccupied. 

Since at these high loadings this is unlikely to happen, hopping molecules are 

trapped in intersections until a channel section becomes available or until they 

themselves can displace a molecule into another channel intersection.

15. The agreement of the calculated diffusion coefficients with experimental mea

surements obtained with several techniques (pulsed field gradient NMR, fre

quency response methods and quasi-elastic neutron scattering), is remarkably 

good, indicating that the different models that have been used in the simula

tions reported in this thesis, although susceptible of improvement, can provide 

both reliable estimations of diffusivities and interesting insight into the diffusion 

process of adsorbed molecules in zeolites.

7.2 P rospects for future work in the sim ulation  

of diffusion in zeolites

Our simulations have shown that at low loadings there is a need to account for the 

thermalizing effects of the zeolite lattice, and clearly there is scope for a substantial 

amount of research in this particular aspect of zeolite science. Several lattice force 

fields [85, 36, 95] have been proposed, but to our knowledge there has been no system

atic comparison between them, to determine which one is the more suitable for use in 

MD studies. Another very interesting aspect would be the investigation of possible
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ways of incorporating the effects of the lattice flexibility without including the zeolite 

degrees of freedom directly into the simulation. We consider here two of the several 

possibilities that come to mind. The first would be to move the framework atoms at 

random according to some distribution centred at their equilibrium positions. The 

distributions could probably be chosen from experimental information on the zeolite 

structure. This would be computationaly less expensive than the numerical integra

tion of the equations of motion for all the framework atoms. A consequence of moving 

the lattice atoms in this way would be that the total energy would not be exactly 

conserved anymore, but would rather oscillate around a mean value. This would be 

equivalent, or at least similar, to performing the simulation of the adsorbed molecules 

in the Canonical ensemble. Another possibility would be to incorporate the lattice 

thermalizing effects through a friction term in the equations of motion. This may. 

be done in the Generalized Langevin Dynamics formalism (see [61]). The aim here 

would be to find the appropriate value of the friction term so that the effects of the 

lattice motions on the adsorbate diffusion were correctly reproduced.

Another interesting aspect of adsorbate diffusion in zeolites which has not been 

addressed so far is the rôle played by the intra-molecular dynamics in the diffusion 

process. It is conceivable that the conformational degrees of freedom of n-alkanes 

couple in some way with the translational motions when the molecules are adsorbed 

within the channel network. In a recent paper, Travis et al. [96] propose a method 

called the Frozen Distribution Sampling (FDS), which enables them to detect any 

correlation effects between intra-molecular degrees of freedom and translational mo

tions. They tested their method on liquid n-butane simulations, and for this system 

no such coupling was found. However, preliminary results on liquid n-hexane [97] 

indicate that some degree of coupling exists in this caise. The FDS method could be 

used for adsorbate molecules in the same way as for liquids, and therefore it would be 

possible to gain important insight into the interplay of the conformational motions
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and the intra-crystalline diffusion of adsorbed molecules.

In cases where diffusion is very slow, as happens at low temperatures or when the 

adsorbate motion is strongly hindered, MD becomes impractical. In these cases, diffu

sion coefficients can still be estimated with the aid of Transition State Theory (TST). 

TST has been extensively used in the study of kinetics of chemical reactions (see 

for example [51]), but its application to diffusion problems is less standard, although 

some remarkable examples of successful applications exist, like the study of adatom 

diffusion on metal surfaces [98] and the diffusion of adsorbates in zeolites [93, 94]. 

Although this technique is in principle computationally less demanding than MD, 

its application is not quite ais straight forward, especially in zeolites, due to their 

complicated symmetry. In the recent past we have made some attem pts at using this 

technique, and although no conclusive results were achieved, some interesting findings 

were made, and we report these in Appendix 2. In spite of its intrinsic difficulties, 

this technique remains the only available alternative for very slow diffusion processes.

Finally, another area in which we foresee theoretical zeolite science expanding in 

the near future is in the development of zeolite-adsorbate potential fields. Consid

erable advances have been made in both framework potentials and molecular force 

fields, but the description of zeolite-adsorbate interactions remains one of the less 

satisfactory ingredients of the models used in this field. This is hardly surprising, due 

to the little amount of experimental information available on such interactions.
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T he B U T A N  Program

In this Appendix the FORTRAN Molecular Dynamics program BUTAN is described. 

This program was developed specifically to perform the simulations that have been 

described in Chapters 5 and 6 of this thesis. It was found that higher computational 

efficiency could be achieved by using such a program, rather than the more general 

code FUNGUS (see Chapter 3), given the particular model that we employed in these 

simulations (see Chapter 5, Sec. 5.1). Several advantageous strategies could be used, 

which although applicable in this case, can not be used in general, and are therefore 

not incorporated in FUNGUS. The cost of a higher efficiency is the loss of generality.

BUTAN implements the Molecular Dynamics simulation technique for systems 

consisting of chain molecules of equal length and a rigid microporous lattice through 

which the molecules can diffuse. The molecules are described according to the 

Ryckaert-Bellemans model [34], i.e. they consist of united-atom beads, the mass 

of which can be set independently, with bond lengths constrained to remain at the 

equilibrium distance during the simulation. Bond angles and torsional (dihedral) 

angles are allowed to evolve under the influence of suitable potentials.

The equations of motion (Eq. 2.8, page 42) are solved using the velocity-Verlet
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algorithm (see Chapter 2, page 52, and Ref. [61]), with the bond constraints imple

mented by the RATTLE approach (Chapter 2, Sec. 2.6, and Ref. [68]). As noted 

above, the framework atoms remain fixed at their equilibrium positions throughout 

the simulation. They act as centres of interaction, generating the static field that 

represents the lattice through which the molecules diffuse.

As usual, the most expensive part of the simulation is the force loop (see Fig. 3.4, 

page 93), where as much as 90% of the computational cost of the simulation is con

sumed. The force loop is an process, Le., the effort increases with the square of the 

number of atoms in the simulation box. This dependence on the system size poses 

a real bottle neck for the performance of simulations of large systems. It is therefore 

essential that the force loop is efficiently coded, and, whenever possible, that time 

saving strategies are used to reduce the computational cost.

In our case, the relatively slow motion of the molecules through the zeolite lattice 

makes possible a very effective time saving strategy, which is similar to the Verlet 

neighbour list (see Ref. [61]). In principle, during the force calculation, a loop around 

all the framework atoms is needed for every molecular bead in order to calculate 

the components of the force on each particular bead due to its interactions with the 

framework. We will denote this the full force loop. The squared distance between 

the bead and each oxygen atom is computed and compared to the square of the 

potential cut-off distance. If the squared distance is smaller, the force components 

and the contribution to the potential energy rising from this particular interaction 

are accumulated. In the opposite case the interaction is disregarded and the distance 

to the next framework atom is considered. As an estimation of the efficiency of the 

full force loop we can use the ratio of “interacting pairs” , i.e. those pairs of beads 

and framework atoms whose distance falls within the cut-off, to the total number of 

pairs considered in the loop. In big systems, when the characteristic length of the 

simulation box is larger than the cut-off distance, this eflSciency ratio is likely to be
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substantially smaller than 1, because the majority of the pairs considered will not 

contribute to the forces and the potential energy, so a substantial part of the loop 

is spent calculating squared distances between pairs of atoms that do not interact. 

Let us make a rough estimation of this efficiency factor for the typical simulation 

presented in Chapter 5 of this thesis. Let rif, be the number of molecular beads in 

the simulation box, n j  the number of framework atoms, pj the number density of 

framework atoms and Tc the cut-off distance. The total number of pair distances 

calculated in the full force loop will be But each bead only gives a contributing 

interaction with those framework atoms that are located within a sphere of radius 

equal to and centred on the bead. Therefore, the number of pairs bead-framework 

atom that effectively contribute to the total potential energy and give rise to non-zero 

forces on the beads is approximately equal to

iîrr ,V /'î6 =  (A .l)

where V is the volume of the simulation box. Therefore the efficiency ratio e of the 

full force loop is

4
e =  (A.2)

Substituting in this expression =  13 Â and V = 85855Â (the values used in 

Chapters 5 and 6) we get a value of e of approximately 0.10, i.e. only 10% of the

counted pairs contribute to the calculation of the forces and the energy. Clearly,

in this case the full force loop does not constitute a satisfactory alternative for the 

efficient calculation of the forces.

Given the relatively slow motion of the sorbed molecules through the framework, 

an alternative to the full force loop can be used which dramatically increases the 

efficiency of the force calculation. For each molecule we construct a list containing 

the indexes of the framework atoms which are contained within a distance Tc -f I's
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of the centre-of-mass of the molecule, where is of the order of the molecular 

length. Provided that these lists are updated frequently enough, to account for the 

change in the molecular environrrient as these diffuse through the framework, all the 

contributing pairs can be obtained by looping around the framework atoms contained 

in these lists, rather than round the whole set of framework atoms. It is easy to show 

that for this strategy the efficiency ratio is given approximately by

3

Substituting here the values of and used in our n-butane simulations we get an 

efficiency ratio of 55%, which is much more acceptable than the one achieved with 

the full force loop. We can see that this simple strategy can increase the speed of the 

force calculation approximately by a factor of 5.

Further improvement of the performance can be achieved by making use of parallel 

computer architectures. The program BUTAN was developed specifically to run in the 

Intel iPSC/860 machine at the SERC Daresbury Laboratory. The same parallelization 

strategy used for FUNGUS was employed in this case, i.e. the Replicated Data 

algorithm (see Chapter 3, page 92). However, rather than forming groups of atoms 

which are assigned to different nodes where their forces are calculated, as FUNGUS 

does, entire molecules are used to set up the groups. In Fig. A.l the CPU time per 

time step of the simulation vs. the number of Intel nodes is plotted. The values 

shown in the figure correspond to a series of simulations of n-butane in silicalite. An 

ensemble of 64 molecules adsorbed in a lattice consisting of 3072 oxygen atoms. We 

can see from this figure that the performance is increasingly improved with the number 

of nodes used in the simulation. However, as more and more nodes are used, the gain 

in efficiency is smaller. This is due to the increase in the communication overhead 

between the nodes. As the number of nodes is further increased, the exchange of data 

between nodes becomes dominating and no gain is achieved. We can see from the
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Number of Intel Nodes

Figure A.l: Average CPU time per time step as a function of the number of Intel 
nodes used in the simulation. These values were obtained from short simulations of 
n-butane in silicalite with loading of 4 molec./u.c. and temperature of 300 K.

figure that 8 to 16 nodes is probably the ideal number to use for this system.

In conclusion, the parallel MD program BUTAN has allowed us to perform in a 

very efficient way the simulations that have been described in Chapters 5 and 6.
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On the use o f  Transition State  

T heory in Zeolite Science

Molecular Dynamics is a technique ideally suited for the study of diffusion processes, 

as can be seen from the simulations that have been reported in earlier chapters of 

this thesis. However, it suffers from a serious drawback, which makes it impossible to 

apply to systems characterized by very slow diffusivities (<  10“ 'cm^/s). This is due 

to the long simulation times that are needed to estimate accurately small diffusion 

coefficients.

An alternative technique that can be used in this case is that of Transition State 

Theory (TST). This approach has a very wide range of applicability. Although it 

is most frequently used in connection with the study of chemical reactivity, several 

examples of its use in the context of diffusion exist, such as the work of Voter and 

Doll [98], who used it to study the diffusion of atoms adsorbed on metal surfaces, 

and that of Ruthven and Derrah [93] or June et al. [94], who applied it to the study 

of diffusion of molecules sorbed in zeolites. During this project we have made some 

exploratory attem pts at using TST in the context of diffusion in zeolites, and although 

we have not succeeded in obtaining any conclusive results, we have been able to derive
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a number of interesting conclusions concerning the application of this technique which 

might be valuable for future studies. Before we can present these conclusions, a short 

description of TST is in order, and we will also introduce some relevant terminology.

TST is generally applicable to activated processes, i.e. phenomena for which there 

is some potential energy barrier that the system haa to overcome for the process to 

take place. When the potential energy hypersurface consists of barriers and regions 

of lower potential energy, as is the case for the potential energy of interaction between 

an adsorbate monomer and the zeolite framework (see Figs. 5.2 and 5.3, page 127), 

we will term these regions of lower potential energy as states of the system. These 

states are separated from each other by the barriers and also by impenetrable regions 

of high potential, corresponding in this case to the zeolite framework. If we follow the 

time evolution of an adsorbed molecule moving under the influence of this potential 

energy surface (which is what we do with MD) we will observe that it spends most 

of the time in some state of the system, i.e. around some local energy minimum, 

and occasionally will hop over a barrier, to become adsorbed in another state, where 

it will remain until it undertakes a new barrier crossing. We have seen evidence for 

this kind of hopping motion in the simulations reported in Chapters 4 to 6. But 

when the barriers to diffusion become very high, the frequency of the hopping events 

is drastically reduced. The estimation of diffusion coefficients from MD simulations 

requires that the production run encompasses a time long enough for each molecule 

to undertake several barrier crossings. But clearly, if the frequency of these crossings 

is too small, because the potential energy barriers are too high, this can become 

impossible, due to the length of the simulation needed to produce accurate results. 

In such cases, TST can provide a feasible alternative to MD simulations.

The estimation of diffusion coefficients, from TST calculations proceeds as follows. 

The application of a TST calculation to a system such as that mentioned above 

produces a series of constants, k J ^ J which are estimations of the rates of molecular
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transitions from state i to state j ,  i.e. the frequency of the hopping events between 

a pair of neighbouring states. From these hopping frequencies we can obtain the 

diffusion coefficient, either by using the relation

(B .l)

where kJ^J and d is the distance between states (this formula is only valid

in cases where we have a simple cubic array of states), or by using a continuous-time 

random walk algorithm, in which the rate constants are used as input to provide the 

time scale of the random walk move. The rate of transition from state i to j  is given

by

(B.2)

where ^  m is the mass of the molecule undergoing the transition,

is the surface in configuration space separating states i and j ,  and Vi is the volume 

corresponding to state i. The application of TST to a given problem consists basically 

in the calculation of the rates as given by Eq. (B.2). In most examples of the use 

of TST to given problems, the symmetry of the system simplifies the definition of 

the limits of the above integrals. Zeolites, however, usually have rather complicated 

structures, and a precise definition of the the Sij surfaces and the % volumes is not 

possible. So one of the steps of a TST calculation usually is to provide appropriate 

definitions of these surfaces and volumes.

In order to obtain the state volumes and surfaces needed in the TST calculation, 

it helps to determine the positions of the minima and of the saddle points on the 

potential energy surface, since the former give an idea of the location of the states of 

the system, while the latter give the minimum height of the barriers, as well as their 

location, so in this way an idea of the shapes and connectivity of the states can be 

obtained. June et al. [94] have proposed a numerical algorithm that allows to deter

mine the volumes of the states and the surfaces that separate them. This consists of
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a discretization of the configuration space, i.e., the volume of the configuration space 

that is accessible to the system is divided in little boxes (voxels), and from the centre 

of each of these voxels an energy minimization procedure is initiated. Eventually, 

this minimization will reach one of the local minima of the system, which have been 

previously tabulated. The volume of the given voxel from which the minimization 

waa started is then assigned to the state corresponding to the minimum where the 

minimization ended. Once all the voxels have been assigned to specific states (or 

to impenetrable regions of the configuration space), the surfaces can be determined 

by looping around all the voxels, and for each voxel checking the state to which its 

six nearest neighbours belong. If all six neighbours happen to belong to the same 

state as the current voxel, then this voxel is obviously embedded in the volume of 

that state. On the contrary, if any of the neighbours belongs to a different state, the 

shared face between the voxels in question is identified as a portion of the surface 

dividing those two states. In this way an approximation to the state volumes and 

the surfaces that separate them is obtained. After this is done, the integrals in the 

numerator and denominator of Eq. (B.2) can be estimated by means of Monte Carlo 

integration schemes [99] on the corresponding voxels and surface elements.

June et al. [94] carried out a calculation such as that described above for the 

example of Xe diffusion in silicalite, obtaining estimations of the diffusion coefficients 

that agree very well with both experimental and MD data. In order to familiarize 

ourselves with this approach we tried to reproduce their results, and in so doing an 

interesting conclusion was reached, which these authors do not mention in their work, 

and which we consider quite relevant to TST studies. The same model and the same 

calculation procedure were used. The potential energy minima that we found agree 

both in energy and location with those given by June et al.. With regard to the saddle 

points found, there was one of their values that we could not reproduce, although all 

the others perfectly matched the values they found.
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X y z E
A kcal/mol

9.1886 4.1632 11.8711 -4.103
0.0480 3.9152 8.3868 -4.238
0.1446 3.7955 6.4452 -4.750
8.6386 4.9800 12.8560 -4.225
9.2166 4.9800 11.0101 -4.306
0.5924 4.9800 8.0128 -4.141
5.0480 4.9800 11.3219 -5.773
0.0000 0.0000 6.71000 -5.695
2.3443 4.9800 11.4975 -5.606

Table B.l: Saddle point locations and energies for Xe in Silicalite. Ail entries coincide 
both in positions and energy with the values obtained by June et ai. The three last 
entries of the table correspond to low lying saddle points. The first entry could not 
be reproduced, and turns out to be a stationary point of second order rather than a 
saddle point (see text).

The positions and energies of the saddle points as we found them are given in 

Table B .l. To find these saddle points we performed a search in the volume cor

responding to the asymmetric unit of the unit cell, which for silicalite corresponds 

to 1 /8 of the unit cell volume. We chose this asymétrie unit as the volume delimited 

by [0, a/2], [0,6/4] and [0, c]. Positions of the saddle points in the table are given with 

respect to (0,0,0). The first entry in this table (Si) is really not a saddle point, but a 

stationary point of second order, although June et al. list it in their work as a saddle 

point. When the configuration space was scanned looking for first order stationary 

points {i.e. saddle points). Si was not found. However, in a second scan we looked for 

both second and first order stationary points. Only then was Si found. Inspection 

of the neighbourhood of this point reveals that indeed, the Hessian matrix in this 

region contains two negative eigenvalues, and therefore this point is truly a second 

order stationary point. In Fig. B .l a contour plot of the potential energy around Si 

is shown. The plot shows contours of energy in the plane containing Si and the two
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Figure B.l: Potential energy for Xe in Silicalite in the plane containing 81, Ui and V2 . 
Si is located at the center of the graph and the area covers 1.5 Â in both directions of 
the eigenvectors from Si. The numbers in parenthesis indicate the directions in which 
the three minima surrounding Si can be found. Energy contours are in kcal/mol.

vectors of the Hessian m atrix which have negative eigenvalues associated to them {vi 

and U2). It can be clearly seen that the potential energy surface decreases in the 

direction of both these vectors.

This finding does not invalidate the conclusions arrived at by June and coworkers, 

due to the method they use to identify the volumes of the states and the surfaces. 

However, it is interesting to note that the localization of second order stationary 

points, and perhaps even of stationary points of higher orders, can help to understand 

the connectivity of the states in configuration space, especially in cases where the 

number of degrees of freedom is relatively high, since the existence of a second order 

stationary point means that three Sij surfaces coincide in this point, i.e. that three
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different states touch each other. There is an almost complete disregard of stationary 

points of order higher than 1 in the literature concerning TST, mainly because they 

lack the nice property of saddle points of only connecting two states. This is hardly 

surprising, since the vast majority of that literature comes from authors working in the 

held of chemical reactivity, and mostly dealing with systems such as the H +  H2 ^  

H2 +  H collinear reaction, which can be described in terms of only two degrees of 

freedom. It seems to us, however, that second order stationary points might also play 

a part in the study of more complicated systems, such as the ones we are interested 

in.
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