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The application of a wide range of computational methods to several problems in ze-
olite chemistry is explored in this thesis. Symmetry-constrained lattice energy minimi-
sations have been performed on a series of pure silica polymorphs using the shell model
for silicates and quantitative agreement is found between the experimental and calculated
structures. The computed lattice energies of the silicas are found to be between 8 and 20
kJmol'! less stable than quartz. The energies are found to be directly dependent on the
densities of the structures and show good agreement with a recent calorimetric study. A
new forcefield for aluminophosphates based on the shell model has been obtained by fit-
ting to the structure and properties of berlinite and lattice energy minimisation calcula-
tions have been carried out on a series of aluminium phosphate polymorphs. The experi-
mental structures are reproduced to a reasonable accuracy, especially in cases where high
quality crystallographic data are available on calcined structures. In cases where experi-
mental methods give conflicting results regarding the space group symmetry, calculated
structures having lower symmetry than those observed in the crystallographic studies are
suggested. An approximately linear dependence of lattice energy on density is again ob-
served; the computed lattice energies are found to span a range of 11.7 kJmol! higher than
berlinite, which compares to an experimentally determined range of 9.7 kjmol!. Proton
binding calculations have been performed on the structure of H-SAPO-37 to determine the
most favourable binding proton sites. The calculations correctly reproduce the sites which
have the highest fractional occupancies in a crystallographic study. Molecular dynamics
simulation has been used to study the diffusion of xenon in ferrierite and zeolite-L. It was
found that at 298K and a loading level of 1.33 atoms per unit cell, diffusion down the ten-
ring channel in ferrierite is a more facile process than down the wider twelve-ring channel
in zeolite-L (D=8.90x10"° m?s’! for ferrierite versus 1.78x107? for zeolite-L). This effect can
be rationalised by consideration of the effect of channel shape on the diffusion pathway.
Under the same conditions, the interaction energy was calculated to be more favourable
for ferrierite (AU=-25.7 kimol! versus -20.0 kimol?). A new forcefield for the interaction
of hydrocarbons and aromatics with siliceous zeolites was fitted to thermochemical and
crystallographic data. The forcefield successfully reproduced the crystallographically de-
termined positions of pyridine and propylamine in siliceous ferrierite and dodecasil-3C.
In addition, quantum mechanical calculations were used to fit a forcefield for the inter-
action of benzene with cation-containing zeolites. Molecular dynamics calculations were
used to study the transport of benzene in siliceous faujasite. The coupling of lattice vibra-
tions to the benzene molecule was found to enhance the mobility (for example, at 298K,
D=0.11x10"9m?s’! with a fixed lattice compared to D=0.31x10""m?s"! with a flexible lattice).
Two diffusion regimes were observed corresponding to intra- and inter-cage benzene mo-
bility which correlate well with hypothetical hopping pathways. Analogous pathways for
benzene in cation-containing zeolites have shown that cation sites act as traps for the ben-
zene in Na-X and Na-Y, which reduce the mobility compared to the siliceous case. In Na-X,
the pathways are further modified by the addition of extra cation sites that act to reduce
the hopping activation energy and therefore enhance the diffusion. This behaviour is con-
sistent with observed trends in experimentally determined diffusivities.
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“When the only tool you have is a hammer,

every problem looks like a nail”

Dr. Tony Redondo (of LANL),

a supporter of the multi-disciplinary approach.

“When you actually make a prediction that comes

true, then I'll take your calculations seriously”

Dr. John Higgins (now of Air Products),

A cynic like everyone else knows my work.

“Neil, what do we do?”

Prof. Tony Cheetham,

The original entry in my Frequently Asked Questions list.

“... if you performed some of these experiments
in the lab you would not get the exact same results shown.
That'’s the difference between a computer model and

practice in science.”

An excerpt from Run Time Chemistry Explorer,
a computer-based educational tool.

After writing this thesis, I now know the difference too.



Chapter One

Aims of Research

During the last decade, the use of computational methods to study microscopic processes
has grown significantly. This is especially noticeable in the field of molecular biology,
where pharmaceutical companies have a considerable investment in computational re-
sources. In the area of materials science, important advances in the development of com-
putational techniques have also been made, although the methods are somewhat less de-
veloped than in the pharmaceutical area. The work has primarily focused on the sim-
ulation of materials themselves to both reproduce experimental data and to make pre-
dictions. The application of computational methods to zeolitic systems is becoming an
increasingly important tool in studying the relation between microscopic properties and
their relation to both sorption and catalytic applications. A detailed understanding of im-
portant processes at the microscopic level is a prerequisite in providing a rational method
for computer-aided catalyst and molecular sieve design. The routine application of such
methodologies would allow candidate zeolite structures to be screened prior to experi-
mental study, their catalytic activity assessed using a computational algorithm, and the
most promising candidates selected for experimental trials. Although the development of
such screening techniques still lies in the future, the wide range of computational meth-
ods that are currently available can provide a useful insight into the interpretation of both
experimental data and the identification of the important fundamental processes at the
microscopic level.

The work presented in this thesis will address several important areas in zeolite re-
search, illustrate the relevance of a wide range of computational approaches and show
how the results obtained can be used as an aid to the interpretation of experimental data.
Initially, the focus will be primarily on the representation and relative stability of zeolite

frameworks in the absence of sorbed species. In Chapter 4, currently available forcefields



CHAPTER 1. AIMS OF RESEARCH

will be compared and their quality assessed with reference to the reproduction of known
silica structures using lattice energy minimisation techniques. In addition, the calcula-
tion of the phonon spectrum will be examined as a method of predicting the crystallo-
graphic space group adopted by zeolites whose structures are ill-defined. In the case of
aluminophosphates, there has been significantly less work performed in forcefield devel-
opment. In Chapter 5, a new forcefield for the treatment of aluminophosphates will be
presented. This forcefield is based on the shell model and is analogous to a previous force-
field for silicates. As in the previous chapter, the quality of the new forcefield will be as-
sessed by comparison with experimentally determined crystal structures. Also, by using a
combination of the new forcefield with a silica forcefield, the acid properties of the catalyt-
ically important SAPO-37 system will be investigated. The behaviour of sorbed species in
the zeolite pore structure is an important aspect of many zeolite applications. In Chapter
6, the subtleties in the transport mechanisms of a relatively simple sorbate ( xenon) will
be investigated in two zeolites with markedly different channel structures (siliceous fer-
rierite and zeolite-L) using molecular dynamics methods. Many catalytic applications of
zeolites involve the reaction and transport of hydrocarbons within the zeolite pore struc-
ture. In Chapter 7, the methods and important issues of fitting a new forcefield to accu-
rately represent the interaction of zeolite frameworks with both saturated and aromatic
molecules will be considered. A new forcefield for the treatment of these molecules will
be presented and applied to in a study of template molecule siting in ferrierite. In Chapter
8, a more extensive investigation of benzene in siliceous faujasite will be performed us-
ing the forcefield fitted in the previous chapter. Monte Carlo docking, molecular dynam-
ics and constrained energy minimisation will be used to probe the dynamics and siting of
the benzene molecules in this system. The results will be compared to available experi-
mental data. In the final Chapter, the much more challenging example of the behaviour
of benzene in cation-containing faujasites will be presented. By using constrained energy
minimisation to propose hypothetical hopping pathways, it will be shown how such calcu-
lations can be used to rationalise experimental measurements from an atomic scale per-

spective.



Chapter Two

Introduction to Zeolites

The origin of the word "zeolite” comes from the Greek words (e.v and Afoo (“boil” and
“stone”) and was first used by Swedish chemist and mineralogist Axel Fredrick Cronstedt
in his paper reporting the discovery of a new class of tectosilicate minerals (that is, con-
structed from SiOy units) in 1756.! The original manuscript was recently translated into
English and presented at the 9th International Zeolite Conference in Montreal.? It is gener-
ally thought that the mineral under investigation was stilbite, although this is still a matter
for debate.

Zeolites are microporous solid-state materials having channels, cages and windows
of molecular dimensions. The zeolite framework consists of an infinite array of corner-
sharing TO, tetrahedra (see Figure 2.1). Although the tetrahedra are quite rigid, there is
considerable flexibility in the bond angles about oxygen ( bond angles range from 125° to
close to 180° throughout the many known zeolite structures). The tetrahedral atom T can
be a wide range of combinations of elements; for example, Si and Al (aluminosilicates), Al
and P (aluminophosphates),® B and Si (borosilicates),* Ga and Si (gallosilicates),> Si, Al and
P (silicoaluminophosphates),® or other metal atoms in combination with Al and P (metal-
loaluminophosphates).” Several of these variants have analogous aluminosilicate struc-
tures; however, a number of unique AIPO, and GaPQ, structures have also been discov-
ered such as the eighteen-ring VPI-5 structure,? the twenty-ring cloverite structure,? and
the twenty-ring JDF-20 structure.'® A general formula for aluminosilicates can be written
as :-

M™y/n[(AlO2)4(Si02)y1.WH,0

In cases where the identity of the T atoms causes a charge imbalance in the system, the
charge neutrality is maintained by the incorporation of protons or extra-framework cations

(M). The cations usually occupy sites of relatively low coordination number in the struc-
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been assigned a three letter code. The coding system is independent of composition, crys-
tallographic symmetry and the identity of the tetrahedral atoms in the structure. Hence
many different materials may have the same structure code. For example, Na-X, Na-Y, US-
Y, SAPO-37, and CSZ-1 all have the FAU framework code.

A number of different classification schemes have also been proposed to understand ze-
olite structures, based on structural building units, framework density, and channel struc-

ture.

2.1.1 Secondary Building Units

Meier'® proposed a number of fundamental building blocks, called secondary building
units or SBUs (the primary building units being single TO, tetrahedra). These consist of
four to sixteen TO4 tetrahedra which, when assembled, can form all the known zeolite
structure types. These are shown schematically in Figure 2.2. They have been derived as-
suming that each framework can be assembled from just one type of SBU. In a few systems,
combinations of SBUs are found, for example, lovdarite (formed from spiro-5 and 4), and

melanophlogite (formed from 5 and three 5-1’s).

2.1.2 Polyhedral Building Units

An alternative method of considering zeolite structure is the notion that the framework can
be assembled from polyhedral building units. Figure 2.3 shows an example of this. The (-
cage, or sodalite cage, polyhedral unit can be joined in several ways to create different ze-
olite frameworks. The sodalite cage can be thought of as a linking of four- and six-rings to
form a truncated octahedron, which has an internal diameter of around 6A. If the sodalite
unit is linked by fusing four-rings the structure of sodalite itself is constructed, whereas if
the unit is linked by bridging four-rings the structure of zeolite-A is obtained. Finally, if the

[-cage is linked by bridging six-rings, the faujasite framework is formed.

2.1.3 Framework Density

This parameter is a measure of the available pore volume in a zeolite structure. It is defined

as the number of tetrahedral atoms per 1000A3. Most condensed silicate structures, such
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Figure 2.2: Secondary building units after Meier and Olson'4
Each node represents a single T atom. Oxygen atoms are omitted for clarity.
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as a-quartz, cristobalite and tridymite, have values around 20, whereas most zeolites range
from 12 to 19. Cloverite, which has one of the largest ring systems observed in a zeolite, has

avalueofl11.1.

2.1.4 Stacking of Layers

Another useful method of visualising zeolite structures is to view them as being built from
layers stacked in various ways. Smith has used this approach to describe many of the pos-
sible zeolite structures by viewing them in projection as two-dimensional three-connected
nets.!” Akporiaye and Price have proposed a formalism by which the framework structures
can be thought of as a stacking of layers related by symmetry operators.'® This is particu-
larly useful for rationalising the structure of the pentasil zeoiites, which are made up from

five-rings. Zeolite-J is a interesting example of the effect of stacking faults on structure.
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Figure 2.4: The stacking of layers to form a zeolite structure
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dependent on a number of factors such as the hydration state, temperature, the Si/Al ratio

as well as the structure itself. Table 2.1 illustrates how channel size can change between

Table 2.1: Estimated pore size for some common zeolites

Zeolite  RingSize Approximate Free Dimension (A)

Minimum Maximum

Faujasite 12 7.4 7.4
Ferrierite 8 34 4.8
Ferrierite 10 4.3 5.5
Mordenite 8 2.9 5.7
Mordenite 12 6.7 7.0
ZSM-5 10 5.4 5.6
Zeolite-A 8 4.1 4.1
Zeolite-L 12 7.1 7.1

different structures. For example, the ten-ring channel size varies considerably from fer-
rierite to ZSM-5. In the ferrierite structure, the channel has an elliptical shape, whereas in

ZSM-5 it is more circular.
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substituted systems such as the zincosilicate, VPI-7.%1

One of the most exciting developments in zeolite science in the past five years has been
the discovery of the MCM-41 family of zeolites by workers at Mobil.?? The channel systems
in these structures are repeated in the crystallographic sense, although the silicate walls
are themselves amorphous. Channel dimensions varying between 16A to 100A have been
observed, hence their classification as mesoporous materials. Several distinct phases have

been identified including cubic, hexagonal and lamellar structures.

2.1.6 Heteroatom Substitution

Zeolites are often synthesised with varying amounts of aluminium and other heteroatoms
in their structures. In general, for aluminosilicates there have been few crystal structure
determinations with Si/Al ratios greater than one that have shown site preferences and
therefore the substitution pattern is commonly random. However, several empirical rules
have been proposed to aid the understanding of this phenomenon. Léwenstein?3 noticed
that there were no zeolite structures with a Si/Al ratio less than unity, and rationalised this
by proposing that [AlO;]" units, which possess a net negative charge, would try and lo-
cate themselves as far apart as possible in the structure to reduce electrostatic repulsion.
Thus, Léwenstein’s rule?3 prohibits the presence of Al-O-Al bridges in structures. This rule
is obeyed in almost all cases, although there is some evidence for non-Léwensteinian be-
haviour in sodalites which have been synthesised at high temperatures,2* although these
are limited to condensed non-zeolitic sodalite structures such as Ca, (Alg0;5),%° and silox-
ane clusters. In addition, zeolite-A can be synthesised with a Si/Al ratio close to unity
in which the Si and Al are fully ordered throughout the structure in accordance with this
rule.?® The faujasite structure can also be synthesised in this state?’ (the Na-LSX compo-
sition). Dempsey and co-workers?® have suggested that this effect also extends to next-
nearest neighbours so that the number of Al-O-Si-O-Al linkages assumes a minimum for a
given Si/Al ratio. Schréder and Sauer have performed a theoretical study that suggests that
Dempsey’s rule may not hold in the faujasite structure,?® although Sato and co-workers
have recently shown by 2°Si NMR measurements that it does hold for the zeolites ZK-19
and Linde W.3% The amount of aluminium that is tolerated in a zeolite framework is also

structure dependent. For example, in ZSM-5 only relatively low levels of Al are allowed
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(down to Si/Al ~ 6), whereas for faujasite the full range is possible from the Si/Al=1.0 com-
position?’ to purely siliceous.3! The strict Al/P alternation present in many aluminophos-
phate structures precludes the existence of any ring structures containing an odd num-
ber of tetrahedral atoms such as five-rings and as such no analogues of the pentasil family
are possible. However, it is possible to observe odd-numbered rings in aluminophosphate
structures that deviate from the ideal AIPO, stoichiometry and therefore contain coordi-

nation numbers greater than four at aluminium and phosphorus.

2.1.7 Extra-Framework Cations

Once a heteroatom substitution is made into an otherwise siliceous zeolite structure, the
charge imbalance is countered by the incorporation of protons or extra-framework cations.
The cations can be monovalent, such as Na* and K*, divalent, such as Ca®* and Sr**, or
even trivalent, such as La3*. The introduction of cations into the structure tends to convert
the zeolite from being hydrophobic (as in its siliceous form) to hydrophilic, since a large
amount of water can coordinate to the cation. Indeed, in the case of La-Y the interaction
between water and the cation is so strong that a La-OH bond is formed when dehydration
is attempted.3? It is possible to locate the cation positions by standard crystallographic
techniques.

If the zeolite is ion-exchanged for ammonium, NH,4*, the zeolite can then be deammo-
niated to produce the protonated form. Protonated zeolites are of importance in catalytic
applications due to the high acidity of the proton. Theoretical®® and crystallographic3* in-
vestigations have shown that the proton is likely to form a bridging hydroxyl group adja-
cent to the aluminium substitution position. Unlike metal cations which occupy positions
in the zeolite structure that are favoured by electrostatic interactions, the approach of a
proton to the basic oxygen is not affected by electron-electron repulsion and an O-H bond

can form directly.

2.2 Synthesis of Zeolites

Zeolites are generally synthesised from aqueous alkaline gels consisting of sources of sil-

ica, alumina and cations. The synthesis is carried out under hydrothermal autogeneous
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Many syntheses are highly sensitive to conditions such as temperature, pH and the na-
ture of the template. All aluminosilicate zeolites are metastable structures with respect to
quartz and alumina. Consequently, zeolite structures tend to convert to structures that
are thermodynamically closer to quartz at higher temperatures. The higher temperature
preparations tend to form the more thermodynamically stable structure in the series, the
final products being quartz and alumina. Subtle changes in the template can often pro-
duce different zeolite structures. For example, the crown ether complex Na* 15-crown-5
can be used to synthesise the cubic faujasite structure (FAU), whereas if the crown ether is
changed to 18-crown-6, the hexagonal faujasite structure (EMT) is the final product.3®

In order to gain an insight into the mechanism of zeolite formation, ex situ NMR mea-
surements have been made on gels.3” Many different species were detected, including sev-
eral silicate ring structures, such as four-rings and double six-rings. However, no structures
containing more than twelve silicon atoms were observed. This implies that either only an
early period in the zeolite formation is being sampled, or these species are the only impor-
tant moieties needed to build the final structure.

Many applications, notably catalysis, require low aluminium content zeolites. It is pos-
sible to post-treat the product from a zeolite synthesis to remove framework aluminium
and the charge compensating cations to yield high silica zeolites. The methods employed
generally involve two stages. In the first, the zeolite is acid or steam treated, which facil-
itates the removal of the aluminium. Silicon is then re-inserted into the lattice either by
thermal treatment to allow migration from other regions of the structure, or by chemical
means. Popular reagents include SiCly, tetraethylorthosilicate (TEOS), and (NH,),SiFg;
the former has recently been used to synthesise a purely siliceous faujasite structure.3!
The synthesis of other heterosubstituted zeolites often requires different conditions than
for aluminosilicates. For example, aluminophosphates require relatively acidic condi-
tions with no alkali-metal cations, although alkali-metal cations can be used to synthesise
MeAPO structures.

A relatively recent development in zeolite synthesis has been the use of non-aqueous
acidic conditions. This was first demonstrated by Flanigen and Patton,3® and has been
extended by Guth and co-workers to synthesise a wide variety of aluminosilicate zeo-

lites in neutral or acidic conditions.>>4% This method can also be used to synthesise alu-
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minophosphate structures.*! Kupermann and co-workers*?> have demonstrated a pro-
cedure that uses hydrogen fluoride in the synthesis of large single crystals (millimeter
scale) of zeolites. Siliceous ferrierite has been synthesised using HE propylamine and pyri-
dine, and this method has also been shown to be useful in the synthesis of aluminophos-
phates.®3 It is thought that the HF promotes the formation of the zeolite precursors by al-
lowing the silicon and aluminium to assume octahedral coordination with the fluoride ion.
In addition, the high solubility of the silicate species in HF causes slow delivery of silicon

to the nucleation centres and this promotes the growth of single crystals.

2.3 Methods of Characterisation

2.3.1 Diffraction Methods

The chemistry of zeolite materials cannot be fully understood without detailed structural
information. Diffraction methods offer the possibility of extracting a wealth of useful struc-
tural data on a zeolitic material. As a consequence of synthetic methods, diffraction stud-
ies are almost always limited to powder diffraction studies due to the paucity of single crys-
tals. However, a combination of advances in instrumentation, easier access to synchrotron
and neutron sources and improvements in computational power have made the solution
of complex structures from powder data possible.

The area of zeolite structure solution from high quality powder data has recently been
reviewed by McCusker.**4° The Rietveld profile refinement technique®® is applied exten-
sively to overcome the problem of overlapping peaks which is inherent in a powder diffrac-
tion pattern.

Powder neutron diffraction allows the analysis of subtle structural features. For exam-
ple, the differing scattering powers of Si and Al for neutrons allow these atoms to be dis-
tinguished in the structure. This has been shown for a number of structures including the
Si/Al ordering in Tl zeolite-A,%” and studies can also be performed to find the positions of
protons*8 and water in zeolite structures. In addition, powder neutron diffraction has been
a popular method for the structure solution of aluminophosphate materials from time-of-
flight data.49>0

Advances in the analysis of powder diffraction data have allowed the extraction of in-
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tegrated intensities by a variety of different methods, and created the possibility of solv-
ing the structure ab initio from powder data using methods commonly applied to single-
crystal experiments. This approach has been used in the structure solution of the clathrasil
structure sigma-2°! and AIPO,-18.52

There have also been a limited number of diffraction studies that have attempted to lo-
cate sorbates in zeolites. This is a much more difficult problem since generally the sor-
bate must be located at well-defined sorption sites in sufficient concentration to produce
a significant contribution to the scattering in the overall pattern. Wright and co-workers
located deuterated pyridine in gallozeolite-L, and additionally performed computer sim-
ulations which showed good agreement with the diffraction result.>3 Faujasite has been a
popular structure for these measurements. Fitch and co-workers®# located benzene in the
structure of Na-Y and pyridine was located in same structure by Goyal and co-workers.>®
The locations of meta- and para-xylene in Ba-Y was determined using a combination of X-

ray and neutron powder diffraction,’® and Klein and co-workers have also located several

other aromatic molecules in Na-Y.2”

2.3.2 Electron Microscopy

Electron microscopy offers the possibility of performing a number of different experiments
on zeolite samples. Scanning electron microscopy can be used to investigate the mor-
phology of zeolite crystals. Electron diffraction allows the unit cell and symmetry of a ze-
olite structure to be determined for a single crystallite and can be compared usefully to
X-ray and neutron diffraction experiments. High resolution electron microscopy allows
the study of subtle effects not directly accessible by X-ray diffraction methods by imag-
ing the zeolite lattice directly. Thomas has recently reviewed this area.’® Early work in
this area was performed by Thomas and Millard, who investigated the structure of ZSM-
5/ZSM-11 intergrowths. Fyfe and co-workers®® studied several zeolite structures with sim-
ilar X-ray powder patterns to determine which were unique frameworks. The wide range of
intergrowths in the zeolite-(3 system have also be extensively studied by Newsam and co-
workers.89 Recently, electron microscopy has been used to image metal clusters in a zeo-
lite cavity. For example, Tong and co-workers have looked at platinum clusters in the su-

percage of Na-Y.%! Lobo and Davis have shown how, by using electron diffraction in com-

15



CHAPTER 2. INTRODUCTION TO ZEOLITES

bination with other techniques, the structure of the zeolite CIT-1 could be determined.5?

2.3.3 Extended X-ray Absorption Fine Structure (EXAFS)

The EXAFS effect arises from oscillations in intensity occurring on the high energy side
of an X-ray absorption edge, due to excitations of electrons from core levels to contin-
uum states. The outgoing photoelectron wave is modulated by the backscattering of the
photoelectron. The scattering spectrum provides information about the local environ-
ment of the absorbing atom and can be Fourier transformed to produce a radial distribu-
tion function. This technique has been widely used to analyse the local structure around
extra-framework cations and to determine whether a given cation occupies a framework
or extra-framework position. Axon and co-workers performed an EXAFS study on an iron-
substituted ZSM-5.%3 They determined that iron was four-coordinated to oxygen and also
found the distances to the template molecule encapsulated in the channels. The EX-
AFS data and the Fourier-transformed radial distribution function is shown in Figure 2.7.
This system has also been the subject of a recent computational study by Lewis and co-

workers .54

2.3.4 Infra-Red Spectroscopy

Infra-red spectroscopy can be used to study the vibrational modes of the zeolite frame-
work and of sorbed molecules in the zeolite pores. Framework vibrations have been inten-
sively studied and can now be assigned routinely.®®> The nature of the O-H group in zeo-
lites has also been a popular study in this area as a possible route to the quantification of
zeolite acidity.5® Although, it is common to use probe molecules such as ammonia and car-
bon monoxide to investigate the behaviour of the acid site in the presence of molecules of
varying base strength and modes of interaction.’” Infra-red methods have also been used

extensively to study the nature of sorbate binding in zeolite pores.58

2.3.5 Nuclear Magnetic Resonance

Nuclear magnetic resonance can be used to study both the structure of the zeolite itself

and also the environment and mobility of molecules moving through the pore structure.
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Figure 2.7: (a) EXAFS data and (b) Fourier Transform for Fe-ZSM-5 with template after
Axon®3

Intensity (arbitrary units)

3.0 5.0 7.0 9.0 11.0 13.0
k(A
(a)
15.0 ' | : . . .

10.0

Intensity (arbitrary units)
9)
o

0.0 i
-5.0 . 1 A I . ! .
0.0 2.0 4.0 6.0 8.0
distance (&)
(b)

298i is a useful probe for aluminosilicate zeolites, especially when coupled with the magic
angle spinning technique._69 The chemical shift is directly dependent on the number of
Al atoms surrounding the Si site as well as the degree of condensation around it, and the
relative intensities of each of the peaks in a spectrum can be used to measure the Si/Al ratio

using the expression :"°

Si/Al ratio = —= 2.1)

It has also been shown that the chemical shift is sensitive to the Si-O-T bond angle.”! Two-

dimensional NMR experiments using COSY (Correlation Spectroscopy)’? and the INADE-
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QUATE pulse sequence (Incredible Natural Abundance Double Quantum Transfer Exper-
iment)”3 provide methods by which T-site connectivities can be directly determined. The
application of 2D homonuclear COSY has enabled Fyfe and co-workers to yield the correct
connectivities for the structure of ZSM-39.74

27Al NMR is a little more problematic since the nuclear quadrupole moment of ’Al
tends to broaden the spectra. This has limited measurements to those involving the mon-
itoring of the dealumination process and the detection of extra-framework aluminium.
However, the development of dynamical angle spinning (DAS)”° and double rotation
(DOR)7® methods has allowed further reduction in line broadening, and has found partic-
ular application in the study of the varying Al environments found in aluminosilicates and
aluminophosphates. Recently, the multiple-quantum magic-angle spinning NMR tech-
nique has been developed’’ which also shows promise in the study of quadrupolar nuclei
in zeolites.

129X e is also a useful nucleus for probing a zeolite structure. The large polarisable elec-
tron cloud of the Xe atom makes the chemical shift highly sensitive to its environment.”®
A large number of structural effects have been studied using '*Xe NMR including pore
structure and reaction sites.”?8% The technique can also be used to study the behaviour of
occluded organic molecules. Chmelka and co-workers have used this method to investi-
gate the properties of benzene in Na-Y.8!

There have been several studies which have attempted to monitor catalytic processes
in zeolites by NMR. For example, Anderson and Klinowski detected 29 different organic
species in the sorbed phase during the catalytic conversion of methanol to hydrocarbons
over ZSM-5.82

Other NMR techniques can be used to investigate the transport of molecules in zeolites,

as will be detailed in Section 2.3.7.

2.3.6 Sorption Experiments

Sorption experiments are routinely used to probe the pore structure of zeolites, with O,,
Ar, N, NH3, and Xe being useful probe molecules. The sorption isotherm can be routinely
fitted to a convenient function form such as the BET isotherm to extract useful informa-

tion about the available pore volume in the zeolite structure and thermodynamic infor-
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Figure 2.8: Sorption Isotherm for Benzene in Siliceous Faujasite at 298K
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mation such as the isosteric heat of sorption. In addition, by sorbing a number of different

molecules of known kinetic diameter, an estimate of the zeolite channel size can be made.

Figure 2.8 shows a typical sorption isotherm for benzene in siliceous faujasite.

In the low pressure regime, the sorption follows Henry’s Law for most simple sorbates :-

p* = Kgp 2.2)

where p* is the partial pressure of the gas in the sorbed phase, Ky is the Henry’s Law con-
stant, and p is the pressure. By measuring the constant as a function temperature, the isos-

teric heat of sorption can be obtained from the van't Hoff isochore :-

0Ky AH,
8T ~ RI? (23)

where A H; is the isosteric heat. The sorption isotherm tends to be of Brunauer type I form,
although the presence of sorption sites of different environments and sorbate-sorbate in-
teractions can cause interesting deviations.®3

Thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC) can be
used to study the breakdown of the template and the zeolite framework with increasing
temperature, in addition to monitoring dehydration. Water tends to be lost in the 90-200°C

range, whereas ammonia is retained until around 300°C. The template tends to decom-
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pose in the range 375-500°C. At low loading and with low Si/Al zeolites, water is sorbed
with isosteric heats ranging from 80-120 kJmol !, whereas for linear hydrocarbons, heat of
sorption is roughly 14 kjmol™! per methylene group.

Probe molecules can also be chosen which can interact directly with the acid site in pro-
tonated zeolites. For example, zeolite samples can be titrated against known indicators
such as ammonia to measure the acidity. Further information can be obtained by the use
of an in situ technique, for example, NMR or infra-red spectroscopy, to monitor the sorp-
tion process more closely. The location of the acid site can be inferred by using the shape

selectivity of the zeolite with base probes of different sizes.

2.3.7 Diffusion of Molecules in Zeolites

In most zeolites, the pore structure accessible to molecules has dimensions of the same
order of magnitude as the collision cross-section of the molecules themselves.8* Conse-
quently, the transport of reactant and product molecules is controlled by the continuous
interaction between the zeolite and the diffusing species. Unlike the diffusion observed

)85

in fluid-filled pores (Brownian diffusion)”” and diffusion through an aperture (Knudsen

diffusion),8® this diffusional regime, known as configurational diffusion, is not as well un-
derstood. However, this effect can be identified by the following experimental characteris-

tics :-
¢ relatively small magnitudes of the diffusion coefficients
¢ strong dependence of their values on the size and shape of the diffusing molecules
e relatively high activation energies, typically 20-60 kjmol~1

¢ strong dependence on the concentration of the diffusing molecules

The diffusion of particles down a concentration gradient can be described by Fick’s first

law :-

dc

J(z) = —D(C)é_x

(2.4)

where J(z) is the flux of matter (the number of particles passing through unit area in unit

time), D(c) is the diffusion coefficient and c is the concentration. This definition implies
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that the diffusivity is independent of concentration, which is only realised when the sys-
tem is thermodynamically ideal. A more convenient representation is to reformulate the

expression in terms of a gradient in the chemical potential, thus :-

ou

il 2.5
Ox (25)

J(z) = —B(c)

where B is defined as the mobility. Assuming that the vapour phase is ideal, we can relate

the Fickian diffusivity to the mobility by :-

dlnp

D(c) = B(C)Rlenc

(2.6)

where p is the pressure.

Many diffusion experiments in zeolites measure the self-diffusion of molecules, which
strictly defines the rate of tracer exchange of marked molecules under equilibrium con-
ditions in a system with no net concentration gradient. This is in general different from
the transport diffusivity in the equations above. We can consider the diffusion of a tracer
molecule A* in a mixture of A and A*. The flux of A is given by :-

0 Ot as
Ja=—Laa(ca,ca+) 5;‘4 — La+(ca,cas) g; (2.7)

Using Equation 2.6 assuming diffusive transport for A, we can write :-

dinpg decy
dCA dx

Ja=—RTLjs(ca,0) (2.8)

where L44(c4,0) = Bcy. This leads to the following relationship between self and trans-

port diffusivities :

dlnp _ c> Laa(ca,car) -1

selfdlnc CACA* LAA(CA,O)

D(c)=D (2.9)
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where ¢ = c4 + c4+ is the concentration of the diffusing species. If we assume that the

cross-term, L 4 4+, Can be neglected, then the equation reduces to :-

dinp

= 2.10
Selfdlnc ( )

D(c)

which is known as the Darken equation. It can be shown that diffusive behaviour can be
directly related to the results of a large number of well-defined steps in random directions
(or random walk). Using a random-walk analysis, the mean-squared displacement of a

particle can be related to the diffusivity by the Einstein relation :-
(z%(t)) = 2Dt (2.11)

The above equations can be readily extended to two or three dimensions if the diffusive
behaviour is isotropic. However, in the case of a zeolite, anisotropic diffusion is expected

in any case where the crystal structure is non-cubic, and Fick’s Law may be expressed as :-

oc oc dc

_Jm - Dmm% + Da:y—ag + szé'; (2.12)
oc dc - Oc

—Jy = Dyo—+ Dyya—y + Dy~ (2.13)
dc oc dc

_Jz - szg; + Dzya_y + Dzz& (2-14)

where D;; is the contribution to the flux in the ith direction from a concentration gradient

in the jth direction. The coefficients are expressed as a second-rank tensor :-

D= Dym Dyy Dyz (2.15)

Most anisotropic problems can be reduced to a corresponding isotropic expression with

the appropriate transformation into a rectangular coordinate system.
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The measurement of diffusion coefficients by experimental methods can be divided
into three areas : the investigation of elementary processes at the atomic level, the study of
self-diffusion, and the measurement of transport diffusion.

The transport of molecules within a single crystallite (intracrystalline) can be measured

using a variety of spectroscopic techniques. The pulsed field gradient (PFG) NMR tech-
nique is the most reliable method of measuring self-diffusivities, since it allows measure-
ments to be made in the micrometre range. For example, Heink and co-workers studied
the self-diffusion of n-alkanes from methane to heptane in NaCaA,%” and observed the ex-
pected decrease in diffusivity with increasing carbon chain length. Recently, Hong and co-
workers have combined the use of Fourier-transform PFG !2°Xe NMR to measure the con-
centrations of individual components in a zeolite during a zeolite-catalysed reaction and
conventional PFG NMR to measure the mean-squared displacements.88 An alternative
NMR method which can also examine the diffusion of molecules in zeolites is spin-lattice
relaxation. This is based on the relaxation of the longitudinal component of the magneti-
sation due to the interactions of the molecule with its environment during its diffusional
motion. By assuming a hopping length for the motion, activation energies and diffusivities
can be extracted. The spin-lattice relaxation method accesses a length scale shorter than
the pulsed field gradient approach, and in combination these two techniques offer the op-
portunity to contrast long and short-range diffusion mechanisms. This method was re-
cently used by Bull and co-workers to investigate the motion of benzene in a range of fauj-
asite samples of varying Si/Al ratio.89 Quasi-elastic neutron scattering (QENS) can be used
to probe the translational and rotational dynamics of molecules sorbed in zeolites. Atomic
and molecular motions occurring over a time scale of 10 to 10°!? s broaden the elastic
scattering peak of neutrons. The experiments have been mainly limited to molecules con-
taining hydrogen due to its large incoherent scattering cross-section.? In cases where the
results of PFG NMR and QENS measurements have been compared, the agreement has
been encouraging.®!

In order to measure transport diffusivities on the macroscopic scale it is necessary to in-
troduce a concentration gradient across the sample. The measurements may be made un-
der either steady state or transient conditions. Fourier transform infra-red spectroscopy

(FTIR) can be used to study diffusional effects during sorption and desorption processes
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by monitoring the intensity of a typical sorbate IR band as a function of time. This method
has been used to study the sorption of benzene in H-ZSM-5 and single component diffu-
sivities as a function of temperature have been obtained.%? The zero-length column (ZLC)
chromatographic method has been recently developed by Eic and Ruthven.?3 This has the
advantage that only small amounts of sorbate are required and also relatively high diffu-
sivities can be measured. Ruthven®* has used this method to study Xe and CO, diffusion
in zeolite 5A, which gave excellent agreement with previous NMR measurements. Torre-
san and Grenier have reported the technique of surface temperature IR which follows the
sorption and desorption rates in zeolite crystals by monitoring the transient response of
the surface temperature.?® Grenier and co-workers have investigated the behaviour of wa-
ter in Na-X using this method, and, by using large crystals, have obtained diffusivities that
compare well with other measurements.% The frequency-response method has also been
used widely to measure diffusivities in zeolites. Rees and Shen have recently studied the
diffusion of hydrocarbons in silicalite-1 at various loadings and temperatures.?’ For the
larger molecules, it is possible to extract individual diffusivities in each of the channel sys-
tems assuming that the characteristic curves obtained in the experiment result from two
independent fluxes.

It is important to realise that many of the techniques detailed above measure diffusivi-
ties over a wide range of time and length scales, and may sample quite different transport
mechanisms depending on the system in question. For example, it is apparent that when
considering macroscopic diffusion, the effects of intercrystalline diffusion can be a signif-

icant factor. Table 2.2 summarises the various techniques and their characteristics.

2.4 Applications of Zeolites

2.4.1 Heterogeneous Catalysis

One of the most important applications of zeolites is in the field of industrial catalysis. Ze-
olites catalyse a wide variety of reactions involving organic molecules. There are several
methods by which a zeolite structure is able to catalyse reactions. Firstly, their large inter-
nal surface area (typically 300-700m?g ! or more than 98% of the total surface area) pro-

vides a high concentration of active sites, usually the Bronsted acid sites found in proto-
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Table 2.2: Experimental techniques for diffusion studies in zeolites.

Method Subject Space Scale Time Scale

NMR elementary processes <nm 1010..107 s

(line shape, relaxation)

Neutron scattering  elementary processes <nm <10%s
Tracer techniques self-diffusion > pm > min
PFG NMR self-diffusion Lm..mm ms...S
Transient and steady transport diffusion > um >s

state measurements

nated zeolites. These are generally located as bridging hydroxyl group, although the small
concentration of defect sites undoubtedly contributes to the reactivity. These sites are able
to protonate organic molecules such as alkenes to form carbonium ions, or basic groups
such as hydroxyl groups and amines. The high thermal stability of many zeolite structures
makes them ideal for use in an industrial environment where many processes operate in
conditions of high temperature and pressure. The shape selective properties of zeolites
can also control the outcome of many reactions inside the pore, either by allowing reac-
tant or product molecules to selectively diffuse through the channels, or by the stabilisa-
tion of the transition state (see Figure 2.9). Protonated forms of faujasite are widely used in
fluid catalytic cracking.%® This process converts the predominantly long chain hydrocar-
bons that are present in crude oil into smaller hydrocarbon molecules useful for gasoline
and as feedstocks for synthesis of fine chemicals. Coke is a frequent by-product of this re-
action, and causes the deactivation of the catalyst by blocking the pore structure over a pe-
riod of time. This requires regeneration of the catalyst under an oxidising atmosphere for
a prolonged period. Rare-earth cations, such as La**, are often added to give the catalyst
extra structural stability as well as providing extra Bronsted acid sites formed by hydrolysis
of the cation. Recently, ferrierite has been shown to be an excellent shape-selective cata-
lyst for the isomerisation of butene to iso-butene.” The latter is an important feedstock
for the production of methyl tertiary butyl ether (MTBE), which is a commercial oxygenate

additive in lead-free motor fuel.
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Figure 2.9: Shape selectivity exhibited by zeolites.
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The addition of metal cations to a structure, either as framework species or extra-
framework cations, can often modify the catalytic activity. For example, the introduction
of Cu?* into ZSM-5 makes it active in the conversion of NO and NO,, which are com-
mon in exhaust gases from automobiles, to nitrogen and oxygen.!% The addition of small
amounts of titanium to silicalite forms titanium-silicalite-1!%* which exhibits activity as
an oxidation catalyst using hydrogen peroxide. This process has been recently commer-

cialised to produce catechol and hydroquinone from phenol. In addition, zeolites synthe-
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sised with transition metal clusters in their cavities often show catalytic activity with the
zeolite effectively acting as a shape-selective support.

The conversion of alcohols to alkenes in zeolite 5A relies on reactant shape-selectivity
for its action. Only primary alcohols, rather than branched chain isomers, can enter the
small pores of the zeolite and reach the active sites. Under normal conditions, the sec-
ondary alcohols, which form the more stable carbonium ion intermediates, would be con-
verted selectively.

Product shape-selectivity is a vital characteristic in the use of ZSM-5 in the isomerisa-
tion of xylenes. The p-isomer of xylene is an important starting material in the synthesis of
polyesters. The isomerisation reaction is known to proceed via a carbonium ion intermedi-
ate, creating a thermodynamic equilibrium between the isomers. However, although para-
xylene is not the thermodynamically favoured isomer in an equilibrium mixture. It has a
much higher diffusivity than the ortho and meta isomers in the pore structure of ZSM-5 on
account of its relatively linear shape and can escape from the catalyst more rapidly.

102 js an important method of obtaining gaso-

The methanol-to-gasoline (MTG) process
line in locations with no direct source of crude oil. In New Zealand it is used routinely as
a step in converting the natural gas reserves into petrol for transportation. Mechanistic
studies on this system have shown that the important intermediate is dimethyl ether. The
smaller channel of the ZSM-5 pore structure prohibits the formation of aromatic species
larger than Cg and C,, thus reducing the amount of coking.

The majority of zeolite catalytic applications are based on zeolites acting as acid cata-
lysts. However, there have been a limited number of reports of base catalytic activity. Hath-
away and Davis have synthesised nanophase caesium oxide inside the pores of zeolites,
forming excellent base catalysts.!% Gortsema and co-workers have also commercialised
a process using caesium-loaded zeolites to catalyse the formation of 4-methylthiazole,
which is an intermediate in the synthesis of an important fungicide.!%4

The chiral crystal structure of polymorph A of zeolite 550 offers the possibility of asym-
metric synthesis. Indeed, the proportion of this chiral polymorph produced by the syn-

thesis procedure can be increased by the use of chiral templates.!® This new material has

been shown to give a 5% enantiomeric excess for the hydration of trans-stilbene oxide.1®
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2.4.2 Jon Exchange

The presence of extra-framework cations in the zeolite structure allows efficient ion ex-
change to occur in aqueous solution. This is exploited in many commercial applications.
For example, large amounts of Na zeolite-A are used to soften water by exchanging Na*
from the zeolite with Ca®* in hard water. This is also a major component of concen-
trated washing powder formulations, where it replaces sodium tripolyphosphate to reduce
the environmentally hazardous phosphate concentration. Ammonium and potassium ex-
changed zeolites are also frequently added to soil to improve crop yields. Recently, an im-
portant use of zeolites as ion-exchangers has been as radioactive decontaminants. Clinop-
tilolite, for example, was used extensively after the Chernobyl nuclear disaster to leach ra-
dioactive ions such as %°Sc and !¥’Cs from the water supply.1%® In the dehydrated form,
zeolites have a high affinity for water, and are used commonly for dehydrating organic sol-

vents prior to synthetic work and in double glazing.

2.4.3 Sorption and Gas Separation

The shape selectivity of a zeolite can also be used to separate gases. Two modes of oper-
ation can be envisioned. In the first, which is essentially a thermodynamic effect, the dif-
fering affinities of the zeolite for each sorbate effects the separation procedure. Using this
principle, it is possible to achieve non-cryogenic separation of O, and N, with Na-LSX ze-
olite. In this case, the presence of the quadrupole moment of N, causes the molecule to
be more strongly bound to the cation. Alternatively, the kinetics of transport through the
zeolite pores can be used to achieve the separation. This is essentially the shape selective
effect detailed in Section 2.4.1. The Asahi process operates on this principle to separate
mixtures of Cg aromatic isomers (xylenes and ethylbenzene).83

Further applications have also been proposed. Herron and co-workers have synthesised
a zeolite in which a semiconducting material was formed in situ inside the zeolite pore
structure.!% In addition, it is also possible to introduce conducting polymers using similar

techniques modifying the physical properties in subtle ways.1%7
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Chapter Three

Theoretical Methods

One of the main aims of many computational chemistry methods is a correct representa-
tion of the potential energy surface. Using quantum mechanics, an exact expression for
the energy as a function of all degrees of freedom in the system is possible, however the
solution of this expression is rarely a tractable problem and various approximations must
be used. The wide variety of computational methods that are available vary quite consid-
erably in the level of approximation that is employed, ranging from accurate quantumn me-
chanical approaches to the more empirically based atomistic simulation techniques. By
a careful consideration of the problem, a technique must be chosen which calculates the
desired properties of interest to a given level of accuracy while expending the least amount
of computational effort.

In this chapter, the theoretical basis of each of the computational approaches will be
discussed along with their relevance to readily accessible experimental data. Finally, the
issue of computational hardware development will be addressed and its impact on com-

putational chemistry will be considered.

3.1 Quantum Mechanical Methods

Quantum mechanical methods consider the electronic properties of an atom explicitly by
wave mechanics. This allows the study of properties of a system that depend directly on
electronic configuration, such as electronic transitions and the important aspects of bond
making and bond breaking processes in chemical reactions. Since this treatment is rela-
tively computationally expensive compared to more approximate methods, calculations
tend to be limited to clusters of fewer than 200 atoms, even for semi-empirical quantum

mechanical methods.
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3.1.1 Ab Initio Techniques

The time-dependent Schrodinger equation, or Dirac equation, can be written as :-

HU = ih (aq’> 3.1)
ot

where H is the Hamiltonian operator, % is the scaled Planck constant, ¥ is the wavefunc-

tion, and ¢ is time.
In the limit that the wavefunction is considered to be a stationary state, the time-

independent Schrédinger equation can be written :-
Hy = E (3.2)

where E is the energy. The Hamiltonian operator can be divided into a number of different

termsi-
) Ne Ne Ny Ne Nc Nn Ny ZQZQIBQ
H=-Z ZZ|r--R| 22 —r|+z_:z|Ra—-Ra,|
1=1 1=1 a=1 =1 3>1 a=1lao'=1

3.3)

where NN, is the number of electrons, /V,, is the number of nuclei, m is the mass of an elec-
tron, Z is the nuclear charge, e is the electronic charge, and r and R are position vectors for
electrons and nuclei respectively. The four terms represent the electronic kinetic energy,
the electronic-nuclear attraction, the electron-electron repulsion, and the nuclear-nuclear

repulsion respectively. The kinetic energy operator is the Laplacian :-

o2 o2 9?2
2 o - -—
V= (3562) i (3y2> * (322> (3.4)

where z, y and z are the Cartesian axes. Since the electronic motion is considerably faster
than nuclear motion, the positions of the nuclei do not respond to changes in the elec-
tronic position, and the nuclear-nuclear term can be separated out in Equation 3.3. This
is called the Born-Oppenheimer approximation, however it has a number of important ex-

ceptions in chemical problems, notably the Jahn-Teller effect in transition metal chemistry.
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Thus neglecting the nuclear-nuclear term the Hamiltonian can be written as :-

N Ne Ne
H = =3 h(i)+) Y §(i.5) (3.5)
1=1 =1 j>1
X h? AL
h(1) = ——WV2 ) ¢ 3.6
(4) oVt 2 - Rl (3.6)
() = —=
9(i,j) = ——— (3.7)
ri — 7l

where h(:) represents a one-electron many-nuclei term, and §(¢, j) is a many-electron
term. The aim is to solve the Schrodinger equation for the wavefunction, ¢, and the en-
ergy, E.

In the case of the hydrogen atom, the many-electron term vanishes and the Schrédinger

equation simplifies to :-
(A(3) — €n)¢n(r:) = O (3.8)

This is one of the few systems for which there is an exact solution to the Schrédinger equa-

tion, the hydrogenic wavefunctions having the general form in polar coordinates :-

n(ri, 0:,G) = »(ri)om, (3.9)
= Ru(r:)O1m(0:)®m((i)om, (3.10)

where n represents a set of quantum numbers describing the wavefunction (n={n, [,
m , ms } ), Ry is a Laguerre polynomial, ©;,, is a associated Legendre polynomial, ® is a
plane wave term, and o represents the electron spin. Collectively, the wavefunctions ¢,,
are known as atomic orbitals.

In the case of many electron systems, no exact solution is possible and a more approx-
imate approach is needed. One starting point is to express the many electron molecular
wavefunction as a product of one electron molecular wavefunctions, or molecular orbitals

thus :-

UN(T1,72,. ., "N.) = Vny (P1)Vny(T2) - - - Uy, (TN) (3.11)

31



CHAPTER 3. THEORETICAL METHODS

This is known as the Hartree approximation.t98

A further complication for many electron systems is provided by the Pauli exclusion
principle, which states that the total wavefunction, ¥y must be antisymmetric with re-
spect to the simultaneous exchange of any two electrons. This is achieved by the use of the

Slater determinant which has the form :-

¥1(1) ¥1(2) ¥i(3) ... ¥i(N)
PYa(l)  ¥a(2) ¥2(3) ... P2(N)

1
\pN(rl’rz"“’rNe):ﬁ Y3(l) ¥3(2) ¥3(3) ... w3(N) (3.12)

Yn(l) ¥n(2) ¥n(3) ... ©n(N)

where ;(j) represents the electron in spin-orbital : with position vector ;. The varia-
tional theorem states that for any approximate wavefunction, ¥y, the calculated approxi-
mate energy will be an upper bound to the total energy. The Hartree Fock method!® finds
the Slater determinant wavefunction that makes the total energy the lowest.

The energy of the system is given by the following expression :-

E(Un(r1,r2,...,Ne)) = = (3.13)

Substituting for H' from Equation 3.5. The orthogonality of the spin-orbitals reduces the

one-electron term to a sum involving integrals over the same wavefunction :-

Z < i) R ()i (3)

N
Z (3.14)
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Whereas the many-electron terms can be expressed as :-

Ey = Z < (1) (5)]9s5|ws (¢ $)Y;(J Z < ;(1)¥; (5 Ngizl i (G)¥ ;(2) >3.15)
1>) 1>]
N
= Z(Jij - Kij) (3.16)
i>] '

such that the total energy can be written as :-

E = Zh +Z i — Kij) (3.17)

z>_7

The J term represents the interaction between two charge distributions, and hence is

called the Coulomb integral :-

(3.18)

= Vi (1) 5 () i(d); (5)dridr;
i = / |1',—1'3|

- [
i J

Analogously, the K represents the interaction arising from overlap of two different charge

distributions and is known as the overlap integral :-

Ki; = /¢2 L Irs _(szlj(')dridrj (3.20)
i—Tj

P i dridr;
- / J()ﬁf(_)r.l J (3.21)
i = Tj

These terms can be a four-centre two-electron integral and result directly from the Pauli

exclusion principle.
Evaluating these integrals with an initial guess for the molecular wavefunctions, allows
the calculation of the Hartree Fock energy, which, by the variational principle, is an up-

per bound of the lower energy. These expressions can be analytically differentiated in an
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attempt to minimise the total energy :-

OF OE; OE,

O VA M (3.22)
_ [iz(z')— < Yi() R ()i 3) >] (i) 3.23)
+ Z /%%’U)erg’ - Jij] Vi(1) (3.24)
iz T
[ 1 |
+ Z (/ ;,_,wj(j)wi(j)drj> Vi(7) — Kiji(3) (3.25)
iz LN T

or by defining the Fock operators J and K :-

h(i) + Y (Jij — Kij) | i = e (3.26)

J#1
Since the exchange Fock operator is a function of ¢;(j), these differential equations nec-
essarily require an iterative solution. This is achieved by assuming a basis set for each or-

bital :-
i =Y Ciuxp (3.27)
i

where C are orbital coefficients. An initial guess for the orbital coefficients gives a starting
point for ¥ which can be then used to define the Fock operators. Equation 3.26 can then
be solved to obtain new values for the orbital coefficients. This process is repeated until
the coefficients are unchanged from the previous iterative cycle and a self consistent field
is obtained.

The basis set representations of Equation 3.26 are called the Hartree Fock Roothaan

1

equations 10 and can be conveniently written as :-

(H; — S;¢;,)C; =0 (3.28)
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where the Fock matrix, H, and the overlap matrix, S are given by :-

(H)pp = |hi+t Z Jij — Kij (3.29)
J#1 !
(Suw = <xulxu> (3.30)

The Fock matrix elements can be written explicitly in terms of the basis functions, for ex-

ample :-

1
Fuw = huy + 2 ) [< prlwd > = < pwlvd >] (3.31)
2
wA
Two types of function have been used to model the atomic orbitals (Slater-type orbitals

and Gaussian-type orbitals). Slater-type orbitals are of the form :-
x = Nr"=1e=¢ym(9,¢) 332

where n is the principal quantum number, ¥,"(, () is a spherical harmonic function and

N is a normalisation constant. whereas Gaussian functions have the form :-
2
x = Ne ¢ zPydzt (3.33)

The Slater-type functions are known to be a better representation of the wavefunction,
however their analytical integration is more complicated than for Gaussian functions. To
improve the speed of the calculation, a series of Gaussian functions may be used to repre-
sent a Slater-orbital. One of the simplest basis sets is the STO-3G,!!! which represents the
Slater orbitals as a contracted set of three Gaussians. The more Gaussians that are used in
the basis set, the more accurate the calculation, however since the computational expense
is proportional to the fourth power of the number of basis functions, the minimal basis set
that gives the required accuracy is always used. For many systems, it is necessary to in-
clude a number of polarisation functions in the basis set to allow for such distortions in
the electron cloud that occur during bond breaking and making processes.

For heavier atoms with large numbers of atomic orbitals, the calculation can be simpli-
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fied somewhat by representing the core electrons shells by an effective core potential in
which the valence electrons move. This approach is known as the pseudopotential method
and also allows relativistic effects to be partially subsumed.

The most widely used quantum mechanical codes available today are Gaussian-92,112

GAMESS, 13 CADPAC,!14 and TURBOMOLE!!®

3.1.2 Electron Correlation

In order to obtain accurate values for bond lengths, vibrational frequencies and many
other ground state properties as well as representing the dissociation process correctly, a
more rigorous treatment of electron correlation needs to be included. There are several
generally used methods to include these effects : configuration interaction (CI), perturba-
tion theory, and the coupled cluster method. The first two methods add terms due to ex-
cited states to the Hamiltonian. However, in most cases because of the high computational
expense, this is limited to only terms up to the quadruplet excitation level. The introduc-
tion of correlation corrections greatly increases the computational cost of the calculations,

and they now scale at least with the fifth power of the number of basis functions.

3.1.3 Semi-Empirical Techniques

There are many methods that perform the quantum-mechanical calculation using a more
approximate approach. These are known as semi-empirical methods. For example, the ef-
fects of the core electron shells can be completely neglected and the calculation limited to
the valence electrons. In addition, the Coulomb and exchange integrals can be approxi-
mated by a variety of analytical expressions, which are parameterised to reproduce some
experimental quantity of interest. Common approaches are Extended Hiickel theory,!19
CNDO (Complete Neglect of Differential Overlap),!!” MNDO (Minimum Neglect of Differ-
ential Overlap), AM1118 and PM3119 (which attempt to make MNDO more accurate). The
AMPAC code!?? implements many of these different techniques within one computational

environment.
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3.1.4 Density Functional Theory

Density functional theory provides an alternative approach to the solution of the
Schrédinger equation by viewing the energy as a functional of the electron density rather
than the wavefunction. Recent developments in density functional theory as applied
to chemical applications often provide an attractive alternative to Hartree-Fock meth-
ods. This technique was first shown to be useful for chemical systems by Hohenberg
and Kohn.!'?! The basic principle is that that the Hamiltonian is a unique functional of
the electron density distribution, p(r), which is determined by the external potential,
v(r). As with the Hartree-Fock method, the energy obeys the variational principle, that
is the correct ground-state electron density distribution is that which minimises the total

energy :-

S(E[p(r)] - u[/ p(r)dr — N]) =0 (3.34)

where p is the Lagrange multiplier corresponding to the chemical potential and /N is the
number of electrons in the system.

The energy functional is made up of a number of terms similar to the Hartree-Fock en-

ergy :-
Enklp(r)] = Tlp(r)] + Vne[p(r)] + Vee[p(r)] (3.35)

where T is the kinetic energy functional, V,,. is the electron-nuclei Coulomb functional
and V. is the electron-electron Coulomb functional. Since there are uncertainties in the
values of several of these terms, the total energy is decomposed formally into three terms,
a kinetic energy term (I”[p(r)]), an electrostatic and Coulomb term (U[p(r)]), and a many-

body term V,.[o(7)], which contains all the exchange and correlation effects, thus :-

Egklp(r)] = T'[p(r)] + Ulp(r)] + Vzc[o(r)] (3.36)

where T’ is defined in such a way to represent a system of non-interacting electrons that

give the same electron density as the original system.!?? This simplification reduces the
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problem to a set of N independent electron equations in the form of the one-electron
Schrédinger equation, with the following Hamiltonian :-

p(r')dr’

1
H;, = _§v§ + Ve + ] + Ve (3.37)

|ri —r

where V... is the potential due to the atomic nuclei and V. is the exchange-correlation
potential. To achieve a more accurate solution from density functional theory, an im-
proved representation of the exchange-correlation energy is required. Several approxima-
tions to this energy are available, of which the local density approximation'?1:122 is the
most common. This is most accurate for cases with fairly constant electron density such
as metals and delocalised systems. The exchange correlation term is represented in an an-
alytical form for computational convenience. In chemical applications it is necessary to
make gradient corrections to the energy to reproduce the correct ground state properties
of interest. Density functional theory has two main advantages over Hartree-Fock meth-
ods. Firstly, it includes the effects of electron correlation directly, and, secondly, the calcu-
lations scale as the third power of the number of basis functions. However, the choice of
basis set is less important than with Hartree Fock methods, instead care must be taken to
use an expression for the exchange-correlation energy that is appropriate for the system of

interest. Several density functional codes are commercially available including DMol,1%3

and DGauss.!%4

3.1.5 Structural Optimisation

Once the potential energy surface is known, derivatives can be calculated either analyti-
cally or numerically to obtain the forces acting on the atoms. The derivatives can be used
in a further iterative loop to optimise the positions of the atoms using standard techniques
(see Section 3.2.4). The second derivative matrix can also be used to obtain vibrational fre-
quencies. This adds a further computational cost to the calculations and tends to limit the

system size and richness of basis set that can be used.
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3.1.6 Periodic Quantum Mechanical Calculations

The large majority of quantum mechanical calculations that are carried out on chemi-
cal systems are on discrete clusters. However, there are a number of codes, notably the
Hartree-Fock program CRYSTAL,!2% that perform calculations on periodic systems such
as infinite inorganic and organic solids with translational and crystallographic symmetry.
The basis functions used must be specially adapted by reoptimisation of the orbital expo-
nents for use in the crystal lattice. The computational cost of such calculations is consid-
erably greater than for clusters, and is limited presently to high symmetry structures with

a limited number of atoms in the asymmetric unit.

3.1.7 Applications to Zeolites

Quantum mechanical methods as applied to zeolites have generally focused on the treat-
ment of small clusters that are representative of the zeolite, and the calculation of their
structure and properties. The calculation of the energy and derivatives allows the mini-
mum energy configuration of the system to be determined and properties such as vibra-
tional spectra to be calculated. The application of quantum mechanical methods to zeo-
lites has recently been reviewed by Sauer.33

The most widely used approach to form the cluster is to cut out a section of the bulk
crystal and saturate the dangling bonds with hydrogens. Capping the cluster with hydro-
gens rather than hydroxyl groups reduces the computational expense of the calculation
while retaining similar electronegativities. Calculations have been performed that con-
sider zeolite stability,12% zeolite acidity,'2”128 water coordination,'?® and framework sub-
stitutions.13? Two questions are important when performing calculations on finite clus-
ter models. Firstly, there are uncertainties due to the approximations in the quantum me-

chanical technique, and secondly, there are the problems caused by the incompleteness of

the model.

Structural Stability

Several studies have considered the implications of the relative energetics of small zeo-

lite clusters on the stability of the zeolite crystal structure. Kramer and co-workers!3! per-
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formed quantum chemical calculations on a number of three-, four-, five- and six-ring
structures, and concluded that the energies were generally very similar, with the exception
of the three-ring unit. This unit is observed only very rarely in zeolite structures, lovdarite
and ZSM-18 being examples. In the structure of lovdarite it is stabilised by the presence of

132 3

beryllium,'32 whereas the synthesis of ZSM-18 has proven to be difficult to reproduce,!3

although recent progress has been made with a new series of templating molecules.!34
Recent advances in periodic Hartree Fock methods and computational power have al-

lowed calculations to be performed on a number of relatively simple zeolite crystal struc-

135 136 137

tures including silicalite,”>” mordenite*~° and chabazite. The studies on silicalite and
mordenite were single point energy calculations on the experimental geometry since the
CRYSTAL code is not at present capable of calculating derivatives. The electrostatic poten-
tial was calculated using the STO-3G basis set. Although no guest molecules are included
in the calculations directly, it is possible, by analysis of the electrostatic potential energy
map, to postulate favourable locations for sorption. In the chabazite study, the higher

quality PS-21G” was used and derivatives calculated by-hand to minimise the structure.

Acid Site Calculations

Many quantum mechanical studies have considered the structure and properties of the
zeolite acid site. The calculations can predict the local geometry of the acid site, vibrational
spectra, 'H NMR chemical shifts and the proton affinity. The formation of the O-H bond
weakens the Si-O and Al-O bonds, and, since the Al-O bond is the weakest, the Al-O bond
lengthens by the largest amount. The results are very sensitive to the size of the cluster and
the basis set choice. This is illustrated by a recent study of Sauer!3® on the properties of the
acid site in boron-substituted zeolite. In this case, the size of cluster, the choice of how the
cluster was terminated (with -OH or -H group on boron) and the basis set determines the
structure of the acid site. The choice of terminating method is important in producing the
correct electrostatic potential at the acid site. These effects have recently been investigated
by Brand and co-workers.!3

The silicalite system has been a popular choice for quantum mechanical investigations

of the acid site. Derouane and co-workers'4? and Alvarado-Swaisgood and co-workers!4!

examined this problem using clusters, although the number of tetrahedral atoms in the
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system require a large number of calculations to thoroughly investigate all configurations.
The problems of cluster size and termination has been investigated by several alternative
approaches. One method is to embed the quantum mechanical cluster in an infinite ar-
ray of point charges, which represents the electrostatic effects of the infinite crystal,142-144
whereas perhaps a more rigorous approach is to use periodic Hartree-Fock techniques.
Nicholas and Hess!45 recently performed an elegant study of the acid sites in sodalite us-
ing a periodic approach looking at cases in which there are both one and two acid sites in
the same (3-cage. They found considerable differences between periodic and cluster cal-
culations on the same system.

Knowledge of the systematic errors due to the choice of basis set are often useful in ra-
tionalising structural quantities such as bond lengths and angles. For example, the STO-3G
and 3-21G basis sets are known to have a large basis set superposition error. This is caused
by the basis sets not being completely saturated. During a calculation each atom tends
to use basis functions from other atoms to reduce the energy, which causes systematic er-
rors. Minimal basis sets are available that have been specifically designed to reduce this
error.146

The use of semi-empirical quantum mechanical methods, although less accurate, does
allow larger clusters to be considered and the effect of cluster size to be examined more
directly. Redondo and co-workers have recently performed semi-empirical calculations
on the acid site in ZSM-5 using clusters of over 100 atoms, and allow up to the nth shell of
atoms to relax.14” They show encouraging agreement with previous ab initio calculations

on the same system.'4! In addition, Gale!“® has studied the effect of cluster size on the

relative acid site stability in ZSM-5 using an embedding technique.

Interactions with the Acid Site

The first step in an acid catalysed reaction is the transfer of a proton from the Bronsted
acid site to the reactant molecule. Initial calculations considered the transfer of a proton
between adjacent bridging hydroxyl groups.'4® The energy for proton hopping was cal-
culated to be 42-62 kJmol!. Further calculations have also been performed which con-

9 1

ammonia,

sider proton transfer to water,? %0 and methanol.!®! In this last two studies,

the cluster was embedded in a large array of point charges to represent long-range elec-
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trostatic effects. In the study on methanol in ZSM-5 by Vetrivel and co-workers,!>! the
choice of point charges for the array caused the affinity of the zeolite for protons to be
greatly exaggerated, and the methanol molecule was predicted to dissociate. Indeed, a
semi-empirical calculation using a larger cluster has shown that the more conventional
chemistry of the methanol -OH group being protonated is more likely to be the important
step.!>? In an alternative approach, Allevena and co-workers used a neutral cluster em-
bedded in an array of point charges in which the charges were determined using an elec-
tronegativity equalisation method.!®® Teunissen and co-workers have performed one of
the few periodic Hartree Fock calculations on systems of this type with a study of ammo-
nia at the acid site in chabazite.!%3

One of the problems with considering interactions between the acid site and molecules
is the correct representation of the dispersive interaction. Since this is essentially caused
by intermolecular electron correlation, it is imperative to perform calculations beyond the
Hartree Fock level if the dispersive term is thought to be the dominant interaction in the
system. Another widely used approach is to use a semi-empirical method in which the ef-
fects of electron correlation are to some extent subsumed in the parameterisation. Despite
the loss in accuracy, the use of a semi-empirical method allows larger molecules and sys-
tems to be considered. Mai and co-workers performed CNDO calculations on the interac-
tion of a variety of aromatic molecules including toluene, xylenes, and methylnapthalenes,
with a proton or metal ion in zeolites.!>* Beran and co-workers also considered the inter-
action between benzene and Na* in a six-ring!>® and found the interaction energy to be
approximately 130 kJmol!. These studies have concluded that the interaction between an

aromatic molecules and a four- or six-ring zeolite cluster is an adequate representation of

the sorption complex.

Metal Clusters in Zeolites

There have also been a number of studies investigating the behaviour of metal clusters in
zeolites. From the catalytic point-of-view, these kind of systems allow the possibility of us-
ing a shape-selective support in reactions that are promoted by metal surfaces. There are
also possible applications in the area of quantum-dot research, where the focus is on elec-

tronic properties of the cluster. Srdanov and co-workers'®® have looked at the behaviour of
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a single electron in various sodalite structures. Ursenbach and co-workers!®? have investi-

gated the behaviour of the Na,3* cation in Na zeolite-Y using a technique based on density

functional theory.

3.2 Forcefield Methods

Atomistic simulation methods attempt to represent the potential energy surface by series
of empirical functions that depend on such quantities as distances between atoms, bond
lengths and bond angles. They make no attempt to represent electrons in the problem
explicitly, rather in most cases they reduce atoms to a single point species and calculate all

energies based on this approximation.

3.2.1 Potential Energy Functions

In general, the potential energy of a system based on atoms can be expressed as a sum of

two, three and many body terms :
E=Y Ej;+Y Eji+ Y Egu+... (3.38)
i,j i,5,k 3,9,k

The sum tends to be truncated at the four-body term in real applications. There are a num-
ber of standard functional forms that are commonly used to represent each of the terms in

the series.

Two Body Terms

The two body term can be split into a number of different components. The first natu-
ral classification is between non-bonding, relatively long range forces, such as Coulom-
bic interactions, and bonded interactions acting over a relatively short distance. The non-
bonding term can then be subdivided into further contributions such as dispersive and

Coulombic terms.

Eij = FEnon—bonded T Ebonded (3.39)

- Edispersive + Epolarisation + Ecoutombic + Ebonded (3.40)
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Dispersive contributions are due to the correlated motion of electrons on different atomic
centres. This results in an instantaneous dipole being generated on each of the atoms, and
it is the interactions of these dipoles, and higher order-multipoles, that gives rise to the dis-
persive energy. Using perturbation theory it is possible to quantify this term for the general

multipole case :-
1 C
Edispersive(rij) = _6 Z '2_7:1 (3.41)

where r;; is the internuclear separation, and C,, are the van der Waals coefficients. Since

the strength of the instantaneous multipoles is related to the polarisability of the atoms in

question, first term in the series, the London energy, can be written, exactly as'>8 :-
3h > :
Erondon(Tij) = | —¢ o; (iw)a; (tw)dw (3.42)

where a; and ¢; are the polarisabilities of atoms 7 and j at imaginary frequency iw.
Several expressions for the van der Waals coefficients, C),, have been proposed based on

a variation analysis of the dispersive force,!%%-16! such as the Slater-Kirkwood formula :-

§e2\/60 ;0L
6 1 1
2 (o\? aj\?
hal IR (A
n; ny

where e is the electronic charge, ag is the Bohr radius, and N; and /V; are the number of

Edispersive (Tij) = (3.43)

electrons in the outer subshell of atoms 7 and j and the Kirkwood-Miiller formula :-

2
6me ;0

Edispersive(rij) = r?j (O-’i> N (a’j>
Xi X3

where m is the reduced mass, c is the speed of light, and x; and x; are the diamagnetic

(3.44)

susceptibilities of atoms i and j. Both these equations give coefficients with considerable
errors. In particular, when considering an inorganic solids, the individual ionic polaris-
abilities are not directly measurable by experimental methods. Also there is some con-

fusion over the choice of N in the Slater-Kirkwood expression, as whether it should refer
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to the number of electrons in the valence shell, or in the atom as a whole. However, some
progress has been made in the calculation of ionic crystal polarisabilities by ab initio quan-
tum mechanical methods.!®? Many studies circumvent this problem by fitting the C,, co-
efficients to experimental data, as detailed in Section 3.2.2. In this case, it is doubtful that
the fitted parameters bear any relation to the contribution of genuine dispersive effects,
rather they contain a number of components including covalency. |

Two functions forms are generally used to represent dispersive interactions. The first is

the Lennard-Jones expression163 -

E;; = Aij _Co (3.45)

m n
T Ty

A number of different values for m and n have been tried, although by far the most pop-
ular is that with m=12 and n=6. The r° term is analogous to that in the expressions for
dispersive interactions given above, whereas the 712 represents the repulsion felt at short

distances due to the overlap of electron clouds and the Pauli exclusion principle. The value

of A;; is chosen to produce a minimum in the function at the correct internuclear separa-

tion, that is :-
oF;; mA;; nC
( ”) = —— 4+ —2=0 (3.46)
87‘1']' T=T0 To "o
n
Ay = ECﬁT‘gz—n (3.47)

where rg is the required minimum, which can commonly be chosen as the sum of the van
der Waals radii of the two atoms. An alternative formulation of the Lennard-Jones equation

is using a distance and energy parameter :-

i O
wrme((3)-(2)
1) 1)

where ¢;; is the depth of the energy well, and o;; is the value of r;; when E;; = 0, as illus-
trated in Figure 3.1. In biological applications, a Lennard-Jones(12-10) potential is often
found to be a better representation of hydrogen bonding.

An alternative to the Lennard-Jones potential which is popular in the treatment of ionic
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Figure 3.1: Lennard-Jones potential and parameters.

5.0 6.0

r; A)

solids, is the Buckingham potential :-

Ce
-8 (3.49)

ij

Eij = Aij exp (_7‘_2]_>

Pij T

The exponential repulsive term is thought to be a better representation since it has a simi-
lar form to that of the functions used in electronic wave functions. However, this potential
fails at short values of r;; since the repulsive term tends to a finite value, while the attrac-
tive term goes to negative infinity.

The polarisation energy is related to the induction of a dipole moment by the applica-
tion of an electric field. In an ionic crystal, the electric field is generated by other species

in the crystal, and is given by :-
1 Z 2
Epolarisation = _5 aiGi (3.50)

where o; is the polarisability of atom ¢ and G; is the electric field strength at atom 7 due to
its surroundings.
As with the various expressions for van der Waals coefficients, there is a problem in ob-

taining values for the polarisabilities of species in crystals. In addition, the polarisability
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Figure 3.2: Schematic representation of the shell model.

Cation charge : q;c+qis Anion charge : qsc+Qps
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|

will not respond to changes in the environment. As the interatomic separation decreases,
a point will be reached where the rate of increase of the dipole-induced dipole energy ex-
ceeds that of the mutual polarisation energy causing the so-called polarisation catastro-
phe.164

A simple method for avoiding this problem is to use the shell model proposed by Dick

and Overhauser,16°

which is illustrated in Figure 3.2

Each ion is composed of two parts, a core and a shell, such that the total ionic charge is
the sum of the charges on the core (g¢) and shell (gs). The mass of the ion is centred at the
core, while the short-range interactions occur only through the shells. The core and shell

are coupled by an harmonic spring of spring constant k; :-
1, 2
Ecore—shell = 'é'ki'rc_s (3.51)

where 7._ is the core-shell separation. The shell is analogous to the valence electron shell
of the ion, whereas the core represents the nucleus and core-electronic states. However,
since the values for the charge separation are merely variable parameters in the forcefield

their magnitudes have no direct meaning. As the core-shell separation charges, the distor-
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tion of the electron cloud is varied accordingly. The ionic polarisability is given by :-

2
o; = d;s

= — (3.52)
ki +7Te—s

Shell model potentials still show some inadequacies despite being able to reproduce ex-
perimental phonon dispersion curves of most materials over a wide range of wavevectors.
For example, such potentials are unable to account for the Cauchy violations for FCC crys-
tals such as Mg0.1%6 To circumvent this problem, Schréder has proposed the breathing

shell model 167

which allows for spherically symmetric distortion of the shells. This has
also been extended by Sangster! 98 to allow for ellipsoidal distortions which are essential to
handle d!? ions such as Ag(l).

The calculation of the Coulomb energy is the most computationally intensive term in

the energy calculation for ionic solids. The summation is simply :-

/

1 q:q;
E = — E 3.53
Coulomb 2 i j 47T607"z'j ( )

This expression assumes that the atoms are represented as point charges, rather than
charge clouds, and is only really valid when the atoms are separated by large distances.
A general rule for expressions of this type is that such summations are trivially convergent
only if the pdwer of the separation is greater than the dimensionality of the system. For the
dispersive interaction outlined above this is true, and the potential acts only over a rela-
tively short range. However, this rule does not hold for the Coulombic summation, which
is conditionally convergent; that is, convergence is dependent on the order in which the
terms are summed, and also dependent on the charge neutrality of the system as a whole.
Several methods have been proposed to group the terms in physically meaningful ways
that are somewhat system dependent.!%%170 However, for the general system the most
popular method to efficiently sum the Coulombic terms is due to Ewald.1”! The essence of
the approach is to split up the summation into a short range and a long range component,
and Fourier Transform the long range term into reciprocal space. The 1/r term can be rep-

resented by a Laplace transform which is then split into two ranges bounded by distance 7
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= | =

2 20
= — e "t dt (3.54)
7
2 n 2,2 2 e 2,2
= ﬁ'/ e—’" dt + —\/—%-'/ e—r ¢ dt (355)
0 n

The long range term is transformed into reciprocal space :-

1 1 8% [® 1 i -
2y == — e KT K 3.56
(r)long 27 ]V‘/c —00 Kze i ( )

where K are reciprocal space vectors, given by :-

K = 2n(niky + noka + ngks) (3.57)

and n1, no, n3 are integers,N is the number of species in the unit cell of volume V. . In

order to calculate Equation 3.56 computationally, it can be replaced by a sum :-

(1 1 818 = 1 i, £
_ — —1 T 47 3.58
DN 2 osm
Thus the total reciprocal space energy is given by :-
Ereciprocal = 3 L AK) > i Y _q; cos(K.(r; — ;) (3.59)
K : j
where A(K) is pre-calculated outside the distance loops as :-
27 1 —ﬁ[
AK) = ——¢ 4 (3.60)

To increase computational speed, Anastasiou and Fincham reduced this expression from
2._

a triple sum to a double sum by including complex numbers'”

Ereciprocal = Z A(K)l z QieiK'ri |2 (3.61)
K )

The real space (short range) integral in the Ewald summation can be evaluated using the
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complementary error function :-

2 (7 _ 20 1
—_— ~Thdt = ~ erf
ﬁ/() € eI c(nr)

Thus the total Coulombic energy is given by :-

9 !

1 4nw 5-7 Al —iK i1
L= 4 +
Ecoulombic 2NV " El El q:q;€ e
Lty Jhby

with the following terms excluded :-
e The K =0 term in the first summation

e Ther;; ;;1;=0 term in the second summation

N N’
+ = ZZQ@QJ
zlj 2lj

z]ll

(3.62)

erfe(nr;ji,i; )

(3.63)

The value for 7, the boundary point between real and reciprocal space summations, must

be chosen to give the desired accuracy in each of the summations with the least computa-

tional effort. Catlow and Norgett showed that for a given Ewald accuracy A, (the smallest

term in the summation to be included is given by A./r), then the cutoffs in real and recip-

rocal space should be!”3 :-
1
(-=IlnA.)?
o
Kmez = 2770(— In Ac)

Tmazx =

=

where the optimal n value is given by :-

N7T3 %
o ()

(3.64)

(3.65)

(3.66)

The final class of two body terms are those representing bonded interactions, of which

two forms are commonly used. The first is a simple harmonic function based on the equi-

librium bond length :-

1

Eponded(Tij) = §kij(7"ij - 70)
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where k;; is the force constant for the bond and r is the equilibrium bond distance. Since
all covalent bonds have some degree of anharmonicity, many workers add further power
series terms to this expression to make the function more realistic. A Morse potential re-
sembles the form of the experimental potential energy surface more closely, and has the

general form :-
Ebonded(Ti;) = De((1 — e~aris=r0)y2 — 1) (3.68)
where D, is the depth of the potential minimum and where

1

o\ 2
= .69
) (ZDe) W (3.69)

 is the reduced mass, and w is the vibrational frequency. The Morse function allows for

the possibility of dissociation at large internuclear separations (as r;; — oo, £ — 0).

Three Body Terms

The most widely used three-body potential energy function is the simple harmonic bond

angle potential :-

1
Eihree(Oik) = §kijk(9ijk ~ 6p)? (3.70)

where k; i, is the three body force constant and 6y is the equilibrium bond angle.

Four Body Terms

Four body terms are most extensively used to calculate the torsional energy and to model
out-of-plane interactions that are needed to simulate planar molecules such as aromatic

molecules. A typical function is of the form :-
Efour(Pijkt) = kijri(1 + sizr cos(nijeidijki)) (3.71)

where k; jx; is the four body force constant, s;; is the sign of the potential (either £1), n; 1

is an integer governing the position of the minimum and ¢; i, is the torsion angle.
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3.2.2 The Fitting of Forcefield Parameters

Once the form of the potential energy functions that make up the forcefield has been de-
termined, forcefield parameters must be obtained that reproduce experimental quantities

of interest to a desired accuracy.

Empirical Fitting to Experimental Data

The most common method of determining forcefield parameters is by least-squared fitting
to experimental data. The relevant experimental data that are considered tend to be struc-
tural in nature such as the positions of atoms in the asymmetric unit and cell parameters,
since these are less sensitive to the form of the potential. However, if a potential is required
that can reproduce dielectric and other properties that are more sensitive to derivatives of
the energy it is essential to include dielectric, elastic and phonon data in the fitting pro-
cess. The method tends to be limited to simple prototype structures (such as a-quartz in
the case of silicates) as there are rarely reliable experimental data on more complex sys-

tems.

Theoretical Determination of Parameters

When there are little high quality experimental data available to which to empirically fit
parameters, the values can be obtained directly from theoretical methods.

Although pair potentials cannot be obtained directly from full quantum mechanical
calculation, they can be extracted from appropriate formulations. The most commonly
used of these is the density functional treatment of the uniform electron gas. Gordon and

Kim!74 expressed the energy of a closed shell ion as :-

T

Elp] = Cy /[p(r)]gdr + C, /[p(r)]%dr - Z/P—(r—)dr + (3.72)

o[ "T‘r’l)f’é”,—?drdrw [ <clotrilptrr
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where Z is the nuclear charge and where

3 3
Cr = -1—6(37r2)? (3.73)
1
3
C., = —§(§’-> (3.74)
4\«

The first four terms are the kinetic, exchange and Coulomb energies respectively. The last
term is the electron correlation energy which is expanded as an interpolation between the
low and high density limits for a homogenous electron gas. For a pair of atoms AB, the total
electron density is assumed to be the superposition of the separated ion densities, so that

the total energy is then given by :-

Eap = ElpaB] = Elpa + pB] | (3.75)

Thus the interaction energy is given by :-

Vap = El[pa+ pB] — Elpa] — ElpB] (3.76)

To reduce the possibility of numerical errors, Gordon and Kim suggested a rearrangement

of the terms to give the following expression for the interatomic potential :-

Vag(R) = 24ZB - ZB/ pA(rl)d’l'l - ZA/E—Q(—T-z—)d’I‘z + (3.77)
R T1B T2A

+ff "A(’“}f(mdmdrz + [ 1oar) + pB(r)Eolpa(r) + pa(r)]dr—

padr)Eclpaldr)] - pp(dr)Eclpp(dr)]

where :-
Eglp(dr)] = Cilp(dr)}3 + Celp(dr)]3 + Eclo(dr)] (3.78)

where 7, 71, 724 and r;2 are functions of the internuclear separation, R. By calculating the
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energy as a function of the interatomic distance a potential energy curve is obtained that
can be fitted to a potential function. Mackrodt and Stewart!”® have shown that, for ions in
particular, it is important to solve the corresponding atomic Hartree-Fock equations in an
external field of a strength which is equal to the Madelung potential in order to correctly
represent the potential energy surface.

The most promising method for deriving interatomic potential energy functions is by
using ab initio quantum mechanical methods. A large number of single point energy cal-
culations are performed on a cluster possessing a number of the structural features for
which the potential parameters are to be derived or on a periodic structure, by varying such
internal parameters as bond lengths and bond angles. The potential parameters are then
fit to the ab initio potential energy hypersurface. This method has an additional advantage
that geometries lying far away from the equilibrium state can be explored in order to ob-
tain a more flexible potential. It must be stressed that in order to correctly reproduce the
curvature of the potential energy surface and also to obtain accurate bond lengths, post
Hartree Fock methods must be used wherever possible. This method has recently been

178 and aluminophosphates.17?

used to derive potentials for silicates,17®177 alumina,

Once a forcefield has been derived that can reproduce the experimental quantities of
interest to the desired accuracy, a number of different types of calculation can be consid-
ered.!80 Analytical derivatives can trivially be calculated and structural optimisation of the
structures performed. Since the computational cost of atomistic simulations is much less

than for quantum mechanical calculations, much larger systems can be considered with

or without periodicity included.

3.2.3 Perfect Lattice Energy Minimisation

The simplest calculation that can be performed is the determination of the equilibrium
crystal structure of a material with respect to the atomic and crystal structure parameters.
Using the terminology of Born and Huang, '8! the lattice energy for a system of s atoms per

unit cell, U), can be written as a Taylor series expansion that is second order in the total
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strain :-
U(R) =Ur(R) +g¥.6 + 6T W.6 + 0(6%) (3.79)

where 0 is a generalised (3s+6)-dimensional strain vector consisting of 3s internal compo-

nents, 4 and 6 bulk components, d¢, thus :-
8 = [or, be] (3.80)

g is a vector of first derivatives of the energy :-

oU;

g=| or (3.81)
oUL

Je

and W is the corresponding matrix of second derivatives :-

02U 03Uy,

W — 87’87’ 87’66 (382)
0?U;, 0°Ug
Jdedr Oelde

. . . . , —_— 4 .
Higher terms in the energy expansion are neglected. The configuration, R’ = r_, is related

to R by the transformation :-
r! = Ae.(rs + 0ry) (3.83)

in which Ac is the strain matrix formed from the components of the strain tensor :-

/ d€q \

1 1
5566 5565

Ae=|15e5 Jer 1deq (3.84)

\%565 %564 563}
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The minimisation protocol can either minimise all degrees of freedom (constant pressure),
or neglect the bulk lattice strain terms and keep the cell fixed (constant volume).
If Uy is a perfect harmonic function, the displacements required to reach the energy

minimum are given by :-
§=-Wlg (3.85)

Since in most cases this is not true, this equation does produce a configuration that is
closer to the minimum provided that W is positive definite. By repeating this procedure
iteratively, the final minimum can be reached in a number of steps. The strain derivatives
of the energy can be derived assuming that the potential functions are dependent on the

square of the separation in which case it can be written :-
r' =T +¢€)r (3.86)

where I is the unit matrix and e is the symmetric strain tensor formed from {¢; } analogous

to Equation 3.84. Expanding Equation 3.79 in the second derivative matrix :-

UL(R) = UL(Rp) + %&-T.Wrr.ér + e Wer.0r + —;—&T.Wee.ée (3.87)

where :-
0%*UL
Wrr = Oror (3.88)
0%Uy,
We = Oelr (3.89)
82Uy
We = 5e0e (3.90)
From the equilibrium condition :-
oUy,
W = (3.91)
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Hence :-
or = —(W W, b¢) (3.92)
So the lattice energy can be expressed as :-
Up(R) = Up(Rp) + %56T(W66 —WeWIW . )de | (3.93)
and the second derivatives or elastic constants become :-
C=We-W.WLWw,)/V. (3.94)

where V, is the cell volume. Once the elastic constants have been determined, the strain

can be calculated from Hooke'’s Law :-
ej = P;.C! (3.95)

where P; is the sum of the static pressure and the applied hydrostatic pressure. The static

pressure, Ps;, is given by :-

Pe: — dUp dr? dr
517 Tdr de; dr?

(3.96)

Given the strain, it can be substituted into Equation 3.86 to yield new coordinates and
cell dimensions. Thus, the minimisation procedure consists of firstly removing the strains

on the atoms in the unit cell, and then reducing the bulk lattice strains on the cell.

3.2.4 Minimisation Methods

Several methods of function optimisation are particularly suited to lattice energy minimi-

sation. The function to be minimised, F'(z), can be expanded using a Taylor series as :-

1
F(z)=F(z')+g7.6 + 557" H.$ (3.97)
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where :-

6 = z—2 (3.98)
OF (x)

g = (3.99)
ox
82F(x)

H = F (3.100)

Thus the required minimum is given by :-
§=-Hlg (3.101)

The repeated application of this equation is necessary for convergence. The computa-
tional bottleneck in this problem is the inversion of the Hessian matrix, H. The inversion
process is an O(n3) problem, which can be quite expensive for systems of the size of most
zeolite unit cells. However, several alternative approaches (variable metric methods) have
been suggested, which are all based on replacing Equation 3.101 by an expression of the

form :-
d=-)G.g (3.102)

where G is an approximation to the inverse Hessian matrix and ) is a linear parameter. G
is typically initialised with either the exact inverse Hessian or simply the unit matrix, and
is then updated with one of several formulae such as Davidon-Fletcher-Powell, 82 Davi-
don!83 and Broyden-Fletcher-Shanno-Goldfarb!84185 rather than calculating the inverse
directly.

To ensure quadratic convergence a search to determine )\ is required each cycle. A new
set of positions may then be obtained from this approximate Hessian and the iterative cy-
cle repeated until convergence is obtained. Variable metric methods represent the most
efficient methods for obtaining the minimum energy in lattice energy calculations; how-
ever, a further problem still remains for large systems. Since the Hessian is a symmetric
3N x 3N matrix, where N is the number of atoms in the problem, storage becomes a prob-

lem. Assuming that each atom is a FORTRAN double precision number, then for faujasite,
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whose unit cell has 576 atoms, storing the Hessian would require about 12 Megabytes of
memory. In such cases, the somewhat simpler though slower conjugate gradient methods
are used because they only require storage of the first derivatives. The most common algo-

rithm is that of Fletcher and Reeves!8® in which the following update is used :-

Tyl = T; + ;S (3.103)

where S is the search vector. It is initialised as the direction of steepest descent and then

updated accordingly to the following expressions :-

Sp = —gy + - (3.104)

3.2.5 DefectLattice Energy Minimisation

All ionic solids possess defects as part of their structures. The defects may be present in
the classical sense as Frenkel or Schottky defects as occur in stoichiometric compounds,
or by substitution of one ion for another at a lattice site. The most convenient method for
treating a defective lattice is due to Mott and Littleton'8” and is based on the assumption
that the total energy of the system is minimised by a relaxation of the ions surrounding
the defect. The extent of this relaxation decreases fairly rapidly at distances beyond the
defective region. This assumption is implemented in a computational manner by dividing
the structure into two regions as shown in Figure 3.3.

In region I the ions are treated explicitly and allow to relax, whereas in region II the dis-
placements of the ions are assumed to be small enough to treated by the harmonic approx-

imation. The total energy is then given by :-
E = Ei(r1) + E12(r1,¢2) + E2(C2) (3.105)

where E; is the energy of region I, F2 is the interaction energy between regions I and II,
and E, is the energy of region II. 71 is a vector describing the coordinates of atoms in region

I, while ¢, represents the displacements in region II. The energy of region Il is defined to
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where ¢ is the charge of the defect, R is the radius of the spherical cavity surrounding the

defect, and ¢ is the dielectric constant. The polarisation of the continuum is given by :-
1 1
P=— (1——) 3z (3.110)

Although this expression only allows for the electrostatic relaxation of the continuum it is

a good approximation if the spherical region is large.

3.2.6 Free Energy Minimisation

The previous sections have outlined methods for minimisation of the total internal energy.
The method for calculating the free energy is based on the lattice dynamical method of
Born and Huang!8! with the assumption that the vibrational motions in a solid can be
treated as a set of independent harmonic oscillators whose frequencies vary with cell vol-
ume. The aim is to calculate the vibrational frequencies, and thus add a term represent-
ing the phonon pressure to the total pressure in Equation 3.95. The structure is then min-
imised as before.

Using a shell model, the potential energy can be expanded with respect to displace-

ments :-
1
Ur(r') = Ug(r) = §(Wuu.u.u + Wyw uw + Wy wu + Wy, w.w) (3.111)

where W, is the second derivative matrix between cores, W, between core and shell,
and W,,,, between shell and shell.
The displacements can be expressed in terms of the vibrational frequencies using the

periodic nature of the crystal :-

u = wugexp(i(qg.r — wt)) (3.112)

w = wgexp(i(q.r — wt)) (3.113)

where ¢ is the wavevector. The second derivative matrices can similarly be expressed in
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terms of the wavevector, which gives the following equations of motion :-

Wwmu = Ru+Tw (3.114)

and 0 = Tau+ Sw (3.115)

where R is the matrix for core-core terms, .S for shell-shell and T for core-shell, and m is

a diagonal matrix of core masses. By substitution, the expressions can be reduced to the

eigenvector problem :-
w’n=D.n (3.116)
where the dynamical matrix D is given by :-

D = m(R-T.S'T)u (3.117)

and u = mmn (3.118)

The phonon frequencies can be obtained by diagonalising the dynamical matrix. Since the
frequencies are dependent on the wavevector, it is necessary to calculate the phonon spec-
trum over all possible wavevectors. This problem is to some extent alleviated by determin-
ing only those frequencies on a three dimensional mesh of point within the Brillouin zone.
The thermodynamic properties are found to converge rapidly above 50K with the size of
the mesh. Once the phonon spectrum has been calculated the thermodynamic properties
can be evaluated such as the kinetic pressure (allowing minimisation to be performed) and

the entropy :-

3N -—hwi hw,- hwi -1
Szkz —In(1 — exp( T )) + e exp(kT)—l (3.119)

Free-energy minimisation has been successfully applied to the study of several classes of
materials including structures encountered in the Earth’s crust!88 and high-temperature

superconductors.8°
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3.2.7 Statistical Mechanical Approaches

Statistical mechanics provides a link between many of the microscopic properties provided
by a computer simulation and the macroscopic properties that are obtained by an experi-
mental measurement. Each experimentally measured quantity can be thought of as a time

average taken over a long time interval. More formally for a macroscopic property, A :-

Aobs = <A>time = (A(F(t)»time = lim :

tohs—> 00 obs

tobs
/ A(D(¢))dt (3.120)
0

where I represents the 6 N dimensional phase space (3N positional variables and 3N mo-
menta) of a system with NV atoms. In practice the integration is replaced by a sum which

has a sufficient number of terms to make the average statistically meaningful :-

1 TO bs

> A(T(7)) (3.121)

T
obs =1

Aobs = <A>time =

where 7 is an index running over the succession of steps taken through time. Care must
be taken to sample a sufficient region of phase space to yield satisfactory time averages,
however many studies have shown that thermodynamically consistent properties which
compare well with experimental values can be obtained by using this approximation. As
will be seen in later sections, a classical molecular dynamics simulation allows the calcu-
lation of such averages by propagating a system through time by the solution of Newton's
equations of motion. However, it can be shown that alternative algorithms for generating
a series of states in phase space, for example, Monte Carlo simulation, can also produce
useful averages. In this case, the average is one over states within an ensemble (that is a

collection of points in phase space) :-
Aobs = <A>ens = 7__ Z A(F(T)) (3.122)

The choice of ensemble essentially provides constraints on the generation of configura-
tions in phase space and is governed by the thermodynamic variable that is of interest
in the simulation. Four ensembles are commonly used : the microcanonical ensemble

(constant- NVE), the canonical ensemble (constant-NVT), the isothermic-isobaric ensem-
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ble (constant-NPT) and the grand canonical ensemble (constant-; V). In each case, the
specified thermodynamic quantities are fixed while others can be determined by ensem-
ble averaging. In general, instantaneous values of the non-constrained thermodynamic
quantities will fluctuate around their average values. This can be quantified by the calcu-
lation of the statistical variance of the quantity :-

02(A) = (6A%) ens = (A ens — (A)? (3.123)

ens

where :-
0A = A — (A)ens (3.124)

Apart from providing a measure of the width of the distribution about the average, vari-
ances can also be related to useful thermodynamical quantities such as the heat capacity

at constant volume, C',, which is given by :-

_ 1 2
Cy, = T2 (5H >NVT (3.125)

where H represents the enthalpy in the canonical ensemble.

The structure of a system can be investigated by the calculation of distribution func-
tions, such as the pairwise distribution function, g(r). This function gives the probability
of finding a pair of atoms at a distance r apart. A typical distribution for a liquid is shown
in Figure 3.4. This clearly shows the short-range order associated with the liquid state.

Time correlation functions can also yield useful quantities. The non-normalised corre-

lation function between two different quantities A and B is defined by :-
Cap(t) = (6A(t)0B(0)))ens = (SA(T(¢))5B(I(0)))ens (3.126)

For the A=B case, the function is called an auto-correlation function and its time inte-
gral (from ¢=0 to t=00) is the correlation time ¢4. The time integrals can often be related
directly to macroscopic properties of the system and their Fourier transforms can often be

related to experimental spectra. For example, the diffusion coefficient, D, is given (in three
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Figure 3.4: Typical pairwise distribution function for a liquid
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dimensions) by the time integral of the velocity autocorrelation function :-

D= —/O (v;(t).v;(0))dt (3.127)

where v;(t) is the centre of mass velocity of a single molecule. There is also a related ex-

pression which is valid at long times :-
1 2
2D = 7 (jri(t) = ri(0)*) (3.128)
where r;(t) is the molecular position.

3.2.8 Molecular Dynamics

The simplest method of generating a trajectory through phase space is to solve the clas-
sical equations of motion. The problem in its most fundamental form for a system of N

particles interacting via a potential V' is the Lagrangian equation of motion :-

dt \ Oqy Oq B 3. )
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where the Lagrangian functions L(q, q) are defined in terms of kinetic and potential en-

ergy as follows :-
L=K-V (3.130)

where H is the Hamiltonian for the system. Moving from generalised coordinates, g, and
their time derivatives, gy, to the Cartesian frame, equation 3.129 becomes the more famil-

iar expression of Newton'’s second Law of motion :-
mit; = f. (3.131)
where m; is the mass of atom ¢ and f, is the derivative of the potential energy :-
fi=V,L=-V,V (3.132)

The Hamiltonian is formally written as :-
H(p,q) =Y qpx — L(q,9) (3.133)
k

where p is the momentum. The problem can be reduced to either the solution of a system
of 3N second-order differential equations (Equation 3.131) or an equivalent set of 6 N first-

order differential equations :-

poo= Pi (3.134)
m;

p;, = =-V,V=Ff (3.135)

The standard numerical techniques that are commonly used to solve these equations are
based on finite difference methods. The general principle is that given a set of positions
and velocities at some time ¢, the equivalent set of quantities can be obtained at some later
time ¢ + d¢ to a desired accuracy. The value of the time-step, dt, is chosen to be shorter than
the time period of the fastest fundamental process in the system and to give an appropriate

degree of energy conservation. There are several methods that are commonly used.
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One possible method is the predictor-corrector algorithm. The first step in this method
is to predict quantities at some future time ¢ + ¢ based on a Taylor expansion about time

t, for example :-

rP

r(t) + ()6t + %F(t)5t2 + ... (3.136)

7(t) + F(£)8t+ ... (3.137)

»P

The additional equations can be written containing terms depending on higher derivatives
if desired. Since the above equations do not contain the equations of motion (that is, the
values of the forces on the atoms from the forcefield), these approximate quantities need
to be corrected with a further step. The correction factor can be calculated based on the

forces acting on the system at positions 7P, and obtain the accelerations, #°(¢ + dt) :-
AF(t + 0t) = 75(t + 0t) — #P(t + 6t) (3.138)
The correction factor can then be use to adjust the remaining variables :-

re(t+6t) = rP(t+ 0t) + coAT(t + 6t) (3.139)

Fe(t+6t) = TP(t+ O6t) + coAT(t + 6t) (3.140)

To achieve the desired accuracy and numerical stability, optimal values for ¢y have been
suggested.190:191

192

The most widely used algorithm is the Verlet algorithm™~“ which is generally attributed

to Stérmer.!9! This proceeds via a direct solution of the second order equations. The po-

sitions are advanced by the expression :-
r(t + 6t) = 2r(t) — r(t — 0t) + 6t°7(t) (3.141)
The velocities have been eliminated by the combination of the following expressions :-

r(t + dt)

1
r(t) + #(t)0t + §F(t)6t2 (3.142)

1
r(t —0t) = r(t)—f(t)5t+—2-i~'(t)5t2 (3.143)
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The velocities can be obtained from the following expression :-

: t+6t) — r(t — Ot
T(t)=r( * )25:( ) (3.144)

This algorithm has the advantage over the predictor-corrector method in that it advances
the positions in one step rather than requiring two stages. It is also correctly centred about
¢t making it time-reversible. The Verlet algorithm requires 9N words of storage : two sets
of coordinates at times ¢ and t — dt, plus the accelerations. The algorithm has been shown
to have excellent energy conserving properties even with large time-steps. For example,
in the case of liquid argon, r.m.s. fluctuations that are only 0.01% of the average energy
are observed with a time-step of 10fs; these fluctuations increase to 0.2% for a time-step of
40fs, 193,194

The basic algorithm is problematic in that the velocities at the current time step are not
calculated directly. This is an important consideration if the temperature is being con-
strained in some manner as in the NVT-ensemble. To alleviate this problem, a extension
to the Verlet method, the velocity-Verlet algorithm, has been proposed.!®> This takes the

form :-

r(t+ 6t)

r(t) + 7(t)6t + %1"(55" (3.145)

ME+6t) = Ft)+ -;-5t(1':(t) +#(t + 6t)) (3.146)

The velocities are updated in two steps that correspond to the two terms in the last equa-
tion. After the coordinates have been updated and the first velocity update is made, the
forces and accelerations at time ¢ + ¢ are computed before the last velocity move is made.

In order to perform molecular dynamics calculations on polyatomic molecules, two ap-
proaches can be used. Historically, the method of choice was to represent the molecules
as rigid bodies with all bond lengths and bond angles fixed. The rationale being that since
bond vibrations are relatively fast compared to translational motion, the small time step
that would be required to simulate them would not allow sufficient simulation time to
be sampled in order to accumulate significant statistical averages. One method involving

quaternions introducing extra equations of motion for quantities depending on the Eu-
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ler angles, as well as for the centres of mass coordinates. A much simpler approach is to
use the method of constraint dynamics which effectively adds an additional term to Equa-

tion 3.131 that constrains bond lengths and angles to their desired values. The RATTLE

d196

metho uses this approach and is also compatible with the velocity Verlet algorithm.

For a pair of atoms ¢ and j constrained to remain a fixed distance apart d;;, the following

can be defined :-
0 ({r(®)}) = [ri(t) = ;O - & 3.147)
The constraint can be expressed as :-
oi;({r(t)}) =0 (3.148)

Additional constraints on the velocities can be derived by differentiation of Equation 3.147

[7:(t) — 7;(t)].[ri(t) —r;(t)] = O (3.149)
The equations for constrained dynamics are :-
m;r; = f; +9; (3.150)
where g; is the force on atom ¢ due to the constraints. This can be written as :-

g; = — Z’ Aij(t)Vioi; (3.151)
J

where the prime denotes a sum over only those atom pairs that are involved in bond con-
straints with atom 7 and )\;; are time-dependent Lagrange multipliers determined by the
intramolecular forces of the constraints. The lambda values are determined iteratively
each time step using the method of Ryckaert and co-workers.!” However, in recent times,
the increase in computer power has allowed bond vibrations to be handled directly by the

use of appropriate potential energy functions.
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The simplest molecular dynamics calculations operate in the NVE-ensemble, allowing
the inherent energy conservation properties of the Lagrangian equations and the integra-
tion algorithm to conserve the energy. However, most experimental measurements are
made under conditions of constant temperature, so simulation in the NVT-ensemble is
often more appropriate as well as allowing the possibility of investigating the temperature

dependent properties of a system. The current temperature of a system can be written as

12
. ) Pl (3.152)

where N is the number of particles in the systems, V. is the number of constraints on
the system, k is the Boltzmann constant and p the momentum. There are many meth-
ods available to constrain the temperature to a constant value.!% Many of the methods
are based on the rescaling of the velocity at each time step. For example, the method of

Berendsen and co-workers!% uses a scaling factor of the form :-

5t (T 2
X = HZ} T'—l (3.153)

where T is the current kinetic temperature and {7 is preset time constant. The rate at
which the desired temperature is attained is determined by the time constant.
Simulations can also be performed at constant pressure. The pressure during the simu-

lation is calculated using the virial theorem of generalised equipartition :-

oH
<Qka_qk> = kT (3.154)

where g, is the generalised coordinate and H is the Hamiltonian. Using a Cartesian frame

and Newton’s equations of motion this becomes :-

N
— Y rifi = 3NkT (3.155)

t_ot
7

where £ represents the sum of intermolecular and external forces. This force can be split

70



CHAPTER 3. THEORETICAL METHODS

into the interatomic forces, f., and external forces, £¢**. The external forces are related to

the pressure, P, exerted on the container walls of the system :-

N
§<Z r. fi%") = =PV (3.156)
1
If W is defined as the internal virial :-
1 N
W=z Zri.fi (3.157)
then Equation 3.155 becomes :-
PV = NET + (W) (3.158)

Berendsen and co-workers'%” have suggested a method for performing constant pressure
MD simulations by coupling to a pressure bath. An extra term is added to the equations of

motion to produce a pressure change subject to :-

dF. _ (P-PF.) (3.159)
dt tp '

where P, is the current pressure, P is the desired pressure, and ¢, is a time constant. At

each step, the unit cell vectors and particle coordinates are scaled by a factor ¥ :-

St
x=1- ﬂT‘t"(P - P,) (3.160)
P

where (7 is the isothermal compressibility, although this factor is often included in the
time constant. This method allows the volume of the simulation cell to change but not
its shape. However, Parrinello and Rahman?%® have suggested a method to achieve this
allowing phase transitions to be studied by molecular dynamics.

With regards the practical application of molecular dynamics algorithms, the system is
initialised in some realistic starting configuration, and velocities are assigned to the parti-
cles to reproduce a given temperature using a Maxwell-Boltzmann distribution. The sys-

tem is allowed to equilibrate for a period, after which configurational averages are accu-
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mulated to calculate the thermodynamic quantities of interest. The equilibration of the
system can be assessed by monitoring the instantaneous values of the potential energy and
the pressure during this period. Equilibration should be continued until all systematic drift

in these quantities is eliminated, and oscillation is observed about their mean values.

3.2.9 Monte Carlo Simulation

As with molecular dynamics, Monte Carlo methods aim to generate a trajectory in phase
space which samples from a chosen ensemble. The rules regarding the propagation of the
system are based on random numbers, hence the term 'Monte Carlo’. In order to generate
the next point in the trajectory trial moves are made such that the generated states form

what is known as a Markov chain, which has the following properties :-

e The outcome of each trial belongs to a finite set of outcomes {I'1, Ty, ..., ', Ty, ... },

called the state space.

e The outcome of each trial depends only on the outcome of the trail that immediately

precedes it.

The most widely used method to propagate the system is that due to Metropolis and
co-workers.20! State n is generated from state m by picking a random atom and giving it
a uniform random displacement along each of the coordinate directions. The energy is
calculated with the system in its new state and the energy difference for the move, OVins
determined. If the move is downhill in energy (0V,,, < 0) then the new configuration is ac-
cepted as the next point in the trajectory. Whereas if the move is uphill in energy (0Vinn >
0) then the move is accepted with a probability equal to the Boltzmann factor of the energy

difference :-

(3.161)

where p,, and p,, are the probabilities of the two states. To implement this in a compu-
tational environment, a random number between zero and one is obtained each Monte
Carlo cycle and its value compared to the Boltzmann probability to determine whether to

accept a move which would lead to a higher energy state.
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The ensemble average of any quantity, A, is given :-

/Aexp(—ﬁV)dr

(A)nyr = (3.162)
/exp(—ﬁV)dr
Z A(r)exp(—-BV (7)) |
~ IS — (3.163)

Y exp(=pV(7))
T=1

where 5 = 1/ kT . The denominator is the configurational integral for the NVI-ensemble.
The most common ensemble for Monte Carlo summation is the NVT-ensemble; how-
ever, a number of other useful ensembles can also be considered. Wood first presented a
method for carrying out a simulation in the NPT-ensemble.?%?2 Another useful ensemble
for Monte Carlo calculations is the grand canonical ensemble. The simulation is carried
out at constant chemical potential, volume and temperature. In this case, ensemble aver-

ages are given by :-

(A) yr = X=° (3.164)

3
3
z = (ZkaT> exp(Bu) (3.165)

and @,y is the grand canonical partition function :-

Quvr = Y o xpludN) [exp(=0V(s)ds - (3166)
>

In addition to the Metropolis Monte Carlo move, two additional moves are now possible :-

e amolecule is destroyed

e a molecule is created at a random position in the fluid
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To satisfy the condition of microscopic reversibility, the probability of choosing a creation
or destruction step is made the same. A useful implementation of the Grand Canonical
Monte Carlo (GCMC) method was proposed by Adams.2%3:294 In this approach, the chem-

ical potential is split into two terms : an ideal gas term and an excess term :-

po= pf 4t (3.167)
3
1 /27mkT\ ?
= (4" +kTIn(N)vr) + kT In ( “;’:2 ) (3.168)
3
7
= kTB+ kT ln—‘17 (2”’:sz> (3.169)

The simulation is carried out at constant B, V and 7. Using this scheme, the decisions for

creation and destruction are respectively :-

create if exp (B — 0Vimn) — N >( (3.170)

destroyif exp (80Vimn—B)+(N+1)>¢( (3.171)

where ( is a random number between zero and unity.
As with MD simulations, a period of equilibration is necessary to stabilise the system at

some new state after beginning the simulation before averages are accumulated.

3.2.10 Applications to Zeolites

Using the methods outlined in Section 3.2.2, forcefields have been derived for a wide range
of solid state materials including silicates,176:177:205-209 alyminophosphates,' 2210 alumi-
nosilicates,?!! ionic oxides212 and alkali halides.?!3® Bush and co-workers have recently
demonstrated an interesting extension to the empirical fitting method by performing si-
multaneous empirical fits to a large number of different materials containing common
structural elements.21* This ensures that the parameters obtained are optimised for a wide
range of different structures. Many of the parameter sets can be usefully combined to allow

heteroatom substituted zeolites to be investigated.
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Structural Studies

The simplest calculation that can be performed is the investigation of structural effects
using lattice energy minimisation. The sophistication of interatomic potentials is suffi-
cient to investigate many subtle structural effects. For example, the monoclinic distor-
tion of silicalite from the room-temperature orthorhombic form has been reproduced by

Bell and co-workers.?!> The stacking faults in zeolite-3 have been investigated by Tom-

216

linson and co-workers,“*® who found that there is very little thermodynamic difference in

energy between the two polymorphs allowing intergrowths between the two structures to
occur quite easily. The use of a lattice energy minimisation in conjunction with diffraction
techniques can often aid the structure solution of unknown materials. Shannon and co-
workers used a computational approach to solve the structure of zeolite NU-87,2!7 and
recently the structure of MAPO-36 was determined in a similar fashion.?!® In addition
to the structures themselves, energy minimisation can also aid in the refinement of sor-
bate positions as was elegantly demonstrated by Kaszkur and co-workers for dibromobu-
tane in zeolite-Y.21? The structure of the mesoporous MCM-41 family of porous materials
has also been recently simulated using a simple model, which correlates well with experi-
ment.220 Advances have also been made in the field of crystal structure prediction. Deem
and Newsam have demonstrated a method based on simulated annealing that is able to
suggest possible zeolite crystal structures based on the limited structural information that

is often available from a powder diffraction pattern.??!

Sorption

The simplest experimentally interesting calculation that can be performed is the determi-
nation of the most favourable binding sites for sorption in a zeolite. In early work this was
carried out by manually moving the sorbate of interest through the zeolite,> though this
approach has largely been superseded by energy minimisation methods. One of the limita-
tions of this method is that the final sorbed geometry is strongly dependent on the starting
configuration of the system. Also, due to the complicated nature of the potential energy
surface, local minima are a significant problem. One technique of dealing with this prob-

lem is the docking protocol first demonstrated for zeolites by Freeman and co-workers.?%*
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Using this approach, high-temperature dynamics are initially performed on the sorbate to
generate a series of thermally accessible configurations. The zeolite-sorbate potential en-
ergy surface is then probed by inserting the sorbate into the zeolite at random locations.
For configurations that are deemed to have favourable interaction energies according to a
predefined criterion, the sorbate position is energy minimised. In this manner, a number
of minimised sorbate binding sites are generated, which can then be analysed to deter-
mined preferred binding sites. This method has been applied by a number of groups to
study the effects of zeolite-template interactions. Santilli and co-workers have used this
method to investigate the effect of inverse shape selectivity?®3 and concluded that the se-
lectivity of a hydrocracking reaction can be related to the binding energies of the various
products in the zeolite pores. Cox and co-workers?24 have also extended the docking ap-
proach to assess the importance of template-template interactions on the binding energy.

An important consideration when comparing sorption energies obtained from energy
minimisation calculations with experimental quantities is that they represent values at
zero Kelvin. Although it is possible to introduce the effects of temperature into the min-
imisation using the techniques outlined in Section 3.2.6, a much easier and less computa-
tionally costly approach is to use Monte Carlo or molecular dynamics.

Several Monte Carlo studies have been made to investigate the behaviour of xenon in
zeolites using standard NVT ensemble Metropolis methods.?2%226 The heat of sorption
as a function of temperature can be calculated using this method, in addition to the sor-
bate siting preferences. In order to extend this approach to more complicated sorbates,
the internal degrees of freedom of the sorbed molecule must also be varied by the Monte
Carlo algorithm. This greatly increases the amount of computational time needed both for
equilibration and to accumulate meaningful averages. June and co-workers studied the
sorptive properties of linear alkanes in silicalite and found that the molecules locate pref-
erentially at the channel intersections.??’ Recently, Smith and Sippman have developed a
configurational bias methodology for zeolites that greatly improves the efficiency of such
simulations for chain molecules.2?8

The method of Grand Canonical Monte Carlo simulations allows the sorption calcula-
tion to be performed at a constant pressure, and, by running simulations at several pres-

sures, a sorption isotherm can be calculated. Woods and Rowlinson used this technique to
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229vhereas two more recent studies have looked at

study the sorption of xenon in faujasite
the behaviour of Xe in NaA.23%23! Cracknell and Gubbins have also investigated the sorp-

tion of Ar in the aluminophosphates AIPO,-5, AIPO,-8 and VPI-5.232

Molecular Dynamics

In addition to allowing the calculation of distribution functions and heats of sorption,
molecular dynamics offer the additional advantage of access to the transport proper-
ties of the system. MD simulations tend to be more computationally costly than Monte
Carlo calculations since they require the derivative of the energy to advance the system
through time. Early MD studies in zeolites focused on the study of simple sorbates such
as xenon.?33234 Eor example, Pickett and co-workers examined the diffusion of xenon in
silicalite with the zeolite lattice held rigid.?33 This is a particularly interesting sorbate since
self-diffusivities can now be measured routinely with 12°Xe pulsed-field gradient NMR?%°
and directly compared with values obtained from the simulations. Yashonath and San-
tikary have also recently looked at the effect of varying both the size of a spherical sorbate
and its interaction strength with the zeolite on the mechanism of diffusion in zeolite-Y and
zeolite-A.23¢ They found a strong correlation between the sorbate diameter and the rate
of intercage diffusion. There have also been several studies which considered molecules

237-241 31d benzene. 89242 Demontis

of more catalytic interest such as small hydrocarbons
and co-workers have made an extensive study of methane in silicalite and have also looked
at the effect of adding zeolite lattice dynamics into the model on the transport behaviour.
They conclude that allowing the lattice to flex not only affects the mobility of the sorbate
but also more subtle properties such as the distribution and clustering of the sorbate in the
pore structure.

There are, however, cases in which the application of molecular dynamics can be im-
practical, because the simulation is unable to sample sufficient time to obtain statistically
meaningful results. This is particularly apparent for systems in which the diffusivities of
interest are less than 1071°m?2s'1.238 Indeed, June and co-workers have estimated that to
study a slow moving molecule such as n-hexane in silicalite by MD simulation a simula-

tion run of at least 300ns would have to be performed which would require approximately

4000 CPU hours on a large-scale supercomputer.243 In addition, the inclusion of lattice
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dynamics can often cause similar problems due the small time steps required to correctly
handle lattice vibrations in the numerical integration of Newton’s equations of motion.
Several methods have been demonstrated to probe the diffusion of molecules through
zeolites that occurs too slowly for conventional MD methods. The general principles com-
bine techniques in reaction rate theory with conventional forcefield methods. The dock-
ing protocol detailed above can be used to probe the zeolite pores for favourable binding
sites and then postulate diffusion as occurring via a series of hopping events. By perform-
ing a series of energy minimisations along the hopping path, the transition state and thus
the activation energy for the hop can be identified. June and co-workers used a transition-
state theory approach similar to this to calculate rate constants for the hopping processes
and thus diffusion coefficients for the diffusion of Xe and SFj in silicalite.?43 An alternative
to using transition state theory is to calculate the rate constants directly from the activa-
tion energy making realistic estimates for the pre-exponential factor from the reaction rate

expression :-

Eq
Vv =1y exp (—ﬁ> (3.172)

where v is the reaction rate, vy is the pre-factor, E, is the activation energy, k is the Boltz-
mann constant, and 7 is the temperature. The rate constants can then be used in a ki-
netic Monte Carlo simulation. The most widely used algorithm is based on the Metropo-
lis method. For each kinetic Monte Carlo step an attempted hop is either rejected or ac-
cepted based on Arrhenius Boltzmann statistics. A system clock can be updated based on
the shortest time scale process in the system. Standard analysis techniques can be applied

to determine the diffusion coefficient.

3.3 Computational Hardware Development

Large scale computational hardware development has always been a critical technology in
scientific research. The power of available computer hardware has vastly increased since
the first silicon chip was fabricated in the late 1950s, and is still increasingly rapidly to-

day.24* Figure 3.5 shows the development of computer hardware as a function of time.
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The construction of the first general purpose digital computer, MANIAC I, under the direc-

Figure 3.5: The growth of computing power. All computers up to the Cray-1 were single
processor machines.

1011 -
CrayT3D, CM-5 g
Intel Delta, CM-200 ..
10° - Intel Gamma, CM-2
oNCM-1
5 o Y Cray YMP
g . Cray-1 Cray XMP
3 A deinle 7600
) CDC 6600
2 *
w
g IBM 7030
-g 10° - .
s IBM 704 X
3, ¢ & serial
© MANIAC
3 @ vector
10 = ’
SEAC m parallel
10! —
T T 1 T T T
1950 1960 1970 1980 1990 2000
year

tion of Metropolis was located at Los Alamos in 1952 as part of the ongoing nuclear defense
program. This was quickly surpassed by MANIAC II, which allowed floating point opera-
tions to be performed at a peak rate of 10kflops (1 flop = 1 floating point operation per
second). The development of the Very Large Scale Integration (VLSI) method in the early
1980s allowed up to 100000 transistors to be placed on a single silicon chip, vastly reduc-
ing the cost of producing microprocessors and causing an explosion in the development
of the personal computer industry. In addition, the introduction of vector supercomput-
ers, which allowed the execution of many instructions concurrently on linear data arrays,
further pushed forward the boundaries of computer design. The Cray-1, which had a max-
imum speed of 10 Mflops, was the first successful vector supercomputer and an online
memory capacity of 4Mb. Further developments in computer chip design and the intro-
duction of Reduced Instruction Scalable Computing chips have allowed computers with

the power of the Cray-1 to become accessible in the desktop workstation environment.
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Table 3.1: Performance benchmark ratings in megaflops.

machine clock speed (MHz) N=100 N=1000 peak
CRAY C90 238.1 387 902 952
CRAYY-MP/832 166.7 161 324 333
IBM RS/6000-R24 71.5 142 246 284
SGI POWER CHALLENGE 75.2 101 260 300
CONVEX C4/XA-1 135.0 99 705 810
IBM ES/9000-711 VF 111.1 86 422 563
DEC 7000-710 274.7 53 208 275
DEC 10000-610 Alpha AXP 200 43 155 200
HP 9000/735 99 41 120 198
IBM RISC Sys/6000-580 62.5 38 104 125
HP 9000/715 70 29

Sun Sparc 20 90 29

SGI Onyx (R4400) 151.5 26 48.4 75
DEC VAX 9000 410VP 62.5 22 89 125
SGI Indigo2 (R4000) 100 15

IBM POWERPC 250 66 13

Gateway 2000 P5-90 90 11

Apple Power Macintosh 6100/60 9.6

SGI 4D/25 33 4.3

SGI Indigo (R3000) 33 4.0

Gateway 2000 66 80486-DX2 66 24

Compaq Deskpro 486/331-120 w/487 33 14

IBM-486 33 0.94

microVAX 3200/3500/3600 041

Apple Macintosh Ilsi 0.19

Performance based on LINPAC benchmark for matrices of size N
Peaks values reported by manufacturer
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For example, Silicon Graphics’ Power Challenge series delivers a maximum performance
of 300 Mflops. Performance ratings for a number of commonly available machines are
shown in Table 3.1. Undoubtedly the most important computer hardware development
in the last decade has been the introduction of massively parallel architectures. These ma-
chines consist of large numbers of independent identical processors, or nodes, which can
perform calculations in parallel. Early machines were based on the SIMD paradigm (Sin-
gle Instruction/Multiple Data) and carried out the same instruction on multiple processors
simultaneously, although this has been largely superceded by the MIMD approach (Multi-
ple Instruction/Multiple Data). To fully utilise this technology, software algorithms must
be redesigned with the interconnectivity of the nodes in mind. The CM-5 (Connection
Machines 5) located at Los Alamos consists of 1024 processors each of roughly the perfor-
mance of a Sun SPARCstation. It has a maximum theoretical performance of 131 Gflops.
Large scale molecular dynamics calculations have been performed on up to 38 million
Lennard-Jones particles which have realised 40% of the CM-5’s power.?®® The bottleneck
in computational terms for a machine of this type often becomes the communications be-
tween the various nodes rather than the processor speed itself. The speeds of workstations,
vector supercomputers and massively parallel supercomputers are compared by plotting
the number of processors versus the speed per processor in Figure 3.6.

The PVM (Parallel Virtual Machine)246 software allows a heterogeneous environment of
networked workstations to act as a parallel machine by load-sharing between the various
nodes. This is an inferior method compared to a truly massively parallel architecture since
the communications are further retarded by the speed of a standard Ethernet connection,
although impressive performance can be obtained. This can be further enhanced by using
a fast network connection such as HIPPI (High Performance Parallel Interface).247

The parallel development of computer architecture and algorithmic performance al-
lows the computational scientist to treat larger and more complicated systems with a
greater degree of sophistication. Advances in compiler design can to some extent allow
this to occur transparently to the user, although to fully exploit the parallel architectures

some degree of software redesign must take place.
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Figure 3.6: Supercomputers of today and tomorrow. The solid diagonal lines represent
lines of constant total speed. Supercomputer manufacturers are hoping to make parallel
machines with teraflop speeds available in the next few years.
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Chapter Four

Computer Simulation of Silica Polymorphs

Silica polymorphs represent the simplest structural analogues for zeolite structures and as
such provide a useful starting point for computational investigations. The development
of a transferable forcefield for silica structures is an important first step in the represen-
tation of more complex zeolite structures containing heteroatoms, cations and acid sites.
Recent advances in synthetic methods have allowed the preparation of purely siliceous ze-
olite samples, either in single-crystal or powder form. This has enabled high quality struc-
ture determinations to be made on several all-silica structures.31:248:243 n addition, recent
thermochemical studies on a series of silica polymorphs have provided an insight into rel-
ative thermodynamic stabilities of these structures.?>° In this chapter, the structures of a
wide range of silicas, both zeolitic and condensed phases, are investigated using lattice-
energy minimisation techniques. The relative accuracy of a number of different forcefields
based both on ionic and covalent models is assessed. A comparison is made with exper-
imental thermochemical data. Phonon spectra are calculated for a number of structures
and are used to investigate the validity of the space -group choice in the calculations. The
minimised energies of structures in different space groups is compared to investigate this
technique as a predictive tool for space-group choice in an experimental structure solu-

tion.

4.1 Computational Methods and Forcefields

Several forcefields have been developed to study silica structures. They can be divided into
two main groups: ionic based models and covalent based models.

In the ionic model, the main component of the forcefield is a electrostatic one acting
between point charges. This interaction is augmented by a repulsive term, commonly of

Buckingham form, and an additional attractive dispersive term is often included. Sanders
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and co-workers?%° fitted a shell-model potential based on formal charges to the structure
and properties of a-quartz. In this work, a term was included to represent the bond an-
gle about silicon correctly. In addition, Vessal?®! has used a similar approach to obtain a
rigid-ion partial-charge model. A number of ionic model forcefields that have been fitted
to quantum-mechanically derived ab initio potential energy surfaces are available. Purton
and co-workers!?? have fitted a formal-charge shell model to a potential energy surface
obtained from local density functional calculations on silicate clusters. Tsuneyuki and co-
workers performed calculations on SiO4*" tetrahedra embedded in a point-charge array to
derive an ion-pair potential 222253 Kramer and co-workers fitted a partial-charge rigid-ion
model to a combination of calculations on H4TO4 molecules (T=Si and Al) and experimen-
tal data on a-quartz.2%8 Recently, de Boer and co-workers!® have derived a partial-charge
shell model for silica using a similar approach. Several approaches have been developed to
simulate silica glass structures have also been used to study zeolitic silica structures. The
potential of Vessal and co-workers?%? has been used to study the diffusion of hydrocar-
bons in silicalite.2>* Also, the potential developed for vitreous silica by Feuston and Garo-
falini?®® has been used to study the structure of the MCM-41 system.220

One of the important distinctions of these forcefields is the choice of formal or partial
charges. Historically, Born model potentials tend to be based on the ionic model and as
such used formal charges. However, since very few inorganic solids are purely ionic, there
is normally some degree of covalency in the system, which manifests itself as an electronic
polarisation. This can, to some extent, be corrected by the inclusion of the shell model.
Ab initio quantum mechanical calculations on both small silicate clusters3? and periodic
solids!3° have shown the true charges to be much lower than the formal values. However,
the use of formal charges does allow the potentials to be used to study the effects of het-
eroatom substitution and the incorporation of extra-framework cations with no ambiguity
in the assignment of charges. As a consequence of the fitting method, little significance can
be applied to the individual components of the energy using the formal charge approach;
for example, the Madelung energy effectively represents an upper limit of the electrostatic
contribution to the total energy. However, this is not important if only the differences in
the total energy are required. This question will be addressed further with regard to host-

guest interactions in zeolites in Chapter 7.
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The second approach is to derive a forcefield based on more conventional molecular
mechanics functions, such as bond-length and bond-angle potentials. Nicholas and co-
workers?8 fitted a potential energy surface determined by ab initio methods to a func-
tional form consisting of bond stretching terms, bond angle terms, dihedral terms, electro-
static terms and dispersive terms. de Vos Burchart used a similar functional form to inves-
tigate the structures of many siliceous zeolite structures.?” Hill and Sauer®°® performed
high level ab initio calculations on silica clusters ranging from two to six silicon atoms in
size, and fitted a forcefield to the complicated cffo1 form developed by Biosym.2%7-2%8

Several of the above forcefields have been chosen in this study and a summary of their
potential parameters is given in Table 4.1. All lattice-energy minimisations were performed
at constant pressure with the experimental crystal symmetry applied as an additional con-
straint. The Discover code®>? was used for the forcefields of Hill and Vessal and the GULP
software (General Utility Lattice Program) written by Gale?%0 was used for all other calcu-
lations. The calculations were performed on an SGI Challenge XL with dual R4400 proces-

SOIS.

4.2 Structural Models

A wide range of silica structures were considered, including those with zeolite-type
frameworks and also a number of condensed silica polymorphs. In addition, a series of hy-
pothetical structures were included which are analogues to aluminophosphate structures.

The focus of this work was on structures for which there is available thermochemi-
cal data on lattice enthalpies (a-quartz, cristobalite, tridymite, silicalite, ZSM-11, ZSM-12,
SSZ-24 and faujasite). The following structural data were used for the silicas in question.

For silicalite, both the orthorhombic structure described by Flanigen and co-workers?®!

2 were considered. The structure determi-

and the low temperature monoclinic phase®
nations of Fyfe and co-workers293:264 were used for ZSM-11 and ZSM-12. In the case of
tridymite, both the low- and high-temperature phases were minimised.?65266 For cristo-
balite, again, the low-temperature () tetragonal®®” and the high-temperature (3) cubic
structures26® were used, and also the tetragonal /42d structure proposed by Wright and

Leadbetter2®? for 3-cristobalite. The cubic siliceous faujasite structure recently reported
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Table 4.1: Potential parameters for silicas®

Si-O parameters

A (eV) p A) C (eV A
Sanders et al?%%® 1283.9 0.3205 10.66
Purton et all’’c 1459.7 0.3112 10.63
de Boer et all’® 18122.0 0.1734 0.00
Kramer et a2 17796.0 0.2049 135.41
Vessal et al?>1d 276.1 - 0.00
O-0O parameters
A (eV) o &) C (eV A9 k (eVA2)
Sanders et al 22764.0 0.1490 27.88 74.92
Purton et al 5811.0 0.2048 28.76 80.00
de Boer et al 266757.0 0.1708 0.00 34.98
Kramer et al 1305.9 0.3594 196.09 -
Vessal et al 16896.1 - 0.00 -
Charges

q(Si) q(Ocore) q(Oghen)
Sanders et al 4.0000 0.8690 -2.8690
Purton et al 4.0000 0.8482 -2.8482
de Boer et al 2.7226 0.6512 -2.0125
Kramer et al 2.4000 -1.2000
Vessal et al 2.4000 -1.2000

2A, p, and C are Buckingham potential parameters. k is the core-shell spring constant.
bAlso O-Si-O potential ( E’ijk = %k‘,’jk(eijk — 00)2), k,’jk =2.097 eV rad?, 6o =109.47°.
€Also O-Si-O potential ( £;;1, = %’%’jk(%k - 90)2), kijr =1.568 eV rad?, 8y = 109.47°.
dA and C parameters represent Lennard-Jones parameters. Units of A are eV A2,

by Hriljac and co-workers3! and also the hexagonal EMT structures described by Newsam

and co-workers2”? were examined. The SSZ-24 structure was that determined by Bialek

and co-workers.24® The structures of ferrierite and dodecasit were taken from recent pow-

der and single-crystal studies of those materials.3>24° All the structures were treated as

purely siliceous. In addition, the recently characterised structure of moganite?’! and the
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272

structure of stishovite,“’“ a high-density silica polymorph containing octahedral silicon,

were also included. The structures of the other silicas considered in this study are detailed

elsewhere _49;52,60,2 73-281

4.3 Results and Discussion

4.3.1 Forcefield Comparison

Many of the forcefields considered have been previously used to simulate the structure
and properties of a-quartz in order to assess their quality. In order to compare the relative
quality of the forcefields with respect to the representation of the zeolite structure, three
well characterised siliceous zeolite structures were chosen (SSZ-24, faujasite and ferrierite)
and their structures minimised at constant pressure using the experimental space-group
symmetry. The results are summarised in Tables 4.2—4 4.

The structural quantities that show the largest variation from structure to structure are
the Si-O-Si bond angles, and as such they provide the most stringent test of the potential
model. The formal charge shell model of Sanders is still the most accurate method of rep-
resenting the structures of silicas using the Born model approach. The LDF potential of
Purton approaches that of Sanders in quality but reproduces bond angles about oxygen
less accurately. The partial-charge shell model generally represents the cell parameters

better than other structural quantities; but, the bond lengths are always overestimated.

4.3.2 Comparison with Structural Data

The remainder of the calculations reported in this chapter are based on the Sanders poten-
tial. There are a number of important questions to consider when comparing minimised
structures with those of experimental structure solutions. One point to note is that the cal-
culations performed here represent minimum energy structures at zero Kelvin. No attempt
is made here to assess the effect of temperature on the calculated crystal structures.

As seen in the previous section, the potential in general reproduces structural quantities
accurately, especially for high-symmetry structures. In general, the lattice parameters of all

the structures considered are reproduced to within 2% of the experimental values. This is
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Table 4.2: Comparison of different silica forcefields with experiment for SSZ-24 in space
group P6/mcc (e.s.d.’s in parentheses)

Expt.248 Sanders Purton Kramer deBoer Vessal Hill

Cell parameters (A)

a 13.671 13.679 13.839 13.436 13.680 14.033 13.957
C 8.328 8.466 8.274 8.274 8.505 8.559 8.592
Bond lengths (A)

Si(1) -0(Q1) 1.606(6) 1.596 1.600 1.603 1.623 1.597 1.615
Si(1) - O(2) 1.601(12) 1.599 1.609 1.612 1.611 1.606 1.619
Si(1) - O(3) 1.529(2) 1.585 1.593 1.617 1.593 1.602 1.618
Si(1) - 04) 1.605(5) 1.604 1.609 1.608 1.628 1.613 1.607
Average : 1.585 1.596 1.603 1.610 1.614 1.605 1.615

Bond angles (°)

0O(1)-Si(1) -0(2) 105.5(2) 107.1 109.0 112.6 104.6 115.0 109.5
O(1) -Si(1) - O(3) 106.1(5) 110.7 110.3 109.2 110.8 110.0 109.4
o) -Si(1)-014) 105.9(3) 109.8 109.7 110.2 109.9 109.0 109.4
0(2)-Si(1) - 0(3) 110.7(5) 109.3 109.4 106.0 109.0 109.5 109.3
0(2)-Si(1)-0(4) 115.8(3) 111.6 109.6 109.7 114.4 103.9 109.3
0(3) -Si(1) -04) 112.1(3) 108.4 108.8 109.0 108.1 109.2 109.9
Average : 109.3 109.5 109.5 109.5 109.5 109.4 109.5
Si(1) - O(1) - Si(1) 150.5(2) 148.1 153.9 161.6 140.3 165.6 155.2
Si(1) - O(2) - Si(1) 144.8(4) 149.9 148.8 149.9 151.8 151.3 148.5
Si(1) - O0(3) - Si(1) 143.1(4) 148.8 154.5 161.3 140.7 164.7 155.3
Si(1) - O(4) - Si(1) 172.4(7) 177.4 178.5 178.8 176.9 179.4 179.3
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Table 4.3: Comparison of different silica forcefields with experiment for faujasite in space

group F'd3m (e.s.d.s in parentheses)

Expt.3! Sanders Purton Kramer deBoer Vessal Hill
Cell parameter (A) 24.2576(3) 24.226 24500 24.745 24.221 24.840 24.542
Bond lengths (A)
Si(1) -0(1) 1.607(2) 1.614 1.621 1.614 1.637 1.609 1.616
Si(1) - 0(2) 1.597(2) 1.599 1.603 1.608 1.623 1.603 1.612
Si(1) - O(3) 1.604(2) 1.609 1.613 1.618 1.634 1.613 1.618
Si(1) -0(4) 1.614(3) 1.608 1.613 1.606 1.628 1.600 1.612
Average : 1.606 1.607 1.612 1.612 1.631 1.606 1.617
Bond angles (°)
0(1)-Si(1)-0(2) 110.7(1) 112.0 110.7 108.1 113.0 106.1 109.6
Oo1)-Si(1)-0(3) 109.1(1) 109.4 108.2 105.9 111.8 104.1 109.2
O(1)-Si(1)-0(4) 108.2(1) 107.5 110.1 114.3 103.7 118.1 111.2
0(2)-Si(1)-0(3) 108.7(2) 107.6 108.4 109.7 106.7 110.9 109.0
0(2)-Si(1)-0@4) 108.7(2) 108.8 109.4 111.3 108.0 112.0 109.7
0@3)-Si(1)-0@#4) 111.5(2) 111.6 111.0 107.3 113.7 1054 108.2
Average : 109.5 109.5 109.5 109.4 109.5 109.4 109.5
Si(1) -0(1)-Si(1) 138.4(2) 137.6 139.2 141.0 134.6 144.9 138.9
Si(1) - O(2) -Si(1) 149.4(2) 148.9 154.0 160.6 141.6 164.4 161.0
Si(1) -O(3) -Si(1) 145.8(2) 145.9 151.1 156.4 137.6 161.1 159.5
Si(1) -0(4) -Si(1) 141.4(2) 140.8 142.8 149.0 137.8 151.2 137.9
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Table 4.4: Comparison of different silica forcefields with experiment for ferrierite in space

group Pnnm (e.s.d’s in parentheses)

Expt.249 Sanders Purton Kramer deBoer Vessal Hill
Cell parameters (A)
a 14.07025(8) 14.00 14.20 14.38 13.97 1442 14.33
b 7.41971(4) 7.39 7.60 7.10 7.35 7.61 7.56
C 18.7202(1) 18.58 18.94 19.11 18.38 19.04 19.09
Bond lengths (A)
Average Si(1) -O 1.595 1.598 1.602 1.610 1.621 1.605 1.615
Average Si(2) - O 1.610 1.600 1.606 1.610 1.620 1.604 1.615
Average Si(3) - O 1.597 1.599 1.601 1.611 1.624 1.606 1.615
Average Si(4) - O 1.589 1.602 1.603 1.610 1.628 1.605 1.614
Average Si(5) - O 1.609 1.595 1.603 1.610 1.612 1.605 1.616
Bond angles (°)
Average O-Si(1)-O 107.8 109.5 109.5 109.4 109.9 110.1 109.5
Average O-Si(2)-0 109.5 109.5 109.5 109.5 109.5 109.5 109.5
Average O-Si(3)-O0 1094 109.5 109.5 109.4 109.5 1094 109.5
Average O-Si(4)-O 1094 109.5 109.5 109.4 109.4 1094 109.5
Average O-Si(5)-O0 1094 109.5 109.5 109.4 109.4 109.4 109.5
Si(2)- O(1)-Si(2) 144.6(8) 147.1 149.6 153.4 144.37 157.2 151.7
Si(1)- O(2)- Si(2) 153.7(8) 153.9 159.1 162.5 147.09 163.8 158.1
Si(1)- O(3)-Si(3) 156.8(6) 149.9 158.7 163.2 140.90 165.7 159.2
Si(4)- O(4)- Si(5) 149.2(6) 146.8 150.2 155.2 141.36 1584 150.6
Si(3)- O(5)-Si(3) 159.5(14) 151.3 168.4 171.9 137.48 1739 171.8
Si(4)- O(6)- Si(5) 171.9(9) 160.2 180.0 180.0 151.58 180.0 1754
Si(3)- O(7)- Si(5) 162.4(9) 163.6 155.0 158.8 161.96 160.8 154.8
Si(3)- O(8)- Si(4) 138.3(8) 140.0 154.9 158.8 129.75 160.8 154.7
Si(2)- O(9)- Si(4) 142.3(8) 142.3 150.2 154.5 136.42 157.5 145.8
Si(2)- O(10)- Si(5) 152.3(9) 153.3 150.2 154.5 152.06 157.5 1549
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Table 4.5: Comparison of calculated and experimental cell parameters for silicas (e.s.d.’s

in parentheses)

a(A) b(A) cA) a® O 4O

a-quartz (expt.268) 4.913 4.913 5.406 90.0 90.0 120.0
(calc)  4.835 4.835 5.346 90.0 90.0 120.0

a-cristobalite  (expt.267) 4.97(8) 497(8) 6948  90.0 900  90.0
(calc)  4.97 497 7.00 90.0 90.0  90.0

(-cristobalite  (expt.?%8) 5.063 5.063 7.160 90.0 90.0  90.0
(calc)  4.995 4.995 7.177 90.0 90.0  90.0

a-tridymite (expt.?6%) 18.494(8) 4.991(2) 23.758(8) 90.0 105.79(2) 90.0
(calc)  18.540 4.983 23.824 90.0 105.8  90.0

(-tridymite (expt.2%%) 5.03 5.03 8.22 90.0 90.0 120.0
(calc)  5.17 5.17 8.44 90.0 90.0 1200

ZSM-12 (expt.264) 24.863(1) 5.012(1) 24.328(1) 90.0 107.7(1) 90.0
(calc)  24.954 4.998 24.151 90.0 1074  90.0

silicalite (expt.261) 20.060 13.360 19.800 90.0 90.0  90.0
(calc)  20.073 13.335 19.693 90.0 900  90.0

mono. silicalite (expt.?%%) 19.879(2)  20.107(2) 23.826(1) 90.0 145.9(1) 90.0
(calc)  19.740 19.979  23.656 90.0 1457  90.0

ferrierite (expt.24%) 14.07025(8) 7.41971(4) 18.7202(1) 90.0  90.0  90.0
(calc)  14.00 7.39 18.58 90.0 900  90.0

ZSM-11 (expt.263) 20.067(1)  20.067(1) 13.411(1) 90.0 90.0  90.0
(calc)  19.995 19.995 13.452 90.0 900  90.0

SSZ-24 (expt.48) 13.671 13.671 8.328 90.0 90.0 120.0
(calc)  13.679 13.679  8.466 90.0 90.0 120.0

faujasite (expt3l) 24.2576(3) 24.2576(3) 24.2576(3) 90.0  90.0  90.0
(calc)  24.226 24.226  24.226 90.0 90.0  90.0
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summarised in Table 4.5.

In relation to the fractional coordinates of the atoms in the crystallographic asymmet-
ric unit, the agreement with experiment is particularly good for those structures that have
been well determined by diffraction measurements, for example the cubic faujasite struc-

ture (see Table 4.6). The most difficult structural parameters to reproduce with this class of

Table 4.6: The asymmetric unit of siliceous faujasite : comparison of theory and
experiment (units are fractional coordinates; e.s.d.’s in parentheses)

X y z
Si(1)

experiment  0.94608(8) 0.12530(8) 0.03589(9)

calculated 0.94597 0.12571 0.03590
o)

experiment  0.0000 0.89377(6) 0.10623(6)

calculated 0.0000 0.89309 0.10691
0(2)

experiment  0.99677(6) 0.99677(6) 0.14066(9)

calculated 0.99773 0.99773 0.14057
0(3)

experiment 0.07570(6) 0.07570(6) 0.96423(9)

calculated 0.07604 0.07604 0.96423
04)

experiment 0.07063(7) 0.07063(7)  0.32115(10)

calculated 0.07027 0.07027 0.32146

potential are the bond angles about oxygen, since such a wide range of angles is spanned
in the various silica structures. However, for faujasite, these also show excellent agreement
with experiment, while the agreement is less exact for structures of lower symmetry. This
is also a consequence of the forcefield being fitted to the structure of a-quartz, which has
a 0-Si-O bond angle similar to those observed in faujasite. One approach to improve the

reproduction of oxygen bond angles is to add a bond angle term to the forcefield. The Hill
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potential contains a quartic bond-angle potential about oxygen having a minimum at § =
176.3°. However, from Table 4.3 it can be seen that the inclusion of this term does little to
improve the bond-angle reproduction over that obtained from the Sanders forcefield.

The Sanders forcefield is unable to represent the structure of stishovite correctly since
it contains octahedral silicon. However, this is not an important consideration for zeo-

lite studies since the silicon coordination is restricted to a tetrahedral environment in all
known structures.
4.3.3 Variation of Lattice Energy with Density

As has been shown previously,!312%7 the calculated lattice energies of silicas show a di-

rect correlation with the density of the structure (Figure 4.1).

Figure 4.1: Variation of calculated lattice energy with density for silicas (zeolite structures
are labelled by their IZA codes).
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Kramer and co-workers?%® used an unreasonably large O-O dispersion term in their
forcefield, which was found to give an anomalously large range in the minimised lattice
energy for the silicas considered. Kramer proposed that an additional correction term be
added to the final lattice energy in order to give the correct experimental range. Since the
dispersion term in the Sanders potential is more consistent with theoretical estimates of

the 0-0 interaction calculated using coupled Hartree-Fock calculations,?8? this is less of
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a problem. To further circumvent cut-off problems, a larger short-range cut-off (12A) was
used than in the work of Kramer and the contribution of interactions beyond this distance
was estimated using the continuum approximation.

In the case of tridymite, the low-temperature (o) form is found to be much more sta-
ble than the less dense high-temperature (3) phase as would be expected. The proposed
tetragonal structure of 3-cristobalite is found to be 6 kimol ! lower in energy than the cubic

Fd3m structure, in agreement with a previous quantum-mechanical study of this struc-

ture.283

In an attempt to rationalise the density dependence of the lattice energy, we factorised
the total energy into contributions from the Coulombic, short-range attractive, short-
range repulsive and three-body terms. The only term that shows a systematic increase
with density is the attractive short-range dispersion interaction but the variation is non-
linear and consequently does not account for the observed trend. The fitting method that
was used to develop the forcefield introduces considerable uncertainty into the physical
meaning of the various contributions to the total lattice energy since all forcefield param-
eters are varied simultaneously to obtain the most accurate reproduction of experimental

quantities.

4.3.4 Comparison with Thermochemical Data

A most encouraging aspect of these calculations is that they show good agreement with
recent experimental thermochemical data measurements made by Petrovic and co-
workers2%? (Figure 4.2). The lattice energy can be related to the heat of formation by a
Born-Haber cycle and, to a good approximation, the two quantities differ by a constant
term. The experimental data are taken from the work of Petrovic and co-workers®>? for
the zeolite structures and from other experimental measurements for the condensed
silicas.284-286 The open framework silicas are predicted to be 8-20 kJmol™! less stable than
quartz. Furthermore, when the data on the condensed silicas are included, the experi-
mental values correlate well with density (Figure 4.3). However, the minimised energies
of moganite, coesite and stishovite, all of which are denser than «a-quartz, are predicted to

t,250

have higher lattice energies. This correlates with experimen showing quartz to be the

energy minimum in the series, but suggests that the dependence of lattice energy on den-
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Figure 4.2: Correlation of the experimental heat of formation with the calculated lattice
energy relative to quartz.
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Figure 4.3: Variation in experimental heat of formation with density for silica structures.
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sity does not hold for all silica structures. In the case of stishovite, the minimised structure
is predicted to be about 100 kJmol? higher than quartz, which is a large overestimate of
experimental value. The deficiencies for this structure are probably due to an inability of
the current forcefield to represent six-coordinated silicon correctly.

It would be useful to include structures beyond the lower limit of the density range of
those presented here, the recently synthesised mesoporous silicas in the MCM-41 family

being good candidates. However, it must be stressed that these are not pure silica materials
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Table 4.7: Comparative energies for structures in different space groups.

structure  space group minimised energy number of imaginary
(kJmol™! per T atom)? phonon modes
silicalite Pna2q 0.23 2
silicalite P2,/c 0.00 0
ferrierite I'mmm 0.58 3
ferrierite Pnnm 0.03 2
ferrierite P2y/c 0.03 5
ferrierite P1 0.00 0

arelative to most stable structure

and thermochemical data for these systems cannot be considered in this context.

4.3.5 Phonon Spectra

The calculated phonon modes for several of the silica structures at the I' point have been
calculated to characterise each stationary point on the potential energy surface. A min-
imised structure that gives imaginary frequencies in the phonon spectra is only at a mini-
mum subject to the constraints imposed by the space-group symmetry; it is a saddle point
on the unconstrained potential energy surface. The imaginary frequencies can be used to
further minimise the structure in P1 symmetry, essentially acting as a perturbation which
allows the structure to escape the region around the saddle point.

The minimisation of the orthorhombic phase of silicalite in the room- temperature
space-group (Pna2;) shows two imaginary frequencies in the calculated phonon spec-
trum. Relaxing the space group symmetry to Pl and allowing the imaginary phonon
modes to relax the structure further results in a minimised structure with P2; /¢ symme-
try, which is the correct low-temperature result. The energy difference between the two
structures is small but significant (Table 4.7).

In most cases, the use of the imaginary phonon modes does not introduce sufficient

perturbation into the system to allow escape from the region of the potential energy sur-
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Table 4.8: Comparison of bond angles about oxygen.

space group 01) O@2) O0@B3) 04 O0B) o) o) 0(8)
Immm (expt) 169.3 152.7 153.5 1579 180.0 153.2 152.9 147.3
Immm (calcd) 165.5 147.0 156.1 157.5 180.0 147.8 153.1 147.8

Pnnm (expt) 159.5 144.6 156.8 153.7 171.9 149.1 162.4/138.2 142.3/152.3
Pnnm (calcd) 1514 147.1 150.0 1539 160.3 146.8 163.7/140.1 142.3/153.2

face around the saddle point. Several alternative methods are possible to circumvent this
problem. The space group can be manually adjusted to possible maximal non-isomorphic
subgroups and the minimisation repeated. This can be quite time consuming if there are
a large number of possible subgroups. A more elegant approach is to use the rational-
function optimisation method for searching for stationary points on the potential energy
surface in combination with the imaginary phonon modes, which is often a better method
for finding minima close to saddle points. One of the most popular methods to explore a
potential energy surface fully is simulated annealing. Unfortunately, the high frequency
of the core-shell vibrations would require too small a time-step to allow sufficient phase
space to be sampled and this technique is therefore not currently applicable..

The structure of ferrierite provides an interesting example of the variation in space-
group selection. Until recently, the widely used space group for this zeolite was
Immm.287.288 However, previous structural studies worked with samples containing sig-
nificant amounts of aluminium and counter cations. One of the major concerns with this
space group is that it requires a bond angle of 180° at the O(5) position, which is believed
to be unfavourable in zeolite structures. Recent work by Kuperman and co-workers?*?
has allowed the synthesis of large single crystals of siliceous ferrierite to be prepared and
the subsequent structure solution of the calcined material yielded the lower-symmetry
space group, Pnnm.?*? In this structure, the O(5) bond angle is reduced to 171.9°. Further
structural studies on the transition-metal loaded ferrierites derived from this synthetic

procedure have suggested the possibility of structural refinement in the monoclinic space

group, P2; /c.?%

The reduction in symmetry from /mmm to Pnnm represents a difference in energy of
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Chapter Five

Computer Simulation of Aluminophosphate
Polymorphs

A large number of microporous aluminium phosphate materials (AIPO,4’s) have been syn-
thesised since the first examples were reported by Wilson and co-workers in 1982.3 They
exhibit a wide range of structural characteristics ranging from clathrate-type structures, in
which the structure-directing agent is trapped within the aluminophosphate framework,
to microporous structures similar to those shown by more traditional aluminosilicate sys-
tems. Although many AIPO, structures have direct aluminosilicate analogues, there are
also a large number of unique framework types. Indeed, AlPO,’s and other phosphate
derivatives often allow much larger ring structures to be formed, such as the eighteen-ring
VPI-5 structure® and the twenty-ring structure of cloverite.” Whether this is due to the ex-
tra stability conferred upon the structure by the Al/P alternation, or merely a consequence
of the greater coordination numbers allowed by Al and other heteroatoms during the syn-
thetic phase, is still open to debate. As with more traditional zeolites, framework atoms
may be substituted to modify the properties of aluminium phosphates.”?9% For example,
aluminium can be replaced by transition metals to form MeAPOs, such as CoAPO-50,29!
and phosphorus can be substituted by silicon to form the acidic and catalytically active sit-
icoaluminophosphate family (SAPO). Despite their structural diversity and ease of mod-
ification, few aluminophosphates have found use in commercial applications, although a
large number of systems have been shown to be catalytically active in important industrial
processes, such as the use of AIPO4-31 derivatives in the isomerisation of butene.?%2

In the aluminophosphate area, van Beest and co-workers fitted a partial-charge rigid-

-5,293 and also the struc-

ion modell7® and investigated the structure and spectra of AIPO,4
tures of AIPO,-8 and VPI-5.294 de Vos Burchart and co-workers employed a forcefield

based on a covalent model to examine a wide range of aluminophosphates, as well as prob-
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ing structures with higher coordinate aluminium.?!? Choi and co-workers used the elec-
tronegativity equalisation method to derive a forcefield for AIPO,-5;2%° however, since ex-
plicit parameters were obtained for each T-O pair, this somewhat limits the transferabil-
ity of the forcefield to other systems. In this chapter, a formal-charge shell model for alu-
minophosphates is derived that is consistent with previous forcefields derived for alumi-
nosilicates by empirical fitting to experimental data on berlinite. Lattice-energy minimi-
sations with symmetry constraints are performed on a wide range of aluminium phos-
phate polymorphs, including both condensed phases and microporous structures. For
several aluminophosphates, structure determinations from powder diffraction data con-
tradict solid-state NMR measurements, suggesting that a lower symmetry space group
should have been used in the Rietveld refinement.?®® The extent to which the fitted po-
tential can be used to rationalise such questions is assessed by examining different space
groups and checking the consistency with experimental data. As a further test of the qual-
ity of the model, calculated lattice energies will be compared to recent thermochemical
measurements.2%7 In the final section of this paper, the potential is applied to a system of
catalytic interest (SAPO-37) and preferred binding sites for protons are calculated for com-

parison with experimental data.

5.1 Derivation of a Forcefield for Aluminophosphates

5.1.1 Functional Form

The functional form was chosen for compatibility with previously derived forcefields for
aluminosilicates.2952!! The interaction between two ionsz and j is given by a Buckingham

potential combined with an electrostatic term :-

Ei; = Aijexp (— ”j) S (5.1)
Pij Ty Ty

as in Equations 3.49 and 3.53 . The electrostatic term is summed using the Ewald sum-

mation with cut-offs chosen to give accuracy in the electrostatic energy to eight significant

figures. The Buckingham terms are evaluated in real space up to a cut-off of 16A with con-

tributions beyond this distance approximated using the continuum approximation.

The oxygen ions are treated using the shell model of Dick and Overhauser.!®> A mass-
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less shell through which all short-range forces act is harmonically coupled to a core from

which it is electrostatically screened using the functional form :-

1
Ecore—shell = §kij ("'co'r'e—-shell)2 (5.2)

as in Equation 3.51 . The inclusion of the shell model is essential to simulate the dielectric
properties of a material, especially at high frequencies, as well as allowing the covalency of

the material to be represented to some degree.

A bond-angle bending term is also included in the form of a harmonic potential :-

1
Eijk = §kijk(9ijk — p)* (5.3)

as in Equation 3.70 .

5.1.2 Fitting Methodology

The forcefield parameters were determined by a least-squares procedure minimising the
sum of squares between the calculated and observed properties. The derivatives of the
structural parameters at the experimental geometry are included in the fitting process. In
addition, experimental measurements of elastic and dielectric properties are also taken
into account to include information on the curvature of the potential energy surface. At
each step in the fitting procedure the experimental crystal symmetry is used so as to re-
strict the fit to the unique structural characteristics of the asymmetric unit. Initially, the
oxygen shells are placed at the core positions and during the fit their positions are relaxed
in order to remove the forces acting on them. Weighting schemes are often used to empha-
sise one type of experimental observable over another. Since the first derivative quantities
tend to zero at the experimental geometry, only the calculated second-derivative proper-
ties are meaningful. Consequently, the structural parameters were favourably weighted.
In the initial fit, the Al-O and O-O parameters were fixed at the values obtained in pre-
vious studies??8299 and the P-O parameters fitted. Although some improvement was pos-
sible by allowing the parameters to vary during the fit, it was insufficient to justify aban-

doning compatibility with existing potentials for aluminosilicates. A three-body potential
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centred on phosphorus was also tried but the force constant went to zero during the fitting

procedure. The final set of fitted parameters is shown in Table 5.1.

Table 5.1: Fitted parameters for aluminophosphates.

Aij (eV) Pij (A) C,'j (eVA'B) kij (eVA'Z) kijk (eVrad'z)

Al(core) — O(shell) 1460.3  0.2991 0.0 — —
P(core)-O(shell) 877.34  0.3594 0.0 — —
O(shell)-O(shell) 22764.0 0.1490 27.88 — —
O(core)-O(shell) — — — 74.92 —
O(shell)-Al(core)-O(shell) — — — — 2.09724

5.1.3 Structure and Properties of Berlinite

Using the fitted parameters, the structure of berlinite was lattice energy minimised and
elastic, dielectric and piezoelectric constants calculated. The results are compared with ex-
perimental data and the values obtained in previous aluminophosphate calculations (Ta-
ble 5.2). The shell model represents the structural properties much better than the rigid-
ion model with the maximum error being less than 1%. The volume is underestimated by
1.2%; however, since the calculation is performed at absolute zero and the crystallographic
study was made at room temperature, this discrepancy is expected. The calculated elastic
constants are in general too high, especially along the c axis. The partial- charge model
is somewhat better in this respect but this is undoubtedly due to the overestimated c pa-
rameter. Both of the potential models give permittivities that are too small compared to
experiment. This could be improved by refitting the O-O parameters, which are the dom-
inant factor for this property. However, the refit would render the resulting parameter set
incompatible with existing forcefields. The calculated piezoelectric stress constants are too
low for both models, whereas the strain constants are reproduced better with the partial-

charge model.
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Table 5.2: Comparison of experimental and calculated structure and properties for
berlinite.

experiment3%0392  thiswork van Beest etall”®  de Vos Burchart er al?'?

a (A) 49423 4.9109 4.9991 5.00
c(A) 10.9446 10.9564 11.1236 10.83
x [Al] 0.4665 0.4670 0.4647
x [P] 0.4669 0.4698 0.4631
x [0(1)] 0.4161 0.4083 0.4334
y [0(1)] 0.2922 0.2891 0.2944
z [O(1))] 0.3976 0.3972 0.4025
x [0(2)] 0.4153 0.4179 0.4222
y [0(2)] 0.2579 0.2600 0.2512
z [0(2)] 0.8835 0.8822 0.8893
Ci; (10°Nm™2) 63.4 81.8 87.5
Cio (109Nm™2) 23.0 15.9 13.0
Ci3 (10°Nm™) 5.8 22.2 19.1
Ci4 (10°Nm™) -12.1 -10.9 -12.4
Css (10°Nm™) 55.8 106.7 104.0
Caq (10°Nm2) 43.2 44.0 48.4
Ces (10°Nm™2) 30.6 32.9 37.4
€9, 5.47 5.25 1.92
€33 5.37 5.42 1.94
€3 4.60 2.08 1.00
€ 4.48 2.11 1.00
dy; (10*2CNY) -3.30 -2.30 -1.57
dy4 (10'2 CN'D 1.62 1.09 0.24
ey (Cm™) -0.22 -0.34 -0.24
e1s (Cm?) 0.15 0.08 0.17
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5.2 Application to Aluminophosphate Structures

The fitted parameters were then used to investigate a wide range of different aluminophos-
phate structures.31:4%,52,218,275,276,278,291,300,303-308 1, mqst cases the crystallographic
structures can be used directly as starting models, but for several structures a number of
hypothetical starting structures were proposed. The structure determined by Pluth and
co-workers for AIPO4-173%9 has several partially occupied sites, so a model was derived
from the aluminosilicate analogue, erionite.3%° Aluminophosphate models were also de-
rived for : AIPO,4-20 (siliceous sodalite?’8), AIPO,-37 (siliceous faujasite3!) and AIPO,4-42
(zeolite-A%75), since the only structural data available were for their SAPO derivatives.
For VPI-5, the structure of AIPO,-54310 was used as a starting point and the symmetry
was lowered to allow for Al/P alternation. Structures that contain Al having coordination
numbers of five and six were in general omitted unless there was a trivial way to remove
the extra coordinated atoms. No attempt was made to represent the template in these
calculations, since the main interest was to assess the stability of the frameworks in the
absence of the structure-directing agent. The phonon spectra were calculated at the I

point to characterise the stationary points.

5.3 Results and Discussion

5.3.1 Structural Reproduction

When making a comparison with experimental crystallographic data it is important to
consider a number of effects. Firstly, the calculations represent the minimum energy struc-
tures at zero Kelvin, whereas most of the structural determinations were made at room
temperature; no attempt is made to include the variation of the lattice parameters with
temperature. Second, many of the available crystal structures contain significant amounts
of water which may alter the coordination environments of tetrahedral atoms; in several
cases the structures are not calcined, so the template molecules are still present in the
pores. Furthermore, a survey of the literature reveals that the quality of the structural re-
finements is not as high as that for many of the silica polymorphs considered in the previ-

ous chapter. This is probably due to low crystal quality. In Table 5.3, a comparison of the
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Table 5.3: Comparison of minimised structures with previous calculations.

structure space a (A) b &) cA  a® B ~(© rel energy®
group (kJmol™!)
AIPO,-5
expt.>0 P8cc  13.7707(3) 13.7707(3) 8.3789(6) 90.0 90.0 120.0
expt3!l  P6ec  13.740(5) 13.740(5) 8.474(4) 90.0 90.0 120.0
expt312  P6ec  13.7258(12) 13.7258(12) 8.4835(5) 90.0 90.0 120.0
this work  P6cc 13.83 13.83 8.55  90.0 90.0 120.0 092
thiswork  P31c 13.83 13.83 855  90.0 90.0 120.0  0.92
thiswork  P6 13.76 13.76 839  90.0 90.0 120.0  0.00
theory?®®  P6cc 14.18 14.18 8.68  90.0 90.0 120.0
theory?®$  Cec 13.98 13.98 8.43  90.0 90.0 120.0
theory?1®  P6 13.74 13.74 834  90.0 90.0 120.0
theory?!®  P6cc 13.83 13.83 833  90.0 90.0 120.0
AIPO,-8
expt39%  Cme2; 33.292)  14.76(2)  8.257(4) 90.0 90.0 90.0
expt2’®  Cmc2; 33.0894(25) 14.6832(13) 8.3630(6) 90.0 90.0 90.0
this work Cmc2;  33.35 14.69 8.46  90.0 90.0 90.0 1.16
thiswork Pmn2;  33.16 14.63 837 900 90.0 90.0  0.07
thiswork P2, 14.63 18.10 836  90.0 66.2 90.0 0.0
theory?? Cmc2;  34.27 14.76 826  90.0 90.0 90.0
theory?!® Pmn2;  34.35 14.32 829  90.0 90.0 90.0
AlPO,-11
expt#®  Ima2 18.4845(10) 13.5333(8) 8.3703(4) 90.0 90.0 90.0
thiswork Ima?2 18.77 13.62 847  90.0 90.0 90.0 1.41
thiswork P2 23.09 8.36 13.55  90.0 126.9 90.0 0.0
theory?!® P2 18.36 13.5 829  90.0 90.0 89.79
AIPO,4-18
expt.>? C2/c 13.5116(3) 12.6235(2) 18.4394(5 90.0 90.01 90.0
thiswork C2/c 13.68 12.61 18.44  90.0 89.99 90.0
theory?!® C2/c 13.83 12.72 18.63  90.0 89.5 90.0
AIPO,-25
expt.306  Abm2 9.45 15.20 8.41  90.0 90.0 90.0
this work Abm2 9.56 15.35 853  90.0 90.0 90.0 1.88
this work Pca2; 9.40 15.33 832  90.0 90.0 90.0 0.0
theory?!® P2, 9.23 15.22 812  90.0 90.0 90.0
VPI-5
expt310  P6zem 18.549(1) 18.549(1)  8.404(1) 90.0 90.0 120.0
expt313  P6som 18.524(1)  18.524(1)  8332(1) 90.0 90.0 120.0
thiswork P6scm  18.56 18.56 856  90.0 90.0 1200 1.17
thiswork P63 18.41 18.41 8.42  90.0 90.0 1200 0.0
this work P31m 18.56 18.56 856  90.0 90.0 1200  1.17
theory?!® P31m 18.64 18.64 833  90.0 90.0 120.0
theory?!® P31m 18.64 18.64 8.26  90.0 90.0 120.0
theory?®® Cmc2;  19.01 19.01 8.48  90.0 90.0 120.0

Energy relative to most stable structure per tetrahedral atom
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calculated lattice parameters and space groups with previous computational and experi-

mental results is given.

AlIPO,4-5

There are several inconsistencies in the various experimental methods reported for the
AlPO4-5 structure. There have been three notable crystallographic studies, all of which
chose the space group P6cc. The original structure determination made by Bennett and
co-workers was a single crystal X-ray diffraction study on a sample with the tetrapropylam-
monium hydroxide template.31? Richardson and co-workers performed a neutron powder
diffraction study of a calcined sample, but were unable to refine Al and P sites indepen-
dently.%° Qui and co-workers solved the structure of a sample containing tetrapropylam-
monium fluoride from single crystal X-ray data.3!! The crystal structure of Bennett and
co-workers312 showed three separate peaks for O(2) in the difference Fourier map, indicat-
ing some uncertainty in the position of this atom. In addition, solid-state NMR measure-
ments314315 suggest that the actual space-group symmetry is lower than that reported in
the crystallographic study. Although a minimum energy structure is obtained in the exper-
imental P6cc space group, the calculated phonon spectrum shows nine imaginary vibra-
tional modes. This indicates that the minimisation was forced to end at a saddle point on
the potential energy surface due to the symmetry constraints imposed by the space group.
Similar results were obtained in previous computational studies on this system. In order
to resolve the space-group question, we performed additional minimisations in subgroups
of P6cc. Using the space group FP6 a structure 0.92 kImol'! lower in energy is obtained
which has no imaginary phonon modes. This structure reproduces the cell parameters of
the Bennett structure for AIPO,-5 to within 1%, and also gives good agreement with the
transformed Pé6cc fractional coordinates (Table 5.4).

With regard to the fractional coordinates, most of the atomic positions are reproduced
very well, the maximum shift being about 0.5 A. The y-coordinate of O(3) shows a shift of
0.4 A. The range of T-O bond lengths observed is noticeably narrowed on minimisation.
The bond angle about O(3) (and, by symmetry, O(4)) is experimentally found to be near to
180°. This angle is reduced by about 23° during the minimisation. The effect of this can be

seen clearly in Figure 5.1. The structure minimised in the P3 sub group gave a similar en-
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Table 5.4: Comparison of experimental and calculated structures for AIPO,4-5 in space

group PS.
Cell parameters :-
experiment calculated
a (A) 13.7258(12)  13.758
cd) 8.4835(5) 8.392
Fractional coordinates :-
experiment® calculated
X y z X y z
Al(1) 0.3377(3) 0.4577(4)  0.5500(3) 0.3368 0.4498 0.5500
Al(2) 0.3377(3) 0.8800(4) 0.0500(3) 0.3382 0.8722 0.0493
P(1) 0.3283(2) 0.4524(3) 0.9220(3) 0.3278 0.4451 0.9247
P(2) 0.3283(2) 0.8759(3) 0.4220(3) 0.3298 0.8709 0.4240
O(1) 0.2137(7) 0.4210(5) 0.9720(4) 0.2101 0.4154 0.9703
0(2) 0.2137(7) 0.7927(5) 0.4720(4) 0.2123 0.7934 0.4823
0@3) 0.3312(10) 0.4555(8) 0.7500 0.3324 0.4218 0.7495
04) 0.3312(10) 0.8757(8) 0.2500 0.3393 0.8486 0.2496
0(5) 0.3584(8) 0.3670(7) 0.9740(4) 0.3640 0.3746 1.0195
0(6) 0.3584(8) 0.9914(7) 0.4740(4) 0.3584 0.9917 0.4126
o) 0.4126(8) 0.5684(7) 0.9860(4) 0.4077 0.5693 0.9604
0(8) 0.4126(8) 0.8442(7) 0.4860(4) 0.4120 0.8495 0.5190
Bond Lengths and Bond Angles :-
experiment calculated experiment calculated
mean Al(1)-O 1.710 1.722 Al-O(1)-P 150.2(7) 144.9
mean Al(2)-O 1.710 1.725 Al-O(2)-P 150.2(7) 149.1
mean P(1)-O 1.487 1.517 AlI-O3)-P 178.1(12) 154.6
mean P(2)-O 1.487 1.516 AlI-O(4)-P  178.1(12) 154.1
Al-O(5)-P 148.7(7) 146.6
Al-O(6)-P 148.7(7) 141.8
Al-O(7)-P  151.0(9) 143.5
Al-O(8)-P 151.0(9) 146.5

aFractional coordinates transformed into space group, P6

ergy with little change in the phonon spectrum. It must be noted that the NMR studies on

this system are consistent with a structure containing three distinct Al and P sites,

314,315

which is inconsistent with any of the diffraction or computational studies at this time. In
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minimised structure (reducing from /ma2 to P2), producing a structure that is more stable
by 1.41 KJmol™!, which is also consistent with the work of de Vos Burchart and co-workers.

Unlike the previous models, the energy minimisation of AIPO,-18 in the experimen-
tally determined space group (C2/c) by Simmen and co-workers5? shows no imaginary
frequencies in the phonon spectrum. The three site model is consistent with both the X-
ray diffraction study and a recent NMR study.2?6

For the structure of AIPO4-25, a deviation is found from the experimental space-group
symmetry (Abm2) to lower symmetry (Pca2; ). The P2; model predicted by de Vos Bui-
chart and co-workers also gives a minimised structure with no imaginary phonon modes,

and has the same energy as the Pca2; model.

VPI-5

Several crystallographic papers on VPI-5 are in the literature. The first was determined

by Rudolph and Crowder?0

and is for a hydrated system using the space-group P63cm.
There is also a further structure for a hydrated sample in the lower symmetry space group
P63316 featuring a helical structure of water molecules. In addition, a dehydrated structure
from Richardson and co-workers (described as AIPO,4-54) employs an average T-site model
in the refinement (space group P63).31% Minimisations for the dehydrated VPI-5 structure
in P63cm yielded imaginary vibrational modes, which were eliminated on moving to the
lower symmetry space group P63. The AIPO,4-54 cell parameters are reproduced to within
less than 1%, while the larger bond angles about oxygen (>165°) are all significantly re-
duced in the minimised structure. NMR studies on this system3!7 have been mainly con-

cerned with the hydrated system in which one of the three Al atoms is clearly octahedrally

coordinated.

Condensed Phases

Unlike silicates, there is little crystallographic data available on condensed aluminophos-
phates possessing exclusively tetracoordinate aluminium. Mooney has reported a struc-
ture for the low temperature phase of cristobalite.3'® The minimisation energy of this

structure was 1.47 kjmol™! more stable than berlinite itself, which is clearly an anomalous
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Table 5.5: Comparison of calculated and experimental structural parameters.

structure space  a(A) b (A) c @A) a® SO 0O
group
berlinite30° (expt)  P3121 4.9423(3) 4.9423(3) 10.9446(13) 90.0 90.0  120.0
(theory) P3;21  4.91 491 10.96 90.0 90.0  120.0
a-cristobalite3!® (expt) (€222, 7.099(3) 7.099(3) 7.006(3)  90.0 90.0 90.0
(theory) C222;  7.13 7.13 7.13 90.0 90.0 90.0
AIPQ,-17305 (expt) P63/m 13.252(4) 13.252(4) 14.810(7)  90.0 90.0  120.0
(theory) P63/m  13.03 13.03 15.35 90.0 90.0  120.0
AlPO,4-20%78 (expt)  P43n 8.77 8.77 8.77 90.0 90.0 90.0
(theory) P43n 8.87 8.87 8.87 90.0 90.0 90.0
AlIPO,-31275 (expt) R3  20.827(1) 20.827(1) 5.003(1)  90.0 90.0  120.0
(theory) R3 20.65 20.65 4.99 90.0 90.0  120.0
AIPO4-343%7 (expt) R3  13.781(1) 13.781(1) 14.846(2)  90.0 90.0  120.0
(theory) R3 13.69 13.69 14.64 90.0 90.0  120.0
AlPQ,-36218 (expt) Pl 13.162(2) 22.1649(3) 5.189(1) 89.96(2) 92.17(2) 90.02(3)
(theory) Pl1 13.16 21.51 5.16 90.0 90.9 90.0
AlPO,-3731 (expt) Fd3 24.2576(3) 24.2576(3) 24.2576(3) 90.0 90.0 90.0
(theory) Fd3 24.52 24.52 24.52 90.0 90.0 90.0
AlPO,-41308 (expt) P2, 13.7915(1) 8.3591(1) 9.7180(1) 90.0 110.59(1) 90.0
(theory) P2; 13.59 8.33 9.70 90.0  109.2  90.0
AlPO,-42276 (expt) R3¢  17.40(1) 17.40(1) 42.63(2)  90.0 90.0  120.0
(theory) R3c 16.91 16.91 41.40 90.0 90.0  120.0
AIPO,-46291 (expt)y  P3lc  13.23 13.23 26.89 90.0 90.0  120.0
(theory) P3lc  13.10 13.10 26.26 90.0 90.0  120.0
AlPO,-52319 (expt)  P3lc  13.73 13.73 28.95 90.0 90.0  120.0
(theory) P31lc  13.70 13.70 29.23 90.0 90.0  120.0
AlPO,4-C320 (expt)  Pbca 19.816(10) 10.047(10) 8.935(10) 900  90.0  90.0
(theory) Pbca  19.59 10.10 8.95 90.0 90.0 90.0
AlPQ,-D320 (expt)  Pca2; 19.187(10) 8.576(10) 9.804(10)  90.0 90.0 90.0
(theory) Pca2;  20.06 8.39 10.10 90.0 90.0 90.0
DAF-13%! (expt) P6/mcc 22.164(1) 22.164(1) 42.482(2) 900  90.0  120.0
(theory) P6/mcc  22.15 22.15 42.53 90.0 90.0  120.0
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Figure 5.2: Calculated lattice energy as a function of density. Energy relative to berlinite
per tetrahedral atom,
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result since berlinite is the most stable of the aluminophosphate polymorphs. Wright and
Leadbetter have shown the high temperature phase of cristobalite to have disorder on one
of the oxygen sites?5? making this structure unsuitable for consideration in this work. The

remaining minimised structures are compared to experimental data in Table 5.5.

5.3.2 Variation of Lattice Energy with Density

As in the previous chapter, the minimised lattice energy shows a linear correlation
with density (Figure 5.2). The range of energies observed from AlPO4-37 to berlinite
(11.7kJmol}) is slightly more than for the silicate analogues (10.1kJmol'!). A recent ther-
mochemical study?%” has measured the lattice enthalpies of several aluminophosphate
structures. A comparison of experimental versus calculated lattice enthalpies is shown in
Table 5.6. The agreement is not as impressive as has been found in the case of silicates
(Chapter 4), but the general trend of more dense structures being the most thermodynami-
cally stable is still reproduced. The spread of calculated lattice energies is somewhat larger
than experiment, probably due to the use of formal charges in the forcefield. Quantum-
mechanical calculations on silicates have shown that the actual charges are considerably

less than the formal values.
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Table 5.6: Comparison of experimental and calculated lattice energies. Energy is
expressed relative to berlinite per tetrahedral atom.

structure  experimental lattice enthalpy minimised lattice energy

(kJmol™?) (kJmol™?)

berlinite 0.0 0.0
cristobalite 3.0 -1.6
AlPO,4-5 7.0 4.4
AlPO,-8 5.4 6.2
AlPO4-11 6.2 4.1
AlPO,4-42 7.8 11.7
VPI-5 9.7 10.8

5.4 Proton Sitings

One of the aims of the fitting of a forcefield for aluminophosphates using a formal-charge
shell model was to obtain a transferable set of potentials which were compatible with exist-
ing forcefields for other systems. With this in mind, the aluminophosphate forcefield was
combined with that for silicates derived by Schréder and co-workers3?? to study the siting
of protons in the H-SAPO-37 system.

Schroder and co-workers have fitted a forcefield for the prediction of proton siting in

322 \;sing a combination of the Sanders forcefield for silicates?%°

aluminosilicate systems,
and a potential for the bridging hydroxyl group by Saul and Catlow.323 This forcefield has
been used to study both the H-faujasite system322 and also H-silicalite.3?* The primitive
unit cell of SAPO-37 was constructed from the neutron diffraction study of Bull and co-
workers325 and minimised in the pure AIPO, form (final cell parameters: a=b=c=17.34A ,
a=03=v=60.0°). Four starting models were created by placing a proton at each of the crys-
tallographically distinct oxygen positions in this minimised structure. Two sets of calcula-
tions were performed on SAPO-37. In the first set the system is defined as periodic, and
consists of 24 Al species, 23 P species, 95 oxygen species (core plus shell), and a single O-H
group in the primitive unit cell of SAPO-37. Since the primitive cell dimension is 17.344,
interactions between protons in adjacent cells should give only a negligible perturbation

to the total energy. A minimisation at constant pressure was performed for each of the four

possible positions for the bridging hydroxyl group. In addition to the periodic calculations,
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a set of defect calculations was also performed based on the approach of Mott and Little-
ton.187 In this method, the proton is represented as an interstitial hydrogen atom bonded
to the bridging oxygen group, the centre of the defect cluster being at the silicon position.
All atoms lying within a sphere of radius ry of the defect centre are treated explicitly, and
within an inner sphere of radius r; the atoms are allowed to relax during the minimisation.
Outside the 79 boundary, interactions with the defect are handled more approximately as
a dielectric response to the defect charge. Several calculations were performed using in-
creasing values of r; and r5. Using values of r1=13A and r=24A the energy change on in-
creasing the radii further was found to be less than 0.001 eV for each minimised structure.
This corresponds to an inner region of 582 atoms.

Both the periodic and defect-cluster calculations give the same ordering in energies;
stability decreasing in the series O(3) &~ O(1) >> 0(2) > O(4). The crystallographic study
of Bull and co-workers determined the proton occupancies to decrease in the order O(1)
> 0(2) > 0(3), with no occupancy of the O(4) site. Although these calculations predict
the stability of the O(1) site, the trend in the occupancies is not reproduced by the cal-
culated proton energies. Since the crystallographic study represents an average structure
with protons located at all the occupied bridging positions, individual bond lengths and
angles cannot be compared to the results here. In addition, since the O-H bond length was
constrained to a value of 0.96A in the crystallographic refinement, it is difficult to make a
direct comparison with the calculated bond length from the simulation. However, the cal-
culated values do show good agreement with a recent neutron diffraction study of the pro-
ton positions in H-SAPO-34.34

The agreement between the structural properties for the periodic and defect calcula-
tions shows the equivalence of the two approaches for this system, the discrepancies in
bond lengths and bond angles being less than 0.005A and 0.4° (Table 5.7). In addition, the
relative energies agree to within 0.8 kimol™! and the calculated O-H stretching frequencies
differ by only 2 cm™. Dzwigaj and co-workers carried out infra-red measurements on H-
SAPO-37 and found two O-H stretching frequencies at 3640 cm™ and 3575 cm™!.326 The
calculated O-H stretching frequencies are too large compared to experiment. As Schroder
and co-workers observed, the calculated vibrational frequencies with this forcefield model

represent harmonic values.3?2 Correcting the stretching frequency for anharmonicity cor-
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Table 5.7: Geometries of the four bridging hydroxyl groups, energies and O-H stretching
frequencies.

ron @ 150@A) rao@ Oaosi(® bOsion (©) relative energy w (cm™)

(kJmol™!)

periodic

O(1) 0.998 1.791 1.829 130.7 112.6 1.2 3794
0(2) 1.002 1.779 1.825 142.0 108.8 14.2 3727
0@3) 0999 1.815 1.821 138.9 106.9 0.0 3766
0@4) 0999 1.784 1.829 1344 111.1 17.7 3772
defect cluster

O(1) 0.998 1.790 1.825 130.7 112.2 1.9 3792
0(2) 1.002 1.779 1.823 141.6 108.7 14.6 3728
0@3) 0.999 1.815 1.820 138.7 107.0 0.0 3765
0O4) 0.999 1.783 1.824 134.2 1109 18.5 3770

Table 5.8: Comparison of bond angles about oxygen for experimental
and minimised structures of SAPO-37. Experimental e.s.d.s are given in brackets.

angle at indicated expt minimised structures with minimised
oxygen proton at indicated site AlPO4-37
o1 0(2) 0(3) 0®4)
0Q1) 137.86(30) 130.7 154.7 1454 138.7 139.6
0(2) 149.79(27) 138.5 142.0 141.6 140.1 148.4
0(@3) 144.47(29) 1426 150.8 1389 1463 146.9
04) 144.6(4) 1344 1436 1472 1344 141.6
average 136.6 147.8 1433 1399

responds to subtracting about 150 cm! from the calculated values, which brings them
much closer to those measured by experiment. Clearly, the inability of the simulations
to reproduce the correct order of proton occupancies combined with the deficiencies in
the calculated O-H frequencies suggest that further work is needed to refine the current
forcefield.

It is interesting to note that the empirical rule relating the most favourable binding sites

for protons to the bridging oxygen with the smallest angle does not appear to apply com-

pletely327 (see Table 5.8). Bull and co-workers®?® have suggested that in the case of H-
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SAPO-37 this effect may be complicated by additional hydrogen-bonding interactions. In
the minimisations, the binding of the proton at the bridging oxygen causes a significant
contraction in the oxygen angle compared to the minimised structure of the parent AIPOy,.
In an attempt to relate the oxygen bond angles to the crystallographic study, which essen-
tially represents a mean picture of the system with all the proton sites partially occupied,
the bond angles were averaged about each of the bridging oxygens over the four minimised

structures. The average angles are found to reproduce the crystallographic values to within

2°, with the notable exception of the O(4) site (Table 5.8).
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Chapter Six

Molecular Dynamics Studies of Xe in Zeolites
FER and LTL

There is a wide range of levels of computational theory that can be applied to problems
in zeolite chemistry; from the exact methods of quantum mechanics, through techniques
employing more empirical approaches and the use of forcefields to treatments that elim-
inate the zeolite completely replacing the potential energy surface by a simple function.
When considering the complex behaviour of host-guest interactions in zeolites, the use of
a relatively simplistic model can still be fruitful in the investigation of the underlying fea-
tures that are important to the process. In this chapter, two basic questions are asked with
regards to the diffusion of molecules in zeolites. Firstly, the effect of the width of a zeolite
channel on the rate at which guest molecules move through zeolite pores is studied, and

secondly, the effect of the shape of the pore on the diffusivity is investigated.

6.1 Xenon as a Probe for Diffusion in Zeolites

Xenon is a useful probe in the study of pore structure and transport properties of molecules
in zeolites has a number of advantages to both the experimentalist and the computational
chemist alike. It is monoatomic and, for the purposes of pore access, spherical. The pre-
dicted van der Waals radius for xenon (2.10 A) is also very similar to that of methane (2.19
A), so it makes a useful comparison. Thus, it is one of the simplest guest species that can be
studied. It is large enough to allow some degree of molecular sieving to take place, that is, it
can pass through certain ring sizes but not others. Additionally from the experimental per-
spective, 129Xe is an important NMR nucleus. In comparison to other possible probes 1**Xe
has a large chemical shift range due to the highly polarisable electron cloud. Since xenon is
a noble gas, there is also no possibility of reactions occurring while making measurements.

The initial work performed by Fraissard and co-workers’® showed that the Xe chemical

116



CHAPTER 6. MOLECULAR DYNAMICS STUDIES OF XE IN ZEOLITES FER AND LTL

shift is sensitive to quantities such as pore and channel dimensions,”?8° and cation dis-
tributions.>?8 From a consideration of the chemical shift dependence on sorbate loading,
sorption isotherms can be derived,?3! and the behaviour of other guest molecules can be
inferred.3! One of the most exciting developments with regards transport of fluids within
zeolite pores is the pulsed-field gradient NMR method which can be used to measure self-
diffusivities of Xe directly.?3% These experimental measurements provide the opportunity
for a direct comparison with computational results as has been demonstrated recently by
Jameson and co-workers®3! and can provide a benchmark to test the validity of the calcu-
lations prior to considering systems of greater catalytic interest.

There have also been a limited number of diffraction studies which have located xenon
atoms in zeolite pores. The first study was by Wright and co-workers who located xenon
in zeolite p with neutron diffraction.3?® Recently the application of anomalous scattering
has stimulated further interest in this field. Jones and co-workers have used on-edge Kr

anomalous scattering to locate krypton atoms in ferrierite33 and silicalite.33!

6.2 Computational Studies of Xenon in Zeolites

The first work carried out by Kiselev and co-workers presented a relatively simple model
for silicalite to calculate thermodynamic properties such as Henry’s constants and isos-
teric heats of sorption33? with Slater-Kirkwood type expressions to derive potential pa-
rameters.333 This method is problematic since the values of polarisabilities of species in
the zeolite are not directly measurable with experimental techniques. This problem will
be discussed in more detail in the next Chapter. The first attempt to perform Xe molecu-
lar dynamics in zeolites was made by Yashonath and co-workers in a study of Xe in fauj-
asite, 334 which was followed by studies in other zeolites.?33:242335 1n addition, the tech-
nique of Grand Canonical Monte Carlo has been employed by several groups to calculate

sorption isotherms which can be compared directly to experiment.230-232
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6.3 The Structures of Ferrierite and Zeolite-L

The ferrierite structure is based on five-ring building units that are stacked along the c-axis.
These units are connected to form ten-ring channels of elliptical cross-section (4.3x5.5A)
that lie parallel to the c-axis and are interconnected by smaller eight-ring channels running
parallel to b-axis33® (see Figure 6.1). In contrast, zeolite-L features 12-ring channels, which
define a free aperture of 7.2 to 7.84, running parallel to c-axis?8’ (see Figure 6.1 ).

When xenon is the sorbate, both zeolites present essentially one-dimensional chan-
nel structures — the eight-ring side channels in ferrierite are too small to allow passage of
xenon. This study allows the examination of the effects of channel size and channel shape

on the one-dimensional motion of a simple sorbate in a zeolite.

6.4 Computational Details

All calculations were performed with the DIZZY software33’ (Appendix B) developed in Ox-
ford, Princeton and UCSB on the Oxford University Computing Service’s C1-XP2 Convex
system with two identical C120 processors, and on the MEPSI CRAY-YMP at the Dallas Re-
search Laboratory of Mobil Research and Development Corporation.

Molecular dynamics calculations were carried out with a cut-and-shifted Lennard-

Jones (12-6) potential for both the zeolite-sorbate and sorbate-sorbate interactions :

Ej==3—-—% Ve 71c<r5<0 (6.1)
where :
V. = Aij _Bij
T

and E;; is the energy between species ¢ and j, A;; and B;; are fitted parameters, r;; is the
separation, and 7. is an arbitrary cut-off radius.

The parameters were obtained from the approach of Kiselev and co-workers332 and are
given in Table 6.1. Furthermore, due to the negligible polarisability of the silicon atoms in

the framework, it was assumed that interactions with silicon could be neglected, the error
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being absorbed into the effective polarisability on oxygen. The velocity Verlet algorithm338

Table 6.1: Lennard-Jones parameters

A kJA”mol'l) B (kJA®mol!)
Xenon-Zeolite 8.61x103 1.11x107
Xenon-Xenon 3.36x10% 1.51x108

was used to integrate Newton's equations of motion within the NVT ensemble with a time-
step of 5fs. The zeolite structures were modelled as being rigid and purely siliceous. The
coordinates of the atoms in the unit cells were taken from recent neutron powder refine-
ments of the two zeolites.>3288 In the case of ferrierite a 1x2x3 array of unit cells was con-
structed to form the simulation box, whereas in the case of zeolite-L, a larger 2x2x3 array
of unit cells was built and the supercell was transformed into the primitive orthorhombic
frame to accelerate the computations. This choice allowed the use of a cut-off for the po-
tentials of 10.5 A, as well as ensuring that each simulation box contained four main chan-
nels. Initially the atoms were placed equidistantly along the centres of the main channels,
and the system allowed to equilibrate for a 2000ps period. Using the final configuration
of this run as a starting point, five further 600ps simulations (sub-runs) were carried out
with the atoms’ velocities being randomised over a Gaussian distribution at the beginning
of each sub-run. The data obtained from these sub-runs were averaged to obtain the final
quantities of interest. The statistical errors in the diffusion coefficient, at the lowest load-
ing level, were estimated to be approximately 25%. A variety of loadings were considered,
ranging from two to five atoms per main channel of the zeolite (0.66 to 3.33 atoms per unit
cell). The temperature dependent properties of the system were probed by repeating the

simulations at a series of temperatures from 200K to 600K.

6.5 Results and Discussion

Diffusion coefficients were derived from mean-squared displacements rather than from
calculation of the velocity auto-correlation function. To smooth the mean squared dis-

placement data, a multiple-time origin analysis was performed,®*® which utilizes the ex-
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pression:
N (Np—n
1
(r%)(ndt) = ) Z > [t +nét) — vy ()] 6.2)
=1 j=1

where N is the total number of Xe atoms, /V,, is the number of points in the data-set and
dt is the time interval between points. The fine details of individual trajectories are neces-
sarily omitted in this treatment since only the diffusion coefficients are of direct interest.
For long time periods, the mean squared displacement (r?) shows a linear correlation with

time, as illustrated in Figure 6.2, and the diffusion coefficients in each of the simulation box

Figure 6.2: Mean squared displacement plot for xenon diffusion in zeolite-L at 500K with
five xenon atoms per main channel
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directions can be calculated by a least-squares fit to the Einstein equation :-
(r?) = A+ 2Dnét (6.3)

where A is a constant and D is the diffusion coefficient in one dimension. Thus the Ein-
stein equation can be give anisotropic diffusion coefficients down each of the channel di-
rections in the zeolite. These coefficients are shown in Table 6.2. As expected, the motion

of Xe atoms is dominated by diffusion down the main channel of the zeolite.
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Table 6.2: Diffusion coefficients along each cell axis at 298K with three Xe atoms per main
channel (e.s.d.’s are shown in brackets)

D(a) (m?sY) D(b) m?s!) D(c) m?3s
Ferrierite 5.8(195)x10°* 1.1(37)x10°3  1.5(1)x10°®
Zeolite-L  2.4(16)x10°1!  1.4(12)x10!!  3.4(2)x10°

From an analysis of the temperature dependence of the diffusivity the mechanism of
the diffusion process can be investigated. The calculated diffusion coefficients down the
main channel of each zeolite as a function of temperature and loading are shown in Figure
6.3. The diffusivity shows a general increase with temperature reflecting the greater kinetic
energy of the atoms, although this behaviour is not apparent for ferrierite at low loadings.
This result is probably an artifact due to non-ergodic effects that occur when an atom be-
comes trapped in a strong binding site. This situation is more likely in ferrierite in which
xenon atoms are more strongly bound. An atom bound in this way can only escape if it
receives energy from a collision with another particle (the atom could also receive energy
from the lattice if it was allowed to flex), which is less likely at low loading. Indeed, at low
temperatures the mean-squared displacement often displays steps as a function of time
indicating that the jumps between adjacent potential energy minima are not adequately
sampled during the simulation, and the averages obtained not as statistically meaningful.

The diffusion data were fitted to an Arrhenius-type expression of the following form:

D = Dgexp (—%) (6.4)

where D is the diffusion coefficient, Dy is the pre-exponential factor, F, is the activation
energy for diffusion, & is the Boltzmann constant and T is the absolute temperature. Typi-
cal plots for the two zeolites are shown in Figure 6.4. Although, a good fit to this equation
was obtained for zeolite-L at all loading levels, this was only true for ferrierite at high load-
ings. Again this is probably due to poor statistics at the low loadings as discussed above.
Activation energies and pre-exponential factors were extracted from the fits and are given
in Table 6.3.

Intuitively, it would be expected that the activation energy would be directly related to
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Figure 6.3: Variation in diffusion coefficient with temperature and loading for (a) ferrierite
and (b) zeolite-L
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the potential energy barriers that a single atom experiences moving down the zeolite pore.
To investigate this further, a programmed search of the potential energy surface was per-
formed. The zeolite channel was divided into equally spaced disks and random insertions
performed in an appropriate sector of the cross-section based on the point group symme-
try of the ring defining the channel.

As will be seen in Chapter 9, although this rather crude method works well for
monatomic systems, when molecules are considered more sophisticated algorithms

are needed to determine energy profiles such as constrained energy minimisation.
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Figure 6.4: Comparative Arrhenius plots for ferrierite and zeolite-L. Points represent
calculated diffusion coefficients. The dashed lines are the best fit line to the Arrhenius
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Table 6.3: Variation in pre-exponential factor (D) and activation energy (E,) with

loading
Xe atoms per channel ferrierite zeolite-L
Dy m2s!)  E,(mol!) Dy(m?s!) E, (kJmol'l)
2 a a 7.9(37)x10°8 11.5(12)
3 a 2 7.0(8)x108 10.4(3)
4 3.5(5)x10°® 4.1(3) 4.9(18)x10°8 9.3(9)
5 3.4(14)x10°8 5.5(9) 5.2(14)x10°8 8.9(7)

aPoor fit to Arrhenius equation

Figure 6.5 shows the predicted energy trajectories down the main channels of ferrierite
and zeolite-L. Clearly, the effect of surface curvature has a marked influence on the poten-

tial energy surface, as suggested by the work of Derouane.33934! In ferrierite, the motion
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channel by collisions from behind; resulting in a relatively straight trajectory. In zeolite-L,
xenon atoms entering may move around the channel wall to more favourable binding sites
rather than following the straighter trajectory. Thus, for atoms to move down the main
channel in zeolite-L, they must follow the curve of the channel wall, hence producing a
much lower diffusivity than for ferrierite.

In Table 6.3 it can been seen that, within the statistical errors in the calculations, there is
very little difference in the pre-exponential factors for the two zeolites, although the activa-
tion energies for zeolite-L appear to be significantly larger. This correlates with the values
obtained from the probing of the potential energy surface above (see Figure 6.5). In addi-
tion, it can also be noted that there is a slight decrease in the activation energy at higher
loadings. At high loading, there exists the possibility of a xenon atom entering a cavity in
which there are already other atoms close to the cavity walls, thus requiring the atom to
follow a much straighter trajectory as in the case of ferrierite.

When considering the effects of loading on the diffusivity, it would be expected that
as the loading increases the transport through the channel should be retarded. However,
there are many subtle effects to consider, such as whether the motion is in the Knudsen or

342,343 35d Derouane

configurational regimes as suggested by Tsikoyiannis and co-workers
and co-workers.339-341 This trend is observed for ferrierite especially at low loading; how-
ever, little loading dependence is observed for zeolite-L. The wider sections of the main
channel in zeolite-L allow side-by-side passage of xenon atoms and may allow the 'float-
ing’ effect proposed by Derouane and co-workers to occur. In this case, the onset of load-
ing effects may require considerably higher loading than for ferrierite.

Sorbate distribution functions were calculated to show the variation in Xe density across
the three simulation box directions. These are shown in Figures 6.6 and 6.7. Firstly consid-
ering the distribution functions along the main channel directions: six peaks are observed
in the case of ferrierite, whereas only three are observed for zeolite-L. This further illus-
trates the effect of the different channel systems on diffusion. Three of the peaks for fer-
rierite correspond to minima in the centre of main channel, whereas the remaining peaks
represent positions adjacent to the entrances to the side channels.

The peaks for zeolite-L also correspond to minima on the potential energy surface. This

is further emphasised in Figure 6.8, which shows the projected xenon positions from an
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Figure 6.6: Distribution functions for xenon in ferrierite with respect to the (a) a-axis, (b)
b-axis, and (c) c-axis of the zeolite unit cell
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Figure 6.7:
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entire run superimposed on the channel structure of each zeolite. The chance of a xenon
atom being located in between the energy minima is much higher in ferrierite, suggesting
that the sinusoidal shape of the zeolite-L channel confines the atoms efficiently.

The possibility of xenon atom motion between the main channels can also be investi-
gated by reference to the distribution functions along the other simulation box axes. Fer-
rierite possesses an eight-ring side channel orthogonal to its main 10-ring channel, which
could allow interchannel motion to occur, whereas zeolite-L has no direct connection be-
tween the channels. However, if the side channel dimensions (3.4x4.8 A) are compared
with the o parameter used for the Xe-O potential (4.07 A) in the this work, it would be ex-
pected that interchannel crossing is unfavourable even in ferrierite. The distribution func-
tions along the b-axis for ferrierite are shown in Figure 6.6. Although the atoms are con-
fined for the most part to the main channels, there is a small probability of motion into
the side channel. This probability increases with increasing temperature. In addition, this
effect is more common at higher loading levels, since the atoms are more likely to enter
side channels by collisions. Further insight into side channel motion can be obtained by
considering the anisotropy of the diffusion as a function of temperature and loading (Ta-

ble 6.4). Values lying the range 10'!3 and 10"!? m?s™! merely indicate a “rattling” motion

Table 6.4: Diffusion coefficients (m?s’!1) down the side channel in ferrierite as a function
’ of loading and temperature

temperature (K) loading (Xe atoms per main channel)

2 3 4 5
200 1.17x10°13  6.45x10°1*  6.11x10°1%  8.21x1071°
298 5.31x10°13  1.13x1013 6.12x107'2  9.15x10°!?
400 6.98x10°13  7.43x10'? 2.15x10'!'  1.13x10!!
500 1.65x10°1  1.84x10°1!  6.09x10°!! 1.64x10°!!
600 4.56x10'1!  6.18x10°1!  3.88x1071!  1.68x107!!

within the main channel. It can be seen that motion along the side channel is more likely
at high temperatures suggesting the greater activation energy of this process. In addition,
the diffusivities are consistent with only one or two atoms moving between adjacent main
ten-ring channels over the entire duration of the simulation, which further emphasises the

rarity of interchannel crossing. Even at the highest loadings, the diffusivities are consistent
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with the Xe atoms that pass through the eight-ring window becoming trapped in the side-
channel cage. This may be due to the greater density of Xe atoms blocking their escape as
well as the depth of the energy well. From the distribution functions and diffusion coeffi-
cients in zeolite-L, it can be concluded that no motion between adjacent 12-ring channels
occurs.

In contrast, the resonant diffraction study of Jones and co-workers33° located several
sites for krypton in ferrierite. The site with the highest occupancy is located in the side
channel close to the eight-membered ring. Since the van der Waals radius of Kr (1.904) is
slightly smaller than Xe (2.10A) it is possible that in the case of Xe this site would be less
likely to be observed which is consistent with the results in this computational study. The
diffraction study also finds sites in the main channel that are displaced from the centre of
the channel slightly which is similar to the slight deviations observed in the minimum en-
ergy pathway previously. The Xe absorption edge occurs at a much higher energy than the
Kr edge and consequently it is unlikely that a similar experiment on Xe will be performed
in the near future.

The density plots across the main channels in zeolite-L show interesting fine structure.
Atlow temperatures, there are five peaks for each channel, the middle one being of consid-
erably lower intensity. The four outer peaks correspond to sites close to the walls of cavity
where a greater degree of channel curvature provides more favourable coordination with
the oxygen atoms of the zeolite framework. The middle peak corresponds to atoms located
in the energetically less-favourable channel centre. As the temperature increases, the in-
tensity of the central peak increases at the expense of the other peaks reflecting the greater
kinetic energy of the atoms.

Internal energies of sorption were obtained from the ensemble average interaction en-
ergies computed over all the time steps in the simulation for each of the sorbate atoms. For
both zeolites, the values are found to increase with temperature (see Figure 6.9). This result
again reflects that at high temperatures the atoms possess greater kinetic energies and can
therefore probe sites of higher potential energy within the channel. This is also illustrated
by the evolution of the potential energy distribution functions with respect to temperature
(Figure 6.10). A slight decrease in sorption energies with loading is observed for ferrierite

(see Figure 6.9) as a consequence of the additional number of Xe-Xe interactions that are
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Figure 6.9: The variation in the internal energy of sorption as a function of loading and
temperature for (a) ferrierite and (b) zeolite-L
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present. However, over the range of loading studied, this trend is not apparent in zeolite-L.
Comparing the data for the two systems, it can be seen that the sorption energies are much
lower for zeolite-L. This is due to the smaller diameter of the channel in ferrierite allowing
the sorbate atoms to occupy many more sites of higher coordination.

The dynamical and thermochemical resu]ts for ferrierite can be usefully compared with
data obtained in a previous study of siliceous ZSM-5. In contrast to the two zeolites in-
vestigated in this study, ZSM-5 features two interconnecting channels (one straight and

one sinusoidal running parallel to the b- and c-crystallographic axes, respectively). The
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Figure 6.10: The variation in potential energy distribution function with respect to
temperature for zeolite-L with five xenon atoms per main channel
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Table 6.5: Comparison of results for ferrierite and zeolite-L with previous simulations of
Xe in siliceous ZSM-5 at 298K

zeolite loading D AUsgorb E, Dy
(Xe atoms/channel) (m?s!) (kmol?!) (kfmol!) (m?s)

ferrierite 3.33 2.5x10 -25.7 5.5 3.4x108

zeolite-L 1.66 1.6x10° -20.0 8.9 5.2x108

ZSM-5

straight channel 4.00 40x10°  -26.9 6.2 3.4x107

sinusoidal channel 4.00 1.3x1079 -26.9 4.7 1.0x107

comparison is shown in Table 6.5. At 298K, it can be seen that diffusion is most facile for
siliceous ZSM-5 along the straight channel. This is a slightly wider channel than in fer-
rierite and it does not possess the extreme tortuosity displayed by zeolite-L. The relative
sizes of the pre-exponential factors in ZSM-5 reflect the differing shapes of the two chan-
néls and can be rationalised using the arguments developed above. On the other hand, the
sorption energy of Xe in ZSM-5 is very close to that for ferrierite, a finding that is consistent

with channel systems based on the common ten-ring structural element.
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Chapter Seven

Forcefield Development for Organic
Molecules in Zeolites

A fundamental understanding of sorption phenomenon in microporous materials is es-
sential in many applications involving zeolites, including catalysis, as well as giving an in-
sight into the templating processes that are important during zeolite synthesis. Compu-
tational approaches that employ forcefields to represent interactions between the zeolite
lattice and small molecules within the pore structures provide a useful method of inves-
tigating sorption effects. The first step in any study following these approaches is the de-
velopment of an appropriate forcefield to correctly describe the interactions at the atomic
level. Despite significant advances in the development of forcefields for zeolite lattices, the
area of inorganic-organic interactions has not beeh studied as extensively. In this chapter,
relevant methodologies for forcefield development will be examined and their feasibility
assessed. Using an appropriate method, forcefield parameters will be derived for the in-
teraction of saturated hydrocarbons in silicalite, by fitting to experimental properties. In
addition, an example of how first-principles calculations can be included in the fitting pro-
cedure will be illustrated with the derivation of a forcefield for the interaction of aromatic

molecules in faujasite-type zeolites.

7.1 Functional Forms for Inorganic-Organic Interactions

During the development of a new forcefield, several important factors must be considered.
The transferability of the parameters may be important if the forcefield is to be applied to
a number of different systems besides those to which it was originally fitted. Also, if the
new forcefield represents an extension of an existing forcefield, compatibility may be an

important issue.

A number of different classes of interaction acting between the zeolite and the occluded
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molecule may be identified :-

e direct Coulombic interactions

e charge-induced dipole interactions

¢ charge-multipole interactions

¢ induced dipole-induced dipole interactions (dispersive interactions)

All these classes of interactions are to varying extents electrostatic in nature. The first
class can be included by the assignment of point charges on each of the atoms and treated
with the same summation techniques as for zeolite lattices alone. The second class is often
ignored, but may be included by a calculation of the polarisation energy from the electric
field at the point of interest or subsumed into other terms in the fit. The third class tends
to apply to fairly specific systems and is also generally ignored to simplify the form of the
potential. The last class is commonly included by the addition of terms into the potential
of either Buckingham or Lennard-Jones form.

In addition, if the effects of loading are to be examined, interactions between organic
molecules cannot be ignored. A wide range of molecular mechanics forcefields based
on covalent models exist to represent bond, angle and torsion intramolecular interac-

tions.237:344-347 These can conveniently be included into the overall forcefield.

7.2 Fitting Methodologies

Many of the forcefield fitting methodologies detailed in Chapter 2 are also relevant to
inorganic-organic interactions. Once again, two general classes of approach can be out-
lined: derivation of parameters from quantum mechanical calculations and empirical fit-
ting to experimental data.

The first systematic attempt to derive interaction parameters for zeolite-organic

molecule interactions was by Kiselev and co-workers.>3> The following functional form

was adopted :-

Bij Gij 1
Bi=2.m =m0 P -
iou
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which corresponds to a Lennard-Jones term plus a polarisation energy term. The Lennard-
Jones parameters were obtained from the Kirkwood-Miiller formula assuming effective
polarisabilities and magnetic susceptibilities for the atoms in the zeolite and the organic
species. Many subsequent studies have used these parameters to successfully examine a
wide variety of different systems, although some workers either neglect the polarisation
term completely or replace it with an Ewald summation if electrostatic terms are thought
to be important.

The method adopted to derive the Lennard-Jones parameters can introduce consider-
able uncertainty into the forcefield since it is often unclear which values should be used
for the polarisabilities. Individual atomic polarisabilities of atoms in a crystal are not di-
rectly measurable by experimental techniques, although Fowler has demonstrated a pos-
sible route to such values using ab initio quantum-mechanical calculations.?8? Recently,
Pellenq and Nicholson have proposed a method to measure individual ionic polarisabil-
ities in zeolites based Auger spectroscopy that can be used to calculate improved disper-
sive parameters.348 If the Slater-Kirkwood formalism is utilised, the approximate value of
the number of electrons in the atom, N, is also debatable. Notably, Pellenq and Nicholson
have shown that the Kiselev functional form does not correctly describe polarisability and
the zeolite atom partial charges34? for the sorption of noble gases in zeolite pores.

There have been several studies of the interaction of noble gases with the surfaces of
ionic solids by quantum mechanical approaches.“q’f’o'352 These works employed pertur-
bation theory to obtain dispersive and induction terms in the forcefield, in addition to ab
initio Hartree-Fock methods for the Coulombic and repulsive terms. In contrast to those
methods for fitting forcefields for handling the zeolite lattice in isolation, cluster models
may be less applicable as a route to obtain parameters since long-range electrostatic ef-
fects can often play a dominant rdle in the interaction with many organic molecules. Al-
though periodic Hartree-Fock calculations have been performed on a number of siliceous
zeolite systems,!3%136 and conclusions made regarding sorption sites,14° this method is
severely restricted by the choice of system size and basis set. Pellenq and co-workers>>3

have recently demonstrated the use of the periodic extended Hiickel method to derive re-
pulsive parameters for the interaction of Ar in silicalite. This semi-empirical quantum me-

chanical technique parameterises many of the terms in the secular determinant with ex-
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perimental data, and as such is less computationally expensive than Hartree-Fock meth-
ods. This study represents the first attempt to parameterise a forcefield for zeolite sorption
by a periodic quantum mechanical approach.

Due to the inherent computational costs of quantum mechanical calculations, the
prospect of fitting to experimental data is a significantly more attractive one, especially
for complicated organic molecules. However, the importance of obtaining high quality ex-
perimental data on the system in question must be stressed. Relevant experimental data
are diffraction studies that locate the organic molecule in the zeolite structure, preferably
at low temperatures where thermal vibrations are reduced, and thermochemical data in-
cluding isosteric heats of sorption and sorption isotherms.

June and co-workers have demonstrated an approach in which experimental sorption
data are included in the fit. Values for Lennard-Jones parameters were used which repro-
duced the experimentally determined Henry’s constant for the sorption of methane in sil-
icalite.??” Since many of the available experimental thermochemical quantities represent
ensemble averages in the computational paradigm, direct fitting of the forcefield parame-
ters is a non-trivial exercise. The calculation of statistically meaningful ensemble averages
to compare to analogous experimental values may require hundreds of thousands of sim-
ulation steps.

An alternative method is to neglect the effects of temperature, assume that the most
favourable binding site for a sorbate dominates the heat of sorption, and attempt to relate
this quantity to the binding energy at the site. The various options for fitting to experimen-

tal data will be examined in later sections of this chapter.

7.3 Charge Models for Inorganic-Organic Interactions

Although many studies have neglected electrostatic interactions in zeolite sorption simula-
tions, it is clear that for many zeolite systems, especially those containing extra-framework
cations, direct Coulombic interactions cannot be ignored. In Chapters 4 and 5 it has been
shown that the use of formal charges on the zeolite atoms still remains an effective ap-
proximation in the investigation of the relative lattice energetics of microporous materi-

als. Although a number of studies have adopted formal zeolite charges to investigate sorp-
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tive properties,3"#°4 it is advantageous to adopt a zeolite forcefield having partial charges
since this is a more realistic, albeit less accurate, model with respect to the reproduction of
structural quantities (see Chapter 4).

Several methods are available to obtain suitable partial charges. Besides arbitrary
charge assignment, which is quite prevalent in the literature, the simplest method involves
using a quantum mechanical calculation to obtain Mulliken population analyses of the
SCF wavefunction.3>* Even for a simple molecule such as methane, the partial charges ob-
tained from this method are strongly dependent on the basis set and the level of approxi-
mation chosen. Table 7.1 shows the partial charges obtained for methane from a variety of
different calculations, both quantum-mechanical and forcefield based. The cff91 forcefield
developed by Biosym has been parameterised to a large database of organic molecules and
contains rules for the calculation of partial atomic charges for any organic molecule.?57258
The MNDO calculation was performed with MOPAC version 6.0, and the Hartree-Fock cal-
culations (basis sets given in brackets) used Turbomole version 2.3 . Further experimental
data are needed to decide which charge model is the most realistic; for example, dipole
and quadrupole moments can be considered if applicable. An alternative scheme for the
calculation of partial charges is to use the SCF wavefunction to calculate the electrostatic
potential experienced by protons probing the region around the molecule, and to fit a set
of partial charges to the potential energy surface. This calculation was recently carried out

for siliceous mordenite and the resulting charges compared favourably with those from a

Mulliken analysis.!36

Table 7.1: Calculated Partial Charges for Methane

Method Biosymcffdl MNDO HF (STO-3G) HF (6-31G")
qc -0.212 0.070 -0.263 -0.472
qu 0.053 -0.018 0.066 0.118

Several workers have proposed zeolite framework forcefields based on partial charges,
including several of the potential models considered in Chapter 4. In order to be able to

utilise the selected forcefield to study the sorption effects of molecules in a wide variety of
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zeolitic materials, it is important to consider a zeolite forcefield that can treat isomorphous

substitutions and extra-framework cations in a consistent manner.

7.4 Strategies for Fitting to Experimental Data

7.4.1 Fitting to Crystallographic Data

Crystallographic experiments represent one of the few methods that are able to determine
atomic positions unambiguously and are essential in providing realistic models for atom-
istic simulation. Although there have been a wide range of structural studies made on the
zeolite structures themselves, the location of organic molecules within the pore structure
often represents a more challenging experiment. A common problem is disorder arising
from the occupation of low symmetry sorption sites. This makes a full structure solution
difficult unless high quality single crystal data are available.

Since X-ray and neutron diffraction studies provide a thermally averaged picture of the
system, from the modelling point of view this can be related to a structural model with
no account taken of thermal properties, such as that obtained by a lattice energy minimi-
sation calculation. As in Chapter 5, the crystallographic data can be used as a basis for a
least-squares fit of the forcefield parameters so as to correctly reproduce the experimental
structure on minimisation.

In the simplest case, for a system represented by a single Lennard-Jones potential, this
procedure can be related to the fitting of the o parameter in the o—¢ representation of that
functional form, which controls the position of the minimum of the potential energy func-

tion.

7.4.2 Fitting to Thermochemical Data

Thermochemical data, such as that obtained from an experimental sorption isotherm for
a probe molecule in a zeolite host, can provide information on the strength of the interac-
tion between the molecule and the zeolite, as well as providing a measure of the available
pore volume. In the example given above, thermochemical data such as the isosteric heat

of sorption can be used to fit the Lennard-Jones e parameter, which is the depth of the po-
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tential energy function. In a complicated forcefield consisting of a number of terms, the
position and depth of the actual minimum is a balance between the contributions from
different parts of the forcefield.

The easiest and least computationally intense method of fitting to thermochemical data
is to assume that the isosteric heat of sorption is entirely due to the occupation of the most
stable sorption site for the organic molecule in the zeolite. If the geometry of this site is
known from diffraction data then the ¢ and ¢ values for the appropriate atom pairs can be
fitted using standard least-squares methods. In the absence of crystallographic data and
given a reasonable guess at suitable forcefield parameters, a docking procedure may be
used to locate feasible binding sites. The most favourable binding site can then be used
as a basis for the fit to the thermochemical data. However this procedure makes several
assumptions. Firstly, there is the assumption that the isosteric heat of sorption can be di-
rectly equated to the interaction energy between the zeolite and organic molecule. Sec-
ondly, there is no variation in the isosteric heat of sorption with temperature. Finally, no
attempt is made to represent the heat of sorption as an ensemble average over states.

From statistical mechanics, the average interaction energy, AU, between the sorbate

and the zeolite lattice at temperature 7 is given by the ratio of the following configurational

integrals :-
AU = ZZ (7.2)
I
L. = ( iy dqde (7.3)

I, = /(ZEz) exp(-zlf})dqd@ (7.4)

where g represents the centre of mass of the organic molecule, and O represents the angu-
lar position of the molecule with respect to an arbitrary internal axis system.

In a computer simulation, the integrals are replaced by averages over states in phase
space generated with appropriate strategies, such as Monte Carlo or molecular dynamics.
Once an average interaction is obtained using a simulation, the isosteric heat of sorption,

gst, atlow coverage can then be related to the average interaction energy from the following
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expression :-

gst = AU — RT (7.5)

Since the simulation allows the calculation of an ensemble average quantity which can
be compared with thermochemical values, it is vital that sufficient simulation are per-
formed to ensure that the average is a statistically meaningful quantity. This requirement
makes standard least-squares fitting prohibitive since each step may take hours of com-
puter time, and manual adjustment of the potential parameters is therefore a more attrac-
tive approach.

An additional parameter that can be employed in the fitting procedure is the Henry’s
constant, K}, which can be measured experimentally by taking the slope of the isotherm in

the low pressure region. June and co-workers have shown that this is given by the following

integral :-

M,

Ky(T) = —2
h( ) p:NaVs

Pem(r, T)drd© (7.6)

where M, is the molecular weight of the organic, p, is the zeolite density, N 4 is Avogadro’s
number, Vs is the volume of the unit cell, and p.n, is a density function for the organic

molecules in the zeolite.

7.5 Forcefield Development for Normal Hydrocarbons

In order to demonstrate the feasibility of fitting forcefield parameters using these ap-
proaches, a relatively simple system was chosen initially. There has been a considerable
number of thermochemical measurements made on normal hydrocarbons in silicalite.
Isosteric heats of sorption have been obtained for molecules comprising two to six car-
bon atoms.355:356 In this section, a forcefield for the interaction of silicalite with methane
and propane will be fitted. The transferability of these parameters will then be verified by
calculating the heat of sorption of hexane in silicalite.

The silicalite lattice was modelled by the Kramer potential, which combines the desir-

able qualities of partial charges with an adequate representation of the zeolite structure.
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Molecular dynamics simulations were performed on a single unit cell of the orthorhom-
bic phase of silicalite taken from the structure of van Koningsveld and co-workers.?%? In
the case of methane, a starting configuration was generated by placing eight molecules at
random positions in both the straight and sinusoidal channel systems. All interactions be-
tween methane molecules were neglected in order to simulate the infinite dilution limit
while improving the statistics of the calculated ensemble averages.

Initial values for the interaction parameters were taken from June and co-workers,??’
who performed Monte-Carlo and molecular dynamics on these systems with a fixed zeo-
lite lattice. An initial molecular dynamics simulation was performed at 298K using the ve-
locity Verlet integration scheme!®® with a time step of 1fs and the thermostating method
developed by Berendsen!%? to generate a suitable starting configuration. The system was
equilibrated for 10ps following by 10ps data collection period. A simulation was also car-
ried out under the same conditions with all interactions between the methane molecules
and zeolite host neglected for calibration purposes. The average interaction energy, ( Eint)

between the zeolite and organic molecule is then given by :-

<Eint> = (<E29> - <EZ> - (Eg>) (7.7)

1
N
where N is the number of organic molecules in the system, (E.,) is the average energy of
a system containing a zeolite interacting with organic molecules, (E.) is the average en-
ergy of an isolated zeolite system, and (£,) is the average energy of an isolated system of
molecules. Each of the terms can be calculated by acquiring the ensemble average en-
ergy during simulations with appropriate systems. The sum of the last two terms can be
obtained by performing a single simulation with zeolite and organic molecules in which
interactions between zeolite and organic are neglected.

The ¢ values for the O-H and O-C parameters were scaled so as to produce the correct
isosteric sorption as calculated using the formulae above. Since -CHj and —-CH; groups
are sufficiently different in their chemical properties from methane it was decided to per-
form separate fits for ethane and propane to derive parameters for each atom type. Partial
charges for each of the atom types were assigned based on Hartree-Fock calculations with

the 6-31G™ basis set. These are given in Table 7.2. The functional forms adopted in the
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Table 7.2: Partial charges for atom types in normal hydrocarbons

carbon atom types hydrogen atom types
q(CH,) q(CH3) q(CH) q(CHy) q(CHjs) q(CHy)
charge -0.472 -0.333 -0.220 0.118 0.110 0.110

fitted forcefield are summarised in Table 7.3 - a full description of these terms has been

given in Chapter 3. The calculated isosteric heats of sorption are shown in Table 7.4 and

Table 7.3: Functional forms

Two-body zeolite Ei; = L A;;exp (—Eﬁ> - Céj
i Tij T4

Two-body hydrocarbon Ei; = kij(re; — To)?

. . .« 12 P 6
Two-body zeolite-hydrocarbon FE;; = CLEE 4e;; ((gﬂ> - (?—3]-> )

Tij Tij Tij
Three-body Eijk = kijk(8ijk — 05)°
Four-body hydrocarbon Eijki = kijii(1 4 byjg cos(cijridijkt))

Table 7.4: Experimental and calculated isosteric heats of sorption for normal
hydrocarbons in silicalite at room temperature

experimental3®>3% (Jmol!)  calculated (kJmol™!)

methane 20.0 20.5
ethane 28.3 29.5
propane 37.8 39.0
hexane 66.3 63.6

the final fitted forcefield parameters for hydrocarbons are given in Table 7.5. The inter-
actions between atoms within a single hydrocarbon molecule are handled using standard
molecular mechanics functions fitted by Oie and co-workers,3%” and are listed in the table
for completeness. As can be seen from the final fitted parameters, there is little difference

between the parameters for -CH, and -CHg, and therefore no justification for adopting
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Table 7.5: Forcefield parameters for normal hydrocarbons in zeolites

Two-body zeolite Ajj (eV) pij A) Cj (eVr®)
Si-O 17796.1 0.205 1354
0-0 1305.9 0.359 196.1
Zeolite-hydrocarbon oij (A) €;; (MeV)

O-C (CHy) 2.9225 1.1877

O-C (-CHj) 2.9225 0.9580

O-C (-CHy) 2.9925 0.9590

O-H (CH,) 2.5568 0.8362

O-H (-CH3) 2.5568 0.6745

O-H (-CH,) 2.5568 0.6575

Two-body hydrocarbon k;j (eVA™2) I, (A)

C-H 31.0 1.07

C-C 48.9 1.54

Three-body kij (eVrad?) 0, (°)

H-C-H 2.06 109.47

H-C-C 3.39 109.47

C-C-C 3.39 109.47

0-Si-0 2.10 109.47

Four-body hydrocarbon ki (eV) biju Cijkl
H-C-C-H 0.005 3.0 1.0
H-C-C-C 0.005 3.0 1.0
C-C-C-C 0.005 3.0 1.0

separate atom types for these two structural units exists.
Finally, as a test of the fitted parameters, a similar calculation was performed on hexane

in silicalite in order to calculate the heat of sorption. The results of this calculation are also

given in Table 7.4, and show good agreement with experiment.
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7.6 Forcefield Development for Aromatic Hydrocarbons

This section details the fitting procedure employed to obtain forcefield parameters for the

interaction between benzene in faujasite models of varying cation concentrations.

7.6.1 Siliceous Faujasite

There are no relevant crystallographic data on the siting of benzene in siliceous faujasite. A
powder neutron diffraction study of benzene in siliceous faujasite failed to locate the sor-
bate at 4K.3! This implies that either the most favourable binding site is of low symmetry,
or that there are a number of sites closely spaced in energy and the sorbate is disordered
over them.

The Kramer forcefield was chosen to model the zeolite framework since, in addition
to the use of partial charges for the zeolite atoms, it includes parameters for the incor-
poration of Al and Na into the model. A number of calculations were carried out to
determine suitable partial charges for the benzene molecule. These are summarised in

Table 7.6. Snurr and co-workers>®8 have suggested charges for benzene (qc=-0.1530,

Table 7.6: Calculated Partial Charges for Benzene

Method Biosymcffdl MNDO HF (triple-(C+pol) HF (6-31G")
qac -0.120 -0.059 -0.114 -0.148
qQu 0.120 0.059 0.114 0.148

qu=0.1530) that approximately reproduce the experimentally determined quadrupole mo-
ment (experiment=-2.9x103° C m? compared to theory=-3.0x10% C m®). These charges
have also been employed by workers in previous studies of benzene,?42359-3% and cor-
respond most closely to the 6-31G™ derived partial charges.

As a convenient starting point for the fitting procedure, the parameters of Snurr and co-
workers358 were adopted. To examine the potential energy surface with this parameter set,
an automated Monte-Carlo docking procedure was carried out using the method demon-
strated by Freeman and co-workers,??2 and is described in more detail in Chapter 8. The

most favourable site was found to be one located above the four-rings in the wall of the
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all three geometries are observed and are of similar energies. At higher values of o (¢ >
2.7A), the in-plane site is eliminated and the other two sites remain of similar energy. The
in-plane site becomes unfavourable when ¢ becomes significantly greater than the O-H
distance between the benzene hydrogens and the zeolite oxygens at that site. The third
site in the list offers the possibility of interaction with both sets of oxygens, and more im-
portantly, gives a longer O-H distance with the in-plane oxygen positions at higher values
of 0. Since it appears to be impossible to exclude the in-plane site without also creating
the third site, which is not observed in either the siliceous faujasite or Na-Y crystal struc-
ture determinations, a set of parameters was chosen that gave the minimum ¢ values while
eliminating the in-plane site. During the fitting procedure, the fraction ¢(O-H) / ¢(0O-C)
was constrained to a constant value.

In order to fit the e values, thermochemical measurements on benzene in siticeous fau-
jasite were made.>®? The experimental sorption isotherm is shown in Figure 7.3. The isos-
teric heat of sorption was 55kJmol! at 298K. This value is reached at relatively low load-
ings and remains approximately constant up to aloading of 22 molecules per unit cell (2.75
molecules per super cage). Initially, an attempt was made to fit the ¢ parameters to a sys-
tem in which the zeolite lattice is held fixed. The structure of siliceous faujasite was min-
imised at constant volume using the Kramer forcefield to produce a starting configuration
for the zeolite. Since the isosteric heat of sorption reaches a constant value at relatively low
loadings, the initial fit was made in the infinite dilution limit. To improve the statistics, a
single benzene was placed in each of the eight super cages in one unit cell to generate a
starting configuration. As in the previous section, molecular dynamics simulations were
performed using this configuration with the system being equilibrated for 10ps and then
data collected for a further 25ps. The simulation was repeated with varying € parameters
until the experimental heat of sorption was reproduced at 298K.

The final forcefield parameters are tabulated in Table 7.6.

7.6.2 Cation-Containing Faujasites

The neutron diffraction study of benzene in Na-Y at low temperature provides the basis for
the fit for this section of the work. Two sites are observed. The dominant sorption site has

the benzene bound to a SII cation site in the wall of the supercage and is shown in Figure
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Figure 7.3: Experimental sorption isotherm for benzene in siliceous faujasite
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7.4. In addition, there have been numerous thermochemical measurements on this system
which give an isosteric heat of sorption lying in the range 70-80 kjmol !.326,363,364

The benzene is bound through the charge-quadrupole interaction at a distance of
2.70A. The rotational orientation of the benzene molecule is controlled by interactions

with oxygen atoms on the neighbouring four-rings; the closest contact being 3.22A. The
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Table 7.7: Forcefield parameters for aromatic hydrocarbons in zeolites

Two-body zeolite Aj (eV) pij (A) Cj (eVr®)
Si-O 17796.1 0.205 135.4
0-0 1305.9 0.359 196.1
Al-O 16008.5 0.208 175.0
Na-O 3542.2 0.242 0.0
Zeolite-hydrocarbon oij (A) €;; (meV)
O(siliceous)-C 3.1464 6.8309
O(cation-containing)-C 3.5799 4.0038
O(siliceous)-H 2.7588 4.5560
O(cation-containing)-H 3.1358 2.6704

Na-C 3.2660 4.3538

Na-H 2.7138 3.1446

Two-body hydrocarbon kij (eVA2) 1, (A)

C-H 31.3 1.09

C-C 48'9, 1.39

Three-body kij (eVrad?) 0o (°)

H-C-C 3.44 120.0

C-C-C 3.44 120.0

0-Si-0 2.10 109.47

Four-body hydrocarbon ki (€V) biju Cijil
H-C-C-H 0.0867 2.0 1.0
H-C-C-C 0.0867 2.0 1.0
C-C-C-C 0.2166 2.0 1.0

nature of the cation-molecule interaction is a charge-quadrupole term. There is also a
sorption site with the benzene located in the twelve-ring window, as was mentioned in the
previous section, although the occupancy is much lower until higher loadings are reached.
In order to obtain a reasonable starting point for a fit for the benzene-cation interactions, a
potential energy surface was calculated using an ab initio quantum mechanical approach

365

based on this SII cation-benzene geometry. Redondo®®” performed a series of single point
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Figure 7.5: Ab initio potential energy surface for benzene and Na*. Curves are labelled
according to the values of #; and 6, as defined below.
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attempt to achieve this, constraints were added to the fitting procedure. In particular, the
ratio of ¢ values in the Lennard-Jones potential were constrained to that used in a previous
simulation by Demontis,?3? and the fit repeated. The quality of the fit was degraded with
the introduction of these constraints, but convergence was achieved for the (12-6) poten-
tial (fitted parameters: Na-C(0,€)=(2.908A,0.0254eV), and Na-H(o,€)=(2.416A,0.0183eV)).
In comparison with the parameter values obtained for the interaction of benzene with
siliceous zeolites, the well-depths are about an order of magnitude deeper, so clearly they
need to be adjusted to be compatible with the existing forcefield. In all subsequent fits,

detailed below, the ratio of the ¢ and ¢ values for these parameters will be held constant.
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Figure 7.6: Results of fitting procedures to the ab initio potential energy surface
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Since it is known that the diffusion of benzene in cation-containing faujasites is approxi-
mately two orders of magnitude slower than in siliceous faujasite, clearly it is an intractable
problem to obtain a meaningful ensemble average for the interaction energy in this system
by molecular dynamics. Instead, it was decided to fit the potential parameters to correctly
reproduce the crystallographically determined binding sites.

Initially, the forcefield fitted for siliceous faujasite was used as a basis for the fit of the
cation-benzene interactions. Although it was possible to achieve an adequate fit for the
benzene at the cation binding sites, these parameters were incompatible with a stable win-
dow site. It was found that the only way to achieve both stable sites at the cation and win-
dow sites was to simultaneously fit the O-H and O-C parameters, as well as the cation-
benzene parameters.

In order to introduce some semblance of temperature effects into the potential, a
molecular dynamics simulation was performed at room temperature with a starting con-
figuration consisting of each benzene bound to a cation. The system was equilibrated for
10ps, followed by data collection for 10ps as before. This process was also introduced into
the fitting procedure until the calculated heat of sorption approximately reproduced the
experimental heat of sorption and the crystallographically determined binding sites were
stable minima. The final calculated heat of sorption was 79.5 kJmol !, which lies in the
range of experimental measurements on this system.

The final fitted forcefield parameters for interaction between aromatics and zeolites are
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given in Table 7.7.

7.7 Application to Templating Effects in Siliceous Ferrierite

Although more demanding applications of these forcefields will be given in Chapters 8 and

9, a brief example will be given here to test the applicability of the forcefield parameters on

a different system to that on which the fit was performed.

7.7.1 Background

Morris and co-workers?4? have recently performed a detailed study of the synthesis and
characterisation of siliceous ferrierite. In this work, a synthetic procedure incorporating
a non-aqueous solvent system (HF/pyridine/propylamine) was employed which allowed
the extraction of large single crystals of the product following the method first demon-
strated by Kuperman and co-workers.4243 The ferrierite product is formed in competition
with the clathrasil structure, dodecasil-3C, depending on the nature of the synthetic condi-
tions. In subsequent work, Weigel and co-workers3® performed single crystal X-ray studies
on samples of both siliceous ferrierite and dodecasil-3C prior to calcination in an attempt
to locate the templates encapsulated in the structures. The ferrierite structure shows the
presence of pyridine in both the main and side channels of ferrierite with small amounts
of propylamine only in the main channel. Contrastingly, in dodecasil-3C, pyridine is found
in the larger cavities with propylamine in the smaller ones. The forcefield developed in the
previous sections will be used to investigate the relative binding energies of the various

sites of the templates in these zeolite structures.

7.7.2 Structural Details

The structure of zeolite ferrierite was detailed in Chapter 6. It has a channel structure con-
sisting of ten-ring channels with elliptical cross-section (4.3x5.5A) which lie parallel to the
c-axis and are interconnected by smaller eight-ring channels running parallel to b-axis.
The structure of the clathrasil dodecasil-3C can be thought of as being made up from two
types of cages, one a pentagonal dodecahedron and the other a larger hexadecahedron,

that are fused through five-ring faces as shown in Figure 7.7.
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Table 7.8: Results of lattice energy minimisation of ferrierite and dodecasil-3C in the
absence of template molecules showing changes in cell parameters and unit cell volume
on minimisation

experiment calculated % change in volume
ad bd cd ad) bA @
ferrierite 18.83 14.10 743 19.01 14.18 7.52 +2.2
dodecasil-3C  13.64 13.64 1951 13.88 19.85 13.96 +5.4

molecule using a high temperature molecular dynamics simulation to fully explore the
conformational potential energy surface. Twenty docked configurations were obtained
for each of the template molecules in each of the silica structures by random insertion
followed by minimisation of the template position with the zeolite held fixed. After sub-
sequent analysis, representative binding sites were identified for each template molecule
and all atomic positions further relaxed to obtain the final binding energies. Binding sites
are calculated for each of the molecules in both the ten-ring and eight-ring channels in fer-
rierite, and also in the small and large cages of the dodecasil-3C structure. However, no site
is found for the pyridine in the small cage of dodecasil since the cage is too small to accom-
modate the molecule. The calculated binding energies for the docked template molecules
are shown in Table 7.9. The predicted orientation of the pyridine in the ten-ring channel of

Table 7.9: Calculated binding energies for docked template molecules in ferrierite and
dodecasil-3C (kJmol!)

ferrierite dodecasil
molecule eight-ring channel ten-ringchannel smallcage large cage
pyridine 78 62 no site 76
propylamine 79 70 78 73

ferrierite reproduces the crystallographic positions quite closely, clearly showing the tilting
of the molecules with respect to the zeolite framework (Figure 7.9), but there are notice-
able differences in the propylamine positions (Figure 7.10). The thermal ellipsoids on the
ring atoms of the pyridine from the single-crystal study are sufficiently different to be able

to locate the nitrogen atom of the pyridine ring unambiguously with the nitrogen atom
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pointed towards the ten-ring channel. The docking calculation predict both this site and
the alternative rotamer with the nitrogen pointed into the small cage. The latter is pre-
dicted to be about 4kJmol'! more stable than the experimental position. The refinement is
unable to locate the nitrogen atom for the second pyridine binding site in the main chan-
nel. The docking calculation only predicts one site in the main channel with the same ori-
entation as the experimental geometry; the nitrogen atom points towards the side channel.

There is only a small amount of propylamine located in the crystallographic study (12%
occupancy of propylamine compared to 90% occupancy of pyridine in the refinement),
and all the refined propylamine positions lie in the same plane as the pyridine atoms in the
main channel. Although in the study of Weigel and co-workers, there was some electron
density lying outside this plane in the difference Fourier map, further propylamine bind-
ing sites could not be refined independently. Therefore it is probable that there are several
disordered binding sites for propylamine in the main channel of extremely low occupancy,
which is not inconsistent with the docking calculations. Although the refinement is not
able to refine the nitrogen atom of the amine independently of the other heavy atoms in
the hydrocarbon chain, the relevant orientation of the molecule indicates that the amine
nitrogen points towards the side channel which is consistent with the docking results. It
is probable that this is due to the relatively negatively charged nitrogen atom assuming a
position to minimise repulsive interactions with nearby framework oxygen atoms as in the
case of pyridine. This is also the case for the calculated propylamine binding site in the
side channel.

In the case of dodecasil, the structural study indicates that 80% of the large cages con-
tain pyridine, and 25% of the smaller cages contain propylamine. There are two separate
orientations for each of the molecules. The docking results are consistent with exclusive
occupancy of the small cage by propylamine with pyridine being found in the large cage,
although the agreement between the calculated and experimental orientations is not as
exact as for ferrierite. The comparison with the experimental sorption sites is shown in
Figures 7.11 and 7.12. The calculated binding site for pyridine in the large cage lies away
from the centre of the cavity by about 0.86A in order to optimise distances between the
hydrogen atoms of the pyridine and the oxygen atoms of the framework. The refined po-

sition lies at the exact centre of the cage although this is to some extent a consequence of
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ertheless, the agreement between the docking calculations and the experimentally deter-

mined sites is encouraging.
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Chapter Eight

Computer Simulation of Benzene in Siliceous
Faujasite

Rare-earth and high silica faujasites are widely used as catalysts in of commercial proce-
dures. For example, an acidic form of faujasite is an important catalyst for the fluid cat-
alytic cracking process®® in the manufacture of gasoline, showing both good selectivity and
high conversion rates. The properties and behaviour of hydrocarbon molecules within the
zeolite pore are crucial to an understanding of the catalytic process. For example, the phe-
nomenon of shape selectivity can be directly related to the relative diffusivities of the reac-
tant and product molecules in the zeolite pores.

Siliceous faujasite represents a convenient starting model for a systematic study of the
faujasite system both from an experimental and computational standpoint. Since the
structure contains no aluminium or extra-framework cations, the dynamical properties
of sorbed species are controlled predominantly by the hydrophobicity of the zeolite pore
structure. In this chapter, the behaviour of a model probe molecule, benzene, will be ex-
amined with a number of different computational approaches. Monte Carlo docking cal-
culations are performed to obtain preferred binding sites, and classical molecular dynam-
ics calculations and constrained energy minimisation are utilised to investigate transport

properties. In each case, the results obtained are used to compare with and rationalise

available experimental data.

8.1 Structural Models and Experimental Data

The faujasite framework structure is shown in Figure 8.1. The structure can be thought of
as being made up of sodalite cages, fused through their six-ring faces (diameter 2.2A) by
hexagonal prisms (double six-rings) (Figure 2.3). This creates large spherical cavities, or

supercages, of approximate diameter 13A. Access to the supercages is afforded by twelve-
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molecule by monitoring how the interaction with the deuterium quadrupole is averaged
as a function of time. This effect manifests itself in the line shape of the NMR spectra. The
lineshape of the NMR spectra as a function of temperature indicated that the motion of
the benzene molecule was essentially isotropic at all temperatures studied (from 155K to
300K). The existence of the isotropic signal at temperatures considerably lower than the
melting point of benzene (278.5K) suggests that the sorbate would also be present un-
der the conditions of the neutron diffraction experiment. The relaxation times measured
in the NMR experiment were used to obtain the diffusivity and activation energy for the
transport process. The measured diffusion coefficient at 298K was 4.5£3.3x101° m?s™! and
the activation energy was 10.2+0.8 kJmol!. However, it must be pointed out that with-
out further experimental measurements on this system it is unclear as to whether the ex-
periment is truly measuring a diffusive process or merely one in which the molecular re-
orientation occurs without overall translation motion in the zeolite pores. The activation
energy and pre-exponential factor may indeed reflect this reorientational motion rather
than the diffusion process. Recently, further measurements have also been made on this
system. Nesbitt and Mann have performed pulsed-field-gradient NMR experiments and
measured an activation energy of 38.6kJmol™! with a room-temperature diffusion coeffi-
cient of 3.34x1071°m2s'1.367 The diffusion coefficient is comparable with the value from

the spin-lattice relaxation experiment, but the activation energy is noticeably higher.

8.2 EnergyMinimisation of Siliceous Faujasite

As the first step in the study of this system, calculations were performed on the unloaded
zeolite with the structure of Hriljac and co-workers as the starting model. In order to assess
the quality of the forcefield for the zeolite, a lattice energy minimisation calculation was
also performed. The final structure showed a 4.8% increase in cell volume, with the cell
parameter increasing to 24.638A. All subsequent calculations are performed with the cell

parameters fixed at this minimum energy position in order to simplify the simulations.

166



CHAPTER 8. COMPUTER SIMULATION OF BENZENE IN SILICEQOUS FAUJASITE

8.3 Calculation of Preferred Binding Sites

To analyse the siliceous faujasite structure for possible binding sites for the sorbate, a mod-
ified docking procedure was developed based on the method demonstrated by Freeman
and co-workers.??? Since the benzene molecule is relatively rigid with respect to distor-
tions of the ring away from planarity, the initial guest dynamics step is omitted. This step is
performed to obtain a large number of thermally accessible conformations in cases where

the sorbate has many internal degrees of freedom. The modified algorithm can be de-

scribed by the following steps :-
e loop (20)

— insert sorbate into random position with random orientation
— calculate energy
— compare energy to some arbitrary cut-off value

x if less favourable, repeat insertion

* if more favourable, continue
- minimise sorbate position with zeolite lattice fixed
- store minimised configuration and final energy
- loop (9)

+ perform 500 cycles of high temperature dynamics on sorbate in zeolite
+ minimise sorbate position with zeolite lattice fixed

+ store minimised configuration and final energy

- end loop

e endloop

Since the system consists contains approximately 600 atoms, the memory requirements
for a minimisation method based on the storage of the Hessian matrix are prohibitive. It
was therefore decided to employ a minimisation method using only first derivatives. The
dynamical minimisation method, LFOPC, as developed by Snymann368 (AppendixA) is at-

tractive in that it is both quite efficient for the optimisation of high-dimensional functions
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Table 8.1: Relative binding energies of calculated sorption sites for benzene in siliceous

faujasite
site fixed lattice flexible lattice
(kJmol 1)
four-ring (“perpendicular”) 54.7 56.3
four-ring (“parallel”) 51.7 53.3
six-ring 48.6 50.4
twelve-ring (window) 434 43.8

sites are located above the four-rings in the wall of the supercage. Two sites are found, the
most favourable being oriented such that opposite C-C bonds in the benzene ring lie per-
pendicular to a line drawn between adjacent six-rings (Figure 8.2(d)). However, the energy
difference between the two four-ring binding sites suggests that they have approximately
the same energy given the errors in the forcefield. There is also a site located in the vicinity
of the six-ring, although in the absence of a cation, the benzene appears to prefer a geome-
try lying off-centre and closer to the adjacent four-ring. The window site is found to be the
least favourable binding site in this system. The contribution of electrostatic terms to the
binding energy varies from 7% for the six-ring site to 20% for the window site, and thus the
major contribution comes from the dispersive terms in the forcefield, as might be expected
from the hydrophobicity of the zeolite.

In order to assess the effect of lattice relaxation on the binding energies and geome-
tries, further minimisations were performed using the four minimised configurations as
starting points. The effect on the binding energetics is shown in Table 8.1. Both the inter-
atomic distances and the interaction energies are only slightly perturbed from the fixed-
lattice sorbate binding sites, suggesting that the effects of lattice relaxation in this case are
negligible. It is interesting to note that the effect on the window binding site is significantly

less than for the other sites, despite the fact benzene is is known to be quite a tight fit in the

window.
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8.4 Molecular Dynamics Studies

A more direct computational approach to the study of transport phenomena is by molec-
ular dynamics. Based on earlier analyses,?43 the diffusion coefficients measured experi-
mentally for this system represent a time scale that is at the limit of what can be reasonably
investigated by classical molecular dynamics techniques.

Molecular dynamics simulations were performed in the NV T ensemble employing the
same model for the zeolite as in the docking calculations. Since the experimental stud-
ies considered an experimental loading of approximately one benzene molecule per su-
percage, the calculations focused on the infinite dilution limit. The initial configuration
for the system was generated by inserting a single benzene molecule in each of the eight
supercages in the faujasite unit cell. All interactions between benzene molecules were
neglected in order to simulate infinite dilution, while allowing ensemble averages to be
calculated by averaging over all eight molecules to improve the statistics. In order to as-
sess the importance of framework motion on the diffusivity, simulations with both a fixed
and flexible lattice were performed. The velocity-Verlet integration scheme338 was used
with a time-step of 1fs, which was found to give energy conservation to 0.001% during an
NV E simulation. Simulations were performed at 166, 298, 400, 500 and 600K with the
Berendsen method!®? to constrain the temperature to a constant value (Berendsen 7 pa-
rameter=1.0fs). The system was allowed to equilibrate for a 5ps period and then data were
collected over a 25ps period. All the calculations were performed with the DIZZY soft-
ware (Appendix B) running on a 90MHz Power Challenge XL with dual R8000 processors
and 128Mb of main memory.337 The flexible lattice calculations took 9.8 secs per time
step with the majority of the computational time being spent in the calculation of the
electrostatic terms in the forcefield. The diffusion coefficients were calculated both from
the mean squared displacement and the velocity autocorrelation function as a function of
time. A multiple-time-origin analysis was used in both methods (Equation 6.2). The re-
sulting curves are shown in Figures 8.3 and 8.4. The mean squared displacement data
were fitted to the Einstein relation, and the velocity autocorrelation function data were in-
tegrated in order to obtain diffusivities. It is clear from Figure 8.4 that none of the velocity

autocorrelation functions have decayed to zero during the simulations, and therefore there
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Figure 8.3: Mean squared displacement of benzene molecules as a function of time
averaged over all molecules and using a multiple time origin analysis
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are undoubtedly significant errors in the integrals. In this case, the values obtained from
the mean squared displacement plots are probably more reliable.

It can be seen that the inclusion of lattice flexibility in the simulation enhances the sor-
bate mobility. The effect of lattice flexibility on the diffusivity is to some degree a balance
between how the lattice vibrations couple to the sorbate motion at both the sorbate bind-

ing sites and at the transition state points in the diffusion pathway. Since motion of the
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Figure 8.4: Velocity autocorrelation function of benzene molecules as a function of time
averaged over all molecules and using a multiple time origin analysis
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sorbate through the twelve-ring window is essential to long-range transport in the pore
structure, the vibrations of the window undoubtedly play an important role in this process.
It might be expected that, as the sorbate is quite a tight fit in the twelve-ring window, any
vibrations that tend to distort the shape of the window significantly affect the probability
of the sorbate successfully traversing the window into an adjacent supercage; this is a pre-

dominantly entropic effect. However, the results presented here suggest that twelve-ring
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Table 8.2: Calculated diffusivities for benzene in siliceous faujasite using the Einstein
relation (Dp,sq) and the velocity autocorrelation function (Dygs)

fixed lattice flexible lattice
Dmsd (10°m?s?)  Dyper (108 m2s!)  Dppeq (108 m2s7))  Dyger (108 m2s™)
166K 0.075(1) 0.12 0.076(2) 0.15
298K 0.11(3) 0.11 0.311(5) 0.42
400K 0.36(3) 0.55 0.28(2) 0.54
500K 0.41(1) 0.30 1.03(1) 1.00
600K 0.84(1) 0.60 1.550(8) 2.01

Figure 8.5: Arrhenius plot for the motion of benzene in siliceous faujasite
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distortions do not adversely retard the motion of the sorbate through the window.

The calculated diffusivities as a function of temperature are shown in Table 8.2. The
temperature variation of the diffusivity was further investigated by plotting the data as an
Arrhenius plot (see Figure 8.5). The calculated pre-exponential factors and activation ener-
gies resulting from straight line fits to the Arthenius plot are summarised in Table 8.3. For
the fixed lattice, the best fit obtained is that utilising all the points and gives E,=4.2(12)
kKJmol"! and D,=1.23x10"® m?s™! (In D,=-18.2(5)). However, in the case of the flexible lat-

tice simulations, the plot clearly shows the presence of two separate rate processes. At low
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Table 8.3: Comparison of measured and calculated pre-exponential factors (D,) and
activation energies (E,) for the motion of benzene in siliceous faujasite

D, (m?s!) E, (Kmoll)

experiment (T; NMR)8° 2.2x10°8 10.2+0.8
experiment (PFG NMR)367 - 38.6
fixed lattice 1.23x10°8 4.2+1.2
flexible lattice (low temperature) 9.4x107° 3.4+1.1

flexible lattice (high temperature)  5.7x10°7 17.44+3.2

temperatures, the data fits approximately to a straight line with E,=3.4(11) kJmol'! and
D,=9.4x10"% m?s! (In D,=-18.5(5)), whereas at high temperature a further process with
E,=17.4(32) Kimol! and D,=5.7x10"m?s™! (In D,=-14.3(8)) becomes dominant. At 400K,
the system is in a state in which both processes are contributing to the sorbate transport.
This is indicated by the curious shape of the mean squared displacement plot at this tem-
perature. The barrier height for the low temperature process is of the same order as the
average thermal energy at this temperature (k7 (400K) = 3.3 kJmol'!). The calculated pre-
exponential factors are within an order of magnitude of those measured in the T; relax-
ation NMR experiment, although the diffusivities at 298K are reproduced less exactly. How-
ever, as was mentioned previously it remains unclear as to whether the NMR experiment
is probing benzene transport in this system.

The calculated heats of sorption are shown in Table 8.4. In the case of the flexible lat-
tice simulations, the heats of sorption are calculated as in the previous chapter, whereas
for the fixed lattice case, the values simply reflect the average interaction energy between
zeolite and sorbate during the dynamics runs. The general trend of decreasing sorption
heat with increasing temperature is clearly seen, although the 400K simulation value once
again indicates a deviation from this trend.

In a further attempt to investigate the effects of temperature on the transport mech-
anism, zeolite-benzene distribution functions were calculated. These are shown in Fig-
ure 8.6. Two distribution functions are considered. The first is a radial distribution func-

tion referenced to the centre of the supercage ( “cage centre-benzene”). This shows that

174



CHAPTER 8. COMPUTER SIMULATION OF BENZENE IN SILICEOUS FAUJASITE

Table 8.4: Calculated heats of sorption as a function of temperature

temperature (K)

sorption heat (kfmol!)

fixed lattice flexible lattice

166
298
400
500
600

50.9 56.3
48.3 53.6
46.6 41.1
47.8 44.0
39.4 40.1

Figure 8.6: Calculated zeolite-benzene distribution functions
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the benzene molecules are essentially confined to the supercage walls at all temperatures.

However, the peak is noticeably broadened with increasing temperature (Figure 8.6(a)).

The second distribution is based on the distance of a benzene molecule from the plane

of the twelve-ring window ( “cage window-benzene”). Again, the main peak around 3A
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Figure 8.7: Calculated benzene molecular energy distribution functions
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is indicative of benzene molecules at the supercage walls (Figure 8.6(b)). The density in
the region of the window plane appears to vary little with temperature and, therefore, can-
not be related directly to trends in the diffusivities. Since the time spent in the window is
considerably less than in the region of the supercage walls, this suggests that the sampling
time for the distribution function would have to be increased to correctly represent any
trends close to the window plane. It is noted that the density in the region of the window
is finite for the 166K simulation and zero for the 298K simulation. This suggests that the
equilibration period in the 166K simulation may have trapped a molecule in the region of
the window, which then diffuses into the supercage over the course of the simulation. This
is confirmed by a graphical examination of the trajectory . The distribution functions for
the flexible lattice simulations are somewhat ambiguous in that they have the same refer-
ence point as in the fixed lattice simulations (Figures 8.6(c) and 8.6(d)). Since the lattice
is in motion, the centre of the cage and the window plane are constantly changing and it
is problematic to define the reference points. However, it is interesting to note that at the
lowest temperature considered the lattice appears to be moving insufficiently (i.e. it is es-
sentially fixed) to noticeably affect the distribution functions.

The molecular energy distribution functions are plotted in Figure 8.7. These show the
distribution of energies of single benzene molecules averaged over the duration of the sim-
ulation. For the fixed lattice simulation, the main peak is shifted to higher energy as the
temperature increases, such that at 600K the maximum has moved by approximately 7

kJmol!. The distribution is also considerably flatter at the higher temperatures. It is in-
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Table 8.5: Probabilities of different window transitions as function of temperature

fixed lattice flexible lattice
#hops %reverse % translational #hops %reverse % translational
166K 18 100 0 0 0 0
298K 0 0 0 10 100 0
400K 14 90 10 40 94 6
500K ) 100 0 41 70 30
600K 8 66 33 13 17 83

teresting to note the presence of a second peak at higher energy in the 166K curve. This
correlates with the hypothesis suggested above that a molecule is trapped in the region
of the window site at the completion of the equilibration phase. No corresponding peak
is observed at other temperatures. The flexible lattice plot shows contrasting behaviour.
Whereas the significant peak is once again shifted to higher energies with increasing tem-
peratures, two regimes are clearly observed. At the intermediate temperatures, 400K and
500K, the peak is completely broadened, only to be replaced by a new peak at considerably
higher energies at 600K. This presumably reflects the transition between intra- and inter-
cage motion. This adds further support to the idea that in the case of the fixed lattice, the
two distinct regions in the Arrhenius plot corresponding to differing transport mechanisms
are less well defined.

Further analysis into the sorbate motion as a function of temperature can be made by
calculating the number of times during the simulation that a benzene molecules jumps
through a window. Two types of motion can be identified here. In the first, the molecule
moves through a window and then, at some later time, moves back into the original su-
percage (“reverse hop”); in the second, the molecule moves into another supercage during
the next window transitional period (“translational hop”). These events were calculated
and are summarised in Table 8.5. This table further emphasises that there is no significant
long-range translational motion of the sorbate at any temperature below 600K in the fixed
lattice simulations and below 400K in the flexible lattice simulations. The analysis also sug-

gests that longer simulations are necessary to improve the statistics in the case of the fixed
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lattice runs since there is no systematic increase in the number of window transitions as a

function of temperature.

8.5 Hopping Pathways

In a simplified picture, the transport process of a sorbate through a zeolite can be thought
of as a series of hops between binding sites. The energetics of the hopping process can
be investigated by calculating the minimum energy paths between the two binding sites to
obtain the transition state position for the hop and thus the activation energy. This method
neglects any factors due to entropic and dynamical effects which could be included by the
application of transition state theory3®° or correlation function theory.37°

The hopping trajectory is defined by drawing a straight line between the centres of mass
of benzene molecules bound at each of the two binding sites. The minimum energy path-
way is calculated with a constrained energy minimisation method. This procedure drags
the benzene from one site to another by constraining a single component of the benzene
centre of mass, while allowing all other degrees of freedom to relax. A hopping vector, 7,3,
can be defined between the centres of mass of a benzene molecule lying at each of two

binding sites ¢ and b. Intermediate points along this vector can be defined simply as :-
Tab(A) = Ta + AP (8.1)

where ) ranges from 0 to 1. For a given value of A, the centre of mass of benzene is con-
strained to lie in a plane defined as containing the intermediate point, r,;(A), and orthog-
onal to the hopping vector, r,;. The constraint is applied by the inclusion of a constraint

potential, V,.., to the forcefield, of the following form :-

2
1 a
Vcons = Ekcons {[T(t) - Tab()\)] * Tab } (8.2)

where 7(t) is the instantaneous benzene centre of mass position. The force constant is
typically 1 eV A2, Each point on the pathway is annealed with the techniques outlined in
the section 8.3. The resulting final configuration is used as the starting point for the next

value of ).
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The reaction coordinate for the hopping process can be usefully defined following the
approach of Auerbach.3”! Two separate reaction coordinates are defined that reduce the
multidimensional space describing the position of the benzene to a single coordinate;
one is based on the full dimensional space of the benzene atomic coordinates, whereas
the second, simpler form, is derived from the benzene centre of mass positions. The 36-
dimensional space of the atomic coordinates are denoted as R, and the three-dimensional
benzene centre of mass is denoted as r. The full-dimensional hopping path is the sequence
of configurations [Rg,R1,R2,. .., Ryl. The partial hopping path length, L, is defined by
Ly = Ln_1+|Rn — Rn-1], where Ly = 0. The reaction coordinate for the 74, configura-
tion, Q;, is given by Q; = L; — Ly /2. Thus the values increase monotonically along the
minimum energy pathway. The six-fold symmetry of the benzene molecule is taken into
account by permuting over the atom indices to obtain the physically meaningful shortest
distance. The centre-of-mass reaction coordinate is defined in a similar way utilising the
three-dimensional centre of mass positions [rg,r1,79,. . .,7n]. This is a particularly conve-
nient approach since any difference between the two reaction coordinates is indicative of
benzene reorientation along the minimum energy pathway.

The faujasite pore structure necessarily creates two classes of benzene transport each
with different length scales. Over short length scales, the benzene molecule simply moves
around the walls of a single supercage (intracage motion). This type of motion is accessi-
ble to NMR spin-lattice relaxation experiments. In order for longer length scale diffusion
to occur, the benzene molecules must make hops between adjacent supercages passing
through the twelve-ring windows (intercage motion) The rate of this process determines
the intracrystalline diffusion constant measured by pulsed-field-gradient NMR.

The docking calculations in the earlier section of this chapter determined a number of
different binding sites. The minimum energy pathways between the following sites have
been calculated : four-ring — four-ring, four-ring — six-ring, window — window, four-
ring — window and six-ring — window. The first two pathways represent intracage mo-
tion, whereas the latter two are important for long length scale motion. The pathway vec-
tors are shown schematically in Figure 8.8. Since the two possible four-ring sites are very
similar in energy, and differ only in their relative rotational position, only the most-stable

(“perpendicular”) site is considered here.
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Table 8.6: Barrier heights for hopping processes for benzene in siliceous faujasite

hopping process barrier height (kJmol)
four-ring — four-ring 4.5
four-ring — six-ring 0.2
six-ring — four-ring 6.3
four-ring — window 20.5
window — four-ring 9.4
window — window 22.2
E, (T1 NMR) 10.2
E, (PFG NMR) 38.6

Ea (MD - flexible lattice ) 17.4,3.4

despite fitting to both the heat of sorption and crystallographic structure, the experimen-
tal activation energies and pre-exponential factors can only be reproduced to within an
order of magnitude. One possible explanation for this deficiency, aside from the choice
of functional form for the potential, is that the fit was made to equilibrium properties of
the system whereas a full dynamical description necessarily also requires an accurate rep-
resentation of the region of the potential energy surface near to the transition state. An
improved approach to the fitting procedure could include data from quantum mechanical
calculations at both the stable binding sites and the transition state. In addition, the data
from the shape of sorption isotherm could also be subsumed into the fit to further refine
the potential.

The complementarity between the different approaches presented in this chapter is re-
assuring and gives confidence in applying the methods to calculate hypothetical trajecto-
ries to systems where a molecular dynamics calculation is infeasible due to the sluggish-

ness of the transport process. This will be demonstrated in the next chapter.
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Chapter Nine

Simulation of Benzene in Cation-Containing
Faujasites

The majority of zeolite applications involve cation-containing zeolite systems rather than
their siliceous analogues; the cations can be protons, as in acid catalysis, or metal cations,
for example in gas separation and ion-exchange applications. The calculations in the pre-
vious three chapters have been limited to studies of the stability of siliceous systems and
their interaction with sorbed species. In this chapter, the problems involved in the simu-
lation of cation-containing zeolites will be addressed utilising Na-faujasite as a model sys-
tem.

In the first part of this chapter, the problem of constructing realistic models for Na-
faujasites for computational studies that are consistent with crystallographic data will be
covered. Once appropriate models have been constructed, an investigation of the accu-
racy to which the chosen zeolite forcefield can reproduce crystallographically determined
cation positions will be performed and the results analysed to assess to what extent the
calculated relative cation site stabilities can be related to crystallographic occupancies. Fi-
nally, docking calculations and minimum energy pathways will be calculated for the be-
haviour of benzene in a number of Na-faujasite models representing different Si/Al ratios
and cation occupancy patterns. The results will then be used to interpret and rationalise

transport properties in analogous systems as measured by experiment.

9.1 Experimental Motivation: NMR Spin Lattice Relaxation
Bull and co-workers8® and Vitale and co-workers3’? have performed 2H NMR spin-lattice
relaxation measurements on a series of faujasite samples with benzene as a sorbate. This

experiment effectively measures the relaxation of the orientational correlation function of

the C-D bond. A relaxation time for this process can be obtained by fitting the NMR line
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Table 9.1: Activation energies (E,), pre-exponential factors (D), and diffusivities at 298K
(D2gg) for transport of benzene in faujasite from ?H NMR spin-lattice relaxation
measurements

zeolite D, (m?s!)  E, (mol!)  Dygg (m?s™)

siliceous (Si/Al=00) 2.2+1.2x10®  10.24£0.8  4.5+3.3x10°!9
Na-Y (Si/Al=1.7) 4.4402x10°  23.5+09  3.5%+1.3x10°13
Na-X (Si/Al=1.2) 51+£1.3x10°  14.040.6  2.0£0.9x107!!
Na-LSX (Si/Al=1.0) 1.340.6x10°  10.6+0.9  1.941.5x107!!

shape to an appropriate functional form. By assuming a characteristic jump length, an
activation energy and pre-exponential factor can be obtained. The results of these exper-
iments are shown in Table 9.1. The first observation is that the diffusion of benzene is re-
duced by over two orders of magnitude with the introduction of cations in the structure
(Na-Y compared to siliceous faujasite). This rate reduction is mainly due to the binding site
formed by the strong interaction of benzene with the SII Na* cation in the faujasite struc-
ture. The cations act as traps for any benzene molecule moving through the structure. This
phenomenon also accounts for the increased activation energy for diffusion in the case of
Na-Y. It might be expected that, as the concentration of cations in the structure increases,
the diffusivity will be further reduced. However, this is clearly not the case since the dif-
fusivity of benzene in Na-X is found to be enhanced compared to Na-Y and the activation
energy reduced. It is interesting to note that in the case of the LSX sample, the activation
approaches that in siliceous faujasite whereas the diffusion remains considerably slower.
Since the NMR spin-lattice relaxation experiment probes the reorientation of the ben-
zene molecule, it would be expected that the activation energies that are measured by this
technique are indicative of the most efficient benzene hopping process in the zeolite. In
an attempt to explain this curious trend in diffusivity, computational methods will now be
applied to this problem with the goal of calculating hypothetical hopping processes in rep-

resentative models of the faujasite structure.
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9.2 Methods and Models

As was detailed in Chapter 2, although there are many different experiments methods for
the measurement of diffusivity, they often probe different diffusional time scales and can
often measure different transport mechanisms. The NMR spin-lattice relaxation technique
is one method that measures diffusional processes most analogous to those that can cur-
rently be simulated by standard computational techniques such as molecular dynamics.
This compatibility of computational and experimental approaches is because the NMR
measurement probes intracrystalline transport over a relatively small length scale compa-

rable with the dimensions of the simulation cell.

9.2.1 Computational Methodology

The relatively few previous computational studies of the behaviour of organic molecules in
cation-containing zeolites have focused on the faujasite system mainly because the cation
sites are well determined by crystallographic methods and the zeolite is important in fluid

catalytic cracking. The earliest study by Demontis and co-workers?42

was an attempt to
perform molecular dynamics on benzene moving through Na zeolite-Y. The calculated dif-
fusivity from this work was found to be four orders of magnitude faster than that measured
by experiment. This discrepancy illustrates a common problem with the study of diffusion
in a system where the transport is very slow; the simulation time of only 24ps was insuffi-
cient to sample enough of the transport process to accumulate statistically significant en-
semble averages for the system.

Uytterhoeven and co-workers>"*

studied the interaction of benzene with faujasite of
varying Si/Al ratio and varying alkali-metal cation employing the electronegativity equali-
sation method to calculate the interactions. The benzene was moved along the three-fold
axis of the structure to assess the relative stabilities of the binding sites at the SIT cation and
the window. These calculations represent a series of single-point energy calculations; no
attempt was made to allow relaxation of the sorbate or the lattice. Interestingly, this work
predicts that the window site becomes the most stable of the two sites in K-X, Rb-X and
Cs-X, but not in Na-X. Unfortunately, the absolute values of the energies obtained by this

method have little meaning and cannot therefore be compared with experiment.
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Klein and co-workers®’ have combined X-ray diffraction measurements with com-
putational methods to study the location and transport of a number of different aro-
matic molecules (benzene, toluene, xylenes, mesitylene, aniline, m-nitroaniline and m-
dinitroaniline) in Na zeolite-Y. This study took potential parameters previously derived by
Kiselev and co-workers,333 and Demontis and co-workers?#? as a basis for their calcula-
tions, and calculated diffusion pathways with constrained energy minimisation. The cal-
culated activation energies are in good agreement with experimental data. It is found that
polar and non-polar aromatic molecules have subtly different binding site geometries and
transport properties. This study represents one of the most detailed investigations of this
system to date.

Schrimpf and co-workers37> have recently challenged the conventional wisdom with
regard to molecular dynamics studies on systems with slow diffusional processes by per-
forming a calculation on the transport of p-xylene in Na-zeolite Y. In order to accelerate
the calculations and allow a larger proportion of phase space to be accessed for the du-
ration of the run, several approximations were made. Firstly, the zeolite lattice was held
fixed. This is somewhat surprising since the same authors make a convincing case for al-
lowing the lattice to flex for this type of system in an earlier publication.37® Secondly, since
the most time-consuming part of previous calculations is the computation of the electro-
static component of the energy via the Ewald summation, in this work the Coulombic con-
tribution is calculated with a potential truncation function that significantly reduces the
computational cost.3’7 Finally, the molecular dynamics simulation were performed at el-
evated temperatures (between 500K and 1000K) in order to further accelerate the motion.
These approximations allowed runs of an unprecedented length (100ns) to be performed,
and trajectories clearly showed hopping processes between cation binding sites. Although
only a few hopping events could be sampled even with this approach, it is nonetheless
impressive that straight-lined Arrhenius plots were obtained for all loading models inves-
tigated. Further, the calculated activation energies show good agreement with NMR and
uptake measurements.

In the work presented here, the first step is to verify that the chosen zeolite forcefield
can adequately represent the cation sites of interest. This issue will be addressed by car-

rying out both periodic and defect lattice energy minimisation on a variety of models and
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by observing how the cation positions differ compared to experiment. Once representa-
tive models for the two zeolites have been obtained, they will then be used as a basis for
a Monte Carlo docking calculation as detailed in Chapter 8. The binding sites obtained

will be utilised to compute minimum energy pathways for hypothetical hopping processes,

and comparisons made with the NMR results.

9.2.2 Cation Sites in Faujasites

There has been a large number of crystallographic studies made on zeolites with the fauja-
site structure, both on aluminosilicates with various counter ions and silicoaluminophos-
phate derivatives. Regarding aluminosilicate derivatives of the faujasite structure, the
nomenclature varies depending on the Si/Al ratio of the sample in question. It is gener-
ally accepted that samples with Si/Al<1.5 are referred to as X, whereas those above this
value are known as Y. The special case of Si/Al=1 in which Si-Al alternation is observed is
known as the LSX configuration.

There have been numerous crystallographic studies of sodium faujasite structures;
however, for the purposes of these calculations it is important to consider only dehy-
drated structure determinations, since cation locations and occupancies are often heav-
ily influenced by the presence of water.3’® In the case of Na-Y, the structure of Fitch
and co-workers is considered as the basis for the constructed models. Until recently, the
only available structural study on a dehydrated Na-X was that of Hseu.3”® However, re-
cently two further works have appeared in the literature by Olson38? and Vitale and co-
workers.38!

For Na-Y structural models, the important cation sites are listed below, shown schemat-
ically in Figure 9.1, and described in more detail in Table 9.2. In order to increase the Si/Al
ratio beyond values typical in Na-Y, further sites (called SIII sites) must be occupied. In
all three of the available structural studies on Na-X, the SIII sites are located in the region
of the twelve-ring windows, although several different site geometries are observed. In the
Hseu structure,3’? the SIII cations (dubbed SIIIi) are located above the four-rings. For each
series of three rings joining adjacent six-rings in the supercage, there are two symmetry

equivalent positions separated by 1.39 A, which precludes simultaneous occupation. Each

cation is four-coordinate and is sited at a distance of 2.83A from two oxygen atoms in the
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Figure 9.2: SIII cation sites determined by crystallographic studies in relation to four-rings

Olsen Na(7) ‘ ‘ Olsen Na(6)/Vitale

Olsen Na(5)

‘ Hseu

tral four-ring. The Na(6) site has approximately the same geometry as the Vitale site. The
Na(5) is approximately three-coordinate, making a close contact to a single four-ring oxy-
gen atom at 2.23A, and two more at adjacent oxygen atoms at 2.81A. Each of the three sites
is found to have similar occupancy (approximately one ninth).

There are several important questions to consider when attempting to construct realis-
tic models for cation-containing zeolite from crystallographic data. Firstly, it is important
to remember that the atomic positions from a structural refinement represent an average
picture of the zeolite lattice without the effects of thermal vibration. In addition, the cation
sites that are found tend to be partially occupied and therefore only give an idea of the ac-
tual cation site locations averaged over the entire structure, without giving any informa-
tion on the local occupancy model within a single unit cell of the structure. In addition, it

is rarely possible to determine the substitution positions for Al in the structure since disor-

der is very common.
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9.3 Relative Cation Site Stability

9.3.1 Methods and Models

In a system in which thermodynamic equilibrium exists between each of the cation sites,
the crystallographic occupancy would be entirely determined by the relative site stabilities
and the temperature. However, since the formation of most zeolites is driven predomi-
nantly by kinetic, rather than thermodynamic, control, the site occupancies are influenced
heavily by the mechanism of zeolite synthesis, and by templating effects.

Although ion-exchange is a popular method for producing zeolites with different extra-
framework cations, the process is promoted by coordination of the cations with the rele-
vant solvent and is performed under thermodynamic control. In the absence of a solvent,
ion-exchange between different sites is very slow. In addition, it has been shown that the
relative cation occupancies can also be influenced by the sorption of certain molecules.
For example, this effect has been shown to occur in the H-Y/benzene system.382 This can
be thought of as a very weak solvation effect and is unlikely to be important with more inert
sorbates such as normal hydrocarbons.

A theoretical study of the relative site energy is interesting in giving an indication of the
importance of thermodynamic effects in a given zeolite structure, and an indication of the

applicability of the current forcefield to the cation positions.

Previous Work

Earlier work on cation stability in faujasite has been reported by Sanders and Catlow>%3
and Sanders384 who looked at K*-faujasite. This study performed simple Madelung energy
calculations on a comprehensive set of cation configurations and paid particular attention
to the effect of Al distribution on stability. The results have been summarised by Jackson
and Catlow.?1! It was predicted that the SIIcation site was the most energetically favoured.

The most favourable configurations were then minimised with respect to the cation coor-

dinate with the following main findings :-

e the most energetically favourable cation distributions have equal occupation of SI

and SI’sites.
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e the occupancy of adjacent SIand SI’sites is predicted for certain Al distributions
o the energies of structures with different Al distributions are very similar

e the energy minimised cation sites are reasonable close (within 0.24) of the crystallo-

graphically determined sites

No SIII cation sites were considered in this study.

Models for Framework and Non-Framework Positions in the Present Work

A basic structural model was constructed with the Olson work as the model for the frame-
work sites since this provides the most representative selection of SIII cation positions. The
Hseu SIII positions was transformed into this cell when needed, and since the Vitale SIII

position is relatively close to the Olson Na(6) site it will not be considered separately.

Forcefield Models

Two forcefield models were considered, both the formal charge shell model of Sanders
(used in Chapter 4 for the silica lattice calculations), and the partial charge model of
Kramer (as employed in the forcefield fitted in Chapter 7). The functional forms for these
forcefields have been detailed in earlier chapters; the parameters are given in Table 9.3 for

completeness.

9.3.2 Results and Discussion

In this section, several different calculations will be performed on the cation positions in
Na-faujasites. The calculations are designed to contrast a number of different methods of
considering the cation sites rather than considering the large number of possible permu-

tations of cation and Al sitings for a given Si/Al ratio.

Defect Lattice Energy Calculations

The first set of calculations consider the Na* cation site to be an isolated defect (an inter-
stitial ion in the terminology of the defect calculation) in a siliceous structure, both with

and without an associated Al substitution at an adjacent tetrahedral site with the Mott and

194



CHAPTER 9. SIMULATION OF BENZENE IN CATION-CONTAINING FAUJASITES

Table 9.3: Forcefield parameters for site stability calculations

formal charge

interaction A (eV) o A) C (eVA®) k(eVA?)

Si-O 1283.9 0.3205 10.66 -

Al-O 1460.3 0.2991 0.0 -

Na-O 1226.84 0.3065 0.0 -

0-0 22764.0 0.1490 27.88 74.92
| partial charge

interaction A (eV) p (R) C (eVA9)

Si-O 18003.7572 0.205205 133.5381

Al-O 16008.5345 0.208478 130.5659

Na-O 3542.2072 0.241896 0.0

0-0 1338.7730  0.362319 175.0

Littleton formalism!87 as employed in Chapter 5 for the SAPO calculations. Full lattice re-
laxation is allowed for each of the configurations considered. In addition, the presence of
SIII cation sites is also considered.

As in the case of the calculations on proton siting in SAPO-37 (Chapter 5), it is important
to choose limits for the regions that are sufficient to give a realistic treatment of long-range
effects. Several sets of region limits were considered ranging from 6.0/20.5A to 13.0/24.0A.
It was found that the trends in the cation site stabilities had converged at the 11.0/22.0A
level. The comparison between the lowest limits and this level are shown in Table 9.4.
In addition, it is to be noted that the same trends are observed regardless of the force-
field model employed. Therefore, since the Kramer model has been used as a basis for the
forcefield considered in Chapters 7 and 8 it is employed exclusively in the remaining cal-
culations on cation site stability. The region limits have a considerable effect in the case
of the SIII cation site. This is due to the relatively low coordination of the cations in the
twelve-ring window causing a smaller number of atoms to be defined within the inner 6A
region. The two different SI’cation sites are found to minimise to the same position. Of all

the cation sites, the SIIT positions are found to be the most energetically favourable, which
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Table 9.4: Minimised energies (eV) for isolated cation defect calculations

S

SI SI'la) SI'(b) SIT
Na(5) Na(6) Na(7) Hseu

6/20.5A formal -41.6 -499 -499 -396 -269 -298 -30.9 -30.6
11/22A formal  -184.8 -1734 -171.2 -1696 -1845 -191.2 -1885 -191.9
11/22A partial  -645 -60.6 -60.1 -59.4 -64.4 -67.5 -655  -66.5

Table 9.5: Minimised energies (eV) for isolated cation defect calculations with
concomitant Al substitution

SIII
Na(5) Na(6) Na(7) Hseu
11/22A formal -149.0 -137.9 -1357 -1350 -1569 -1569 -153.6 -156.7
11/22A partial  -41.9 -375 -37.0 -369 -42.0 -453  -43.3 -43.1

SI SI'la)  SI'(b) SII

may be a little surprising since they are the last cation position to be significantly occupied
as a function of Si/Al ratio. In an attempt to investigate this further, the calculation was
modified to assess the effect of Al on the site stability. Initially, a single Al substitutional
defect was made on the nearest tetrahedral site to the cation site in question. The results
of these calculations are shown in Table 9.5. As can be seen, the introduction of an Al atom
makes no difference to the trends in energy. However, since it is known that certain cation
sites only become occupied (and presumably energetically favourable) at lower Si/Al ra-
tios, it is probable that a distribution of Al atoms is required to fully stabilise a given site.
To address this question it is necessary to construct models for Al-substitution pattern in
the faujasite unit cell. As has been mentioned previously, the only unambiguous deter-
mination of the siting of Al is in the case of the Vitale refinement of Na-X where Si-Al al-
ternation is observed.38! Although crystallographic data rarely provides evidence for Si/Al
ordering with Si/Al > 1.0, NMR measurements have been analysed to suggest possible Al
substitution patterns. Klinowski and co-workers38% and Melchior and co-workers386 have
constructed models corresponding to a range of Si/Al ration that can reproduce 2°Si NMR

spectra and are consistent with simple electrostatic arguments. For example, Klinowski
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Table 9.6: Minimised energies (eV) for isolated cation defect calculations with ordered Al
substitution

Sii

SI SI'ta) SI'(b) SII
Na(5) Na(@6) Na(7) Hseu

Na-Y (Si/Al=2.0) -165 -193 -193 -2.07 -249 -236 -251 -1.43
Na-X (Si/Al=1.0) -12.62 -12.18 -12.03 -12.36 -13.38 -13.27 -13.44 -12.09

change significantly on minimisation. The SI site remains in the centre of the double six
ring; however, the two SI’sites move significantly further out of plane into the sodalite cage.
The SII site also moves further out of plane of the six-ring into the supercage on minimi-
sation. The Na(5) and Na(7) sites move further into the plane of the window whereas the
Na(6) site moves back towards the four-rings. In each case, the displacements are within
0.2A of the crystallographic positions. However, the Hseu site is completely unstable in this
model, and the cation moves away from the four-rings towards the centre of the supercage.

In addition to the ordered Na-Y model described above, calculations were also per-
formed on a model with random Al substitution while maintaining Lowenstein’s rule. The
only difference in is the ability to have six-ring sites with only one Al substitution. In this
case, the SII cation moves away completely from the region of the six-ring and assumes a
position near to the twelve-ring window. Since this situation will become more common in
faujasites with Si/Al > 2.0, it would suggest that the SII site becomes destabilised in these

cases.

Periodic Lattice Energy Calculations

To this point, the calculations have only considered the stability of a single cation site sur-
rounded by a variety of models for the faujasite framework. Now the effect of cations inter-
acting with each other will be addressed. Initially, periodic models of faujasite were con-
structed with full occupancy of a single cation site. The resulting charge imbalance was
removed by reducing the charge on the tetrahedral sites. Full lattice energy minimisation
was performed on each of the models. The results are presented in Table 9.7. Full occu-

pancy of cation sites is clearly an unrealistic model in many cases since it is rarely observed
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Table 9.7: Minimised energies (eV per tetrahedral site) for periodic models with a single
cation site fully occupied

SIIT
Na(5) Na(6) Na(7) Hseu
minimised energy -355 -34.1 -34.1 -34.2 -292 -293 -29.2 -28.1

SI SI'ta) SI'(b) SII

in crystallographic refinements. In many cases, this is due to the close contacts that would
be created if two adjacent crystallographically equivalent positions were simultaneously
occupied. These close contacts are listed in Table 9.8. This is more of a significant problem

Table 9.8: The closest contacts in Angstroms between adjacent cation position of the
same type in the fully occupied models

SIIT
Na(5) Na(e) Na(7) Hseu
distance 8.87 3.95 4.87 7.40 3.44 2.86 2.99 1.40

SI SI'(a)  SI'(b) SII

in the case of the SIII cation sites, since the contacts are much closer, and are probably the
main reason for the dramatic differences in energy in Table 9.7. The relative stabilities of
periodic models containing different cation sites which are occupied simultaneously are

considered in the next section.

9.4 The Behaviour of Benzene in Na-Y

The forcefield fitted in Chapter 7 for the interaction of benzene in Na-Y will be used for the
remainder of this chapter. The docking method was outlined in Chapter 7, whereas the

technique for calculating minimum energy pathways was described in Chapter 8.

9.4.1 Models for Na-Y

In attempt to construct a model for Na-Y with the maximum crystallographic symmetry, a
structure was built by filling all the SI’and SIIsites in one unit cell. This produces a model

with Si/Al=2.0. A similar structure could have been constructed by filling SI rather than
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ST, however this gives a model of Si/Al=3.0 which differs from that considered in the NMR
study. The framework structure of Fitch and co-workers® was considered as a basis for the
model.

The model was modified further to produce both an average tetrahedral site and explicit
Al-substituted structure. In the former, the tetrahedral atom partial charge was reduced
from 2.4 to 2.066 to achieve charge neutrality and the structure minimised at constant
pressure. The structure retained Fd3m symmetry on minimisation with the Si-O bond
lengths adjusting slightly to accommodate the change in partial charge. A 0.99% reduction
in cell volume was observed during the minimisation procedure. The Al-substituted was
obtained by taking the Fitch structure and modifying it to allow the Al-substitution pat-
tern of Klinowski outlined above. This reduces the symmetry to C2/c symmetry based on
a monoclinic cell. Minimisation of this structure at constant pressure results in a 3.52% re-
duction in cell volume. This cell represents the primitive cell of the centred tetragonal cell

of symmetry /4, /a; the tetragonal cell will be used for the docking calculations.

9.4.2 Docking Calculations
Average T-site Model

Utilising the minimised average-T site model as the starting point for the docking calcu-
lation, two binding sites were obtained, one at the SII cation site and the second in the
twelve-ring window. The effect of lattice relaxation was assessed by performing a full lat-
tice energy minimisation at constant volume for each of the minimised geometries. The

results are summarised in Table 9.9. These results are consistent with the crystallographic

Table 9.9: Energetics of docked binding sites for benzene in Na-Y with average T-model

binding site  fixed lattice (kjmol'!) flexible lattice (kJmol )
SII site | 83.3 84.1
window site 50.0 50.4

data showing one dominant binding site at the SII cation position and a less favourable site

in the twelve-ring window that only becomes significantly occupied at higher loading. The
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results are not surprising since the forcefield were fitted to this structural model.

Explicit Al substitution

The introduction of Al into the Na-Y model has little effect on the nature of the binding
sites obtained during the docking calculation. As before, both an SII cation binding site
and a window binding site are found. The energies differ very slightly from those in the

average T-site calculation and are given in Table 9.10. It can be noted that the binding en-

Table 9.10: Energetics of docked binding sites for benzene in Na-Y with the explicit-Al
substituted model

binding site  fixed lattice (kjmol!) flexible lattice (kjmol™!)
SII site 79.0 80.1
window site 47.2 47.6

ergies are slightly less than for the average T-site model.

9.4.3 Minimum Energy Pathways

Since there are only two binding sites for benzene in the Na-Y model, this gives three possi-
ble hopping pathways: SIIsite— SIIsite, SII—-window and window—window. The SII— SII
hopping path is shown in Figure 9.4. This hopping pathway consists of a sliding motion
down from the six-ring followed by a tilt into the transition state which places the benzene
ring perpendicular to the middle four-ring. Previous work suggested the presence of an al-
ternative pathway of similar energy with the transition state having the benzene ring par-
allel to the middle four-ring;387 however, there is no evidence of such a pathway with this
forcefield. Although it is possible to stabilise such a configuration at the transition state
with the constraint applied, the binding energy is considerably higher than the perpendic-
ular configuration (25.6 kJmol'!). Any attempt to move the molecule away from this posi-
tion produces a point on the minimum energy pathway for the parallel configuration. The
activation energy for the hopping process in the figure is 39.8 kjmol .

The SII— window hopping path is shown in Figure 9.5. For this hopping pathway, there

is significant hysteresis in the minimum energy surface depending on the choice of starting
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energy barrier for the SII - SIT hop was computed to be 38.5 kJmol!, whereas the barrier
for the SIT -window hop was 47.9 kimol}. Unlike the case of the average-T site model,
there was no hysteresis observed in the hopping pathway to the window site. The main
cause of the reduction in the energy barriers is the lower stability of the docked sites in this
model.

Since in both cases, the most efficient hopping pathway represents motion within a sin-
gle supercage and therefore makes no contribution to intercage mobility, this suggest that
the NMR experiment is simply measuring the mean residence time at the SII binding site.
It must be noted that the activation energy for the important hopping process in Na-Y is
predicted to be significantly higher than that for experiment. This was also observed in

the previous chapter for benzene in siliceous faujasite and suggests that the fitted force-

field needs to be further refined.

9.5 Behaviour of Benzene in Na-X

9.5.1 Models for Na-X

Models for Na-X were constructed using the Na-Y models as a basis. In order to simplify the
question of Al-substitution, the Na-X structural determination of Vitale and co-workers38!
was chosen since this features Si-Al alternation. Models were constructed by filling only
one type of SIlIsite in addition to the sites filled in the Na-Y model (all SI’and SIIsites fully
occupied) to examine the effect of the energetics of transport of each cation site.

The Hseu SIII cation site has site symmetry 96:. Using a Si/Al ratio of 1.0, and the Na-Y
model as a starting point, 32 SIII cation sites need to be filled, which is four in each su-
percage. This corresponds to a third of the possible sites. One half of the 96 sites can be
eliminated by removing one of every pair of SIII cations above each middle four-ring (see
Figure 9.2). Two further SIII cations are then removed in each supercage such that of the
six sets of three four-rings that bridge each six ring, only four have a SIII cation. This cation
occupancy pattern is illustrated in Figure 9.6. From the point of view of each SIIcation site,
there are two pathways to adjacent SiIsites: one that has an intermediate single SIIIcation

site and one that does not. For the two pathways with an intervening SIII, one SIII cation

is slightly further from the SII cation than the other SIII cation. This produces a model of
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Table 9.11: Results of lattice energy minimisations of Na-X models. Comparison of
minimised cell parameters and volumes with experimental determinations.

structure ad) bA c(d) changein cell volume (%)
Hseu expt. (Si/Al=1.37) 24990 24990 24.990 -
Olson expt. (Si/Al=1.18) 25.099 25.099 25.099 -
Vitale expt. (Si/Al=1.2) 25.033 25.033 25.033 -

Hseu model (average-T) 24.706 24.706 24.721 -4.6
Hseu model (Si-Al) 24.941 24793 25.139 -1.7
Olson Na(5) (average-T) 24.937 25.012 24.909 -1.8
Olson Na(5) (Si-Al) 24996 24.999 24.987 -1.3
Olson Na(6) (average-T) 24.982 24.995 24.935 -1.5
Olson Na(6) (Si-Al) 25.075 25.077 25.029 -0.5
Olson Na(7) (average-T) 25.016 25.016 24.857 -1.7
Olson Na(7) (Si-Al) 25.056 25.060 24.831 -14

site was chosen and model generated for each of the three cases, and the structures lat-

tice energy minimised. The results of the calculations are summarised in Table 9.12. The

Table 9.12: Results of lattice energy minimisation of each of the three models for Na-X
with the Olson Na(5) occupied

minimised energy closest Na-Na contact (A)

(eV per tetrahedral atom) starting model minimised model

ortho model -47.82 3.88 6.42
meta model -47.80 5.98 7.07
para model -47.82 7.13 7.10

minimised energies of each of the structures are very similar. However, it is important to
note that in the case of ortho and meta models repulsions between the SIII cations cause a
significant increase in the cation-cation separation, suggesting that this occupancy model
is less likely to be stable. In general the cations shift to positions lying over the four-rings
with a similar geometry to that of the Hseu SIII position. Consequently, the remainder of

this section will focus on what appears to be the most stable model i.e., the para model.
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results are somewhat ambiguous. In order to minimise the effects of particle size and syn-
thetic conditions, the comparison can be usefully limited to those studies considering both
Na-X and Na-Y. Notable studies are the works of de Mallmann and Barthomeuf3%4 and

Dzhigit and co-workers.32® The thermochemical results are summarized in Table 9.14. The

Table 9.14: Measured heats of sorption for benzene sorbed in Na-X and
Na-Y

Na-Y sample (kJmol'!) Na-X sample (kimol™!)

de Mallmann et al.® 78.7 73.2

Barthomeuf et al.b 79.5 83.5

aNa-Y (Si/Al=2.43), Na-X (Si/Al=1.23), T = 445K
PNa-Y (Si/Al=2.27), Na-X (Si/Al=1.18), T = 323K

calculated binding energies from the Hseu model compare well with the experimental val-
ues, although additional experiments undoubtedly need to be performed before the cor-
rect trend in the heats of sorption is elucidated.

For the Hseu model, four hopping pathways were considered: two SII — SII pathways,
SII -+window and SIII —-window. The distinction between the two inter-SIThops depends
on whether the intervening SIII cation is present or absent. In the case with no SIII cation
although the pathway is similar to that observed in Na-Y; however the barrier is lower
(25.9 kJmol™?). This is mainly due to the binding energies at.the two SII cations being less
favourable than in Na-Y. The SII — SII pathway via the SIII cation is illustrated in Figure
9.10. Two possibilities for this pathway are possible depending on whether the SIII cation
is located far from or close to the SII cation from which the hopping pathway is initiated
as explained above. The two pathways are related by mirror symmetry and therefore only
one will be considered here. The two barriers associated with this pathway are 8.0 kJmol!
and 25.6 kJmol ! respectively. Since the larger barrier is very similar to that for the SIT — SII
hop in the absence of the SIII cation, it would be expected that both of these pathways
contribute to intra-cage motion.

The SII -window hopping process is found to occur via the SIII site regardless of

which SIT site is chosen as the starting point, so it is more instructive to focus on the SIIT
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with the other hopping pathways. The pathways considered suggest that intra-cage and
inter-cage motion have approximately the same barrier and those barriers are lower than
observed in the Na-Y models. This is consistent with the accelerated diffusivities observed
by experiment.

In the case of the minimum energy pathways for the explicit-Al models, the results ob-
tained are very similar with a few notable exceptions. In general, the energy barriers tend
to be slightly higher reflecting mainly the increased stability of the binding sites. No ben-
zene binding site perpendicular to the window is observed, presumably reflecting the less
elliptical character of the twelve-ring. Also, separate pathways from both the SIIcation and
SIII cation sites to the window are observed. A comparison of the energy barriers for the

two models is made in Table 9.15. In the explicit-Al model, there is a much lower barrier

Table 9.15: Comparison of the energy barriers (kJmol™) for hopping pathways in the
average-T and explicit-Al models of Na-X (Hseu model)

path average-T explicit-Al
SII— SII (no SIII) 25.9 28.3
SII— SII (via SIII) 8.0,25.6 8.7,18.7
SII—-window via SIIT 38.2
SIII-window 28.2 24.3

exit from window 14.7 (SIII) 19.8 (SII1),35.3 (SI])

to hop from the SIII site to the window than from the SII site. This is also the case when
leaving the window site either to hop back into the original supercage, or into an adjacent
one. This would suggest that both inter- and intra-cage motion are more facile when the
benzene molecule hops via SIII cation sites.

In each case, the benzene molecule is able to completely reorientate itself either by mo-
tion in a single supercage or into an adjacent supercage with a maximum hopping activa-
tion energy of around 28 kJmol!. This is considerably less than the activation energy for

Na-Y and would therefore be expected to allow faster diffusion in this zeolite.
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Table 9.16: Summary of docking results for benzene in Na-X (Olson Na(5) model)

average-T model explicit-Al model
fixed lattice  flexible lattice fixed lattice flexible lattice

SII site 54.0 57.9 55.9 58.8
ST site (type ) 72.3 74.3 71.4 77.2
SIITsite (type II) 70.4 77.2 72.3 73.3
dual SIIIsite 77.2 84.8 79.1 85.9

Olson Models: docking and minimum energy pathways

The docking binding sites in each of the Olson models for Na-X show several common fea-
tures. Firstly, since the cation positions are located in the region of the twelve-ring window,
the window site observed in other models is not present. Secondly, as with the Hseu model,
sites involving direct interaction with SIT and with SIII site are found. Finally, an unusual
site is generated with the benzene molecule bounded approximately equidistant from the
two SIII cations in a given window. The relative energies of these sites for the Olson Na(5)
site and the effect of lattice relaxation is shown in Table 9.16. The SII site has benzene in
a position in which it is interacting with both the SII site and a more distant SIII site. The
benzene-SII cation distance is considerably longer than for the Hseu Na-X model and is
tilted away from the plane of the six-ring. Two types of SIII site are possible depending on
which side of the window plane the benzene is bound. It is interesting to note the consid-
erable increase in binding energy afforded by lattice relaxation for the last two sites. This
is mainly due to the SIII cations shifting up to 0.3A away from their unrelaxed positions.
These large shifts suggest that the low coordination of the SIII cations to framework oxy-
gen allows relatively low activation energies for their motion in the presence of sorbates
with strong interactions to the cations. The geometry of the dual SIII site is shown in Fig-
ure 9.14. Several possible pathways are possible between the determined docking sites. In
contrast in the case of the Hseu model, all SII —SII hops occur via an intermediate SIIT
cation site. In order to leave the cage, the benzene must visit the dual-SIIIsite in the win-
dow. It is possible to define a pathway moving from an SII'to a dual-SIII site that contains

all the relevant hopping pathways in one cage. This is shown is Figure 9.15. Although there
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9.5.3 Benzene Hopping in Highly Loaded Systems

All the previous calculations in this section have concerned sorption in the infinite dilu-
tion case. In this final set of calculations, the effect of loading on sorption sites and hop-
ping pathways will be briefly investigated by taking a representative system, computing the
energy barriers and comparing the results with the analogous infinite dilution case.

It is known from experimental sorption measurements that the maximum loading of
benzene in Na-Y is around six molecules per supercage. A model with this loading level
can be trivially constructed by occupying all the SIT binding sites and all the window sites
in one supercage with benzene molecules (the molecules in the window sites are shared
with adjacent supercage, and therefore the total loading level is six). The explicit-Al Na-Y
model was chosen for the zeolite model. The parameters for interactions between atoms in
different benzene molecules were taken from Oie and co-workers3®? and are summarised

in Table 9.18. The model with eight molecules was initially minimised with the zeolite

Table 9.18: Parameters for interactions between benzene molecules taken from the work
of Oie and co-workers3>7

0ij A « ; (meV)
Cc-C 3.207 4.156
C-H 2.780 3.047
H-H 2.405 2.564

fixed. The minimised geometry is shown in Figure 9.16. The minimised energy of the en-
tire system is -619.3 kimol™!, which corresponds to an average energy of 77.4 kJmol! per
molecule. Using the binding energy of the docked sites in the infinite dilution case, the
predicted total energy in the absence of benzene-benzene interactions can be calculated
to be -505.5 kjmoll. Therefore the contribution to the total sorption energy is approxi-
mately 14.2 kimol™! per molecule, which is 18% of the binding energy. From the minimised
geometry, a single point energy calculation was performed with the benzene-benzene in-
teraction neglected to assess the extent of destabilisation as a consequence of this highly
loaded configuration. The energy can be compared to the infinite dilution case. The desta-

bilisation is found to be only 1.1 kJmol! per molecule which is a negligible fraction of the
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fusivities decrease by two orders of magnitude.388 This is consistent with the dramatic in-
crease in calculated activation energy in the high loading model, although more calcula-

tions at intermediate loading levels are needed to investigate this effect further.

9.6 Conclusions

Models have been constructed for Na-Y and Na-X faujasites that are consistent with avail-
able crystallographic data. Studies of the relative cation site stabilities suggest that no re-
lation can be drawn to their crystallographic occupancies. The cation site positions tend
to be more accurately reproduce when a model with an ordered Al-substitution pattern
is employed. There is also evidence to suggest that at Si/Al ratios greater than 2.0, the SII
cation site becomes slightly destabilised. In the case of Na-X, lattice energy minimisations
suggest that cations in SIII geometry tend to occupy sites on the opposite sides of the same
window to minimise repulsions. With regards to the behaviour of benzene in these sys-
tems, the fitted forcefield is found to correctly reproduce the trends in the diffusional be-
haviour as measured by NMR spin-lattice experiments. In addition, the calculated bind-
ing energies in each of the Na-X models are consistent with thermochemical measure-
ments. However, the chosen forcefield tends to overestimate the hopping activation en-
ergy compared to experiment, which would suggest that the representation of the tran-
sition state configurations are inaccurate and therefore require further refinement. This
could be achieved by performing quantum mechanical cluster calculations at the transi-
tion state geometry. In the case of highly loaded systems, it appears that the presence of
other sorbed molecules in the region of hopping event can have a significant effect on the

activation energy. This behaviour is yet to be confirmed by experiment.
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Appendix A

The LFOPC minimisation method

Snymann3%8389390 hag proposed several algorithms for unconstrained minimisation of
functions which operate via the solution of the associated dynamical problem with the

equations of motion :-

7(t) = =VE(r(t)) (A.1)

subject to the conditions :-
r(0) = =z (A.2)
7‘(0) = Yo = 0 (A~3)

where 7 is an arbitrary starting point. E(r(t)) is considered to represent the potential
energy of a particle of unit mass at the point »(¢) in a n-dimensional force field at time ¢.
The most efficient method that Snymann proposed (LFOPC) used the leap-frog method to
solve the equations of motion with a variable time step that ensures the system reaches a
minimum. This method can be summarised as follows.

Given rg, vg and a time step At > 0, compute fork=0,1, 2. ..

41 = Tr+ TRl (A.4)

Vpy1 = Uk + apy1Al (A.5)
where

a, = —-VE(ry) =-VE; (A.6)
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It can be shown that for a trajectory computed by equation A.6 the following relationship

holds :-
L 2 L 2 1 2 (An2 _ LA Trr(m
5 1 oks1 P +Eesr = 5 [l ok I* +Be + 5 | o |I* (A2)° - SAr[H(P)Ar, (A7)

where H is the Hessian matrix = [ 82E /8r;0r; 1, Ary, = 7p41 — T and 7 = i1 — 047,

0 < 0 < 1. This expression may be rewritten as :-
ABe= 1 ok 2 45 Il angr P (A0° = 5 onga IP —5ArFHE AR, (A8
Since vg4+1 = Vi + ak+14At, equation A.8 may be further simplified to :-
AEy = —v} agy1At — %Ar;{ H(#)Ary, (A.9)

Now clearly, since At > 0, if H is positive semidefinite then a sufficient condition for de-

scent to the minimumi.e. AE, < 0, is:-

viagt1 > 0 (A.10)

To investigate how to achieve this condition, consider the following steepest descent step :-

v = apAt (A.11)
r = 7+ vAL (A.12)

Also set :-
a =—-VE(F) (A.13)

There are three possibilities based on equation A.10 :-

(i) v,’fak_,_l > 0. In this case, the condition is satisfied, and the trajectory can be prop-

agated according to equation A.6.
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(ii) v{ak_,_l < 0and #Ta > 0. The condition is not met along the leap-frog trajectory
but it is satisfied along the steepest descent path. A step must be taken intermediate
between Az and  — x; but with the certainty of achieving descent. This may be

achieved by setting vy 1 =vj—1 /2, recomputing v, and restarting the step.

(iii) v,{ak_,_l < O0and vTa < 0. For both steps the descent condition is not met. In
this case, it is necessary to halve the time step and restart the step with the original

velocity vg.

A more detailed treatment of the convergence of the LFOPC method has been reported.368

Unlike other methods such as conjugate gradients, this method requires no line searches
or function evaluations to operate. The method has been shown to compete quite well
with standard minimisation procedures especially in cases of functions with very high di-
mensionality.

The method can be implemented using the following algorithm :-

1. assume xg, At, and € given, k = —1.
2. compute ag = —V E(rg), set vg=agAt.
3. setk =k+ 1.

4. setrpy1 = Tk + VAL

5. compute ag41 = —VE(rg41).

6. if || ar+1 ||< € stop; otherwise goto 7.

7. ifv,’fak_,.l > 0, set Vg1 = Vk + Qk41 At and go to 3; otherwise go to 8.

8. setd = apAt, 7 = r + At and compute a = —V E(7).

9. if 5Ta < 0, set At = AL, Vk41 = Vk, Tkt1 = Tk, and go to 3; otherwise go to 10.
1

10. setrgy1 = Tk, Vk = 5Vk — a; At and go to 3.

The algorithm terminates when :-

| VE, =l ak [|< € (A.14)
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where ¢ is a small specified positive number.
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Appendix B
The DIZZY program

The DIZZY (Dynamics and Docking in Zeolites) program337 was written as a multi-purpose
simulation code for the study of the behaviour of sorbates in zeolites and was used for the
work detailed in Chapters 6-9. The current version of the program is available from the au-
thor on request. The latest README file for the current distribution of the program (ver-

sion 6.3) is reproduced below :-

e 3k 3K ok o ok ok o ok 2k ok 3k ok ok ok 33k 3k 3K 3K ok o sk ok sk 3k sk ok ok ok ok 3k k3 3k 3k 3k oK oK 3k oK 3k 3k 3k sk ok ok sk 3k 3k 3k 3k ok ok ok ok k sk 3k ok ok ok ok 3k ok ok 3 oK K

* DIZZY Computational Chemistry Program *
* Computer Simulation of Sorbates in Zeolite Pores *
* Neil Henson, Materials Department, UCSB *
* : Version 6.3 *

3 2k 3k 3k 3k 3k 3k ok ok 3k 3k 3k 3 ok ok 3k 3k ok ok ok ok 3k ok 3k ok 3 3 ok ok 3K ok ok ok ok 3k 3k ok ok 3k 3k ok 3k ok 3k 3k 3k 5k 3K ok 3k 3k 3k ok %k ok ok 3k 3k ok 3K ok 3k %k 3K ok ok % ok o %

Welcome to the wonderful world of DIZZY (release 6.3)

This short file will tell you how to install the program and run
the test suite to demonstrate its capabilities.

The package consists of two programs : GENCONFIG, which allows the
building of crystal structures given the asymmetric unit and space
group to generate an input file for DIZZY, and DIZZY itself which
does the actual simulation.

GENCONFIG takes the asymmetric unit and space group and generates the
cell. All the standard space group settings from International Tables

are recognised. Non-standard setting can be accessed by specifying
symmetry operators.

DIZZY can currently perform the following types of rums
1) Molecular dynamics on :

a) a liquid with one component

b) a zeolite structure

c) a zeolite and a guest

in the NVE or NVT (scaled velocities or Nose method) ensembles.
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2)

3)

4)

5)

6)

Minimisation of the above systems at constant volume

Constrained energy minimisation with the guest molecule limited
to a defined plane.

Monte-Carlo docking calculations to probe the interior of a

zeolite for sorbate binding sites with or without annealing of
the minimum energy position.

Basic Metropolis Monte Carlo calculations to probe a local region
of a zeolite for binding sites or to obtain an estimate for the
heat of sorption at a specified temperature.

Grand Canonical Monte Carlo calculations to obtain sorption
isotherms.

2. Installation

Inventory

README : This file!

Makefile : The common system makefile

*,f : Source code

dizzy.help

genconfig.help : Text files used by on-line help
eledata : Tables of atomic labels, covalent radii and masses
dizzy_run

genconfig_run : C-shell scripts to run the programs
Symms

pars* : example input files

GENTAGS, RATTAGS : development only!

force.database : archive of forcefield parameters

Compiling the program

DIZ
whi

ZY was written to operate in the following (default) environment
ch can be modified quite easily via the Makefile.

If ROOT is the root-file name of your environment use :

$RO0T/=source for the source code

the

executables will be placed in $RO0T/=execute

To compile, type the following :
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% make <machine_name>

in the directory containing the source code, where <machine_name> is
one of the following :

sgir3000 for Silicon Graphics R3000 Indigo/Personal Iris
sgir4000 for Silicon Graphics R4000 Indigo/Indigo 2/Indy
sgir4400 for Silicon Graphics Challenge

sgir4600 for Silicon Graphics R4600 Indy

sgir8000 for Silicon Graphics Power Challenge

aix for IBM RS-6000 Series

hp700 for Hewlett Packard 9000/700 Series

convex for Convex 9.0

sun for Sun Sparcstation running Solaris 5.3

There are two scripts

genconfig_run and dizzy_run

which are the front-end to the program. They set up the various to the
files that the programs use and call the executables. They both take a

single argument which is used as the root name of the output files.

Place these files somewhere in your path and modify them to point to
the place where the executable is located.

3. Testing the program

Several example files are provided :-

symm_tb_dynamics.dat
pars_tb_dynamics.dat : Example molecular dynamics run

symm_tb_minimise.dat
pars_tb_minimise.dat : Example minimisation run

symm_tb_minregion.dat
pars_tb_minregion.dat : Minimisation of a spherical region of the

system only.

symm_tb_constrainedmin.dat

pars_tb_constrainedmin.dat : Example constrained minimisation run
pars_tb_docking.dat : Example docking run

pars_tb_mddocking.dat : Example MD docking run
symm_tb_anglecorr.dat : Example NMR angle correlation calculation
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symm_tb_mc.dat : Example NVT-ensemble Metropolis
pars_tb_mc.dat Monte Carlo calculation
symm_tb_gcmc.dat : Example GCMC calculation

pars_tb_gcmc.dat

GENCONFIG takes its input from filenames of the form symm_xxxx.dat. To -
run the program type :

% genconfig_run xxxx

where xxxx specifies the root name of the symm_xxxx.dat file. Output
will be generated in the genconfig_xxxx.out file. GENCONFIG also
generates a dump.old file which DIZZY reads to begin the simulation.
Similarly for DIZZY, type :

% dizzy_run xxxx

to run the simulation. The log file will be called xxxx.log .

4. Files generated and their uses

suffix Description

GENCONFIG

genconfig.car Built structure as a Biosym .car file

genconfig.xtl Built structure as a Biosym .xtl file

genconfig.cssr - Built structure as a Chem-X .cssr file

genconfig.out Log file for GENCONFIG

genconfig.fgs Built structure as a Fungus input filr

genconfig.gpt Angle correlation function. GNUPLOT
input file.

genconfig.gdat Angle correlation function. ASCII data
file.

genconfig.dis Distance/angles calculation

DIZZY

.arc Biosym archive file

.spl Details of splines

.vel Velocities of atoms and molecules

.ene Instantaneous energy of system

.com Molecular centres of mass
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.dis Distances of molecules from arbitrary
starting point

.grd Grid file containing possible
molecular insertion points for docker

.ave Average quantities

flc Fluctuations in the averages

.arv Normal vectors

.mle Molecular energies

.dmp Restart file

5. Utilities

Several utility programs are provided to analyse data obtained from
a simulation run :

rc : Calculates a suitable reaction coordinate from the
output of a constrained energy minimisation run. An
example input file is provided "test_rc.arc". Questions
about this program should be directed at
S. M. Auerbach.

calc_distrib : Calculates a pairwise distribution for molecules in
a zeolite based on the molecular centre of mass.

calc_msd : Calculates the mean squared displacement as a
function of time from the contents of a .com file.

calc_vactf : Calculates the velocity autocorrelation function as
a function of time from the contents of a .vel file.

calc_mle : Calculates the molecular energy distribution
function from the contents of a .mle file.

6. On-line help

To access on-line help, type the name of the executable directly and
then type help and follow the instructions. This works for both DIZZY
and GENCONFIG.

NJH
September 1995.
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