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Abstract

Zeolites are known to be chemically active as both Br0 nsted and Lewis catalysts. 

Characterisation of the defect sites associated with zeolite frameworks, which can be 

responsible for both kinds of activity, has been the focus of this study. In particular, we 

consider the defects introduced into materials during synthesis and various post-synthetic 

treatments along with the defect transformations.

Aluminium framework substitutionals (the Brpnsted acid sites), hydroxyl nests and 

vicinal disilanols are the major defect species present in these materials. The paths for their 

transformation include dehydroxylation, deprotonation, direct dehydration and interaction with 

guest molecules present in the zeolite pores. Three processes in which both spin and charge 

polarised species can be formed have been investigated: (i) dehydration of a pair of adjacent 

Brpnsted acid sites has led to the formation of oxygen vacancies, trigonal A1 and counterpart 

electron and hole centres, (ii) nest annealing that, most interestingly, has produced the 

hydrogen and peroxide bridge defects at the tetrahedral site vacancies, (iii) reaction of the 

vicinal disilanols with molecular oxygen that has given rise to a number of low-energy peroxide 

defects.
On the basis of the calculated defect formation energies, we conclude that

• The peroxide containing defects are the major Lewis acid sites in the zeolites.

• The annealing of the hydroxyl nests most probably proceeds through the migration of 

the defect and not by forming “non-intact” silane bridges.

• The vicinal disilanols form a ring structure in the ground state or decompose into 

isolated silanols, but do not exhibit internal hydrogen bonding.

• Fluoride ions are incorporated into the zeolite framework forming a ring structure of 

the disilanol type.
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Introduction

Other particles there are, moreover, which cannot rightly be 

thought to be smooth nor altogether hooked with bent points, 

but rather with tiny angles standing out a little, insomuch that 

they can tickle the senses rather than hurt them; and of  this kind 

is lees of wine and the taste of endive.

Lucretius. On the nature of things

Chemically active centres in zeolites are in fact complex solid state defects which allows 

one to consider the problem of zeolite characterisation by theoretical means as consisting of 

two major steps. First, one determines the crystal structure and physico-chemical properties of 

idealised siliceous materials. Second, one aims at a reproduction and prediction of structural 

and electronic as well as vibrational properties of the defects infinitely diluted in the bulk of 

these materials. The former has been the subject of many studies whilst the latter has only 

become possible in recent years.

Zeolites, in general, are known to be chemically active as both Br0 nsted and Lewis 

catalysts. Characterisation of the defect sites associated with zeolite frameworks which can be 

responsible for both kinds of activity has been the focus of this study. In particular, we consider 

the defects introduced into materials during synthesis and various post-synthetic treatments 

along with the defect transformation. We propose a general picture, a map of the defect centres 

in zeolites and related materials, and we also make the first steps in characterisation of the 

items on this map, their interconnections and relevance to catalytic and other applications.

It is important to realise from the beginning, that the properties of the defect centres as 

observed in experiment overlap and evolve from the properties of their crystalline 

environments. Therefore, a clear understanding of the physics and chemistry of idealised (or 

“perfect”) zeolite crystals should be a necessary prerequisite in any study of the defects. 

However, the complexity of the zeolites and related microporous materials is such that the 

experimental data on both defect and crystal properties of zeolites are often not yet available or 

have only recently appeared in the literature. This situation has given us an incentive to include 

in this work a review and a computational study of crystalline zeolites as well as defect 

structures.

To the best of the author’s knowledge, the defect structures and properties in zeolite 

crystals have not been studied theoretically in a systematic way except for the Brpnsted acid 

sites and ion exchange on them. (The relevant studies that have come to the author’s attention 

are referenced in the text.) The novel results of this work are summarised below:

• Introduction of aluminium into zeolite framework and extraframework non-transition metal 

cations as charge compensating species modifies the parameters of the electronic band 

structure in a continuous way depending on the material chemical composition and does not 

lead to the formation of new electronic bands (defect levels). The prevailing mechanism in 

the modification of electronic structure is due to the charge transfer from cations to the
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framework oxygen, which is ultimately controlled by the cation electronegativity, and highly 

delocalised nature of the electronic states both in the valence and conduction bands.

• Structural models of three basic defect centres: Br0 nsted acid site, hydroxyl nest and vicinal 

disilanol - have been reproduced using a density functional approach and a periodical 

model; the ring structure of the vicinal disilanol has been established and confirmed as a 

ground state of the defect for the first time using an ab initio method. Neither the ring 

structure of the disilanols nor the two isolated silanols, which can result from the inversion 

of one of the silanols, form internal hydrogen bonds.

• The effect of the post-synthetic treatments and ageing processes on the three basic defects in 

the zeolites is rationalised in the schemes for the defect transformation presented in chapter 

1 , which constitutes the frame for further studies on the defects in zeolites and related 

materials.

• The dehydration of pairs of adjacent Brpnsted acid sites is proved to be a high energy 

process as compared to the dealumination. Assisted by y-irradiation, this process leads to the 

formation of E ’ai and V/,2 radical centres, whose ground state structure and energetics have 

been investigated. In particular, we demonstrate a delocalised character of the resulted 

electron and hole densities and that the bonding across the oxygen vacancy prevails over a 

puckered configuration in the E \ i  centre.

• The annealing of the hydroxyl nests most probably proceeds through the migration of the 

defect (with proton transfer from and to adjacent silane bridges) and not by forming “non

intact” silane bridges upon the nest dehydration. The new defect structures formed at the site 

of a reconstructed T-site vacancy include hydrogen and peroxide bridges as low energy 

defects.

•  On the basis o f the calculated low energies o f formation, we propose the peroxide 

containing defects as the major Lewis acid sites in the zeolites. The formation o f  such 

defects is shown to be facilitated by the presence o f vicinal disilanols and Br0nsted acid 

sites in the material. A new hydrogen peroxide defect bound to an aluminium substitutional 

is shown to be most energetically favourable. We also find a nonbonding configuration for 

the peroxy radical centre to be the only energy minimum of the defect.

• Isovalent ion exchange into the vicinal silanol defect leads to a significant stabilisation of 

the defect and always preserves its ring structure. Fluoride ions are also incorporated into 

the zeolite framework forming a ring structure of the disilanol type.

This work is presented in four chapters. Chapter 1 gives an introduction into the zeolite 

materials and an analysis of the available experimental data. In chapter 2 we present a brief 

account of the theoretical methods used in the computational studies on zeolites and more 

details are given for the semi-classical, semi-empirical and ab initio techniques applied here. 

Chapter 3 deals with the generic properties of the crystalline zeolites including their structure 

and electronic and vibrational spectra. In chapter 4, we apply a periodic density functional 

model to study the defect structures envisaged in our maps for the defect transformation. In 

conclusion, we summarise the major results of this work and discuss the prospective directions 

for future studies as well as a number of unsolved methodological problems in the field.
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Chapter 1

DEFECTS IN ZEOLITES: EXPERIMENTAL BACKGROUND

A large class of materials known as zeolites has been the focus of interest for a great 

many scientific, engineering and technological researchers for at least the last fifty years. The 

objective of the present review is to give an exposition of what we presently know about the 

solid-state defects in zeolites. That is why the reader will find here only a brief introduction 

into zeolite structure, properties and applications and some additional details in the following 

discussion where relevant. All the necessary basic facts and reviews can be found in classic 

books by D.W. Breck (1974), R.M. Barrer (1978, 1982), S.P. Zhdanov, S.S. Khvoshchev et al 

(1981), G. Gottardi and E. Galli (1985), A. Dyer (1988).

The following account is composed as a sequence of discussions leading from a general 

notion about zeolites to the defect properties as observed in experiment. Hence, after 

introductory Section 1.1, the zeolite structure is briefly described with a number of examples in 

Section 1.2. Section 1.3 discusses the most important zeolite defects and approaches to their 

classification. The experimental techniques commonly used in studies on zeolites is the topic of 

Section 1.4 (experiment necessary exploits the material properties so that describing the 

experimental results we map the material properties). Finally, Section 1.5 summarises 

experimental data and conclusions are drawn which form a basis for the theoretical work 

reported later.
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1.1. Properties and applications of zeolites

I went into another chamber, but was ready to hasten back; 

being almost overcome with a horrible stink: my conductor 

pressed me forward, conjuring me in a whisper to give no 

offence, which would be highly resented; and therefore, I durst 

not so much as stop my nose. The projector of this cell, was the 

most ancient student of the academy: his face and beard were 

of a pale yellow; his hands and cloaths dawbed over with filth. 

When I was presented to him, he gave me a very close 

embrace, (a compliment I could well have excused:) his 

employment from his first coming into the academy; was an

operation to reduce human excrement to its original food; by

separating the several parts; removing the tincture which it 

receives from the gall; making the odour exhale; and scumming 

off the saliva. He had a weekly allowance from the society, of  a 

vessel filled with human ordure, about the bigness of  a Bristol 

barrel.

J. Swift. Gulliver's travels. A Voyage to Balnibarbi

The first member of the zeolite family, the naturally occurring mineral stilbite, was 

discovered in 1756 by the Swedish mineralogist Cronsted (see R.M.Barrer 1982). Since then 

many natural and synthetic zeolites have been discovered; structurally these are collected in the

periodically revised "Atlas of zeolite structure types" (W.M. Meier, D.H. Olson et al 1996).

By definition, zeolites are porous crystalline tectosilicates. The primary building unit of 

silicates is a tetrahedron with a silicon atom in the centre (T-site) and four oxygen atoms at its 

apices; in tectosilicates, each oxygen atom is shared by two adjacent tetrahedra, so that unlike 

other silicates the zeolite anion sublattice is built up by two-coordinated oxygen atoms. Some 

of tetrahedrally coordinated silicon cations can be isomorphically replaced by Be^^, B^ ,̂ Al̂ "̂ ,

Ga^^, Ge'^, transition elements Fê "̂ , Cr^^, Ti"^, 7 /^ ,  and others. According to the more

recent classification recommended by I.U.P.A.C., only aluminotectosilicates (which are more 

traditional in zeolite chemistry) have retained the name "zeolites".

Interlinked tetrahedra constitute the framework of zeolites, which can be thought of as 

the walls separating one empty space within the material from another. Pores take the form of 

channels, cavities or cages and pockets, they extend and interconnect throughout the whole 

material, forming unique open structures. The presence of framework aluminium atoms that are 

tetrahedrally coordinated induces a negative charge on the framework and thus necessitates 

charge compensation which is accomplished in zeolites by counterions, the extraframework 

species that may be 1 ) protons tightly attached to the framework oxygen thus forming hydroxyl 

groups in H-forms of zeolites, and 2) univalent LP, Na"̂ , K^, divalent Mĝ "̂ , Ca^^, Ba^^,

and trivalent Lâ "̂ , Ru^^ cations. Sometimes, extraframework anion species (F" and Cl" most 

commonly) are also present and appreciably influence zeolite properties. Due to the hydrous 

natural environment, the synthetic conditions, or the hydrothermal treatment, zeolites also
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contain significant amounts of water (physi- and chemisorbed) unless special efforts have been 

applied to remove it. All the extraframework species introduce an additional element of 

complexity, rendering zeolites compounds of variable composition and destroying (strictly 

speaking) the lattice periodicity (although these are crystalline materials). Additionally, the 

presence of extraframework species increases the coordination of the oxygen atoms. And, 

finally, if not prevented, atmospheric oxygen is invariably present throughout the pores both in 

molecular and atomic forms.

The chemical composition of zeolites determines their use as solid acid catalysts (mostly 

due to the abundance of Br0 nsted acid sites, but also Lewis sites, see below). Compared to 

other representatives of this class of materials such as amorphous aluminosilicates (gels) and 

acidic clays, zeolites are notable for their stability, uniform distribution of active sites and the 

narrow span of the sites' strength. This, in particular, has allowed zeolites to replace 

aluminosilicate gels in many catalytic processes (e.g., the cracking of hydrocarbons). 

Applications of zeolites in catalysis comprise such important processes as disproportionation of 

aromatic compounds, alkylation, conversion of methanol to gasoline (as summarised by J.M. 

Thomas 1992). Moreover, an important feature of zeolites is their ability to exhibit shape- 

selective catalysis, an example of which is the synthesis of paraxylene using a ZSM-5 zeolite. 

R.M. Barrer (1982) gives a list of shape-selective catalytic applications which includes 

selective n-paraffin cracking, dewaxing, ethyl benzene and toluene disproportionation. The 

latter type of catalytic applications is based on the peculiar spatial structure of zeolite 

frameworks, which has also given rise to the use of zeolites as molecular sieves (G. Gottardi 

and E. Galli 1985). Only molecules of the correct size and shape can penetrate zeolite channels 

which allows them to be widely used for the mechanical gas separation.

In addition to the unique pore structure, zeolites are also attractive materials because of 

their high thermal resistance, chemical inertness and mechanical strength. These properties 

make it possible to separate mixtures at a molecular level under severe conditions where 

organic polymer membranes cannot be utilised. Zeolitic membranes have been obtained using 

many important zeolites with small, medium and large pores, such as zeolite ZSM-5, MFI (P. 

Kolsch, D. Venzke et al 1994 and E.D. Geus, M.J. den Exter et at 1992); ferrierite, PER (M. 

Matsukata, N.Nishiyama et al 1994), and mordenite, MOR (N. Nishiyama, K. Ueyama et al 

1995). It has been suggested that such a variety of zeolitic membranes could be used to separate 

complex mixtures of aromatic hydrocarbon compounds.

One of the prerequisites for the utilisation of hydrogen as fuel in car engines or aircraft 

turbines is a device for the safe and easy storage and transportation of hydrogen. The results of 

several investigations suggest the use of zeolites containing sodalite cages for this purpose. 

Such zeolites exhibit a capacity for hydrogen absorption up to 1 0  cmVg (J. Weitkamp, M.Fritz 

et al 1993). The gas is absorbed under pressure and at elevated temperatures and remains 

securely within zeolite cages at lower temperatures, it then can be easily released by heating.

The rôle of pore structure in the processes described above has led to the study of pore 

modifications (see E.P. Vansant 1988) and zeolite synthesis by design (see M.E. Davis 1995). 

The former has become a common procedure by means of thermal treatment, implantation of
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additional chemical groups and coating processes. Synthesis by disign remains only a prospect 

although the use of structure directing organic templates can be seen as prototypical (see J.M. 

Thomas and K.I. Zamaraev 1992).

The high capacity of zeolites to selective absorption and ion exchange paved the way for 

using the zeolites as absorbents. Radioactive elements and chemical contaminants are 

effectively removed from gases and liquids using zeolite powders. Several zeolites are used as 

ion exchangers in detergents (R.M. Barrer 1978). Chabazites, in particular, are used for the 

removal of H2O, CO2 and H2S in industrial gases and for separation of CO2 and CH4 from gases 

produced by decaying garbage in landfills (G. Gottardi and E. Galli 1985).

Synthesis and catalysis in zeolite cages with extraframework species participating 

constitute another realm of applications of zeolites. The stabilisation of highly reactive metal 

and semiconductor clusters, neutral and charged, by the zeolite framework generates ideal 

conditions for electron solution, confinement and quantum-size effects (see M.W. Simon, J.C. 

Edwards et al 1995). Non-stoichiometric halogen sodalites provide, so far, the best 

cathodochromic media for memory devices (V.P. Denks 1992). Zeolites have been proposed as 

hosts for the fluorescing compounds CdS, CUCI2 and others (see S. Engel, U. Kynast et al

1994). New optic and electronic devices are expected to appear from new methods of 

producing three-dimensional lattices from zero-dimensional (clusters) and one-dimensional 

(filaments) objects (see Yu.A. Bamakov, M.S. Ivanova et al 1994). R. Jelinek, B.F. Chmelka et 

al (1992) have reported the newly developed sodalite semiconductor containing quantum 

supralattices based on sodium matrices with a quarter of the sodium substituted for silver.

Closely related to the phenomena referred to above are the photo-induced charge transfer 

processes which are used for storage of energy in solar cells (see, e.g., X. Liu, Y. Mao et al

1995). An important feature of such processes is the enhancement of the initial charge 

separation with subsequent charge stabilisation by the zeolite framework. Catalytic reactions on 

active sites involving radical production and stabilisation are realised by analogous 

mechanisms, as, for example, in the adsorption of olefins and conversion of olefins into 

aromatic compounds (see A.A. Slinkin and A.V. Kucherov 1985).

In many cases zeolites are used not in an as-synthesised form, but after a special 

treatment which can include washing with distilled water or acid solutions, steaming, 

calcination and ion exchange. Dealumination treatment is often applied to increase the thermal 

stability and the strength of acid sites of zeolites (e.g. see R.M. Barrer 1982). A commercial 

process known as ultrastabilisation consists of heating the ammonium ion-exchanged form of 

the zeolite to 400-500° C in the presence of water vapour. Aluminium is expelled from the 

framework, and the vacancies subsequently reoccupied by silicon from other parts of the 

crystal. The precise mechanism of the process is unknown, but presumably involves 

intracrystalline diffusion of Si(0 H )4  at high temperatures. As a result, a siliceous, more 

thermally stable ("ultrastable") material is prepared. Ultrastabilisation is often combined with 

acid leaching to enable a nearly complete extraction of aluminium (J. Barras, J. Klinowski et al 

1994).
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The strong positive effect of the 7 -irradiation of silica, amorphous aluminosilicates, and 

zeolites on their catalytic activity in such processes as deuterium exchange, hydrocarbon 

transformations, and carbon dioxide methanation has stimulated studies on the origin of 

radiation defects responsible for this (see, e.g., A. Abou-Kais, J.C. Vedrine et al 1974). It is 

also of interest in this context to note the use of zeolites in the absorption of radioactive 

elements where radiation damage is produced "from within" a material.
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1.2. Structure of zeolitic materials

Why is it that magnitudes always appear less when divided up 

than when taken as a whole?

Aristotle. Problemata

To describe the structure of a material obviously includes listing the positions of all 

component atoms. In zeolites, to give such an account is often not only difficult but practically 

impossible because of irregularities in the extraframework species, chemical composition and 

distribution. Hence the emphasis is traditionally placed on the framework structure. 

Unfortunately, even in so simplified a problem, there remains a snag: the X-ray diffraction 

techniques used for crystal structure determination hardly discriminate between silicon and 

aluminium. In two limiting cases when the Si/Al ratio is either 1 or 0, this is unimportant, but 

for intermediate compositions the aluminium distribution can be disordered further aggravating 

the task of zeolite characterisation.

Since oxygen atoms in the zeolite framework play the rôle of bridges between T-sites, 

they are usually omitted when describing the aluminium distribution. The T(nAl) notation is 

used to describe an immediate en virement of a T-site: n refers to a number of A1 atoms at the 

closest neighbouring T-sites. n apparently can change from 0 to 4. An empirical rule which 

prohibits Al(nAl) configurations with n different from 0 was established by W. Loe wen stein 

(1954), and with only very few exceptions it holds for all zeolites. The exceptions are the 

aluminium oversaturated sodalite and zeolite A. The Al-O-Al linkage avoidance (a 

reformulation of Loewenstein's rule) can be attributed to either kinetic or termodynamic effects. 

In particular, it was argued that it is probably a result of the electrostatic repulsion of charges 

localised around each framework aluminium site. The conclusion that the Al-O-Al linkage is 

strongly penalised in terms of energies of formation was also supported by a number of 

computational studies (see, R. Bell, R.A. Jackson et al 1992); nevertheless, we should expect a 

further progress in understanding of this phenomenon by both experimental and theoretical 

means.

Another hypothetical rule was proposed by E. Dempsey, G.H. Kühl et al (1969) and 

reformulated by M.T.Melchior, D E W. Vaughan et ai (1982). It proposes that along with 

Loewenstein's rule, the aluminium is distributed over the T-sites so as to avoid the Al-O-Si-0- 

A1 linkages. In other words, the number of such linkages should be the minimum for any 

particular structure. The argument in favour of the rule has again been of the "electrostatic" 

nature. Discussion on Dempsey's rule is still in progress, and it is worthwhile to mention here 

two relatively recent works. M. Sato, K. Maeda et al ( 1994) have studied the aluminium 

distribution in zeolites ZK-19 (PHI) and Linde W (MER) and found that Dempsey's rule is 

obeyed. On the other hand, T. Takaishi, M. Kato et al (1994) in their study of mordenite have 

rejected Dempsey's rule. It should be noted that for mordenites like many other zeolites, the 

Si/Al ratio is much greater than 1, whereas sodalite, faujasite and zeolite A can be easily 

obtained with a Si/Al ratio slightly smaller than I. The reason for this observation is only 

partially accounted for by Dempsey's rule and further insights into the problem are still needed
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Figure 1.1. Secondary building units of zeolite frameworks.

T-sites are represented by small black circles.

In a number of works it was shown that in zeolites, a lower Si/Al ratio is invariably 

associated with a smaller unit cell volume (see, e.g. E. Dempsey, G.H. Kiihl et al 1969, G. Zi, 

T. Yi et al 1989, R.W. Olson and L.D. Rollmann 1976 etc.). The changes are relatively small 

and can be attributed to the interplay of several factors. One is a decrease in the electrostatic 

repulsion within the T-O-T unit when one of the T-sites is occupied by an Al ion. The effect 

should be reduced by the increase in the average T -0  bond distance as the Al-O bond is about 

0.1-0.15 Â longer than the S i-0 bond. However, this opposing change in geometry is partially 

accommodated for by the oxygen shift; the adiabatic potential energy surface with respect to 

the T-O-T bond angle is known to be very soft (as is well established from infrared 

spectroscopy). The resulting increase in the unit cell volume upon aluminium incorporation is 

traditionally explained by the larger size of Al compared to Si which is clearly more of a 

tautology than an explanation.

To facilitate zeolite classification and recognition, a number of schemes were proposed 

(for example, see W.M.Meier 1968, R.M.Barrer 1982, D.E.Akporiaye 1994). Such schemes are 

typically based on the definition of secondary building blocks for various zeolite structures 

with the aim of building up the entire zeolite framework (several examples are given in Fig. 1). 

This so-called "topological" analysis proved to be useful in problems of diffusion, percolation 

theory, and more generally kinetics in zeolites (see, e.g., J. Kârger and D.M. Ruthven 1992). 

However, it adds little to the knowledge of local processes and structures except in one respect: 

it should be noted that the closed secondary building units such as n-rings vibrate at 

characteristic frequencies at the lower end of the infrared fundamental absorption region. In 

addition, the n-double-ring units have been found in gels, from which zeolites are crystallised; 

probably they play the rôle of intermediates between initial solutions and final crystals. 

Therefore, to illustrate such classifications, six common zeolites: sodalite (SOD), chabazite
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(C H A ),  ferrierite (FER), mordenite  (M O R ), faujasite (FAU), and zeolite Z S M -5  (MFI), - are 

descr ibed  below. All six are important in the work reported later in this thesis.  Sodalite  and 

chabaz ite  have been se lected  as their 36-atom crysta llographic unit cells are the sm allest o f  the 

zeolites which makes them  ideal test systems for theoretical modelling. T he  o the r  four  zeolites 

are the m ost frequently  used industrial catalysts  and because of  that the grea ter  part o f  the 

accum ula ted  inform ation on defects in zeolites, the main them e o f  this work, concerns  these 

materials.

1.2.1. Sodalite
Sodalites  belong to a boundary  class o f  m inerals  that can be s im ultaneously  descr ibed  as 

zeolites and feldspars; som etim es they are considered  as a separate group  called feldspathoids. 

A m o n g  zeolites, sodalites fall into the chabazite  family  (R.M. Barrer  1982). T h e ir  f ram ew ork  is 

form ed by truncated  po lyhedra  inscribed into cubic unit cells: one o f  these is show n  in Fig. 2a, 

w hereas  Fig. 2b represents  a projection of  the sodalite f ram ew ork  a long  one o f  the 

c rysta llographic  axes. Each unit cell o f  the sodalite crystal com prises  12 T-sites, and in all 

natura lly  occurring  sodalites the Si/Al ratio is close to unity. Usual synthetic  sam ples  exhibit  

the sam e com position ; however, D.M. Bibby and M.P. Dale ( 1985) found a way o f  p roducing  a 

pure sil ica sodalite from  nonaqueous  solutions.

Figure 1.2. Sodalite framework structure.

a. Sodalite cage (only T-sites at vertices o f  polyhedron are shown in the figure)

b. Perspective v iew  o f  sodalite framework along one o f  crystallographic axes

T he  a lum inosilica te  lattice o f  sodalite was repeatedly  described  by m eans o f  the P 4 3n 
space group  with the tw o d is t inguishable  by sym m etry  types o f  T-sites (o f  mult ip lic ity  6): one 

for the sil icon and ano ther  for  the alum inium  sublattices (see R .W .G. W ic k o f f  1968, and I. 

Hassan and H.D. G rundy  1983). Siliceous sodalites apparently  do not d is t inguish  betw een  the 

Al and Si ca tions at T-sites, which leads to the Im3m space group  with only a h a lf  o f  the  cube 

included into a prim itive unit cell. The  surface o f  a polyhedron , the basic bu i ld ing  unit o f
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sodalites,  is form ed by square and hexagonal faces - 4- and 6 -m em bered  rings (the oxygen 

a tom s are d ropped  from  the s tm ctu re  descrip tion  here). All ex t ra fram ew ork  species  are situated 

w ith in  the po lyhedra  w hich  are often called (3- or sodalite cages.

T he  sodalite f ram ew ork  in the case o f  the alum inosilica te  includes 3 Al atom s per  (3- 

cage w hich necessita tes  charge com pensa tion  by counterions o f  total charge +3. This  can be 

realised by 3 N a ions giving rise to dry sodalite. H ow ever  this is a rather unusual material as in 

the te trahedrally  organised  sodalite lattice the sites o f  multip lic ity  4 seem  to be occup ied  with a 

g rea ter  ease. T o  accom m odate  an additional sod ium  ion per cage, a un iva len t  anion is 

in troduced, situated, as a rule, in the cage centre. It can be a halogen C l , B r , I (halosodalites) ,  

a hydroxyl group (basic sodalites), and sulphur based com plex  anions such as S O / , Si', S /  

(u ltram arines) ,  the nature of  the latter is still in question  (see H. He, T.L. Barr  e t a l 1994). T he  

m o lecu lar  fo rm  o f  the anions in many cases violates the lattice sym m etry; the variab le  am ount 

o f  neutral water  m olecules  dissolved by the material has the sam e effect. Thus ,  sodalites 

p resent a good exam ple  of  d isordering in zeolites: a relatively strict periodicity  o f  the 

f ram ev/ork  is contrasted  by a loose pattern in the com position  and location of  ex t ra fram ew ork  

species.

1.2.2. Chabazite
C habaz ite  is another  com m on zeolite mineral with a much m ore open structure  than that 

o f  sodalite  T he  structure is com posed  o f  20-hedral po lyhedra  and hexagonal p rism s stacked 

together. T he  openness  o f  chabazites is provided by the channels  going along  [001] directly  

th rough 8 -m em bered  rings at the surface of  the large po lyhedra  (see Fig. 3).

Figure 1.3. Chabazite framework siructurc.

a. Stacking order with one 20-polyhedron and one hexagonal prism shown explicitly.

b. Perspective v iew  along the axis o f  big 8-membered-ring channel.
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As can be seen from the figure, chabazite like sodalites also has 6 - and 4-membered rings 

in the framework which prohibits the migration of relatively large molecules in these 

directions. The crystal structure of chabazite is described by the R 3m  space group; its unit cell 

comprises 12 T-sites, all equivalent by symmetry in a siliceous material. As distinct from the 

sodalite structure, the oxygen atoms even in an idealised silica material occupy four 

crystallographically different positions, aturally occurring chabazites have a Si/Al ratio of 

about two, and Na, K, and Ca as common counterions. From early work on the natural 

chabazite crystal structure and especially from optical experiments (see discussion in G. 

Gottardi and E. Galli 1985) it was known that the R 3 m  structure is an idealisation, and the 

real symmetry is either C2/m or even triclinic with inversion as the only symmetry operation 

retained. The chabazite open structure provides an easy access to the aluminium sites with a 

possibility of dealumination of the material to quite a high degree. A pure silica chabazite has 

also been synthesised, its recent crystal structure determination being performed by H. Gies 

(cited as a private communication by E. Aprà, R. Dovesi et al 1993).

1.2.3. Ferrierite
Ferrierite, a member of the zeolite mordenite family, has attracted much attention since 

the first "giant" crystals of faultless high-silica material were synthesised (A. Kuperman, S. 

Nadimi et al 1993). In fact, the material has long been known both in a natural and synthetic 

forms, but always as an aluminosilicate with aluminium occupying from 5 to 9 out of 36 T-sites 

in a crystallographic unit cell. According to whether the aluminium atoms occupy one or two 

crystallographically distinct T-sites, two crystal modifications seemed to be observed; one, 

orthorhombic bodycentred Immm; the other, monoclinic P2i/n. Incorporation of aluminium 

into the framework is counterbalanced usually by Na, K, and Ca ions, but Mg samples are also 

quite common which is an unusual feature of ferrierites. The new synthetic form of silica 

ferrierite has resulted from an organothermal synthesis with pyridine used as a solvent and 

hydrogen fluoride as a mineralising agent. The large crystals obtained allow single crystal X- 

ray diffraction measurements on ferrierites. The data concerning the ferrierite crystal structure 

reported so far by three independent groups have turned out to be contradictory. Regarding the 

ferrierite topology and main symmetry elements all determinations agree in all points but one. 

While A. Kuperman, S. Nadimi et al (1996) insist on the Immm space group assignment, R.E. 

Morris, S.J. Weigel et al (1994) and I.E. Lewis Jr., C.C. Freyhardt et al (1996) propose a new 

space group Pmnn (in both cases the lattice is orthorhombic).

The three projections of the ferrierite framework are shown in Fig. 4. The main channels 

go along the [001] direction (Fig. 4a); in the x direction the channels alternate forming the 

sequence of 10-membered ring channels, 5-membered-ring interfaces and small 6 -membered 

ring channels; whereas in the y direction, the bigger ( 1 0 -membered ring) and smaller (6 - 

membered ring) channels alternate without any interface. The lateral 8 -membered-ring channel 

system runs along the [010] direction (Fig. 4c) intersecting in turns the 10- and 6 -membered- 

ring channels. The 8 - and 6 -membered-ring channels intersection gives rise to so-called 

ferrierite cages, whose surface is formed by 8 -, 6 -, and 5-membered rings.
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b

Figure 1.4. Ferrierite framework structure.

Projections along [OOlJ (a), [lOO] (b), and [OlO] (c) crystallographic directions.

As m entioned  above, all reports agree on the ferrierite topology. T he  key issue is the 

posit ion o f  a bridging oxygen between tw o 5 -m em bered-ring  channels ,  connect ing ,  in turn, two 

10-mem bered ring channels .  In the Immm structure it is directly  at the inversion  cen tre  with 

fractional coord ina tes  ( ‘4 , ‘A,‘A). In the Pmnn structure the oxygen is m oved  from  that 

sym m etrical position by 0.3 Â. The Si-O-Si bond angle is 180" in the first case  and  about 170" 

in the second case. Thus,  having in troduced the lower sym m etry , R.E. Morris,  S.J. W eigel e t a l 

( 1994) and I .E . Lew is Jr.,  C.C. Ereyhardt et a l ( 1996) rem oved  the unusual value for  this angle. 

How ever,  the two latter groups have reported  different results for the scatter  in S i-O  bond 

d is tances w hich is an im portant characteristic  o f  sil ica structures. T he  first group  has g iven the 

values in a range 1.56-1.65 À which looks rather suspicious, w hereas the second group's  results  

fall in a narrow er  interval ( 1.58-1.60 A); although the values are som ew hat sm alle r  than those  

expected  for  a typical silicate. Adm ittedly , the first group perform ed the s tructure determ ina tion  

on the organic  tem plate free sam ples only by means o f  X-ray p ow der  diffraction . T h e  second 

group used the single crystal technique to study a calc ined material. Still, the  d if fe rence  in 

results is d is tu rb ing  and the problem  requires further investigation.

T o  com ple te  the ferrierite structure description, we note that the Immm structure  has 4 

crys ta llographica lly  independent T-sites and 8 distinct oxygens, w hereas the Pmnn s tructure 

has 5 T-sites and 10 distinct oxygens.
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1.2.4. Mordenite
M orden ite  is a highly s il iceous material with a general fo rm ula  NaxAlxSi4s-x"0%"yH20. In 

natural m inerals  x is close to 8 and y to 24; synthetic sam ples show x in a range 1.5-8 

suggesting  a d isorder ing  in the Al distribution over  the fram ew ork . A ttem pts  at crystal structure 

determ ina tion  for m ordeni te  go back to the 1930s and a large variety o f  zeolites including 

ptilolite w ere  in the end identified as having the same structure. H ow ever,  the first reliable da ta  

w ere  presen ted  by W .M . M eier  (1961) who proposed  the space group  Cmcm w hich 

co rresponds  to the base cen tred  orthorhom bic  structure. This  structure is show n in Fig. 5. T he  

main 12-m em bered-ring  channels  are parallel to the [001] direction , and they are  a l ternated  by 

the narrow  8-m em bered-r ing  channels  if  we look along the x axis. V iew ed  along  the y axis, the 

12-m em bered  rings are in terfaced with 8-m em bered  rings by m eans of  4 -m em bered -r ing  units 

and, f inally, all o ther  connect ions  in the xy plane are built up by 5 -m em bered  rings. T w o  other  

crystal faces do not explici tly  show any prom inent features, but it is w orthw hile  to note that a 

lateral system  o f  8 -m em bered-ring  channels runs aslant th roughout the m ateria l as show n in 

Pis.  5b.

Figure 1.5. Mordenite framework stmclurc.

a. Perspective v iew  along main 12-membered-ring channels.

b. Perspective v iew  along lateral 8-membered-ring channels.

A large num ber  o f  the 5 -m em bered  units is an im portant fea ture o f  all the m orden ite

family o f  zeolites,  inc lud ing  ferrierite. It was used as a secondary  bu ild ing  unit  to com plete ly

describe  the m ordeni te  s tructure and to propose a num ber  o f  new hypothetical m ateria ls  (see 

W .M . M eie r  ???, I.S. K err  1963, J .D .Sherm an  and J.M. Bennett 1973). P ractically  all 

m ordeni te  sam ples  exhibit  s tacking faults and other m ajor  structural defects  w hich  has h indered 

the dec is ive  crystal s tructure determ ination . In practice, two factors are the m ost significant.
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(i) Many X-ray difraction patterns of mordenite show characteristic reflections that 

correspond to a (mmm) crystal symmetry, which has led to the Immm and Cmmm space 

group assignment to a material thought to intergrow the pure "Meier" structure. P.R. Rudolf 

and J.M. Garcés have unambiguously shown that this is a consequence of a stacking fault along 

the c direction (the presence of which was confirmed by electron photographs of the sample 

surface), as was first suggested by J.V. Sanders (1985).

(ii) The rôle of extraframework species and microscopic defects occurring in mordenite 

upon a hydrothermal treatment is still not fully understood. Two known forms of mordenite - 

smal 1-port and large-port materials - apparently have the same framework structure but differ in 

their adsorption capacity. The small-port mordenite can only adsorb molecules smaller than 

-4 .2  Â, while the large-port material can adsorb molecules with an effective diameter of up to 8  

Â. The difference was explained using stacking faults (F. Raatz, C. Marcilly et al 1985), but 

new studies of H. Stach, J. Janchen et al (1992a) suggest that Al extraction processes used in 

post-synthesis treatments can cause destruction of the 4-membered-ring interface between 12- 

and 8 -membered rings thus leading to the mesopore formation. This work has elucidated the 

transformation of small-port into large-port mordenite as studied by P.C. van Geem, K.F.M.G.J. 

Scholle et al (1988).

A number of works has dealt with the localisation of extraframework species within the 

material (see, e.g. W.J. Mortier, J.J. Pluth et al 1976, J.L. Schlenker, J.J. Pluth et al 1979a,b). 

An important study by A. Alberti, P.Davoli et al (1986) in agreement with an older suggestion 

of W.M. Meier (1961) has demonstrated that the extraframework cations disturb the Cmcm 

symmetry arrangement, and the Cmc2j space group is more likely to account for the crystal 

structure. In the same way as for ferrierite (see preceding section), the new space group 

assignment helps to avoid a Si-O-Si bond angle of 180°. The Cmcm structure comprises four 

crystallographically distinct T-sites and ten oxygens, whereas the Cm c2i structure has 

additionally two T-sites and three oxygens.

1.2.5. Faujasite

Faujasite is a natural mineral with two synthetic analogues known as zeolites X and Y. 

The structural difference between materials is only due to chemical composition. In zeolite X, 

the Si/Al ratio can approach 1, whereas in zeolite Y upon dealumination the Al content can 

effectively fall to zero. In natural faujasite, aluminium can occupy about 30-35% of all T-sites. 

The crystal structure determination has resulted in the assignment of the face-centred cubic 

Fd3m space group. The faujasite structure is shown in Fig. 6 .

The faujasite framework can be seen as an assembly of sodalite cages forming the sites 

of the cubic face-centred lattice and connected to one another through double 6 -membered 

rings. The resulting arrangement of sodalite cages leaves huge cavities resembling the 

intersticial sites in diamond. Large cages of faujasite are interconnected by 12-membered-ring 

openings. All other framework features resemble those of sodalite.
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H
Figure 1.6. Faujasite framework structure.

Projection along big 12-membered-ring channels. One socialite cage and one hexagonal

prism forming faujasite lattice are shown explicitly.

The faujasite  f ram ew ork  can be seen as an assem bly o f  socialite cages fo rm ing  the sites 

o f  the cubic face-cen tred  lattice and connected  to one another  through doub le  6 -m em bered  

rings. T he  result ing  arrangem ent o f  sodalite cages leaves huge cavities resem bling  the 

intersticial sites in d iam ond. Large cages o f  faujasite  are in te rconnected  by 12 -m em bered-ring  

openings. All o ther  f ram ew ork  features resem ble those o f  sodalite.

Faujasi te  has one o f  the largest unit cells o f  all zeolites with 576 a tom s in the  f ram ew ork ,  

fortunate ly  for a theoretic ian , however, the w hole structure com prises  only  one 

crys ta llographica lly  un ique  T-site in a sil ica ana logue o f  the material. Usual coun te r ions  in 

faujasite  cages are Na, K, Ca, and M g (the latter is present in small am ounts  in nearly  all 

natural sam ples).  T he  presence o f  5-coordinated  a lum in ium  was f requently  reported ,  but its rôle 

and location have rem ained  unclear.

1.2.6. Zeolite ZSM-5
Zeolite  ZSM -5 (M PI) is a new  material synthesised  only in the 1970s. Its pure sil iceous 

analogue, silicalite, was obta ined almost s im ultaneously  with its crystal s tructure determ ination  

(E M. F lanigen, J.M. Bennett  et a l 1978 and G.T. Kokotailo , S.L. L aw ton  e t a l  1978,
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respectively). The idealised formula of the sodium form of ZSM-5 is NaxAlxSi96-x0i92*yH20, 

where y is about 16, x < 27 and is typically about 3. The ZSM-5 framework structure is shown 

in Fig. 7. Two main channel systems, both with 10-membered-ring openings, intersect forming 

cavities in the material. The first channels are straight; they go along the [010] crystallographic 

direction. The channels of the second system are sinusoidal; they run along the [100] 

crystallographical direction.

The crystal structure determination for silicalite has yielded the orthorhombic Pn2ia 

space group. Similar diffraction measurements for ZSM-5 have given the closely related but 

different space group Pnma (see D.H. Olson, G.T. Kokotailo et al 1981). In both cases there 

are 24 independent T-sites and 48 oxygens. Moreover, H-ZSM-5 shows a reversible phase 

transition at about 340 K with the monoclinic phase above and the orthorhombic phase below 

the transition temperature. The space group assignment for the monoclinic phase was made as 

P2i/n with the same number of crystallographically unique sites per unit cell (H. van 

Koningsveld, J.C. Jansen et al 1990). ZSM-5, like other zeolites, was traditionally synthesised 

using the so-called hydrothermal route which inevitably leads to high concentrations of 

hydrogen/hydroxyl containing defects in the material. As a result, the defect properties of the 

material have had to be controlled by special post-synthesis treatments. A novel synthetic 

nonaqueous "fluoride" route worked out by J.L. Guth, H. Kessler et al (1986), in which fluoride 

ions are used to solubilise the raw material sources, resulted in new "defect-free" materials. As 

described above, some other zeolites have been synthesised using the new approach (see, e.g. S. 

Nadimi, S. Oliver et al 1994). The synthesis of the "defect-free" zeolites, as reported by S.A. 

Axon and J. Klinowski (1992), exploiting the "fluoride" root, opens new ways for studying 

defects in zeolites. Relatively pure materials can in theory be specially treated to introduce 

controlled amounts of defect sites at low concentrations into the highly ordered samples. With 

these specially prepared, defective materials, a huge variety of methods (see Section 1.4) can be 

used to further our insight into the nature and properties of these defects. This aim is important 

since the comprehensive characterisation of the defects in zeolites remains a difficult problem 

which has not often been addressed. Two specific problems have followed the development of 

the new materials (A. Axon and J. Klinowski 1992). These are described below.

First, the defects influence the ^^Si MAS NMR spectra of highly siliceous zeolites. The 

^^Si spectrum of zeolite ZSM-5, prepared by conventional synthesis, is broad and featureless 

(G. Engelhardt and D. Michel 1987), but becomes much better resolved after calcination. It has 

been suggested (C.A. Fyfe, G.C. Gobbi et al 1983a,b) that the broad spectral lines in as- 

prepared materials are caused by the dependence of the chemical shift on the Al distribution in 

the second-nearest and further coordination shells. The improved resolution was then attributed 

to the removal of framework aluminium during calcination. In the subsequent discussion, 

arguments were given against this explanation. In particular, the average Si-Al distance is 

proportional to the cubic root of Si/Al ratio and, thus, is not able to account for so dramatic an 

improvement in resolution (H. Hamdan and J. Klinowski 1987). A general hypothesis of defect 

healing which proceeds simultaneously with dealumination under hydrothermal conditions has 

been advanced in several works (for instance, see S.A. Axon and J. Klinowski 1992; moreover,
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the ques tion  is d iscussed in detail in Section 1.5). The  argum ent was supported  by the fac t that 

the "\Si M A S  N M R  spectrum  of  as-prepared "fluoride" sil icalite was well resolved, even 

though  the Si/Al ratio w as close to that in the "hydrotherm al"  samples.

□

C

Figure 1.7. Zeolite Z SM -5 framework structure 

Projections along [001 ] (a), [ 100] (b), and [010] (c) crystallographical directions.

Structural defects  influence the acidity of  nearby Brpnsted  acid sites and  there fo re  the 

cata ly tic  activity o f  zeolites attr ibutable to Brpnsted acidity. For exam ple ,  the ‘H -N M R  

chem ical shift o f  the hydroxyl protons o f  adsorbed m ethanol is very sensitive to both the type 

o f  zeolite on which it is adsorbed  as well as the m ethod  used to syn thesise  it (see, e.g. M .W . 

A nderson , P.J. Barrie et a l 1991 ). In zeolite ZSM -5 that is conven tiona lly  p repared ,  i.e., f ro m  a 

hydro therm al route, the 'H  resonance of  the hydroxyl in adsorbed  m ethanol is obse rved  from  

7.8 ppm  upw ards  w hereas in the material prepared by the "f luoride route" with the  sam e Si/Al 

ratio the resonance  is observed  at 6 ppm  (both resonances are rela tive to m ethanol in CDCI^). 

The  d isc repancy  has been attributed to the hydroxyl nests ad jacen t to the Brpnsted  acid sites in 

hydro therm ally  prepared samples.
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1.3. Models of defects in zeolites

"Could you ask your friend to do his exercises somewhere else? 

I shall be having lunch directly, and don’t want it bounced on 

just before I begin. A trifling matter, and fussy of  me, but we 

all have our small ways." (Eeyore)

A.A. Milne. The House at Pooh Corner

Porosity is the most prominent feature of zeolites, and determines peculiar properties of 

the zeolite defects as well as the methods applied to study them. Voids in the framework of

some zeolites can take more than a half of the total volume - faujasite is a good example of

such a structure. The faujasite and other zeolite frameworks scrutinised in the preceding section 

demonstrated that the linear size of individual pores can be rather large, extending to several 

interatomic bond distances. The necessity of maintaining the porous pattern in the crystalline 

framework leads, in turn, to the large values of zeolite lattice parameters as compared to 

simpler aluminosilicates.

Like all solids, zeolites exhibit three levels of ordering: short-, medium-, and long-range, 

- respectively, there are three contributions to the ion interaction energy. The short-range order 

is invariably present in crystals, disordered solids such as glasses, and even in liquids: this 

describes the ion arrangement within the first and second coordination shells. Long-range order 

is the determining feature of crystals which describes the spatial correlation of distant ions; 

separation lengths are of about a lattice parameter or larger. And, finally, the medium-range 

order is present in crystals and some disordered materials, but not always recognised, because, 

as in simple ionic or semiconducting crystals, e.g. NaCl, MgO or Si, all structural properties 

can be expressed in terms of the short- and long-range ordering. In zeolites, on the contrary, we 

are left with a space unaccounted for by the two ranges, hence the notion of the medium-range 

order becomes of a greater use.

Now, let us consider a specific atom in a zeolitic framework, for example a silicon atom. 

In a semi-classical description we can define the atom as an individual entity, and calculate its 

interaction energy with the remaining crystal. Apparently, we will have three contributions to 

the energy in accordance with the ordering around the given ion. At large distances, e.g. those 

typical of lattice parameters in zeolites, the ion-ion interaction is predominantly electrostatic, 

and the corresponding contribution to the ion's Madelung energy is quite small, which implies 

that minor changes in the ionic positions practically should not cause significant ionic energy 

changes in adjacent unit cells. Therefore, if we can find two or more local configurations that

(i) preserve the short-range order, (ii) do not significantly change the medium-range ordering 

around the chosen ion (hence not introducing a mismatch at the unit cell border), (iii) provide 

similar ion energies, then the unit cell, which constitutes the long-range order in the system, is 

actually an average over a number of possible configurations. (In analogous fashion to the 

substitutional disorder in metal alloys.)

Thus we would like to rationalise the zeolite structure and separate two related, but 

different problems in zeolites characterisation: a zeolite structure determination (including a
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question about the medium-range effects) versus an individual defect study (implying collective 

defect properties, as well). Not all deviations from a rigid crystal pattern will be considered in 

the present work as defects, but only those which break the short-range order around the 

framework constituent ions, i.e., the framework point defects. Linear, 2-dimensional and 

macro-defects are outside the scope of this study.

As we have already seen, aluminium concentration and distribution differ from one 

zeolite to another, but at this stage nearly all zeolites can be obtained as highly siliceous 

materials. This encourages us to use the all-silica zeolite as a reference system and treat the 

framework aluminium as a defect, even more so since in most zeolites the chemically active 

sites in the framework are based on the aluminium substitution (see Section 1.3.2. below).

1.3.1. General consideration. Frenkel and Schottky defects

Three following kinds of point defects are common in all solids; vacancies, interstitials 

and substitutions. Any complex atomic defects occurring in real materials could be described in 

terms of those three and their combination. An additional level of complexity is introduced by 

the electronic degrees of freedom which leads to such electronic defects as polarons and 

excitons.

The porosity of zeolites provides very favourable conditions for the introduction of 

defects; resulting defect concentrations are unusually high even as compared to glasses (see 

D.L. Griscom 1985). It was reported, for instance, that up to 30% of all Si ions in a zeolite 

mordenite (I. Hannus, J.B. Nagy et al 1995) can be involved in different defects. Large pores 

provide an enormous interstitial space for drift and diffusion of ions displaced from their 

equilibrium sites in the lattice (a vacancy and an interstitial comprise a Frenkel defect pair) as 

well as for isomorphous substitution of Si. In the case of an isovalent substitution (for example, 

a Ge ion for a Si ion), a simple framework defect is generated. Otherwise, as in the case of Al 

substitution, a more complex structure will appear, which should also include either a charge 

compensating extraframework species or a further alteration of the framework around the 

defect.

The semi-ionic character of a zeolitic framework leaves open the question of the charge 

of the vacancy. Apparently, oxygen cannot exist as a separate species at the interstitial 

positions in the state (the latter is stabilised at the lattice sites by the Madelung field only).

So it can be removed from the site either in an atomic form leaving a neutral vacancy, or as O ', 

which generates a paramagnetic centre in the framework (associated with the E ' centres 

observed in practically all forms of silica by electronic spin resonance spectroscopy), or as 

but as a constituent part of some complex species. Two doubly charged oxygen vacancies can 

be counterbalanced by a silicon vacancy, forming a Schottky defect trio, a defect in which 

cation and anion vacancies counterbalance each other. Formation of vacancies is not 

energetically favoured in zeolites as compared to the chemically relevant hydrogen containing 

defects considered next. But they do appear as a result of chemical transformation of active 

sites. For example, zeolite calcination apparently causes the healing of hydroxyl nest defects
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which leads to a peculiar structure of two "non-intact" oxygen bridges in place of a Si vacancy. 

In fact, this is a condensed Schottky trio.

Point defects have been intensively studied in other forms of silica for many years, 

mostly using optical spectroscopy (in visible/ultraviolet region) and electron spin resonance 

techniques. Two main groups of defects were observed: substitutional impurities at Si sites and 

complex defects related to an oxygen vacancy. The rare occurrence of Si vacancies can be 

easily understood: removing oxygen from a lattice site we break two Si-O bonds, whereas Si 

vacancy formation is necessarily accompanied by the breakage of four S i-0 bonds. Substitution 

of oxygen by other elements is also not a very frequent event, and when this is a case the 

element in question is usually a fluoride or a chloride ion. Apparently, the negative charge 

compensation required also makes such defects energetically unfavourable.

Three models of the E ' centre:

=Si*. (1.3.1)

It and its precursors have been widely discussed and are believed to exist as different entities 

(D.L. Griscom 1985):

(i) The centre is a paramagnetic defect resulting from ionisation of an oxygen based 

Frenkel pair: the oxygen moves from its lattice site into an interstitial position and attaches 

itself to a neighbouring oxygen, forming a peroxy radical; one of the electrons donated before 

by silicon leaves the vacancy site; another remains at a dangling sp^-orbital of the Si atom 

closest to the peroxy species. The model does not specify the location of the released electron.

(ii) A trigonal silicon site is a precursor of the E'p centre. Its interaction with atomic 

hydrogen leads to a similar situation when an unpaired electron occupies a dangling sp’-orbital 

at the former trigonal silicon. The proton of the hydrogen may escape and in the absence of 

other chemical species at the nearby interstitials it will form a hydroxyl with one of the 

adjacent bridging oxygens. The model does not account for the embedding of precursor into the 

lattice; in principle, that implies that a S i-0 bond should be broken first which can result from 

the oxygen vacancy or a localised excitation which should also displace the oxygen.

(iii) A neutral oxygen vacancy gives rise to the E'y centre. A single-fold ionisation of a 

neutral Si vacancy again leaves an unpaired electron attached to one of the silicons. Another 

silicon then becomes trigonal and the electron released goes elsewhere.

The neutral oxygen vacancy seems to be another firmly established defect in silica 

materials. In particular, two well known ultraviolet/optical absorption bands at 5.0 and 7.6 eV 

have been attributed to singlet-siglet and singlet-triplet excitation of this defect (see R. 

Tohmon, H. Mizuno et al 1989). The oxygen expelled from the lattice site (the other member of 

the Frenkel defect pair together with a neutral vacancy) is thought to give rise to a peroxy 

linkage:

= S i-0 -0 -S i= , (1.3.2)

But it also must be bom in mind that such a defect can result from insertion of the molecular 

oxygen into an oxygen vacancy. This is supposedly a main mechanism in zeolites as confirmed 

by ' * 0  adsorption studies which exhibit single-step double exchange with the framework 

oxygen (Y.-F. Chang, G.A. Somorjai et al 1995). The actual defect configuration is not known,
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but the defect should be a precursor of a peroxy radical the properties of which are well 

understood:

= S i-0 -0 - S i= , (1.3.3)

which is observed by means of electronic spin resonance spectroscopy as a species 

accompanying the centre (see, T.E. Tsai and D.L. Griscom 1991). The defect has also been 

considered to be responsible for the so-called "blue luminescence" of irradiated silica (see, e.g., 

M. Guzzi, M. Martini et al 1987).

Some fused silica types like Type m  (see D.L. Griscom 1985), contain large amounts of 

hydrogen which can be released from their lattice upon irradiation. It implies the presence of 

silanol groups:

= S i-O H , (1.3.4)

with a counterbalancing species unspecified. The clear consequence of the irradiation is the 

presence of atomic hydrogen coupled with the unbridging oxygen (siloxy radical):

= S i-0 " . (1.3.5)

The hydrogen, both atomic and molecular, reacts with oxygen vacancies, and a hydride 

defect should appear:

=Si- H-S1=, (1.3.6)

This defect is not likely to arise in zeolites under usual, hydrothermal conditions, but the 

possibility should be considered when a zeolite is used for hydrogen storage and is oxygen 

deficient (see Section 1.1).

Finally, the vicinal silanol defect was envisaged as a result of reaction between a peroxy 

linkage defect and a molecular hydrogen:

=Si-OH H O -S i= , (1.3.7)

Such defects should play an important rôle in zeolites, but the mechanism of their formation 

would be quite different. The main question about the defect is its structure and bonding 

character: steric restraints certainly make the hydroxyl groups strongly interact, and the 

structure of this defect is one of the topics of the present study.

1.3.2. Catalytically active centres

Using zeolites as catalysts has stimulated numerous studies of active centres in the 

materials. The concept of Brpnsted and Lewis acid sites has become a favourite brick in the 

models of the chemical reactivity of these systems. The negative charge induced in a 

framework by an aluminium substituted for silicon is compensated for by protons in H-forms of 

zeolites, generating the celebrated model of a Brpnsted acid site,

H
I , (1.3.8)

= Si —O —A l =

the most important and well characterised hydrogen containing defect in zeolites. Acid strength 

is, of course, defined as the tendency to donate a proton and base strength as the tendency to 

accept a proton. In theoretical works by J.Sauer et al (1988, 1989) the relation between the acid 

strength and the heat of deprotonation has been investigated for zeolites. Some further details
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are given below. At present we need only note that while for gas phase reactions these 

quantities are well defined, for solids (zeolites in this case), they are ambiguous.

The Lewis theory of acidity extended the covalent bonding model to a wider range of 

reactions. In the contemporary zeolite literature it is usual to distinguish between two groups of 

acid sites, one reacting with bases by means of proton donation, the Brpnsted acid sites, and 

another reacting with bases without involvement of protons, the Lewis acid sites. A classic 

example of a Lewis acid, AICI3, is often present in zeolites as an extraframework species, 

resulting from post-synthesis treatments. It is more difficult to give a generally accepted 

example of a framework Lewis acid site. The only clear evidence of the latter is electron hole 

centres in irradiated samples - V]^2 centres;

=  T i ,2 —O —Si =  , (1.3.9)

where T] is Si and T2 - AT atoms (A. Abou-Kais, J.C. Vedrine et al 1975). In the absence of 

structural defects, the framework oxygen atoms are considered as Lewis basic sites and the 

extraframework cations as Lewis acid sites. Lewis centres are characterised not only by their 

strength, but also by their hardness/softness, an empirically determined property, related in an 

unclear way to the site polarisability. Transfer of this description from molecules to solids is 

even more dubious than that of the site strength.

D.N. Stamires and J. Turkevich (1963a) and L.B. Uytterhoeven, L.B. Gristner et al 

(1965) have proposed the trigonal silicon and aluminium as plausible centres of Lewis activity 

in zeolites. The generation of this kind of defect should be facilitated by thermochemical 

treatments when the framework oxygen atoms sited between aluminium and silicon atoms are 

either expelled (leaving a vacancy) or drastically displaced from the equilibrium position to 

form an alternative bond. The presence and possible rôle of the trigonal framework cations in 

any appreciable concentration still remains in question (see discussion below. Section 1.5).

E. Brunner, H. Ernst et al (1988) have also suggested a model of a non-framework 

tetrahedral aluminium arising from dealumination as:

%  / O H ,
A r

s i

S i  ^ s i  S i

/ \  A
The defect apparently can either donate a proton or accept an electron thus playing the rôle of a 

Brpnsted and a Lewis acid site at the same time

1.3.3. Defects in zeolites as introduced during synthesis and preparation
The history of a zeolite includes the following processes: synthesis, preparation, usage, 

ageing, reactivation and so on, until the zeolite's useful properties have been lost irrevocably. 

All stages are characterised by the defects present in it as in any other material. Each stage
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comprises a few steps, some of which are used repeatedly, at two or three stages; some are not 

used at all. Three points are crucial; the Si/Al ratio in a material, water content and irradiation, 

since these determine quite different kinds of defects.

Synthesis of zeolites under hydrothermal conditions is discussed in detail by R.M, Barrer 

(1978, 1982). The process of crystallisation has been envisaged from gels and solutions to 

crystal growth. However, direct experimental evidence only started to appear in the 1980s.

Zeolite synthesis proceeds, as a rule, from uniform mixtures of the oxides and hydroxides 

of silicon, aluminium, and other cationic species in the presence of water, acids (HF, HCl, etc.) 

and templates. The number of Br0 nsted acid sites introduced into a zeolite during synthesis 

depends on the number of aluminium species in solution that are not accompanied by 

counterbalancing cations (other than protons). In H-forms of as-synthesised zeolites the 

Br0 nsted acid site is the predominant defect. The transformation of a Br0 nsted acid site into a 

non-bridging hydroxyl group only associated with a silicon site and a trigonal aluminium has 

been discussed many times (see R.M. Barrer 1982), but secure evidence for such a 

configuration was obtained only for boralites (see, L. Basini, U. Comaro et al 1992 and J. 

Datka and M. Kowalek 1993) with a trigonal boron instead of aluminium.

An entirely different situation appears for aluminium deficient materials such as siliceous 

zeolites. For example, E.J.J. Groenen, A.T.G.T. Kortbeek et al (1986) have shown that the 

crystallisation process in siliceous solutions is maintained through double-ring- and mono

silicates condensation. The distribution of different silicate units is controlled by the synthesis 

conditions. In particular, zeolite ZSM-5 is crystallised from a gel with a greater contribution of 

5-double-ring silicates. In order to build up the entire framework of ZSM-5 type from such 

units, it is necessary to have in the initial solution a certain number of mono-silicates; otherwise 

the resulting framework will include the T-site vacancies. Another kind of defect can be 

observed when the condensation of silicate molecules is incomplete: two non-bridging oxygens 

or a hydroxyl group and a non-bridging oxygen or two hydroxyls take the place of the one 

bridging oxygen (see also F. Testa, F. Crea et al 1991). Moreover, both kinds of defects are 

also formed upon post-synthesis treatments. The T-site vacancies must appear in zeolites as a 

result of dealumination by strong acids and steaming. A pair of hydroxyl groups appears in 

proximity to one another due to a T-O-T bridge hydrolisation. Therefore both defects are 

intrinsic to both as-synthesised and as-prepared zeolites.

The first complex defect based on the T-site vacancy has been proposed by R.M. Barrer 

and M.B. Makki (1964) and later on by G.T. Kerr (1967, 1968 and 1969) as the hvdroxvl n e s t , 

a defect in which dangling oxygens around the T-site vacancy are saturated by protons:
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Si
1

O 
H

=  S i - O H  H O - S i  =  

H 
O

Si

After many years of studies and arguments this defect has been acknowledged and 

characterised to some extent. But the story of its transformation upon hydrothermal treatment 

and other influences is still not clear.

It is established that annealing, calcination and steaming at elevated temperatures result 

in a zeolite structural defects "healing" when the characteristic signal of hydroxyl nests 

disappear from the infrared and proton magnetic resonance spectra (see, e.g., P. Fejes, I. 

Hannus et al 1985). There has been speculation on the mechanism of healing, but there is no 

direct experimental proof. The models comprise dehydration, dehydroxylation and 

deprotonation.

From the early 1970s many the suggestions appeared that the dehydration results in two 

so-called " non-intact" S \-O S \ linkage formation :

Si

O

—  ^ ^ S i = .  (1.3.12)
O

Si

This looks very attractive on a chemical diagram, but two objections have very firm ground:

(i) It is known that the annealing of hydroxyl nests is a reversible process, whereas 

regular Si-O-Si linkages are very stable towards hydrolysation. Therefore, if (1.3.12) is a real 

counterpart of the hydroxyl nest defect, the non-intact Si-O-Si bonds should be in some way 

defective.

(ii) T-sites from the second coordination shell of any particular T-site are separated from 

one another by about 4.5-5.5 Â. A non-intact linkage of a couple of silicon ions at such 

positions should cause a large deformation of all adjacent bonds which would be accompanied 

by a large energy penalty.
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Thus, in our view, the formation of the non-intact linkage upon the dehydration of 

hydroxyl nests is doubtful, and we need alternative models for a deeper understanding of this 

process.

Dehydroxylation of one T-site leaves behind an E ' centre (1.3.1) or a diamagnetic 

trigonal silicon, depending on the charge of a hydroxyl group leaving the nest. Interaction of 

the species with one of the adjacent silanols could result either in a non-intact Si-O-Si linkage 

with a loose atomic hydrogen in its vicinity, or a protonated Si-O-Si linkage. So that for each 

pair of silanols at the hydroxyl nest we have;

=SiOH H O Si=  >=Si# HOSi= + •O H  > =Si-0-Si= + #H + #OH , (1.3.13)

or

H  
I

=SiOH H O Si=  > = s r  HOSi= + O H  > [=Si-O  S i= f  + OH . (1.3.14)

If the dehydroxylation is very severe, a pair of hydroxyl groups can be lost simultaneously, and 

formation of a neutral oxygen vacancy is a possibility:

=SiOH H O Si=  > =Si# #Si= + 2 #O H  > = S i-^ i=  + 2 #OH+ radiation  (1.3.15)

with the formation of two E ' centres and a subsequent condensation yielding a long Si-Si bond. 

Finally, deprotonation should facilitate peroxy bridge formation :

=SiOH H O Si=  > = S i-0  0 -S i=  + 2 H+ > = S i-0 -0-S i=  + 2e +2 H+ . (1.3.16)

Two electrons should be removed from the site at the second step of the reaction. This can be 

achieved either by an interaction with a Lewis base or by an excitation of the non-bridging 

oxygens. A localised hole and a delocalised electron trapped by the framework could follow 

from the latter mechanism. The reaction apparently occurs in the presence of large amount of 

water in the material by means of the hydroxonium ions formation. An alternative path to the 

formation of a peroxy bridge can be envisaged as a dehydrogenation process in which the 

released atomic hydrogen forms a hydrogen molecule.

Two types of nearby hydroxyl group pairs, or two-hydroxyl defects, are expected to be 

present in siliceous materials: the first is realised in the form of a geminal, =Si(OH)2, silanol 

group; the second is called a vicinal, =S:-OH HO-Si=, silanol group. The geminal silanols can 

exist in zeolites as structural defects resulting from synthesis under the hydrothermal conditions 

or from a severe dealumination treatment. Often decomposition of organic templates (TPA in 

zeolite ZSM-5 provides a good example) upon calcination and/or acid leaching has been also 

envisaged as a source of the vicinal silanols (see E. Bmnner, H. Ernst et al 1988):

Na TPA Na H H H

1
O

^  calcination j .  
(J -------- O 0

1

acid treat. 1
---------- ► y 0

1
.(1.3.17)

Si Si Si Si Si Si Si Si

A A A A A A A  A
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At the last stage the dehydration of the defect site takes place with the generation of a Si-

O-Si linkage. If the initial defect is a part of a bigger complex, presumably located about a T- 

site vacancy, then the sequence described by (1.3.11) is quite plausible, and the process ends up 

with a non-intact Si-O-Si bond (bridge) formation, as in the case of the hydroxyl nest. An 

alternative is an initial defect around a regular Si-O-Si bridge, which is restored upon the 

treatment. In this case, only the right-hand part of (1.3.11) is clear. The vicinal silanol defect is, 

in fact, the same species as presented by (1.3.7). In our view the defect should incorporate to 

some extent the structural features of a hydroperoxy species; wheras its precursors should have 

a form of the peroxy species chemically bonded to the charge compensating cations like Na"̂  or 

TPA^. A theoretical consideration of the vicinal silanol defects is given in chapter 4 of this 

work.

Thermal treatment of zeolites, besides leading to the healing of the hydroxyl nest, also 

leads to transformation of other defects as in the last step of (1.3.17). However, dehydration of 

a vicinal silanol pair is not the only possible outcome. Particularly important is a double 

dehydroxylation of the defect upon which an oxygen vacancy is formed, and thus all the related 

defects as given by (1.3.1-7 and 16) are formed.

J.M. Chezeau, L. Delmotte et al (1991) have experimentally studied the formation of the 

defect described above subject to the synthesis conditions. Two major kinds of defects were 

found in siliceous zeolites ZSM-5: non-bonding defects (present as =Si-0' and =Si-F HO-Si=) 

and a T-site vacancy. The nonbonding defect concentration has been found to increase with an 

increase in the synthesis pH or the F anion or alkali cation concentrations. The authors also 

concluded that the higher concentration of template (Pr4N in their case) and crystallisation at 

lower temperatures favoured the formation of the T-site vacancy. Calcining zeolites at 500° C 

the authors could decrease concentration of non-bridging defects, but the T-site vacancy 

concentration remained unchanged. The higher concentrations of alkali cations also stabilise 

the non-bridging defects.

The mechanism of mesopores formation in zeolites was specifically studied for 

mordenites. It is known that the secondary mesopore structure in mordenites is responsible for a 

dramatic increase in catalytic activity. G. Debra, J.B. Nagy et al (1983) have shown that the T3 

and T4 sites in mordenite are preferential for Al substitution. Taking into account that these 

sites form the walls separating the big 1 2 -membered-ring and small, narrow 8 -membered ring 

channels (see Fig. 1.5 and a discussion in Section 1.1.4), it is clear, that dealumination 

treatment should destroy such walls while forming the T-site vacancies. This idea was the 

centre of investigation in many studies. P. Bodart, J.B. Nagy et al (1986) have analysed the 

model and found satisfactory agreement with experiment. A competing model that included 

destruction of the 6 -member ring has been rejected. However, by all accounts, both models 

should include the condensation of two T-site vacancies into a wide gate between the two 

channels. The authors also pointed out that the presence of aluminium in the two adjacent T- 

sites across a 4-membered ring should facilitate consequent aluminium extraction. The size of 

the resulting pore would be about 1 0  Â diameter, which is still too small to explain the 

adsorption data. L.D. Fernandes, P.E. Bartl et al (1994) for example, reported a peak in the
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pore diameter distribution (resulting from a mild cyclic dealumination) to be in the range of 

30^50 Â. We can conclude that at least three neighbouring interchannel walls are modified by 

the dealumination process with subsequent condensation of the T-site vacancies.

The kind of damage to zeolites brought about by irradiation, as in all materials, depends 

on the irradiation characteristics such as its nature, energy and intensity, y-irradiation which is 

regularly used in zeolite activation does not produce appreciable concentrations of Frenkel 

pairs but rather electronic defects of the type (1.3.9). Upon irradiation the electron is ejected 

from an oxygen atom forming a self-trapped hole. This electron, in turn, is trapped either by the 

zeolite material (at sites whose nature is unclear) or by ions, if present as bridging OH 

groups, giving rise to the formation of atomic hydrogen. Depending on the local environment of 

the excited oxygen, which depends on the zeolite composition, various defects can be formed. 

Three types of these defects have been described on the basis of their electron spin resonance 

spectra and on quantum chemical calculations (see B. Wichterlova, J. Novakova et al 1988 and 

the preceding section):

- the Si — O — Al defect originating from H forms of zeolites, where Al is present only in 

the framework;

- the Al —O —Al defect in Al forms of zeolites containing both framework and extra

framework Al in the cationic sites;

- the Si — O — Si defects with unpaired electron density on an oxygen atom not interacting 

with the Al nucleus and likely to be delocalised over several framework atoms.

Using the electron spin resonance and combined optical infrared/visible/ultraviolet 

spectra measurements V.P. Denks (1993) has demonstrated that in sodalites the irradiation also 

creates F  centres (halogens being extraframework anions in sodalites), which are electrons at 

the place of the halogen vacancies, i.e., extraframework colour centres.

Concluding this section we note that the models given here have been proposed and used 

for rationalisation of experimental data in many physical and chemical studies on zeolites and 

related materials. In the following section we shall review the available experimental 

techniques and return to the discussion of the defect models in Section 1.5 where we focus on 

three main hydrogen containing defects in zeolites: Brpnsted acid sites, hydroxyl nests and 

vicinal silanols, - and the schemes of the defect transformation.
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1.4. Experimental techniques engaged in zeolite studies

"W hat are you looking for?" M ishkin asked

"I really don't know," Archidius said. "But I expect to know

intuitively when I find it. W hat are you looking for?"

"I can't remember," M ishkin said. "But I think I'll know it when 

I see it."

R. Sheckley. Options

A number of techniques in contemporary material science have been applied in recent 

years to study defect structure and properties of zeolites and related materials. They can be 

separated into two complementary classes of chemical and physical analyses. The variety is 

large, but if we put them on a scale that shows how often a method was applied to study 

zeolites, we would readily find that elemental analysis along with acidity/basicity 

measurements and infrared and nuclear magnetic resonance spectrometries are most commonly 

used. Optical visible/ultraviolet and electron paramagnetic resonance spectrometries, the 

traditional tools in the related areas of glass, ceramics and laser material sciences, are at the 

other end of the scale. There are several reasons: historically, the study of zeolites began in the 

chemical community and more advanced physical methods were introduced into zeolite science 

quite recently; in most cases the samples available are contaminated with large, uncontrollable 

amounts of impurities which does not readily permit the use of more sophisticated techniques; 

sufficiently big single crystals, often necessary for this kind of experiments, can still only be 

obtained for a limited number of zeolites.

M ethod N um ber of 
publications

I Thermochemical analyses® 97
Nuclear magnetic resonance 88
Infrared and Raman spectroscopies 63
X-ray and neutron diffraction 61

II Electron surface analyses'^ 29
Electron spin resonance 23
V isible/ultraviolet spectroscopy 19
X-ray absorption spectroscopies'^ 9
Electric measurements 8
Scanning electron microscopy 8
Positron spectroscopy 2
ENDOR 1

“ Chemical analyses, thermogravimetry, differential 

thermogravimetry, adsorption/desorption of probe molecules 

measurements (including temperature programmed 

experiments), exchange capacity and catalytic activity 

measurements.

 ̂X-ray, ultraviolet, ion photoelectron spectroscopies.

EXAFS and XANBS techniques

Table. 1.1. Experim ental techniques in use for the zeolite structure and defects characterisation
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In Table 1.4.1, the reader will find a summary of literature data on the experimental 

methods used in the studies we review below. Nearly all results have been published in the last 

10-15 years. The methods here are divided into two groups. The first group (I) shows those 

studies that have made a large contribution to the understanding of zeolite structure and, in 

particular, defect properties. To estimate the real number of publications on the subject where 

the corresponding techniques have been engaged, we would probably have applied a factor 

anywhere between 10 and 100. Quite a different situation occurs for techniques from the 

second part of the table. The publications counted here are all the author has managed to find, 

and some of them are on a subject only just concomitant with the subject of zeolite defects and 

in some cases the technique reported was used simply for chemical analysis.

The explosion in application of the nuclear magnetic resonance methods which began in 

the late 1970s has dwarfed the application of all other techniques, which are more and more 

often used in a complementary way. Only infrared spectroscopy still holds its positions in this 

"competition". The work reviewed here could also be divided into two streams. The first 

concerns zeolite sample characterisation, frequently under so-called "operational" conditions. It 

provides valuable information for technology and engineering applications, but in practice 

gives little insight into basic problems of zeolite structure and properties. Work from the 

second stream, devoted to the study of fundamental properties of zeolites and their defects, are 

unfortunately very rare. In particular, only in few studies have special efforts been made to 

separate different effects and to model and control experimental conditions. As a result, in spite 

of an enormous body of experimental studies made on zeolites, very little is still known about 

their physical properties.

We should note here that the information on the structural defect properties obtained 

directly from a single technique has either only qualitative or inconclusive character. 

Geometrical models produced by these methods are mostly based on correlation charts which 

are not absolute. Only by combining different techniques, for example, 'H, ^^A1, ^^Si MAS 

NMR spectrometries with thermogravimetric measurements and/or IR spectrometry, can an 

experiment provide reliable information on the particular defect nature and properties. In this 

context it is interesting to recall a celebrated example of the false interpretation of the ^^Si 

NMR spectrum from zeolite A. The Si/AI ratio in this zeolite is 1 and given that the Al 

distribution in the material obeys the Loe wen stein rule, it is apparent that the Si atoms can 

appear in spectra only in one coordination, Si(4Al). The measurements indeed showed a single 

peak at -89 ppm. But this value as compared to measurements on another zeolite, faujasite (see

G. Engelhardt and D. Michel 1987) lies in the range of Si(3Al) coordination type. It led to 

many speculations on the Al distribution in zeolite A until the problem was solved (see, e.g. 

J.M. Thomas, C.A. Fyfe et al 1982). It was shown then that in the zeolites ZK-4, a material 

with the zeolite A topology, but a different Si/Al ratio values all possible peaks are observed, 

and they are shifted so that the -89 ppm peak appears in the Si(4Al) range as it should be 

according to Loewenstein rule.

Commonly, local defect structure models founded on the correlation dependence 

between the hydrogen bond lengths and the chemical shifts from the nuclear magnetic
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resonance experiments or particular bands in IR spectra are presented as an ultimate result of 

the experiment. But the extent to which the crystal field and geometrical restraints can affect 

the hydrogen bond properties and therefore the correlation function remains unclear. Thus a 

complementary investigation for such cases is needed. This problem is emphasised by 

considering how a Br0 nsted acid site structure was determined by R.L. Stevenson (1971) using 

the broad signal nuclear magnetic resonance technique. The author found the bond distance 

between the aluminium and the bridging oxygen to be 1.72 Â. But it is well known (at least 

since the 1930s) that 1.72-^1.75 À is a regular value in sodalites and other zeolites with Si/Al 

ratio close to 1 where metal cations and not protons compensate the charge on a framework. 

The problem in determination of this particular bond length is that the techniques (such as 

NMR and X-ray absorption spectroscopies - see discussion in the following section) are based 

on two-particle correlation functions; the amplitude, decreasing with the increase in interatomic 

distance due to the 1/r" (for example, n=2 in the case of EXAFS) dependence, makes it 

practically impossible in many cases to separate contributions from different bonds. As a result, 

only an average over three short T -0  distances with an insignificant contribution from a long T- 

OH bond, can be observed. But, in fact, the bonds between a T-site and a protonated and non- 

protonated oxygens are quite different and, respectively, have different lengths.

Generally speaking, the experimental methods discussed below scrutinise the response of 

a zeolite to different physical and chemical actions such as irradiation of materials with an 

electromagnetic field of different frequencies and bombardment by elementary particles. 

Depending on the nature of the action, the material can react by absorbing or scattering the 

agent of this interaction and/or ejecting secondary irradiation or particles. Elastic scattering of 

X-rays, neutrons and electrons are used in diffraction experiments to characterise the crystal 

structure of solids. Inelastic scattering and absorption yields complementary information on 

various excitations and thus also on the local structures. In magnetic resonance experiments, 

the electromagnetic irradiation in radio- and microwave ranges is employed to initiate 

transitions between quantum states of the electronic and nuclear subsystems, the degeneracy of 

which is removed by an external magnetic field. Electrons leaving the solid as a result of high- 

energy excitations in occupied bands are studied in X-ray and ultraviolet photoelectron 

spectroscopies (secondary electron emission was not used to study zeolites to the best of our 

knowledge). Excitations in the electron subsystem, including interband transitions, exciton 

generation and localised states on point defects can be observed by the optical 

visible/ultraviolet spectroscopy. Phonons and localised vibrations are the centre of attention in 

infrared and Raman spectroscopies. Electronic and ionic relaxation processes as revealed by the 

dielectric and kinetic properties of zeolites have hardly been studied, the relevant data are 

collected in the subsection on dielectric spectroscopies and electric measurements. Proper 

physical, calorimetric studies of zeolite thermal properties are still scarce; they are discussed 

together with thermochemical experiments from which they are difficult to separate.
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1.4.1. Structure characterisation: X-ray and neutron diffraction and absorption 

methods; electron microscopy

The determination of crystal structure by means of the single-crystal and powder 

diffraction of X-rays (and less commonly of neutrons) has become a routine procedure in 

dealing with zeolites. The drawback of neutron diffraction techniques is that neutrons are 

strongly and incoherently scattered by protons which are present in zeolites in water and 

hydroxyl groups of various sorts, mostly disordered. As a result, the diffraction pattern has a 

large background. But, if we want to study the preferential positions of protons in relation to 

the zeolite framework, in fact, samples can be deuterated and the strong scattering will be to the 

method advantage. The work of R.E. Morris, S.J. Weigel et al (1994) gives a good example of 

the neutron diffraction technique applied to the zeolite characterisation - ferrierite in this case. 

The characteristic X-ray diffraction (XRD) patterns of all known zeolites are collected in a 

periodically revised atlas (M.M.J. Treacy, J.B. Higgins et al 1996). XRD is also widely used to 

monitor the degree of zeolite crystallinity by comparing the chosen peak intensity with one 

from some standard sample.

Presently not all of the capabilities of diffraction techniques are exploited. Thus, the 

electron density distribution, as obtained from the structural factors through a Fourier 

transform, was reported only twice to our knowledge (see T.A. Vereshchagina, S.D. Kirik et al 

1990 and A.D. Stoica, V. Tarina et al 1992). Another approach, which has not been used so far, 

is a direct measurement of the radial distribution function, which could produce an interesting 

information on the point defect structure in the case of zeolites where, as we will see, the 

number of such defects is unusually high. Neutron diffraction is actually a standard method of 
studying phonon spectra and dispersion. So far, these have not been extensively used in zeolite 

studies.

When the Si/Al ratio is fixed X-ray spectroscopy can be used to distinguish between 

aluminium species in different chemical enviroment. As with the other techniques, the 

transition energies of electrons on the hole states in the ion cores can be compared to some 

standard material/sample where such an enviroment is well established. This kind of study has 

been, for example, undertaken by G.H. Kiihl (1977) on zeolite Y. The results suggested two 

standard 4- and 6 -coordination types for aluminium and only one, the tetrahedral coordination 

for silicon. The secondary photons measured (Kp-line) resulted from recombination processes 

of electrons in the upper valence band (M-shell on aluminium and silicon and L-shell on 

oxygen) with holes in Al Is state (K-shell), holes being generated by the primary X-ray 

irradiation.

X-ray absorption studies represent a relatively new area as regards the near edge and fine 

structure analyses (XANES and EXAFS). In principle, it should yield local structural 

information. However, in contrast to a number of very good results from studies of the 

transition metal inclusion into zeolite frameworks, for the subject of our interest, the accuracy 

of the method is still not sufficient and results are rather qualitative. D.C. Koningsberger and 

J.T. Miller (1995) using the techniques have shown that within the accuracy of the experiment 

the A l-0 bond distance in zeolites is not sensitive to the type of cation exchanged and was
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estimated to be 1.72 Â. Taking into account, that the acid sites were thought to be of the 

Br0 nsted type, this value does not seem to be reliable (see discussion in the introduction to 

Section 1.4). In a series of cation exchanged zeolites the authors have found the following 

sequence for the electron density on Al: H-LaY < H-CaY < HY < NaY. In a more recent 

publication D.C. Koningsberger and J.T. Miller (1996) have reported the extraframework Al 

species observed by the X-ray absorption methods in HY and H ultrastabilised zeolites. The Al- 

O bond distances reported are even lower than before except 1.91 Â for the octahedral Al, 

which is also uncertain.

Nevertheless, as mentioned above, this technique gives more reliable results for 

transition metal species. As an example we refer to the work of D.T. On, L. Bonneviot et al

(1992) who have applied the EXAFS method to study a titanium substitution into a silicalite 

framework. The multishell analysis has demonstrated that the three coordinations (stressed 4-, 

5- due to a water molecule adsorption, 6 -fold) arise. The authors concluded that the Ti 

incorporation should rather be treated in terms of defect formation. In a recent work, the same 

authors (D.T. On, S. Kaliguane et al 1995) have also shown the presence of small TiOz anatese 

clusters as extraframework species in titanium boralites.

One of the most successful applications of the EXAFS technique has been the 

characterisation of cationic iron sites in the zeolite ZSM-5 (see D.W. Lewis, C.R.A. Catlow et 
al 1995). P.A. Barret, G. Sankar et al (1996) have employed the absorption techniques in 

studies on CoAlPOs, microporous materials closely related to zeolites. The XANES and 

EXAFS methods allowed them to determine the Co(II) and Co(III) sites' oxidation state, and a 

local structure of Co(II) in a Brpnsted acid site was found to be one of a distorted tetrahedron.

The morphology of the microcrystallites in zeolite powders and the crystal surfaces have 

also been studied by electron microscopy, which assists the identification of microdefects. For 

example, P.R. Rudolf and J.M. Garcés (1994) have used the technique in the crystallographic 

studies of fault planes in mordenites. Sometimes, the technique is used for following the results 

of various treatments: this presents a good test of sample crystallinity; the surface density of 

defects like T-site vacancies can also be estimated (ref. ???).

1.4.2. Nuclear magnetic resonance (NMR) spectroscopy

Since pioneering work of E. Lipmaa, M. Magi et al and G. Engelhardt (1980, 1981) 

solid-state NMR spectroscopy of zeolites has developed into the most powerful means of 

determination of local atomic structure. High-resolution '̂̂ Si magic angle spinning (MAS) 

NMR spectra was first studied for a wide range of silicates where the most important features 

of silica spectra were established. D. Freude and H.J. Beherens (1981) have obtained the ^^Al 

spectrum; H.K.C. Timken, G.L. Turner et al (1986) have investigated the *^0 NMR properties;

D. Freude, M. Hunger et al (1981) have applied the method to *H.

The local structure is the target for NMR techniques; unlike electron spin resonance 

experiments there is no need in unpaired electrons. Hence the NMR can produce information 

on the ground as well as excited states of the defects.
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In contrast to other absorption methods, here an observable such as the characteristic 

energy of transfer in the external magnetic field is not measdured. Instead, the transfer energy is 

determined by the external field induction (a linear function in first order perturbation theory). 

Yet with the external field fixed each chemical element shows an individual response as 

summarised in the following table (due to G. Engelhardt 1991); the data for receptivity are 

given relative to 'H.

Isotope Spin NM R frequency 

(MHz)

Natural 

abundance (%)

Relative

receptivity

'H 1/2 200.00 99.985 1.000

" c 1/2 50.29 1.108 1.76-10'^

'^0 5/2 27.11 0.037 1.08-10'^

^ N a 3/2 52.90 100.00 9 .2 7 1 0 '

^^Al 5/2 52.11 100.00 0.207

''S i 1/2 39.73 4.70 3.69 10^

Table 1.2. NM R frequency and relative receptivity of main zeolite constituent elements 

(M agnetic induction Bo=4.6975 T.)

In different chemical environments the resonance appears at different, slightly shifted 

values of the external fields' frequency or magnetic induction, which permits the introduction of 

the chemical shift measurements with respect to a certain standard. Resulting chemical shifts 

are usually quoted in ppm from external tetramethilsilane for ^^Si and ’H, from external 

A1(H2 0 )6^̂  for ^^Al (A1(N0 3 ) 3  in aqueous solution), and from external water for '^O.

The ^^Si NMR spectrum can feature up to five main peaks for anhydrous zeolites which 

corresponds to the five principal variants of the chemical composition of a T-site: Si(nAl), 

where n=0,...,4. Introduction of aluminium into the second coordination shell of a Si ion leads 

to a systematic shift down field by about 5-8 ppm per one aluminium. From zeolite to zeolite 

the peak positions change; their span covers as much as 20 ppm for the Si(4Al) and about 10 

ppm for the Si(OAl) signals. In regular cases, an entire spectrum is observed approximately in a 

range of -75 4- -120 ppm. The hydrous samples present more complex spectra: we recall here 

that many important hydrogen containing defects comprise so-called silanol groups: SiOH. 

Peaks arising from Si ions directly bonded to hydroxyl groups are also shifted down field by 

about 8-12 ppm per group; only SiOH and Si(0H)2 are in practice observed in zeolites: Si(OH )3  

and Si(OH )4  apparently have a very low concentration in good crystalline samples.

The correlation between chemical shifts and structural parameters such as bond distances 

and angles has become the subject for many investigations. In one of the first studies R.H. 

Jarman (1983) found that the isotropic ^^Si chemical shift is proportional to the average T-O-T 

angle in sodalite cages as shown in table 1.3 below. G. Engelhardt and R. Radeglia (1984, 

1985) later obtained a number of correlation fits for different Si(nAl) units and E. Lipmaa, M. 

Magi et al (1986) reported such a correlation for Al(4Si) (see discussion by G. Engelhardt 1987 

and 1991). Silicon at crystallographically distinct T-sites, which correspond to different T-O-T 

angles and T -0  distances even in purely siliceous material, produces characteristic signals. For 

example, the monoclinic ZSM-5 zeolite exhibits 20 lines in the spectrum (two of them of
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threefold intensity) between -109 and -118 ppm (see G. Engelhardt 1991). Bearing in mind that 

the ^^Si NMR spectra resolution is about 0.1 ppm, it is clear, the method is applicable for 

structural studies on ordered zeolites. Study of this kind by J.M. Thomas, J. Klinowski et al 

(1983) and C.A. Fyfe, G.C. Gobi et al (1983) established that silicalite and zeolite ZSM-5 have 

the same framework topology. However, any type of disorder, e.g. in the aluminium 

distribution or the hydroxyl group containing defects, highly increases the difficulty of 

deciphering the spectra.

Angle/°
Chemical shift o f Si(OAl) 

peak vs. Me^Si/ppm

Faujasite 139 -103.1
ZK-4 148 -111.0
NMe^-sodalite 158 -116.2

Table 1.3. Chemical shift o f Si(OAl) peak as function of T-O -T angle in sodalite cages

Another technique, cross-polarisation (CP) in the 'H-"^Si NMR spectrum enhances the 

signal of SiOH defect groups (J.B. Nagy, Z. Gabelica et al 1982) which facilitates the 

determination of chemical shifts of specific hydrogen containing defects. The work followed 

the first observations by E. Lipmaa, M. Magi et al (1981). However, unfortunately the 

intensities in the resulting spectra can not be used for measurement of the defect concentration, 

because the extent to which the technique excludes the corresponding dipole interaction is 

unknown. Thus, CP is a valuable tool for signal assignment after which the non-CP spectrum is 

used to analyse the material. From this point of view, 'H  signal measurements seem to increase 

the reliability of the results.

Extensive use of the ^^Si MAS NMR technique in recent years has enabled the 

measurement of the framework Si/Al ratio measurements. Elemental analysis does not 

distinguish between extra- and intra-framework metal ions, and the error in the determination of 

framework cation concentrations can approach the order of magnitude, especially when the 

analysis is performed on highly dealuminated species with large amounts of Al remaining in the 

channels and cavities of the sample (e.g., see I. Hannus, J.B. Nagy et al 1995). In the case of 

low aluminium concentrations, ^^Al NMR spectroscopy can be applied due to the high 

aluminium receptivity (see table 1.4.2).

The ^^Al NMR spectra have a poorer resolution than those of ^^Si since the higher spin of 

^^Al leads to higher multipole contributions. On the other hand, the spectrum structure is 

simpler: owing to Loewenstein's rule, only one variant of chemical composition around an Al 

ion is possible - Al(4Si). Two major lines usually appear in ’V l  NMR spectra: one, in the range 

of 50-^70 ppm, is due to the tetrahedrally coordinated aluminium; another, about 0 ppm, arises 

from the octahedrally coordinated sites. It is not clear whether 5- or 6 -coordinated Al can be 

present as a part of the zeolite framework in any significant concentrations; but tetrahedral 

species are certainly a part of the extraframework aluminium resulting from zeolite 

dealumination. Nevertheless, the method has been used many times to estimate the relative 

concentrations of tetrahedral and octahedral aluminium. The presence of extraframework 

tetrahedral aluminium seems to be responsible for the discrepancy in results on the extent of
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dealumination obtained from ^^Si and NMR experiments (the problem of "invisible" 

aluminium). To separate different contributions to the tetrahedral Al signal, the two- 

dimensional quadmple nutation MAS NMR technique can be employed, but because of 

technical and theoretical problems such works remain scarce.

Potentially, '^O NMR spectroscopy is very promising for defect studies, but it has hardly 

been used in recent years. The reason is the very low value of the relative receptivity of '^O. 

The technique is also very expensive as isotope enrichment is necessary. As well as ^^Al 

isotope, also has a high nuclear spin giving rise to a strong quadrupolar interaction, which 

leads to signal broadening and other experimental problems, and thus is inferior to other NMR 

spectrometries. Early work by H.K. Timken, G.L. Turner et al (1986) has highlighted two main 

features of the ' O spectra: the main peaks due to Si-O-Si and Si-O-Al structural units in the 

ranges of 314-45 and 444-57 ppm, respectively. Two-dimensional quadrupolar nutation 

experiments are expected to be extremely useful for resolving the quadrupole spectra with a 

special emphasis on hydroxyl groups. As an example of unsolved questions which could be 

answered by application of this technique we note the following. It is not clear, why hydroxyl 

bridges should not introduce splitting of the Si-O-Al signal into two sub-peaks, one from the 

three "bare" oxygens and another from the hydroxyl.

As mentioned previously, we consider aluminium at T-sites as a defect in a perfect 

siliceous framework. Therefore bridging hydroxyls also constitute in our interpretation defect 

sites in zeolites. These and other types of hydrogen containing defects are also actively studied 

with ‘H NMR spectroscopy. Depending on the zeolite history (the kind of synthesis and 

treatment the material has undergone), the 'H NMR spectrum varies considerably, but in 
general the following lines can be found in the spectra. The terminal silanols give a signal 

between 1 and 2 ppm; bridging hydroxyls can be found between 3.5 and 6  ppm (which includes 

"superstrong" acid sites), and extraframework species can be seen between these two intervals 

(e.g. AlOH) and down field from 6.5 ppm (e.g., the ammonium cation).

The topics of NMR studies vary a great deal, and only a few can be discussed here, 

however, a number of works deserve especial attention. E. Brunner, H. Ernst et al (1992) 

following an earlier report (D. Freude, M. Hunger et al 1987) have undertaken a comprehensive 

multinuclear study on zeolites ZSM-5, Y and mordenite; the work also included experiments on 

boralite and phosphate zeolites SABO-5 and SAPO-5. The authors have investigated the 

decomposition of the TPA template in zeolite ZSM-5 upon calcination and acid leaching. 

Vicinal silanols were found to arise, as confirmed by a shift of the 'H NMR line from 1.4 to 2.2 

ppm (the shift suggests the formation of nearby hydroxyl groups). Geminal silanol groups were 

ruled out by the absence of the corresponding signal in the "‘̂ Si MAS NMR spectrum. Another 

topic of that work was the nature of non-framework aluminium. An interesting result was that 

all the extraframework aluminium was present in the mordenite ^^Al spectra, but only a smaller 

part was observed for zeolites Y and ZSM-5. The model of non-framework tetracoordinated 

aluminium has been proposed as the AlOOH molecule associated with two framework oxygens, 

forming a hydrogen bond with another oxygen of the framework (see eq. 1.3.10).
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E. Brunner, H.G. Karge et al (1986, 1992) have reported the correlation between the ’H 

NMR chemical shift and the stretching vibration frequency of hydroxyl groups. Two linear 

correlation were found for noninteracting and hydrogen bonded hydroxyls on the basis of data 

collected from a wide range of zeolitic and other materials. Respectively:

and

ÔH(ppm) = 57.1 - 0.0147voH(cm'^) (1.4.1)

ÔH(ppm) = 37.9 - 0.0092voH(cm ^). (1.4.2)

H. Ernst, D. Freude et al (1994) have used MAS and echo ^^Al NMR experiments in 

studies of both Brpnsted and Lewis acid sites in zeolites ZSM-5 and Y. The findings have been 

of rather a methodological character but, for the first time, the "invisible" aluminium was fully 

accounted for by only an NMR experiment.

Dealumination of zeolites, as one of the most important treatments, has frequently been 

monitored using NMR techniques. G.R. Hays, W.A. van Erp et al (1984) compared different 

ultrastabilisation processes using the ^^Si MAS NMR method. The authors in that work 

presented some of the first evidence for the complex hydroxyl defect healing upon secondary 

calcination and acid leaching.

D. Freude, J. Haase et al (1987) studied thermally treated zeolite Ca-A. An unusual result

was that no aluminium was released from the framework and all the defects responsible for

molecular diffusion and surface barriers have been identified as the extraframework aluminium 

occluded in the as-prepared material. G. Zi, T. Yi et al (1989) have studied the defects due to 

dealumination in zeolite Y, in particular. They have found that the treatment of the 

dealuminated zeolite with silicon compounds, such as SiCU^ only partially removes T-site 

vacancies present as hydroxyl nests. E. Ponthieu, P. Grange et al (1992a) have reported that 

acid leaching leads to partial reincorporation of aluminium into the framework of zeolites 

offretite and Q. (several techniques were used in this study including ^^Si NMR). J. Datka, W. 

Kolidziejski et al (1993) have used NMR spectroscopy to study the zeolite Y dealumination by 

H4EDTA. The creation of hydroxyl nests upon dealumination was confirmed in the work; it 

was also noted that in the absence of a silicon containing agent the T-site vacancies remain 

unoccupied. S.M. Campbell, D.M. Biby et al (1996) have used ’̂ ^Xe NMR as a probe for the 

presence of extraframework aluminium in dealuminated HZSM-5.

Some impressive results have been obtained with the NMR technique in studies of the 

reverse process - zeolite alumination. H. Hamdan, S. Endud et al (1996) report on zeolite 

MCM-41 converted into Na-A. P. Wu, T. Komatsu et al (1995) in their study on mordenite 

have found that the amount of aluminium incorporated upon alumination was approximately 

four times smaller than the number of internal silanol groups that disappeared from the 

spectrum. This has given a strong argument in favour of the hydroxyl nest as a typical structural 

defect in zeolites.

P. Batamack, C. Dorémieux-Morin et al (1991), using multinuclear NMR experiments, 

have investigated the interaction of water with Brpnsted acid sites in a "defect-free" zeolite 

HZSM-5. The authors have interpreted two distinct species found as a water molecule
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physisorbed at the acid site and a hydroxonium ion H^O^. The latter implies the presence in 

zeolites of Al-0"-Si isolated defects, as the hydroxonium ions can readily migrate along the 

zeolite channels. The question then arises as to the excess electronic charge localisation and 

stability. R. Ryoo, H., Ihee et al (1995) have used the '^^Xe NMR technique along with the 

electron spin resonance method to study hydroxyl groups in zeolite ZSM-5. The authors have 

found a proportionality between the aluminium content and the width and the chemical shift of 

the ’^^Xe NMR signal. A similar trend has been observed in the electron spin resonance. The 

results have been attributed to paramagnetic solid-state defects arising in HZSM-5 from the 

Brpnsted acid sites. The question now is the detailed nature of these defects.

1.4.3. Electron spin (or paramagnetic) resonance (ESR or EPR)

The ESR technique has been employed with zeolites possessing a well defined 

crystalline structure, which enabled detailed insight into the structure of the defects formed. 

The phenomenon of electron spin resonance is similar to that of nuclear magnetic resonance. A 

linear relationship is assumed between the values of the electron-level splitting and the external 

magnetic field. Therefore the observable measured is a differential absorption spectrum 

proportional to the g-tensor (Lande's factor), which is not exactly true even in the first order 

perturbation theory. However, the diamagnetic contribution is quite small, and an important 

fact is that the resulting spectrum is characteristic and yields the symmetry of the unpaired 

electron distribution and the extent of its delocalisation. Thus, only paramagnetic centres in a 

material can be studied by means of the ESR spectroscopy. Additional information is brought 

forth by the hyperfine structure of spectra which is due to the spin-orbit interaction with nearby 

paramagnetic nuclei (and is characterised by the hyperfine coupling tensor).

Electron paramagnetic centres in zeolites mainly result from 1) a y-irradiation pre

treatment which is used for zeolite activation in cumene cracking and other catalytic reactions,

2 ) some chemical reactions that involve radical species as intermediates (adsorption of olefins 

etc.). An additional contribution is due to molecular species like oxygen that are naturally 

paramagnetic and present in zeolite channels and cavities.

The first work, to our knowledge, employing the ESR technique in the study of zeolites 

was undertaken by D.N. Stamires and J. Turkevich (1964 a,b). Combining the ESR method 

with the use of organic molecules as molecular probes, the authors proposed a mechanism for 

the NH4Y zeolite in which the NH4‘̂ extraframework species decompose to ammonia and 

protons; the ammonia molecules leave the zeolite whereas the protons form intermediate 

Brpnsted acid sites. Under intensive heating every second hydroxyl group is expelled from the 

framework and reacts with available protons on the remaining Brpnsted sites and leaves the 

zeolite as a water molecule. A Frenkel defect pair results from the process, the first member of 

the pair being a trigonal Al and SC at the oxygen vacancy (Lewis sites), a tetracoordinated Al' 

being the second. This defect has not been directly observed since it is clearly diamagnetic. But 

it was a good rationalisation for the radical species found by monitoring the ESR. In a second 

study the authors have dealt directly with structural defects in zeolites. Both electron and hole
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defects have been observed and interpreted as F* centres (although there is no definitive 

evidence for this assignment) and V centres(see eq. 1.3.9).

The difference between electron and hole centres is determined by the sign of the 

isotropic (averaged) value of the g-tensor in relation to the free electron value of 2.00229: the 

shift down field corresponds to an unpaired electron, and the shift up field indicates a hole.

D.N. Stamires and J. Turkevich (1964b) have reported an X] centre in a y-irradiated zeolite 

NaY at g=2.0200 which indicated a hole. The signal did not exhibit any hyperfine structure so 

that the centre did not have ^^Al or ^^Na nuclei in proximity. This and other considerations have 

suggested a hole centre of the V2 type. A released electron was not found to give any 

observable ESR signal, but was associated with an unstable pink colouration of the zeolite upon 

y-irradiation. It was only clear that the electron should be highly delocalised, possibly over an 

entire zeolite cavity.

Décationisation of a NH4Y zeolite, presumably in accord with the mechanism discussed 

above, gave rise to some trigonal aluminium sites in the framework. These were used to explain 

new %2-centres which appeared in the ESR spectrum at g=2.001. The signal exhibited a 6 -fold 

hyperfine structure, which corresponds to the spin-orbit interaction with ^^Al (/=% ), and the 

coupling constant A was found to be about 5 Oe (4.7 10'^ cm '). The %2-centres could be found 

only in decationised samples. It was concluded that the centre observed was an electron 

associated with a trigonal Al next to an O vacancy, i.e. a classical centre. Thus a trigonal 

aluminium Lewis acid site is a precursor o f  an centre in processes resulting from  the 7 - 

irradiation and oxidation with the radical molecules yield.

The next major contribution was made by J.C. Vedrine and C. Naccache (1973). Both Vj 

and V2 holes have been reported and their symmetry has been found to indicate an 

orthorhombic crystal field on the site. The nature of the centre was then unambiguously 

determined as an electron hole localised in a p  orbital of a bridging oxygen. A further study of 

the interaction between a Vj centre and molecular oxygen has indicated the formation of a new 

centre in which an unpaired electron of a V/-centre and one of the unpaired electrons of an 

oxygen molecule couple to form a bond; the unpaired electron left is then localised on a 

terminal oxygen ion. The study included a special enrichment of the samples with '^O which 

gave rise to a specific hypefine splitting of the ESR signal.

A. Abou-Kais, J.C. Vedrine et al (1974 and 1975) have studied zeolites in the H-form 

treated by y-irradiation. Both V  centres were found to give very close signals at gxx=2.002, 

gyy=2.005 and gzz=2.045. The authors interpreted this observation as being due to electron 

expulsion from lattice oxygen sites. Then an electron can find as an acceptor, a proton, thus 

forming the neutral hydrogen atom. The corresponding signal in the ESR spectrum is present as 

a doublet with the 501 Oe splitting. Atomic hydrogen has been found to be trapped in the 

zeolite cavities which hindered its recombination with the V-centres. The authors have also 

shown that the extraframework cations tend to decrease bonding of the atomic hydrogen with 

the framework, decreasing in effect the activation energies of recombination (2.5 kcal/mol for 

Na-HY and 0.9 kcal/mol for La-HY zeolites). The trapping of atomic hydrogen was 

characterised by a shift of the coupling constant of the ESR signal. It was shown that a decrease
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in the recombination activation energy strongly correlated with a decrease in the shift of the 

splitting. Moreover, the authors have demonstrated, that the natural width of the ESR signal of 

the V-centres was determined by the T-O-T' angle and T-O distance distribution in the zeolite 

sample.

S. Shih (1983) studying zeolite HZSM-5 also concluded that the Vi type of defects 

should be crucial in the formation of radical species as followed from the transformation of the 

ESR spectra upon the introduction of reactant (such as 2-butene) into the zeolite. It has been 

suggested that the Brpnsted acid sites in zeolite ZSM-5 react with molecular oxygen upon 

calcination at 500° C to yield Vy-centres.

An exhaustive review of radical processes in the adsorption of olefins on zeolites as 

studied by means of the ESR spectroscopy has been undertaken by A.A. Slinkin and A.V. 

Kucherov (1985). To avoid repetition, we only note that all relevant defects have been 

described above. Yet one interesting hypothesis has been presented and deserves attention. 

Although direct observations have not been made, strong arguments have been advanced, that 

the oxidative centre in the H form of mordenite should be a hole centre associated with silicon 

and adjacent to a Brpnsted acid site.

B. Wichterlova, J. Novakova et al (1988) in studies on ZSM-5 and Y zeolites have 

obtained an ESR signal with axial symmetry (similar to V/,2-centres) and 12-fold hyperfine 

splitting. This was attributed to an electron hole on an oxygen atom interacting with two Al 

nuclei - one of the framework and the other of the extraframework species. The defect was 

found to be very stable as compared to Fy-centres. Experiments in a hydrogen atmosphere have 

demonstrated that all hole centres were stable at 77 K, but transformed into an unknown species 

at room temperatures; in turn, the latter was stable up to 400 K.

S. Engel, U. Dynast et al (1994) have undertaken ESR experiments on silicalite calcined 

at 950° C. Although a signal at about g=2 was found, the authors admitted that, due to its weak 

intensity, they could not made a definite assignment: E'-centres, free radicals or electrons, all 

could be good candidates. M.l. Rustamov, A.A. Garibov et al (1988) have used the technique to 

study the kinetics of the accumulation of radiation defects in the zeolite Y containing catalysts. 

The V] type of centres and the hydrogen atom recombination rate has also been studied as a 

function of water uptake.

Other direct ESR studies on paramagnetic centres in zeolites are few and in one or 

another way used the molecular probe technique or characterised naturally paramagnetic 

species like the substitution of transition metal cations into the framework. For example, N.K. 

Mai and A.V. Ramaswamy (1996) have used the ESR experiments to support their proposal 

concerning formation of peroxide species in Sn-silicalites. M.S. Rigutto and H. van Bekkum 

(1991) have studied a vanadium containing silicalite and using the ESR spectroscopy affirmed 

that the vanadium is present in the zeolite framework in a square pyramid coordination and not 

as a tetrahedral species. l.V. Mishin, V.A. Plakhotnik et al (1983) have used ESR spectra to 

characterise Cû "̂  cations in mordenites and found that in dehydrated samples the cations are in 

a square pyramid coordination, otherwise forming mobile hexaaqua complexes.
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Electron trapping by the metal extraframework cationic clusters has been the subject of 

numerous studies including a number with the ESR technique. In particular, G.A. Kuranova 

(1991) has reported an observation of 7- and 13-fold hyperfine split signals from zeolites NaA 

and NaX,Y, respectively. The signals were ascribed to Na2‘̂ (in NaA) and Na4 "̂̂  (NaX, 

Y)clusters formed upon electron trapping. A recent work by M.W. Simon, J.C. Edwards et al 

(1995) has also confirmed the presence of Nâ "̂̂  clusters in zeolites NaX. It was shown that the 

exposure of such clusters to air leads to the formation of superoxide ions adsorbed on Na"̂  

cations. Heating the clusters resulted in their decomposition with peroxy formation. Thus an 

electron was trapped on molecular oxygen which does not occur in the case of direct extraction 

of an electron from a framework oxygen ion with F-centre formation.

Since the first work of D.N. Stamires and J. Turkevich (1964a) the main question in ESR 

as well as other kind of studies on zeolites as regards their catalytic activity remains the same: 

what is the nature of the oxidising (Lewis) sites. D.J. Coster, A. Bendana et al (1993) have 

shown that the hyperfine splitting in an ESR signal of organic radical cations absorbed in 

zeolites and other acidic solids can be used to measure the Lewis acid site strength. A. Gutsze, 

M. Plato et al (1996) using NO as a molecular probe in the ESR experiment on zeolite ZSM-5 

obtained the structure of a M^NO complex (M'^=Na'^ or a Lewis acid site). A "true Lewis acid 

site" has been identified as the (ALOy)"  ̂ complex with AlO^ being the simplest example. G. 

Harvey, R. Prins et al (1996) have undertaken the study of oxidation sites in dealuminated 

mordenite monitoring alkene adsorption with the formation of radical species. The authors 

observed that the radical hole species found in the ESR spectra had no electronic counterpart in 

the ESR spectra, unless species with high electron affinity were co-adsorbed. The 

rationalisation was that the Lewis acid sites should be two-electron acceptors. T.H. Chen with 

co-workers (1996a,b) and P.A. Barret, G. Sankar et al (1996), on the contrary, reported trigonal 

aluminium as a Lewis acid site, resulting from dehydroxylation of zeolite (ALPO in the second 

case; for further discussion see Section 1.5.7). S. Kowalak, A.Yu. Khodakov et al (1995) have 

applied the ESR technique to follow the aminoxyl radical TEMPO adsorption on mordenite.

To complete our account, only one work on zeolites has been reported where the electron 

nuclear double resonance technique (ENDOR) has been employed. That was a study of iron 

incorporation into the zeolite framework by D. Goldfarb, K.D. Strohmaier et al (1996). Further 

application of this, a very powerful and reliable method of local structure determination, should 

be encouraged

1.4.4. X-ray photoelectron and Auger electron spectroscopies (XPS and AES) 
fo r  the core electrons

XPS experiments have been used increasingly often the last 20 years to measure the 

electron binding energies in zeolites. The method belongs to the family of surface 

spectroscopies with the typical depth of sampling in a range of 0-^50 Â. This permits the 

exploitation of the XPS technique as a tool of non-destructive qualitative and quantitative 

analysis of the zeolite surface and subsurface layers. The spectra are usually excited by A1 K a  

(1486.6 eV) or Mg K a  (1253.6 eV) radiation; hence the photoelectron spectra include
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characteristic lines of all zeolite constituent elements. For instance, the data obtained on Na-Y 

zeolite at 673 K (from W. Griinert, R. Schlogl et al 1993 and M.J. Remi, M.J. Genet et al 1993) 

and complemented by data for N at room temperature (due to R.B. Borade, M. Huang et al

1993) comprise the following lines:

Binding energy, eV 
m72.7

Core electron
Na (Is)
o 531.8
Si (2 s) 
Si (2 p)

53.5

A1 (2s)
A1 (2p)

284^
400N (Is)

Table 1.4. Binding energies o f core electrons of zeolite constituent elements.

Only the core electron region of the spectra is considered here, but naturally the valence 

electrons also contribute to the spectra and this will indeed be the subject of the following 

section. The nitrogen and carbon data are cited in the table since both elements are essential 

components (either as template or probe molecules) of the organic species present in the zeolite 

pores.

As has been summarised by W. Griinert, M. Muhler et al (1994), the XPS studies so far 

have concentrated on the following topics:

1) The Si/Al ratio variation between the surface and the bulk o f  the crystal. For instance, 

in a series of samples investigated by J.-Fr. Tempere, D. Delafosse et al (1975) the value at the 

surface was found to be twice as large as that for the bulk.

2) External species introduced into zeolites. A  recent brief account of an in situ XPS

study of metal exchanged Na ZSM-5 (with divalent Co^^, Nî "̂ , Cû "̂ , Pd^^ and trivalent Fê "̂ , 

La^^, Ce'^  ̂ ions) was given by L.P. Haack, C.P. Hubbard et al (1995). The distribution and 

redox properties of transition-metal ions, the metal phase formation, the macrodistribution of 

metal particles, the synthesis of microsize semiconductor clusters, and the formation of 

complexes such as phtalcyanines have also become the subject of XPS experiments.

3) Catalytically active sites in zeolites have been investigated using the N (Is) line of 

adsorbed ammonium, pyridine or pyrrole in the temperature programmed experiments (see, 

e.g., R.B. Borade and A. Clearfield 1994). This has given a new insight into chemically

relevant defects in zeolites and will be discussed in more detail below.

4) Shifts o f the binding energies o f the core electrons on the framework atoms as a 

function o f  the Si/Al ratio or o f  the ion exchange. In practically all studies it has been found that 

the binding energies for all elements except aluminium decrease with an increase in the A1 

content. In experiments performed by W.Griinert, M. Muhler et al (1993 and 1994), following 

works of T.L. Barr, L.M. Chen et al (1988 and references within) the A1 (2p) line position was 

practically unaffected by changes in the Si/Al ratio, whereas B. Herreros, H. He et al (1994) 

and R.B. Borade and A. Clearfield (1994) reported similar trends in the shift for all elements 

including aluminium.
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The values of the binding energy are determined by the initial and final states of the 

photoionised atom. W. Griinert, M, Muhler et al (1994) have measured the classical Auger 

parameter for zeolites of different Si/Al ratios and showed that the final state effects are 

irrelevant for the explanation of the binding energy shifts. Only aluminium presented a 

problem: a new state for it has been observed, but its nature remains unclear. It has been 

concluded that the trend in the binding energies can be thought to be caused by a corresponding 

trend in the initial level shifts for which a number of explanations was offered. B. Herreros, H. 

He et al (1994) have emphasised the charge transfer within the zeolite framework; Y. Okamoto, 

M. Ogawa et al (1988) pointed to the charge transfer from the extraframework cations on to the 

framework; W.Griinert, M.Muhler et al in collaboration with J. Sauer (1994) referred to the 

Madelung field effects which was corroborated by an interatomic potential type of calculation 

using formal charges on all ions. Apparently, all three mechanisms are present in reality and 

combine to produce the total effect. E. Ponthieu, P. Grange et al (1992), for example, in their 

study on offretite and omega zeolites did not find any changes in the A1 and Si 2p electron 

chemical shifts with respect to the kind of counterion (contrary to the results of Y. Okamoto, 

M. Ogawa et al 1988). The authors in their rationale have emphasised the complex nature of 

the chemical shift.

In a number of works it has been shown, that the binding energies as measured in the 

XPS experiment on core electrons are not very sensitive to coordination effects, which are 

often in question in zeolites where, for instance, we would like to distinguish between 

tetrahedral, octahedral and, possibly, trigonal aluminium. The problem, however, can be 

tackled by making use of the combined XPS and Auger effect based experiment (see theoretical 

discussion by R.J.-M. Pellenq and D. Nicholson 1993), as the electrons, whose Auger kinetic 

energy spectra are measured, originate from the higher bands in the material. (These electrons 

are, to a larger extent, exposed to interaction with bonding electrons.) Parameters of the 

electronic structure including partial charges and ion polarisabilities could be derived, if the 

experiment provided a complete set of data to calculate the generalised Auger parameter:

= E(i, j , k) - E(i) + E(j) + E(k) , (1.4.3)

where E(i, j , k) is the kinetic energy as measured in the Auger experiment and E(i), E(j) and 

E(k) are the corresponding binding energies from the XPS experiment. Unfortunately, this is 

still not commonly used, as X-ray sources with higher than usual energy are necessary (for 

example, the Al(KLL) process involves excitation of the same electron that is responsible for 

the primary A1 Ka radiation and thus the binding energy of a K-electron cannot be expected to 

be measurable). Instead, the classical Auger parameter, defined as

a  = E ( iJ J ) + E ( j ) ,  (1.4.4)

is measured, usually on an A1 (KLL) Auger peak. This parameter cannot be used as the 

quantitative measure, but still it was shown to be highly sensitive to chemical environment. 

Moreover, Pellenq and Nicholson pointed out that a linear correlation between the generalised 

and classical Auger parameters exists and could be exploited.
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The method was applied to zeolites and aluminophosphates by A.M. Winiecki, S.L. Suib 

et al (1987, 1988) who revealed the higher sensitivity of A1 2p states to the chemical 

environment as compared to the Si 2p states. M.J. Remy, M.J. Genet et at (1992) using the 

same technique found indications of the presence of trigonal aluminium presence in the 

zeolite's under-surface layers. The technique was also applied by G. Moretti (1994) to studying 

Pd and Cu clustering effects in zeolite and other aluminosilicate pores. Moreover, the authors 

have worked out an empirical model to estimate the metal ion polarisability on the basis of the 

Auger parameter measured.

1.4.5. X-ray and ultraviolet photoelectron spectroscopies (XPS and UPS) 

fo r the valence band electrons
Direct excitation of electrons from the valence band provides the unique insight into the 

energy distribution of electrons that form chemical bonds in the material. Until recently X-rays 

were the main source of excitation used in experiments on zeolites. W. Griinert, R. Schlogl et al

(1993) have shown how the irradiation of zeolites in the ultraviolet range can also be used. An 

advantage of the latter technique is that it gives much better quality spectra with higher 

resolution.

T.L. Barr, L.M. Chen et al (1988) performed the first comprehensive XPS valence band

(VB) study on zeolites and placed zeolites in a general series of alumina, silica and

aluminosilicate materials. (The zeolites used in the experiments were ZSM-5, mordenite. A, X, 

Y and L.) The following features of the spectra were reported:

Peaks at about -23 eV, which is about 7 eV lower than the bottom of the upper VB in

silica materials, were attributed to O 2s states. Afterwards that signal was omitted from

consideration.

The VB parameters for the two limiting cases of silica and alumina materials as well as 

for sodium zeolites are presented in table 1.4.4. (the compilation is taken from tables I, II and 

III of the work of T.L. Barr, L.M. Chen et al 1988)

M aterial

Leading edge 

eV

Full width 

eV

Corrected width 

eV

Peak separation 

eV

a-silica -5.0 11.7 10.3 7.4

silica gel -3.3 12.8 10.5 7.0

silicalite -3.5 12.3 10.5 7.0

ZSM -5 -3.3 12.8 11.3 7.3

mordenite -3.3 12.4 10.1 6.7

NaY -3.0 12.2 9.5 6.8

N aX -2.1 11.8 8.8 5.7

NaA -1.9 11.3 8.5 5.8

a-alum ina -2.3 11.2 7.6 4.1

y-alumina -2.7 10.6 7.9 5.0

Table 1.5. Valence band parameters for silica, zeolite and alum ina materials
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As was shown in a series of works by P H. Citrin (1972); P H. Citrin, P. Eisenberger et al 

(1974); G.D. Mahan (1980); and G.K. Wertheim, I.E. Rowe et al (1995), the lines in the XPS 

are subject to the phonon broadening (unavoidable even at the lowest temperatures because of 

the zero point vibrations) with the width induced of about 1 eV, leading to the band width 

overestimation of the same order of magnitude. T.L. Barr, L.M. Chen et al (1988) also pointed 

out that the cross section of the XPS process in the valence band probably exhibits the 

following sequence:

A(os) > A(op) > A(7tp) , (1.4.5)

which greatly exaggerates the cr bond contribution to the XPS results. Since the bottom part of 

the upper VB of the materials in question is formed by the (T bond on O 2p states stabilised by 

contribution of the Si and A1 3sp states (as demonstrated by numerous quantum chemical 

calculations), there is yet another reason for the distortion of VB shape toward the lower 

energies and the band broadening. According to these authors, there is one more possible 

contribution to the VB broadening, i.e. the localised states at the band tails, especially in 

alumina. In our opinion, the latter, in fact, is quite an unusual idea: the localised states even in 

glasses have quite low density (which explains the transparency of silicate glasses in a wide 

visible and ultraviolet region); in crystals the only reason for their formation lies with point 

defects and high-temperature lattice distortions which should not be the case in the XPS 

experiments.

Thus the second column in table 1.5 represents the upper bound on the VB width. 

Because of the reasons outlined above, it is quite difficult to find from experiment the true band 

boundaries. An estimate can be obtained if we consider the slope of the XPS curve leading 

from the gap minima to the first band maxima. By taking the point situated half way up the 

slopes at left and right edges of the VB, we gain the result presented in the third column of the 

table. Finally, to be on the safe side, we could completely neglect the states in the peak tails 

that penetrate into the gaps and measure only the highest and lowest peak separation at their 

maxima points. These data are given in the last column. The largest corrections in the table are 

found for the alumina materials (more than 3 eV) which puts forward the question of the 

reliability of the data.

The major feature of the VB of both silica and alumina materials was the splitting into 

two sub-bands: the upper one of about 4 eV wide in silica and 2-2.5 eV in alumina due to the 

lone pairs on O 2p states, and the lower one, more or less structured, due to partly ionic, partly 

covalent a  and ;r bonds. Another important effect observed is the shift of the VB leading edge, 

the energies changing in going from silica to alumina materials by about 1-2 eV. It is difficult 

to give a better evaluation because of the band tails that are especially pronounced in alumina.

The important general conclusions of the work were 1) the introduction of the aluminium 

into the framework has to be considered in terms of the admixture of NaAlOz structural units 

into the silica for more siliceous materials and the other way around in NaA zeolites, where the 

VB structure resembles that of the aluminates; 2) the electronic structure of siliceous zeolites 

(Si/Al > 5) and other silica materials is very similar. B. Herreros, H. He et al (1994) continued
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the work described above studying sodalites and related mineral aluminosilicates. The study 

actually confirmed the trends in the VB outlined above.

The UPS technique is very new for zeolites; only a series of works by W. Griinert, R. 

Schlogl et al (1993) and W. Griinert, M. Muhler et al (1994 and 1996) has come to our 

attention. But the results are very promising as regards the quality of the spectra: low values of 

the density of states at the band tails and probably the low sensitivity of the excitation cross 

section toward the chemical bond character, which allows the direct comparison of the 

measured spectra with the results of electronic structure calculations (bearing in mind the 

phonon broadening phenomenon). The bold spectra observed in the experiment give a much 

clearer trend for the VB leading edge shift with the introduction of aluminium into the zeolite 

as summarised in Table 1.6. below:

Material Si/Al Shift, eV

NaA 1.0 0.0

NaX 1.5 0.5

NaY 3.0 0.9

NaM or 7.1 1.6

NaZSM-5 13.0 2.1

Table 1.6. Shift of the VB leading maximum in zeolites

The leading peak of the VB, in accord with the XPS studies, was attributed to the electron lone 

pairs in the O 2p states. Two pairs of peaks below could be discerned. The PI pair (4.2 and 7.2 

eV below the O 2p nonbonding peak) was most pronounced in siliceous materials; the authors 

attributed it to the contribution of Si-O-Si structural units. The PH pair (3.2 and 6.0 eV below O 

2p nonbonding peak) was related to the contribution of Al-O'-Si. In the hydrogen exchanged 

zeolites the PH signal has decreased which was related to a partial neutralisation of the charge 

excess around the Al-O'-Si units. No feature in the visible spectrum appeared upon hydrogen 

exchange into the zeolites. Apparently, hydrogen contributes to the bonding states at the bottom 

ofV B.

The authors also drew the following important conclusion (similar to the one drawn by 

T.L. Barr, L.M. Chen et al 1988) which will be used later in Chapter 3:

"The similarity between the spectra of Na-Mor, Na-ZSM-5 and Si0 2  indicates that the 

geometric structure of the zeolite is of minor importance for the [electronic] structure of the 

valence region..."

1.4.6. Optical visible and ultraviolet (UV) spectroscopy
As regards optical properties, ideal siliceous zeolites are wide-gap insulators transparent 

throughout the optical and greater part of the UV regions. The upper bound on the optical gap 

(fundamental absorption edge) is defined by the silica framework that lies in the range 9.5-10 

eV for all silica materials with tetrahedral coordination (see the discussion in V.P. Denks
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1994). The introduction of aluminium into the zeolite framework is expected to cause only a 

slight reduction in the gap width (the optical gap in corundum was estimated as 9.3 eV) but the 

extraframework species that accompany the aluminium - oxides, hydroxides, and halides of 

more electropositive counterions along with organic molecules placed into the zeolites as 

templates or guest species introduced during zeolitic application and point defects, all have a 

lower absorption edge which decreases in the approximate order cited.

Interband electronic transitions induced by irradiation reach far into the vacuum UV 

region which requires measurements under high vacuum conditions. As a result the technique 

has not often been used, especially, with respect to measurements near the fundamental 

absorption edge and beyond. In a recent work S. Engel, U. Kynast et al (1994) have 

investigated the diffuse reflectance spectra from a number of siliceous zeolites and one of the 

related mesoporous materials to determine the factors that affect the material transparency in 

the UV region. The template-free materials (zeolites MFI, LTA and FAU) did not exhibit any 

significant difference in reflectivity, all being transparent down to about 300 nm, the absorption 

increasing between 200 and 300 nm. The fine structure of the spectra was revealed between 

200 and 225 nm. Unfortunately, the light source (a Xe-lamp), did not allow measurements 

below 200 nm, a region where the exciton processes could be stimulated. Moreover, at 230 nm 

the measurements did not show any significant difference between the materials with different 

Si/Al ratios. Calcination of zeolites containing organic templates always leads to an increase in 

absorption with the edge shifting towards the region of longer wavelength. The template-free 

samples calcined at temperatures up to 600° C in the presence of various gases (Nz, O2, CO, Ar, 

H2O) did not affect the absorption spectra. In particular, a carefully prepared, template-free 

zeolite ZSM-5 showed good transparency down to 200 nm, but an apparent deviation of the 

reflectivity from the unit value with a monotonie decline from about 300 nm; the absorption 

gap at 2 2 0  nm and a sharp absorption peak at 2 1 0  nm were clear evidence for the intrinsic 

defects present in the material. The whole range of defects, models of which have been 

described above (see Section 1.3.1), were suggested by the authors without clear assignment. 

Further investigations with a better resolution and a higher-energy light source would certainly 

be desirable.

A.R. Leheny, N.J. Turro et al (1992) studied the decay of excited states of aromatic 

molecules in silicalite by means of thermal deflection spectroscopy. This refined technique 

allowed the authors to demonstrate the direct energy transfer from the excited adsorbates to the 

structural defects in the material, and to obtain the defect density (3+2 10^° cm'^ - one defect 

per unit cell) and to measure optical absorption spectra. From the position of absorption peak at 

293 and 283 nm and from a comparison with data from literature the authors concluded that the 

peaks were either due to a peroxide radical or a peroxide bridge defect. The formation of 

defects presumably had to be facilitated by calcination. Another candidate for the defect is the 

framework A1 and a counterbalancing cation pair (Na"̂  or H^): however the dipole moment 

associated with the impurity complex was estimated to be 10 D which is comparable to the 

dipole moment of the decaying molecule thus favouring the energy transfer interpretation. The
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data prompted the question of whether the absorption centres (the supposed peroxy species) 

could be identified with oxidising centres found in molecular probe adsorption experiments.

The work of V.P. Denks with co-workers concentrated on the sodalites. A number of 

results were obtained concerning the electron excitation and relaxation processes. V.P. Denks,

E.A. Vasil'chenko et al (1988) studied the photostimulated luminescence of nonstoichiometric 

iodine sodalites. The spectra exhibited a few pronounced peaks in the range 1-5 eV attributed 

to a recombination of electron and hole centres related to the extraframework halogen and 

alkali metal vacancies {F  and V f centres - at about 3-4 eV) and a new electron centre at about 1 

eV (the latter confirmed by the ESR experiment, see Section 1.4.3). The temperature 

dependencies of the electronic and ionic processes in Cl, Br and I sodalites were studied by 

V.P. Denks (1993, 1994 and 1996). The intrinsic framework defects were revealed by the X-ray 

stimulated luminescence of siliceous sodalite (zeolite Zh) with a dominant band at 2.9 eV. 

Another band, denoted Z7V7, observed at 3.1, 3.7 and 3.6 eV in Cl, Br and I sodalites, 

respectively, was attributed to radiative transitions on a sodium vacancy bound to a halogen ion 

(the X V e '  centres - X  stands for a halogen) in the process;

F(=V;e) + hv(F )-^V ;-¥e \

e + x^v; (xv;Ÿ -^xv; + hv(uvi),

(1.4.6)

(1.4.7)

where an F-centre is ionised by the irradiation in the F  band range (about 2 eV) and the 

electron released recombines with a hole at the neutral halogen bound to a cation vacancy. A 

more energetic band (called UV2) was also observed at 3.4, 4.6 and 4.2 eV (in Cl, Br and I 

sodalites, respectively). This was assigned to the X 2 molecular centres by analogy with 

corresponding alkali halide crystals; thus the origin of a new band was suggested as a 

recombination of the released electrons with such centres.

V.P. Denks (1994) also reported the absorption spectra of sodalites and proposed the 

band assignment as given in the table below (based on Table 1 in the original work):

Absorption band edge 

eV

Nature

7.5 C r  (spin-orbit splitting unobserved)

6.9 and 7.3 Br (with spin-orbit splitting)

5.9 and 6.8 1 (with spin-orbit splitting)

6.6 OH

7.4 H 2O in sodalite cavities

~8 aluminosilicate framework

8.5-9.0 oxygen exciton

Table 1.7. Nature of fundamental absorption in zeolites

All the absorption bands were considered to have local character with the fundamental 

absorption edge being due to the aluminosilicate framework with quite a low value of about 8  

eV. In our opinion this absorption edge is defined by the [A1 + counterion] oxide contribution 

rather than by the pure alumina (even given the tetrahedral coordination of Al) in accord with
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the results of T.L. Barr for the valence band shift in zeolites and aluminosilicates (see Section 

1.4.5).

The Nae'̂ "̂  centres, observed in NaX zeolites by M.W. Simon, J.C. Edwards et al (1995), 

show the photostimulated luminescence with a peak at 575 nm. The authors did not, however, 

offer an explanation or a mechanism. Apparently, an ionic relaxation upon excitation with a 

consequent photon emission was thought to be responsible. The smaller sodium clusters were 

the subject of the spectroscopic study by K.-K. lu, X. Liu et al (1993) on sodium sodalite and 

zeolites A, X and Y. In summary, the sequence of the absorption maxima positions is given in 

table 1.8 below. This emphasises an apparent increasing ease of electron solvation by bigger 

metallic clusters.

Species

Absorption maximum 

nm

Na6^+ 475

N a4^ 570

680

>750

Table 1.8. Absorption m axim a due to sodium clusters in zeolites

In a more recent study X. Liu, K.-K. lu et al (1994) using time-resolved transient 

absorption spectroscopy were able to induce a direct ionisation of the zeolite framework by the 

vacuum UV light (193 and 185 nm, or 6.4 and 6.7 eV). The ionisation threshold was reported to 

lie between 4.9 and 6.4 eV. Compared to an inter-band transition of about 8  eV, we can obtain 

the energy gain due to electron trapping by the sodium clusters to be in the range 1.6-3.1 eV. X. 

Liu, Y. Mao et al (1995) have also used pyrene as a molecular probe to study charge transfer in 

zeolites. They reported photoionisation of active sites and the guest species in zeolites X and Y, 

resulting in a charge transfer between the pyrene molecules and the zeolite framework with 

hole formation on the framework oxygen.

A serious problem arises with the interpretation of the luminescence and absorption 

spectra for various adsorbate molecular probes used on zeolites. As seen from the discussion 

above, zeolites are not optically neutral: various bands are present below the zeolite framework 

fundamental absorption edge; many of them overlap with characteristic bands of the molecular 

probes. In particular, the framework defects, that are produced upon zeolite dealumination, 

dehydration and calcination (used prior to a probe adsorption) easily obscure the probe signal 

unless special care is taken. Apparently, these defects are also activated by interaction with 

adsorbates, and thus their contribution to the observed emmision spectrum cannot possibly be 

separated from that of the probe. For example, P. Szedlaszek, S.L. Suib et al (1990) have 

reported the luminescence spectra from alumina and ammonium exchanged zeolite Y and 

mordenite, that were exposed to pyridine vapour after dehydration at 400° and 600° C. All 

materials exhibited a fluorescence band with the maximum between 320 and 340 nm. The 

zeolite signal in that region was thought to be split into two sub-bands attributed to pyridine 

adsorption at the Lewis and Brpnsted acid sites, respectively. However, the region where the
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peaks appeared is well known in silica and alumina materials in connection with the blue 

luminescence phenomenon. The latter is commonly attributed to peroxy, E ’ and its diamagnetic 

precursor defects (a trigonal silicon being one of them). In this context, it is difficult to see 

from this work how much we can rely on the band assignment. Even more so as these defects 

are the Lewis active sites and could easily trap an excitation due to activation by the adsorbate.

For other work where organic molecules were used as molecular probes of active sites in 

visible/UV spectroscopy experiments we should refer to a series of papers by A.Corma and co

workers (A. Corma, V. Fomés et al 1995, M.L. Cano, A. Corma et al 1995 and references 

within). The authors used thianthrene, xanthene, dibenzo[a,d]-cycloheptathriene and fluorene to 

study the electron transfer between the probes and the active sites with initial neutral and final 

radical species characterised by their luminescence spectra.

Yu.A. Bamakov, M.S. Ivanova et al (1994) studied CdS cluster formation in single 

crystals of sodium zeolites X and Y. The optical absorption experiments in the spectral region

1-5 eV confirmed that the pure zeolites are practically transparent here. The doping of the 

zeolite with CdS led to a narrow band appearing at 3.7 eV which was assigned to internal 

electron transitions in the CdS clusters. Moreover, the non-linear character of absorption by the 

doped zeolites was observed and attributed to cluster photolysis with the release of sulphur ions 

and their consequent migration. The thermo- and photo-stimulated transformation of the CdS 

clusters was also reported by T. Moyo, K. Maruyama et al (1992). These and other studies 

suggest that a number of interesting effects should be expected from aggregation of 

semiconductor nanoparticles in zeolites. A crucial question arises as to the trend in the optical 

transformation with the particle size. The particle size inevitably modifies the electronic 

structure because of interactions between the zeolite framework and the semiconductor particle 

surface.

1.4.7. Optical infrared (IR) and Raman spectroscopy
Vibrational properties of zeolitic materials are usually characterised by optical 

spectroscopy in the fundamental and far IR region. This is a traditional techniques for gases and 

liquids, but it does not provide a comprehensive description of the phonon spectra and 

dispersion in crystals where our understanding of such processes could be vastly enhanced by 

the inelastic neutron scattering experiments. Nevertheless the technique has been highly 

successful in the characterisation of localised vibrations as exhibited by guest species as well as 

defect sites in the zeolite framework. Optical phonons involving vibration of the framework 

building units were also scrutinised for almost all known zeolites. Much less is known about 

the low-frequency region (below 400 cm'').

In early work of F.M. Flanigen, H, Khatami et al (1970) the main zeolite framework 

vibrations were already characterised and found to be similar for a large range of zeolites; the 

assignment was made as shown in table 1.9 below (as given in Fig. 7 of the work cited). The 

authors also reported a number of basic trends observed in the spectra of the zeolites. First, they 

found a linear decrease in all the main band frequencies as the aluminium fraction per unit cell 

increased; the slope had similar values for analogous bands of different zeolites, but a
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significant scatter was observed, especially comparing different bands, which shows the 

structural sensitivity of this characteristic. Dehydration was found to only slightly affect the 

spectra except in the case of strong coupling of the extraframework cation with the framework. 

In this case dehydration and dehydroxylation (at higher temperatures) is accompanied by cation 

movement resulting in strong framework distortion. Such changes were found to be particularly 

pronounced in the double-ring unit region of the spectra.

Vibrational modes resulting from the 

following structural units

Frequency

c m '

Si,Al - 0  bonds (asymmetrical stretch) 1250-950

Si, Al - 0  bonds (symmetrical stretch 950-650

Double ring 650-500

Si, Al - 0  bending 500-420

Pore walls 420-300

Table 1.9. Assignm ent of vibrational modes of zeolite frameworks

Contribution to the spectra due to the hydroxyl stretching modes has also been known for 

a long time. Three corresponding signals are commonly recognised from different defect groups 

and classified as follows for the HNaY zeolite (see J.H.C. van Hooff and J.W. Roelofsen 1991):

3740 cm ' - non-acidic isolated silanol groups at the outer surface and as a part of 

complex defects in the zeolite bulk;

3640 cm ' - Brpnsted acid sites;

3540 cm ' - hydrogen bonded silanol groups; this is a very broad band which can 

stretch down to 3200-3100 cm '.

Combined IR spectroscopy, NMR spectroscopy and thermogravimetry studies of zeolite 

dealumination aided assignment of particular bands of the IR spectra and helped in establishing 

and characterising a number of important defects.

H.K. Beyer, l.M. Belenykaja et al (1984) demonstrated that acid leaching of mordenites 

induces a new band at 935 cm ' which disappears after steaming the sample. It was suggested 

that the new band is either characteristic of open rings, resulting from the dealumination, or of 

the bending modes of the nest hydroxyls. The results were in accord with other reports. 

Apparently the same band was observed by P. Fejes, 1. Hannus et al (1983); the authors then 

ascribed the band to the "non-intact" Si-O-Si linkages which should have exhibited irregular 

bond distances and angles with an extra bond polarisation. In more recent works on 

orthorhombic silicalite a similar band was found at 960 cm ' with a counterpart in the Raman 

spectrum at 976 cm ' (see D. Scarano, A, Zecchina et al 1992 and G.L. Marra, G. Tozzola et al

1994). The authors suggested the assignment of an analogous band to a T-site vacancy as 

related to two possible ways of saturation of dangling oxygens: by protons or by formation of a 

"non-intact" Si-O-Si bridge. M.A. Camblor, A. Corma et al (1993) observed a signal at 960 cm' 

' in a Ti substituted (3 zeolite, and also assigned that band to silanol groups in contrast to
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previous work where it was thought to originate from a T = 0  bond stretch. Other researchers 

have, however, interpreted this band as being due to localised framework vibrations around the 

Ti sites in Ti substituted zeolites (see e.g. A.J.M. de Man and J. Sauer 1996)

P.O. van Geem, K.F.M.G.J. Scholle et al (1988) have shown that the bands at 620 and 

710-730 cm * in the IR spectra of mordenites are due to A l-0 stretching modes when aluminium 

is situated in the single 4-membered rings. Dealumination transforms the materials from small- 

port to large-port mordenites while the corresponding bands disappear from the spectra.

Another band, arising in the range 3650-3700 cm ', upon zeolite dealumination with 

steaming has been frequently discussed and a number of explanations have been offered. These 

include the extraframework Al-OH species bound to the framework as in (1.3.10), silanols at 

defect sites and hydroxonium ions resulting from molecular water adsorption at acid sites (see 

M. Maache, A. Janin et al 1995). The first hypothesis could probably be rejected as the 

frequency for terminal Al-OH groups were reported to lie about 100 cm ' higher (see E. 

Loaffler, U. Lohse et al 1990) whereas a hydrogen bonding would put it somewhat lower and 

give rise to a significant broadening which was not observed. The band, in fact, has a complex 

structure which can be interpreted as being due to different sites. One, a high-frequency acidic 

hydroxyl observed at 3690 cm ' in zeolite HY (J. Datka, B. Sulikowski et al 1996) and at 3703 

cm ' in zeolite Y after ultrastabilisation (H. Miessner, H. Kosslik et al 1993). High-frequency 

band is still assigned to extraframework aluminium, but an explanation is needed for the 

reduction in frequency. Another contribution to the 3650-3700 cm'l band then arises at around 

3660 cm ' (see V. Bosacek, E. Drahoradova et al 1993 for the zeolite Y spectra and E. Loeffler, 

U. Lohse et al 1990 work for zeolite HZSM-5). This band could be due to partial dehydration 

of the hydroxyl nests or the hydroxonium ion according to M. Maache, A. Janin et al (1995).

Zeolites, the frameworks of which include 6 -membered double rings (faujasite and 

erionite) were found to exhibit a specific absorption band above the usual fundamental 

stretching frequencies region (> 3900 cm '). L.M. Kustov, E. Loeffler et al (1995) have 

ascribed the vibration to a combination mode of an acidic site hydroxyl stretching and out-of

plane bending. The hydroxyls were thought to be situated in the D6 R structural units, where a 

hydrogen bond could form across the 6 -membered ring with a framework oxygen. The idea was 

supported by the presence in the IR spectra of a low-frequency hydroxyl stretching band 

(between 3550 and 3580 cm '). The latter allowed the authors to estimate the out-of-plane 

bending frequency to be in the range of 320-380 cm '.

Characterisation of Brpnsted acid sites of zeolites by means of molecular probes 

demonstrated that a single peak in the IR spectra is formed by adsorption on Brpnsted sites of 

different acidity. J. Datka and M. Boczar (1991), for example, using pyridine as a probe, found 

four types of acidic sites in zeolite NaHZSM-5, all giving a peak at 3609 cm ' of the IR spectra. 

The analysis of the signal is based on the following observation: upon probe adsorption, a 

hydrogen bond is formed between the probe and the proton site; the strength of the acid site is 

considered as being correlated with the site polarisation, which in turn determines the 

frequency shift. V.L. Zholobenko, M. Makarova et al (1993) reported similar findings in 

mordenites. Two types of sites were revealed by the deconvolution of the spectrum: one
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situated in a narrow 8 -membered ring channel; another was easily accessible to molecular 

probes and thus lies in the big 1 2 -membered ring channel

Detailed assignment of hydroxyl and other defect related modes for most zeolites has 

been the subject of numerous papers. A. Zecchina, S. Bordiga et al (1992a,b), in particular, 

separated the contribution of external and internal hydroxyl groups to the 3740 cm'' band and 

found that only 6-7% of all hydroxyls in silicalite were present at the external surface. Bearing 

in mind the low concentration of Brpnsted acid sites in the material, it is clear that most of the 

hydroxyls are a part of hydrogen bonded or free (isolated) silanols in the zeolite bulk. A. Janin, 

M. Maache et al (1991) in their study on the dealuminated HY zeolites used pyridine to analyse 

a high-frequency hydroxyl band. Three contributions were noted: one sub-band at 3747-3749 

cm ' was assigned to silanols attached to amorphous silica-alumina debris; a lower sub-band at 

3744-3746 cm ' was due to silanols attached to silica-rich debris (non-acidic groups); and, 

finally, a very narrow band at 3738 cm ' was associated with terminal silanols. The effect of the 

presence of metallic cations on the hydroxyl vibrational properties was studied by V. Bosacek, 

E. Drahoradova et al (1993) in zeolites Y. A remarkable conclusion was drawn that the metallic 

cations influence the proton spatial distribution but do not change vibrational frequencies 

which are controlled by the Si/Al ratio. The possible reasons for such a behaviour are not clear; 

as we have seen before the electronic spectra are strongly affected by the nature of the cation 

which should in turn change the acid site polarisability and frequencies.

I. Kiricsi, C. FI ego et al (1994) in studies of zeolite (3 acidity obtained an interesting new 

result: a very-high-frequency band at 3782 cm ' was found in the spectrum. The authors 

proposed that the band was associated with a hydroxyl group on the octahedrally coordinated 

aluminium that plays the rôle of a transient species leaving the zeolite framework. 

Dealumination of the framework proceeds in several steps between metastable states, and these 

data might be a first indication for the existence of such states.

Molecular probe experiments have been used for concentration measurements on 

zeolites. For instance, Y. Zi, T. Yi et al (1989) used signal of an adsorbed pyridine probe 

molecule to characterise the relative and absolute concentrations of Brpnsted and Lewis acid 

sites in zeolite Y. F. Loeffler, U. Lohse et al (1990) studied molecular hydrogen adsorption on 

the dealuminated HZSM-5 zeolite. The method seems to be highly sensitive to the type of 

adsorption site: up to six separate bands were recognised in the molecular hydrogen adsorption 

region between 4010 and 4130 cm ', which, in the authors' view, included low-coordinated 

silicon and aluminium as framework Lewis acid sites. S. Kowalak, A.Yu. Khodakov et al

(1995) came to a similar conclusion in their study of mordenites. The sites presumably arise 

from a partial dehydroxylation of the materials (see the discussion on Lewis acid sites in the 

following section). F. Di Renzo, B. Cliche et al (1996) using ammonia and carbon monoxide 

probes revealed two types of Lewis acid sites and one type of Brpnsted acid site in mesoporous 

MCM-41 aluminosilicate. Moreover, transformation of a Lewis site into a Brpnsted site was 

observed (as a result of water adsorption in the material). Adsorption of ammonia on 

aluminium and boron containing zeolites with the MFI structure were investigated by L. Basini, 

U. Cornaro et al (1992). The N-H and 0-H  stretching frequency regions were monitored at
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different temperatures which allowed the authors to obtain the data on adsorption/desorption 

equilibrium and the species involved into reaction with two adjacent acid sites. P. Fejes, I. 

Kiricsi et al (1989) used the technique to characterise the dealumination of mordenite with 

phosgene. Partial chlorination of the framework was found to result from the dealumination. A 

vast number of studies were also undertaken with the aim to characterise the reactivity of 

organic molecules in zeolites. For instance, methanol in ZSM-5 was repeatedly studied by 

means of the IR spectroscopy (see, e.g., M.B. Sayed, R.A. Kydd et al 1984, T.R. Forester and 

R.F. Howe 1987, G. Mirth, J.A. Lercher et al 1990, A.G. Pelmenschikov, G. Morosi et al 1993, 

S.M. Campbell, D M. Bibby et al 1996).

Finally, somewhat more sophisticated techniques have had use in vibrational 

spectroscopy of zeolites. M. Bonn, M.J .P. Brugmans et al (1994) applied the time-resolved IR 

spectroscopy to study Br0 nsted acid sites in zeolites. The frequency dependence of the decay 

time of excitation was used to characterise a coupling of the deuterated hydroxyls' localised 

vibrational mode. The effect was explained by hydrogen bonding. Both mordenite and zeolite Y 

were found to have heterogeneous Brpnsted acid sites, part of which were hydrogen bonded, 

whereas corresponding sites in zeolite ZSM-5 were free and presumably had very similar 

energies in spite of their crystallographically different positioning.

Surface fluorescence of zeolites like with many other solid catalysts hindered the 

application of Raman spectroscopy for many years. A recent development (see C. Li and P C. 

Stair 1996) in which UV light has been used to stimulate the Raman resonance effect, 

apparently overcame the problem, and a better representation of the vibrational spectra should 

now be expected. The authors reported the spectra from zeolites USY and ZSM-5, but 

unfortunately not in a low-frequency region (below 400 cm '). Thus spectra of the low- 

frequency optical and acoustic vibrations of zeolites remain uncharacterised.

1.4.8. Measurements o f electrical properties
Dielectric properties of zeolites such as the bulk polarisability and permitivity as well as 

ionic and even electronic conductivity are studied by means of electric measurements under the 

dynamic and alternate current (dc and ac) conditions.

The loose attachment of the extraframework species to the zeolite framework dominates 

dielectric relaxation processes in zeolites and obviously obscures the framework contribution. 

Experiments on anhydrous template-free siliceous zeolites are therefore scarce. Combined XPS 

and Auger experiments could provide independent data on site polarisability, as mentioned 

before (see R.J.-M. Pellenque and D. Nicholson 1993). However, separation of a bulk property 

into the site contributions remains somewhat arbitrary and therefore the values from such 

experiments need to be complemented by other experiments.

The presence of water on a zeolite surface and in its bulk is a major factor affecting the 

zeolite conductivity. Given a large enough amount of water, a zeolite can become a solid 

electrolyte which has its uses since hydrous forms of zeolites often retain their thermal stability 

up to relatively high temperatures where other proton conductors dehydrate. For example, M. 

Lai, C M. Johnson et al (1981) reported that in the hydrogen exchanged natrolite, a substantial
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water loss occurs only at 355° C upon heating. In the absence of surface water the dc 

conductivity varied in the range 10'^-10 ’° Ohm 'em ' apparently as function of the internal 

water content and the kind of countercation (K"̂  form giving the maximum).

Thus we should conclude that the zeolites are ionic semiconductors with a water-assisted 

conductivity. This means that a dc contribution is always present in the ac measurements, 

especially, at low frequencies. K.D. Kreuer, W. Weppner et al (1982) explained the poor 

conductivity measured of natrolite, mordenite and similar zeolites by the small diameter of the 

pores which does not allow a free passage for the proton "vehicles" - hydroxonium, ammonium 

and other ions which maintain conduction. In contrast to the conductivity of mordenite (2-10'^ 

Ohm 'em ' at room temperatures, the materials with wider windows, such as zeolite A, give 

values between 10'"' and 10'  ̂ Ohm ' cm '. According to the authors the conduction mechanism 

consists of the migration of a protonated vehicle molecules to vacant sites released by water 

vibrations in the zeolite cavities. The vehicle hopping enthalpy was found to be nearly constant 

in relation to the water content (varying between 0.38 and 0.25 eV), whereas the vacancy 

formation energy increased dramatically with dehydration (up to 0.5 eV which is close to 0.56- 

0.87 eV, for the water sorption energy measured on zeolite NaX).

Using the dielectric spectroscopy F. Femandez-Gutierrez, M. Hemandez-Velez et al 

(1994) have studied dehydrated zeolite NaZSM-5. The major relaxation process in that case 

was found to be sodium hopping with a thermal activation energy of about 70 kJ/mol. The 

hopping mechanism for the sodium cation migration was also observed by J.M. Kalogeras, E. 

Vitoyiani et al (1994) on natural stilbite crystals. The authors employed the thermally 

stimulated depolarisation current technique together with a dielectric relaxation spectroscopy 

which allowed them to separate several different relaxation processes. The low-temperature 

peak between 120 and 140 K was associated with a dielectric relaxation of free and loosely 

bound water molecules (the relaxation time lO'^-lO'^ s and migration enthalpy 0.21-0.39 eV). 

The second band at about 210 K was attributed to sodium (relaxation time 2.5±1 10''^ s and 

migration enthalpy 0.54±0.03 eV). The activation energy was slightly lower than that reported 

for zeolite ZSM-5, but it should be expected for a different material. The third peak was also 

observed but characterised less as well. It probably arose from the migration of Ca^ (relaxation 

time about lO '  ̂ s and enthalpy of migration about 0.85 eV).

M.B. Sayed (1992 and 1996) has studied the conductivity of zeolites HY and HZSM-5 

that has undergone both dealumination and y-irradiation treatment. The measurements were 

carried out at elevated temperatures only and thus do not allow a direct comparison with other 

data; but still the correlation between the data from different sources is quite strong. The ac 

measurements, in particular, revealed a band characterised by a short relaxation time of 7.9 10" 

'° s and activation energy of 0.53 eV. This was attributed to water assisted proton conduction 

with a water released from the adsorption sites. A dc experiment helped to separate two 

contributions to the proton conduction: one at low temperatures, with a water assisted 

mechanism, has an activation energy 0.14 eV, while the other, predominant at high 

temperatures with a thermally enhanced mechanism, has an activation energy 0.46 eV. The 

mechanisms switch at 413 K, and the author related the thermal enhancement effect to the
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transformation of hydroxyl nests in which protons are presumably bound stronger than at usual 

active sites. One of the most interesting results of the first study was the observation of 

dielectric relaxation with a relaxation time of 6.28 10  ̂ s and activation energy of 0.37 eV 

measured in the high-temperature region. The process was identified as a dipole-dipole 

electronic relaxation at hydroxyl nests. In the second work M.B. Sayed observed a vast 

increase of the ac and dc conductivity in HZSM-5 upon dealumination (1-2 and 3-4 orders of 

magnitude, respectively). The author proposed an explanation based on the proton carriers 

moving freely in the zeolite channels while over the hydroxyl nests gaining mobility as 

compared to a defect-free framework. The high concentration of the nests, indeed, corroborates 

the idea at a qualitative level, but the assignment needs support from corresponding data on the 

defect concentration or the total area in the main channels of the zeolite in order to be 

considered as proved.

1.4.9. Molecular probe method and thermochemical measurements
Nearly all the experimental techniques discussed above can be enhanced by the 

molecular probe method as mentioned earlier. The method provides an opportunity not only of 

studying in situ reactants during a particular chemical reaction, but also of probing zeolite 

properties at micro- and macro-levels. Qualitative and quantitative chemical analyses of the 

adsorbed/desorbed molecules on zeolites, especially in the temperature/pressure programmed 

mode provide information on the micro- and meso-structural defects in zeolites which can 

include estimates of the effective defect size, chemical nature, sorbtive properties and 

concentration. Another related analytical method is to follow concentration of particular defect 

species upon specific treatments. This does not involve introduction of an external specimen, 

but rather allows us to monitor the transformation of the defect making use of its individual 

characteristics. The particular techniques used in experiment may be very versatile. However, 

they all are based on the considerations outlined. Relevant works where the method produced 

conclusive results on the defects in zeolites are summarised next.

In two studies on zeolite HZSM-5 and mordenite the hydroxyl nest defects were shown 

to arise from the dealumination treatment and disappear upon the alumination of zeolite with 

AICI3 (see K. Yamagishi, S. Namba et al 1991 and P. Wu, T. Komatsu et al 1995). An aim of 

the work was to study the concentration of oxygen at the defect sites in the zeolite by means of 

the '^O isotope exchange of with the zeolite framework. Simultaneously the

concentration of the aluminium introduced into the framework upon alumination was measured. 

The ratio between the two concentrations appeared to be ~V4, which suggested the hydroxyl 

nests were present. Theses hydroxyl nests were also detected in the IR spectra by the 

appearance of a new signal in the hydroxyl region at 3505 cm ' upon dealumination and its 

disappearance upon alumination (with a concomitant growth attributed to the Brpnsted acid 

sites at ca. 3610 cm '). .

Y.-F. Chang, G.A. Somorjai et al (1995) have studied the catalytic activity of transition- 

metal exchanged zeolites ZSM-5 towards the oxyhydrogenation of ethane. For this purpose the 

authors used a temperature programmed isotope exchange experiment. After the exchange
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proceeded, three species of molecular oxygen were found resulting from initially pure gas: 

isqISq molecules unexchanged or conversely exchanged with the lattice oxygen; 

molecules from a single exchange process and molecules. The ' ^ 0 2  molecules could be

formed either in a one-step or in a two-step exchange. The two options were distinguished by 

experiment making use of the temperature-programmed mode. The remarkable outcome was 

that, facilitated by transition-metal ions introduction into the zeolite, the one-step exchange (a 

directly substituted for a in the zeolite lattice) occurs to a large extent and at

lower temperatures than any other kind of the process (at 240° C over the CuNaZSM-5 zeolite). 

Oxidation of transition metal ions over many oxide catalysts is accompanied by the 

transformation of oxygen lattice sites which includes oxygen vacancies and interstitial oxygen 

(see A.G. Anshits, E.N. Voskresenskaya et al 1995). It could explain the promoting rôle of the 

transition metal ions observed: there were practically no one-step processes present in H- and 

NaZSM-5 pure zeolites. So far, this has presented the strongest argument in favour of the 

peroxy-species based defects presence in zeolites at the framework oxygen sites. The high 

temperature of exchange indicates the relative stability of the defect. However, another 

explanation which would involve a process with oxygen ions at two adjacent lattice sites taking 

part (geminal silanol groups, possibly) cannot be ruled out.

M. Hunger, J. Karger et al (1987) in ion exchange experiments on the HZSM-5 zeolites, 

that were synthesised using the TPA template, demonstrated a high concentration for the defect 

sites with two adjacent silanol groups. An unexplained fact was that only one of the two 

protons at the adjacent silanols (presumably, of a vicinal type) could be exchanged by an alkali 

metal ion. The remaining isolated silanol group was not transformed even by strong bases 

which suggested that proximity made the silanols slightly acidic, whereas isolated groups 

should exhibit a high barrier to annealing of any sort.
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1.5. Experimental evidence for defect structure and properties in zeolites: 
Conclusions

Horatio. O  day and night, but this wondrous strange.
Hamlet. And therefore as a stranger give it welcome.

There are more things in heaven and earth, Horatio,
Than are dream t of in your philosophy.

W. Shakespeare. Hamlet

In summary, little is known of the nature of the hydrogen containing defects in zeolites. 

Essentially, all the models discussed in literature were presented in Section 1.3 and the 

available experimental evidence for the defects was given in Section 1.4.

The best structurally understood defect is the Br0 nsted acid site. The remaining hydroxyl 

groups, as observed by different techniques, are commonly classified as: (i) terminal (or 

isolated) silanols; (ii) internal, hydrogen bonded silanols which can be present as geminal, 

vicinal pairs or constituent part of hydroxyl nests; (iii) terminal Al-OH groups at the 

extraframework species.

Therefore we summarise below the basic facts known from experiment regarding three 

main hydrogen containing defects in zeolites: Br0 nsted acid sites, hydroxyl nests and vicinal 

silanols. The related defects are shown in the shemes of the defect transformation as they 

presumably appear upon different treatments. The transformation of both the Brpnsted acid 

sites and the silanol based defects upon different treatments leads to a number of very 

interesting neutral defects and related to them, radical species. These include "non-intact" 

oxygen bridges, peroxy bridges, nonbonding siloxy groups and oxygen vacancies. Trigonal Al 

and Si sites as well as E '  centres and 5- and 6 - coordinated framework cationic sites may not 

necessarily contain hydrogen as such but can result from the transformation of hydrogen 

containing defects or are their precursors; thus these defects will also be of our interest in this 

study. Finally, the presence and relative concentrations of such defects (at least partially) 

accounts for the Lewis acidity of zeolites

1.5.1. Br0nsted acid sites

Paradoxically, the geometry of this defect as estimated from the NMR and EXAFS 

experiments is certainly not very precise, which is a clear consequence of the averaging over 

the Al-O and S i-0  bonds at the site which leads to a prediction of corresponding distances in 

the Al-OH as well as Si-OH groups that are too short. The only more a less reliable geometrical 

parameters, which can presently be obtained from experiment are the Al-H and Si-H distances. 

For example, D. Fenzke, M. Hunger et al (1991) have reported the Al-H distance: 2.37±0.04 Â 

in the small cavities and 2.48+0.04 Â in the big cavities of the zeolite HY. The hydroxyl 

stretching frequencies as obtained in the IR experiment are measured with good accuracy and 

have been summarised in Section 1.4.7, although there remains the question of the temperature 

dependence and the line broadening in the spectrum due to the anharmonic effects and the 

electron-phonon interactions.
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Post-synthesis hydrothermal treatment of H zeolites in principle can lead to two 

competing processes as shown in the Fig. 1.8 (the diagram below):

Broensted acid site

DehydroxylationDealumination

Oxygen vacancy + =  A10"Si= 

(+H2O)
Hydroxyl Nest + 

A1„0 „H.

FRAMEWORKEXTRAFRAMEWORK
Lewis and Broensted 

acid sites
Lewis acid and basic sites

Tetragonal
Trigonal Al

Octahedral

Fig. 1.8. Transform ation of Br0nsted acid centre upon post-synthetic treatments.

Both processes result in the generation of Lewis active centres. However, these centres are 

obviously of different localisation, and they exhibit different coordination of aluminium.

1.5.2. Silanol groups
The terminal silanols is a typical surface feature of zeolites (like many other oxides) and 

thus remains beyond the scope of the present work. We will concern ourseves with all other 

defects. Like the Brpnsted acid sites, the silanols are characterised in experiment by their 

vibrational properties and very little can be said about their geometry. We should mention here, 

of course, the work by M. Hunger, D. Freude et al (1990) who reported the distance between 

two protons at the adjacent silanol groups (thought to be of the vicinal type) to be 3.1 Â. 

Moreover, H. Koller, R.F. Lobo et al (1995) have found the inter-oxygen distance in the 

hydrogen bonded silanol groups to be 2.7 Â; a peculiarity of the scheme proposed in their work 

was that, in fact, two hydrogen bonds were realised to an isolated siloxy species (SiO ) 

resulting from the framework hydroxylation next to lattice oxygen (with another bond across 

the 6 -membered ring channel). In the present work it will be argued that the hydroxylation of 

the framework leads to the formation of a peroxy-like species and that the distances reported by 

Koller, Lobo et al are rather characteristic for the hydroxyl nest defects.

HYDROXYL NEST DEFECT. As can be seen from experiment the calcination and 

other kinds of thermal treatment applied after a zeolite dealumination lead to reversible changes
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in IR and NMR spectra. The signal presumably corresponding to the hydroxyl nests disappears 

and new features can be seen which is an evidence of the formation of new defects. In the 

following scheme given in Fig. 1.9 the emphasis is placed on three processes: dehydration, 

deprotonation and dehydroxylation. These processes are apparently concomitant and could 

occur at the same defect site simultaneously.

Hvdroxvl nest defect

Heating (400 —> 600 K)

New defect (920 - 960 cm'* in IR)
Steaming

C+HjO)
Cation treatment
(e.g. +H+ (aq.) or NH+ (aq.) etc.)

DeprotonationDehydration Dehydroxylation

Trigonal SiNon-intact linkage ? Siloxy SiO" Siloxy radical SiO

+e

E' defect+O2 +N2  +HC1 etc.

Fig. 1.9. Transform ation o f hydroxyl nest defect upon post-synthetic treatments.

VICINAL SILANOLS. These defects apparently could have the same mechanisms of 

transformation as the two previous species. However, we have specifically highlighted here 

electronic processes during defect formation as they lead to radical and generally speaking 

oxidising chemical centres which is of a particular interest for us. Post-synthesis treatments 

involved in a thorough dehydration of zeolites require high temperatures which could facilitate 

formation and stabilisation of charged defects in radical processes on zeolites. The 

corresponding scheme is outlined below:
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Vicinal silanol defect
Steaming
(+H2O)

Cation treatment
(e.g. +H+ (aq.) or NH+ (aq.) etc.)

Ir i^ ia tio n
Dehydrogenation DehydroxylationDehydration Deprotonation

Trigonal SiSiloxy radical SiOSiloxy SiO"Regular Si-O-Si linkage

+Silanol SiOH+Silanol SiOH+Silanol SiOH

Further steaming

Peroxy bridge 
Si-O-O-Si

2 Siloxy SiO" Charged oxygen vacancy

+H«

( 2 Trigonal Si'*' )

Peroxy radical 
Si-O-O Si 2e"

Long Si Si bond2 E' defects 
Si' Si

Fig. 1.10. Transform ation of vicinal silanol defect upon post-synthetic treatm ents.

CONCLUSIONS

To start a consistent treatment of the defects in zeolites our primary concern will be to 

reproduce three major zeolite characteristics as "ideal" materials: crystal structure, electronic 

spectra and vibrational spectra. From the previous discussion we can conclude that all three 

characteristics to some extent are now available in the experiment and provide the reference 

point for any defect studies.

The study of defects will then comprise the same three types of the physico-chemical 

information: geometry, the electronic structure and characteristic vibrations. The following 

chapter therefore deals with methodical aspects of the theoretical approach to the investigation 

of such properties.
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CHAPTER 2

THEORETICAL APPROACH TO MODELLING OF STRUCTURE AND DEFECTS IN

ZEOLITES

Zeolites present no new fundamental challenges to solid state physics theory. All usual 

concepts developed to treat crystals and amorphous systems are, in principle, applicable to 

zeolites, but the computational cost of calculations is so large that so far only a limited number 

of studies were carried out using ab initio techniques and only for model systems. These 

included periodic calculations on zeolites with small unit cells such as sodalite and chabazite. 

The complexity of the problem has led to common use of simplified theoretical models and 

new techniques. A comprehensive review of major methods available can be found in 

"Modelling of structure and reactivity in zeolites" (C.R.A. Catlow 1992).

Two techniques, in particular, are used in the present work, viz. periodic semi-empirical 

and density-functional calculations; both are relatively new in the area of zeolite science, and 

hence they were not included in the above reference. However, both methods were heavily 

exploited recently to study zeolites (for periodic density functional calculations see, for 

example, A.A. Demkov and O.F. Sankey 1995; R. Shah, J.D. Gale et al 1996 and E. Nusterer, 

P. Bldchl et al 1996; for modified INDO calculations see our work in Chapter 3 and 

publications A.A. Sokol and C.R.A. Catlow 1997a and b). Therefore somewhat more attention 

will be given in this chapter to these two subjects.

A general characterisation of the theoretical methods and basic models is given in 

Section 2.1. Interatomic potentials used in the present calculations are summarised in Section

2.2. A periodic semi-empirical modified INDO method is the subject of Section 2.3; and a 

periodic Density Functional model using Generalised Gradient approximation is outlined in 

Section 2.4.
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2.1. General characterisation of methods and models in use

Uncle Arnold was maybe a little dull but absolutely 
irreplaceable. The turtle upon whose back H ercules stood when 
he held the Earth on his shoulders - that was also called Arnold. 
R. Shekley. Options

A proper theoretical treatment of solids is provided by the quantum mechanics of many 

particles with possible relativistic corrections made a posteriori, quantum statistics and 

kinetics. When the system under consideration consists of more than two particles, 

approximations of various sorts are applied. These concern (i) the division of the system into 

the electronic and ionic subsystems, (ii) the reduction of the many-particle problem to a set of 

one-particle problems, and (iii) the consideration of the movement of particles within a certain 

region when the special boundary conditions are imposed.

Starting from first principles, the total energy of the particles confined in the region can 

be obtained as a function of the internal degrees of freedom, electronic and ionic. Minima of 

that energy with respect to the electronic degrees of freedom and ionic positions give the 

electron distribution and the equilibrium ionic structure (often referred to as geometry). A 

number of other observables can also be extracted from the data including excitation spectra 

which in the case of zeolites and other ionic systems are clearly separated into the electron and 

the vibrational, or phonon, contributions. This is the basis for the use o f Born-Oppenheimer 

approximation which implies that the electrons instantly adapt to the ionic positions.

Many physically and chemically relevant properties such as defect formation energies 

and geometries, reaction paths and rate constants relate only to the free energy when the 

electron subsystem is in its ground state and the ions are at the fixed positions. To account for 

the thermal movement of ions and electrons is the ultimate goal in the ab initio modelling but 

probably not for the present due to the large computational costs. Thus our consideration will 

be limited to static lattice properties and effects.

2.1.1. Major approaches
Modem microscopic theory offers roughly three levels of description of the electronic 

subsystem (electrons moving in the field of nuclei): ab initio (from first principles), semi- 

empirical and semi-classical. The distinction is made according to the means by which the total 

energy is evaluated.

The methods of the ab initio type, in principle, should not include fitting parameters and 

are based on such calculations of the total energy that start with general description of the 

electron and nuclear interactions and consistently introduce the approximations necessary to 

make the problem tractable.

When the result is obtained in a quantum-mechanical manner but using some system 

specific parameters (usually fitted to reproduce empirical properties or results of other ab initio 

calculations) the method is called semi-empirical.

Finally, the methods that deal with the total energy surfaces in space of ionic 

coordinates, treated by inter-atomic potentials, are semi-classical and sometimes referred to as
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simulations. The use of the shell model, within this approach, also permits to some extent the 

explicit consideration of the electronic sub-system (see Section 2.3.1 of this work)

AB INITIO METHODS: The initial variable describing fully all electronic properties of 

the ground state of a system is the many-electron wave function. It can be replaced by Green 

functions, density matrices, scattering or transition matrices or dealt with directly, but in all 

cases an approximation should be made as to the way in which the collective behaviour of N  

electrons is described in terms of one electron moving in the field of the rest N-1 electron. 

Therefore the accuracy with which we can reproduce the field determines the upper bound on 

the overall solution. The large number of electrons involved suggested from the very first the 

use of statistical methods (J.C. Slater 1963-1967), which has resulted, in particular, in two 

major approaches that presently are the basis of most computational studies in the area of 

applied physical chemistry.

First, Hartree-Fock theory makes use of the independent particle approximation 

explicitly dealing with the A^-electron wave function represented by an antisymmetrised product 

of one-electron functions. A number of so-called post-Hartree-Fock methods also have been 

developed, to account for the error introduced by the approximation (see, e.g., A. Szabo and 

N.S. Ostlund 1982 and R. McWeeny 1992).

Second, Density Functional theory exploits the fact, established by the Hohenberg-Kohn 

theorem and its generalisation by Levy, that the total energy of the ground state of the 

electronic sub-system is a unique functional of its one-electron density (that is of the observable 

charge density, see, e.g., R.G. Parr and W. Yang 1989). The main approximation introduced in 

this theory concerns a particular form of the functional used as, so far, it is not known if there 

exists the general procedure to derive the corresponding expression. The theory also has certain 

difficulties in treatment of excitations, which, in practice, necessitates the use of different 

methods such as perturbation theories for Green functions (see, e.g., L. Fritsche 1986 and W - 

D. Kraeft, D. Kremp et al 1986).

Basis sets; The basic integro-differential equations within both theories are solved in a 

further approximate manner. For very simple situations (atoms, electrons in the model external 

fields etc.) it is possible to use direct numerical procedures such as integration over the grids in 

the coordinate or the momentum representations or quantum Monte-Carlo techniques. But for 

most important cases, the expansion of the solutions over suitable basis sets still remains the 

only way to obtain any self-consistent results. If the basis set is complete within the space 

where the problem is formulated, the solution is exact. However, in practice, the infinite sums 

are truncated at some point which determines the approximate character of the theory.

The basis sets used in solid state theory are either localised or delocalised which from a 

historical point of view corresponds to the tight binding and free electron calculations in the 

band theory, respectively (J.M. Ziman 1972). The localised basis sets are built as exact angular 

solutions of a one-electron problem for a spherically-symmetric potential multiplied by model 

radial functions such as polynomials, Gaussians and Slater functions (W.J. Hehre, L. Radom et 

al 1990) or "numerical" radial functions obtained solving real atomic problems (B. Delley 

1990). The delocalised basis sets are usually formed from the plane waves (see A.A.
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Katsnelson, V.S. Stepanyuk et al 1990). A number of mixed basis sets were also proposed and 

implemented in modern applications (see, e.g., Z.Q. Gu and W.Y. Ching 1994).

Pseudopotentials: In many cases, the distinction is made between core and valence 

electrons regarding the way they are treated. Two techniques are widely in use: pseudopotential 

based model Hamiltonians and the frozen core approximation (see, e.g. L. Szasz 1985). In both 

techniques only the degrees of freedom of the valence electrons are included in a variational 

procedure for the wave functions, whereas the interaction of valence and core electrons is 

described by corresponding matrix elements.

Ab initio methods, generally speaking, provide all the necessary information on the 

system, but the computational cost can be very high. Moreover, the approximations outlined 

above decrease the accuracy of prediction. Simplified methods are needed in many applications 

to real systems.

SEMI-EMPIRICAL METHODS: The introduction of pseudopotentials offers the 

simplest consistent way to semi-empirical methods: some of the matrix elements involving the 

pseudopotentials can be substituted by their empirically derived values or omitted altogether 

(see J.A. Pople and D.L. Beverege 1970).

Most modem semi-empirical methods have been developed within the Hartree-Fock 

theory with basis functions in the form of atomic orbitals of the Slater type (minimal basis sets 

are most common, but extended basis sets are also in use). The integrals that include functions 

centred on more than two ions are either omitted (Differential Overlap approximation) or 

expressed in terms of one- and two-centre integrals (Mulliken approximation). In principle, it 

can be shown that the two approximations are equivalent if the empirical parameters are chosen 

appropriately (see R.A. Evarestov 1982).

A peculiar form of the semi-empirical method was also proposed and implemented on the 

basis of the Density Functional theory. It is known as Electroequilisation method (see, e.g., 

K.A. van Genechten, W.J. Mortier et al 1987). The chemical potential here is approximated by 

the two first members of Taylor's series over electron density represented by ion populations, 

and the coefficients are fitted from empirical data. The chemical potential is postulated to be 

equal on all ions in the system which gives the main equations. Thus, the approach is 

reminiscent of Thomas-Fermi theory from which the Density Functional theory has originated. 

In the form described above the method is only suitable for ionic and semi-ionic systems and is 

not self-consistent, but it has potential for further development.

SEMI-CLASSICAL METHODS: In contrast to quantum-mechanical methods, the semi- 

classical methods completely lose predictive ability as concerns the electron distribution. 

Parameters for charge distribution on ions are postulated in the inter-atomic potential model.

An advantage of the method is speed and potentially high accuracy in prediction of 

geometry, elastic, vibrational and dielectric properties (see, e.g., T.S. Bush, J.D. Gale et al 

1994). The drawback of the method is that it cannot straightforwardly account for the charge 

redistribution occurring in the system as a result of chemical reactions or defect formation.

74



(Although, we note that to some extent the same effect is observed in semi-empirical and even 

ab initio calculations employing small basis sets.)

COMPARISON OF APPROACHES: Fitting of parameters both in semi-empirical and 

semi-classical methods is the most delicate and unclear subject. For many materials, parameters 

were fitted in both ways: to experimental data and results of ab initio calculations (for example, 

compare J.D. Gale 1996 and J.D. Gale, C.R.A. Catlow et al 1992). But one should always keep 

in mind that these methods are often used to describe the effects which rigorously speaking are 

beyond their scope.

The major points, where approximations can be met, are outlined below:

1 ) The empirical parameters are commonly fitted to reproduce experimental data usually 

available at finite (often room) temperatures. However, the methods rely on zero-temperature, 

non-stochastic calculations in which, at best, the total energy is only corrected by the zero 

vibration contribution; thus appropriate thermodynamical potentials, in fact, are substituted by 

a potential energy.

2) The semi-empirical Hartree-Fock based techniques if implemented consistently should 

not be able to reproduce correlation effects, at least those related to the valence electron 

interactions. This factor significantly affects calculation of band gaps, binding energies and 

frequencies of vibration. However, most of the corresponding parameterisation schemes 

(including the one used in the present work) are developed to reproduce correct observable 

values for those quantities or represent a compromise between consistency and quality of 

prediction. To a smaller extent this problem arises with the Density Functional based methods 

where however, unless excited states are of interest, only a minor nonlocal exchange- 

correlation effect (so-called dynamic correlation) can cause specific concerns, for example in 

surface studies.

3) Finally, the interatomic potentials for semi-ionic solids are regularly built using point 

charges and shells (which aids the reproduction of crystal site polarisability). Bearing in mind 

that the interionic distances in solids are much larger than the ionic radii for a given ion except 

a few nearest neighbours, one can always apply the multipole expansion to the calculation of 

the electrostatic energy. One, cruder approach within simulations leaves formal charges on all 

ions which may, however, introduce a large error in the charge contribution to the crystal 

electrostatic (Madelung) field. The dipole contribution, at the same time, could be reproduced 

quite well using the shell model. Another, more specific approach allows the ion charges to 

change during the fitting procedures. Appropriate partial charges, in principle, then can be 

found. However, this approach significantly decreases the transferability of the interatomic 

potentials. The next point is that in the near field a large contribution comes from quadrupole 

and higher moments centred on the ionic sites as these reflect the symmetry of p-shells on ions 

(d-shells and higher multipoles should be especially important for transition metals). In fact, the 

models which make use of higher moments have been derived; for example the distributed 

multipole electrostatic model, used in treatment of molecular crystals (see D.J. Willock, S.L.
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Price et al 1995). In most practical applications, the errors in the reproduction of the 

electrostatic field are usually compensated by the short-range potentials.

Semi-empirical and semi-classical techniques work, however, in many applications in 

spite of all the simplifications, because they are essentially devices which receive at their input 

a certain set of parameters and produce at the output a corresponding set of observables. Such a 

device should not necessarily copy the real physical interactions in a system to yield a correct 

crystal structure or an elastic tensor. But then, it is not reliable whenever the conditions under 

which the parameters were fitted change.

2.1.2. Approximations to infinite systems
The regular procedure to treat extended systems, both perfect and defective, consists of 

two stages: 1 ) one or more representative fragments of the system are selected and treated 

explicitly, and 2 ) some suitable boundary conditions are imposed.

Ideal crystalline systems are usually represented by their unit cells. A point defect can be 

considered as 1 ) a single defect infinitely diluted in the crystalline matrix, 2 ) a periodically 

repeated defect which leads to formation of a superlattice of defects, 3) a defect interacting 

with other defects randomly distributed throughout the lattice. The third model is obviously the 

most realistic, but it requires the knowledge of defect distributions and interactions.

The four following basic models used in the modem theory of solids are essentially 

defined by the boundary conditions: (1) Molecular Cluster, (2) Embedded Cluster, (3) Effective 

Medium Approximation, and (4) Periodic model.
In fact, two extreme cases can be considered exactly. The set of non-interacting 

molecules is obviously reproduced by the Molecular Cluster model and an ideal crystal by the 

Periodic model, without any additional approximations. All other systems can be reproduced 

only approximately.

MOLECULAR CLUSTER is the simplest possible model, and due to this simplicity 

(which eventually reflects on the computational cost) it enjoys the greatest popularity in the 

area of zeolites. Many initial insights were obtained using this model, and in spite of the rapid 

progress in the computer development it remains the major tool of the theoretical studies on 

zeolites (see, for example, J. Sauer 1993 and J.B. Nicholas 1996). By its nature this is a model 

of a single defect.

However, this way of description has at least two artificial features that correspond to 

incorrect representations of both long- and short-range contributions to the potential. The 

model does not account for the electrostatic field generated by the surrounding crystal which is 

not included in the model (this contribution to the potential is appreciable owing to the semi

ionic character of the chemical bonds in zeolites).

Moreover, the quality of the wave function (as well as the charge density) in the real 

space representation deteriorates going from the cluster centre towards its boundary. The effect 

is easily understood in terms of the differences in the potential in a given direction. This 

deterioration is, in fact, amplified by the self-consistent procedure that redefines the charge
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density next to the cluster edge so that the vacuum exponential decay is exhibited by the 

asymptotic part of the wave function rather than that of the crystalline solution.

The partial covalence of chemical bonds in zeolites, on the other hand, creates a problem 

of bond breaking at the cluster boundary. A traditional recipe to solve this problem is to use 

terminal hydrogens or hydroxyl groups to saturate the bonds. A fortunate circumstance is that 

the localised states introduced by the chemical bonds with hydrogen are deep in the valence 

band. This helps to solve a number of technical problems, but also introduces an arbitrary 

factor.

EMBEDDING TECHNIQUES can be derived from different starting points. But in all 

cases, the result is a model of a single defect dissolved in an infinite perfect crystal. The way 

the defect, the remainder of the crystal and their interaction are represented by this model 

determines its quality and place in the classification of embedding techniques. From the 

methodical point of view, we should distinguish a quantum mechanical {ab initio or semi- 

empirical) and semi-classical representation of the cluster and/or crystal.

Due to the finite size of the cluster, the exact solution can always be obtained for the 

cluster problem with fixed boundary conditions. The main approximation introduced by the 

method is due to the fact that the perturbation of the crystal by the point defect is infinite in 

range. Whenever we cut out a fragment of the system, the main local characteristics such as 

charge density etc. in the remainder of the crystal do differ from their counterparts in the ideal 

crystal. The effect was first recognised for ionic systems and is known as polarisation, although 

it also occurs in covalent systems, where the major change is not necessarily due to the 

electrostatic effects. (Other type of effects such as screening are relevant for metals, but as the 

zeolite frameworks are well defined dielectrics the discussion of such effects is omitted here.)

The interaction of the cluster and outer regions of the embedding matrix is a key issue. 

Each region generates a physical potential acting on its mutual counterpart. As a rule, a 

perturbation theory is used to formulate embedding schemes in the following manner. The zero 

iteration is started with an ideal crystal; the first iteration includes the calculation of the cluster 

in the field of an ideal crystal, and the next iteration should include a polarisation effect. The 

procedure can be continued until convergence is achieved, but we note that a calculation of the 

perturbation of outer region can be done only at some level of approximation and, in practice, is 

very expensive.

A rigorous, entirely semi-classical approach for ionic systems is provided by the Mott- 

Littleton model, realised, for instance, in computer codes CASCADE and GULP (see M. Leslie 

and W. Smith 1989 and J.D. Gale 1997). The dipole polarisation effects in the outer region are 

taken into account using the shell model for interatomic potentials.

Fully quantum mechanical descriptions of both cluster and outer regions have been given 

in several models.

The Green function formalism, in particular, has been applied to point defects using 

Lifshitz theory in a perturbative manner (see, e.g., V.A. Telezhkin 1991). The virtual crystal 

type of approximation for the crystal-cluster coupling within the Green function formalism was
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also used in the Perturbed Cluster approach using the full ab initio Hartree-Fock method by C. 

Pisani, F. Cora et al (1994 and the references within). In this method the solution for the 

remainder of the crystal is obtained in a preliminary calculation on the perfect "host" system. 

The polarisation is then accounted indirectly via a perturbative variational treatment applied a 

posteriori on the converged embedded cluster solution. A shortcoming of the present version of 

the method is that strictly the Hartree-Fock level of theory is implemented not allowing for 

correlation corrections.

Another model, in which the dipole polarisation effects are included into the embedding 

self-consistently, was given in J.N. Zakis, L.N. Kantorovich et al (1991), but it is still not 

realised in any computer program.

A treatment of the cluster at the higher levels of theory (including the Configuration 

Interaction method) is given in the theory developed by L.Seijo and Z. Barandiarân (1992 and 

the references within). This has been implemented, for instance, in the program package 

STOCKHOLM/ECPAIMP (P.E.M. Siegbahn, R.A. Blomserg et al 1972-1990 and L.G.M. 

Petterson, L. Seijo et al 1982-1994). The interaction of the cluster with the remainder of the 

crystal is treated in the frozen orbital approximation which leads to a model potential 

introduced into the cluster Hamiltonian. The remainder of the crystal is then represented by two 

regions: region A includes the model potentials that can be built self-consistently, and the 

region B is the source of long-range Coulombic forces acting on a cluster.

Presently, the most widely used embedding schemes are of hybrid nature. The 

embedding matrix is described in these schemes semi-classically. The most prominent model is 

probably implemented in the code ICECAP (see, e.g. J.H. Harding, A.H. Harker et al 1985) 

which is used for highly ionic crystals. The idea behind the method is to amend the major 

deficiency of the Molecular Cluster approach, that is to include the long-range electrostatic 

effects (the Madelung field) into consideration. The field sources outside the cluster are 

reproduced using the point charges and polarisable shells.

The solution can, in practice, be further improved if the charge density is used in the 

form of the density matrix on an atomic basis set from the preliminary calculation on an ideal 

crystal (as realised in the semi-empirical code DCLUSTER, ???) or obtained self-consistently 

as in the model of Seijo and Barandiarân.

A number of empirical schemes based on the point charges representing the crystal 

remainder were developed in recent years (see, e.g., M. Allavena, K. Seiti et al 1991, who used 

the Mulliken analysis for the determination of charges). Of a particular interest are the works in 

which the electrostatic field in the cluster region is first calculated using the ah initio periodic 

model and then fitted using point charges in the outer region (see, for example, S.P. 

Greatbanks, P. Sherwood et al 1994).

The hybrid calculations encounter, in fact, a problem similar to that described above for 

the Molecular Cluster model. The wave function at the cluster edge is reproduced for incorrect 

boundary conditions. It leads, in particular, to the loss of electrons from the cluster region when 

the cluster is terminated by anions and to the arteficial increase in the electron density towards 

the cluster centre when the cluster is terminated by cations. Any improvement of the scheme
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which would account for a partial covalent effect at the cluster edge should inevitably treat the 

embedding crystal, at least to some extent, quantum-mechanically.

EFFECTIVE MEDIUM APPROXIMATION: One of the difficulties of the embedding 

schemes lies with the necessity of finding a solution in the outer region. A consistent approach 

would require applying the method used for the cluster at least initially to an ideal crystal 

which could become extremely cumbersome if not impossible for systems with big unit cells. 

To avoid the problem, two kinds of approximation are applied to treat the outer region: the 

level of theory is reduced (as mentioned above), sometimes to the semi-classical description, 

and the ideal periodical system is replaced by a dielectric continuum, finite arrays of point 

charges or model potentials. This closely relates the embedding techniques to the Effective 

Medium Approximation actively used in the theory of disordered systems. In this 

approximation, the correlation effects across the cluster boundary are neglected or taken into 

account using statistical methods in the spirit of mean field theory. Consequently the long- 

range ordering in the system completely disappears from the description of covalent solids and 

is only partially accounted for in the description of ionic and semi-ionic crystals at a local level 

(that is an electron localised within the cluster region "does not know" that it is a part of a 

periodic system). Such methods in a self-consistent form were applied to ionic crystals only 

recently and the reference is included here only for the sake of completeness (see, e.g. S.V. 

Stolbov and M.N. Rabinovich 1987, S.V. Stolbov 1995, and A. Shukla, M. Dolg et al 1996, the 

latter, in fact, giving an exact crystal solution at the Hartree-Fock level of theory).

PERIODIC MODEL is straight forward in implementation and does not have the 

shortcomings of the cluster approaches. It is applied for crystals using a supercell model which 

takes advantage of the natural translational symmetry of the crystalline systems. A supercell 

then constitutes the smallest part of the periodically repeated in space fragment containing the 

defect under study. In practice, for systems with big enough unit cells a supercell can comprise 

just one crystallographic unit cell. Geometry optimisation is usually made first on an ideal 

system and the resulting lattice vectors are fixed in the subsequent defect calculation, thus 

giving a solid reference point for estimation of the defect formation energy and preserving the 

lattice constraints on the ionic relaxation in the defect region.

Due to the interaction of defects in adjacent supercells the result of such modelling 

corresponds to very high concentrations of defects in a solid which leaves a methodological 

uncertainty: how many ^-points from the Brillouin zone have to be taken into account. For big 

supercells (including 50-100 ions) it seems perfectly reasonable to perform calculation just in 

one F-point {k = 0), at least in the case of wide-gap insulators where such a unit cell provides a 

good approximation to the full crystal solution. The large size of the supercells guarantees a 

predominantly electrostatic character to the inter-defect interaction in the model. As the 

charged unit cells cannot appear in a periodic calculation (due to the divergence in the 

Coulombic energy density), the dipole moments of the defects are responsible for the leading 

inter-defect interaction terms. Therefore the lower bound on the inaccuracy of the method as
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regards the energy prediction is controlled by the dipole moment on the defect that, in fact, can 

be estimated a posteriori. However, in this discussion we have presumed that the polarisation 

effects due to the defect are limited to the supercell region which is controlled by the supercell 

size. The error introduced by such approxiation unfortunately cannot be evaluated within the 

model and requires a separate study.

By now periodic calculations on zeolites have been performed using practically all major 

available methods: ab initio Density Functional (R. Shah, J.D. Gale et al 1996) and Hartree- 

Fock (J.L. Anchell, J.C. White et al 1994), semi-empirical INDO (A.A. Sokol and C.R.A. 

Catlow 1997a and b) and Electroequilisation (K.A. van Genechten, W.J. Mortier et al 1987), 

and semi-classical shell model (K.-P. Schroder, J. Sauer et al 1992). The method can also be 

applied to problems less characteristic of the band theory of perfect crystals, including charged 

and spin-polarised defects. Charged defects obviously require charge compensation within the 

same supercell. Traditionally the problem was solved using substitution and vacancy defects as 

compensators, but also another method employing the uniformly charged background has been 

proposed by M. Leslie and M.J. Gillan (1985). In practice, charge compensation by means of 

counter-balancing defects is often preferential since it introduces a physical model of charge 

compensation in the material which in turn corresponds to the real situation.

Of all the methods and models discussed above, fully ab initio embedding and periodic 

calculations are the most computationally expensive. Therefore a careful approach to defect 

modelling is needed which implies a preliminary investigation on simpler models and using 

simpler methods. Such results can then be tested using more sophisticated techniques. 

Unfortunately, some problems are so complicated that simplified approaches are not capable of 

producing acceptable results, as we shall see in the discussion in Chapter 3.
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2.2. Interatomic potentials for modelling defects in zeolites

If  you think you have a fair knowledge and understanding of a 
number of subjects, let me remind you that there are m any more 
of which you know nothing.
Thomas à Kempis. The Imitation o f Christ

In later chapters the semi-classical approach has been used to obtain the first 

approximation to structure and properties of defects in zeolites. We do not aim to make 

accurate predictions, therefore we neither developed new potential models nor tried to improve 

existent parameterisation schemes. Instead we have made use of the standard shell model 

widely applied to description of zeolites and silicates. Although main expressions of this model 

are readily available (see, e.g., C.R.A. Catlow 1992 and K.-P. Schroder and J. Sauer 1996), they 

are summarised below for the sake of completeness.

2.2.1. Shell model fo r  zeolites
In this model, each atom of the system may be represented by a pair of point charges - 

the core and shell which are connected by a spring. The separation of negative shell and 

positive core in an external field generates atomic dipole moments. The cations are commonly 

assumed to be bare, non-polarisable species with all the electron polarisation due to the anion 

contribution. The mass is concentrated on the heavy cores, and the shells are considered 

massless.
The potential energy, subject to lattice or defect minimisation, is the sum of interatomic 

potentials:

E = + E^"“' + E^"'" + . (2.2.1)

The first term describes the interaction between the core and the spring of each anion in 

the harmonic form:

E*P"ng = i S k i r ? ,  (2 .2 .2 )
i

where r; is the core-shell separation. This term is essentially a one-atom contribution to the 

energy, but formally it should be considered as a two-body potential of short-range type.

The Coulomb interaction between cores and shells of different atoms is described by the 

second term. (The electrostatic interaction between a core and a shell on the same atom is 

implicitly included into the spring term.)

=  (2.2.3)

where both here and below represent the distance between the species i and j.

The short-range two-body interaction is represented by the Buckingham potential:

EBuck =  £  1̂Aij e x p ( -  -  Cij . (2.2.4)
:<J
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The attractive term here reproduces the dispersive forces which for zeolites anyway are of 

small importance and, in practice, it additionally compensates the inaccurate description of 

electrostatic field due to higher multipoles.

A specific contribution arises from the short-range, semi-covalent interaction within the 

hydroxyl groups. This is probably the weakest point of the scheme as we aim to study the 

complex forms of hydrogen containing defects, and the form of this potential might easily 

predetermine the possible configurations of the defects. This interaction has been simulated 

using either the shell model with the Buckingham potential or the rigid ionic model and the 

Morse potential; the latter taking the form of

EM “” '  =  - 2 : D e e x p [ - a  ( r - r » y (2.2.5)

where r; is the distance between the proton i and the oxygen atom to which this proton is 

attached.

To maintain the tetrahedral coordination of T-sites the three-body potential is also 

introduced (the harmonic form is assumed here):

j . 3 - b o d ,  =  1 ^  Y  k | ’( 0 i j k - 0 o ) '  . ( 2 - 3 .6 )
i j< k

where 0ÿk is the value of an angle formed by the pair of anions j  and k about the T-site i. From 

our experience, this term is not strictly necessary to simulate structure and properties of 

crystalline zeolites, but it expands the space on which parameters may be fitted and facilitates 

the very process of fitting. The external sum in (2.2.6) is over T-sites, and the anions from the 

first coordination shell are only included into the internal summation.

2.2.2. Parameter sets fo r  interatomic potentials
Parameters introduced by eqs. (2.2.2-6) fully define the potential model. Two particular 

parameter sets have been used in this work. Both are based on the formal charges on all 

framework ions.

The first set is a compilation of empirical zeolite parameters due to R.A. Jackson and 

C.R.A. Catlow (1988) and K.-P. Schroder, J. Sauer et al (1992). They have been fitted to 

reproduce structure, elastic and dielectric properties of a-quartz, corundum and a number of 

zeolites.

A special feature of this scheme is the way the hydroxyl groups of Br0 nsted acid sites are 

treated: the Morse potential (2.3.5) is used along with the electrostatic interaction within the 

groups. The parameters of the Morse potential and the electrostatic charges on the hydrogen 

and the corresponding oxygen atoms have been fitted by the authors to reproduce results of the 

ab initio calculations on small molecular models of this site. The compatibility of the partial 

charges within the hydroxyls with the formal charges on all other species has been preserved by 

constraining the value of the total charge on a hydroxyl to be - 1 .

The second set of parameters has been recently derived by K.-P. Schroder and J. Sauer 

(1996) and is fully based on ab initio calculations. The results of Hartree-Fock calculations of

82



structure and vibrational properties of several molecular models (4- and 6 -membered rings of 

different conformation and including a Br0 nsted acid site) have been fitted by only shell model. 

In contrast to the empirical shell model, the "dispersion" term of a short-range potential (2.2.4) 

has been completely omitted from calculation as the Hartree-Fock method is does not to 

reproduce dynamic correlation effects. Another feature of this model is that two types of 

hydroxyl groups are recognised: terminal silanols and bridging hydroxyls (the oxygen species 

of terminal silanols are assumed to be of the same kind as that of a regular Si-O-Si linkage).

Parameters from both sets are summarised in Table 2.1 below:

Empirical model Ab initio  m odel

Charges

Core Shell Core Shell

Si 4.0 4.0

Al 3.0 3.0

0 0.86902 -2.86902 1.06237 -3.06237

Ob -1.426 1.23944 -3.23944

Hb 0.426 1.0

H, 0.426 1.0

Spring potential parameters

k (eVÂ-2) k (eV A'^)

0 74.92 112.7629

Ob 137.0634

Buckingham potential parameters

A(eV) P (Â ) C (eV A^) A(eV) p (A )

Si-O 1283.907 0.32052 10.66158 1550.950 0.30017

Si-Ob 983.5566 0.32052 10.66158 2078.349 0.28130

A l-0 1460.3 0.29912 0.0 1068.711 0.32260

Al-Ob 1142.6775 0.29912 0.0 887.969 0.32377

0 - 0 22764.0 0.149 2 7 j#

Ob-Ob 22764.0 0.149 27.88

0-O b 22764.0 0.149 2T 88

Ob"Hb 452.466 0.21143

0-Hb 311.97 0.25 0.00 6758.796 0.20511

O-Ht 1034.329 0.16886

M orse potential parameters

D, (eV) a ( Â '‘) To (A)
Ob-Hb 7.0525 2.1986 0.9485

0-H t 7.0525 2.1986 0.9485

3-body potential parameters

k" (eV rad^) 00 (°) k” (eV-rad'^) 6o(°)

Si 2.09724 109.47 0.18397 109.47

Al 2.09724 109.47 0.64984 109.47

Table 2.1. Potential param eters used in this work.
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Schroder and Sauer compared the quality of reproduction of the vibration spectra by both 

models and found the second to be superior, especially as regards the framework phonons in 

the S i-0  stretching region. This demonstrated that the Hartree-Fock approximation works very 

well in this region of the spectra: correlation and anharmonic corrections could be expected to 

be quite small. However, these effects are appreciable for 0-H  stretching; both the empirical 

and ab initio potential models require the a posteriory correction to the calculated frequencies. 

The empirical model makes use of the anharmonicity correction to the frequencies of O-H 

vibrations known to lie between -140 and -160 cm '. The authors of the ab initio model adopted 

the scaling factor of 0.86 established in a wide range of the Hartree-Fock calculations of 

harmonic frequencies as compared to experiment.
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2.3. Modifîed INDO large unit cell model

In another apartment, I was highly pleased with a projector, 
who had found a device o f plowing the ground w ith hogs, to 
save the charges o f plows, cattle, and labour. The m ethod is 
this: In an acre of ground you bury at six inches distance, and 
eight inches deep, a quantity o f acorns, dates, chestnuts, and 
other masts or vegetables, w hereof these animals are fondest; 
then you drive six hundred or more o f them  into the field, 
where in a few days they will root up the whole ground in 
search of their food, and make it fit for sowing, at the same 
time manuring it with their dung. It is true, upon experiment, 
they found the charge and trouble very great, and they had little 
or no crop. However, it is not doubted, that this invention may 
be capable o f great improvement.
J. Swift. Gulliver's travels. A  Voyage to Balnibarbi

The modified INDO scheme used in the present study is a variant of the traditional semi- 

empirical INDO method (see, e.g., J.A. Pople and D.L. Beverige 1970). The whole method is 

based on the Linear Combination of Atomic Orbitals (LCAO) approximation applied to the 

Hartree-Fock equations which results in the Hartree-Fock-Roothaan matrix formalism.

The atomic orbitals used here are of Slater type that are analytical functions with a radial 

part in the form of:

R„,(r) = (2Ç„,)"*'''-[(2n)!]-V-'exp(-Ç„,r), (2.3.1)

where ^ is a usual orbital exponent, n specifies a principal quantum number, and 1 relates the 

functions to an 1-shell described by corresponding spherical harmonics Y, so that a basis 

function % i s a  product of R and Y. The basic equations for the molecular orbitals then 

transform into equations for the vectors of coefficients C from the LCAO expansion:

FC = SCE , (2.3.2)

with the Fock and overlap matrices:

F = <%IFIx) , S = <xlX>, (2.3.3)

in Dirac notations, and E, the diagonal matrix of molecular orbital energies. (An italic font is 

retained here for operators, Greek letters are assigned to atomic orbitals.)

The one-electron density p(r) is represented by the matrix

P=SC kCk , (2.3.4)
k

where summation is over all occupied orbitals for a given electronic state (N is number of 

electrons in the system). The Fock matrix elements are then expressed as:

F̂ v = (Hlff'lv) + G(P)„v. (2.3.5)

Ho, the one-electron core Hamiltonian, comprises operators for the kinetic energy and the 

potential of the field generated by the nuclei and core electrons for the valence electrons (with
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H®|̂ y , as its matrix elements). If the core electrons are treated explicitly, the corresponding

contributions are naturally redistributed between the terms of (2.3.5). The two-electron

component in terms of atomic orbitals is given by:

G (P Vv = 1 1  Ppa[(ffvl p a ) -  (fipl v a )]  , (2.3.6)
P G

with matrix elements of the electron-electron Coulomb interaction (Coulomb and exchange 

integrals) calculated in real space as:

(livlpa)=JX|^(ri)%^(ri)— Xp(r2)Xa^r2)dridr2 • (2.3.7)
r i 2

The atomic orbitals in this expression can relate to the same or different centres, thus forming 

one-, two-, three- and four-centred integrals. Finally, the total electronic energy can be written 

in terms of the integrals, as well:

E tot=X PjivH ® v+~ Z  (PnvPpv“ PppPva)(M'^lp<^) • (2.3.8)
pv 2  |xvpa

2.3.1. Model Hamiltonian
Even after the core electrons are included into the core Hamiltonian and can therefore be 

included in the parameterisation, there still remain too many integrals for computing, for large 

systems such as crystals. This is a consequence of the scaling problem: the number of integrals 

that must be evaluated in the Hartree-Fock method is proportional to where M is a number 

of basis functions. This number, in fact, is an upper bound, and if we calculated these integrals 

for an infinite system we could see that due to the localised character of basis functions the 

integrals vanish for the large inter-centre distances. If some form of cut-off is introduced then 

the problem may formally become one of the M' scale. Then the heaviest part of the calculation 

is the matrix diagonalisation which, without further approximations, is scaled as M^. However, 

improvement in scaling occurs too slowly to be of real significant advantage with modem 

computational resources which makes the periodic Hartree-Fock model one of the most 

expensive current calculations.

As mentioned above (see Section 2.1.), the semi-empirical methods were invented to 

treat this problem in an approximate way. The radical solution offered is to neglect all three- 

and four-centred integrals. The various levels of semi-empirical Self-Consistent Field 

Molecular Orbitals (SCF MO) theory differ mainly in the extent to which a Differential 

Overlap approximation is involved. The latter additionally excludes part of the one- and two- 

centre integrals or treats them in an approximate manner. Moreover, the modified INDO 

method (Intermediate Neglect of Differential Overlap) uses minimal basis sets with different 

parameters for all basis functions and has the following characteristic features (see A. Shluger 

1985 and E. Stefanovich, E. Shidlovskaya et al 1990):
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(i) All one-centre Coulomb and exchange integrals are calculated exactly. Two-centre 

Coulomb integrals ( |l i |l iIv v )  and ( Z b I v v )  are also calculated exactly (the second integrals

describe a Columb interaction of the electronic density on orbital v with the core of atom B).

However, the angular dependence of atomic orbitals is neglected here, thereby retaining the 

invariance with respect to the rotation of the reference coordinate system.

(ii) The overlap matrix S appearing in equation (2.3.2) is replaced by the unit matrix 1. 

The approximate charge density is redefined accordingly;

N =  X P |xvS  = X P | j.|x ’ (2.3.9)

so that the molecular orbitals are normalised differently from those in the standard ab initio 

schemes:

l  =  I c H * c H ,  (2.3.10)

(iii) The diagonal matrix elements for the interaction between an electron occupying the 

atomic orbital %  on atom A and the core of atom A(a term in the expression) are taken to be 

of the form:

=  -  E i g  (H) -  s  (? % ''' -  P w  * K ^v) . (2.3.11)
V

where are the diagonal elements of the density matrix (population of atomic orbital v),

Ŷ v and are one-centre Coulomb and exchange integrals, —Eneg(l^) is the initial estimate

of the atomic orbital |X energy (ion's electronegativity).

(iv) The diagonal matrix elements for the interaction between an electron on atomic 

orbital |ll belonging to atom A and a core of another atom B are:

=  —ZB [RA B‘“ (RAB“ (ffM'l^^))®^P(“ OCp,BRAB)] ’ (2.3.12)

where R ab is the distance between atoms A and B, and Zb is the core charge of atom B. cX^b is

an additional adjustable parameter characterising the non-point nature of the core of atom B. 

We note that the core of atom B is represented here by the potential of an electron, occupying 

the valence orbital v, and scaled appropriately so that OC|i b » Ihs semi-empirical, two-centre

parameters, control the two-body attraction potential in a system (the larger a  the stronger 

attraction).

(v) The off-diagonal matrix elements of the core Hamiltonian between atomic orbitals |i 

and V centred on different atoms (the ^-resonance integrals) are

H^v =  P"vS^v . (2.3.13)

In this expression we see the need to use exact overlap matrix elements which incidentally 

demonstrates a non-consistent nature of the method (compare with eq. (2.3.9)).
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2.3.2. Large Unit Cell (LUC) method
The LUC method replaces a full band structure calculation, that involves an integration 

over the Brillouin zone in reciprocal space, by a calculation only in one F-point (k=0) which 

allows us to use the real wave functions. Extension of a unit cell in real space effectively 

includes other k-points into a calculation which is known as a reduction of the Brillouin zone 

upon an extension of a unit cell. An advantage of the method is that the local character of the 

interaction in the system is consistently taken into account. The symmetry in potential and 

wave function between different building units of a LUC can be rigorously accounted for, 

which is essentially the LUC theory as developed by R.A. Evarestov (1982).

The LUC model in the modified INDO approximation (see, e.g., A. Shluger and E. 

Stefanovich 1990) applies the lattice summation to the INDO model Hamiltonian and makes a 

number of approximations to describe the interactions of electrons belonging to different unit 

cells.

The electronic density matrix in the atomic orbital basis set of the LUC method is given

by;

E  P„v(k)exp(ik-I) , (2.3.14)
N  keBZ

where p(k) is a density matrix element in the basis of Bloch's combinations of atomic orbitals. 1 

is a vector of Bravais lattice, as built up by the LUC, and N is the number of LUCs in the basic 

crystal region. The total electronic energy per LUC is evaluated then as:

E L 'u c = ^ E l P Î U H Î i + F Î l )  . (2.3.15)

where Ff[v ^re elements of the Fock matrix, while H Jiv ^re elements of the core Hamiltonian

on the atomic orbital basis set. In the INDO approximation the latter are assumed to be 

proportional to the overlap integral between orbitals |X and v (see the previous section (2.4.13)). 

As the method cannot provide an unambiguous definition for the density matrix between two 

functions centred in two different LUCs (there is not enough information for substitution into 

the eq. (2.3.14)), a cut-off function is introduced which uses only the k=0 contribution to the 

charge density within the LUC, and zero outside (which is a recent modification: a sphere with 

radius equal half of the smallest translation vector of the LUC was used before). As a result, the 

first term in (2.3.15) can be rewritten as:

. (2.3.16)
1 I

The second term in (2.3.15) can be represented as:

1 1 occ occ
=  — S  Z 8 j(k) = % 8 j(0 )  , (2.3.17)

^  1 N j = ik e B Z  j = l

where £j(k) are the eigenvalues of the Fock matrix and the summation is over all occupied 

electronic states. Now the total energy of the system can be rewritten as:



E luc- ~ Z Z aZ b( R ab)  ^+“  Z E ^ + Z E j ( 0 ) + — % Pnv(^)Q^iv ’ (2.3.18)
^^A#B ^ A eL U C  j= l -------

1

2  ^veLUC

where

Ê =ZaI 1 fzB(Ri'Br*-sp,/v*X
I^O BeLUC\ ^ eB  y

(2.3.19)

and

Q^iv“

tZ- 1  Za(v^X+2:hî!., n=v[l\L
AeLUC

1

l?tO (2.3.20)

Here are the matrix elements of the kinetic energy operator, (V^®)[[^ are the matrix

elements of the electron-core interaction, is the distance between the cores of the atoms

A and B while Z a and Zb are their charges, respectively.

In the LUC theory, the Hartree-Fock-Roothaan equations in the INDO approximation

take the form

XF^vCvj(0 ) =  6 j(0 )c^j , 
v g L U C

(2.3.21)

where Cvj(O) are the LCAO coefficients in the LUC classification, and the elements of the Fock 

matrix are

—  H ^ v  " F  0 | j , v  C | i , v  " F  G | j , v  " F  A | x v  ■

The one-electron part of the Fock matrix is (compare with eq. (2.3.20))

14 0 _tlliv —
T % -  S  Z A ( V * “ C + S H a ,  |x =  v ,  u s A

A eL U C
\ L ^ V

L i

1^0

The matrix elements of the Coulomb interaction operator are

B gLUC ,,1
(Rab^o)

AO \0 0
HH ,  |LIG A

(2.3.22)

(2.3.23)

(2.3.24)

The matrices of one-electron Coulomb and exchange interaction are

A^v —

I  Pm,(0)
otigA

V G A

(2.3.25)

0, | I g A,  v g B,  A;6  B



Finally, the crystalline sum of exchange interactions reads

r  - -iy poi (2.3.26)

In all equations above, 00 111
N .

are Coulomb and exchange integrals of (jivloT)} type on the

atomic orbitals that are centred in unit cells 0 and 1.
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2.4. Density functional periodic model on numerical basis sets

"I thought," said Piglet earnestly, "that if  Eeyore stood at the 
bottom  of the tree, and if Pooh stood on Eeyore's back, and if  I 
stood on Pooh's shoulders
And if Eeyore's back snapped suddenly, then we could all laugh. 
Ha Ha! Amusing in a quiet way, "said Eeyore, "but not really 
helpful."
A.A. M ilne. The House at Pooh Corner

The Density Functional model, applied in this work to study defects in zeolites, has been 

derived by B. Delley (1983, 1990) and implemented in the computer codes DMol/DSolid

(1996). We shall now outline briefly the most interesting features of this method.

2.4.1. Approximation fo r exchange and correlation
All calculations here have been performed using the Perdew-Wang Generalised Gradient 

approximation (GGA) to the exchange and correlation in a non-selfconsistent manner (see J.P. 

Perdew, J.A. Chevary et al 1992 and compare with J.P. Perdew 1986 and L. Hedin and B.I. 

Lundquist 1971). First, the electron density and the one-electron energies have been obtained

self-consistently in the Local Density approximation (LDA). Then the gradient corrections to

the exchange and correlation contribution to the energy were calculated using the local density.

The basis for such an approach is that the resulting electron densities and observables 

compare well to those found self-consistently. In fact, even the density obtained in the Hartree- 

Fock approximation exhibits a similar property and in some cases appears to be preferable (see 

works of Perdew et al). Most of the computational cost for the gradient correction comes not 

from the calculation of the effective potential, but rather from the arteficially low value for the 

energy gap between the highest occupied and lowest unoccupied one-electron states, which 

greatly affects the convergence of the self-consistency process in the iterative space and 

therefore should be avoided wherever possible.

The underestimation of the optical gap (the optical absorption edge) using LDA one- 

electron energies is a well established fact in molecular and solid state calculations. 

Nevertheless, such spectra are of use in studies on insulators and semiconductors when there 

are available corresponding spectra from Hartree-Fock calculations. The latter overestimate the 

gap value: thus, the comparison of the two spectra can help to "bracket" the value of this 

observable. Bearing this in mind, the LDA one-electron spectrum appears to be even of greater 

interest than that from the GGA calculations.

2.4.2. Numerical basis sets and Harris functional

In contrast to Hartree-Fock and post Hartree-Fock approaches, the exchange and 

correlation functional and potential are based on the irrational functions of electron density. 

Consequently, any approach relying on the representation of electron density in terms of 

superposition of electron and/or ion contributions (the inherent feature of both Kohn-Sham 

scheme and of the expansion over basis sets) necessitates the numerical integration over a grid 

in real space.
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The introduction of such a grid has made accessible much more sophisticated basis sets 

than usual Gaussian or Slater functions. In particular, Delley has derived his model on the basis 

functions found by exact solution of DFT equations for relevant atomic and ionic problems. 

The advantage is that these functions exhibit the correct asymptotic behaviour for atoms both at 

zero and infinite radii (Gaussians satisfy neither of these criteria and Slater functions do so only 

at infinity). Moreover, this procedure uniquely defines the set of infinitely separated constituent 

atoms as the reference system for the calculation of binding energies. The standard use of 

double numerical sets (two basis functions per one occupied atomic valence orbital) provides 

the necessary variational flexibility: the responce of electron density to an external field can be 

achieved by redistribution on the same centre and not only by using basis functions centred on 

other atoms; thus the basis superposition error is also minimised by the method.

The use of the reference atomic system leads to reformulation of the electron problem in 

terms of binding energies and deformation densities instead of total electronic energies and 

density. The corresponding energy can be obtained first in the Harris approximation (a 

generalisation of Kim-Gordon method on the Kohn-Sham functional, see J. Harris 1985 and 

earlier work by B. Delley 1983) and then using the Harris equation (eq. 2.4.3 below) but with a 

corrected density at each iteration of the selfconsistent procedure.

Therefore the secular problem is formulated in full analogy to that of Hartree-Fock (see 

eq. 2.4.2):

HC = S C E , (2.4.1)

where H  is a one-electron Kohn-Sham Hamiltonian, C are LCAO coefficients on the numerical 

basis set, and E is a diagonal matrix of Kohn-Sham one-electron energies.

The calculation of the total electronic energy is then based on the Harris scheme 

accordingly with:

Etot = Eref + Ebind, (2.4.2)

The total electronic energy of a reference system Eref is calculated using the well known 

in the DFT expression (see L. Hedin and B.I. Lundqvist 1971), which is exactly equal to the 

Kohn-Sham value of energy using the density obtained by solving (2.4.1):

Eref = S £ k  + j p (“ 2 V e “ M'xc"^^xc)d^r , (2.4.3)
k

where £k are corresponding eigenvalues, Ve gives an electrostatic contribution, fXxc is a 

potential, whereas is an energy density for exchange and correlation within LDA and GGA.

The binding energy also takes the form of (2.4.3) but with every term under integral sign

being the difference between the energy densities of the real and reference systems. It can be 

shown that this expression is explicit to the second order about the density; the deformation 

density is small compared to the total density for all regular cases. The only exception is 

probably represented by highly ionised hydrogen atoms, but in this case the existing 

parameterisations of exchange-correlation functionals are not appropriate.
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In addition to a very good initial approximation to the binding energies, the functional 

(2.4.3) has the same stationary point as the Kohn-Sham functional, but we should note the 

following:

(i) it is defined for a wider class of densities (which should not necessary be built on 

molecular orbitals obtained by solving the Kohn-Sham equations), and

(ii) in contrast to regular Hartree-Fock and Kohn-Sham schemes, in practical calculations 

the stationary point is approached from below.

2.4.3. Evaluation o f matrix elements o f effective potential
The local character of the exchange and correlation potential in DFT determines the 

upper bound on the scaling of the method to be for localised basis sets. This factor is 

common for calculation of matrix elements and matrix diagonalisation. Still there remains the 

problem of Coulomb integrals (compare with eqs. 2.3.5-7).

The standard trick presently used in most DFT codes is the use of auxiliary basis sets for 

the expansion of charge density. This only leaves 3-centre integrals to be computed. An 

alternative approach is to integrate directly the corresponding Poisson equation. Within the 

method described, this is done on the same grid as is used for quantum calculations in the 

following manner.

The charge density obtained from Kohn-Sham orbitals is partitioned into atomic 

densities using convolution procedures with spherically symmetrical partitioning functions. An 

appropriate choice of a partitioning function permits a good localisation of the density. Then, 

each atomic density is expanded into multipole series: the coefficients can be found 

analytically; and the series are truncated, regularly at values of I greater by 1 or 2 than the 

largest orbital number involved into a corresponding atomic basis. Finally, the partial atomic 

potentials are found from atomic charge multipoles using the Green function of the Poisson 

equation in the polar spherical coordinate system.

The model charge density which can be obtained from the multipole expansion is not 

exactly equal to the initial density due to the truncation errors and the use of partitioning 

procedure. Nevertheless, in practice, the model density remains close to the initial density 

whereas making use of the Harris functional we can treat it quite rigorously. This procedure 

allowed Delley to avoid the arbitrariness introduced by the auxiliary functions and to lower 

considerably the computational costs.

2.4.4. Periodic boundary conditions

The periodic model introduced by Delley exploits the q=0 approximation and to a large 

extent is identical to the LUC model described in previous section as applied to the modified 

INDO Hamiltonian. The difference is in the way the lattice sums of exchange integrals are 

treated.

Whereas in the semi-empirical scheme the density matrix is assumed to have zero 

elements between functions centred in different LUCs (see eqs. 2.3.14-17), the corresponding 

lattice sums (analogous to 2.3.26) within this DFT method are calculated up to some cut-off
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radius (the default value of 20 a.u. is used by the program). In fact, the density matrix should 

exhibit an exponential decay with the inter-centre separation which can be obtained only 

beyond the q=0 approximation (see, e.g. E. Stefanovich, E. Shidlovskaya et al 1990). Therefore 

the arteficial periodicity is imposed on the density matrix which, in principle, can lead to the 

divergence of the corresponding sums. In contrast to the Hartree-Fock scheme, this problem 

only affects the calculation of total energies and not that of the matrix elements of the Kohn- 

Sham operator. Moreover, the situation improves if the actual decay of the density matrix 

occurs mostly within one unit cell, but this is not the case in our calculations: with present 

computational resources we can not afford to use unit cells with more than 50 atoms in them. 

From our experience, in particular for zeolitic and more generally silicate materials a 

reasonable level of convergence with the LUC size can be expected with a number of 

constituent atoms somewhere in-between one and two hundred which presently is prohibitively 

expensive.

In spite of this methodological deficiency, when applied carefully the method works 

remarkably well in prediction of structural and vibrational properties of materials.
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CHAPTER 3

CHARACTERISATION OF ZEOLITIC MATERIALS

Static stuctural, electronic and vibrational properties of major zeolitic materials are well 

documented by now in many experimental studies. However, several questions remain 

unanswered, and a great deal of data collected requires further theoretical review and 

explanation. These data are of particular interest for this work since the defect properties often 

overlay the properties of idealised perfect materials. Moreover, the response of a crystal system 

to the presence of defects in it, in most cases, can be described as a perturbation, meaning that 

the observable properties of a complex defective material in principle can be rationalised on the 

basis of a superposition of two signals: one coming from a perfect material and the other from 

localised defect containing regions. Therefore, this study will first concentrate on a general 

characterisation of zeolites as crystalline solids so as to provide a necessary background for the 

subsequent investigation of defects in zeolites.

In contrast to semi-classical and ab initio methods, the quantum mechanical semi- 

empirical approach has not been intensively applied to zeolitic materials except for the case of 

molecular cluster modelling. Parameterisation of semi-empirical Hamiltonians for solids 

remains the key issue: so far very little has been done to make the semi-empirical schemes 

applicable to zeolites and related materials. However, advantages of semi-empirical approach in 

terms of computational cost have always been clear which was the greatest incentive for the 

methodological work undertaken in this study. The modified INDO parametrisation has been 

derived for zeolites and other silicate minerals and will be the subject of the first part of this 

chapter (Section 3.1).

Throughout this thesis the formation of the main materials characteristics will be 

explained in terms of the local atomic configuration (chemical composition, coordination 

numbers and bonding character). The cluster approach, which allows us to represent the major 

dynamical and statistical characteristics of a many-body system by means of quickly 

converging series of cluster contributions (where the cluster expands to comprise one, two, 

three and more interacting particles), forms the basis for understanding how the short-range 

order determines to a great extent the material properties. Following this concept, we aim here 

to clarify the rôle of different chemical environments in zeolites. In Section 3.2, we consider 

complex oxide dense minerals. Porous siliceous materials are the subject of following Section

3.3. And finally the effect of extra-framework species is scrutinised in Section 3.4 using an 

example of natural chloro-sodalite.
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3.1. Modified INDO parametrisation. Fitting of semi-empirical parameters for 

zeolites and related systems.

In another apartment, I was highly pleased with a projector , 
who had found a device of plowing the ground with hogs, to 
save the charges of plows, cattle, and labour. The method is 
this: In an acre of ground you bury at six inches distance, and 
eight inches deep, a quantity o f acorns, dates, chestnuts, and 
other masts or vegetables, w hereof these animals are fondest; 
then you drive six hundred or more o f them  into the field, 
where in a few days they will root up the whole ground in 
search of their food, and make it fit for sowing, at the same 
time manuring it with their dung. It is true, upon experim ent, 
they found the charge and trouble very great, and they had little 
or no crop. However, it is not doubted, that this invention may 
be capable of great improvement.
J. Swift. Gulliver's travels. A Voyage to Balnibarbi

The modified INDO scheme (described in detail in Section 2.4) has been reparametrised 

in this work for zeolites and related materials including dense binary and ternary mineral oxides 

with an emphasis placed on a reproduction of their atomic and electronic structures.

During the time this study was undertaken two parameter sets have been derived, and the 

results as obtained using both the "old" set and the "new" one are presented here. The quality of

these INDO parameters and steps that could be taken to improve them are the subject of a

discussion throughout this section.

The parameter sets derived have been tested on a number of ternary compounds as 

described in Section 3.2. The overall error inherent in the semi-empirical scheme can be 

estimated in this way. This has also given us a deeper insight into the nature of the changes in 

the electronic structure of zeolites upon various chemical treatments leading to a change in the 

zeolite chemical composition.

The basis of our INDO parametrisation for zeolites and related materials lies in an 

approach developed by A. Shluger et al and realised on alkali and alkali earth metal 

halogenides and oxides (see A. Shluger 1985 and E. Stefanovich, E. Shidlovskaya, et al 1990). 

That work also included first attempts of parametrisation of Al and Si oxides (see P.W.M. 

Jacobs, E.A. Kotomin et al 1992 and A. Shluger and E. Stefanovich 1990, respectively). 

However, the results obtained have not been accurate enough, especially as regards the atomic 

structure of crystalline alumino-silicates. For other elements vis. O, Na, Mg and Cl, one-centre 

parameters have been taken from the above-mentioned publications, whereas all two-centre 

parameters have been either readjusted or completely reoptimised to provide us with a fully 

coherent parametrisation scheme. The parameters for H have also been optimised "from 

scratch" as the ones found in literature proved to be inconsistent with the present scheme.

A traditional INDO scheme relies on the separate approach to fitting of one- and two- 

centre parameters. The former are fitted to reproduce such atomic or ionic properties as 

ionisation potentials, electron affinities, and optical transitions (the Frank-Condon parameters - 

see J.A. Pople and D.L. Beverige 1970). The latter are optimised to reproduce atomic structure 

and properties of small molecules. Unfortunately, this approach fails when applied to solids

96



(especially in the case of strong ionicity) so that all the parameters must be included into a 

general optimisation procedure. This leads to a complicated search, aimed at reproducing 

reasonably well various features of atoms, molecules and crystals based on both experimental 

measurements and ab initio calculations.

In particular, we consider as the principle, "reference" properties which have to be 

reproduced in our parametrisation (i) ionisation potentials of atoms; (ii) atomic structures of 

molecules and simple binary crystals; and (iii) their electronic structure as represented by one- 

electron spectra and effective charges on constituent atoms.

By their very nature, semi-empirical methods are interpolative; hence our primary 

concern is to choose an appropriate set of reference molecules and crystals. Since zeolite 

frameworks, extra-framework species and various point defects are under study, a number of 

small MmOn molecules (M = H, Na, Mg, Al and Si; m = \^2  and n=0^4), simple chloride 

molecules as well as the corresponding perfect binary crystalline oxides were used to obtain 

new parameter sets. Such a choice provides us with different quantum states, bonding 

characters and effective charges that occur in real materials under various conditions which 

also follows the fundamental concept of the predominant rôle of the short-range order (the 

structural elements of statistical physics) in the formation of the electronic structure of solids.

Two parametrisation schemes have been employed in this study. In the derivation of the 

first, the emphasis has been placed on the reproduction of the electronic structure of binary 

solid oxides at the experimental geometries as well as local atomic configurations in the defect 

regions. In contrast to that, both atomic and electronic structures of corundum (AI2O 3) and a - 

quartz (SiOz) have been the primary concern in the second scheme as a result of which the 

structure of other molecular and crystalline systems that included Si and Al to some extent 

could be compromised. Comparison of the two schemes clearly displays the advantages and 

shortcomings of the semi-empirical approach. Whilst a number of characteristics could indeed 

be reproduced well, an accurate treatment of all the properties within only one parametrisation 

scheme, in our experience, appears to be practically impossible.

3.1.1. Semi-empirical modified INDO parameters
The two sets of parameters derived are summarised in Tables 3.1, 3.2 and 3.3. In order to 

outline the necessary elements of the present parametrisation, we recall that the construction of 

the Fock matrix within the modified INDO scheme is determined by the following set of both 

one- and two-centre empirical parameters for various types of the valence atomic orbitals:

(i) the orbital exponent ^  describing the radial part of the jiih  Slater-type AO on the A-

atom;

(ii) the electronegativity of the A-atom, (E^^^) , defining the ûth AO energy on isolated

atoms or ions;

(iii) the ^th AO population, ( f  , i.e. the "initial guess" for the diagonal elements of 

the density matrix;
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(iv) the resonance integrals, , entering the off-diagonal Fock matrix element where 

IJXh and vth AOs are centred at the different A- and 5-atoms;

(v) the adjustable exponents, a ^ f , characterising the extended nature of the 5-atom

core interaction with the electron localised on the jjth AO of the A-atom.

The comparison shows a marked difference between corresponding old and new Al and 

Si parameters. The difference, in fact, is not as large for Al since it only represents a correction 

of a recently published parametrisation scheme of corundum (see Yu.F. Zhukovskii, A.A. 

Sokol, et al 1997 and a discussion of the problems involved below). The results obtained using 

the old and the new parameter sets are closely compared in the next section whilst here we need 

to outline only a few preliminary points.

Type F (eV) p ^ ° \ (e) -/3(eV)

of elem ent A U old new old new old new old new

H Is 1.150 — 5.783 — 0.800 — 6.940 —

0 2s 2.270 4.500 1.974 16.000
2p 1.860 — -12.600 — 1.960 — 16.000 —

Na 3s 1 .1 0 0 — 3.600 — 0 . 1 0 0 — 0.400 —

Mg 3s 1.400 — 16.000 — 0.150 — 1 . 1 0 0 —

Al 3s 1.256 5.984 1 1 .0 0 0 2 . 0 0 0 1.700 2.750 2 . 0 0 0

3p 0.990 — 0.440 2.500 0.333 0.300 2.750 3.000

Si 3s 1.540 1.659 7.400 40.000 1 .0 0 0 0 . 0 0 0 8 . 0 0 0 16.000
3p 1.540 1.534 -0.700 37.860 1 .0 0 0 0 . 0 0 0 8 . 0 0 0 1 1 . 0 0 0

Cl 3s 1.820 19.050 1.981 7.700
3p 1.710 — 3.050 — 1.973 — 13.050 —

Table 3.1. M odified INDO one-centre param eter sets.

Throughout this study the two-centre parameters have been approximated by the 

weighted values of diagonal elements of resonance integral matrix, + Py^)', therefore

these are presented in Table 3.1 as one-centre parameters. The only e: resonance

matrix elements between atomic orbitals centred on aluminium andhydrogen. Our attempts to 

use the diagonal approximation have failed in reproducing the basic structures of aluminium 

hydrides and hydroxides which forced us to parametrise also corresponding off-diagonal 

elements of the j3-matrix (see Table 3.2). We also note that none of the two-centre a  parameters 

in this scheme depends on the type of atomic orbitals (see Table 3.3). The valence basis set in 

both parameterisations includes Is  AO on H, 2s and 2p AOs on O, 3s AO on Na and Mg, 3s
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Parameter scheme H is  \\A l3s H is  II Al3p

old 8 . 0 0 0 8 . 0 0 0

new 2 . 0 0 0 10.600

Table 3.2. M odified, INDO, two-centre, ^param ete rs.

B ( I s ) 0  (2sp) Na M g Al (3sp) Si (3sp) Cl (3sp)

Core old new old new old new old new old new old new old new

H 0.149 — 0.490 — 0 . 0 0 0 — 0 . 1 0 0 — 0 . 0 0 0 — 0.240 0 . 0 0 0 0.355 —

0 0 . 1 0 0 — 0 . 1 0 0 — 0.440 — 0.050 — 0.030 0 . 0 0 0 0.050 0 . 0 0 0 0 . 0 0 0 —

Na 0 . 0 0 0 — 0.164 — 0 . 0 0 0 — 0 . 0 0 0 — 0 . 0 0 0 — 0 . 0 0 0 — 0.178 —

Mg 0 . 0 0 0 — 0.195 — 0 . 0 0 0 — 0.050 — 0 . 0 0 0 — 0 . 0 0 0 — 0.187 —

Al 0.174 0 . 2 1 0 0.360 — 0 . 0 0 0 — 0 . 0 0 0 — 0.046 0 . 0 0 0 0 . 0 0 0 — 0.330 0.380

Si 0.000 — 0.300 0.215 0.000 — 0.000 — 0.000 — 0.000 — 0.280 0 . 1 0 0

Cl 0.150 — 0.000 — 0 . 2 0 0 — 0.000 — 0.026 0.000 0.050 0.000 0.000 —

Table 3.3. M odified, INDO, two-centre, a  param eters (au" ).
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and 3p AOs on Al, Si and Cl atoms. The dashes represent no change in the values of 

correspondingparameters as compared to the old scheme, but all the parameters within the new 

scheme have been tested and proved to provide a coherent description of a wide range of 

relevant materials.

The first, old, INDO parameterisation used in this modelling has led to some artefacts, 

including an overestimation of bond angles in a-quartz and a wrong prediction of the direct 

optical transition in corundum. Moreover, our intention is to obtain a description that is 

generally transferable to Al and Si containing oxides, hydroxides, and chlorides. The old set of

parameters suffers from certain inconsistencies. For instance, the effective charges calculated

for the corresponding small molecules including aluminium were underestimated reflecting the 

trend observed in the Mulliken analysis routinely performed in ab initio calculations (see for 

comparison L. Bencivenni, M. Pelino et al 1992). However, this is in contrast to our previous 

experience that the charge analysis performed in the Neglect of Differential Overlap (NDO) 

approximations (originating from Pople's studies) tends to yield essentially higher charges 

which are comparable to results of the natural bond analysis (see, e.g., A.V. Nemukhin and F. 

Weinhold 1992). The difference between the two analyses is frequently neglected and resulting 

charges are compared directly, which in our view can be justified only for a limited number of 

cases.

To highlight the difference in two approaches we give below the expressions used to 

compute the charges. In this work, the effective charge on an atom was determined through a 

sum of diagonal elements of the density matrix in the AO representation:

= y — p
^ 1 1

where is a charge of the A-atom core (the wave function of the method is normalised in the 

standard NDO approximation). In the Mulliken analysis the charge on the A atom is determined

as:

q T ‘ =

where is an overlap integral. As pointed out previously, the NDO schemes inconsistently 

treat the overlap between atomic orbitals centred on different atoms. The matrix is assumed to 

be diagonal in the Hartree-Fock-Roothaan equations and in the normalisation procedures, but 

the overlap is taken into account exactly in the calculation of the off-diagonal elements of the 

Fock matrix. (That is the charges would be directly comparable if the normalization procedures 

were the same which is not the case.) At the same time, our calculations of siliceous materials 

regularly gave slightly overestimated effective charges as corroborated by comparing Mulliken 

charges from ours and ab initio calculations on these materials. Thus, to overcome these 

difficulties we have had to introduce the new set of parameters presented in the tables above.

The major feature of both parameter sets is that the electron-core 0 - 0  interaction is 

much weaker than that of the previous parametrisation schemes (the a  parameter has dropped 

from 0.15 to 0.10 a.u. '; Table 3.3). As seen from the discussion in the following sections it is 

still overestimated, but this is the cost of a reasonable reproduction of the electronic structure
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of solid oxides. Any kind of fitting of the adiabatic surface with respect to oxygen-oxygen 

separation, unfortunately and inevitably, has led to shallow valence bands in these materials in 

contrast with ah initio calculations and the results of optical and photoelectron experiments.

3.1.2. Reproduction o f basic properties on reference atomic and molecular systems 

Due to the insufficient quality of minimal basis sets and as the correlation effects using 

this method are accounted for only through empirical parameters, not all physical properties of 

atomic and molecular systems can be accurately reproduced even in principle. An important 

example is provided by atomic electron affinities. At the same time, ionisation potentials of the 

relevant atoms and ions (given in Table 3.4) demonstrate a good agreement with experiment 

and therefore the satisfactory quality of the respective exponential parameters Ç and 

electronegativities.

Type of 

element

Ionisation potential (eV) Electron affinity (eV)

old new experiment old new experim ent

H 13.606 — 13.598 3.168 — 0.754

O 18.381 — 13.618 1.773 — 1.461

Na 3.996 — 5.139 unstable — 0.548

Mg 6.657 — 7.646 unstable — unstable

M g+ 16.492 — 15.035 — — —

A1 5.985 5.437 5.986 unstable — 0.441

A1+ 12.840 15.583 18.828 — — —

Si 5.972 8.445 8.151 unstable — 1.385

Si+ 15.648 18.083 16.345 — — —

Cl 12.809 — 12.967 2.066 — 3.617

Table 3.4. A tomic properties reproduced in current INDO scheme 

(Experimental data are taken from the Handbook of Physics and Chemistry 1996)

However, we should point out the noticeable discrepancy between the ionisation 

potential values calculated here and those taken from experiment for oxygen, aluminium and 

silicon (especially, in the old parametrisation). This is a clear consequence of the fitting of the 

parameters with the aim of reproducing typical electronic stmctures of ionic crystals. In oxide 

molecules and clusters, oxygen ions, as a mle, bear high effective charges (often greater than 1 

e) and therefore it is preferable to obtain a reasonable estimate for the oxygen electron affinity 

(i.e., simply the ionisation potential for the O' ion). In this case, in particular, the experimental 

and theoretical results are far closer to each other (with an error of about 0.3 eV). We also note 

that the second ionisation potentials for Al and Si are closer to the experimental values for the 

second, new parameter set which can account for an improvement in the description of Al and 

Si oxides reported in the next section.

The results obtained for the reference sets of molecules are summarised in Tables 3.5 and

3.6 where all the data are compared with experimental values (if available) or results of ab
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initio calculations. In these calculations the correct electronic structure of the ground state for 

all molecules except the case of MgO molecule has been reproduced. The set of reference 

molecules includes all relevant diatomics as well as the main oxide, chloride, hydride and 

hydroxide molecules in order to obtain as wide as possible a range of charge states of 

constituent atoms as shown in the tables (neutral diatomics obviously represent the case of zero 

charges).

M olecule

Bond length (Â) Atom isation energy (eV)

old new experiment old new experim ent

H] 0.74 — 0.74 4.47 — 4.52

O] 1 .2 0 — 1 .2 1 10.79 — 5.13

Nu] 2.58 — 3.08 -1.45 — 0.76

M g] unstable

Al] 2.43 3.15 2.70 1.56 0.27 1.55

Si] 2.30 1.69 2.35 -0.93 13.12 3.35

Cl] 2.41 — 1.99 0 . 6 6 — 2.59

Table 3.5. Results o f param etrisation for diatomics.

Sign of minus in atomisation energies dem onstrates that corresponding molecules have been 
predicted as metastable. Mgz is unstable altogether. Dashes indicate that there were no new 
parameters involved in calculation.

All neutral diatomic molecules obviously exhibit covalent character in their bonding with 

a possible weak contribution from van der Waals interactions. Thus, although for two 

molecules the bond distances and atomisation energies are in a close agreement with 

experiment, this should be considered rather as a coincidence. The current scheme does not aim 

to reproduce this kind of interactions and the respective properties have not been used in the 

parameter fitting except for the case of the H2 molecule for which the interatomic distance and 

dissociation energy were specifically reproduced. On closer consideration, we even notice that 

for two molecules, vis. Na] and Si], we obtain negative energies of dissociation (which means a 

metastable character of these molecules within the present parametrisation scheme).

From an analysis of the structural parameters of the heteronuclear molecules, we can see 

that we generally calculate M -0  bond distances (where M= H, Na, Mg, Al and Si) that are in 

much better agreement with experiment or the results of ab initio calculations. We do, however, 

encounter certain problems in the case of bond angles (as observed in M]0 ] type clusters and 

also for A 1 ] 0 3  molecules); we attribute this problem to an exaggerated 0 - 0  interaction. 

Moreover, we can confirm this conclusion by the trend in atomisation energies: the more 

oxygen ions are present in a molecule, the more overestimated is the predicted energy.
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Structural parameters (A and °) Atom isation energy (eV) Effective charg;e on cation (e)

M olecule old new experim ent old new experim ent old new

OH 0.97 — 0.97 8.29 — 4.39 0.387 —
0 H+ 1 .1 0 — 1.03 1.07 — 4.82 0.617 —
OH 0.90 — 0.96 8.98 --- 6 . 2 2 0.197 —

H 2O Rq-h 0.95 — 0.96 17.88 — 9.51 0.439 —
ZH O H 106.1 — 104.5

H 3O+ 0.99 — 0.95 8.448 — 5.12 0.671 —

NaO 2 . 1 0 — 2.07 3.89 — 2.62 0.879 —
NazO 1.90 — 2 . 0 0 4.66 — 4.65 0.582 —
NaaO 1.85 — 2.07 6.76 — 6.08 0.285 —
Na4 0 1.85 — 2 . 1 2 6.53 — 7.53 0.286 —
M gO singlet 1.81 — 1.75 0.69 — 4.08 0.833 —

triplet 1.93 — (?) 2.08 — 2.80 0.791 —

MgzOz (Dzh) Ro-o 2.65 — 2.93 3.83 — 11.32 1.451 —

P-Mg-Mg 2.39 — 2.42
M g4 0 4  (T(j) Rivig-o 1.93 — 1.95 14.55 — 27.81 1.644 —

Ro-o 2.73 — 2.87
AlO 1.64 1.84 1.62 7.60 5.22 5.26 1.044 0.848

AlOz 1.70 1.79 1.69 14.07 9.85 10.43 2.032 1.830
AlzO 1.62 1.79 1.73 11.58 9.35 10.67 0.700 0.661

AlzOz (Dzh) Rq-g 2.61 2.39 2.62 22.38 14.64 16.62 1.397 1.386

R ai-o 1.77 1.82 1.95
AlzO] (D]h) Ro-o 2.26 2.30 2.52 34.60 21.55 — 2.257 2.385

Rai-ai 1.77 1.79 1.77
SiO 1.49 1.55 1.51 9.76 8 .0 2 8.25 1.093 0.816

SiO+ 1.55 1.52 1.47 6.72 9.09 4.86 1.736 1.684

SiOz 1.52 1.51 1.55 16.10 20.14 13.26 2 .2 2 1 2.157

Table 3.6. Results o f param etrisation for oxide molecules. Experim ental data com plem ented by results o f D FT BP91/DN P calculations where corresponding
numbers are not available in current literature
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M olecule
Structural param eters (Â  and °) Atom isation energy (eV) Effective charge on cation (e)

old new experiment old new experim ent old new

HCl 1.28 — 1.27 4.99 — 4.47 0.179 —
NaCl 2.28 — 2.36 4.14 — 4.27 0.785 —

MgCla 2 . 1 0 — 2.19 2 . 1 0 — 7.34 1.284 —
AICI3 2 .1 1 2.09 2.08 19.05 14.25 13.06 1.832 1.961

SiCl4 2 . 0 2 2.14 2 . 0 2 24.02 23.36 16.18 1.661 1.377

NaH 1.70 — 1.89 -1.19 — 1.92 0.421 —

MgH? 1.64 — 1.73 -5.21 — 3.97 0.484 —

AIH3 1.54 1.58 1.58 7.88 8.05 1.263 1.176

SiH4 1.49 1.47 1.48 13.50 13.39 0.520 0.622

NaOH R n3-0 2 . 1 2 — 1.96 12.99 — 7.90 0.963 —

R o-H 0.90 — 0.98
Mg(0H>2 Rvig-O 1.82 — 1.76 23.99 — 16.58 1.889 —

R o-H 0.91 — 0.97
A1(0H)3 R ai-o 1.76 1.75 1 .6 8 50.78 45.61 27.85 2.675 2.669

R o-H 0.92 0.91 0.96
Si(0H)4 Rsi-O 1.61 1.62 1.67 64.90 69.13 38.65 3.172 2.931

R o-H 0.92 0.93 0.98
Z SiO H 180.0 141.0 1 1 2 .0

Table 3.7. Results o f param etrisation for chloride, hydride and hydroxide molecules. Experim ental data com plem ented by results o f D FT BP91/DNP
calculations where corresponding numbers are not available in current literature
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Three molecules presented in Table 3.5 deserve further comment.

(i) In contrast to earlier calculations, the AI2O molecule in all recent ah initio 

calculations was found to be linear (see L. Bencivenni, M. Pelino, et al 1992). Presumably, the 

equilibrium angle of 144° previously reported is an artefact of the small basis sets used. Using 

both old and new parameter sets we find that the linear structure indeed is a true minimum 

(whereas the previous set of the INDO parameters gave a bent molecule - see P.W.J. Jacobs, 

E.A. Kotomin et al 1992).

(ii) Ab initio calculations predict the bipyramidal form of AI2O3 to be stable only on the 

Hartree-Fock (HP) potential energy surface (the result obtained using the GAUSSIAN 94 code 

with 6-31IG* basis set). Both MP2 (A.V. Nemukhin and W. Weinhold 1992) and our density 

functional (DFT) calculations performed by the BLYP/DNP method yield a solution with 

broken symmetry. (The closest local minimum has Czv symmetry.) Nevertheless, we retain this 

molecule in the reference set because the bipyramidal configuration of AI2O3 molecule 

represents the structural formula unit in the corundum crystal where the Madelung field is 

responsible for preserving the higher symmetry. Thus, we present in Table 3.5 for this 

particular molecule a comparison carried out only for the structural parameters and not for the 

atomisation energy.

(iii) Finally, the orthosilic acid, Si(0 H)4, molecule in very many molecular cluster 

calculations on zeolites has been considered as a test case (see e.g. J. Sauer 1989). The latest ab 

initio calculations give the value in the range 112-118° for the SiOH angle, although it has been 

not confirmed by experiment (the species is very difficult to isolate in a gaseous phase). This 

angle is controlled by very weak collective interactions between hydrogen and oxygen atoms 

which probably can be reproduced at the LCAO level of approximation only by taking into 

account the three- and possibly four-cenre integrals. We do not expect our scheme, in 

particular, to work in such a case. Nevertheless, use of the new parameter set has improved 

description of this species moving towards the values predicted by DFT PW91/DNP method. 

Clearly the account of electrostatic interactions is now much more balanced as displayed by the 

lower effective charge on Si. Comparison with charges resulted from ab initio natural 

population analysis performed on this species (RHF/6-31IG**) has shown that we are now 

close to the optimum level of molecule polarisation and hardly a further progress can be 

achieved within the current scheme.

Generally speaking, we find that the atomisation energies are reproduced worse than 

geometries, but the structural parameters and electronic structure have been in the basis of this 

parametrisation and we would not like to excessively strain the parameter scheme in order to 

achieve accurate values for energies.
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3.1.3. Reproduction o f basic properties on reference crystalline systems 

As a reference crystalline system in the present parametrisation scheme we have chosen 

simple binary oxides Na2Û, MgO, AI2O3 (corundum) and Si2 0 3  (a-quartz). Their atomic and 

electronic structures are well established by many experimental studies and have been the 

subject of ab initio calculations, both at Hartree-Fock and density functional levels of theory. 

Therefore we were able to fit the INDO parameters on a wide range of properties and test them 

independently.

UC extension

Total energy per 
primitive UC (a.u.)

Effective 

charge on Al (e)

Valence band 

width (eV) Band gap (eV)

1x 1x 1 -104.61889 2.581 6.838 13.791

2 x 2 x 2 -105.48414 2.408 7.211 12.289

3x3x3 -105.53053 2.404 7.086 1 1 . 6 6 6

4x4x4 -105.53014 2.404 7.238 11.679

5x5x5 -105.53013 2.404 7.173 11.755

Table 3.8. Dependence of corundum properties on the LUC size

The results are obtained using the old set o f param eters on the experimental corundum
structure (due to R.W .G. W ickoff 1965).

Calculations on all crystals described in this section have been done in the Large Unit 

Cell (LUC) model as implemented into the INDO code SYM-SYM (see Chapter 2). The size of 

the LUC determines the quality of the calculation in close analogy with band methods in which 

it is controlled by the number of k-points in the irreducible part of the Brillouin zone. In Table

3.7 we have collected data on the convergence of the electronic structure parameters with 

respect to the LUC size. The structure of the corundum was used here as an example as 

presenting the worst case in terms of convergence. (All calculations used have been performed 

using the experimental structure of corundum and the old set of parameters.) The primitive unit 

cell of corundum contains two formula units; thus, the number of atoms in the LUCs 

considered varies from 10 (the UC, or the LUC of a 1x1x1 extension along the three lattice 

vectors) to 1250 (the LUC of a 5x5x5 extension).

From both our own experience and the data presented here we found that the optimal 

LUC size to be used for the corundum geometry optimisation is 3x3x3. Indeed, the total energy 

has practically converged for this LUC, whereas the charge density undergoes only minor 

changes comparing a LUC of 3x3x3 and larger extensions. However, the parameters for the 

one-electron spectrum, although evaluated with an accuracy of about 2-3%, still require more 

extensive calculations. A similar conclusion has been drawn for three other systems under 

consideration. When the number of atoms included into a LUC of an ionic or semi-covalent 

material reached the limit of about 150, the calculation has practically converged as regards the 

total energy and this LUC could be used for geometry optimisation. When the optimum found, 

a better quality calculation of the electronic properties could be performed on the given 

geometry either using a more extensive LUC or making use of perturbation theory for 

integration of the properties in question over the Brillouin zone.
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Structural param eter

Optim ised value

old new experim ent

NaOz Lattice constant 5.55 — 5.55

M gO Lattice constant 4.19 — 4.21

AI2O 3

Lattice constant o f rhombohedral cell 4.90 5.03 5.13

A ngle of rhom bohedral cell 59.5 58.6 55.3

Fractional coordinates: Al u 0.36 0.36 0.35

O x 0.54 0.54 0.56

Bond distances: A l-0  short 1 .8 6 1 .8 8 1 .8 6

Al-O long 1.96 1.99 1.97

0 - 0  shortest 2.43 2.48 2.52

SiOz

Lattice constants o f trigonal cell: a=b 5.12 4.92 4.91

c 5.57 5.51 5.40

Fractional coordinates: S iu 0.50 0.46 0.47

O x 0.45 0.44 0.42

O y 0 . 2 2 0.29 0.27

O z 0.17 0 . 1 2 0 . 1 2

Bond distances: S i-0  short 1.60 1.611 1.611

Si-O long 1.60 1.608 1.605

0 - 0  shortest 2.50 2.57 2.61

Bond angle: Si-O-Si 163.6 147.8 144.0

Table 3.9. Optimised structures o f crystalline binary oxides.

Results com pared with experim ent (due to R.W .G. W ickoff 1965). All distances are given
in Â and angles - in degrees.

Finally, we carried out geometry optimisation using two LUC sizes, of 3x3x3 and 4x4x4 

for NazO and MgO, and 2x2x2 and 3x3x3 for AI2O3 and SiO^, and found that the difference in 

structural parameters for these two cases is less than 1%. Therefore, we can expect that a 

further extension of the LUC will not yield any discernible changes in geometry. Global 

optimisation of the crystalline oxides has given us the results presented in Table 3.8 above.

As with the results of molecular calculations, the largest error is due to an exaggerated 

0 - 0  interaction. Hence, the 0 - 0  distances are underestimated. However, the M -O  bond 

distances are in good agreement with the experiment, and, because of an error compensation, 

the overall error for the unit cell volume is practically 0% for N a]0, only 1.5% for MgO, and 

does not exceed 3% for the corundum. The worst result: the error of about 6.5%, - has been 

obtained for a-quartz, but it is still of reasonable quality.
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Fig. 3.1. Density of electronic states in modified INDO approxim ation.

DOS for reference crystalline oxides is smoothed using the convolution with Gaussian
functions and the standard dispersion of 0.1 eV.

The electronic structure calculated for the optimised crystals (Figs. 3.1 and Table 3.9) 

demonstrates the same general features as its ab initio counterparts (as represented by HE and 

DFT calculations); three well separated bands, generated in turns by O 2s, 2p and M pure 5^ (in 

the case of Na and Mg) or hybridised 3sp (for Al and Si) states.

All calculations predict a direct band gap, yielding the lowest interband transition to the 

r  point in the conduction band using the second set of parameters. However, when the first, old 

parameter set is used, it is not true in the case of corundum. The first set gives the dispersion 

curve at the bottom of the conduction band of the corundum crystal going through a maximum 

at the r  point, whereas ab initio calculations predict it to be close to the minimum (see, e.g., 

W.Y. Ching and Y.-N. Xu 1994). Moreover, our old calculations give the bottom of the 

conduction band as consisting of Al 3p AOs which also contradicts the ab initio calculations as 

well as the data obtained using the second, new parameterisation. These shortcomings of the 

old parameter set are probably the most serious and they were the incentive for us to make a 

reparametrisation of Al.

As follows from Table 3.9, the main band parameters for the one-electron spectrum 

calculated by us are intermediate between those obtained by ab initio HF and DFT approaches. 

Similar behaviour has been also found in many applications. Usually it is related to the fact that 

the local correlation effects can be partially taken into account in the semi-empirical schemes
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through parameters fitted to the experimental observables or to a b  in itio  calculations that 

include the electron correlation.

Ew (eV) Eg(eV) qeff (e) 9mu1 (^) VMad (eV)
methc

This work 

HF"

DFT DSolid 

Experim ent

2.18

1.46

1.627

8.99
16.07

1.712

Na: 0.79 0.66

0.94

0.57

-0.31

M gO 

This work 4.50 11.58 Mg: 1.79 1.62 -0.79

HF 5.5 16.5 — 1.86 —

D FT DSolid 4.69 4.69 — 1.22 —

Experim ent 6.1 (4.5) 7.77 1.36 — —

AI2O 3 corundum 

This work, old par. 7.78 11.23 Al: 2.40 1.41 -1.05

new par. 7.06 13.52 2.56 1.71 -1.14

HF 8.5 16.0 — 1.78 —

D FT OPW 7.4 6.3 2.63-2.75 --- —

D FT DSolid 6.98 6.33 — 1.40 —

Experim ent 7.9 (9.5) 9.3 1.32 — —

SiO i a-quartz  

This work, old par. 9.04 11.19 Si: 3.13 2.45 -1.41

new.par. 9.24 14.73 2.92 2.18 -1.30

HF 12 — — 1.94 —

D FT DSolid 9.56 5.87 — 1.618 —

Experim ent 10.3(11.7) 9.5-10 — — —

Table 3.10. Electronic structure parameters for reference crystalline systems

(i) Results o f HF calculations are taken from (a) private com munication by F. C ora (for 
N aiO  using 8-411G* and 8-5110* basis sets on O and Na, respectively); M. Catti, G. 
Valerio et al 1994; L. Salasco, R. Dovesi et al 1991; R. Dovesi, C. Pisani et al 1987 and R.
Nada, C.R.A. Catlow et al 1990.
(ii) All DFT Dsolid data have been obtained within this study using DSolid at an a 
posteriori GGA PW 91/ DNP frozen core level o f theory. Additionally, we refer here to the 
study of Ching 1994 (see the text).
(iii) Experim ental data have been compiled from D.M. Roessler and W. W alker 1967; 
D.Ochs, W. M aus-Friedrichs et al 1996; T.M . Barr, L.M . Chen et al 1988, V .P. D enks 
1994; J. Valbis and N. Itoh 1991; W.L. O 'Brien, J. Jia et al 1993; and J. Lewis, D. 
Schwarzenbach et al 1982; V.G. Tsirelson and Ozerov 1996.

The Mulliken charges obtained in our INDO calculations are generally lower than the 

values reported from HF studies. An exception is the a-quartz case, however, the value of 1.94 

e cited appears to be so much dependent on the size of the basis set used (the scatter is about 

0.5 e) that we rather disregard this result as nonrepresentative for the purpose of this study. The
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underestimation of the effective charges we relate here to an important difference between the 

Gaussian- and the Slater-type atomic orbitals. An extended character of the latter functions with 

their longer tails gives rise to larger values of the overlap integrals and therefore to higher bond 

populations. Thus, if we assume that in the near-core region the Gaussian and the Slater basis 

sets give similar contributions to the electron population on the cations, then in the outer region 

basis sets of the first kind will produce lower numbers.

The valence band in all four materials follows the correct trend as observed in the 

XPS/UPS experiments (see the outline in Section 1.4.6): a well pronounced broadening of the 

upper valence band with a simultaneous shift of its leading edge downfield as we move from 

the univalent sodium down the third row of the Periodic Table to the tetravalent silicon oxides. 

In all four cases we were able to reproduce the width of the upper valence band (Ew) with the 

error not exceeding 1 eV. Although we note that the experimental values have been corrected 

here to account for phonon broadening. Just as shown by experiment, the upper valence band is 

separated into two parts. The first, less energetic sub-band represented by practically an 

unstructured peak is due to the O 2p lone pairs; the second, with more or less pronounced 

structure is formed by a  and n  bonding states. Whereas all bonding states in Na2 0  are nearly 

degenerated into one peak, they become completely resolved in a-quartz. MgO and corundum 

represent an intermediate case. We do also observe in a-quartz PI pair of peaks at about 4 and 7 

eV below the leading, lone-pair peak, which is in excellent agreement with the results of UPS 

experiments on silicas (W.Griinert, R. Schlogl et al 1993).

The one-electron gap in all cases closely follows the results of HF calculations which are 

well known to significantly overestimate the corresponding interband optical transitions. In a 

new parametrisation we have tried to avoid the ambiguity of representing essentially a many- 

electron property, the gap between the ground and the excited states, by a mere one-electron 

spectrum. (Proper calculation of a CIS type or similar technique are required.) A common 

estimate of the gap as being half way between the HF and the DFT values seems to produce 

reasonable agreement with experiment. Interestingly though, the HF values from our INDO 

calculations work better in this respect that those from ab initio studies. It is difficult to judge, 

what can be the reason, but the insufficient quality of the basis sets used to treat quite 

delocalised unoccupied states might easily affect the result.

Finally, it needs to be said, that we have not explored here a possibility of introduction of 

the polarisation functions (such as 2p on H, 3p on Na and Mg, 3d on O, Al, and Si, etc.). But 

the experience of ab initio modelling clearly demonstrates that a second complementary set of 

functions of the same orbital quantum number is far more important than the polarisation 

functions to improve results obtained using minimal basis sets. Thus we emphasise that to 

avoid arteficial corrections within this semi-empirical method, we need more extensive basis 

sets for our calculations.

In the following sections, we shall apply the Modified INDO method to characterise a 

number of more complex crystals and look for the trends occuring in their properties.
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3.2. Complex stoichiometric dense oxide minerals

Give up this passionate desire for knowledge, because it 
distracts and leads you astray. Learned people like to be adm ired 
and acquire a name for wisdom, yet there are many things which 
it does little or no good to the soul to know.
Thomas à Kempis. The Imitation of Christ

In this chapter we argue that in spite of structural peculiarity of zeolites, viz. their 

porosity, they are not different from any regular stoichiometric dense mineral in terms of their 

electronic structure. This is reflected in such properties as density of electronic states and 

effective charges. We shall see in the next section that these properties are nearly identical for 

various siliceous materials, and therefore the short-range order (the structural feature they have 

in common) is responsible for most important characteristics of the electronic structure.

The modified INDO scheme is both tested here and applied to study a number of ternary 

and more complex dense minerals whose framework is made of the chemical elements 

parametrised in the previous section (Na, Mg, Al, and Si). These minerals are often used in the 

synthesis of zeolites; they are also, in fact, concomitant materials for zeolitic minerals found in 

nature. Moreover, these compounds may be present as nanoclusters whose formation results 

from migration and trapping of extraframework cations in the pores of basic zeolites during 

calcination. The effect of dealumination of basic zeolites must also not be discounted.

An additional incentive to the study is that it allows us to evaluate theoretical approaches 

(both phenomenological and microspopic). We recall here the concept of mixing the NaAlÛ2 

and SiOi units in the formation of the XPS signal by T.L. Barr (see Section 1.4.5). From a 

theoretical point of view, this idea implies a superposition principle in action which states that 

the intensive property in question (density of states, effective charge on anions shared by 

different structural elements etc.) can be estimated as a sum of weighted contributions from the 

characteristics of given elements

3.2.1. Crystal structure

The atomic structure of a number of complex oxides has been fully optimised using both 

old and new parameter sets. The results obtained using the first set are superior, for most 

compounds of aluminium; however, we shall concentrate here on the results obtained using the 

second parameter set. This second scheme of parameters represents a more coherent approach 

to the electronic structure, and more importantly, the more pronounced deviations of the 

calculated values from experiment will allow us to see more clearly the problems arising in 

semi-empirical parametrisation.

Table 3.11 comprises the results of full optimisation of crystal structures for five 

complex oxides using the second set of parameters. (A number of other materials has also been 

studied, but the second set did not allow us to reproduce the correct coordination of some of the 

cations, and we do not report our results for these compounds here, although their electronic 

structure at experimental geometries is presented in the following section.) Such important
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variables as lattice constants and the bond lengths could be reproduced only within the average 

accuracy of 10%, whereas the first set allows regular deviations of up to 5% and there is only 

one pathological case of stishovite, where the error reaches approximately 10%. But we note 

that in this case Si changes its regular tetrahedral coordination to the octahedral one which has 

been not anticipated during parametrisation. In spite of significant errors in the atomic 

structures, we consider it worthwhile to use the second set of parameters for (i) the electronic 

structure calculations and (ii) wherever a silica component is dominant in the chemical 

composition of the system under study. This is due to a far better quality of the second set in 

these two cases. And indeed, the structure of a-quartz was described very well by this 

parameter set which will also be used in the following sections not only for the calculation of 

electronic properties but also in study of atomic structures.

Crystal System M

Lattice parameters (Â) UC volume 

V/Vo

Bond lengths (A)

Theory Exper. Theory Exper.

P-NaAI0 2 ortho-

rhom bic

Al: 4 

Na: 4

a= 5.67 

b = 7 .3 2  

c= 5.476

5.38

7.08

5.22

1.14 Al-O: 1.79 

N a-0 : 2.52 

0 - 0 :  2.89

1.72

2 . 1 0

2.83

A l2 M gÛ 4  -spinel cubic Al: 6  

Mg: 4

a= 8 .2 2 8.08 1.05 Al-O: 1.93 

M g -0 : 2.02 

0 - 0 :  2.58

1.93

1.92

2.51

N a2 SiOg ortho-

rhombic

Si: 4 

Na: 5

a= 11.19 

b= 6.37 

c= 4.98

10.43

6 . 0 2

4.81

1.17 S i-0 : 1.58 

N a-0 : 2.49 

0 -0 : 2.60

1.57 

2.26

2.58

N aA lSiÜ 4

high carnegieite

cubic Na: 3 

Al: 4 

Si 4

a= 7.60 7.38 1.09 N a-0 : 2.62 

Al-O: 1.80 

S i-0 : 1.59 

0 - 0 :  2.56 

2 . 6 6

2.49

1.70

1.60

2.40

2.80

A l2 M g3 (Si0 4 ) 3  

garnet pyrope

cubic Al: 6  

Mg: 8 

Si: 4

a= 11.24 11.44 0.95 M g-0 : 2.20 

Al-O: 1.91 

S i-0 : 1.63 

0 - 0 :  2.49

2.19

1.89

1.60

2.49

Table 3.11. Structural parameters o f com plex oxides.

All results have been obtained using the new param eter set. Only shortest 0 - 0  separation 
distances are given except the carnegieite case. M stands for cation coordination number.

As can be concluded from an analysis of Table 3.11, the results are not as good as we 

could expect from the semi-empirical scheme and as compared with results of typical semi- 

classical simulations. Whenever we aimed at an improvement in the reproduction of atomic 

structure we encountered the problem of the oxygen-oxygen interaction. All the respective 

shortest 0 - 0  bond distances (in full analogy with binary compounds) are somewhat 

underestimated which causes an additional stress on the M -0 bonds and which, in principle, 

should be possible to compensate using adjustable a  parameters. In fact, it is not a good idea.
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and we did not follow this path. These parameters heavily contribute not only to the total 

energy but also to the on-diagonal elements of the Fock matrix and therefore directly affect 

calculated electronic structures.

The problem of overestimation of the oxygen-oxygen interaction is quite old and we 

believe is caused by two factors:

(i) In such schemes as ours one tries to reproduce observable properties of as many 

compounds as possible (the problem of transferability of parameters). In treatment of ionic 

compounds it is necessary to achieve a good level of description not only for interaction of the 

closest atoms (cation-anion pairs) but also for inter-anion interactions since the valence 

electronic density is mostly concentrated around anionic centres, resulting, of course, in the 

repulsive Coulomb interaction as well as in the exchange and correlation present within the 

region of the overlapping densities of anions. Promotion of the electronic density beyond the 

first coordination shell is accompanied by a quite complex functional character of the 

corresponding wave functions. Therefore, it is not sufficient anymore to use one-exponential 

basis sets on anions. The complex character of the necessary atomic orbitals can again be 

compensated by an appropriate choice of semi-empirical parameters, but they will be quite 

different for different materials.

(ii) The correlation effects are notoriously important in the reproduction of the oxygen- 

oxygen interaction both in O2 molecule and in the oxide materials where we should take into 

account an overlap between anions. A possible way out is by compensating the effect with 

the available parametrisation scheme: in particular, partial correlation effects on bonds can be 

included into the scheme through the (3 parameters. The major problem then is the 

interpretation of the band structures. Besides, with this procedure one can also worsen the 

transferability of the parameters (although may be not to the extent following corrections 

mentioned in the previous paragraph).

Another point that deserves our attention is the rôle of the coordination numbers of 

constituent cations in the compounds studied. Except for the one pathological case of the 

stishovite. Si does not change its coordination number, and the short-range order in this respect 

is preserved. Sodium ions are alike and mostly are present in tetrahedral coordination, but other 

coordination may also be realised; which is not, however, the case with other two elements. 

Both Mg and Al readily change their octahedral coordination (found in perfect rock-salt 

structure of MgO and in corundum) becoming tetra-coordinated in many minerals; and Al is 

often present as a penta-coordinated site. Obviously, it is a serious question even for highly 

ionic materials whose structure is less affected by the density distribution around cations, but 

for semi-covalent materials severe problems can result as we can see in the case of stishovite. 

The ionicity of Al based oxides still remains disputable. In our description the effective charge 

on Al in the corundum is about 2.5 e in both parametrisations and corundum is often presented 

in recent publications as a highly ionic material (see, e.g., C. Sousa, F. Illas et al 1993). Thus, 

we could hope that our parametrisation of Al should work for all the possible coordinations of 

Al, but, in practice, it appears not to work particularly well for compounds with mixed
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coordination of Al (e.g., in the reproduction of the atomic structure of AlaSiOs polimorphs this 

parametrisation blatantly fails).

We conclude here that the scheme under test provides a moderate quality of prediction 

for the atomic structure, and the corresponding results should be treated cautiously. Hardly 

anything can be done about these difficulties within the current parametrisation scheme; an 

introduction of flexible, many-exponential basis sets has become highly desirable and urgent. 

(We note, however, that any method with a certain number of fitting parameters can be forced 

into the reproduction of the same or even larger number of observables, but such has been not 

our intention.)

3.2.2. Electronic structure o f  complex oxides
All the complex oxides considered in this study are stoichiometric compounds with 

saturated single bonds between cations and anions. The continuous network formed by such 

bonds should clearly retain the major features of its constituent elements: the covalent/ionic 

bond character; the splitting between bonding and antibonding states; the extent of charge 

transfer from anions to cations upon excitation. Therefore, once we established the trends in the 

electronic structure of binary oxides, we could consider these results as reference points and 

test the predictive force of possible interpolation schemes. Indeed, if we know properties of 

pure silica and alumina materials, we will expect to find the corresponding properties of related 

alumino-silicates to be in the range defined by the two extremes. In this study we have aimed to 

follow the correlation in the properties of the complex oxides to check this simple intuitive 

idea.

In fact, the trends in the optical properties of silicates and other materials, on the one 

hand, and those in the semi-phenomenological theory of covalent bond have attracted interest 

for a long time (see the excellent book by J.A. Duffy 1990). However, in most cases the 

conclusions of such studies have been based on experimental data or molecular calculations. 

Here, we try to make a connection between quantum-mechanical studies of solids and 

observable properties.

First we shall need a scale on which we can place our compounds. One, quite trivial way 

to do so is to use formal valences of the constituent elements. In the sequence of binary 

compounds considered so far, this leads to a simple series Na', Mg^, A f  and Si"*, and in all 

compounds the oxygen is a binding reference element with the common valence of -2. This 

approach has always been considered as somewhat naïve as the actual number of bonds in 

which each cation participates (the coordination number) varies between solids. The concept of 

electronegativity has been introduced instead as a measure of the ability of an ion to attract or 

lose electrons.

In this study we decided to use this traditional concept. The difficulty only lies with a 

definition of the electronegativity for solids, where we do not know any objective way to 

measure it. As a compromise, the electronegativity of isolated ions has been used here. (In 

principle, we believe it is possible to derive an appropriate value from electronic calculations.) 

We noticed that all the compounds studied exhibited high ionicity so that the effective
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population of a cation has always been in a range 0 - 2  electrons, or under ± 1 electron from the 

state with exactly one electron in the valence shell. Therefore the electronegativity of Na°, 

M g '\  and Si^  ̂ions has been chosen.

As the next step we needed to take into account that, in complex oxides, the electrons are 

donated to the oxygen by different species, but the oxygen plays the rôle of a common 

denominator. Thus it seemed appropriate to introduce the effective cation electronegativity (per 

oxygen) for M%Ny...Oz compounds:

ESg‘’" = ^(xE“g + yES'eg+ ) ,

as a measure of the polarisation of a material. The higher electronegativity, the lower we 

expect, polarisation of the network of bonds in a material. The electronegativity function 

introduced appears to be suitable for our purposes: it exhibits a monotonie, parabolic 

dependence on the formal valence of the cations in binary compounds, see Fig. 3.1. Moreover, 

it allowed us to place a large number of complex oxides on one scale in a reasonably 

representative manner as shown in Fig.3.2. We note that the wide range of effective 

electronegativities between 10 and 20 eV is filled in by numerous dense minerals. However, the 

range between 5 and 10 eV remains practically empty. Surprisingly, we failed to find 

stoichiometric crystalline compounds comprising predominantly sodium oxide (with relatively 

low admixture of elements of higher electronegativity).
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I
1 0 -I
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Fig. 3.2. Scale of effective electronegativity with binary com pounds as reference points

As the next step we have plotted major characteristics of the electronic structure obtained 

in our calculations against the effective cation electronegativity (the six upper graphs of Fig.
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3.3). The list of properties has included the average Madelung potential and effective charge on 

oxygen; the absolute position of the highest occupied and the lowest unoccupied molecular 

orbitals (we recall here, that the crystal orbitals are replaced in the LUC method by the 

molecular ones); the width of the upper valence band Ew, and, finally, the one-electron gap Eg. 

The average values of the Madelung potential and effective charge have been defined as 

weighted arithmetic mean values taken over all oxygens in the asymétrie unit cell.

From the first glance, we see that the major trends, already outlined in Section 1.4.5 and

3.1.1, stay in place:

(i) The width of the upper valence band clearly increases with the increase in effective 

cation electronegativity following a linear law. It seems reasonable to attribute this behaviour to 

an increase of the covalence effects as manifested by the bond population with a consequently 

growing splitting of bonding states due to the inter-electron Coulomb repulsion.
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Fig. 3.3. Chart o f cation effective electronegativities for stoichiom etric com plex oxides.

(ii) The second, not less significant trend occurs as a down-field shift of the leading edge 

of the upper valence band (HOMO) with an increase in the effective electronegativity. This 

could result from the increase of the Madelung potential on the oxygen lone pair electrons 

(responsible for the position of the HOMO in the oxides), but if we consider the relevant 

diagram, we note a large scatter of the potential values around the curve tending either to the 

saturation or even to a turn down field. We should also remember the decrease in the absolute 

values of the effective charge on oxygen (though also observed with a very large scatter). Thus
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the potential energy of an electron due to the crystal electrostatic field should go up. Another 

explanation which goes quite in line with the one we used for the first trend, is to take into 

account a promotion of the electronic density on bonds with the increase in the cation 

electronegativity which will reduce the on-site inter-electron repulsion and the corresponding 

one-electron energy will go down. All other trends, as seen in the figure, are much less 

pronounced, if discernible at all, due to a very large scatter of the values. We cannot establish 

here how significant for this scatter are the errors and mismatch in the parametrisation and if ab 

initio data would also suffer from the same sort uncertainty. However, we at once notice that if 

we remove the "bad" values due to Na2 0 , the scatter will considerably decrease. We also note 

the relatively low value of the effective charge on Na in N a]0 and the overestimation of Ew as 

compared with HF value. This poses the question of whether the parameters for Na can further 

be optimised in future studies.

Bearing this in mind, let us turn our attention to two graphs with the largest scatter: those 

of the absolute position of the bottom of the conduction band (LUMO) and of the one-electron 

band gap. We do observe a smooth monotonie character of the HOMO graph; therefore the 

reason for so large a scatter in the LUMO automatically describes the situation with the gap 

whose value is just the difference between the HOMO and the LUMO energies (of course, we 

could look at this problem the other way round and characterise the gap first).

The whole trend can be further clarified if we plot the LUMO and the gap values against 

the Madelung potential on oxygen. The latter obviously correlates with the average Madelung 

field on cations (which, in turn, is difficult to define unambiguously as many cationic species 

can be present in the material). When we remove the "bad" point of the Na2 0 , a new trend can 

be observed: the LUMO value increases with an increase of the average Madelung field on 

oxygen. To emphasise the improvement, next to this graph we have plotted a similar 

dependence for Eg, but with the value of Na2 0  retained. Thus we can conclude that the 

saturation of the Madelung potential on oxygen with the increase in effective cation 

electronegativity, along with arteficially large scatter due to underestimated ionicity of the 

Na2 0  conceal the true trend for LUMO and Eg. Namely, an increase in the effective cation 

electronegativity leads to:

(i) a slight increase with saturation for the energy of LUMO;

(ii) a synchronous increase in the absolute values of the HOMO energy and consequently 

the gap width.

We conclude that these trends determine common features of the electronic bands in 

zeolites. We do expect to find very similar band structure of the zeolites with close Si/Al ratio 

when the same counterbalancing cations are present. To prove this point, we shall concentrate 

in the following section on pure siliceous materials. We also expect that the introduction of Al 

into silicons framework of zeolites leads to a narrowing of the valence band and the one- 

electron gap along with a shift upfield of the valence band top (the HOMO). To some extent 

these trends have been observed in the XPS and UV/visible optical spectroscopy experiments 

and we also hope to reproduce them in our simulations.
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3.3. Porous siliceous materials. General features of the materials

Miss Bock sharply cut him short:
"I said answer me, yes or no! A simple question has always a 
simple answer, yes or no. I think, it is not difficult."
"But it is", interrupted Karlsson, "I'll ask you now a simple 
question and you'll see. Listen here! H ave you stopped taking 
your m orning brandy? Answer m e now, yes or no?"
A. Lindgren. Little Brother and Karlsson on the roof

The multitude of different arrangements of silica fragments occurring in zeolites often 

precludes a clear understanding of their close similarity: the same primary building units, and 

the same short ordering occurs in all these materials. The scatter in bond lengths observed in 

different silica polymorphs (except stishovite) is in the range 1.57-1.67 Â; and the scatter will

be even lower: 1.59-1.63 Â, if doubtful and obsolete data are dropped from consideration. The

lower values of the Si-O bond length correspond to materials with a Si-O-Si angle close to 180° 

like (3-cristobalite which is now commonly believed to contain extensive disorder. The larger 

values are frequently reported for the materials filled with organic templates which probably 

suggests a strong interaction of template and zeolitic framework. Compared to the Si-O bond 

length, the Si-O-Si bond angle exhibits a much larger scatter between 140 and 180 degrees. 

Openness of siliceous frameworks along with low density of valence electrons localised on 

silicon clearly explain this flexibility, or a soft character of the corresponding three-body 

potential. Thus we expect to find the properties determined within the first and second 

coordination spheres of constituent atoms to be quite similar for all zeolites of similar chemical 

composition and close to those of related dense minerals.

Here we start a study of pure siliceous materials with a general overview of their 

properties, after which a particular attention will be given to a controversial assignment of 

high-symmetry space groups to ferrierite and mordenite.

Presently all three major computational approaches: semi-classical, semi-empirical and 

ab initio are capable of reproducing the atomic structure of zeolites with reasonable accuracy in 

most cases. Probably, the best results are obtained using the first method, owing to a simple fact 

that the parameters used are fitted to closely related or analogous structures. The ab initio 

approach cannot be used routinely in structural studies for such complex systems as zeolites. In 

this study, the crystal structure of siliceous sodalite has been the only one fully optimised using 

a periodic density functional model described in Section 2.4. Along with a single-point 

calculation on a-quartz referred to in the previous section, this study does not give a 

sufficiently extensive base for general conclusions on zeolitic materials. Hence, in a study of 

electronic sructure we have used the modified INDO method. However, even this simplified 

scheme did not allow us to consider vibrational properties of zeolites. The results obtained in 

our preliminary study have proved to be computationally expensive and of too low quality (the 

error in calculated frequencies is about 25%). Therefore, semiclassical modelling has been used 

to obtain and interpret phonon spectra for a number of zeolites. We emphasise that the 

calculation of framework vibrations with the semi-classical method is not an original result of
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this work, but it is used here to complete our zeolite characterisation and to highlight general 

features of these materials.

3.3.1. Structural properties

Modified INDO parameterisation undertaken in this study works well for siliceous 

materials. Full geometry optimisation has been performed for five structures: a-quartz, sodalite, 

chabazite, ferrierite and mordenite. The results of geometry optimisation for a-quartz are 

presented in the previous section. Here we recall only that the overall error was quite low: for 

example, the unit cell volume has been reproduced with an error of 6.5%, the Si-O-Si angle has 

been overestimated by only 4°, and the bond lengths lay within 0.2% of the experimental 

values. Similar results have been obtained for all four other material, although we do not 

present a detailed discussion of the calculated structures (the corresponding results for silico- 

sodalite and chabazite are summarised in Table 3.12 below, structure of siliceous ferrierite and 

mordenite are the subject of discussion in the next section).

We note that the general structure, "topology" of their framework is presently well 

understood from experimental data and confirmed by several computational studies. At a finer 

level, details, in particular, the space group assignment, are controversial as discussed later. A 

few general features of our results are discussed below:

(i) The bond length in all materials considered varies between 1.59 and 1.62 Â, the 

scatter approximately two times lower than that frequently reported in powder diffraction 

studies on zeolites. The same results were obtained from semi-classical modelling and ab initio 

studies on dense silica polymorphs and chabazite (see Section 3.2).

(ii) The wide bond Si-O-Si angles (155° and larger) are in most cases overestimated by 5- 

10° compared to experiment. However, interestingly, this is not the case in our modelling of 

chabazite where the experiment yields the value for a bond angle even as low as 141°. 

Moreover, semi-empirical values are often closer to those resulted from semi-classical 

calculations based on the "ab initio" set of interatomic potentials and to ab initio values. 

Therefore, either the corresponding three-body term in the interatomic potential model is 

underestimated or the experimental data are not of good enough quality, or finally these large 

values are determined by thermal effects which have not been included in this study. The 

presence of Al is also an important factor: the longer Al-O bond distance as compared to the Si- 

O bond gives rise to the sharper bond angles than those observed in the case of pure siliceous 

material.

(iii) As shown in the previous section, full convergence for the total energy with respect 

to an extension of large unit cell would require a LUC of about 150 atoms. This level of 

description has been used for the first three materials, but due to computational cost it was 

practically impossible for ferrierite and mordenite. Thus the electronic model for these two 

materials has been restricted by their crystallographic (conventional) unit cells. The simplified 

"centred" structures have been assumed in both cases. In the case of ferrierite, an alternative 

primitive orthorhombic unit has also been considered. But as is often the case, resulted lattice
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parameters are by about 2 % overestimated which could also contribute to the overestimation of 

the Si-O-Si bond angle in these materials.

Structural parameter
Optimised value 

INDO
Optimimised value 

ab initio Experim ent
Silico-sodalite:

Lattice constant 9.032 8.878 8.830
Fractional coordinates: Ox 0.360 0.352 0.353
Bond distance: S i-0 1.608 1.595 1.587
Bond angle: Si-O-Si 166.2 159.3 159.7

Silico-chabazite:
Lattice constant o f rhombohedral cell 9.445 9.326 9.400
A ngle of rhom bohedral cell 94.18 94.73 94.11
Fractional coordinates: Six 0.105 0.106 0.104

Siy 0.333 0.333 0.334
Siz 0.876 0.878 0.875
O lx 0.250 0.255 0.265
0 2 x 0.142 0.146 0.154
0 3 x 0.238 0.250 0.251
0 3 z 0.889 0.897 0.893
0 4 x 0.012 0.023 0.024
0 4 z 0.334 0.326 0.325

Bond distances: S i-O l 1.609 1.610 1.645
S i-0 2 1.607 1.605 1.650
S i-03 1.608 1.607 1.634
S i-04 1.610 1.614 1.642

Bond angle: S i-O l-S i 159.6 153.2 145.4
S i-02-S i 152.2 148.5 141.2
S i-03-S i 161.0 151.5 149.8
S i-04-S i 159.7 151.4 147.4

Table 3.12. Crystal structure of silica sodalite and chabazite resulted from 
modified INDO calculation. Comparison made with crystallographical data 
available for natural materials obtained on anhydrous sample of siliceous sodalite 
templated with ethylen glycol (J.W. Richardson, Jr., J.J. Pluth et al.) and hydrous 
samples of chabazite with Si/Al ratio of 2 and 13 water molecules per unit cell 
(reported as private coomunication from H. Gies 1992 in E. Apra, R. Dovesi et al. 
1993, the latter data are, in fact, in good agreement with an older work of A.. 
Alberti, E. Galli et al 1982). Theoretical data on sodalite have been obtained in 
this work using a DFT PW 91/DNP frozen core periodical model. Compare Si-O 
bond length of 1.595 with 1.64 Â regularly obtained on DFT molecular models. 
Chabazite structure has been investigated by Apra et al using periodical Hartree- 
Fock method as realised in code CRYSTAL.

3.3.2. Electronic properties
In contrast to our previous work (see A.A. Sokol and C.R.A. Catlow 1997), following 

recent improvement in computational resources, we were able to study electronic structure of a 

number of siliceous frameworks at optimised geometries. The similarity of the electronic 

structure represented by effective charges and electrostatic potentials on lattice sites and 

densities of electronic states has become even more striking (see Fig. 3.5). Parameters for the 

electronic structure are summarised in Table 3.13 below.
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The lowest value of the Madelung potential on oxygen (among all the unique lattice 

sites) has been used to order the graphs in the figure. It seems that when there is no change in 

chemical composition, the shift of the HOMO (the highest occupied molecular orbital 

corresponds to the valence band top) is determined by the Madelung field on oxygen. 

Obviously, this effect is obscured if we consider changes in chemical bonding, for example, as 

resulted from substitution of one of the silicon atoms in a unit cell for aluminium and 

counterbalancing sodium. The actual shift downfield from a-quartz to chabazite is relatively 

small - less than 1 eV, but the trend is quite pronounced. Whereas the correlation between these 

two functions is intuitively clear, the fact that there is a shift, in the value either of HOMO or 

Madelung potential on oxygen, should be a consequence of medium or long range effects in the 

materials.
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Figure 3.5. Com parison of electronic structures of silica materials on the basis o f m odified 
INDO calculations. DOSs have been smoothed using convolution wth Gaussian functions 
and dispersion o f 0.1 eV. Numbers on the right hand side of each graph are the values of the 
M adelung potential on oxygen (in the case of several non-equivalent oxygen sites in a unit 
cell, the lowest value is given)
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M aterial
Property

a-quartz Ferrierite Sodalite M ordenite Chabazite

Eii,ttice/Si02 unit, kJ/mol 95704 95704 95706 95704 95699
qsi, e 2.921 2.944, 2.946, 

2.958
2.952 2.945, 2.946, 

2.948
2.941

VoMad  ̂V 22.5 23.2 23.3 23.3 23.5
HOM O, eV -13.638 -14.202 -14.229 -14.370 -14.596
LUM O, eV 1.088 1.004 1.176 0.928 0.767
Eg, eV 14.73 15.21 15.41 15.30 15.36
Ew, eV 9.42 9.52 10.11 9.37 9.85

Table 3.13. Lattice energies and parameters o f electronic structure of silica materials 

(from modified INDO calculations)

We cannot provide here a rigorous proof, but one of possible explanations lies with the 

pore size in these materials. The chabazite framework possesses the largest pores among the 

five materials studied which means that the second, third and subsequent coordination shells of 

oxygen are less populated. Calculation of the Madelung potential on a site can be done in 

different ways, one of which is by summing contributions from coordination shells. In that 

case, the first contribution to the potential on an anion comes from nearest cations and it is the 

same or very similar for all these materials. The second contribution which is provided by the 

nearest anions is of opposite sign and the total absolute value thus decreases. The procedure 

can be extended till convergence or special methods can be applied; but we note here that the 

sites from further coordination shells are more remote in large-pore than in small pore material 

which means that their compensating effect on a potential will be lower and the contribution 

from nearest neighbours should be larger. The larger pore size also correlates with the lower 

mass density which is clear from the following values of the volume per Si0 2  molecular unit in 

these materials; quartz - 37.7, ferrierite - 54.3, sodalite - 57.4, mordenite - 55.9, and finally 

chabazite - 6 8 . 6  Â '\ This problem deserves further investigation, but it is beyond the scope of 

the present work. Finally, we note that the scatter in the Madelung field on crystal sites of 

similar chemical nature should also relate to the electron configuration around such sites and to 

the stability of these large-pore materials.

Both looking at the density of electronic states and comparing data in table 3.13, we can 

conclude that the short range order dominates in the determination of the electronic structure. 

The differences are small though not insignificant. The effective charge on Si varies by about 

0.02 electron which cannot result in the variation of the Madelung field on O observed in our 

calculation (an additional argument in favour of structural hypothesis mentioned above). The 

interpretation of band structure does not differ from the standard scheme accounted in the 

previous section where emphasis was placed on a-quartz. The band parameters presented in the 

table relate to the upper valence band, basically formed by O 2p states and to the bottom of the 

conduction band which is due to Si 3sp states: direct excitation from valence into conduction 

band is predicted to be a charge transfer process from oxygen to silicon. On-site oxygen 

excitation places an electron by about 2 eV higher than the bottom of the conduction band. This 

interpretation requires further CIS or similar investigation as was done on sodalite using the old
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set of parameters reported elsewhere. This study has corroborated the above account; but a new 

set of parameters should also be tried and more detailed investigation is due.

In full accordance with experiment and semi-classical calculations, the lattice energies of 

different polymorphs are very close: in our case within 7 kJ/mol per Si0 2  molecular unit. 

However, if the experiment shows that a-quartz has the most stable structure, this semi- 

empirical model predicts sodalite to be more stable. The energy gain is very small - only 2 

kJ/mol, and interplay of different factors which affects this result is too suttle for such a crude 

approximation as the present INDO scheme. However, the lower stability of chabazite structure 

compared to other four materials correlates with its larger pore size, lower mass density and the 

higher Madelung potential on oxygen.
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Fig. 3.6. Com parison of electronic structure of siliceous sodalite and a-quartz.

Results o f DFT PW  91/DNP frozen core calculation. DOSs have been smoothed using 
convolution with Gaussian functions and dispersion of 0.1 eV.

Before we conclude this general consideration of the electronic structure of siliceous 

materials, a crucial question should be answered: how reliable is our semi-empirical modelling? 

The parameters have been fitted here to reproduce typical results of Hartree-Fock calculations 

which in turn introduces large errors into prediction of observables due to lack of correlation 

effects. As an indication we can consider a comparison of the electronic structure of sodalite 

and a-quartz mentioned above calculated using a DFT method. The comparison is not quite 

proper since the structure of a-quartz has not been optimised. Moreover, the calculation has 

been done on a 1x1x1 extension of a sodalite unit cell (36 atoms), on the one hand, and on a
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2x2x2 extension of an a-quartz unit cell (72 atoms). But we consider that the major features of 

the two structures were accommodated in the calculation. Otherwise, all the options including 

basis sets, quality of integration grids, and exchange-correlation functionals were identical. The 

resulting density of states is presented in Fig. 3.6 b above.Two major conclusions can be drawn 

from a comparison of semi-empirical and ab initio results (cf. figures 3.5 and 3.6):

(i) One can easily see the marked differences between two approaches. We briefly recall 

here that the gap value is underestimated by DPT methods and overestimated by Hartree-Fock 

methods. The peak in the DOS introduced just below the vacuum zero narrows the gap 

predicted by the DPT calculation by about 2.5 eV, and this peak is absent both in our INDO 

and in ab initio HP calculations (see R. Nada, C.R.A. Catlow et al 1990). The LCAO expansion 

of the corresponding crystal orbitals shows that this peak is formed on the Si 3s and O 2p states 

with a nearly equal contribution from both species. Thus the DPT calculation predicts an 

excitation localised on both silicon and oxygen which rather resembles covalent bonding 

effects. However, this method in the present form does not have a firm basis for description of 

excited states, and such predictions should be treated cautiously. The DPT result also corrects 

the position of the lower valence band (formed by O 2s states) making it much closer to 

experimental values (see T.L. Barr, M.C. Li, et al 1988). A very large overestimation of this 

gap is common for all HP calculations on ionic and semi-ionic oxides and thus is inherent in 

our semi-empirical scheme.

(ii) The electronic structures of the two materials closely resemble one another within 

both approaches. It is difficult to compare fine details of the electronic structure of sodalite and 

a-quartz obtained using the DPT method due to an insufficient sampling of the Brillouin zone 

in the first case. However, the band boundaries and their general shape are quite similar 

corroborating our conclusions based on the INDO calculations.

3.3.3. Vibrational properties
As mentioned at the beginning of this section, neither ab initio nor semi-empirical 

methods could be applied to calculation of the vibrational properties of the materials considered 

due to prohibitive computational cost. In order to complete this account of the zeolite 

characterisation, a semi-classical method has been used. Two sets of parameters summarised in 

Section 2.3 referred to as "ab initio" and "empirical" have been taken from previous studies and 

applied here to model phonon spectra of siliceous zeolites. Presently, this type of a calculation 

does not present any kind of novelty and is performed quite routinely using static lattice or 

molecular dynamics techniques in a harmonic approximation. The real problem lies with the 

choice (fitting) of the potential model and the inclusion of anharmonicity. The empirical set of 

potentials appeared first and allowed reliable reproduction of zeolite structures. However, the 

vibrational properties were not reproduced particularly well which has been one of the 

incentives for the search for such potentials which could reproduce the adiabatic potential 

surface (in fact, only its fragments) sampled using ab initio techniques. The ab initio set of 

potentials is one of this kind and as a result it inherited the problems associated with the ab
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initio method used, i.e. the Hartree-Fock technique. In particular, hydroxyl stretching 

frequencies are systematically overestimated by this method by about 200 cm '’ and Si-O 

stretching bands - by about 60-80 cm ’ (see K.-P. Schroder and J. Sauer 1996). The empirical 

potential has an additional "unpleasant" feature: it shifts downfield by about 150 cm ’ Si-O anti

stretching bands. Thus particularly defect-sensitive area of the spectra - the gap between S i-0  

bond stretching and anti-stretching bands - significantly narrows and shifts downfield which 

makes difficult an assignment of vibration modes localised in defect regions. However, the 

empirical set of parameters, in contrast to the ab initio ones, successfully treats the structure of 

hydrogen bonded silanol groups including such complex defects as hydroxyl nests. Thus both 

sets of potentials have their advantages and shortcomings and both have been used in the 

present modelling.
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Figure 3.7. Com parison of phonon spectra o f siliceous materials.

Results o f semi-classical calculations using "ab initio" (a) and "empirical" (b) sets o f 
interatomic potentials. All graphs have been smoothed by convolution with Gaussian 
function and standard dispersion of 10 cm *. The spectra represent fundamental region o f 
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The phonon spectra of the five siliceous materials calculated using both sets of parameters are 

given in Fig. 3.7 above. The general features of all the spectra calculated appear to be similar 

qualitatively, but the différencies are more pronounced than for the electronic spectra. In 

particular, these are large shifts of the major bond stretching modes for quartz and ferrierite. 

The empirical set of parameters leads to an overlap between the peaks formed by stretching and 

anti-stretching modes in the case of a-quartz and chabazite. The ab initio parameters work 

much better in this respect, however there is an upfield shift of the peak formed by the anti

stretching modes in the case of ferrierite which is not observed for any other material. 

Otherwise, lattice vibrations seem to be localised as much as the electron density. All the 

spectra here have been obtained by sampling the Brillouin zone until convergence, but the 

broadening of major peaks brought up by this procedure in most cases led to similar changes in 

the spectra of different structures. The most affected area of the spectra, as one could expect, 

lies in a low frequency end of the spectra - below 450-500 cm '. For instance, the out-of-plane 

bending modes which are particularly sensitive to the local enviroment (see L.M. Kustov, E. 

Loeffler, et al 1995) can hardly be resolved in this kind of signal.

Finally, we would like to reiterate here a large variety of large-scale properties of 

siliceous zeolites appear to be determined solely by the short-range order: these include lattice 

energy, band structure parameters, distribution of effective charge, electrostatic potential, and 

local vibration modes. The scatter in the values of these parameters in most cases is within a 

few percent or even lower, which allows us to analyse the properties of more complex systems 

in terms of the superposition of different contributions: one coming from pure siliceous matrix 

and another - produced by defect states.
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3.4. Electronic sructure of chloro-sodalite

The notes he wrote grew shorter and shorter; and as he wrote 
the last of them, he sighed.
G.K. Chesterton. The resurrection of father Brown

3.4.1. Preliminary discussion

As mentioned before (see Section 2.2), the rapid progress in computer resources in recent 

years has allowed one to study at the ab initio or semi-empirical levels crystal systems even as 

large and complex as sodalites. Both molecular and periodical models were applied to model 

siliceous, alumino-silicate and alumino-phosphate sodalites (see e.g. R. Ahlrichs, M. Bar, et al 

1989; A.A. Demkov and O.F. Sankey 1995; as well as our work in A.A. Sokol and C.R.A. 

Catlow 1997 and the discussion in Sections 3.2 and 3.3 of this thesis). The one-electron models 

with empirical pseudopotentials (D.M Bibby and M.P. Dale 1985) have been derived to 

reproduce transition energies in dry sodalites and related systems. A number of studies 

concentrated on the catalytic properties of sodalite framework and the reproduction of the 

geometry of chemically active sites using the Hartree-Fock (J.B. Nicholas, and A C. Hess 1994) 

and the Density Functional (E. Nusterer, P.E. Bldchl, et al 1996a,b) based techniques.

However, the rôle of extraframework anion (chlorine in our case) in the formation of the 

electronic bands has not been investigated. Moreover, the electronic transitions on the 

extraframework complexes were not studied self-consistently within a coherent approach which 

would include the interaction with the framework. We present here the results of the study of 

the ground electronic state of chloro-sodalite. The work is meant to be first in the cycle of 

studies on the electronic structure and transitions in sodalites based on the self-consistent 

methods.

The two basic approaches outlined in the previous chapters have been accepted in the 

present study vis. the Hartree-Fock method in the semi-empirical form (a modified INDO 

scheme) and the Density Functional method using numerical basis sets and frozen core 

approximation. The periodical, LUC model is the common basis of both approaches which 

facilitates a direct comparison of the results: the main approximation introduced by this model 

is that only one point in the reciprocal space, the centre of the Brillouin zone, is taken into 

account.

We have shown above that the semi-empirical parameters derived have been fitted to 

reproduce geometry and electronic structure of such crystalline systems as alpha-quartz, 

corundum and rock salt, which allowed us successfully predict corresponding properties for a 

number of ternary compounds. This work, where the method is applied to the system of so 

complex a chemical composition, is a good test for the method which essentially based on 

taking into account only two-centre interactions (the three- and four-centre integrals are 

neglected).

As the geometry optimisation is the crucial time-demanding step in the electronic 

structure investigation, in the present study we have chosen the compromise and performed the 

full optimisation procedure only at the semi-empirical level and then used the ion positions and
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the lattice parameters in both semi-empirical and density functional calculations. The small size 

of the unit cell affordable in the density functional calculation has limited our corresponding 

semi-empirical modelling by the LUC of 1x1x1 size in the problem of geometry optimisation. 

However, we used the LUC of 2x2x2 size studying the electronic structure of sodalite in the 

final single-point calculation so that to obtain a better representation of the density matrix.

The version of the program DSolid we have used in our DFT studies does not produce 

the density of electronic states, whereas the program SYMSYM allowed us to obtain the 

corresponding plot using the tetrahedra method. (The electronic spectra in all k-points are 

calculated using the interpolation and perturbation method due to L.N. Kantorovich 1994) To 

make these two results comparable, we have represented the lines in the DFT spectrum by 

Gaussians with the dispersion 0.3 eV; at the same time the semi-empirical spectrum has been 

broadened using the convolution with the Gaussians of the same dispersion.

Finally, neither of the two programs produces projected densities of states. Therefore we 

were able only indicate the most important atomic contributions to the electronic bands 

analysing the molecular orbitals in the representation of atomic orbitals.

3.5.2. Results o f calculations and analysis
Geometry optimisation of the LUC of size 1x1x1 using the INDO method has led to the 

results presented in Table 3.14

Parameter Experiment Theory
a, A 8.91 9.20
Na: x=y=z 0.175 0.171
0: X 0.150 0.150

y 0.135 0.135
z 0.440 0.452

Table 3.14. Results o f crystal structure optimisation o f chloro-sodalite 
using modified INDO periodical model. Extension of the LUC used is 2x2x2.

The overestimation of the lattice parameters and of the volume of the corresponding unit 

cell is a common feature of the crystal calculations in which a LUC of small size is used (see 

the discussion in the first part of this chapter). It is clearly caused by the fact that the exchange 

interaction (having the attractive character) in this model is cut off at the LUC boundary.

The crystal lattice of chloro-sodalite has the P 4  3n space group. Positions of the Si, Al, 

and Cl atoms are fixed by the symmetry. The Na atoms are fixed on the principal diagonals of 

the cubic unit cell, whereas the oxygen atoms are in the general crystallographical positions. 

This leaves altogether five geometrical parameters for optimisation: that is the lattice parameter 

a and four fractional coordinates.

As seen from Table 3.14, the optimised fractional coordinates are quite close to 

experiment. The deviations can be interpreted in terms of a slight shortening of the Na-Cl bond 

and a widening of the Si-O-Al angle.
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INDO DFT
Effective charge; Si 2.77 1.45

Al 2.56 1.06
0 -1.57 -0.85

Na 0.92 0.87
Cl -0.85 -0.84

Ew, eV 7.9 7.5
Eg, eV

omitting Cl 4s peak 11.4 5.9
accounting for Cl 4s - 3.8

Table 3.15. Parameters of the electronic structure of cloro-sodalite.

Since the INDO LUC model exploits minimal basis sets, the Cl 4s states are not accounted
for here. Therefore, to com pare results o f INDO and D FT calculations, the Eg value in the 

first line is corrected omitting the Cl 4s states.

The results of the calculation of the electronic structure are summarised in Table 3.15 

and Fig. 3.14. As mentioned above, we place the major emphasis on the reproduction of the 

ground state, hence the main object of interest here is the valence band and the effective charge 

distribution

Both the INDO and the DFT calculations give similar widths and structural features of 

the valence band, however, the positions of the Cl 3p states according to the DFT method are in 

the middle of the upper sub-band. But the INDO method predicts the formation of a separate, 

uppermost sub-band due to the Cl 3p states. It can also be concluded that in general all the 

states are somewhat compressed and shifted upfield in the DFT calculation.

Since the INDO computational scheme is based on the minimal basis sets we could not 

reproduce the localised excitations on the Cl atoms that correspond to a transition from Cl 3p to 

Cl 4s states. As a result, the Cl 4s unoccupied states are not present on the corresponding graph 

of the density of states for the INDO method. Therefore, we have excluded the Cl 4s peak from 

an estimate for the one-electron optical gap in the DFT calculation (see Table 3.15). As a result 

we obtained the value of 5.9 eV which is a reasonable guess as compared with the Hartree-Fock 

(in the semi-empirical form) value of 11.4 eV. We note here that the DFT method tends to 

greatly underestimate the optical gap value whereas the Hartree-Fock overestimates. Thus we 

should expect that the optical gap should lie somewhere in the middle, at about 8-9 eV which is 

in good agreement with experiment (for a wide class of aluminosilicate materials). The on-site 

excitation of chlorine lies between 4.5 and 5.0 eV according to the Kohn-Sham spectrum which 

is about 1.5 times lower than the experimental value of 7.8 eV (see Table 1.7 and the discussion 

in Section 1.4.6), just as can be expected from the LDA DFT approach.

The effective charges given by the INDO method as expected describe the system as 

highly ionic. This is in contrast to the DFT results that emphasise the partial covalence 

character of the bonding in the material. However, the latter should be treated cautiously. It is a 

well known fact that the Mulliken analysis (used in particular by DSolid) systematically 

underestimates effective charges in ionic systems.
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Fig. 3.14. Density o f electronic states of chloro-sodalite.

Two graphs represent results of ab initio DFT and semiempirical IND O  HF calculations.
Dashed lines indicate the top of the upper valence band. The m ajor contribution to the 
upper valence band is due to O 2p  states in both D FT and INDO calculations. Details 
of the calculations are given in the text.

We conclude that the semi-empirical INDO and ab initio DFT approaches well 

complement each other in the reproduction and prediction of the electronic properties of so 

complex a material as chloro-sodalite. The DFT calculation have confirmed that the localised 

optical transition on Cl extraframework anions determine the absorption edge in chloro-sodalite 

as proposed by V.P. Denks (1993, 1994 and in colloboration with V.V. Myurk and E.A. 

Vasil'chenko 1996). Both INDO and DFT calculations have also demonstrated that the bottom 

of the upper valence band in sodalites is fixed by the Si 3s states similarly to other silicates.

In the following chapter we start a systematic study of the defect structures in zeolites 

using only a periodical DFT model described above. Although the treatment of the excited 

states within this approach is limited, we aim to establish first the gground states for basic 

defect structures which can be used in the future for studies of their excitations.
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Chapter 4

STRUCTURAL MODELS AND ENERGETICS OF POINT DEFECTS IN ZEOLITES 

AND RELATED ALUMINO-SILICATES

In this chapter we formulate the theory of point defects in zeolites as catalytically active 

framework sites, advance the structural models for most important defects and, by calculating 

the energy minimum configurations, study the main stages of the defect transformation in 

synthesis, post-synthetic treatment and ageing processes.

So far semi-empirical and semi-classical techniques allowed us to investigate structural 

properties of zeolites with relative ease and sufficient accuracy. Problems, however, occur 

when applying the same approach to point defects. The partially covalent character of the 

bonding in these materials along with the extensive hydrogen bond formation clearly preclude 

the predictive and accurate treatment of such defects employing the models not specifically 

parametrised for each kind of chemical bond. Using these techniques it is particularly difficult 

to describe the charge and/or spin polarisation of the Si-O-Si linkages due to the presence of 

defects in their vicinity or substitution of one of the constituent ions. Hence, the periodic DFT 

model described in Section 3.5 has been used here to further our modelling abilities and to 

provide firm ground for possible future parametrisation schemes. The main physico-chemical 

properties of idealised crystalline zeolites were the subject of the previous chapter. Here we 

introduce all the major defect species under consideration into the 36-atom cubic unit cell of 

siliceous sodalite aiming to obtain a coherent account of the defect energetics and structure.

In all DFT calculations presented below, the following scheme of calculations has been 

adopted. First, we considered the structure and energetics of perfect crystalline siliceous 

sodalite as reported in Section 3.3. Secondly, the optimised value of the lattice constant a of 

8.8778 À has been fixed, and the single defect structures have been modelled using this 

periodic model. Afterwards the binding energies per unit cell obtained in the defect calculations 

have been used to calculate the defect formation and transformation energies. All the 

geometries reported below correspond to the minimum energy configurations.

The basis set used and referred to as the DNP throughout this work comprises one basis 

function for each core electron shell, and two basis functions for each atomic valence electron 

shell. In the usual manner, the polarisation functions complement the basis set, one for each 

atom. All basis functions are numerical, orthogonalised to each other beforehand and localised 

around atomic centre not extending further than ca. 6  Â, which provides high accuracy in the 

description of the charge density both in the core and interatomic region. The frozen core 

approximation and medium quality integration mesh (see EOM DSolid, User Manual 1997) 

have been employed consistently in all calculations.

The tests of the valence basis set quality, effects of freezing the core orbitals and of 

employing a finer integration mesh have been performed on a number of molecular models 

including the mono- and dimer of water, hydrogen peroxide, silanol (SiH^OH), orthosilicic acid
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(Si(0 H)4) and aluminium tetrahydroxide ion (A1(0 H)4‘). In all cases the binding energies are 

affected the least and stayed within 0.1 % of their value. The molecular geometry changes the 

most upon an extension of the basis set with the third numerical function as for example in the 

case of the orthosilicic acid, where the OH bond distance decreases from 0.98 to 0.97 Â. The 

improvement of the integration mesh has little effect on the geometry, but affects the binding 

and vibrational energies. In fact, freezing the core orbitals gives rise to a decrease in the energy 

of the OH stretching vibrations of nearly 1 %. Finally, we note that the energy gradient 

calculated using the DSolid exhibits a relatively high numerical noise which lowers accuracy of 

the determination of the energy minima. This problem which is common for many DFT codes 

is being tackled in a new release of the code (DMol3), which has not been available to us 

during this project. Our tests show that the resulting inaccuracy for most structures lies within 

0 . 0 1  Â for bond distances and may reach 0 . 1  A  for second neighbours in the worst cases. 

However, the adiabatic potential surfaces of the defect structures investigated prove to be 

sufficiently shallow around the minima to permit the numerical errors not to change our 

conclusions on the defect topology and energetics. Taking into account the expensive character 

of the calculations involved (the optimisation of the vicinal silanol defect, for example, has 

taken ca. 3500 h of CPU time on the 95 MHz R8000 SG machine using 450 MB of disk space 

and 80 MB of memory), we consider that this level of description is a reasonable compromise. 

Naturally, future calculations would refine our results but we are confident that the major 

structures and conclusions will hold.

We should emphasise that the energies of defect formation calculated here can be used 

only as an indication of how feasible it is to create or transform one defect into another under 

equilibrium conditions. The real dynamics, statistics and kinetics of the defect formation is 

based on the free energy including vibrational corrections to the internal energies and entropy 

factors, free energies along the reaction/diffusion paths (or at least in the transition states) and 

knowledge of the defect interaction energies. These calculations are indeed the first step in the 

investigation of defects in zeolites. Additional characterisation of the defect properties (i.e., by 

calculation of the optical, ESR and NMR spectra) is beyond the scope of the present work, but 

will make useful topics for future investigations.

In Section 4.1, we concentrate on structural models of the three basic defects and the 

schemes for the defect transformations. We suggest here mechanisms for formation of the 

Lewis acid sites in zeolites and related alumino-silicates with a specific emphasis on the 

hydroperoxy defect bound to an Al substitutional. Dehydration of the Brpnsted acid sites with 

formation of electron-hole defects bound to an Al substitutional and oxygen vacancy defects is 

the subject of Section 4.2. Annealing of the hydroxyl nest defect in the oxidising atmosphere is 

considered in Section 4.3. In Section 4.4 we deal directly with peroxide species resulting from 

annealing of the vicinal silanol defect. Defects related to the vicinal silanol defect (isolated 

silanols, siloxy radical, and substitutionals in the vicinal silanol defect) are the subject of 

Section 4.5. In Section 4.6 we conclude with a summary and discussion of the defect stmctures 

of interest, which could not be included in our survey.
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4.1. Basic defects in zeolites

All that we see or seem 
Is but a dream  within a dream 
E.A.Poe. A dream within a dream

Owing to the peculiarities of the zeolite microporous structure, hydrothermal synthesis 

and applications, the silanol hydroxyl groups are of highest concentration not only on the 

external, physical surface of these materials but also in the bulk. As outlined in our review in 

Chapter 1, the three species are of particular interest:

(i) the Br0 nsted acid site: an aluminium substitutional in a tetrahedral cation framework 

site compensated by proton, which can also be considered as a silanol hydroxyl group bound to 

this aluminium site;

(ii) the hydroxyl nest defect: a cation vacancy at the tetrahedral framework site with four 

dangling oxygens, saturated with hydrogen (a cluster of four silanol hydroxyl groups); the 

species is also known as the hydrogamet defect;

(iii) the vicinal and geminal silanol pair defects, which consist of two silanol hydroxyl 

groups situated either on two adjacent framework sites or directly on the same site.

In reality, the presence of geminal silanol defects observed for example in the Si^  ̂NMR 

spectra (the Q2 groups: =Si(0 H)2 ) implies a highly defective nature of the material investigated. 

Two Si-O-Si linkages should be hydrolysed to allow for only one geminal silanol species, and 

two counterpart defects would form in excess at the broken bonds (the trigonal and siloxy 

^ i O '  sites or, in the case of spin polarisation, the E \  and siloxy radical, ^ i O »  centres). 

Therefore we consider the geminal silanol pair as a complex defect, which results from 

condensation of a number of simpler species and thus being of no immediate concern.

The presence of all three basic defects in zeolites is established by experiment, but 

reliable atomistic models have been developed only for Br0 nsted acid sites and hydroxyl nest 

defects (see discussion in Section 2.2). The vicinal silanol defect is known only by its chemical 

composition { ^ iO H  HOSi=) and concentration (the Q3 groups in the Si^  ̂ NMR spectra). 

These defects relate to many local properties of zeolites including the Br0 nsted and Lewis 

acidity. However, a rationalisation of the latter phenomenon has posed a serious problem in 

zeolite chemistry. Whereas the hydroxyl groups, in all three defects considered above, are to a 

larger or smaller extent responsible for Br0 nsted acidity of the zeolites, none of them seems to 

be a good electron acceptor capable of maintaining the Lewis acidity. Furthermore, the 

modification of zeolites widely used in industry and scientific research includes acid leaching, 

steaming, washing and calcination in oxidising atmosphere. All the processes involved 

unquestionably lead to the transformation of all basic defects, as has been confirmed many 

times by experiment, in which the characteristic signal of these defects either drastically 

changes or disappears altogether. The experimental evidence for the defect transformation has 

been analysed in chapter 1 of this work, where we have seen that in many cases proposed 

structural models are of interest but are not really substantiated. Theoretical approaches provide 

a necessary link between experiment and atomistic models.
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In the following three sections we examine, in turn, atomistic models of the three basic 

defects concentrating in each particular case on the schemes for defect transformations. All 

paths for the defect transformation have been derived from our analysis of the experimental 

data (see discussion and corresponding diagrams in Chapter 1), comparison with theoretical 

studies performed by other researchers (mostly in areas of related materials such as silicate 

minerals and glasses, see Section 2.2) and preliminary semi-classical and semi-empirical 

calculations (see in particular our INDO results on the Brpnsted acid site presented in Section 

3.4 and in A.A. Sokol and C.R.A. Catlow 1997).

4.1.1. Br0 nsted acid site

The atomic structure of the Brpnsted acid site obtained in our DFT calculations is 

presented in figure 4.1.1 below along with the effective charge distribution. All bond distances, 

as one would expect, compare well with our preliminary INDO calculations and those reported 

in the literature. In particular, the hydroxyl bond length is 0.95 Â in our HF INDO calculations 

and 0.97 Â in the PW91 DFT plane wave calculations of R. Shah, J.D. Gale et al 1996. In our 

case the value of 0.99 Â is slightly overestimated, that of 0.97 Â being probably closer to that 

corresponding to the saturated basis set with this density functional. However, the comparison 

of molecular cluster results obtained using higher correlated post-HF methods with 

corresponding DFT results reveals that our INDO value is probably closer to the results 

obtained at the general many-electron theory level. This trend in overestimation of the bond 

lengths by the DFT is common in molecular fragments, but for a perfect crystalline sodalite we 

have obtained an opposite result, the Si-O bond length being slightly underestimated. The Si-O 

bond for a bridging hydroxyl is in both ours and Shah’s calculations distinctly larger than the 

INDO value: 1.69-1.70 vs. 1.66 Â, whereas the corresponding Al-O bond distance is shorter: 

1.85 and 1.90 vs. 1.93 Â. The large difference of 0.05 Â between the two DFT calculations in 

our view is rather an effect of using a pseudopotential on aluminium and maybe an energy cut

off that is too low in the plane-wave calculation, which probably also explains a similar shift 

downfield in the other three Al-O bond distances (from 1.72 to 1.65 Â vs. 1.75 Â in INDO). 

The actual Si-O-Al bond angle of 136-137° appears to be practically identical in all three 

calculations.

As mentioned before, the only structural characteristic of the Brpnsted acid site directly 

available from experiment is the Al-H separation. In particular for the HY zeolite D.Fenzke, M. 

Hunger et al (1991) have reported 2.37 and 2.48 Â for sites in the small and large cavities, 

respectively. While the INDO value of 2.28 Â is smaller but quite reasonable for such a crude 

approximation, the DFT value of 2.39 Â seems to agree with experiment rather well if we 

assume that this feature is not very sensitive to the zeolite framework topology. Indeed the 

framework of zeolite Y is built of sodalite cages, separated by interfaces, whereas in the 

sodalite itself these cages are closely packed, so that to a large extent the local environment of 

the Brpnsted site is quite similar in both cases.
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T he M ulliken  effec tive  charges ca lcu la ted  by D Solid  and repo rted  on the righ t-hand  side 

o f  F igu re  4.1 are sign ifican tly  sm alle r in am plitude than the e ffec tive  charges o b ta in ed  using  

the IN D O  sem i-em pirical schem e, but a nearly  un ifo rm  scaling  can be app lied  here  fo r the sake 

o f  com parison . F o llow ing  only the trends in the charge d istribu tion , w e conc lude  tha t due to the 

la rger e lec tronegativ ity  o f  hydrogen, the e lec trons are transfe rred  to a b rid g in g  hydroxyl 

oxygen  to a lesser degree than to the usual S i-O -Si b ridg ing  oxygen w hich  is re flec ted  in a 

h igher e ffec tiv e  charge o f  -0 .705 e as com pared  to a usual range o f  -0 .770  and -0 .780  e. T he 

neu tra l natu re  o f  the defect under study clearly  localises the pertu rb in g  effec t w ith in  the first- 

second  coo rd ina tion  shells so that the e ffec tive  charges o f  fa rther situated  ions d if fe r  from  the 

co rresp o n d in g  values in the pure siliceous m aterial only  by a few  th o u san d th s  o f  an e lec tron , 

1.556 and -0.778 e being  the reference values for silicon  and oxygen  ions. T h e  a lum in ium  

substitu tion  into the te trahedra l ca tion  site is not fu lly  com pensa ted  by a w ithd raw al o f  the 

e lec tron  density  from  a lum in ium  and hydrogen, w hich also  leads to h igher e ffec tiv e  charges on 

the o ther th ree b ridg ing  oxygens around  the substitu tional.

Atomic Structure Charge Distribution

• 2

1,564.

-0.786

-0.786
-0.766

-0.780
0,394

-0.749

.566

-0.789

1.557

Figure 4 .1 . Brpnstcd acid site: structural m odel and e ffec tiv e  charge distribution obtained
from DFT calculations.

Bond lengths in Â; angles in degrees.

H ere w e w ill not concen tra te  on the spectroscop ic  ch a rac te ris tic s  o f  the defects in 

general since  our resu lts stric tly  speak ing  are only ind icative  as far as the op tical p ropertie s are  

co n cern ed : the D FT  reproduces only the ground state o f  the defect. W e shou ld  no te only  tha t 

the hydrogen  associa ted  e lec tron ic  states read ily  hyb rid ise  w ith  the Si and Al co n trib u tio n s in 

the bo ttom  part o f  the u p p er O 2p  valence band and p rovide only  a m in o r co n trib u tio n  at the top  

o f  the valence band, w hich is in con trast to the resu lts o f  the IN D O  ca lcu la tio n s. T h e  im portan t 

po in t here is the low ering  o f the bo ttom  o f the conduction  band w here  there is a no ticeab le  

con trib u tio n  o f  states localised  broadly  around the defect site. B earing  in m ind  the  experim en tal
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Brensted Acid Site: Transformation Paths
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Figure 4.2. Models for transformation of Brpnsted acid site upon physico-chemical treatments
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assignment of the optical absorption band at 6 . 6  eV (see the discussion in Section 1.4) to 

hydroxyl groups, we should expect an appearance of the defect bands around this value as the 

general effect due to all neutral defects, considered below, that contain spin-non-polarised 

hydroxyl groups. The delocalised character of the states associated with these hydroxyl groups 

along with the high concentration of such defects in zeolites suggests a highly plausible overlap 

of the corresponding defect states with the formation of broad bands.

Let us now consider the routes for the Br0 nsted site transformation. The analysis of the 

experimental data shows two distinct possibilities arising from zeolite calcination. First the 

dealumination of the site leads to the hydroxyl nest defect accompanied by either 4- or 6 - 

coordinated extraframework aluminium - a model which is widely accepted. This route we 

consider in more detail later, and now we concentrate on the second possibility: the dehydration 

of two adjacent Br0 nsted acid sites as presented in Figure 4.2. The dehydration can clearly 

proceed with spin or charge polarisation. In the case of charge polarised species, modelling 

would require charge compensation by means of a paired defect in the same unit cell or 

introduction of the charge background in our periodical model. The second option 

unfortunately is not available in the current version of the code, whereas the first is still under 

study.

Two spin-polarised doublet defects have therefore been studied. First, the oxygen 

vacancy, formed between the Si site and the Al substitutional due to the site dehydroxylation, is 

traditionally associated with the E ’ centre on Si and the trigonal Al site. Nearly full localisation 

of an electron on the Si site leads to a strong observable signal in ESR spectra of most silicates 

that exhibit deficiency of oxygen and/or have been exposed to gamma- or neutron irradiation 

as well as mechanical stress as in the case of glass fibres (see D.L. Griscom 1991). The coupled 

defect species in this case is the electron hole defect which is trapped either on oxygen next to 

an aluminium substitutional, Vj (%/) centre, or in the pure siliceous environment, V2  {X2 ) 

centre, the result of the Br0 nsted site dehydrogenation. The trapping of a hole by an aluminium 

impurity seems to be more plausible both owing to electrostatic and genetic arguments (due to 

the location of the dehydrogenated site). Thus the Vy-like centre has been studied here.

The oxygen migration in the oxygen deficient material can interchange E ’ and V/ centres 

with the production of a neutral oxygen vacancy Vq on the way if the hole centre always stays 

with the aluminium substitutional. For a long time there has been a debate in the literature as to 

the low energy configuration of the E* centre. It is clear that the electron within the centre is 

localised on an sp^-\\k& hybridised orbital which can either be directed towards the vacant 

oxygen site (in our case also towards the aluminium site) or the silicon site can invert through 

the basal plane of three oxygen sites and the orbital would be directed towards an interstitial 

position (the centre of a sodalite cage within the given framework structure). There is no 

unambiguous experimental evidence to decide which is the predominant configuration in real 

materials.

The mechanism of charge polarisation includes the transfer of an electron from the E ' 

centre, considered above, to an aluminium substitutional so that the silicon site becomes 

positively charged and thus would move into the trigonal coordination similar to the aluminium
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site, whereas the hole bound to the aluminium substitutional will recombine with the electron 

and the negatively charged impurity will be formed. In both cases the Lewis acid sites are 

generated in the material, but according to our calculations the price is quite high. About 127 

kcal/mol are required to go along the spin polarised route, and we believe it will require even 

more energy to separate the charge which should be checked in further studies.

Although the trigonal silicon is a good electron acceptor, we note that it is a single 

electron acceptor, whereas the studies of Lewis acidity of zeolites have shown a predominantly 

double acceptor mechanism. To maintain this kind of activity a silicon site coordinated by two 

oxygen vacancies is required. The centre can occur in the presence of the geminal silanols in 

the material or in the case of a very high concentration of the Br0 nsted acid sites so that the 

dehydration will proceed simultaneously on four adjacent sites. An important fact is that the 

concentration of the E* centres in zeolites was reported to be insufficient for clear 

spectroscopic characterisation in conventionally treated zeolites: gamma-irradiation is required, 

which corroborates the high-energetic character of the defect. On the other hand, the inversion 

of the silicon site seems to be able to produce an isolated silanol centre as a result of the 

reaction of a dissociated water molecule and an centre. The latter can be an alternative 

source of the Br0 nsted acidity in zeolites and contribute to the phenomenon of superacidity in 

ultrastabilised zeolites.

4.1.2. Hydroxyl nest defect
The hydroxyl nest, or hydrogamet, or [4H]si substitutional defect in zeolites has so far 

been studied using only semi-classical and semi-empirical techniques. However, the ab initio 

models have been derived for a-quartz and a number of silicate minerals. While the semi- 

classical models tend to overestimate the energy of the defect formation, 1.02 eV being the 

lowest value reported for grossular by K. Wright, R. Freer et al 1994, the local density 

approximation applied in the periodical model of this defect in a-quartz seems to overbind it. In 

particular J.C. Lin, M.C. Payne et al (1995) have reported the negative defect formation energy 

of about -2.4 eV with respect to an interstitial water and of about -0.5 eV with respect to free 

water. Our calculations show that this energy evolves as a fine balance between the water 

physisorption energy in the cavities of siliceous material and intensive hydrogen bonding 

within the defect. When we consider the defect formation as a process in which two isolated 

water molecules are brought to a defect site from the vacuum we calculate the energy of 

formation to be negative, also about -0.5 eV. The physisorption of water on the internal wall of 

a sodalite cage allows us to gain about 0.5 eV, which makes the defect altogether unfavourable 

with the defect formation energy of ca. 0.5 eV, or 53.2 kcal/mol. The calculated energy of 

physisorption should be considered carefully. In fact, this number consists of two contributions: 

the physisorption energy itself, which should be compared with experiment (unfortunately there 

is no such data available for highly siliceous zeolites) and the basis set superposition error 

which can be quite large in absolute value. Indeed, the binding energy within an isolated water 

molecule is calculated as ca. 10.5 eV and the basis superposition error estimated using the
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ex ten d ed  G aussian-type basis set (the 6 -3 1 1 0 * *  basis com parab le  for en erg e tics  w ith  the D N P  

basis set used  here) p roves to be 0.1-0 .3  eV  depend ing  on the values o f  the ex p o n en ts  used. T he 

q u alita tiv e ly  d iffe ren t ch a rac te r o f  the num erical basis set p rec ludes the d irec t use  o f  these 

num bers but can be app lied  as a rough guess for an u pper bound on the basis superposition  

erro r. T hus nearly  ha lf o f  the value ca lcu la ted  perhaps should  be sub trac ted  from  the energy  o f  

w ate r physiso rp tion . A  sim ila r estim ate  m ust then be carried  out fo r silano l hydroxy l g roups 

co m p o sin g  the defect. T o avoid  this approx im ate  p rocedure  w e have used  a d irec t com parison  

o f  the b ind ing  energ ies o f  the supercells that con tain  a physiso rbed  w ate r m olecu le , the 

h ydroxy l nest defect and that o f  pure siliceous sodalite .

Atomic Structure

-0.774

-0.773

Charszc Distribution -0.788

0.349 -0.681

-0.780-0.796' 0.97
2.26 '

-0.763

0.385
-0.783

0.716

-0.774 -0.787

-0.786

-0.773

Figure 4 .3 . H ydroxyl nest defeet; structural m odel and e ffec tiv e  charge distribution  
obtained from DFT calculations.

Bond lengths in Â; angles in degrees. Si-H  separation within the silanol hydroxyl groups not 
show n in the picture are 2 .21 , 2 .21 , 2 .24  and 2.31 Â.

T he in teraction  o f w ater at the in terstitia l site  in the ca lcu la tion  on a -q u a r tz  by L in has 

the opposite  sign as com pared  to our calcu lation : 0 .9 eV  p er w ate r m o lecu le  can  be gained  by 

rem oving  w ater from  the m aterial channel to vacuum . T he effec t do es not seem  to be very 

likely  un less the initial o rien ta tion  o f  w ater m olecule has been chosen  aga inst the c ry sta lline  

e lec tro s ta tic  field , and the particu la r geom etry  o f quartz  did not allow  fo r the fu ll re laxation  o f 

a m o lecu le  w ith a rea lignm ent along the field . On the o ther hand, the geom etry  o f  the defect 

site  im plies, as show n in m any ca lcu la tions inc lud ing  ours, the ex ten siv e  hydrogen  bond ing  

effec ts: up  to six hydrogen  bonds should  form  in the ground  state . T h e  gross overestim ation  o f  

the hydrogen  bond strength  is a well es tab lished  defic iency  o f  the L D A  app roach . T hus w e 

expect tha t the geom etry  reported  by L in does not co rrespond  to the low est d efect 

con fig u ra tio n . Indeed, the alignm ent o f  all hydroxyl g roups a long  the crysta l c ax is obstructs
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the formation of further hydrogen bonds to just two. Thus in our view the close values for the 

defect formation energies in the two calculations is largely a coincidence.

The geometry and effective charge distributions for the hydroxyl nest defect obtained in 

our DFT calculation are presented in Figure 4.3 above. The hydroxyl bond length in our 

calculation is perhaps slightly overestimated, similar to the Br0 nsted acid site, but an 

interesting trend is evident: the shorter the hydrogen bond in which the given hydrogen is 

involved the longer the corresponding hydroxyl bond length, which naturally correlates with 

the hydrogen bond strength and a slight charge transfer towards the hydroxyl oxygen: the 

shortest hydrogen bond of 1.63 Â corresponds with the longest hydroxyl bond of 1.02 Â and 

the lowest effective charge on oxygen of -0.766 e. In contrast, the longest hydrogen bond of 

2.26 Â towards the same, most negative oxygen corresponds with the shortest hydroxyl bond 

length of 0.97 Â and the highest effective charge on the oxygen of -0.681 e. The generic 

structure of the defect, in fact, resembles very much results of semi-classical simulations (see 

K. Wright, R. Freer et al 1994) and the first ab initio LDA molecular cluster calculations (see 

J.Purton, R. Jones et al 1992). The oxygen tetrahedron has a basal plane formed as a strongly 

bound three-ring and one hydroxyl group is situated over this basal plane with weak hydrogen 

bonds both to hydrogen and oxygen. The Si-O-H bond angles vary between 113 and 122° quite 

similar to results of numerous molecular cluster calculations (see for example on silanol species 

the early review by J. Sauer 1988).

Another interesting feature is a relatively small value for the Si-O bond length in the 

silanols vis. 1.62-1.64 Â which is rather close to all other S i-0  bond distances of 1.62-1.63 Â in 

the immediate vicinity of the defect. This elongation is more pronounced in the molecular 

cluster calculations where it probably relates to artificial effects of the unrealistic boundary 

conditions. Nevertheless, a slight polarising effect of the defects introduced into the zeolite 

framework leads to the bond elongation, which therefore can also account for the zeolite 

expansion observed at first stages of dealumination. The charge redistribution between the 

cationic sites and oxygen is also similar to that of the Brpnsted acid site: all four silicon ions in 

the first cation coordination shell of the vacancy have a lower effective charge by ca. 0.015- 

0.030 e as compared to 1.556 e on silicon in a perfect siliceous sodalite. Even the highest 

effective charge on hydrogen (0.385 e) in the hydroxyl nest defect is still lower than that in the 

Brpnsted acid site (0.394 e), which also signifies the electron localisation closer to the proton.

Often this hydrogen charge is used as a measure of a site acidity implying that the work 

required to withdraw a proton is a monotonie function of the electron population on hydrogen. 

Within such an approach, we conclude that the hydroxyl nest defect should be a weaker acid 

site than the usual [H,Al]si substitutional. Ftowever, this kind of rationalisation has to be tested 

by modelling the nest reactivity with conjugated bases.

Part of the general scheme of the hydroxyl nest transformation that has been investigated 

is given in Figure 4.4. As with all other defects, the transformation of the defect according to 

the general approach proposed in Chapter 1, can proceed as (i) complexation with other defects, 

in which the hydrolysis of adjacent Si-O-Si bridges is seemingly the most important process 

leading to the nest migration; (ii) a deprotonation, accomplished by a proton transfer to
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Hydroxyl Nest Defect: Transformation Paths upon Calcination

From Synthesis 
or Dealumination
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Figure 4.4. Models for transformation of hydroxyl nest defect upon physico-chemical treatments. Atomic oxygen is represented by half O2 molecule.
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adjacent bridging oxygen sites as shown in the diagram, the process clearly facilitated by 

proton vehicles present in the pores of zeolites in the form of water, ammonia and other 

conjugate bases; (iii) a dehydration, in which two water molecules are excluded from a defect, 

probably in two steps; and (iv) dehydrogenation, the process made possible by the annealing of 

the hydroxyl nests in the oxidising atmosphere: the reaction of hydrogen in the nests with 

atmospheric oxygen in a molecular or atomic form produces again two water molecules.

The first process has not been studied here since it includes a close interaction of two or 

more complex defects and our first goal has been to establish the structure and energetics of 

these simpler species. Moreover, in this case we would deal with two quite bulky defects whose 

complex would unavoidably strongly interact with its periodic images just by virtue of the 

direct overlap within the small unit cell adopted in the present calculations. However, the 

significance of this process should not be overlooked. In particular our modelling of the 

hydroxyl nest annealing clearly shows a relatively high energy nature of all the processes 

involved and a practical impossibility for the “non-intact” bridge formation due to steric 

constraints imposed by the zeolite lattice. Therefore, the hydroxyl nest migration towards the 

external surface and mezopores of the zeolite remains the only plausible explanation for the 

disappearance of the nest signal from the IR and NMR spectra. The second process, 

deprotonation, seems to model to some extent initial stages of the hydroxyl nest migration and 

indeed even in the absence of any hydrolysis effects on the Si-O-Si bridges adjacent to the nest 

defect, the deprotonation energy of 53.2 kcal/mol is the lowest amongst all the energies 

calculated for competing processes.

Both the third and the fourth processes, the dehydration and dehydroxylation of the 

hydroxyl nest defect lead to an amazingly wide variety of defects with interesting 

configurations and properties, some of which have not been considered in the literature so far, 

to the best of our knowledge.

In particular the first step in the nest dehydration should leave one of the Si sites in a 

trigonal configuration or as an centre considered in the previous section and a coupled 

terminal ^ i - 0 '  siloxy centre hydrogen bonded to one of the two remaining silanols, or again a 

non-bridging oxygen hole centre (NBOHC) i.e. siloxy radical. We did not follow in this 

instance the spin polarised mechanism, but instead concentrated on charge separation in the 

defect. Indeed, we find that the trigonal silicon forms, but the relaxation of all atoms involved 

in the formation of the hydrogen bond between the siloxy and one of the silanols leads to a 

condensation of the atoms involved into a bridge (^ i-0 -H -0 -S i= y  formed across the vacancy 

site. An electron solvated on a bridge clearly holds the structure together, the energy of 

dehydration being ca. 74.6 kcal/mol. A distinct hydroxyl stretching band corresponding to this 

defect should appear in the IR and possibly Raman spectra of annealed zeolites, altough the 

corresponding calculation is beyond the scope of this project. An alternative to the electron 

transfer from a silicon site to a siloxy species can be a hydrogen transfer from one of the 

silanols back to the dehydroxylated silicon site with the formation of the silicon hydride site 

often considered as complementing the E* centres in wet oxygen deficient glasses. The two 

oxygen hole centres can then condense to form a peroxy bridge stretched across the vacancy
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like the hydroxyl bridge described previously. The calculated energy of formation viz. 158.0 

kcal/mol seems to be too high for this defect to be present in any appreciable concentration 

(unless the process is facilitated by preliminary irradiation or hydrogen adsorption).

The second step in the dehydration is a higher energy process viz. 122.9 kcal/mol. It 

results in the formation of two trigonal silicon sites and two siloxy species which are not 

bonded to one another. Probably the spin polarisation mechanism is less energy consuming in 

this case and the structure can be stabilised by an electron transfer from the siloxy defects to 

the trigonal silicon with the formation of two siloxy radicals (NBOHC species) and two 

centres, but again a detailed investigation of this problem is a topic for future study.

As mentioned, an alternative mechanism of annealing involves the direct interaction with 

external oxygen. In the first step one water molecule is removed from the nest and one oxygen 

atom is introduced (half of the dissociation energy of the O2 molecule is included in the 

calculation of energetics). The immediate consequence is the peroxy bridge formation between 

two silicon sites as in the case of the dehydration with the collateral silicon hydride formation, 

but the energetics of such a process is now much more favourable viz. only 55.0 kcal/mol. Two 

hydrogen bonds are formed in the resulting structure, one between the two silanol groups and 

one between the silanol hydrogen and one of the oxygens (O') of the peroxy bridge defect. In 

full analogy with the case of the nest dehydration, the second step of the annealing is more 

expensive viz. 77.6 kcal/mol but still not prohibitively so and can be thought as occurring in 

zeolites at elevated temperatures. Two peroxy bridges are now formed, and the defect 

represents a reconstructed pure silicon vacancy, which has been recently suggested as a model 

(but without clear specification) in studies of the silicon self-diffusion in a-quartz (see O. 

Jaoul, F. Bejina et al 1995).

The formation of peroxy bridges as a result of the hydroxyl nest annealing should be 

highlighted here as one of the possible mechanisms for the introduction into zeolites of 

framework Lewis acid sites. The energy of the corresponding defect formation is much lower 

than that for the trigonal silicon and aluminium sites along with the oxygen hole centres as 

resulted from direct annealing of the Brpnsted acid sites viz. 55.0 and 126.6 kcal/mol (in the 

first step). We also note that the peroxy species can be both a double and a single electron 

acceptor which satisfy the requirements imposed by experiment. It is also proportional to the 

initial concentration of the Brpnsted acid sites as the hydroxyl nest defects in dealuminated 

zeolites mostly originate from the dealumination of the material, but not from the synthesis, the 

latter being the case of “defect-less” highly siliceous materials.

4.1.3. Vicinal silanol defect
The structure of the vicinal silanol defect is the least clear among the basic defects, 

although the species in question seems to be the most important condensation defect of high 

silica zeolites. On the other hand, it can result from hydrolysis of the Si-O-Si bridges in any 

zeolite and thus relates to an important issue of zeolitic framework solubility and phase 

transformation. The two hydroxyl groups on two adjacent silicon sites come in close contact to
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each  o th er in th is defect w hich is often  not app recia ted  in the experim en tal lite ra tu re . T he 

hydro lysis  o f  the Si-O -Si b ridge has been considered , fo r exam ple  by H. K oller, R .F . L obo  et a l 

(1995) as a part o f the s iloxy-silano l com plex  defect. T he au thors have used  an in te ra tom ic 

po ten tia l based sim ulation  to justify  the ir m odel w hich  included  the fo rm ation  o f  a hydrogen  

bond  betw een  the tw o silano ls. W e have also  app lied  the sem i-classical as w ell as sem i

em pirica l techn iques to investiga te  the defect fo rm ation  and com e to the fo llo w in g  conc lu sions:

(i) only  the closed  2 -m em bered-ring  structu re  is form ed in cry sta lline  s ilica  m ateria ls: all 

a ttem p ts to separate  hydroxyl groups failed ; the geom etry  o p tim isa tion  leads to the  fo rm ation  o f  

a ring  and does not leave room  for hydrogen bonding;

(ii) the sem i-classical and sem i-em pirical m odels though  topo log ica lly  iden tica l, have 

y ie lded  qu ite  d iffe ren t structu ra l param eters, m ost im portan tly , the oxygen-oxygen  separation  

o f  ca. 1.5 and 1.8 À, w hich seem ed too short.

T o avoid  any artific ia l effec ts  o f the p relim inary  m odelling  w e have sta rted  the geom etry  

op tim isa tion  using  the D FT  approach  w ith the hydrogen-bonded  like structu re . T h e  resu lts o f  

our ca lcu la tio n s are illu stra ted  in F igure 4 .1 .5  below . A s one can see, the tw o-m em bered -ring  

stru c tu re  has been reproduced  by the ah in itio  m odelling . T he hydrogen  bond ing  do es no t occur 

w ith in  the defect and there  is perhaps only very w eak in teraction  o f  one o f  the p ro to n s w ith a 

b ridg ing  oxygen  over the 4 -m em bered  ring at a d istance o f  2 .69 A from  one another.

A tom ic  S tructu re C harge  D is tribu tion

1.61 -0.772 - 0.795

-0.776
-0.792

- 0.8  6 0.386

-0.775

-0.774 -0.809

Figure 4 .5 . V icinal silanol defect: structural m odel and e ife c liv e  charge distribution  
obtaned from DFT calculations.

Bond lengths in Â; angles in degrees. S i-S i separation within the vicinal silanol double ring
not shown in the picture is 2 .95 A.

T he essen tia l fea tu re  o f the defect p reserved  by the D FT ca lcu la tion  is a re la tiv e ly  short 

in te r-oxygen  d istance o f  2.13 Â  (in spite o f  the sign ifican t increase  as co m p ared  to the  results 

o f  sim u lations), the value being in term ed ia te  betw een typical in te r-oxygen  d is tan ces in the 

p erox ides  1.45-1.55 Â  and ox ides 2 .5-3 .0  A. T his value could  a lso  be asso c ia ted  w ith  the 0%  ̂

species, but the defect is not spin po larised  and the only possib le  exp lan a tio n  lies w ith  a sh ift o f
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the charge density centred on oxygens towards the hydrogens of the two hydroxyl groups 

reducing in effect the Coulomb repulsion between the two oxygen ions. The close values of the 

S i-0  bond length of ca. 1.84 Â and the very ring structure of the defect suggest the multi-centre 

character of the bonding in this system. The origin of the scatter in the Si-O bond lengths 

within the defect, in fact, remains unclear. Two explanations can be offered, but we have not 

been able to investigate them. First, this scatter can be a consequence of the numerical noise 

already mentioned. Second, the rigid character of the lattice can make an off-centre 

configuration of the defect the true minimum. Our molecular modelling of the defect produced 

a fully symmetrical configuration for the defect, but it would not be able to reproduce the 

lattice steric effect unless the cluster was chosen to be very big, which has not been an option.

The defect could be identified experimentally by the characteristic Si-H separation 

distance of ca. 2.5 Â (the regular distance for an isolated, or generally non-bridging silanols 

being in the range 2.1-2.3 A), which would not be overlapped by the signal from the Brpnsted 

acid sites in the high silica zeolites. Thus the proton and ^^Si cross-polarisation solid-state 

NMR experiments seem to be good candidates for the identification of this species. Another 

peculiarity of the defect is the five-fold coordination of the silicon, which has not been reported 

in the experimental literature. We note, however, that the regular interpretation of the ^^Si 

NMR spectra with uniform shifts between Q„ groups is not entirely applicable in this case. The 

hydroxyl groups on silicon in the vicinal silanol defect are not free; the electronic polarising 

charge is concentrated non-uniformly around each site, and therefore it is not quite clear where 

the corresponding signal should appear in the spectrum, thus a simulation of the NMR spectrum 

is needed in future studies. A similar situation occurs with the IR spectra as an unusually long 

Si-O bond distance and a bridging character of the hydroxyl groups hinder any qualitative 

prediction even about the direction of the shift in the energy of the silanol hydroxyl stretching 

and bending vibrations. The increase in the silicon coordination number is accompanied by an 

increase in the effective charge on both silicon ions. However, as is the case for the Brpnsted 

acid site and hydroxyl nest defect, the charge redistribution largely affects only the first and 

second coordination shells of the defect.

The effective charge on one of the hydrogens in the defect is 0.386 e, which resembles 

the situation of the hydroxyl nest defect with the same kind of implications for the zeolite 

Br0 nsted acidity. However, in contrast to the nest defect, the hydroxyl groups in the vicinal 

species are of the terminal character, the hydrogen not taking part in the formation of hydrogen 

bonds, which makes it far more accessible to the guest species in the zeolite pores.

The vicinal silanol defect does not introduce energy levels into the band gap. The only 

appreciable effect can be seen as a localisation of the first unoccupied states in the defect 

region rather than a smooth delocalisation all over the unit cell. However, the radius of 

localisation is relatively large and the resulting shift in the conduction band bottom is only 

about 0.1 eV. A larger supercell model would be required if we wanted to draw conclusions as 

to the optical absorption on the defect. In fact, the same kind of empirical consideration as used 

before can be applied instead to predict an occurrence of the absorption band around 6 . 6  eV 

due to the presence of hydroxyl groups in the defect region.
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Formation of Lewis Acid Sites in Alumino-Silicates

From  Synthesis 
or H ydrolysis
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Figure 4.6. Models for peroxy species formation in zeolites based on vicinal silanol defect and Brpnsted acid site.
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The formation energy for the vicinal silanol defect viz. 34.4 kcal/mol has been calculated 

here with respect to the water sorbed on the sodalite cage wall similar to our calculation on the 

hydroxyl nest defect. The low value implies quite a high concentration of the defect in real 

materials and consequently the importance of the defect for understanding the physico

chemical properties of zeolites.

The transformation of the defect upon annealing in an oxidising atmosphere has been 

studied in accordance with the scheme presented in Figure 4.6. In our view the route 

investigated here rationalises the formation and nature of framework Lewis acid centres both in 

high silica zeolites and zeolites with a high content of aluminium in form of the Brpnsted acid 

sites. The key element is the formation of peroxide species in various forms, local 

configurations and states, all of them as mentioned in our discussion of the annealing of the 

hydroxyl nest, being good single and double electron acceptors. The necessity for the double 

acceptor mechanism in regular reactions can then be explained by avoiding the spin 

polarisation on active site so that the peroxy bridge defect can directly transform into two 

siloxy species and back, from two siloxy groups to the peroxy bridge.

The interaction of the vicinal silanol pair with atmospheric oxygen at elevated 

temperatures leads to the formation of the peroxy triplet species in which the electron is 

localised on a bridging oxygen and the hole on an adsorbed atomic oxygen. The loss of the spin 

due to some spin relaxation processes would lead to the recombination of an electron and a hole 

with the formation of the peroxy bridge defect. The low energy separating the triplet and singlet 

states of the peroxy defect viz. 7.22 kcal/mol implies the high rate of mutual transformations 

already under ambient conditions, the rate being limited rather by the forbidden character of the 

singlet-triplet transition.

In the presence of the Brpnsted acid sites we should also consider a possibility of the 

complexation between the peroxy bridge defect and the Brpnsted acid site. The complex defect 

can result either from (i) the hydrolysis (see M. McAdon, J. Ruiz et al 1997) and consequent 

annealing of the Brpnsted acid site; (ii) the direct adsorption of atomic oxygen at the Brpnsted 

acid site; or (iii) finally, as illustrated in our scheme, the migration of the peroxy bridge defect 

from a siliceous fragment of the zeolite to the Brpnsted acid site. In particular the last process 

would lead to the accumulation of the peroxy bridges next to the aluminium substitutional sites 

since it allows the system to gain ca. 14.9 kcal/mol. Moreover, we note, that if the Brpnsted 

acid sites are present in the zeolite from synthesis, then the direct formation of the peroxy 

bridge next to the defect site would cost much less energy of 27.7 as compared with 42.5 

kcal/mol. Thus the relative concentration of the vicinal silanol species and Brpnsted acid sites 

would determine the predominant mechanism for the complex defect formation.

Still further reduction in the defect formation energy of ca. 10.3 kcal/mol is achieved by 

means of the proton transfer from the bridging hydroxyl group of the Brpnsted acid site to the 

peroxy bridge. The hydrogen peroxide defect bound to the aluminium impurity is then formed. 

The bridging character of the peroxy species completely disappears, the new hydroxyl group 

moves out of the plane of the 4-membered ring retaining the chemical bond only with the 

bridging oxygen. In the new defect structure, the hydrogen bonding occurs between the proton
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and the bridging oxygen situated between two silicon sites across the 4-membered ring. The 

total energy for the defect formation (starting with the Br0 nsted acid site) is only 17.4 kcal/mol, 

which makes the defect the primary candidate fo r  the fram ew ork Lewis site in zeolites and  

related alumino-silicates.

We have also considered a number of processes in which the transformation of the 

vicinal silanol species can occur in the oxygen deficient atmosphere, as shown in Figure 4.7.

An alternative to the oxidising annealing in the transformation of the vicinal silanol 

defect is represented by the “decay” of the ring by means of the silanol inversion through the 

basal plane of the three other oxygens. The inversion mechanism for the Si-O-Si bridge 

hydrolysis has been proposed as one of the routes in the solgel processes. Our calculation 

shows that the configuration with two practically isolated silanol hydroxyl groups is lower in 

energy by ca. 23 kcal/mol than the vicinal silanol pair structure. The process of decay is 

obviously facilitated in the presence of water or other conjugate bases and, in general, in media 

of higher pH in the zeolite pores. In particular, our modelling has included the proton transfer 

from the vicinal silanol defect to one of the adjacent oxygen bridges, the process presumably 

occurring in zeolites just as a result of proton hopping or facilitated by the presence of proton 

vehicles. Then the system was allowed to relax to the closest local minimum. The path 

downhill in energy has brought the defect directly into the isolated silanol configuration 

without passing a barrier. Hence we conclude that the high silica zeolites, synthesised from 

high pH solutions, should include the isolated silanol groups in high concentrations within their 

bulk and not just on their external surface as terminating species.

The thermal annealing of the isolated silanol hydroxyl groups leads to the production of a 

number of already familiar radical centres. We have considered explicitly one of them viz. the 

siloxy radical, or a nonbridging oxygen hole centre, whose formation costs only 26.8 kcal/mol. 

The further reaction with atmospheric oxygen would lead to the formation of either a peroxy 

radical (a superoxide defect) or an centre.

A further possibility in the vicinal silanol chemistry is provided by ion exchange in the 

high silica zeolites. If the material is synthesised from moderately basic media, the vicinal 

species provides ideal conditions for the metal ion exchange with the protons. We have 

considered in particular an exchange with Li^, Na"̂  and ions, the Na"̂  double substitution 

being the most energetically favourable viz. 123.3 kcal/mol.

The substitution of one of the hydroxyl groups with the fluoride ion represents another 

condensation defect which would probably dominate the chemistry of the zeolites obtained 

using the “fluoride route”. The new defect structure can also be considered as a result of the 

dissociation of a hydrogen fluoride molecule on the siliceous framework of the zeolite. The 

atomic configuration of the defect formed upon the incorporation of the fluoride ion into the 

zeolite framework has so far been envisaged as similar to the case of the vicinal silanol defect 

as an open structure. In reality, as shown by our calculation, this defect as well as the vicinal 

silanol defect and many other related species form in the closed ring configuration, which is 

partially due to the steric restraints of the zeolite framework and also due to the multicentre 

chemical bonding effects evolving in the defects.
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4.2. Dehydration of the Br0nsted acid site.

Electron and hole centres in zeolites

Experience is the name every one gives to their mistakes.
O.Wilde. Lady Windermere’s fan.

We consider the dehydration process of a pair of adjacent Brpnsted acid sites consisting 

of the dehydroxylation of one site and the dehydrogenation of another. The resulting defects 

should be situated in the immediate vicinity of the aluminium substitutional site. However, 

owing to the self-diffusion of oxygen in the material and to the involvement in the defect 

formation of highly mobile extraframework species, both the oxygen vacancy and the self

trapped hole defect can also appear in the purely siliceous environment (within the first/second 

coordination shells). The defect structures investigated in this work include two paramagnetic 

species: the E \ i  centre (the electron trapped on the silicon site and bound to the aluminium 

substitutional across the oxygen vacancy) and the Vj centre (the electron hole trapped on the 

oxygen site and bound to the aluminium substitutional). The Vo centre (the neutral oxygen 

vacancy situated between the two silicon sites) is in contrast a diamagnetic species when it is in 

the closed-shell singlet state. The excitation of the three species is responsible for distinct 

optical absorption and luminescence bands, an issue addressed below in the modelling of the 

Vq centre where the change in the spin state justifies use of the DFT model.

One of the principal results of this study is the non-inverted configuration of the E* 

centre (presented in Figure 4.8 below) which is shown to be the ground state of the defect. The 

inverted (related to puckered) configuration according to our calculation lies ca. 4.6 kcal/mol 

higher in energy. This result is in contrast with the recent report by M. Boero, A. Pasquarello et 

al (1997) who studied the E* centres in a-quartz and vitreous silica. The authors performed 

plane-wave LDA calculations on the periodical models of the defects sited at the oxygen 

vacancy between two silicons. The case of the singly charged vacancy in the siliceous materials 

corresponds with our model, which can be considered as an aluminium substitution for the Si^^ 

ion. In Boero’s calculation, the inverted configuration is ca. 6.9 kcal/mol lower in energy than 

the “dimer Si” species, which from early wok of Fowler (see for example K.C. Snyder and 

W.B. Fowler 1993) has been rationalised as a result of the bonding between the inverted silicon 

and one of the oxygens present in the background of the defect thus giving rise to the puckered 

configuration. The essential feature of Fowler’s model is the formation of a three-coordinated 

oxygen which has been reproduced in Boero’s study but is not the case in our calculations. The 

framework structure of sodalite as well as of most other zeolites is distinctly different from that 

of a-quartz; the zeolitic interstitial sites take the form of pores, channels and cavities of large 

diameter and are separated by single-layer walls. Upon inversion, the silicon ion reaches into 

the interstitial position in which the closest oxygen is too far away to form a chemical bond 

without major reconstruction of the relatively large fragment of the material. A different 

situation occurs in a-quartz, where the bigger channels (resembling a 6 -membered-ring in the 

projection on the ab plane), running parallel to crystallographic axis c, are surrounded by six 

channels of significantly smaller diameter (the 3-membered ring in the projection on the ab
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plane). Thus,  the secondary  system  o f  narrow er  channels  provides a -q u a r tz  with  the necessary  

oxygen  sites for  the hypothe tical stabilisation o f  the inverted E ’ centre. F rom  co m par ison  o f  the 

tw o results,  we conc lude  that the stabilisation from  this bond ing  is o f  ca. 10 kcal/m ol. 

H ow ever ,  this value might be som ew hat overestim ated  ow ing  to the overb ind ing  effec t  o f  the 

LD A  w hich  was used by Boero. A lthough we have not obta ined the puckered  con f igura t ion  in 

sodalite ,  it cannot be com plete ly  exc luded  for zeolites, the unit cell o f  w h ich  can  com prise  

rela tively dense  fragm ents  (for exam ple ,  the f ram ew ork  of  zeolite Z S M -18  inc ludes  the 3- 

m em bered  rings).
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Figure 4.8. param agnetic centre: structural m odel and e ffective  charge distribution

The bond angles not shown in the picture are 115, 116 and 1 17° lor O -A l-0  (AI being a
trigonal site) and 108, 1 10 and 113° for O -S i-0  (the Si site with a trapped electron).

T h e  a lum in ium  substitution creates an asym m etric  configuration  o f  the  defect,  in which 

the sil icon rem ains in the tetrahedral position w hereas the a lum in ium  m oves into the  basal 

p lane o f  three oxygens. T h e  in troduction o f  the oxygen vacancy leads to the decrease  in the 

inter-cation d is tance f rom  3.35 Â  in the B rpnsted  acid site to 3.14 Â  for  the E \ i  centre ,  the 

shift dow nfie ld  being  partially com pensa ted  by the m ove o f  the a lum in ium  ion. (It m ight be of  

in terest that this value is quite close to 3.15 Â, the s il icon-silicon separa tion  d is tance  in the 

idealised  purely  s il iceous sodalite.) T he  slight deviation  o f  the O -A l-O  bond  angle f ro m  120° 

that w ou ld  character ise  the perfect trigonal site is evidently  due to the very w eak  bond  fo rm ed  

by a partial transfer  o f  the electron spin density  onto a lum in ium  (under  0.1 e). T h e  e lec tron  is 

mostly  localised  on the sil icon site with a sm aller  contribution prov ided  by the three c losest 

oxygens .  In spite o f  the spin polarisation effect and as with the neutral d iam agne tic  species, the 

defect is localised in a small region of  the first-second coord ina tion  shells,  w here  the 

perturbation  o f  the a tom ic and electronic configuration  is significant.

As m entioned, the migration o f  the oxygen vacancy from  a site be tw een  s il icon and 

a lum in ium  to a site betw een  tw o silicon ions would create the neutra l oxygen  vacancy , a
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d iam agne tic  centre (see F igure  4.9). This process  requires ca. 25.2 kcal/m ol w hich  does not 

seem  prohibitively  expensive  for materials treated at elevated  tem pera tu res .  Th is  defect 

s tructure  has also been investigated by Boero  et a l who have confirm ed  that the low est energy 

configura t ion  for this defect (2.3 eV low er in energy than the puckered  configurat ion)  

com prises  tw o non-inverted  sil icon centres connected  to one ano ther  by a chem ica l  bond  (see 

also the d iscussion  in Section 1.3), the so-called Si-Si long bond. O u r  ca lcu la t ion  has y ie lded 

prac tica lly  the same result with an identical value o f  2.52 À for the Si-Si bond  length. T he  

s ignificant reduction f rom  3.15 Â  in the sil icon-silicon separation  d is tance as co m p ared  to a 

regular  Si-O-Si bridge is accom m odated  by a nearly un iform  s tretching o f  all S i-O  bonds in the 

4 -m em bered  ring and adjacen t structural units o f  ca. 0.03 Â. T he  s tre tch ing  o f  the S i - 0  bonds 

ex tends  from  the defect cen tre  all over the sodalite  unit cell; thus the p resence  of  the defect 

im poses stress on the crysta lline lattice which in the real material w ould  lead to contraction  of  

the lattice. In contrast to the lattice relaxation due to the introduction o f  the oxygen  vacancy, 

the perturbation  o f  the e lectronic density  is nearly  confined to the tw o bonded  silicons; even the 

oxygens  o f  the first coord ina tion  shell show only a slight increase in the e ffec tive  charges.
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Figure 4 .9 . Vo - neutral oxygen  centre: structural m odel and e ffec tiv e  charge distribution

T h e  excita tion  o f  the Si-Si long bond is traditionally  associa ted  in the physics  o f  sil ica 

po lym orphs  and glasses with tw o absorption bands, one at about 5.0 and ano ther  at 7 .6  eV  (see 

D.L. G risco m  1991). T he  higher energy is ascribed  to the singlet-singlet transition  on the defect 

and thus cannot be m odelled  using  the D F T  approach, how ever  the 5 eV  (B2 optical 

absorp tion)  band is thought to originate from  the  singlet-triplet forb idden  transition  w hich  is 

w ith in  ou r  scope. To  calculate  the correspond ing  transition energy w e have used  the de l ta -S C F  

schem e i.e. tw o single point S C F  ca lculation have been perfo rm ed  on the a tom ic  configurat ion  

ob ta ined  as a m in im um  for the neutral oxygen vacancy, one in the singlet and  ano ther  in the 

triplet s tate o f  the defect. The total binding energ ies  per unit cell, as ca lcu la ted  by DSolid , have 

been subtrac ted  from  one another  to give an energy  diffe rence o f  6.15 eV. T h u s  the ca lcu la ted
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energy of transition is larger by about 1 eV than the experimental value. However, if we further 

analyse our result we can conclude that the procedure adopted above is a little naïve. As with 

all neutral diamagnetic defects considered so far, our calculation has not given any localised 

states in the band gap. The highest occupied and the lowest unoccupied states correspond quite 

well with the states from the top of the upper valence band and bottom of the conduction band 

in the perfect material, being highly delocalised over the whole unit cell. Modelling the triplet 

state of this defect, we inevitably transfer an electron from the highest occupied states to the 

lowest unoccupied states thus arteficially starting with quite a delocalised state. However, the 

electronic relaxation process mimicked by the SCF procedure can produce a few minima of 

different localisation, and we were not able to check if the state obtained was actually the 

ground state. One of the possible approaches in such a situation would be to obtain the 

localised defect state as the lowest unoccupied state applying small shifts to atoms in the defect 

region. In fact, we have followed this procedure to some extent when we tried to perform the 

relaxation of the triplet defect (where we have aimed to obtain the energy of luminescence for 

the triplet-singlet transition optimising geometry of the defect in the triplet state). As one might 

expect, geometry optimisation leads to the stronger localisation of the highest occupied states in 

the defect region; we have not been able to follow the process up to the end since the 

localisation has also brought up the problem of the double degeneracy of the defect state. 

However, the relatively low value of the energy gradient has allowed us to estimate the upper 

bound on the luminescence transition to be ca. 4.8 eV. Since the thermal movement of atoms in 

the material inevitably follows the adiabatic surface we can expect that the calculated value of 

6.15 eV for the singlet-triplet transition is also the upper bound on the absorption band and this 

overestimation is a deficiency of our crude approach rather than a fault of the DFT model.

The problem of the electron hole trapping exemplified by the V/,2 paramagnetic centres is 

only approached here. A number of the competing configurations have been followed during 

this project, but we will discuss only the simplest self-trapped hole bound at the aluminium 

substitutional site (see Figure 4.10 below).

This configuration has the lowest formation energy so far, and it is genetically related to 

the dehydrogenated Br0 nsted acid site. The minimum configuration of this defect has been 

obtained in the following manner. We started with the Br0 nsted acid site whose geometry has 

been optimised beforehand. The hydrogen atom then has been removed from the structure, and 

the single point SCF calculation has been performed. According to the Mulliken analysis, 

practically all spin density has been localised on the oxygen atom that was the part of the 

former hydroxyl group. Afterwards, all atoms have been allowed to relax except for this oxygen 

and the aluminium substitutional ion with the aim to trap an electron hole on just one oxygen 

centre. However, thus restrained the geometry optimisation still leads to the spillage of spin 

density to the other three oxygens bonded to the aluminium substitutional. In the final stage of 

geometry optimisation, when all the atoms in the unit cell were allowed to relax, the spin 

density redistributed around the aluminium substitutional in an asymmetric configuration.
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Figure 4 .10 . V/ (X/ )  param agnetic centre: structural m odel and e ffec tiv e  charge distribution

The original oxygen ion still provides the largest contribu tion  o f  0.235 e to the hole 

while  the o ther  three oxygens bear the appreciab le  total spin o f  0.405 e. The  ho le  is c learly  

quite delocalised: the three oxygen atoms bonded to the silicon on the o ther  side o f  the 

dehyd rogenated  site (the right-upper corner  o f  the d iagram ) share about 0.1 18 e o f  spin, which 

still leaves a quarte r  o f  the total spin to distribute in the further coord ina tion  shells. The  

asym m etric  character  o f  the distribution  o f  the spin density , in fact,  is not re f lec ted  in the 

atom ic s tructure o f  the defect. The  Al-O  bond lengths have a small scatter  o f  0 .02  Â  with the 

longer bonds between  the a lum inium  ion and oxygens bearing  the h igher  spin density . The 

shorten ing  o f  the A l-O  bond distance between the “hyd roxy l” oxygen and  a lu m in iu m  by ca. 

0.15 À  is accom pan ied  by the decrease  in the s i l icon-alum inium  separation  from  3.36 to 3 .10 Â, 

w hich  practically  restores the nearly rec tangular  shape o f  the 4 -m em bered  ring. T hus  the 

presence  o f  the hole centre  bound to the a lum in ium  site leads to the defo rm ation  o f  the perfect 

square fo rm ed  by four silicon sites in the perfect material (the edge o f  ca. 3 .15 Â) into the 

rectangle (the edges o f  ca. 3.10 and 3.20 Â), which to an extent restores the sym m etry  d isrupted  

by the B rpnsted  acid site.

T h e  other possib ili t ies for the hole trapping w ould  include fully sym m etr ical  spin 

d is t ribu t ion  around the a lum in ium  site and the smal 1-radius polaron form ation ,  but they

have not been studied here.
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4.3. Hydroxyl nest transformation

Cecily. When I see a spade, I call it a spade.
Gwendolen: I am glad to say that I have never seen a spade.
O. Wilde. The Importance of Being Earnest.

The transformation of the hydroxyl nest defect, as outlined previously (section 4.1), is a 

complex process which includes many branches; we have been able to follow only a few. It 

seemed appropriate in this case to investigate the charge separation in the defect site since the 

spin polarisation mechanism and resulting species have already been illuminated in our 

treatment of the transformation of the Brpnsted acid site. As with the Brpnsted acid site, we 

shall study the alternative mechanisms in the future when the entire picture of the defect 

transformation evolves. An additional argument in favour of studying the charge separation 

mechanisms is that the hydroxyl nest defect is a bulky species which can be considered as a 

complex of a few simpler defects, including in the case of spin polarisation, the self-trapped 

electron and hole states associated with E* and siloxy radical species. The centre has already 

been considered in the previous section, and the siloxy radical (NBOHC) will be the subject of 

the following discussion of the species related to the vicinal silanol defect. Thus a general idea 

about the possible spin polarised structures can be obtained without detailed and very 

expensive calculations. A number of transformations can also be thought of which neither 

change the chemical composition of the defect nor involve the charge separation or spin 

polarisation. In particular, the breakage of hydrogen bonds can significantly modify the defect 

configuration and is probably thermally activated.

As described in our review (in chapter 1), dealumination treatments lower the 

crystallinity of zeolites by producing hydroxyl nests and related defects in the zeolitic 

framework and filling the pores of zeolites with aluminium oxide/hydroxide debris. To clear up 

the pores and possibly anneal the defects, steaming followed by calcination in an oxidising 

atmosphere is usually applied. These treatments initiate the healing process, leading to the 

dehydration of the zeolite and the increase in its crystallinity, which is confirmed by the 

sharpening of the peaks in the X-ray diffraction patterns and the significant fall in intensity of 

the Q3 and Q2 signals of the ^^Si NMR spectra. The 3200-3500 cm ' band ascribed to the 

stretching vibrations of the hydroxyl groups also disappears from the IR spectra. To rationalise 

this effect, two main hypotheses have been advanced in the literature: (i) the silicon in the 

hydroxide form migrates at elevated temperatures through the channels from the external 

surface, mezopores or, possibly, amorphsised areas of the zeolite and refills the vacancies; (ii) 

the zeolite framework reconstructs around the vacancy sites forming the “non-intact” Si-O-Si 

bridges between the silicons from the first and second coordination shells. The first mechanism 

though plausible cannot account for the reversibility of the healing: the hydroxyl nest defects 

reappear in all relevant spectra as soon as water is reintroduced into the zeolite channels. 

Whereas the dehydration of zeolites is a difficult process which requires long annealing at 

elevated temperatures, the rehydration rapidly proceeds in the ambient conditions. Moreover, 

the high concentration of the hydroxyl nests (up to 7% of the T-sites) would have been matched
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by the corresponding depletion of silicon from the surface or some internal regions of the 

zeolite which has never been confirmed by experiment. The second mechanism, as we have 

already argued, seems to be impossible simply because the silicons in the first cation 

coordination shell of the nest are too far from each other to allow the formation of oxide 

bridges. Indeed, the closest silicon-silicon separation distance is of ca. 4.45 Â in sodalite, 

chabazite and mordenite, 4.50 Â in faujasite, 4.58 Â in ferrierite and 4.75 Â in zeolite ZSM-5. 

All our attempts to model the contraction of the lattice required for the bridge formation using 

semi-classical techniques have failed. The structures resulting from calculations have always 

included the breaking rather than the forming of bonds in the strained lattice around the defect 

site. Hence we conclude that such a complex phenomenon should be modelled directly, aiming 

to investigate whether the defect reconstructs into a stable low-energy immobile species or 

some transient mobile species is formed which can be trapped by other defects upon calcination 

and released in the presence of water. The internal transformation of the hydroxyl nest defect as 

a process possibly facilitated by the presence of external water, oxygen and the complexation 

with other defects, has therefore been investigated.

4.3.1. Nest deprotonation (proton migration)
The deprotonation of the hydroxyl nest defect represents one of the possible stages for the 

vacancy migration. In our model (see Figure 4.11), the proton is transferred from the silanol 

group, situated in the nest defect over the basal triangle, to the closest bridging oxygen. In 

effect the closed ring arrangement remains intact while charge separation occurs around the 

deprotonated site. In particular the silanol group upon deprotonation turns into the siloxy group, 

a simple point defect with the formal negative charge of -1  e, while the bridging hydroxyl group 

formed in the process acquires the formal charge +\ e. Between the positively charged proton 

and its parent oxygen (O') a hydrogen bond is formed (with a bond distance of 2.25 Â), and the 

distance between the silicon of the siloxy group and the bridging oxygen increases to 1 . 8 8  Â. 

The electron localised on the O' site is, in fact, shared by the whole siloxy group as indicated 

by the reduction in the effective charge on silicon and two other oxygens bonded to it. The 

distribution of the effective charge proves that the regions of the positive and negative charge 

extensively overlap, so that the change in the effective charge on each group does not exceed 

0.2 e in amplitude. The deprotonation of the silanol group also strengthens its hydrogen 

bonding to the basal triangle: the hydrogen bond between the proton of this silanol group and 

one of the oxygens is now replaced by the bond between the O' ion and the proton of the parent 

basal hydroxyl, while the bond between the proton of another basal hydroxyl group and the O' 

ion already present in the nest defect is retained and decreases in length from 2.26 to 2.06 Â. 

The charge separation also introduces the defect levels into the gap: the top of the valence band 

is now ca. 1.5 eV higher as compared to the case of the unperturbed hydroxyl nest defect and 

the states are largely localised on the siloxy species and the basal oxygen ions related to the 

siloxy through the hydrogen bonds of their protons. The bottom of the conduction band 

preserves its position, but along with the states that would correspond to the on-site excitation
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in the hydroxyl groups, the largest contribution is now determ ined  by the hydroxyl group o f  the 

pro tonated  bridge, which w ould  coiTcspond to the electron transfer from the siloxy.
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Figure 4 .11 . Deprotonated nest defect: structural m odel and e ffec tiv e  charge distribution

The hydrogen bond betw een the transferred H and O is ca, 2 ,25  Â, The 0 - 0  separation in
the basal triangle is in (he range 2 ,6 1 -2 .6 6  Â and 0  - 0  in the range 2 .7 1 -2 .7 6  Â.

T he double  hydrogen bond formed between the siloxy species and the hydroxyl groups of  

the basal plane to a large extent reminds one of  the S iO  ...HOSi defect conf igurat ion  p roposed  

by H. Ko I le I,  R.F. Lobo  et a l 1995. U sing correla tion charts, the authors have recovered  the 

in teroxygen separation d is tances o f  2.70 and 2.63 Â  from  the 'H N M R  signals o f  10.2 and 12.2 

ppm  obta ined  on high silica zeolites. The  signals have been assigned  to the hydro lysed  Si-O-Si 

bridges with the hydrogen bonding that occurs across the defect and across the 6-m em bered  

ring  channel.  As show n in the previous section, the hydrolysed Si-O-Si bridges fo rm  the vicinal 

silanol defect as the c losed ring structure without any possibility  for the hydrogen  bond 

form ation betw een  the tw o parts o f  the defect. On the other  hand, the form ation  o f  hydrogen 

bonds has been confirm ed by the presence o f  3200 cm  ' band in the IR spectra  o f  the zeolites. 

In our view the model for the depro tonated  hydroxyl nest defect,  described , m atches

significantly  better both the experim ental data  and the steric constra in ts  on the defec t  structure

in troduced  by the lattice. Indeed, we obtain the in teroxygen separation  o f  ca. 2 .64  Â  in the 

basal p lane and o f  ca. 2.73 Â  for the siloxy O ion and basal oxygens.

The  further  depro tonation  o f  the site due to the proton hopp ing  or fac ili ta ted  by proton 

vehicles could  lead to the protonation of  the rem aining two Si-O-Si bridges on the siloxy site 

with a consequent inversion of  the sil icon filling in the vacancy site and leaving a new  vacancy
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site. T hus  nest m igration can be envisaged, but to es tablish the exact m echan ism  will require 

further  investigation.

4.3.2. Nest dehydration
The  dehydra tion  o f  the nest defect is a s traightforward process  in w hich  tw o w ate r  

m olecu les  are excluded. The  process can clearly  be accom plished  in tw o steps with  the  rem oval 

o f  one w ate r  m olecule  in each. T he  nest com prises  four silanol hydroxyl groups, a m in im um  o f  

two should  be implicated  in the form ation of  one water  m olecule, one o f  them  w ould  be 

dehyd roxy la ted  ( - 0 H  ) and another  depro tonated  As outlined above, the  first step has

been cons idered  to proceed  along  tw o alternative routes. The first, requir ing  low er  energy  of  

ca. 74.6 kcal/m ol, leads to the form ation of  the com plex  defect presen ted  in F igure  4 .12  below.
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Figure 4 .1 2 . Dehydrated nest defect: structural m odel and effec tiv e  charge distribution.

First stage with form ation o f  a trigonal silicon  site and a hydrogen bridge due to electron  
transfer.

T h e  dehydroxy la tion  of  the silanol group situated over the basal p lane, as expected ,  leads 

to the recess o f  the co rrespond ing  silicon into the plane o f  the three oxygens  to w hich  it is 

bonded , thus the trigonal silicon, a sim ple defect o f  the formal charge  +1 c has formed. 

C oncom itan tly ,  the depro tonation  o f  one o f  the silanol groups in the basal p lane  p roduces  a 

s iloxy group  that bears a formal charge o f  -1 e, s im ilar to the case  o f  the dep ro tona ted  nest 

cons idered  above. Flowever, now  the depro tonated  silanol group is part o f  the basal tr iang le  in 

w hich the hydrogen bonds between  parent silanols are much stronger, the shortes t bond  

d is tance being  1.63 Â (as com pared  to 2 .26 A). T he  electron previously  shared by the oxygen 

and hydrogen, in the absence o f  a com pensa ting  positive charge, localises a round  ju s t  one 

oxygen  centre , which results in a m uch  stronger C oulom bic  at traction for the pro ton  o f  the 

hydrogen  bonded  silanol group. G eom etry  optim isation  brings the proton and oxygen  together
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leading to the formation of the hydrogen bridge across the vacancy site. Thus instead of the 

silanol coordinated to the siloxy, two siloxy groups connected through the proton 

( ^ i — O—p — O— Si=)\ have evolved in the relaxation process. The resulting bridge is slightly 

asymmetric both in its geometry and charge distribution: the two O'-p distances are 1.20 and 

1.21 Â and the Si-O bond lengths are 1.60 and 1.56 Â while the effective charges are 1.524 and 

-0.845 e in one siloxy group and 1.497 and -0.773 e in another. The bridging position of the 

hydrogen is also reflected in the unusually high value (+0.430 e) of its effective charge. The O- 

p -0  angle is ca. 165°, as is the p-O-Si angle corresponding to the “right-hand” siloxy group as 

shown in the figure 4.3.2. The second siloxy forms a more acute angle of ca. 129° with the 

proton due to the perturbation by the hydrogen bond with that remaining in the nest silanol 

group (the bond distance of 1.64 Â). The two oxygens involved in the hydrogen bond are 

separated by ca. 2.64 Â which is again reminiscent of the experimental data reported by H. 

Koller, R.F. Lobo et al (1995). The charge separation in the defect region is now much more 

pronounced than in the case of the deprotonated nest: the charged species are separated by ca.

3.8 Â and the total effective charge localised in each region amounts to ca. 0.9 e. Moreover, the 

top of the valence band is now defined by the electron lone pairs on the oxygens that take part 

in the formation of the hydrogen bridge; the corresponding levels are lifted above the usually 

delocalised O 2p states by ca. 1.5 eV. The unoccupied defect states are also introduced 2.5 eV 

below the bottom of the conduction band, the new states being localised on the trigonal silicon 

site. It implies the electron transfer would proceed between the hydrogen bridge and the 

trigonal silicon site upon excitation. The key issue for the site characterisation would be a 
calculation of the O-H stretching vibrations.

As an alternative to the mechanism for the nest dehydration, which would not require 

charge separation, we have considered proton transfer on to the dehydroxylated silanol site with 

silicon hydride formation (referred to as the “hydride” defect). The heteropolar covalent bond 

formed in the hydride is able to stabilise a pair of electrons and the two remaining siloxy 

radical group can reconstruct to form the peroxy bridge. The resulting structure (see Figure 

4.13 below) indeed is a local minimum though ca. 83.4 kcal/mol higher in energy than the 

hydrogen bridged nest considered above.

The hydride formation allows the dehydroxylated silicon site to retain a tetrahedral 

configuration. The Si-H bond length of ca. 1.48 Â is quite usual for all silicon hydride 

molecules where it varies between 1.47 and 1.53 Â. A similar mechanism of the silicon spin or 

charge “deactivation” is often considered as a counterpart defect for the centre at the oxygen 

vacancy site in glasses. The hydride part remains well separated from the rest of the defect with 

the closest atom being the proton based in the silanol group (at 2.56 A).

The hydrogen bears a relatively small negative charge of -0.124 e, which evidently is the 

cause of a very weak attraction between it and the proton. The lower electronegativity of the 

hydrogen as compared to the oxygen in silica or hydroxyl groups results in the lower effective 

charge of 1.309 e on the corresponding silicon site.
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F igu ie  4 .13 . DehytJralctJ nest defect: structural m odel and e ffec tiv e  charge distribution.

First stage with form ation o f  a silicon  hydride and a peroxy bridge due to the proton
transfer.

T h e  forrnatioti o f  the peroxy bridge in the second part o f  the defect a l low s for  a further  

elec tron  localisation on oxygen, as evident from the effective charges o f  -0.451 and  -0.485 e (as 

com pared  to -0 .390 e on each that would  correspond  to half  o f  the effec tive  charge  on oxygen 

in the perfect s il iceous tnaterial) and from the decrease  in the length o f  the hydrogen  bond 

form ed betw een  one o f  the O ions and the proton o f  the rem ain ing  silanol group. T h e  bending  

o f  the S i- 0 - 0  units due to the lone pairs on oxygen corresponds  with the c lassical schem e of  

the .v/;" hybrid isa tion  and the partially ionic character  o f  the Si-O  bond a lready  d iscussed  in 

detail in the previous chap te r  with respect to the Si-O-Si bridges. The  d iffe rence  be tw een  the 

tw o angles  is clearly  a result o f  the hydrogen bonding. The  stre tch ing  o f  the peroxy  bridge 

across  the vacancy site apparen tly  in troduces a stress which also is ref lected  in the electronic 

structure. T he  D FT  band gap is now significantly  narrowed to only ca. 2.5 eV  by the states 

localised  on the peroxy bridge so that the on-site exc ita tions w ould  com ple te ly  def ine  the 

optical adsorption ,  w hile  the bonding  and an ti-bonding  states localised on the hyd r ide  site are 

separated  by about 8 eV lying deep in the valence and conduction  bands, respectively .

T he  second step in the nest dehydra tion  does not leave room  for the fo rm a tion  o f  any 

bridges across  the vacancy as d iscussed  above, the silicon sites being too  m uch  separated. 

T here fo re  both defect structures considered so far are further  t ransform ed into the sam e new 

defec t  p resen ted  in F igure  4 .14 below. T he  new defect com prises  tw o nearly identical pairs o f  

defects ,  the trigonal sil icon and siloxy group arranged a round  the T-site  vacancy. All four 

s im ple  defects  are at large distances (m ore than 3 Â  each pair), w hich does not a l low  any 

chem ical  bond ing  effects,  and interact with each other only through the C o u lo m b  in teractions. 

T hus  chem ica l  bond ing  plays an important rôle in the defect stabilisation at first s tages o f  the 

nest t ransform ation  but canno t be called upon in the next step which m akes the com ple te  

dehydra tion  o f  the defect energetically  expensive {ca. 122.8 kcal/mol is required)  and  unlikely
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in pure therm ally  activated  processes. The geom etry  o f  both d istinct species in the defec t  is 

essen tia lly  the same as that o f  their  precursors.  T he  dehydroxy la ted  sil icons are prac tica lly  in 

the p lane o f  their  oxygens, which reduces the correspond ing  S i - 0  bond d is tances  d o w n  to ca. 

1.57-1.58 and in one case even to 1.55 Â. The excessive electron localisation in the  siloxy 

groups leads to a s im ilar reduction in the S i - 0  bond d is tances to 1.56 Â. In bo th  cases  the 

dec rease  in the bond dis tances on the sim ple defects  is accom pan ied  by the e longa tion  o f  the 

ad jacen t S i-O  bonds (up to 1.70 Â), i.e. a s ignificant atom ic  polarisation is obse rved  on the  Si-
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Figure 4 .14 . Dehydrated nest defect; structural m odel and e ffec tiv e  charge distribution.

Second stage with form ation o f  two pairs o f  trigonal silicon  and siloxy  sp ec ies due to the 
electron transfer.

O-Si bridges in this and other  related defects which could  account for the form ation  o f  the 930- 

960  cm  ' band in the IR spectra  of  the dea lum inated  zeolites. The  intensive charge  separation  

( tw o pairs with a charge of  nearly ±1) greatly affects the band structure. T he  band  gap  is 

reduced  by the defect to ju s t  over 1 eV  with the e lectrons localised in the siloxy g roups  (m ainly  

on oxygen)  and the first unoccup ied  states being due to the trigonal silicon sites.

4.3.3. Nest dehydrogenation
An important e lem ent in the transform ation o f  defects  in zeolites upon ca lc ina t ion  is the 

p resence  o f  oxygen. Oxygen  would  be expected  to react with hydrogen in the hydroxyl nes ts  to 

form w ate r  which can be then annealed  from the zeolite. H ow ever,  even in the absence  o f  

oxygen , we could  conceive  the idea o f  two hydrogen atom s reacting to fo rm  m olecu la r  

hydrogen  w hich in turn can be removed f rom  the defect site. Like the d irect nest dehydra tion  

cons idered  above, the dehydrogenation  (probably  facilita ted by the p resence o f  oxygen)  can 

p roceed  in tw o steps with ju s t  one hydrogen m olecu le  rem oved  at a time. T h e  energy  o f  the  first 

transfo rm ation  has been ca lculated  with respect to the form ation  of  one w ate r  m o lecu le  upon
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reaction  o f  the nest defect with (half  of) the oxygen molecule. For the oxygen  d issocia tion  

energy  w e have adopted the experim ental value o f  5.12 eV {ca. 118 kca l/m ol).  T h e  two 

d ehydrogenated  sites (the S i-O  ) in the singlet state o f  the defect have two hole sp ins  coup led  to 

form  a peroxy bridge s im ilar  to the dehydra ted  nest how ever  with a m uch low er  energy  o f  ca. 

55 .0  kcal/mol. The  resu lt ing  structure is show n in Figure 4.15 below  and referred  to in the 

fo llow ing  discussion  as the “ hydroxide” defect.  The  defect includes two silanol g roups  which 

are hydrogen  bonded  to one another  with the bond d istance o f  ca. 1.80 Â  and to the peroxy 

bridge with the shorter  bond  of  ca. 1.63 Â. T he  structure o f  the sim ple defects  only  differs 

slightly from  that already observed in the related com plex  defects.  In par t icu la r  the peroxy 

b ridge stretches across the vacancy with the inter-oxygen dis tance o f  1.58 Â  (as co m pared  to 

1.56 Â in the hydride s tructure) and e longated  S i - 0  bonds o f  ca. 1.8 Â. T he  m ore acu te  S i - 0 - 0  

bond  angles  in the present case (123° and 132° y.v. 134° and 144°) are a co n seq u e n ce  o f  the 

m ore ex tens ive  hydrogen bond ing  in the defect region: the two bonds help to keep  the cen tre  o f  

g ravity  o f  the defect c lose to the vacancy site w hereas in the hydride defec t  it is d isp laced  

tow ards  the middle point o f  the peroxy bridge. Therefore  the tw o oxygens are d isp laced  from  

the ir  sites in the perfect lattice to form  the peroxy bridge to a d ifferent ex ten t  in the present 

hydrox ide  (0.65 and 1.26 A from the lattice sites) than in the previously  cons idered  hydride 

(0.95 and 1.09 Â) defects.
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Figure 4 .15 . D ehydrogenated nest defect: structural m odel and e ffec tiv e  charge distribution.

First stage with form ation o f  peroxy bridge due to reaction o f  two silanols with atom ic  
oxygen.

T he  sm alle r  d isp lacem ent corresponds to the hydrogen bonded  sites and  the potentia l 

well p rov ided  by the M ade lung  field around the anionic sites w hich a l lows fo r  the h igher  

elec tron  localisation. T he  effective charges on the peroxy bridge in the  hydride defect are quite
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close: -0.485 and -0.45 I e, w hereas in the hydroxide defect an elec tron  po la risa tion  along  the 

b ridge can  be observed, the effective charges being  -0.531 and -0 .409 e at the  tw o  O ' sites. 

H ow ever ,  the total charge localised on the peroxy bridge of  ca. 0 .940  e is abou t the sam e in 

both cases. A  with the hydride defect, the peroxy bridge in troduces the defect levels into the 

band  gap reducing  its value down ca. 2.7 eV. The  last occupied  and the first uno cc u p ie d  levels 

thus associa te  with the states localised on the peroxy bridge w hich  suggests tha t on-site 

exc ita t ions  should  dom ina te  the optical absorption in the hydroxide as well as in the hydride 

defects.
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Figure 4 .16 . D ehydrogenated nest defect: structural m odel and e ffec tiv e  charge distribution.

Second stage with formation o f  the second peroxy bridge due to a further reaction o f  
silanols with an atom ic oxygen.

T he  second step o f  the nest dehydrogenation  as expected  w ould  require  a form ation  

energy  o f  ca. 22.5 kcal/m ol higher than the first s ince no more hydrogen  bonds  can form  to 

s tabilise  the defect. The  tw o  resulting peroxy bridges are well separated  with the  c losest inter

oxygen  d is tance o f  ca. 2 .76  Â as show n in the F igure 4 .16  below. Both have identical 

s tructures, the diffe rences o f  ca. 0 .01-0 .02 Â  arising from  a num erical noise in the geom etry  

op tim isa tion  procedure . T he  peroxy bridges are now  less polarised  with  the d if fe rence  in the 

e ffec tive  charges o f  only 0 .040  e while  the larger d isp lacem ent o f  oxygens  (m ore  than 1 Â) 

from  the anion ic  sites o f  the perfect lattice leads to the lower e lec tron localisation  o f  -0 .870 e 

on each bridge. As m en tioned  previously, the site can be thought o f  in m any ways,  one o f  

w hich is the reconstructed  silicon vacancy. This  defect has recently  been d iscussed  in the study 

o f  the silicon self-d iffusion  w here  the form ation o f  Si F renkel pairs in a -q u a r tz  and vitreous 

sil ica has been p roposed  to explain  the migration o f  silicon (see O. Jaoul,  F. B e j ina  e t a l 1995). 

T he  au thors  have argued that Q =Ef/2= 1.6  eV  is the form ation energy  in the m ass action  law 

w hich agrees  very well with the activation energy found from  the d iffus ion  data . T he  Frenkel 

defect energy  Ef. o f  15.2 eV  can then be com pared  with our ca lcu la t ion  for  the vacancy  energy
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of 20.7 eV. Thus the binding energy of an interstitial silicon can be estimated to be about 5.5 

eV, which seems to be rather large for a neutral silicon. In our view, the error in this estimate 

lies with the use of defect formation energy instead of the barrier, which implies that the 

formation of silicon vacancy proposed by Jaoul et al cannot be responsible for the diffusion 

rates measured in their experiments. Finally, the defect introduces four levels in the band gap 

reducing it to ca. 1.95 eV, the two nearly degenerate occupied states at the top of the valence 

band and the two nearly degenerate unoccupied states at the bottom of the conduction band 

being localised on the peroxy bridges. There is also a small contribution from the silicon which 

span the bridges, but this is evidence of the delocalisation of the defect states across the whole 

defect region rather than just the single ions.
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4.4. Formation of Lewis acid sites from vicinal silanol defect

All theory, dear friend, is grey, but the golden tree o f  actual life 
springs ever green.
J.W. von Goethe. Faust.

We have shown in Section 4.2 that the direct dehydration of a pair of Brpnsted acid sites, 

envisaged from the early work of D.N. Stamires and J. Turkevich (1964) as the source of Lewis 

acidity in zeolites, would require ca. 126.6 kcal/mol and therefore only very low concentrations 

of the active sites should result from the calcination at 600-900 K {kgT-X-l kcal/mol at this 

characteristic temperature range in the treatment of zeolites). From our calculations we observe, 

however, the far lower energies of formation for the peroxy bridge defect and related species. 

In particular, we have presented in Figure 4.6 the diagram for the formation of the aluminium 

hydroperoxide defect from the vicinal silanol defgect, which would cost only ca. 17.4 kcal/mol, 

which makes the defect a prime candidate for the framework Lewis centre in zeolites. The 

defect is based on the aluminium substitutional in the siliceous framework, but related species, 

the peroxy bridge and radical defects, can also be present in the purely siliceous matrix, though 

their formation will require more energy. The excess of oxygen in the material can result either 

from synthesis, as represented by the five-coordinated silicon in the vicinal silanol pair defect 

(the six-coordinated sites are also conceivable in more complex defects), or from the immediate 

incorporation into the framework upon calcination in the oxidising atmosphere. The presence 

of the initial basic defects such as the vicinal defect or the Brpnsted acid site then facilitates the 

formation of the peroxide species.

The peroxy bridge and related species have a number of distinctive features which are 

observed in experiment. In particular the paramagnetic peroxy radical defect 0 2 '̂ can be 

recognised by its distinct ESR signal, whereas the peroxy bridge has a characterisic IR band 

around 900 cm * where it possibly overlaps with the siloxy radical (Si-O*) stretching vibrations. 

The optical absorption at 5 and 7 eV has also been associated with these defects but with less 

certainty (see D.L. Griscom 1991). M. Guzzi, M. Martini et al (1987) have identified the “blue 

luminescence”, observed practically in all silica and some other materials around 3.1 eV, with 

the peroxy radical species. The IR or Raman vibrational band associated with the peroxy 

radical should lie around 1 2 0 0  cm * but it has not been specifically studied in zeolites. 

Moreover, the theoretical work has not been improved beyond the semi-empirical estimates 

(see, for example, E.P. O’Reilly and J. Robertson 1983) and HE small cluster calculations (see 

A.J. Fisher, W. Hayes, et al 1989). Thus the following results to the best of our knowledge give 

the first coherent account for the peroxy related species in silica materials as regards their 

atomic structure and energetics. However, as with other defects, further defect characterisation 

is needed in order to firmly associate the defects with the observable spectra.
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4.4 .1 . P ero x id e  d e fec ts  in  s iliceo u s  e n v iro n m e n ts

W e start ou r  treatm ent o f  the peroxide defects with the tr iplet state o f  the d ioxygen  

species  in the sil ica matrix (see d iagram  in F igure 4.1.6). This defect and one w ate r  m olecu le  

w ould  result from the reaction o f  the atomic oxygen in the ground tr iple t state (the h a lf  oxygen  

m olecu le  for the purpose  o f  energetic  ca lculat ions) with the vicinal silanol pair, w h ich  requires 

ca. 15.3 kcal/mol. An alternative path for the defect form ation with a h igher energy  o f  49.8 

kcal/m ol, the adsorption  o f  atomic oxygen on the Si-O-Si bridge, p roceeds  im m edia te ly  to the 

structure presen ted  in F igure 4.17 below.
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Figure 4 .1 7 . Peroxy triplet defect: structural m odel and e ffec tiv e  charge distribution

This  structure  is to an extent similar to the classic model o f  the peroxy radical defect {= S i-0 -  

( ) ')  in w hich  one unpaired  electron is localised on the dang ling  oxygen , how ever  the second 

unpaired  electron instead of  being trapped on one o f  the silicon sites o r  de loca lised  over the 

unit cell rem ains on the sam e (adsorbed) oxygen and is also partially  shared by the o ther  

(bridging) oxygen  ion. As a result, the formal charge state o f  the b ridg ing  site is be tw een  -1 and 

-2 c, characteris tic  for peroxides and oxides respectively, w hereas the adsorbed  oxygen  bears 

betw een  0 and -1 e. W e should assum e that the electron density  shared be tw een  the tw o 

oxygens  form s a w eak  chem ical bond which a l low s for the rem arkably  short in teroxygen 

d is tance  as com pared  to the usual 2.6-2.8 Â  in tectosilicates. In this respect the defec t  is s im ilar  

to the vicinal silanol pair defect, so that the dehydrogenation  o f  the latter should  not infer an 

in tensive in ter-oxygen relaxation. M oreover,  from the point o f  view o f  the adsorp tion ,  the 

individuali ty  o f  the adsorbed  neutral oxygen atom is retained at this stage.

T he  electron transfer  to one o f  the oxygens indeed puts it practically  into a bridg ing  

posit ion with the two Si-O  bond lengths of  1.70 and 1.72 À whilst the dangling  oxygen  is at a 

bond  d is tance o f  1.88 Â  from one silicon site and at a longer d istance o f  2 .16 Â  from  another.  

T h e  effec tive  charge on oxygen correla tes strongly with the co rrespond ing  Si-O  bond length. 

T he  asym m etry  in the geom etry  of  the defect, with the dangling oxygen shifted tow ards  one of
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the silicons (the upper site in the diagram) is also reflected in the spin density distribution. 

About 0.285 e delocalised in the immediate vicinity of the defect is split into ca. 0.20 and 0.08 

e between the oxygens closest and farthest from the dangling oxygen ion.

Finally, this defect can be considered as an exciton trapped by the peroxy bridge defect. 

The trapped exciton is then polarised in the oxygen-oxygen direction, the hole being 

predominantly localised on one centre and the electron shared between the two oxygens. The
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0.5 -- Peroxy bridge 
S inglet
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Figure 4.18. Singlet triplet transition in peroxide defect. Schematic diagram.

triplet in fact is the ground state of the defect at a given atomic configuration with only about 

0.3 eV separating it from the lowest singlet. The low energy suggests the radiation-less 

mechanism as a possibility for the forbidden singlet- triplet transition which would transform 

the peroxy triplet defect into the singlet peroxy bridge according to the diagram in Figure 4.18 

above. Therefore the formation of the peroxy bridge defect from the triplet peroxide yields ca. 

7.2 kcal/mol which lowers the overall peroxide energy to ca. 42.5 kcal/mol.

If the triplet peroxide excited into the lowest singlet state relaxes to produce the peroxy 

bridge defect, the opposite is also true: the lowest excited triplet (with the excitation energy of 

ca. 2.10 eV) relaxes immediately into the asymmetric defect structure considered above. The 

peroxy bridge has been obtained in our calculations as a slightly asymmetric structure (as 

shown in Figure 4.19 below), which is probably due to the numerical noise mentioned before.
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Atomic Structure Charge D istribution
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Figure 4 .19 . Peroxy bridge defect: structural m odel and e ffective  charge distribution.

A very soft adiabatic  surface for the defect rotation and libration toge ther  w ith  these 

com puta t ional  p rob lem s have not al lowed us to impose tighter co n ve rgence  c r i te r ia  in the 

geom etry  optim isation.

T h e  tw o-iuem ber  ring s tructure which has been characteris tic  for  the  vicinal silanol 

defect is broken in the peroxy bridge w here the Si-O links are separated  into tw o  pairs  of 

stronger, 1.76 and 1.82 Â, and weaker, 1.84 and 1.95 Â, bonds. The  in ter-oxygen d is tance  in 

the bridge configuration  decreases  to 1.58 À similar to the peroxy bridges fo rm ed  across  the 

sil icon vacancy site considered  in the previous section. The  in troduction  o f  an additional 

oxygen  next to an anionic site imposes a stress on the crystal en v iro n m en t  w hich  is 

ac co m m o d ated  through the  shifts o f  tw o silicon atom s outw ards,  w h ich  in turn leads to the 

s tre tch ing  o f  all adjacent Si-O  bonds by about 0.02-0.03 Â. T he  main d if fe rence  be tw een  the 

peroxy bridge in the curren t configuration  and as a sim ple defect in the com plex  structures  

related to the nest defect considered  before (Section 4.3) is due to the d if fe ren t  cha rac te r  o f  the 

stress im posed  on the peroxy bridge by the lattice. Here the bridge is co m p re sse d  whils t  in the 

vacancy  site it is s tretched, and the adiabatic surface is asym m etric  with respect to the external 

pressure.  In particu lar  the band gap is now much w ider  by about 4.5 eV  (com pared  to 2.5 and

1.9 eV  obta ined  so far) and  there is no s ignificant contribution from  the ad jacen t s il icon sites. 

T h e  on-site excita tion  should  therefore lead to a transfer  o f  an electron from  one  perox ide  ion 

to ano ther  as was conf irm ed  in our study o f  the triplet peroxide defect. T h e  observa tion  tha t the 

e lec tron  is localised more strongly on the peroxy species than on the ox ide  ion (a total charge 

o f  -0.943 e as com pared  with -0.78 Ic) is, however, a com m on effect for  all perox ides ,  w h ich  is 

a lso the cause  o f  a m ore ex tens ive  ionisation o f  the silicon ad jacen t to the peroxy  b ridge (1 .597 

and  1.606 e com pared  with 1.563 e).
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4.4.2. Complexation o f peroxide species with Brpnsted acid site
T he  further  gain in the form ation energy com es from  the com plexa tion  o f  the  perox ide  

species with o ther  defects,  the Brpnsted  acid site being the most obv ious  candida te .  Indeed, the 

Lew is acidity  has been associa ted  with the Brpnsted  acid sites in several expe r im en ts  and 

o w ing  to the high concentra t ion  o f  these sites in a lum ino-silica tes  (in contrast to high-silica 

zeolites) som e kind o f  in teraction between  the two basic defects  is inevitable. T h e  form ation  o f  

the peroxy bridge next to the a lum in ium  substitutional can obviously  proceed  d irec tly  through 

the adsorp tion  o f  the a tom ic oxygen on one o f  the S i-O-Al bridges or th rough  the m igra tion  o f
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Figure 4 .20 . Peroxy bridge defect trapped at the Brpnsted acid site; structural m odel and
effec tiv e  charge distribution.

S i-O -H  and A l-O -H  bond angles not show n in the picture are 1 12° and 1 14°, respectively .

the peroxy  defect through the silica matrix  until the a lum in ium  substitu tional site will bind to 

the defect.  As show n in F igure 4.1.6, the first process w ould  require ca. 27.7 kca l/m ol,  i.e. 14.9 

kcal/m ol less than the direct oxygen adsorption  on the Si-O-Si b ridge cons idered  above. 

H ow ever  if  the peroxy bridges are already present in the material in the s il iceous env ironm ent 

(for exam ple  f rom  the anneal ing  of the vicinal silanol defects) then the  m igra tion  o f  the  defect 

to the Brpnsted  acid site will yield an additional 14.9 kcal/mol which com ple tes  the cycle with 

27.7 kcal/m ol for the fo rm ation  o f  the defect. In this study, we have not investiga ted  the  tr iplet 

state o f  the defect,  leaving it to the future, but we can expect  a fu rthe r  s tab ilisa tion  o f  the 

adsorbed  “neu tra l” oxygen  due to an interaction with the br idging hydroxyl group.

T he  op tim um  structure o f  the com plex  defect is p resen ted  in F igure  4 .20  above. T he  

structure  o f  tw o sim ple com ponen ts ,  the [ H  AlJsi substitutional and peroxy  bridge, undergoes  

only m ino r  changes. In particular,  the peroxide bridge predic tably  exhib its  w eaker  bond ing  with 

a lum in ium  than with sil icon which results in the longer A l-O ' bonds o f  1.90 and 1.92 Â  as 

com pared  to 1.78 and 1.88 A  for the S i-O ' bonds. A more ionic charac ter  o f  the charge
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distribution  on a lum in ium  than on silicon provides better cond it ions  for  the e lec tron  

localisation in the triangle form ed by the silicon and tw o 0 ' ‘ ions, a long  with  a m ore  un ifo rm  

in teraction o f  the oxygens  with aluminium . T hus  the structure o f  the peroxy  co m p o n en t  

resem bles  the ring s tructure of  the vicinal silanol pair  in contrast to the peroxy  bridge  defect 

localised betw een  two silicons. The substitution o f  the sil icon for a lum in ium  and  hydrogen  

places the source o f  the elec trons in the system  further away from the peroxide ,  in effect 

low ering  the electron popula tion  shared betw een  tw o O ' ions by ca. 0 .04  e. T h e  ch a n g e  is 

accom pan ied  by co r respond ing  slight changes in the geom etry  o f  the B rpnsted  site; the 

effec tive  charge  on a lum in ium  increases by ca. 0 .023 e and the A l-O  bond to the hydroxyl 

group  e longates  by ca. 0 .03 Â  w hile  the hydroxyl bond length decreases  by 0.01 Â. T he  

in troduction of  the peroxy bridge next to the Brpnsted  site also narrow s the band gap  to 3.15 eV 

due to tw o new  levels w hich now define the bo ttom  o f  the conduction  band and the  top  o f  the 

valence band, both are mostly  localised on the peroxy com ponent.  T he  m ost d iscern ib le  change 

in the Brpnsted  site geom etry  upon com plexation  is the increase in the H-Al separation  from  

2.39 to 2.47 Â on the basis  o f  which we argue that the d if fe rence in the H-Al separation  

d is tance ex tracted  from  solid-state N M R  data  should not be cons idered  as a un ique  p roperty  of  

a par t icu lar  Brpnsted  acid site situated in one or another  ring or cage o f  a zeolite. T h e  defect 

com plexa tion ,  even in the case of  the neutral species such as the peroxy  bridge, seem s to 

provide the shift o f  ca. 0.1 À observed experim entally .
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Figure 4.21. Hydrogen peroxide defect trapped at the A1 substitutional site: structural 
model and effective charge distribution.

T he  protons o f  Brpnsted  acid sites in zeolites can migrate, hopp ing  be tw een  oxygen  ions 

in the proxim ity  o f  the a lum in ium  substitutional as shown, for exam ple ,  by N M R  exper im ents .  

In contras t  to a single, isolated Brpnsted acid site, the com plex  defect cons idered  above  offers 

tw o alternative  sites for the hopping viz. the oxide and peroxide ions. T h e  change  in the  proton 

siting for an ox ide ion does not present novelty  as the oxide sites d iffe r  only  in the ir  separation
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distance from the aluminium substitutional, and the corresponding process has been considered 

in previous studies several times. However, the proton transfer from the oxide to the peroxide 

site leads to the formation of a completely new defect, the structure after relaxation is presented 

in Figure 4.21.

In effect, the proton transfer results in the replacement of the silanol group by

the ^ i-O -O -H  silyl hydroperoxide group bound to the aluminium substitutional. The 

saturation of one of the O' ions with a proton significantly lowers the electron population in 

the peroxy group, which reduces an electrostatic repulsion between two O' ions and stabilises 

the whole defect further by ca. 10.3 kcal/mol. Thus the energy of defect formation at the pre

existing Brpnsted acid site in siliceous material is ca. 17.4 kcal/mol, whilst in the presence of 

the vicinal silanol defects it becomes negative yielding ca. 17.1 kcal/mol, which infers that the 

condensation of one pair of Brpnsted acid sites and a vicinal silanol defect into one aluminium 

hydroperoxide defect provides just enough energy to form another in the oxidising atmosphere 

(the difference of 0.3 kcal/mol being lower than the accuracy of prediction in these 

calculations). However, it should be realised that only the formation energies have been 

calculated here; the activation barriers for this hypothetical process can prove to be quite high 

which would make it unlikely to proceed in real materials under equilibrium conditions.

The formation of the hydroperoxide severs the link of one of the O'" ion with the 

adjacent silicon and aluminium thus destroying the ring structure of the vicinal silanol defect. 

The resulting hydroxyl group lies over the plane of the 4-membered ring in the form of a 

“crook” with the proton forming a hydrogen bond of ca. 1.78 Â with the oxygen across and 

over the top of the ring which corresponds with the increase in the electron population on this 

oxygen by ca. 0.088 e. The shift of the electron density from the per-oxygen to hydrogen in the 

hydroxyl group also allows for a stronger electron localisation on the counterpart oxygen as 

seen from the lowering of its effective charge by ca. 0.1 e. The unusual configuration of the 

two charge separated substitutional sites in the defect (Al̂ "̂  and H^) should make possible the 

characterisation of the defect by the double NMR techniques and possibly EX APS, the Al-H 

separation being 2.85 Â, and by the shift of the IR hydroxyl stretching and bending bands in 

hydroperoxides as compared to oxides. Indeed, the proton in the hydroperoxide species is in a 

different environment compared to the bridging hydroxide which should directly influence 

observable properties. The defect states are not very different in the hydroperoxide defect 

compared to the previous complex of the peroxy bridge and Br0 nsted acid site. The band gap 

increases by ca. 0.5 eV up to 3.63 eV due to the stabilisation of the electron in the hydroxyl 

group and the bottom of the conduction band is still defined by the state localised on the 

peroxide, but now predominantly on the bridging oxygen and with a fraction of electron density 

shared by the silicon. The states corresponding to the electron transfer to the hydrogen and 

aluminium lie higher in energy and strongly hybridise with the atomic functions of silicon and 

oxygen adjacent to the defect which implies their significant delocalisation.

The presence in the silica matrix of an aluminium substitutional offers an opportunity for 

the formation of the peroxy radical. This defect can result either from the direct adsorption of 

oxygen at the Vi centre (the electron hole bound to the aluminium presented in Figure 4.22) or
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from  a dehyd rogenation  o f  the hydroperoxide defect cons idered  above. T h e  oxygen  adsorption ,  

as before, requires the d issocia tion  o f  an oxygen  m olecule, the energy o f  fo rm ation  is ca. 3.9 

kca l/m ol with respect to the V/ centre and V2O 2. Thus a pair o f  oxygen hole cen tres  bound  to 

a lu m in iu m  is expected  to dissocia te  the m olecu lar  oxygen (at eleva ted  tem pera tu res) .  In the 

a l ternat ive  process, we need to shift the balance towards the products  in such an energetically  

ex pens ive  reaction as dehydrogenation ;  here w e propose the coupling  o f  the dehydrogenation  

with the dehydroxy la tion  to produce water, as described in Section 4.2. T h e  transfo rm ation  o f  

one  hydroperox ide  defect and a s il iceous f ragm ent into a peroxy radical and an E ’^i centres 

requires  about 71.2 kcal/m ol which is ca. 55.4 kcal/mol low er than the form ation  o f  a Vi 

pair  o f  defects  cons idered  before. T he  total energy for the defect form ation is b roken  dow n  here 

into tw o contr ibu tions  from  adsorption  of  oxygen  at the Brpnsted  site {ca. 17.4 kca l/m ol)  and 

from  the hydroperox ide  dehydrogenation .  This large gain in the form ation energy  is also due to 

the com plexa tion  o f  a peroxide defect and a Brpnsted  acid site. This  peroxy radical defect is in 

fact quite  well know n from  the E PR  spectroscopy  of  glasses and m inerals  due  to its 

charac ter is t ic  signal.  In our  model, the p resence of  a lum inium  in the proximity  o f  the peroxide 

should  lead to a shift and changes in the hyperfine splitting of  the signal. T hus  as with  the two 

oxygen  hole centres,  we should  expect the occurrence o f  tw o peroxy radical cen tres  as observed 

in the E P R  experim ent: one orig ina ting  from  the defect in a s il iceous matrix and ano ther  from  

the defect bound  to an a lum in ium  impurity.
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Figure 4.22. Peroxy radical (superoxide) defect trapped at the A1 substitutional site: 
structural model and effective charge distribution.

The  configuration  o f  the peroxy radical defect which co rresponds  to the energy  m in im um  

is given in Eigure 4 .22 above. T he  possibility  for a bridg ing  configuration  in w hich  both 

oxygen  ions are bound to a silicon has also been investigated. H ow ever ,  w e have found  only 

one  energy  m in im um  with one bridging and one terminal oxygen for this defect in the  given 

local environm ent.  T he  e lec tron  hole is nearly com plete ly  localised on the peroxy  with the spin
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density distributed between bridging and terminal oxygens as 0.233 and 0.716 g, respectively. 

From the chemical point of view this species is a superoxide which is also corroborated by the 

effective charges, the terminal oxygen bearing only -0.093 e; accordingly, a typical superoxide 

bond distance of 1.36 Â is obtained in our calculation. The analysis of the AO representation of 

the defect states shows that the hole is localised on the polarised chemical bond between the 

two oxygens which leaves the lone pairs on the terminal oxygen intact. The effective charge on 

the bridging oxygen of -0.397 e is significantly lower than in the hydroperoxide defect which 

indicates a decreased ability of the peroxide to localise the electronic charge; the present value 

is in fact only 0.006 e lower than half of the effective charge on oxide ions in a perfect siliceous 

material i.e. it is close to an idealised 0 ’‘ ion. In both hydroperoxide and peroxy radical defects 

the local environment of the aluminium interstitial is nearly identical and quite close to that in 

the Brpnsted acid site. However, as expected for a radical species, now the defect states 

dominate the optical absorption; the one-electron gap narrows to 0.6 eV in the (3 spin. The a  

states remain much less affected, with a gap of ca. 6  eV, the value close to that in perfect 

sodalite. The defect states in the gap are of quite delocalised nature and the transition resulting 

from an excitation corresponds to an electron transfer from outside to the defect region, this 

region including all atoms in the first-second coordination shells of the peroxide. A peroxide 

bridge can be formed upon electronic excitations which illuminates the rôle of this defect as a 

Lewis acid site. The transition energy (usually underestimated by the DFT) is of ca. 0.6 eV, but 

it includes the energy of ionisation of the siliceous environment which can be estimated to be 

greater than 6  eV (the energy of a triplet exciton). This defect is therefore a very strong electron 

trap.
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4.5. Derivatives of vicinal silanol pair defect

I desire of those whom the learned among posterity will appoint 
for commentators upon this elaborate treatise, that they will 
proceed with great caution upon certain dark points, wherein all 
who are not verè adepti may be in danger to form rash and 
hasty conclusions, especially in some misterious paragraphs, 
where certain arcana are joined for brevity sake, which in the 
operation must be divided.
J. Swift. A tale of a tub.

A number of alternative paths for the transformation of the vicinal silanol pair defect can 

be envisaged which do not include its direct oxydation. Two patterns can be recognised in the 

configuration of the resulting species: the formation of the defects of the first kind involves the 

breaking of the ring structure whilst the second does not. The simplest example of the ring 

breaking mechanism is the dehydration of the vicinal silanol pair defect which restores an intact 

Si-O-Si linkage, i.e. this process reverses the formation of the vicinal silanol pair defect in the 

high silica materials. In the presence of water in the pores of the zeolite, the site deprotonation 

can also occur: the protons are transferred to the adjacent bridging oxygens by water molecules 

forming the transient hydroxonium ions. It has been of a particular interest to us to

investigate the stability of the ring structure of the defect towards such a process since it could 

lead to the formation of the ^i-0 -...H O -S i=  species proposed in the work H. Koller, R.F, Lobo 

et al (1995), as discussed previously. Moreover, the attachment of a proton to one of the 

adjacent oxygens can be the source of the isolated silanol groups and their derivatives in the 

zeolite bulk, the existence of which has been frequently doubted in the experimental literature 

(see our review in Chapter 1). On the other hand, the iso valent substitution into the vicinal 

silanol pair presents a separate interesting issue since it leads to a further stabilisation of the 

dioxygen species as well as can clear up the situation with the introduction of the fluoride ions 

into the zeolite lattice. Therefore both mechnisms have been studied and are discussed next.

4.5.1. Decomposition o f  vicinal silanol pair ring

As mentioned, this study has been limited by the use of the lattice minimisation 

techniques, thus we could not follow the deprotonation process as such, but to an extent we 

could emulate it by choosing certain defect structures as starting points for the geometry 

optimisation. In particular here, the geometry of the vicinal silanol pair optimised beforehand 

has been fixed except for one proton moved to an adjacent oxygen site. The following geometry 

relaxation has proved to be a very lenghty process which included more than 2 0 0  optimisation 

cycles. In the first stage the ring structure has been preserved until a very shallow valley in the 

coordinate space has been found. Following this valley, the ring decomposition and the 

complete inversion of the silicon through the basal plane of three oxygens occurs. If the initial 

proton transfer has required an energy input of ca. 50 kcal/mol, the following relaxation in the 

first stage has lowered this value by ca. 25 kcal/mol, and the final descent has yielded another 

50 kcal/mol. Thus the defect structure, which comprises two practically isolated silanol groups, 

lies ca. 23.1 kcal/mol lower in energy than the vicinal silanol pair ring. Only one of the silanol
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groups in the resultant defect forms a weak hydrogen bond to an adjacent bridging oxygen  

(with the bond distance o f  ca. 2 .04 A). The weak character o f the bond is also corroborated by 

a 117° bond angle and a 0 .98  Â  length o f the hydroxyl bond, the values being in a characteristic 

range for free silanols within the given computational schem e. The resulting structure is shown  

in Figure 4 .23 below .
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Figure 4 .23 . Isolated silanol groups resulting from the decom position  o f  the v icinal silanol 
pair: structural m odel and effective  charge distribution

A slight difference in geom etries o f  the two silanols is also reflected in the effective  

charge distribution, the hydrogen bonded group being a little more polarised (with the charge 

transfer o f  about 0 .02 e from the hydrogen to oxygen) and the d ifference is even  more 

pronounced in the Si-O  bond distances (one bond is 0 .03 Â longer than the other) and effective  

charge on silicon  (a difference o f  about 0 .03 e). The charge density is perturbed the m ost on the 

oxygen  ion to which the hydrogen bond is formed, its effective charge being low ered by ca. 

0 .06  e. The electronic states o f the two isolated silanols and o f  the disilanol ring defect differ 

only slightly in their contribution to the band structure o f  the zeolite. The band gap in particular 

is further narrowed by about 0 .2  eV m ostly ow ing to a destabilisation o f the highest occupied  

state, which is to a large extent localised on the oxygen lone pairs in the hydroxyl groups. The 

m ulticentre bonding in the ring structure o f  the vicinal d isilanols stabilises these states which is 

also evident from  the lowering o f  effective charge on the oxygen ions by ca. 0 .07 e. An analysis 

o f  the low est unoccupied states in the case o f the isolated silanols show s a sm aller charge 

transfer to hydrogens, on the one hand, and a larger extent o f  the delocalisation over the O 3s 

states. A balance o f  these two effects leads to only a slight stabilisation o f  the bottom  o f the 

conduction band.
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An important dist inction  between the isolated silanols and the ring s truc tu re  o f  the 

vicinal d isilanol defect is a bridging character  o f  the hydroxyl groups in the la tter w h ich  should 

give rise to character istic  shifts in the observed IR and N M R  spectra. T he  low energy  o f  

fo rm ation  ca lcu la ted  leaves no doubt as to the presence o f  the isolated s ilanols in the  zeolite 

bulk; the correspond ing  IR and N M R  signals originated from  such g roups  should  hardly  differ  

from  the signal o f  the term inal silanols present on the zeolite surface, as the geom etry  o f  these 

species, p redic ted  by our ca lculation, is practically identical to that found  in the m olecu lar  

c lus te r  m odelling  (see e.g. .1. Sauer  1987). Therefore, we conc lude  that the expe r im en ta l  signal 

shifts in the IR and N M R  spectra traditionally  associa ted with the vicinal d is i lano ls  indeed 

should  be a t tr ibuted to the ring s tructure and not to the unconnected  silanol g roups,  which 

happen  to be situated at the adjacen t T-sites. O f  course, a p roper  sim ulation  o f  these  spectra  is 

due in fu ture studies.

T he  model o f  the isolated silanols within the zeolite bulk allow s us to s tudy in the most 

realistic way a num ber  o f  defects  related to only one T-site such as the  non -b ridg ing  oxygen 

hole cen tre  (N B O H C ) ^ i - 0 \  or a siloxy radical. This  defect can be readily  env isaged  on the 

zeolite  surface, but its origin in the bulk would be unclear  unless we p resum ed  the  ex is tence of  

the isolated silanols in the zeolite bulk. A num ber  o f  related defects inc lud ing  peroxy  radicals  

and centres  arise in the context o f  the siloxy radicals (see L. Skuja  1994, L. S ku ja  and A. 

N aber  1997 and references therein), but have not been m odelled  here.

T h e  model o f  the siloxy radical centre has been obtained in this study by sim ple 

dehyd rogenation  of  one o f  the isolated silanols with the consequen t re laxation  o f  the  defect 

structure. T he  energy of  26.7 kcal/mol for the defect fo rm ation  has been ca lcu la ted  with  respect 

to tw o isolated silanols reacting  with a half  o f  the oxygen m olecu le  to yield one w ate r  m olecu le  

physiso rbed  in the sodalite  cavity. The  structure of  the centre  is show n in F igure  4 .24  below.
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Figure 4.24. Siloxy radical defect and isolated silanol group as resulted from single 

dehydrogenation of silanol pair; structural model and effective charge distribution.
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Remarkably, the geometry of the siloxy radical is very close to the parent silanol centre; 

the Si-O bond distances change only by about 0.01-0.02 A  and the Si-O-Si angles by no more 

than 5°. The silanol dehydrogenation removed the hydrogen bond which allowed the Si-O 

bond, previously elongated, to contract from 1.66 to 1.64 Â.

Starting the geometry relaxation with the structure that contained the hydrogen bond has 

also allowed us to break the symmetry of the defect in a meaningful way. The electron hole is 

localised on one of two crystal orbitals of k character, predominantly localised on the non

bridging oxygen. In an idealised case, there is a degeneracy between these two states, which 

should be lifted by a Jan-Teller distortion (see discussion in Skuja et al 1994, 1996a and b, 

1997). The resulting hole distribution and the level splitting are influenced by the asymmetry of 

the local geometry around the non-bridging oxygen. In particular, the spin density is partially 

delocalised over the adjacent oxygens (0.014, 0.022, and 0.099 e), that form the basal triangle 

of the siloxy radical centre, and the formerly H-bonded oxygen ion, which is only at 2.70 Â 

from the siloxy (0.040 e). The resulting level splitting defines the gap of 0.275 eV between the 

lowest occupied and highest unoccupied one-electron states. Analysing the crystal orbitals in 

the AO representation, one can see, that the two K states differ by the localisation of the 

contributing states - the occupied state is biased outwards of the 4-membered ring, whilst the 

unoccupied state is associated with the oxygen ions within this ring. It also corresponds with a 

larger separation of the oxygen ions within the ring from the siloxy oxygen (2.83 and 2.93 Â) 

as compared with the bonding oxygens (2.49 and 2.70 A). In contrast to the two isolated silanol 

groups considered before, the defect states localised on the siloxy radical sow a small 

contribution to the band states. Therefore two defect levels can be clearly recognised in the 

band structure. The occupied n  state lies ca. 0.467 eV over the top of the valence band, whereas 

the unoccupied n  level is 4.514 eV below the bottom of the conduction band. As previously, the 

hydroxyl states hybridise with the lowest unoccupied states in the band structure and the nature 

of the conduction band is defined by the on-site excitations of O 3s character in competition 

with Si 3 s states. As one can expect, the top of the valence band is now defined by a greater 

contribution from the lone pairs on the oxygen in the defect region, but the small size of the 

unit cell used in our calculations would not allow for a clear separation of these states from the 

actual crystal band states. To interpret this result we can also refer to the results of the previous 

chapter. The periodically repeated defects can be considered to change the chemical 

composition of the reference silica crystal, which would lead to a systematic change in the band 

structure: in this case a rise in the top of the valence band and a narrowing of the band gap 

correspond with the higher electronegativity of hydrogen in the silanol hydroxyl group.

Regrettably, due to limitations of the DFT, we could not study optical absorption on the 

siloxy radical centre, as the electron transitions are expected to be between states of the same 

spin. An encouraging conclusion however should be drawn, that the electronic structure of the 

defect in the ground state exactly reproduces experimental and initial theoretical analysis 

proposed by Skuja. A further insight should be expected from the calculations of the vibrational 

spectrum of the defect, which can be directly compared with the Raman lines observed below 

900 cm*.
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4.5 .2 . I so v a le n t su b s titu tio n  in to  v ic in a l s ila n o l p a ir

T h e  vicinal disilanol defect, characteristic for H -form s o f  zeolites, in p r incip le ,  should  

behave like a com m on Brpnsted  acid site: an ion exchange  capability , in particular,  is expected  

as env isaged  in the reaction (1.3.17). The substitution o f  protons in the defect fo r  the  charge 

ba lanc ing  metal cations is o f  a specific interest because o f  both theoretical and  practical 

considerations:

•  T he  m uch  lower electronegativ ity  of  Na, Li, K  etc. com pared  to hydrogen  shou ld  lead 

to a m ore  com ple te  electron transfer f rom  a coun terba lanc ing  ion to bridg ing  oxygen , which 

poses the p rob lem  of  capability  o f  the 2 -m em bered  ring to trap the e lec tron ic  charge  and 

p reserve the very ring structure of  the defect.  Thus an in teraction o f  two siloxy g roups  ^ i - O '  

can be characterised  here.

•  T h e  presence of  metal ions in pores o f  real m aterials ,  especially  basic zeolites ,  and the 

ability o f  zeolites for metal ion exchange are im portant p roperties  exp lo ited  in many 

appl ica tions (see Section 1.1).

W e have studied here the simplest case o f  two univa len t metal ion subst i tu t ions  into the 

v icinal d is i lanols  viz. the Na-Na, Na-Li and N a-K  pairs have been investigated  as the first step. 

A further  work is required  on di- and trivalent species, but it is a lready beyond the  scope  o f  this 

study. T h e  results o f  the geom etry  relaxation o f  all three result ing  defects  are show n in F igures 

4.25 and 4.26.
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Figure 4 .2 5 . N a-N a substitution into a vicinal silanol defect: structural m odel and e ffec tiv e  charge
distribution
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The most striking feature of all three structures is that the ring structure of the vicinal 

disilanols is preserved and significantly stabilised. Calculation of the defect formation energy 

places the Na-Na exchanged structure ca. 122.3 kcal/mol lower in energy than the initial vicinal 

silanol defect which is in accordance with well known difficulties encountered in experiment 

on transformation of metal into H-forms of zeolites. Compared to this large number, a further 

exchange of Li and K into the defect requires only small energies of ca. 3.0 and 12.1 kcal/mol 

per ion, respectively. A numerical noise in the computational scheme has not permitted us to 

obtain fully symmetrical stmctures, the situation worsening in the case of Li and K 

substitutions. However, from a study of the adiabatic surface around the minimum we can quite 

securely conclude that the symmetric configuration is the true minimum. The higher effective 

charges on the bridging oxygen ions correspond to a stronger Coulomb repulsion, which 

corresponds to the higher inter-oxygen separation of 2.27 and 2.29 Â compared to 2.13 Â in 

vicinal disilanols. An increase in the ionicity of the defect region is only slightly reflected in the 

effective charge on silicons, nearly all extra electron transfer occurring between metal cations 

and oxygen. Nevertheless, the increased ionicity of oxygen leads to a decrease in the Si-O bond 

distances by 0.05-0.10 Â. The initial conformation of the vicinal silanol defect is that one of the 

hydroxyl groups lies in the plane of a 6-membered ring whilst another lies over the 4-membred 

ring. A similar arrangement is also preserved upon the metal ion exchange. One Na cation, 

common for all three substitutions considered here, always stays over the plane of the 4- 

membered ring, while the corresponding Na-O separation increases (2.24, 2.25 and 2.29 Â in 

Na-Li, Na-Na and Na-K structures), and the charge transfer from this Na ion to the oxygen 

decreases (0.717 and -0.965, 0.706 and -0.976 and 0.681 and -0.980, respectively). The second 

substitutional, situated in the 6-membered ring, has been varied; only the Li ion stayed in the 

ring, both the Na and K were squeezed out of the ring plane, which corresponds to the notion of 

an increase in the ion radius for heavier ions and is reflected in the increase in the characteristic 

metal ion - oxygen separation. In particular, the distance between the cation and the ring 

oxygen changes from 1.85 Â for Li to 2.11 Â for Na and 2.53 Â for K, which is accompanied 

by an increase from 2.21 Â to 2.37 Â and 2.88 Â for other 6-membered ring oxygens. The 

lowest separation of a metal cation from the 6-membered ring oxygens in the case of a Li 

substitution also leads to an increase of the corresponding Si-O stretch, which is seen from the 

increases in bond lengths by about 0.05 Â and charge transfer by about 0.04 e. Obviously, a 

balance between the stabilising effect of the Coulomb attraction between metal cations and 

oxygen of the 6-membered ring, on the one hand, and a destabilisation due to the stretching of 

the S i-0  bonds within the ring, on the other, determines the lowest energy of formation of Na- 

Na substitution into the vicinal silanol defect. The relatively low electronegativities of the 

metals compared to hydrogen which determined the higher extent of the electron transfer form 

the cations to oxygen also lead to the rise of the top of the valence band (by nearly 1.5 eV) and 

lowering of the bottom of the conduction band. The lowest unoccupied states are now nearly 

completely localised on the defect and correspond to the electron transfer back to the metal. 

The decrease of the electronegativities from Li, to Na and K is also clearly seen in the one- 

electron band gap decrease from 3.644 eV to 3.413 and 3.113.
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,601 -0.827 .6031.64 1.64

1.65.66

-0 .892 -0.891
2.21

1.70 .68 0.612

586107° 126'

.85

-0.832,
-0.911

.74 1.80,79

.66 -0 .7841 70 1,647 ,655|2.27 -0 .799

1.70 1.69.75.79
-0.965

-0.798 -0 ,790
,6T .60

-0.821 Si1.64
-0 7 8 3 -0 .784

.59512.24

? N i l J  0.717
1.66.65 -0.852 -0.860

A tom ic S tructure
C harge  D istribution

1.67

1.59

570 III»  lullII I I  l— l a  1.5 7 1
-0 .835 S'

0 . 8 4 0 ( ) -0.845

K 0.834

0 .844 -0.828() « 3 1 -0 .874

-0 797 Si Si -0 .786

-0 .784 {) -0 .980  m  -0 .792

-0.825
-0.788

-0.783

-0.878
-0 .870

Figure 4 .26 . Li and K substitution into a vicinal silanol defect: structural m odel and 
effective  charge distribution
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A d iffe ren t type o f  the isovalen t substitu tion  into the vicinal silano l d efec t is rep resen ted  

by the flu o rid e  incorporation  into the zeo lite  fram ew ork . T his p rocess has been d iscu ssed  in the 

lite ra tu re  in the con tex t o f new , high s ilica  zeo lites syn thesised  u sing  f lu o rid e  ions as 

m in e ra lis in g  agents (see d iscussion  in C h ap te r 1, J.M . C hezeau , L. D elm otte  e t a l  1991 and 

referen ces there in ). T he d efect has been env isaged  by analogy w ith the v ic inal d is ilan o ls . A s 

d esc rib ed  above, th is rep resen ta tion  o f  ad jacen t silano ls has proved  to be so m ew h at naïve as 

the nearby  hydroxyl g roups instead o f  an in ternal hydrogen bond form  a c lo se  ring  structu re . 

F o llo w in g  th is developm en t, w e have been in terested  to see w h eth er the fluo ride  - silano l p a ir 

w ou ld  fo llow  the sam e pattern . T o avoid  bond ing  effec ts  due to the cho ice  o f  in itia l s tructure , 

s im ila r to the p rocedu res used in our study o f  the vicinal d isilano ls, w e have sep ara ted  the 

fluo ride  and hydrox ide group  su ffic ien tly  to exc lude the form ation  o f any stro n g  chem ical 

bonds. H ow ever, fu rthe r geom etry  relaxation  has led to the ring structu re  show n in F igu re  4 .27 

below .

Atomic Structure

h i  j a  I AT l

Charge Distribution

-0.111

-0.736 0.393

-0.S04

Figure 4 .27 . H ydrogen fluoride d issociated  on S i-O -Si bridge: structural m odel and 
effective  charge distribution

T he ring  structu re  p resen ted  in the figu re  is sligh tly  asym m etric  w ith tw o  S i-F  bond 

d is tan ces o f  1.87 and 1.94 Â, w hich, as p rev iously , is a con seq u en ce  o f  a num erica l no ise . T he 

defec t s truc tu re , in fact, is very s im ilar to the v icinal d isilano ls. T he F-O  separa tion  o f  2.15 Â  is 

nearly  iden tical w ith the in ter-oxygen  separation  o f 2.13 Â  ob ta ined  fo r the v ic inal silano ls. T he 

co rresp o n d in g  S i-O  bonds only slightly  decrease  from  1.80-1.83 to 1.79 A, w hilst the O -H  bond 

increases from  0 .98 to 0 .99  A. T he in troduction  o f the fluo ride fu rthe r po la rises  the  hydroxyl 

g roup , the e ffec tiv e  charge on the hydrogen increases from  0 .386  to 0 .393  e and d ec reases  on 

oxygen  from  -0 .726  to -0 .736  e. T h is po larisa tion  should  lead to a be tte r B rpnsted  ac id ity  o f  the 

site . B earing  in m ind  the very low  energy  o f  the defect fo rm ation , w e shou ld  co n c lu d e  tha t th is 

d e fe c t is an im portan t cen tre  o f  the B rpnsted  ac id ity  in high silica  zeo lites. F ina lly , w e no te that 

the ex ch an g e  w ith the fluo ride  has p rac tica lly  no effect on the e lec tro n ic  s truc tu re , the 

co rresp o n d in g  d efect sta tes lie in the m iddle o f  the valence band and the b o tto m  o f the 

co n d u c tio n  band sm ooth ly  hybrid ising  w ith the b ridg ing  hydroxyl and crysta l states.
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4.6. Summarising defect structures in zeolite crystals

The wretches, trusting to this, lost their lives and m oney too.
J. Swift. A tale o f a tub.

In this work we have postulated three basic defects in the zeolite framework: the 

Br0nsted acid site, hydroxyl nest defect and vicinal disilanols. All three species are neutral 

defects containing silanol groups as essential element of their chemical composition. Atomistic 

models of these defects can be found in the literature and have been verified in our ab initio 

periodical calculations. We have used the structures resulting from calculations as well as 

available experimental data to derive generic schemes for the interrelations and transformations 

of most important defects in zeolites and related alumino-silicate materials. These schemes 

have been followed by further computational work in which the energies of formation and 

geometries of most interesting defect species have been found.

Many complex defects considered here are based on simple defect centres such as 

substitutions, interstitials and vacancies. In particular, we have considered two alternative 

mechanisms for the modification of Br0nsted acid sites. The first includes dehydration of two 

adjacent sites, which also leads to the formation of an oxygen vacancy. In the second, 

dealumination leads to the formation of a silicon (T-site) vacancy. Paradoxically, the second 

process requires much less energy than the first, as the hydroxyl nest defect is formed at the 

first stage. Therefore the trigonal aluminium and silicon at the site of the oxygen vacancy 

should not form in appreciable concentration and can be ruled out as major Lewis acid sites in 

zeolites subjected to hydrothermal treatments. Nevertheless, the rôle of these defects as well as 

of their spin-polarised counterparts, and V/,2 electron and hole centres, should not be 

overlooked for the zeolites subjected to irradiation or mechanical stress.

The healing processes in zeolite crystal upon dealumination have been modelled as the 

deprotonation, the dehydration and the dehydrogenation of the hydroxyl nest defects. The 

hydroxyl nests are present in zeolites either from synthesis as defects of condensation or 

introduced into the zeolite framework during dealumination treatments. The energies for the 

defect formation obtained here corroborate the hypothesis of nest migration in which the proton 

migration from the nest to adjacent silane bridges is the first step. The nest migration can 

account for the zeolite healing, but the phenomenon of the zeolite rehydration in which initial 

concentrations of hydroxyl nests are readily restored, needs further study of the migration 

process and in particular nest réintroduction at the zeolite surface.

The hydrolysis of the silane bridges and defects of condensation result in the formation 

of the vicinal disilanols in the zeolites. A ring structure has been obtained in our study as a 

ground state for this defect, an alternative being the decomposition into isolated silanol species. 

Thus we suggest that the intensive hydrogen bonding of the S i-0 \..H -0 -S i  type observed in 

many zeolitic materials is a part of the hydroxyl nests or more complex defects, but they are not 

inherent in vicinal disilanols and related species.

Annealing of the vicinal disilanols as well as hydroxyl nests leads to the defect 

dehydrogenation and formation of the peroxy containing defect species. Our calculations
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demonstrate the low-energy character of the resulting defects, therefore we suggest that the 

peroxy defects are present in zeolites in abundance and thus are perfect candidates for the 

major Lewis acid sites in these materials. Complexation of the peroxide bridge and Brpnsted 

acid site leads to the most interesting chemical structure so far - the aluminium hydroperoxide 

defect, which is both a Brpnsted and a Lewis acid site and can be responsible for the 

phenomenon of enhanced acidity observed in hydrothermally treated and calcined zeolites.

This computational study has also demonstrated a significant stabilisation of the 2- 

membered ring structure obtained for vicinal disilanols upon metal ion exchange. We 

particularly considered univalent ions. An unusually small interoxygen separation of ca. 2.15 Â 

suggests that favourable conditions are created in this defect for an electron hole trapping.

An alternative synthesis, in which fluoride ions are used as mineralising agents, has been 

suggested to give rise to new defects of condensation of the Si-F ...H -0-Si type. Our 

calculations show that this defect indeed has a very low energy of formation and thus should be 

present in the material in abundance unless special defluorination procedures are employed. 

Most interestingly, the calculation has also yielded a 2-membered ring structure, closely 

resembling the vicinal disilanol defect. Therefore, a Brpnsted acidity of the resulting centre 

should be of interest in future work, a phenomenon not very well studied in high silica 

materials.

Finally, we note that in this work we have studied three electron hole centres, first, the Vj 

centre (mentioned above), a hole localised on an oxygen tetrahedron bound to an aluminium 

impurity; second, the peroxy radical, or a hole localised on a peroxy bridge defect bound to an 

aluminium impurity; and, finally, the siloxy radical, or a non-bridging oxygen hole centre. In 

contrast to the Vj centre configuration, in the latter two cases the electron hole has a distinctly 

one-centred nature and is firmly associated with the oxygen, which is also reflected in the 

geometry of these defects: the corresponding oxygen ion has only one ion in its first 

coordination sphere. The two-centre hole distribution in and O2 ' ’ species as well as the 

electron trapping on silicon did not occur in our calculations, but are of interest. The 

corresponding electron distributions have been found here to be excited states for some of the 

geometries studied; geometry relaxation of these states could lead to the hole/electron trapping 

of interest, but has not been performed because of technical problems with the code used.

It is also important to realise that we could not tackle a number of problems in the 

characterisation of point defects due to our choice of the physical model. In particular, using 

siliceous sodalite as a reference system, we automatically embedded defects in a certain type of 

environment. Open structures in particular can be readily modelled in this way, but denser 

fragments of the zeolite framework (e.g. the 3-, and 4-membered double rings) may require 

further, more specific modelling. Then our predictions can qualitatively change for two 

particularly interesting defect structures, the E ’ and NBOH paramagnetic centres:

(i) The problem of electron stabilisation in E ’ centres is of great interest in silica science. 

As mentioned in Section 4.2, the silicon ion at the site of an oxygen vacancy can invert through 

the basal plane of three oxygens in the puckered conformation of the defect. However, this 

structure has significantly higher energy than the ground state of the defect, in which an
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electron on silicon which is partially delocalised over the vacancy ste is shired by n 

aluminium. The fact that in the puckered conformation the silicon reache: towcrds the p-cae 

centre is a peculiarity of the open structure of sodalite. It was argued in theliteratur^ that dene 

frameworks of a-quartz and vitreous silica provide the necessary condtions for the defet 

stabilisation in the puckered conformation by a weak chemical bondiig to a iackgmud 

oxygen. The same applies for the zeolites with small double rings and bus if a subject fr

further investigation.
(ii) The non-bridging oxygen hole centre, or siloxy radical has been nodelbdheie at tb 

inverted silanol site which occurs as a result of the decomposition of vicina disilinos. \nothc 

possibility for the NBOHC location, an annealed hydroxyl nest has no beer iivestigitec 

However, in both cases we observe a large free space separating a non-bidging oxygen iroi 

the zeolite framework. If such space is not available, the hole will evideitly cblo;alise ove 

adjacent ions as happens in the case of the Vj centre, where a one-centre h*le renahs mstabl

with respect to the ion relaxation.
Effects of the extraframework species on the defects in the zeolite frimewcrk rre alsa o

specific interest, especially in the case of large-pore materials. First, the ow birri,rs for th(

metal ion migration can provide favourable conditions for screening and stabilsalon of th<

charged defects. Secondly, the charge exchange between zeolite franewrrks anc

extraframework metal clusters or guest molecules in chemical applications s grealyfacilititec

by framework imperfections.
A number of important defect structures were not investigated hen either me to the

technical problems mentioned above or simply because of our limited resoirces the life spar

of the author is finite and current computer facilities are still dragging behiid the anasies of a

theoretician). The most important structures, in our view, are listed below and mgjesled for

future studies:
• Hydrolysed Brdnsted acid site, which can also be considéré! as a xsnlt of 

complexation of the Brpnsted acid site and the vicinal silanol defect.

• Geminal disilanols which should be a part of a more complex cfefect suci as six- 

coordinated silicon site - a result of complexation of two vicinal sianol lefcts or of 

hydrolysis of a silane bridge (vicinal disilanols) next to a hydroxyl n st deftct.

• Single S i-F ...S t  and double Si-F F-Si fluoride structures as defects )f cordeisaton or 

a result of ion exchange into a vicinal silanol defect and oxygen vacaicy.

• Chloride substitution into the framework defects such as Si-Cl HO-Si indflroride 

isostructural defects.
The defect structures considered here should be relevant for other micoporcus natsrids 

such as ALPOs, GAPOs, SAPOs etc. and merit a theoretical analysis.
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Conclusions

Every conclusion presumes premisses. These prem isses are 
either self-evident and need no dem onstration, or can be 
established only if based on other propositions; and, as we 
cannot go back in this way to infinity, every deductive science, 
and geometry in particular, must rest upon a certain num ber of 
indemonstrable axioms.
H. Poincaré. Science and hypothesis.

Concluding the previous chapter, we have highlighted both new results of this study and 

a number of models of the point defects (i.e. active sites) in zeolites which have not been 

examined here. In summary, we have achieved an initial goal of the characterisation of the 

defect structures in zeolite crystals. For most of the defect centres, discussed in the literature or 

derived from an analysis of the physico-chemical processes in these materials, we have

obtained atomistic models and calculated corresponding energies for the defect formation. Thus

a map of the defects in zeolites and their interrelationships have been established.

In all the structures considered the perturbation of the crystal lattice by the presence of 

the defect has been well localised within one unit cell of the siliceous sodalite which allowed us 

to make use of a periodical model. Therefore two generic problems could not be treated here:

• Due to the very nature of this model, we could not apply it to study electron or hole trapping 

on the defects with large localisation radii; therefore if the charged states of these defects 

extend over crystal regions larger than one unit cell, we cannot exclude a possibility that the 

latter are in fact the ground states of the defects.

• The defects in this model are arranged in regular, periodical arrays with a well defined 

defect separation. The problem of defect distribution and interaction is only touched here 

when we study defect complexation, the peroxy bridge and Brpnsted acid site being the 

most notable example. An issue of synergy between defect centres has been raised in the 

experimental literature many times, but so far in a purely speculative manner.

An answer to these problems lies evidently with future studies employing bigger supercells or, 

alternatively, embedding schemes.

Response of the defects studied here to external physico-chemical interactions as well as 

dynamics of the interactions between defects, defects and crystal lattice (zeolite framework), 

defects and guest species in zeolite pores, in our view, can be approached now in a coherent 

way and are of primary interest.
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