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2.1 Introduction

A zeolite is an open framework material consisting of a three-dimensional,
four-connected network of corner-sharing TO, tetrahedra, where the T-atoms
are tetrahedrally connected atoms bridged by O-atoms. Understanding the
regular (and sometimes irregular) arrangement of the atoms in a zeolite
structure is key to understanding why and how the zeolite functions, and to
improving its properties and performance. A zeolite’s performance is essen-
tially determined by its structural characteristics, such as the dimensionality
of its channels, the accessible pore volume, the size of the pore openings, and
the number and placement of extra-framework species. A zeolite is defined by
its framework structure.

Traditionally, zeolites are aluminosilicate framework materials, but now
high- or pure-silica (SiO,) zeolites can also be produced, and the Si can be
substituted by heteroatoms such as Ge, B, Al, Ga, Zn, Be, P, etc. The place-
ment of heteroatoms in the zeolite framework structure influences its
function. For example, Al has fewer electrons in the outer shell than does Si,
so it introduces a local negative charge into the framework that is com-
pensated by exchangeable extra-framework cations. An extensive array of
cations with different catalytic properties can be introduced into the zeolite
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38 Chapter 2

at such sites, and this can have profound consequences on any reaction that
is acid- or metal-catalysed.

Zeolites are a class of microporous materials, with cavities and channel
systems of molecular dimensions (typically <20 A), and this makes them
useful as molecular sieves. It is the combination of this feature with a zeo-
lite’s catalytic properties that makes it a shape-selective catalyst, exploiting
both properties to control the selectivity of catalytic reactions. As a result,
zeolites have found widespread applications as catalysts, adsorbents, mo-
lecular sieves, and ion-exchangers and are among the most important
catalysts in the oil refining, petrochemical, and fine chemical industries.

A zeolite’s framework structure therefore dictates its function. Normally,
several analytical techniques are combined to probe the fine structural
details of a material. Sorption experiments can be used to probe pore size
and accessibility. Diffraction techniques are used to determine the
average framework structure, including the location of heteroatoms, extra-
framework species, and cations. Solid-state NMR will give information about
the local structure, such as the connectivity of Si, or the preferential location
of Ge at specific sites. Electron microscopy can be used to directly visualize a
zeolite’s channel system along a particular direction and characterize
stacking faults.

The following sections of this chapter will cover (1) how zeolites are
described by their framework type, (2) a discussion of the ‘decoration’ of the
framework, and how this influences the structure, (3) some real-world
examples of how structure and chemistry are closely related, and (4) a brief
overview of structure determination by powder diffraction and electron
crystallography.

2.2 Zeolite Framework Types

2.2.1 Classification

Because of the importance of zeolites in various industrial applications,
many laboratories have tried to produce new zeolites. The number of new
materials discovered boomed in the 1970s. It became clear that different
laboratories were producing similar materials, with the same framework
type, but under different names, and perhaps under different synthesis
conditions, and with different chemical compositions. In an attempt to
bring some order into this chaos and to categorize the zeolites, Meier and
Olson proposed the use of framework types to classify zeolite materials. They
produced the first edition of Atlas of Zeolite Structure Types — a compilation of
all the known framework types," each of which was assigned a three-letter
code derived from the name of the zeolite or ‘type material’. For example,
zeolites X and Y have the same framework topology as the natural mineral
faujasite, and are therefore assigned the code FAU, Linde Type A served as
the type material for the code LTA, and ZSM-five for MFI. The original print
of the Atlas, featuring MFI on the front cover (the most complicated zeolite
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Zeolite Structures 39

known at the time), contained 38 codes, including wire-frame stereo draw-
ings of the frameworks and a description of their crystal structures, sym-
metries, and type materials. Notice the subtle difference here between a
framework structure and framework type. A framework type (sometimes
referred to as topology) simply describes the connectivity of the T-atoms in
the highest possible symmetry, and does not depend on composition, dis-
tribution of the T-atoms, guest species in the pores, symmetry, or cell di-
mensions. Nowadays, the codes are assigned by the Structure Commission
of the International Zeolite Association, which is officially recognized by
IUPAC. Framework type codes (FTCs) are capitalized and written using a
bold typeface. A minus (—) sign is used to indicate interrupted frameworks
(e.g. —ITV or —SVR), and an asterisk (*) for disordered frameworks (e.g. *BEA
or *SFV), but a combination is also possible (e.g. *—SSO or *—EWT).
Materials can be described using the IUPAC crystal chemical formula, where
guest species are enclosed in vertical bars (|- - -|) and the framework host in
square brackets ([---]). For example, the aluminophosphate version of CHA
(chabazite) can be designated as [Al-P-O]-CHA to distinguish it from the
aluminosilicate type material: [Al-Si-O]-CHA. The full notation for the latter
would be |Cag(H,0)40|[Al;,Si407,]-CHA.

2.2.2 Database of Zeolite Structures

The most up-to-date database of framework types can only be found online
at http://www.iza-structure.org/databases/, and contained 232 different
framework codes as of October 2016. Newly approved framework types are
announced on the IZA Structure commission’s website (http://www.iza-
structure.org/). The starting page of the Database of Zeolite Structures
shown in Figure 2.1 provides an overview of all the framework type codes
assigned to date. By clicking on any of the three-letter codes, the user
navigates to a page containing detailed information about the framework
corresponding to the selected code. An example for FAU is shown in
Figure 2.2. This page contains information on the idealized framework
(highest symmetry, geometry optimized for SiO,), the unit cell and space
group symmetry, framework and topological density, ring sizes and chan-
nel system, size of the cavity and free diameters of the windows, accessible
volume, the building units and natural tilings that can be used to describe
the framework, a crystallographic information file (CIF) with the coordin-
ates of the framework atoms, and a list of coordination sequences and
vertex symbols. Most of these concepts are described in more detail below.
From this page, the user can also look up information on the Type Material
and Related Materials (with references to known zeolites with the same
framework type), view a 3D model of the framework type, or generate a
powder diffraction pattern. As an example the Type Material page of FAU is
shown in Figure 2.3. Lastly, the database also contains an advanced search
function to select frameworks with any of the physical properties
mentioned here.
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40 Chapter 2

Database of Zeolite Structures

Zeolite Framework Types

Search for a Framework Type Code (FTC)
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Figure 2.1 Overview of the 232 zeolite framework type codes accessible via the
online zeolite structure database, with permission from the Database of
Zeolite Structures.

2.2.3 Channels

Zeolite structures are almost always described first in terms of pore size
and dimensionality. Each channel is classified by the number of T-atoms
delimiting the smallest pore opening. Channels delimited by an 8-ring are
considered small (free diameter of ~4.0 A), 10-rings medium (~5.5 A),
12-rings large (~7.0 A), and anything above that is extra-large. The free
diameters of the type materials are given as an indication of the pore size, and
calculated using an oxygen van der Waals radius of 1.35 A. Note that rings may
be somewhat distorted, depending on the symmetry and the surroundings of
the delimiting T-atoms, and this affects the pore dimensions. Therefore, the
pore size is usually given by its minimum and maximum dimensions. The
channel systems can be multidimensional, and are of molecular dimensions.
Therefore, zeolites normally have at least one 8-ring or larger channel.
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Zeolite Structures 41

Database of Zeolite Structures
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Rpis = 00009
Framework density (FOg): 13 3 T/1000 A?
Topological density: TDyo = 579 TD = 0.476190
Ring sizes (¥ T-atoms): 1264
Channel system: 3-amensional
Maximum diameter of a sphere:
that can be included 1.24A
that can diffuse along a T35A b 7.35A ¢ T35A
Accessible volume: 274 % (agdhional data)
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&

Secondary Bullding Units:

@6¢ (1-hpr ) $0d (1-foc )
Natural Tiling (List of Tes)
1-fay t-npr -toc
Tng arrangement 3 Tiings arsplay
Coordinates: List (T-atoms), CIF (T and O aloms)
Coordination sequences: = List
+ Vertex symbols
+ Loop configurations
Year code assigned 1978

Data fast updated (WD/Y)  Jul 1, 2007

Copyright © 2008 Structure Cor 1 of the Zeote (1ZA-SC)

Figure 2.2 Landing page for framework type FAU, with permission from the
Database of Zeolite Structures.

The channel systems are defined by the channel directions relative to the
crystallographic axes.

2.2.4 Building Units

The common feature of all zeolites is that they are built up of corner-sharing
TO, tetrahedra forming a three-dimensional, four-connected network. These
tetrahedra are the primary or basic building units (BBUs) that can always
be assembled to form the framework of a zeolite. However, to describe
structural features of zeolites, and highlight commonalities, they are not very
useful. Researchers have come up with several higher order schemes and
groupings to break down a zeolite framework into units larger than BBUs.
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42 Chapter 2

Database of Zeolite Structures

Framework U Fetated Materiaks 30 drawing References. Powder Patiern Buiding Schemes POF Credits Help

Framework Type FAU

Type Material
Material Name: Faujasite
Chemical Formula:  |(Ca2* Mg?*Na"2)pg (Ho0 )0l [AlsgSiqa4 Oaga)-FAU
Unit Cell:

cubic Fd-3m (# 227)
a=24T74A b=2474A c=24T4A
a=90° B=90° y=90"
Framework density: © 12.7 T/1000 A*
Channels: <111> 12 7.4 x 7.4"(3-dimensional)

12-ring viewed along <111>

References:
Baur, WH. "On the cation and waler positions in faujasite *, Am. Mineral , 49, 697-704 (1964)
Bergerhoff, G.. Baur. WH. and Nowacki, W. "Uber die Kristallstrukturen des Faujasits™, N. Jo. Miner. Mh., . 193-200 (1958)

Copyright © 2007 Structure ¢ of the Zeoifte (1ZA-SC)

Figure 2.3 Type material page for framework type FAU, with permission from the
Database of Zeolite Structures.

0 0O <& = A4

4(76) 6(57) 4-2 (23) 5-1(25) 6-2 (16)

Figure 2.4 A selection of some of the most common SBUs. The number in paren-
thesis corresponds to the occurrence of the SBU.

The most common of these schemes, secondary building units (SBUs),
composite building units (CBUs), and natural tiles (also known as natural
building units; NBUs), are discussed below.

Secondary building units (SBUs) were initially derived with the idea that
an entire framework could be built using a single SBU. SBUs are non-chiral
units with up to 16 T-atoms. At present, the Database of Zeolite Structures
contains 23 different SBUs, which can be found via framework type pages
(Figure 2.2) by clicking on List of all SBUs. Some of the most frequently oc-
curring SBUs are shown in Figure 2.4. Because of the increasing complexity
of the new zeolites discovered during the past decade it became impossible
to describe all framework structures in terms of a single SBU - often two or
more are needed. For this reason, SBUs are no longer generated for the
newer frameworks in the Database. Instead, composite building units
(CBUSs) are used to describe these structures.
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Zeolite Structures 43

CBUs merely represent common structural features present in more than
one zeolite. Common structural features include cages, channels, chains,
and layers. The major difference from SBUs is that CBUs do not necessarily
describe the entire framework, and that CBUs can overlap. CBUs offer a
more pragmatic approach to highlight structural features, and that
is perhaps why they are encountered more frequently in current literature.

For example, the SOD framework type can be built up using 6-rings only
(its SBU), as can 50 other frameworks, but may be better described by its
sodalite cage (its CBU). This cage is present in 11 different zeolite frame-
works (most notably FAU and LTA). The sodalite cage is not an SBU, because
it cannot be used to build up the SOD framework exclusively; T-atoms in the
sodalite cages overlap in the SOD framework.

Historically, CBUs have been designated based on their usage. The big cage
in LTA would be referred to as the a-cavity, whereas the small cage is the B-
cage. The large cavity in FAU is usually referred to as the ‘supercage’, although
this term is also used to describe large zeolite cages in general. Nowadays,
common structural units are assigned a lower case italic three-letter code, as a
means to communicate structural relationships between framework types.
With the exception of double 4-rings (d4r), double 6-rings (d6r), and double 8-
rings (d8r), each CBU is assigned a code corresponding to one of the frame-
work types that they are featured in. Only CBUs that are present in two or more
framework types are given a code. The a-cavity is characteristic for LTA and
therefore designated lta, the B-cage is equivalent to the cage in SOD, and
designated sod, and the supercage in FAU is not found in any other frame-
work, and thus not given a code. Some CBUs are shown in Figure 2.5. At the
time of writing, 58 CBUs were listed in the Database of Zeolite Structures,
which can be found via framework type pages (Figure 2.2) by clicking on List of
all CBUs. Notably, in general, these building units have no physical meaning,
but simply serve as a means to describe a zeolite framework.

Several chains that are prevalent in a number of zeolite frameworks are
shown in Figure 2.6. These are double zig-zag chain (dzc), double sawtooth
chain (dsc), double crankshaft chain (dcc), Narsarsukite chain (nsc), and
double Narsarsukite chain (dnc). Single chain versions of the first three
double chains also exist, but they are so common that they are rarely seen as
a defining structural feature.

Cages, cavities, or any other type of polyhedral unit can also be described
by the number and kind of n-rings defining their faces (Figure 2.5). For
example, a d4r unit and a mor unit both consist of eight T-atoms, but the
former is made up of eight 4-rings, and is designated [4%], to distinguish it
from the latter, which consists of four 5-rings, and is therefore designated
[5*]. A sod unit, whose surface is defined by six 4-rings, and eight 6-rings,
would be designated as [4°6°]. It is important to note the distinction between
cages and cavities. The faces of a cage are all 6-rings or smaller (e.g. a sod
cage), so they are inaccessible to guest molecules, whereas cavities have at
least two faces that are larger than 6-rings (e.g. an lta cavity). These terms are
often confused in the literature.
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Figure 2.5 A selection of some of the most common CBUs, given by the corres-
ponding face symbol, the CBU name, and the tile symbol, respectively.

) 1

double double double Narsarsukite double.

3 L Narsarsukite

zig-zag sawtooth crankshaft chain o
dzc dcc nsc dnc

Figure 2.6 A selection of chains that have been found in several framework types.

A similar notation has been developed to describe two-dimensional layers

or nets. Here, the number and kind of n-rings corresponding to each node
are used. For example, GIS and ABW framework types can be described as
different stackings of a layer consisting of 4-rings and 8-rings (Figure 2.7).
Each node is part of one 4-ring and two 8-rings, forming a 4.8> net. The
orientation of the fourth connection of the tetrahedron can be given as
U (up) or D (down) to complete the three-dimensional description. The
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Figure 2.7 The 4.8> net that builds up both the GIS and ABW frameworks.
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Figure 2.8 The butterfly net that builds up the MFI, MEL, TUN, FER, and many
other frameworks. The T-atoms pointing up are in white and those
pointing down are in black.

major difference between GIS and ABW is that the connections on one side
of each 8-ring are all pointing up and the other half down (UUUUDDDD) for
GIS, whereas for ABW the orientations are mixed (UUDDUUDDUU).

Many zeolite structures can be described using the same two-
dimensional net/layer. One example is the butterfly net containing 5-, 6-,
and 10-rings (Figure 2.8), which is found in 18 zeolite frameworks in the
Database of Zeolite Structures; ten of them, *MRE, FER, MEL, SZR, MFS,
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46 Chapter 2

MFI, TUN, IMF, BOG, and TON, are built up solely from the butterfly net.>
Different orientations of the TO, tetrahedra within the layer lead to
different connectivities between neighboring layers, and thus different
locations and orientations of the channels parallel to the layers. Some
layers are corrugated and some are flat, resulting in different channel
systems parallel to the layer.

Sometimes, zeolites that can be constructed from the same layer are
referred to as polytypes. Polytypism is a special case of polymorphism, where
crystal structures differ in one dimension only. Polytypes consist of identical
layers, and differ only in the stacking sequence of these layers. Note the dif-
ference between polymorph and polytype. In a way, all zeolites composed of
SiO, are polymorphs, but only a few are polytypes. For example, despite the
fact that all of the ten framework types mentioned above consist of the same
nets, only MFI and MEL are polytypes. The same is true for the ABC-6 family.
Polytypism is found in the faujasite family (EMT/FAU), zeolite Beta (*BEA),
UTD-1 (DON), ITQ-39 (*—ITN), ZSM-48 (*MRE), SSZ-31 (*STO), and more.’

2.2.5 Natural Tiles

One of the disadvantages of using SBUs or CBUs to describe zeolite frame-
works is that their assignment is ambiguous and sometimes arbitrary.
A large number of frameworks can be described in several ways, and CBUs
sometimes overlap. Therefore, the idea of natural tilings has been extended
to zeolites by Anurova et al.* Tiles, sometimes referred to as natural building
units (NBUs), divide Euclidean space, and are always face-to-face, which
means that a face of a tile is shared by exactly two tiles. A tile is the interior
of a generalized polyhedron that may contain divalent vertices and is
topologically equivalent to a sphere.”

The main advantage is that the breakdown of a zeolite framework into its
natural tiling is unambiguous, and can be done for any framework regard-
less of its complexity. One intrinsic feature of natural tiles is that they fill the
entire space, unlike CBUs. The naming scheme for NBUs is slightly different
from that of CBUs. They are given in italic typeface and prefixed with ‘¢-’ to
avoid confusion. There are 121 tiles that occur more than once in the
Database of Zeolite Structures. Figure 2.9 shows some of the most frequently

L Q @ QO X

t-kah t-pes t-lov t-mel t-kaa
[63] [5262] [4262] [415262] [6282]

Figure 2.9 A selection of some of the most common tiles or natural building units
(NBUS); t-hpr: dér, t-cub: d4r, t-tes: mor, t-can: can, t-lau: lau. Nine more
tiles are identical to CBUs and are given in Figure 2.5.
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Zeolite Structures 47

Paulingite (PAU)
(a)

ZSM-25 (MWF)
(d)

. Qe

Building unit [4126888] [4582] [41286] [456285] [4°83] [458%] [478%]
Tile t-grc  t-hpr t-pau  t-plg t-oto t-gsm t-phi

Figure 2.10 PAU (a-c) and MWF (d-f) frameworks represented using T-T connec-
tion (a, ¢) and tiling (c, f), respectively. Both frameworks are built from
seven different tiles (g). While three of them (t-grc, t-hpr, t-pau) con-
struct the unit cell edges, the other four (t-plg, t-oto, t-gsm, t-phi) are
embedded in the space within the unit cell. PAU and MWF are two of
the members in the zeolite RHO family with expanding unit cell and
complexity, called a family of embedded isoreticular zeolite structures.
Reprinted by permission of Macmillan Publishers Ltd: Nature,’
copyright (2015).

occurring natural tiles. Tilings can be generated by computer methods, i.e.
using the program TOPOS.®

Tilings can be very useful to illustrate the channels and pores in zeolites,
especially for complicated structures. An example is shown in Figure 2.10 for
two complex and related zeolite structures, PAU and MWF (ZSM-25).” Both
zeolites contain intersecting 8-ring channels and are built up using the same
types of tiles: t-grc, t-hpr, t-pau, t-plg, t-oto, t-gsm and t-phi.

2.2.6 Framework Density

The framework density (FD) for zeolites lies between 10 T-atoms per 1000 A®
for low-density zeolites (such as —CLO, IRR, —IRY, —ITV, or RWY-type
zeolites) up to 20-21 T-atoms per 1000 A® for high-density zeolites (such as
AEN, CZP, JNT, MTF, MVY, PSI, or VET-type zeolites), whereas the minimum
for dense tetrahedral framework structures is about 21 T-atoms per 1000 A®.
As a rule-of-thumb, FD offers a simple criterion for differentiating zeolites
from dense tectosilicates.
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48 Chapter 2

2.2.7 Coordination Sequences

Coordination sequences (CSs) were first applied to zeolite frameworks by
Meier and Moeck,® who showed that they serve as a way of characterizing a
framework numerically and uniquely in terms of consecutively
neighbouring T-atoms. In a typical zeolite framework, every T-atom is con-
nected to N; =4 neighbouring T-atoms (the first ‘shell’). Each of these is in
turn connected to a maximum of three new T-atoms, and thus N, <12 for the
second shell. It follows that:

Ny=1, N, =4, N,<12, N;<36, N, <108, N, <4*3F!

CSs are calculated for every unique atom in a framework, and are in-
dependent of the unit cell and crystallographic symmetry. This makes them
ideally suited as a fingerprint for identifying and classifying zeolite frame-
work types. CSs are typically computed up to the tenth shell. Sometimes
calculation of higher shells is necessary to describe a framework uniquely, as
is the case when comparing LTA and RHO. Examples for LTA, RHO, SOD,
FAU, and EMT are given in Table 2.1.

2.2.8 Vertex Symbols

A vertex symbol is a geometrical shorthand used to represent the vertices of a
tiling as a sequence of faces around the given vertex, first used in connection
with zeolite-type networks by O’Keeffe and Hyde.’ A vertex symbol is a se-
quence of integers representing the smallest n-rings the T-atom is part of.
Every 4-connected T-atom is part of six n-rings, and therefore the vertex
symbol has the notation ‘a.b.c.d.e.f. The order is determined by the size of the
n-rings, where opposing faces are grouped together. For example, SOD has the
vertex symbol 4-4-6-6-6 -6, indicating that its T-atom has two opposing 4-
rings, and two pairs of opposing 6-rings. For LTA, the vertex symbol is
4-6-4-6-4-8, indicating two pairs of opposing 4- and 6-rings, and one pair
with a 4-ring and an 8-ring. A subscript is used to indicate that a face is
ambiguous, e.g. 6, or 8,, or an asterisk (¥) in the case where no ring is formed.

Just like coordination sequences, vertex symbols offer a way of describing
symmetrically independent T-atoms that characterize a zeolite framework
type, and the two are often used together as a unique identifier. For example,

Table 2.1 Coordination sequences and vertex symbols for five framework types.

FTC ATOM Coordination sequences, Ny to Nyg_15 Vertex symbol
LTA Ty 4917 28 42 60 81 105 132 162 4.-6-4-6-4-8
RHO Ty 4917 28 42 60 81 105 132 162 4-4-4-6-8-8
SOD Ty 4 10 20 34 52 74 100 130 164 202 4-4-6-6-6-6
FAU Ty 4916 2537 53 73 96 120 145 4-4-4-6-6-12
EMT Ty 4916 2537 53 73 96 121 148 178 212 4-4-4-6-6-12
T, 4916 2537 53 73 96 121 148 179 214 4-4-4-6-6-12
T3 4916 2537 53 73 97 124 152 180 210 4.-4-4-6-6-12
Ty 4916 2537 53 73 96 120 145 174 210 4-4-4-6-6-12
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Zeolite Structures 49

while LTA and RHO have identical CS up to the tenth shell, their vertex
symbols are different; 4-6-4-6-4-8 and 4-4-4-6-8-8, respectively
(Table 2.1). Unlike CS, vertex symbols are also useful for determining the
smallest rings present in a zeolite framework.

2.3 Zeolite Structures

Although zeolites with the same framework type may share a number of
physical properties, such as framework density, channel dimensionality, and
pore volume, other properties should also be considered. Zeolite structures
in real materials are characterized by the framework composition, location
of extra-framework cations, molecules or organic species absorbed in the
pores, and stacking faults or defects.

2.3.1 Framework Composition

The framework composition can be considered to be the decoration of the
zeolite framework. The location of heteroatoms can alter the performance of
materials with the same framework type for a particular application sig-
nificantly. Many elements, such as Ge, B, Al, Ga, Zn, Be, P, and transition
metals such as Fe, Co, or Ti, can be inserted into some of the T-sites. Even a
small amount can have profound effects on the performance, properties,
and/or catalytic selectivity of a material. These elements are often not
ordered, and usually only partially occupy a T site, sharing it with Si.

For example, the range of Si/Al ratio varies from zeolite to zeolite. Some
zeolites, such as ZSM-5 are strictly high silica (Si/Al>12), whereas other
zeolites, such as synthetic faujasite (zeolite X/Y), can be prepared in both
high silica and high alumina forms (typically 1.2 <Si/Al1<3.0). Zeolite A is
an example of a zeolite that is prepared with equal amounts of Si and Al
(Si/Al=1). Because Al-O-Al bonds are unlikely to occur,™ Si and Al tetra-
hedra are strictly alternating in zeolite A. The inclusion of Al in a silicate
framework introduces a net negative charge into the framework, which is
balanced by counterions, such as Na™ or protons (H"). Zeolites with a low
Si/Al ratio offer possibilities for ion exchange, while zeolites with a high Si/Al
ratio can act as a Bronsted acid when H' are present as counterions.

Aluminophosphates (AIPOs) are neutral framework materials consisting of
strictly alternating Al and P tetrahedra, and therefore no odd-numbered
rings (such as 5-rings) occur in their framework structures. AIPOs have been
prepared with more than 40 different framework types, and can be made
anionic in a similar way to pure silicates via the introduction of heteroatoms.
In a silicoaluminosilicate (SAPO), Si substitutes preferably into P sites, and
introduces a local negative charge, similar to Al in aluminosilicates.

The framework composition also has an indirect effect on the framework
structure. High-silica zeolites are rich in 5-rings. Aluminosilicates are known
to contain double crankshaft chains, but in aluminophosphates Narsarsukite
chains are more common. The inclusion of germanium promotes the
formation of double 4-rings, and beryllo- or zincosilicates are more likely to
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contain 3-rings. Materials with strictly alternating sites, such as alumino-
silicates with Al/Si=1, aluminophosphates, and gallophosphates, require
the presence of even-numbered rings, and are therefore devoid of odd-
numbered rings.

2.3.2 Extra-framework Species

Besides the framework type and composition, the pore content is also of
interest. A significant amount of early research effort was focused on the
distribution of extra-framework species and cations in the zeolite channels
and cavities, because these strongly affect the physicochemical properties of a
material and have an impact on its ion-exchange capacity, catalytic selectivity,
and adsorptive qualities. The cations can usually be found in only a few dis-
tinct crystallographic sites, and common sites are labelled based on their
usage. The Compilation of Extra Framework Sites in Zeolites in 1982'" includes
this information for 36 framework types. The large number of entries for the
framework types FAU (69), LTA (62), and MOR (13) is an indication of the
importance of these materials, as well as the attention that the type and lo-
cation of the cation in these materials received. In the Compilation, locations
are categorized (A, B, C, etc.). For example, the ferrierite zeolite family (FER)
consists of three very similar species: ferrierite-Mg, ferrierite-Na, and ferrierite-
K, based on the dominant cation in the A location. That said, there is no
standard way of describing these positions, and sometimes o/f/y or a desig-
nation based on the channel or cage is used. For example, for FAU, sites are
consistently labelled I, I, II, IT, or III in the literature.

Equally important is the location of the organic structure-directing agent
(OSDA) in the channel system. It is well known that the organic guest mol-
ecules introduced into a zeolite synthesis gel play a key role as OSDA and can
have a profound effect on the microporous system that results. As early as
1969, Baerlocher and Meier performed a structural analysis using
powder X-ray diffraction (PXRD) data collected on a synthetic sodalite
material'® and on Na-P1'>'* to locate tetramethylammonium (TMA) within
the cages. However, the real breakthrough was the location of the tetra-
propylammonium (TPA) ion in the channel system of ZSM-5"'® using
single-crystal X-ray diffraction data. The location of the OSDA within the
channel system has played an important role in understanding zeolite
synthesis and in providing detailed coordinates against which theoretical
molecular modelling of the host-guest interactions can be validated.'” The
latter have allowed researchers to target specific zeolite structures and
properties, and constitutes a first step in the direction of the rational design
of zeolite syntheses."®

2.3.3 Stacking Faults and Disorder

In the ideal case, zeolite structures can be described in terms of a neatly
ordered, repeating framework. However, intergrowths, stacking faults, and
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other sorts of disorder are regularly observed in zeolites, particularly those
with layered structures and germanosilicates. For example, the MEL and
MFI framework types are closely related, as both consist of pentasil layers.
The only difference is in the way adjacent layers are related to one another
(a mirror plane in MEL and a centre of inversion in MFI). At any point, a
stacking fault may occur in the arrangement of the layers. If substantial
domains of two different framework types share a common phase, this
material is referred to as an intergrowth.

Examples of zeolites and zeolite families containing stacking disorders
include zeolite beta (*BEA), FAU/EMT, SSZ-26/SSZ-33 (CON), the ABC-6
family, ZSM-48 (*MRE), SSZ-31 (*STO), ZSM-5/ZSM-11 (MFI/MEL), and ITQ-
39 (*—ITN)."® Zeolites can also have some local disorders in the framework.
Recent examples of zeolites containing such local disorders include EMM-23
(*EMT),** SSZ-57 (*SFV),*" and SSZ-61 (*—SS0).>* For further information on
stacking disorder in zeolites and open-frameworks, the reader is referred to a
recent review on this topic.’

Disorder makes the analysis of these zeolites challenging, and there is no
standard way to characterize the structure of a disordered zeolite material.
Stacking faults are typically described qualitatively by means of high-
resolution electron microscopy images. The program DiFFaX>® can be used
to simulate powder X-ray and neutron spectra, and single-crystal electron
diffraction patterns of faulted materials, and was developed specifically to
characterize zeolites. Alternatively, the programs DISCUS,>* FAULTS,* and
TOPAS>® allow the user to refine the stacking disorder against powder
diffraction data directly.

2.4 Examples of Framework Structures

2.4.1 SOD

Type material: sodalite, |NagCl,|[AlgSicO,4]-SOD

The SOD framework type can be described as a body-centred cubic ar-
rangement of face-sharing sod units or B-cages (Figure 2.11). Adjacent cages
are connected via 6-rings only, so SOD lacks any sort of channel system, and
this significantly limits its sorption capacity. However, the sod units have a
free diameter of approximately 6.3 A, giving SOD a framework density of
approximately 17.2 T/1000 A®, which is fairly average for zeolites. An alter-
native way of describing the SOD framework is as an ABCABC stacking of
6-rings along the (111) direction (body diagonal), making it a part of the
ABC-6 family.

2.4.2 LTA

Type material: Linde type A (zeolite A), |Na;,(H,0),7|s[Al15S115045]s-LTA
The LTA framework type describes a small-pore zeolite with mutually
perpendicular, straight channels forming a three-dimensional channel
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SoD LTA
Figure 2.11 SOD and LTA framework types.

system (Figure 2.11). At the channel intersection is the lta or a-cavity. The
LTA framework is related to that of SOD, and can be described with a
primitive cubic arrangement of sod units. The major difference is that the
interfacing 4-rings of SOD are replaced by double 4-rings (d4rs), forming an
lta unit in the centre position. Alternatively, LTA can be described as a
primitive cubic arrangement of lta units, each of them connected to six
neighbouring cages via 8-ring openings, with a sod unit in the centre. The
LTA framework type is a very open one with a framework density of
12.9 T-atoms per 1000 A%, This allows zeolite A to absorb a large amount of
water, which is why it is used as an industrial desiccant.

LTA type zeolites come in a large number of flavours, and significant
structural modifications are reflected in the name of the zeolite. For example,
the openings to the Ita units in zeolite A are defined by 8-rings, roughly 4.1 A
in diameter, but these can be influenced by the presence of charge-balancing
cations, such as Na/K, Na, or Na/Ca. These result in zeolites 3A, 4A, and 5A,
respectively, where the number refers to the approximate pore size in A. If a
zeolite A material is used for ion-exchange purposes, the exchanged ion can be
used as a prefix, e.g. its sodium form is given as zeolite NaA and its potassium
form as zeolite KA. Zeolites from the LTA family are produced on a massive
scale for their superior ion-exchange performance, and are primarily used as
water softeners in laundry detergents.

2.4.3 FAU

Type material: faujasite, |(Ca®, Mg?, Na,),0(H,0)240|[Al55Si1340354 ] FAU

Just like LTA, the FAU framework type can be built up from sod units.
However, in this case, the 6-rings of the neighbouring sod units are facing
one another, and are connected via oxygen bridges to form shared double

9]

10

20

30

40



Zeolite Structures 53

6-rings (d6rs; Figure 2.12). This creates a diamond cubic lattice arrangement
of sod units. That is, the sod units follow the same arrangement as the
carbon atoms in the diamond structure. This creates a large open framework
structure, with a very low framework density of 12.7 T-atoms per 1000 A®, in
part due to the large ‘supercage’ ([4'°6*12]) at the channel intersection
(Figure 2.13). FAU has a three-dimensional channel system along the (110)
direction, with 12-ring openings. The FAU framework type can be described
as puckered hexagonal layers stacked in an ABCABC arrangement. Materials
with the FAU-type, such as zeolite Y, can be produced cheaply with a wide
range of Si/Al. In addition, they have high thermal stability, a large void
volume of about 50%, and applications as a cracking catalyst, and are
therefore widely used in industrial applications.

FAU

[41864124] [41562123] [42165125]
t-fau t-wof t-wou
‘supercage’

Figure 2.13 Supercage found in FAU (t-fau), and the medium and large cage of EMT
(t-wof and t-wou, respectively).
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244 EMT

Type material: EMC-2, |Nay;(C1,H2406)4|[Al1Si75010,-EMT

The EMT framework is very similar to that of FAU, because it is also
built up of sod units that are connected via oxygen bridges extruding from
the 6-rings, but the arrangement of these units is slightly different. While the
sod units are all oriented in the same way for FAU, for EMT they are rotated
by 30° around the vertical axis from layer to layer (i.e. the orientations of
some of the 4- and 6-rings are reversed). The framework of EMT can also be
described using the same puckered hexagonal layer as found in FAU. EMT
can be described as an ABAB stacking of hexagonal layers that are related to
one another via a mirror plane. In Figure 2.12, the B-layers in both frame-
works are equivalent. EMT has two distinct supercages, a smaller one with
three 12-ring openings ([4'°6°12°]), and a larger one with five 12-ring
openings ([4*'6°12°]; Figure 2.13). The channel system of EMT is three-
dimensional, with a 12-ring channel along the [001] direction, perpendicular
to 12-ring channels in the plane normal to [001]. EMT is the hexagonal
analogue of FAU, in the same way that lonsdaelite is the hexagonal analogue
of diamond. Because of their structural similarity, intergrowths of EMT/FAU
are known to occur.”” Like FAU, EMT type materials are also well-suited for
catalytic applications.

2.4.5 RHO

Type material: Rho, |(Na,Cs);, (H20)44|[Al1S136006]-RHO

The RHO framework type can be described as a primitive cubic arrange-
ment of lta units, similar to how SOD is described using sod units. The
8-rings of adjacent lta units are joined via oxygen bridges to form a double
8-ring (d8r) between them (Figure 2.14). RHO contains two identical, but

RHO
Figure 2.14 RHO framework type and its channel system.
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non-intersecting three-dimensional channel systems with mutually per-
pendicular 8-ring channels.

2.4.6 MOR

Type material: mordenite, |Nag(H0),4|[AlgSi490006]-MOR

The structure of MOR can be described in terms of chains of edge-sharing
mor units ([5']) along the [001] direction (Figure 2.15). Alternating mirror
images of these chains connected via oxygen bridges form puckered layers
containing circular 8-ring pores perpendicular to the [010] direction. Alter-
nating layers, each shifted by a translation of 1/2¢ compared to its neighbour,
once again connected via oxygen bridges, complete the three-dimensional
framework structure. This creates alternating, ellipsoidal 8- and 12-ring
channels between the layers. Although this results in a two-dimensional
channel network, the 8-rings connecting the large 12-ring channels are dis-
placed with respect to one another, and this throttles diffusion between the
channels. As a consequence, MOR effectively has a one-dimensional channel
system. Synthetic mordenite is used in the petrochemical industry for acid-
catalysed isomerization of alkanes and aromatics.

2.4.7 MFI

Type material: ZSM-5, |Na,(H,0)16|[AlSigenO192]-MFI, n<27

For a long time (since 1978), MFI, with its 12 unique T-atoms, was the
most complex zeolite framework structure known, until the structure of SSZ-
23 (STT) with 16 unique T-atoms was reported in 1998. Although it is pos-
sible to describe the framework structure of MFI using mor units ([5*]), it is
easier to do so in terms of mfi units ([5°], sometimes referred to as pentasil

]

=

Figure 2.15 MOR framework type and its 12-ring channel.
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B

[5%]
pentasil

pentasil
chain

Figure 2.16 MFI framework type and its 10-ring channel. Pentasil units are linked
to form the pentasil chains that form the basis of the MFI framework

type.

units) that are linked to form pentasil chains. These chains are mirrored
perpendicular to the b-axis to form corrugated layers with 10-ring pores in
the bc-plane (Figure 2.16). Adjacent layers are related to one another via an
inversion centre and linked via oxygen bridges. This results in a framework
with straight channels along [010], and sinusoidal channels along [100]
(perpendicular to the layers). Despite the lack of channels along the [001]
direction, the combination of straight and sinusoidal channels results in a
three-dimensional channel network. The MEL framework type is related to
MFI in that it is made up of the same layers. However, adjacent layers are
related to one another by a mirror plane instead of an inversion centre,
producing straight 10-ring channels in both directions. Intergrowths of MFI
and MEL are known to exist, and have been well studied.*®?°

Because ZSM-5 has proven to be one of the most useful zeolites for the
petrochemical industry, a large number of variations with the MFI frame-
work type have been synthesized. This serves as an excellent example of how
the chemistry of a zeolite influences its properties. For example, ZSM-5 is a
high silica aluminosilicate, and is used for acid-catalysed reactions such as
hydrocarbon isomerization and the alkylation of hydrocarbons. The MFI
framework type has also been produced as a pure silicate (silicate-1), which
is used as a molecular sieve, and as a titanosilicate (TS-1), which is a catalyst
for selective oxidation reactions under mild conditions using hydrogen
peroxide as the oxidant.

2.4.8 FER

Type material: ferrierite, |Mg,Na, (H,0),5|[AlsSi30072]-FER
The FER framework can be described in terms of layers consisting of
edge-sharing mor units, that are interconnected via oxygen bridges to form

1
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N
»

——

FER

Figure 2.17 FER framework type and its 10-ring channel.

alternating 6-ring and 10-ring channels along the [001] direction. This makes
the projection along this axis very similar to that of MFI. For FER, however,
straight 8-ring channels run along [010] and intersect the 10-ring channels to
form a two-dimensional channel network (Figure 2.17). The region connecting
parallel 10-ring channels is defined by small cavities ([5°6°8°]) that are only
accessible through the small 8-ring pores. Materials with the FER framework
structure can be synthesized with a great variety of cations, and are therefore
exploited as catalysts, as well as filters and ion-exchange agents.

249 CHA

Type material: chabazite, |Cag(H20)40|[Al12Si2,07,]-CHA

The CHA framework type can be described as a hexagonal array of dou-
ble 6-ring units with an ABCABC stacking arrangement, or as an AABBC-
CAABBCC stacking of 6-ring units, making it a part of the ABC-6 family. Each
double 6-ring is connected to six other 6-rings via oxygen bridges forming
4-rings between them (Figure 2.18). CHA contains large, elongated cavities
that are easily accessible from adjacent cavities via six 8-rings, thus forming
a three-dimensional channel system.

CHA can be produced as a silicoaluminophosphate (SAPO-34) or high
silica aluminosilicate (SSZ-13). The small pores combined with large internal
surface area and good thermal stability make CHA type materials suitable for
DeNoX catalysis (with Cu or Fe) and for MTO conversion, and as membranes
for gas separations.

2410 MWW

T]}pe material: MCM'ZZ, |H2_4Na3.1|[A10_4B5418i66'50144]'MWW
MWW is a layered framework, where each layer can be viewed as two sub-
layers consisting of a hexagonal array of [4°5°6°] units sharing 4-ring faces.
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A
A
B
B
C
C
A
A [4126286]
cha
CHA t-cha

Figure 2.18 CHA framework type and its cavity.

The sub-layers are mirrored, and connected via oxygen bridges, creating
double 6-rings, to form the larger layer. Each layer contains an isolated, two-
dimensional 10-ring channel network. The layers are stacked, and connected
via single oxygen bridges, creating another two-dimensional 10-ring channel
network. This results in a rather unusual channel system, consisting of two
non-intersecting, alternating, independent two-dimensional networks, one
within the layer and one between the layers. The latter also features large
12-ring side-pockets (Figure 2.19).

The first material discovered with the MWW framework type, MCM-22,
was synthesized via an intermediate layered precursor (MCM-22P), and later
directly as MCM-49. This prompted researchers to investigate new materials
consisting of MWW layers. A large number of different spatial arrangements
of these layers has now been realized, either via direct synthesis of expanded
or disordered forms or via post-synthesis treatment, such as pillaring,
delamination, or stabilization in expanded form.*°

2.4.11 *BEA

Type material: Beta polymorph A, |Na,|[Al,Si5;O1,5]-*BEA

The structure of zeolite beta (*BEA) is difficult to describe. The three-letter
code in the Database of Zeolite Structures is prefixed with an asterisk (*) to
indicate that it is disordered. The framework described corresponds to an
end member (polymorph A) of a polytypic series of structures that belong to
the zeolite beta family of structures. No ordered material with the *BEA
framework type has yet been produced.

Zeolite beta can be described in terms of mor units that are linked together
via 4-rings to form a layer with saddle-shaped 12-rings. The layers are con-
sistent between the different polymorphs of zeolite beta. The disorder arises
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‘monolayer’ <

[512614106]
Mww t-mww-1

Figure 2.19 MWW framework type showing the monolayer, the small cage, and a
pair of side pockets that are accessible from the interlayer channel.

from the way these layers are stacked. In polymorph A, adjacent layers are
related to one another by a clockwise 90° rotation around its crystallographic
four-fold screw axis, resulting in a chiral but ordered structure (Figure 2.20).
Its enantiomorph is produced by maintaining an anticlockwise 90° rotation
throughout the crystal. The disordered structure of zeolite beta emanates
when random sequences of clockwise and anticlockwise rotations are mixed.
Despite the stacking sequence, the channel system is always three-
dimensional with 12-ring pores.

In another end member of the zeolite beta family, termed polymorph C,
the layers are stacked with strictly alternating clockwise and anticlockwise
rotations of the layers. Zeolite beta polymorph C contains double 4-rings,
and was initially synthesized as a pure germanate.’" Because that structure is
ordered, it was assigned its own code, BEC.

Because zeolite beta can be synthesized with a very broad range of
chemical compositions and has a 3D 12-ring channel system, it has found
many applications in petrochemistry, fine chemistry, biomass transforma-
tion, and environmental chemistry.

2.4.12 *-SSO

Type material: SSZ-61, |(C16H26N)4|[Sig0O160(OH)4]-*—SSO
The framework of *—SSO is characterized by large one-dimensional,
dumbbell-shaped, 18-ring channels running along the [010] direction
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*BEA

Figure 2.20 *BEA framework type with two layers highlighted. The layer is shown
separately from two projections, with the screw axis indicated by a dot
(normal to the plane of projection) that relates adjacent layers.

(Figure 2.21). T-atoms at the waist of the channel are only three-connected
and bonded to terminal O atoms pointing into the channel, essentially
dividing the channel into two parts.

This framework nicely illustrates how a family of zeolites can be built up
from the same starting layer.

The *—SSO framework structure is closely related to that of MTW, and SFN
(Figure 2.21). All three consist of the same mtw layers; they differ only in the
connection between these layers. In MTW the layers are connected directly,
creating single zigzag chains running down the sides of the 12-ring channel.
In SFN, the layers are separated by 4-rings, which increases the c-axis by 2.9 A
and creates a 14-ring channel with double zigzag chains. In *—SSO, the
connection is via two 5-rings, extending the axis by 7.7 A and creating an
18-ring channel with triple zigzag chains. The three chains are linked in an
alternating fashion to form a series of 6-rings. Pairs of adjacent 6-rings are
bridged via two T-atoms to form mor units on both sides of the chains. These
two T-atoms are only three-connected, and this results in two terminal O
atoms protruding into the 18-ring channel. Intergrowths of *—SSO and MTW
have been observed by high-resolution transmission electron microscopy.’

In SSZ-61, the type material of *—SSO, a minor source of disorder in-
volving the three-connected T-atoms, was identified. These T-atoms are
linked in a pairwise fashion, but two pairing arrangements are possible. In
SSZ-61, these arrangements are not necessarily in register from one chain to
the next.
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M\

mww
layer
‘ A
sso chain < -
A
mww
layer |

e
sso chain

Figure 2.21 Comparison of the MWW, SFN, and *—SSO frameworks, viewed along
their 12-, 14-, and 18-ring channels, respectively, with the chains con-
necting the mww layers in each framework highlighted. The sso chain
connects the mww layers in the *—SSO framework, and has terminal
O atoms (shown in red).

2.4.13 UTL

Type material: IM-12, [Ge;3 gSigz.0015,]-UTL

The UTL framework type can be described as layers containing primarily 5-
rings. The layers consist of alternating chains of [4'5°] (non) units that are
linked together via oxygen bridges and an additional T atom. The layers
themselves are connected via d4r units to form a two-dimensional network
of perpendicular 12- and 14-ring channels (Figure 2.22).

Germanium is known to play a stabilizing role in the formation of d4r
units in germanosilicates,**** promoting the formation of novel zeolites.
However, the incorporation of Ge into a zeolite framework typically leads to a
reduction in thermal and hydrothermal stability. Researchers have found
ways to turn this drawback into an advantage and proposed a novel strategy
to transform a preformed known zeolite into new zeolite framework types,
which has been successfully demonstrated using the germanosilicate IM-12
(UTL).*>*® The structure of IM-12 is built up of Ge-rich d4r units that connect
the Si-rich layers. The Ge in the d4r units can be selectively removed under
the right conditions. In this way the layers can be rearranged and connected
into a new framework. These synthesis strategies have been used for the
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Figure 2.22 UTL framework type viewed along the 14-ring channel, and its 14-ring
channel.

preparation of new high silica zeolite framework structures that are in-
accessible through traditional, hydrothermal synthesis.?**™®

2.4.14 Zeolite Frameworks with Extra-large Pores

Zeolites with extra-large pores (>12-ring) are less common. Among the 232
zeolite framework types in the Database of Zeolite Structures, only 18 have
extra-large pores; 11 of them have ring sizes >16. These are 30-ring (—ITV),*’
21-24-ring (*—EWT), 20-ring (—CLO and —IFU), 18-ring (ETR , IRR, ITT,

—8S0, VFI) and 16-ring (IFO and —IRY); five of them are germanosilicates
(—ITV, —IFU, IRR, ITT, and —IRY) with d4r units.

The germanosilicate ITQ-37 (|(CN,H40)(H20)10.5/[Ge80Si1120400H32Fs0])
with the —ITV framework contains 30-ring gyroidal channels, and is one of
the few chiral zeolites (Figure 2.23).° The framework and channel systems
have opposite chirality. It has the lowest framework density (10.5 T-atoms
per 1000 A®) of all existing oxide zeolite frameworks.

EMM-23 (|(N3C19H40)3|[Sis40116(0OH),4]) with the *—EWT framework is the
first stable three-dimensional extra-large pore (alumino)silicate zeolite.>* The
framework contains highly unusual tri-lobe shaped channels (Figure 2.24),
which intersect with perpendicular 10-ring channels. The T-sites pointing
towards the tri-lobe shaped channel are only partially occupied, and this leads
to 21-ring channels when the T-sites are fully occupied (Figure 2.24a) or 24-
ring channels when the T-sites are empty (Figure 2.24b). EMM-23 contains
two- and three-connected T-atoms, with two or one terminal O atoms, re-
spectively, protruding into the 21-24-ring channels.
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Figure 2.23

(c) (d)

The —ITV framework type. (a) A slice (15.3 A thick) viewed down the
[111] direction. (b, ¢) The tile representation showing the framework
(green and orange) and the channel system (blue). (d) The large cavity

defined by three 30-rings.

Reprinted by permission from Macmillan Publishers Ltd: Nature,*

copyright (2009).
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Figure 2.24 Structure of EMM-23 with the *~EWT framework type viewed down the
c-axis showing the channel in two extreme cases. The structure contains
partially occupied T-sites pointing towards the channel, which leads to
a 21-ring channel when the T-sites are fully occupied and a 24-ring
channel when the T-sites are empty. Terminal O atoms are shown in

2.5 Structure Determination

red.

Reprinted with permission from ref. 20. Copyright (2014) American

Chemical Society.

All the information in the examples above has been derived experimentally
using crystallographic techniques. Crystal structure determination is routinely
performed using single-crystal X-ray diffraction data, provided that crystals of
large enough dimensions can be synthesized (>10 um). However, synthetic
zeolites are typically only available in polycrystalline form, and do not form
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crystals large enough for such analyses. Nowadays, PXRD and electron dif-
fraction are the most valuable experimental techniques for characterizing
polycrystalline samples of zeolites. While PXRD data offers structural infor-
mation on the entire bulk sample, electron diffraction provides information
on individual crystallites in the sample. Of the 43 zeolite framework types
approved since 2010, 34 were determined from the PXRD data alone or in
combination with electron diffraction/high-resolution transmission electron
microscopy (HRTEM) techniques. A brief overview of the use of PXRD and
electron crystallography to characterize zeolites is given below.

2.5.1 Information in a Powder Diffraction Pattern

A powder diffraction pattern contains a lot of information about the zeolite
sample being studied. Some of the most important features of a powder
pattern are shown in Figure 2.25. While some of these readily offer quali-
tative information about the material, extracting quantitative information
requires somewhat more expertise (see below).

In a powder diffraction pattern, the positions of the peaks (measured in
29) correspond to reflection positions. Note that a reflection does not ne-
cessarily give rise to a peak (the reflection may have an intensity of 0 de-
pending on the crystal structure), but a peak always indicates the presence of
a reflection. The reflections correspond to the lattice spacings (also referred
to as d-spacings) and therefore are determined solely by the size and shape
of the unit cell of the crystalline phase. The unit cell is the smallest repre-
sentative unit in the crystal lattice that can be translated in three dimensions
to describe the bulk atomic arrangement of the material. Each peak cor-
responds to at least one reflection, and each reflection is assigned to a Miller
index (kI value) in relation to the unit cell, in a procedure called indexing.
This is straightforward for materials with small unit cells and high symmetry
(e.g. those with cubic or hexagonal crystal systems), but is complicated by the

’ Peak width
| Relative peak intensities
| ‘ |
1
‘ Impurities i
Background |
|
/ / | Reflection positions | |
3 4 5 6 7 8 9 10 11

26 (%)

Figure 2.25 A powder diffraction pattern, with the features of interest highlighted.
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Zeolite Structures 65

fact that reflections that have similar d-spacings may overlap. Typically,
overlapping reflections are undesirable, because they result in an ambiguity
in the assignment of reflection intensities, which further complicates an-
alysis. Note here that crystalline phases with larger unit cells or lower crys-
tallographic symmetry will typically generate more reflections. If all
reflections can be indexed with a single unit cell, this is a good indication
that the phase is pure. If there are additional reflections present, unindexed
by the unit cell, this may indicate the presence of an additional crystalline
phase or that the unit cell is incorrect. Nowadays, a large number of reliable
auto-indexing programs are available for determining the unit cell from a list
of peak positions (29 values or d-spacings).*’

If the positions of the reflections give information about the dimensions
of the unit cell, then the relative reflection intensities describe the atomic
decoration of the unit cell. In other words, the reflection intensities are re-
lated to the type and position of the atoms (i.e. electron density), and are the
summation of all X-ray photons diffracted by the crystals. The intensities are
therefore related to the average crystal structure of the sample being studied.
It is important to note that even a small change in the crystal structure (e.g.
after ion exchange) will involve all reflection intensities, although some may
be more affected than others.

Peak widths can be used as a first indicator of crystal quality. Narrow
peaks mean more well-defined unit cell parameters, and are preferred for
structural analysis, because overlapping reflections can be resolved more
easily. They are dependent on the intrinsic instrumental peak width, stress
or strain, and crystallite size (or, more precisely, size of the coherent do-
main). The smaller the crystallites, the broader the peaks become, especially
for those smaller than 1 um. For small plate-like or needle-shaped crystals,
reflection broadening may occur along one or two crystallographic dir-
ections, respectively, and is referred to as anisotropic line broadening.

The background in a powder pattern corresponds to everything that cannot
be described by the zeolite crystal structure. A high background can indicate
the presence of a large amount of amorphous material (e.g. unreacted gel), but
air scatter, the tail of the direct beam, or the glass capillary can also contribute
to the background. X-Ray fluorescence may also occur and add to the back-
ground, for example, if a Fe-containing material is measured using Cu Ko
radiation. This can be avoided by using a different wavelength.

2.5.2 Powder Diffraction for Phase Identification

The most widespread use of powder diffraction is for phase identification,
because every zeolite framework structure produces a distinct diffraction
pattern, which serves as a fingerprint for the material. Both the positions
and the relative intensities of the reflections are characteristic for a par-
ticular phase, so identification can be performed by comparing the meas-
ured pattern to that of a known standard or previously prepared material.
For this purpose, Treacy and Higgins put together the Collection of Simulated
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XRD Powder Patterns for Zeolites,** which contains calculated patterns of 226
zeolite materials representing 176 framework types. Although the book was
published 10 years ago, it contains the most commonly encountered, and
frequently synthesized, zeolites and is therefore a worthwhile resource to
turn to. Nowadays, all this information is also available in the online
Database of Zeolite structures. It is important to note that the presence of
extra-framework species, and different heteroatoms, can affect the reflection
intensities, unit cell, and symmetry, and this can hinder identification.

Furthermore, it is often possible to obtain the relative concentrations of
several phases in a sample from a single diffraction pattern. It is relatively
easy, and both time- and cost-efficient, to measure a diffraction pattern
using a laboratory instrument. This is why powder diffraction is used ex-
tensively in industrial and academic laboratories for identification, charac-
terization, and quality control. Provided the data quality is good enough,
structure determination using PXRD data is also possible.**

2.5.3 Structural Analysis using Powder Diffraction Data

It is often possible to follow structural changes in a material by evaluating
differences in the relative peak intensities in the powder pattern. A difference
in the powder diffraction pattern usually indicates that a modification of the
crystal structure has occurred, and can be used as a simple method to see
whether a post-synthesis treatment has had the desired effect. For example,
non-framework species have a noticeable effect on the relative intensities in
the low-angle region. A calcined material typically has higher relative peak
intensities in this region than does an as-synthesized material. The high-angle
region is usually less sensitive to the presence of electron density in the zeolite
channels, and more affected by small deviations in the atomic positions from
the ideal framework positions, atomic displacement (thermal vibrations of the
atoms), defects, bond lengths, and presence of heteroatoms.

To extract more detail from the powder pattern, a full Rietveld (whole-
profile) structure refinement should be performed.**** The Rietveld method
is used to complete, refine, and validate a structural model, by calculating
the diffraction pattern corresponding to the model and comparing it to the
experimental pattern. By minimizing the difference between the observed
and calculated powder pattern via a least-squares minimization routine, the
structural parameters of the model can be improved. In this way, depending
on the quality of the powder pattern, accurate quantitative information can
be extracted.

It is generally accepted that the locations of inorganic cations of an as-syn-
thesized or ion-exchanged zeolite can be found in difference electron density
maps during the course of a Rietveld refinement. Locating the organic cation is
more difficult, because the organic compounds consist of light scatterers and
typically have low point symmetry, while the zeolite hosts consist of heavier
scatterers and tend to adopt higher symmetries. These features result in a lack
of contrast that makes it difficult to ‘see’ the organic guest species, but their
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Zeolite Structures 67

positions can generally be located through a careful difference electron density
calculation and interpretation combined with Rietveld refinement.*’

The location of heteroatoms (e.g. Ge in germanosilicates or B in boro-
silicates) can sometimes be determined during the refinement process.
Provided the population of the heteroatom is high enough, a difference
electron density map will readily reveal its position. The notable exception
here is Al in aluminosilicates, which is notoriously difficult to find, because
the contrast in X-ray diffraction comes from the difference in electron
density, and Si and Al have very similar scattering characteristics. However,
the bond distances of Si-O (~1.61 A) and Al-O (~1.74 A) are different, and
this can sometimes be used to indirectly distinguish the two.

2.5.4 Electron Diffraction

Electron diffraction (ED) is complementary to PXRD, and can also be used
for phase identification and structural analysis. Each crystallite in a powder
sample behaves like a single crystal in ED, and there is no peak overlap in
ED. Thus ED has a unique advantage for studying multiphasic samples.
Normally, an ED pattern is obtained by selecting one crystallite, aligning it
along a crystallographic axis (zone axis), and recording the pattern of the
selected crystallite. An ED pattern is a 2D section of the 3D reciprocal lattice
that can be used as a fingerprint for phase identification. The two shortest
reciprocal lattice vectors (in A~') and the angle between them can be de-
termined from the ED pattern. They are compared with those calculated for a
given zeolite. If these three values fit, it is likely that the ED pattern is from
that zeolite. However, in some cases, more than one zeolite might fit an ED
pattern, especially if the ED pattern is taken along a zone axis with high
indices or if the zeolite structures have some identical projections. To resolve
the ambiguity, more than one ED pattern should be taken from the same
crystal, and all ED patterns and the tilt angles between them should be used
to search for the best fit.*

Recently, new 3D ED methods were developed, in particular automated
diffraction tomography (ADT)*” and rotation electron diffraction (RED),*® for
collecting a series of ED patterns from an arbitrarily oriented crystal. Almost
complete 3D ED data can be collected. Phase identification is much easier
using 3D ED data. The 3D peak positions and peak intensities can be extracted
from the ADT/RED data and combined into a 3D reciprocal lattice. The unit
cell parameters can be determined directly from this reconstructed reciprocal
lattice.*”*® Possible space groups can be deduced from the systematically ab-
sent reflections. The unit cell and space group are used to identify the zeolite.

In addition to unit cell and space group determination, the 3D ED data
can also be used to determine the structure of a new zeolite. The procedure
is similar to that used to determine a structure from single-crystal X-ray
diffraction. The advantage is that the same software can be used with the 3D
ED data. A large number of zeolite structures have been solved using 3D ED
data,*® one example (ITQ-51, IFO) is shown in Figure 2.26.”°
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A A0,
b PO,

Figure 2.26 (a-d) 2D slices of the reciprocal lattice of ITQ-51 (IF0),*® copyright
(2013) National Academy of Sciences, reconstructed from the 3D RED
data. (a-c) 2D slices from the crystal shown in the inset of (c). (d) 2D
(hol) slice from a different crystal, showing that the two datasets cover
different parts of reciprocal space. (e) Structural model for ITQ-51
viewed along the c-axis.

For phase identification, it is important to calibrate the camera length and
ensure that the crystal is at the eucentric height so that the d-values are
determined accurately. For structure determination, it is important to collect
the ED data from very thin crystals (<100 nm) in order to minimize dy-
namical effects and thereby obtain more kinematical ED intensities.

2.5.5 Structural Analysis using HRTEM Images

High-resolution transmission electron microscopy (HRTEM) images can also
be used for phase identification and structure determination, but this tech-
nique is more demanding.*® Both the crystallographic amplitude and phase
information can be extracted from HRTEM images and used for structure
determination. HRTEM has unique advantages for studying disordered zeolite
materials, because the local atomic arrangement can be observed directly. One
such example is the determination of the structure of ITQ-39 (*—ITN) using
HRTEM images taken along two perpendicular crystallographic axes.'® Twin-
ning and stacking disorders can be visualized directly from the HRTEM images
(Figure 2.27). The structure factor amplitudes and phases were obtained from
very small regions free of defects and used to reconstruct the 3D electrostatic
map, from which the structural model could be obtained (Figure 2.27).

Electron crystallography is powerful for structure identification and
structure solution from individual nano- or micron-sized particles, and
PXRD provides information from all phases present in the sample (the bulk
material). While electron crystallography suffers from dynamical scattering,
PXRD data are kinematical. Therefore, electron crystallography and PXRD
are highly complementary and their combination is a powerful one for
studying multiphasic samples and complicated crystal structures.
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Figure 2.27 HRTEM images of ITQ-39 (*—ITN) taken along (a) [010] and (b) [100].
The domains used for structure factor determination are outlined by
rectangles. (c¢) The 3D electrostatic potential map reconstructed from
the structure factor amplitudes and phases extracted from the marked
domains with the refined structural model superimposed.

Reprinted by permission from Macmillan Publishers Ltd: Nature
Chemistry," copyright (2012).

2.6 Conclusions

Despite the fact that the basic building unit of a zeolite is a simple TO,
tetrahedron, these can be arranged in an infinitely large number of ways.
Researchers are applying increasingly sophisticated synthesis techniques to
produce materials with increasingly complex framework structures. So far,
the online Database of Zeolite Structures contains only unique 232 frame-
work structures corresponding to materials whose structures have been
determined to the satisfaction of the Structure Commission of the Inter-
national Zeolite Association. Of those, 13 important, relevant, or otherwise
interesting framework structures have been selected, not only to highlight
the great structural variety present in zeolites but also the features that bind
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them. Different ways of characterizing features common to different
framework types, such as building units, ring sizes and channel systems,
vertex symbols, and coordination sequences, have been described.

In addition to the framework architecture, other structural features such
as chemical composition and the positions of heteroatoms, the location of
extra-framework cations and guest species absorbed in the pores, and
stacking faults or defects have been discussed. To fully understand a ma-
terial’s properties, all these aspects should be considered. Several examples
have been highlighted throughout this chapter.

Widely accessible methods, such as PXRD, 3D ED, and HRTEM, can be
used for phase identification and structural analysis of zeolite materials.
These techniques are highly complementary and the combination needed
depends upon the information required.
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