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Abstract 

Zeolites are crystalline microporous aluminosilicates with well-defined cavi-

ties or channels of molecular dimensions. They are widely used for applica-

tions such as gas adsorption, gas storage, ion exchange and catalysis. The 

size of the pore opening allows zeolites to be categorized into small, medium, 

large and extra-large pore zeolites. A typical zeolite is the small pore sili-

coaluminophosphate SAPO-34, which is an important catalyst in the MTO 

(methanol-to-olefin) process. The properties of zeolite catalysts are deter-

mined mainly by their structures, and it is therefore important to know the 

structures of these materials to understand their properties and explore new 

applications.  

Single crystal X-ray diffraction has been the main technique used to de-

termine the structures of unknown crystalline materials such as zeolites. This 

technique, however, can be used only if crystals larger than several micro-

metres are available. Powder X-ray diffraction (PXRD) is an alternative 

technique to determine the structures if only small crystals are available. 

However, peak overlap, poor crystallinity and the presence of impurities 

hinder the solution of structures from PXRD data. Electron crystallography 

can overcome these problems. We have developed a new method, which we 

have called “rotation electron diffraction” (RED), for the automated collec-

tion and processing of three-dimensional electron diffraction data. This the-

sis describes how the RED method has been applied to determine the struc-

tures of several zeolites and zeolite-related materials. These include two 

interlayer expanded silicates (COE-3 and COE-4), a new layered zeolitic 

fluoroaluminophosphate (EMM-9), a new borosilicate (EMM-26), and an 

aluminosilicate (ZSM-25). We have developed a new approach based on 

strong reflections, and used it to determine the structure of ZSM-25, and to 

predict the structures of a series of complex zeolites in the RHO family. We 

propose a new structural principle that describes a series of structurally relat-

ed zeolites known as “embedded isoreticular zeolite structures”, which have 

expanding unit cells. The thesis also summarizes several common structural 

features of zeolites in the Database of Zeolite Structures.   

 

Key words: zeolites, rotation electron diffraction, structure determination, 

structure prediction, strong reflections approach  
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1. Introduction 

Porous materials are promising and important materials distinct from tradi-

tional dense materials such as Au, TiO2 and CdS. Porous materials are wide-

ly used in the adsorption, catalysis, gas separation and purification, and en-

ergy storage. The International Union of Pure and Applied Chemistry (IU-

PAC) (1) has categorized porous materials into three types based on the size 

of their pores: microporous (with a pore size smaller than 2 nm), mesoporous 

(2-50 nm) and macroporous (larger than 50 nm). Five important classes of 

porous materials have recently been reviewed by Prof. Andrew I. Cooper at 

the University of Liverpool (2) (Figure 1.1). Zeolites are considered to be 

“traditional” porous materials, while the other classes reviewed by Cooper 

(metal-organic frameworks (MOFs), covalent organic frameworks (COFs), 

porous organic polymers and porous molecular solids) have been developed 

more recently, during the past twenty years. These new porous materials can 

be tailored or given specific functions very easily by the elaborate design of 

organic motifs. Yaghi, for example, has shown MOF-74-XI, which belongs 

to a series of MOF-74 structures, can be given a pore size in the mesoporous 

range (9.8 nm) by expanding the organic linkers (3). Another example is 

from Mircea Dinca’s research group at the Massachusetts Institute of Tech-

nology, who created a series of electroactive thiophene COFs. One of these 

is an unusual charge-transfer complex with tetracyanoquinodimethane 

(TCNQ) (4). However, comprehensive parameters, such as selectivity, kinet-

ics, mechanical properties and stability, are more important for large-scale 

industrial applications. Since “traditional” zeolites have suitable properties in 

these respects, they are widely used and have not yet been replaced by these 

promising new porous materials (Section 2.2). 

The first natural zeolite, stilbite (whose framework type code (FTC) is 

“STI”), was discovered 260 years ago by a Swedish mineralogist, Axel 

Fredrik Cronstedt (5), while the first synthetic zeolite (levynite, FTC: LEV) 

(6) was reported in 1862 by St. Claire Deville, who mimicked the conditions 

in which natural zeolites formed. In 1948, Barrer, a pioneer in the systematic 

synthesis of zeolites, obtained the first unknown zeolite (ZK-5, FTC: KFI) 

(7, 8), where “unknown” denotes that no natural counterpart was known at 

that time. Another breakthrough in the synthesis of zeolites came in 1961, 

when Barrer and Denny utilized quaternary ammonium cations to synthesize 

zeolites. The widely-used ZSM-5 (9) and zeolite beta (10) were synthesized 
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by this method. This approach to synthesis has remained popular and is an 

efficient method for synthesizing new zeolites (11, 12).  
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Figure 1.1 Classes of porous materials and selected functions. Reprinted 

with permission from Ref. 2. Copyright © 2015, the American Association 

for the Advancement of Science. 

Zeolite scientists have long pursued large-pore zeolites that can accom-

modate large molecules and facilitate their mass transport. However, 

small-pore zeolites have recently come into focus. These zeolites have 

shown to be useful in the methanol-to-olefin (MTO) process (13), gas sepa-

ration (14–17) and selective catalytic reduction (SCR) (18). Zeolite re-

searchers have traditionally showed their passion by synthesising zeolites 

with complex three-dimensional frameworks. Now, however, one of the hot 

research topics has become the post-synthesis of two-dimensional zeolite-

related materials. Two-dimensional ferrierite layers are one example: they 

can be obtained by etching double 4-rings in a known germanosilicate, IM-

12 (FTC: UTL). At least seven new zeolites have been synthesized through 

further careful manipulation of these 2D layers by fine tuning the pH, adding 

extra sources or silica, or using other organic templates (19–22). 

It is necessary to know the atomic structure of a zeolite to understand its 

properties and to perform precise post-synthesis and modification. The di-

mensions of the crystallographic unit cell, the crystal space group and the 
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positions of atoms are all determined during structure determination. The 

history of the structure determination of zeolites shows that it is based on 

data obtained in real space (model building and high resolution transmission 

electron microscopy (HRTEM) imaging), reciprocal space (several diffrac-

tion techniques, including single crystal X-ray diffraction (SCXRD), powder 

X-ray diffraction (PXRD) and electron diffraction), and a combination of 

both. Refinement of a preliminary structural model against the experimental 

data has been used to confirm whether the model is correct. For example, 

Pauling and Taylor solved the structures of six zeolites (23–27) in the 1930s 

by combining model building with careful analysis of the crystal symmetry 

(unit cell dimensions and space group), which had been obtained from 

SCXRD and PXRD. Zeolite structures could not at that time be solved from 

diffraction data directly. Even today, the model building approach is very 

helpful. Some structural features of the zeolites studied here are summarized 

in Chapter 6, in order to make the structure determination of zeolite by this 

method much more convenient.  

X-ray diffraction techniques have matured, and algorithms for phasing 

have been developed, and thus SCXRD and PXRD have become the main 

tools for the ab initio solution of unknown structures including zeolites. 

SCXRD is limited by the availability of sufficiently large crystals (crystals 

of dimensions around 20 µm are needed for in-house SCXRD diffractome-

ters), while PXRD suffers from reflection overlap, the presence of impuri-

ties, poor crystallinity, and disorder. Electron crystallography, which in-

cludes both electron diffraction and HRTEM, can overcome these problems. 

One recent breakthrough in electron crystallography is the development of 

3D electron diffraction techniques including automated diffraction tomogra-

phy in Ute Kolb’s group in Mainz (28–30) and rotation electron diffraction 

(RED) in our research group of (Section 3.2.4) (31, 32). This technique al-

lows 3D electron diffraction data to be collected from nano-sized crystals. 

The 3D ED can be used to determine structures by employing known algo-

rithms for phasing. The ED data, however, suffers from two main problems: 

dynamical effects and electron beam damage, which makes it difficult to 

carry out accurate refinement against ED data. Several novel structures have 

been solved from 3D ED data (33–42). In the work presented in this thesis, 

RED has been used to determine the structures of submicrometer-sized zeo-

lites. The structures have then been refined by the Rietveld technique using 

PXRD data. The interaction between non-framework species and the frame-

work has been elucidated through Rietveld refinement. 

In addition to the structure determination of novel zeolite structures, the 

thesis includes also structure prediction of new zeolites with tailored proper-

ties. Michael W. Deem et al. have constructed a database of computationally 

predicted zeolite-like materials using a Monte Carlo search (43). We have, in 

contrast, developed an approach for predicting structures based on the al-
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ready-known structures of zeolites. Our approach can also link the structure 

prediction with the synthesis of zeolites.  

The main objects of the work presented here were:  

1) To solve the structures of several zeolite-related materials (COE-3, COE-

4, and EMM-9) and a borosilicate zeolite EMM-26 using the RED method 

by direct methods. 

2) To use Rietveld refinement to validate the structural models obtained 

from RED data and to elucidate the interactions between non-framework 

species and the framework.  

3) To develop a new approach (which we have called “the strong reflections 

approach”) to identify a zeolite family, determine structures (ZSM-25, FTC: 

MWF), and predict structures (PST-20, PST-25, PST-26 and PST-28). In a 

way, this unique approach can guide the synthesis of zeolites.  

4) To summarize common structural features of known zeolites. This sum-

mary may help in the structure determination of unknown zeolites, and in-

spire the synthesis of new zeolites with similar structural features. 
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2. Zeolites 

Zeolites are crystalline microporous aluminosilicates with well-defined cavi-

ties and/or channels. Due to their wide applications for ion exchange, gas 

separation, gas storage and organic catalysis, zeolites have drawn increasing 

attention from both academia and industry. The term “zeolite” was originally 

coined in 1756 by the Swedish mineralogist Axel Fredrik Cronstedt. When 

he rapidly heated the mineral stilbite (FTC: STI), a large amount of steam 

was produced from water that had been absorbed in the mineral. Based on 

this, he called the material “zeolite”, which is derived from two Greek words: 

“zéō”, to boil and “líthos”, a stone (5). The basic crystallographic building 

unit of a zeolite is TO4 (T, tetrahedron), where the T atom can be Si or Al. 

The typical distances of Si-O, O-O and Si-Si are 1.61 Å, 2.63 Å and 3.07 Å, 

respectively, in the pure silica form (Figure 2.1). The TO4 tetrahedra connect 

with the adjacent tetrahedra through corner-sharing, generating the three-

dimensional (3D) framework of a zeolite. Replacement of Si
4+

 with Al
3+ 

in 

zeolites results in negative charges in the framework. Inorganic cations (such 

as Li
+
, Na

+
 and K

+
), organic cations (such as TPA

+
, tetrapropylammonium), 

or a mixture of both can be introduced into the channels or cavities of zeo-

lites to balance the negative charges from the framework, making the total 

charge of the entire structure neutral. The chemical elements initially identi-

fied in zeolites (Al and Si) have now been extended to include B, P, Ti, V, 

Mn, Fe, Co, Ni, Zn, Ga and Ge. This extension has made the structures and 

properties of zeolites much more diverse and fascinating, and has opened an 

avenue to create zeolites with larger pores than conventional aluminosilicate 

zeolites (44).  

2.1 Zeolite structure  

The International Zeolite Association (IZA) has approved 231 zeolite FTCs. 

Some common structural features are present in different zeolite structures, 

and these will be introduced and summarized in this section. 

https://en.wikipedia.org/wiki/Sweden
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Figure 2.1 Typical Si-O, O-O and Si-Si distances in the pure-form silica zeolite. 

2.1.1 Building units  

As mentioned before, the basic building units of zeolites are tetrahedra with 

chemical formula TO4 (T=Al, Si, P, Ge, B...). These can form a number of 

larger building units. Zeolite structures are usually described in terms of 

secondary building units (SBUs), composite building units (CBUs), chains 

and layers. 

SBUs should satisfy the following requirements (45): 

(1) The entire framework should be constructed based on one single unit; 

(2) The number of SBUs within one unit cell should be an integer;  

(3) The maximum number of T atoms in one SBU is 16.  

All SBUs are summarized in the IZA Database of Zeolite Structures (46). 

It is fascinating to see how the same SBUs with different connections gener-

ate a variety of zeolite structures. For example, SFO, AFR, ZON, JSN (type 

material: MAPO-CJ69) and OWE frameworks have the same 4-4- SBUs, 

which can be described as double 4-rings with one-edge disconnected (47, 

48). “Head-to-tail” arrangements of 4-4- SBUs appear in the first four 

frameworks, while “shoulder-to-shoulder” arrangements of these SBUs 

show up in the OWE framework. In addition, the layers in the SFO and 

AFR frameworks are identical, but linked in different ways. The former is 

linked via inversion center, while the latter is connected via mirror symmetry, 

as shown in Figure 2.2. In this thesis, a 2D layered structure with the 4-4- 

SBUs, EMM-9, will be introduced in Chapter 4.  
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Figure 2.2 The complete building process from 4-4- SBUs to three couples 

of structurally closely related structures: SFO and AFR, JSN (type material: 

MAPO-CJ69) and ZON, OWE and a hypothetical structure H-CJ69. Re-

printed with permission from Ref. (47). Copyright (2012) American Chemi-

cal Society. 

Although SBUs can be used as the only building unit to describe a certain 

zeolite structure, it is more interesting to use composite building units 

(CBUs). CBUs are the building units that are frequently found in several 

zeolites. A zeolite structure can be built using more than one CBU. All 

CBUs are summarized in the IZA Database of Zeolite Structures (49). Figure 

2.3 shows some common and simple CBUs. Take the CBU lta cage for ex-

ample; it is composed of twelve 4-rings, eight 6-rings and six 8-rings, so the 

tile symbol for it can be written as [4
12

6
8
8

6
]. This cage can be found in the -

CLO, KFI, LTA, LTN, PAU, RHO, TSC and UFI frameworks.  

Some zeolite structures consist of chains. The three most common chains, 

the double zig-zag, double saw-tooth and double crankshaft chains are 

shown in Figure 2.4. The approximate periodicity is 5 Å for the double zig-

zag chain, 7.5 Å for the double saw-tooth chain and 10 Å for the double 

crankshaft chain. It is useful to know these characteristic chain periodicities 

when determining the structures of unknown zeolites (Chapter 6).  

A nomenclature similar to that used for chains has been developed to de-

scribe 2D three-connected layers. Some zeolites can be built from a single 

type of layers. Neighbouring layers are related either by a simple translation 

or by symmetry operations, and are further connected to construct a variety 

of zeolite structures from the same basic layer. Consider the structure of the 
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layer denoted as “4·8
2 
layer” (Figure 2.5), for example; each node is associ-

ated with one 4-ring and two 8-rings, leaving the fourth connection pointing 

up or down. The combination of different up and down possibilities gener-

ates a variety of zeolite structures, examples of which are the GIS and ABW 

frameworks. Each node within the 4·8
2 
layer is three-connected, leaving the 

fourth connection pointing up (highlighted in blue) or down (highlighted in 

yellow) (Figure 2.5). Another zeolite family with a “butterfly” layer will be 

presented in detail in Chapter 6.  

 
Figure 2.3 Seven cages found in zeolites.  

 

            
Figure 2.4 Three types of chains frequently observed in zeolite structures.  
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Figure 2.5 The up-down configurations of 4·8
2 
layers in the GIS and ABW 

frameworks. “Up” and “down” modes are highlighted in blue and yellow, 

respectively. 

2.1.2 Pore system 

Zeolites can be categorized into four categories, based on the numbers of 

TO4 tetrahedra that define the pore window: small pore (delimited by 8 TO4), 

medium pore (10 TO4), large pore (12 TO4) and extra-large pore (more than 

12 TO4) zeolites. The diameters of the pore openings are normally approxi-

mately 3.8 Å in small pore, 5.3 Å in medium pore and 7.4 Å in large pore 

zeolites, respectively. The pore diameter in the extra-large pore VPI-5 mate-

rial with 18-ring pores (FTC: VFI) is approximately 12.7 Å. However, pore 

openings may be ellipsoid or may have more complicated shapes, and thus 

some medium pore or large pore zeolites appear as small pore zeolites. For 

example, a 3D open framework borogermanate SU-16 (FTC: SOS), synthe-

sized using diethylenetriamine (EDTA) (50), has an elliptical 12-ring open-

ing with a small effective pore size (3.9 Å × 9.1 Å) (51). In Chapter 4, an-

other new medium pore zeolite EMM-26 but with a small effective pore 

opening will be introduced. It shows effective selectivity of CO2/CH4.  

2.1.3 Non-framework species 

Positions of inorganic cations and organic structure directing agents (OSDAs) 

play significant roles in determining the properties of zeolites and crystal 

growth mechanisms. The importance of the positions of the inorganic cations 

and OSDAs is described below, using Zeolite A (FTC: LTA) and SSZ-52 

(FTC: SFW) as examples.  

The effective pore opening of Zeolite A can be tuned depending on the 

type of inorganic cations that occupy the pores. The pore diameter is 3 Å 

with K
+
 (known as Zeolite 3A), 4 Å with Na

+
 (Zeolite 4A) and 5 Å with Ca

2+
 

(Zeolite 5A). As shown in Figure 2.6, dehydrated Zeolite 3A demonstrates 
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three typical positions for K
+
: in the middle of the 6-ring, on the edge of the 

8-ring and near the 4-ring. The distribution of Na
+
 ions

 
in the dehydrated 

Zeolite 4A is
 
similar to that in Zeolite 3A, but the effective pore size is 

greater, approximately 4 Å because of the smaller size of Na
+
 compared to 

that of K
+
. The Ca

2+ 
ions are located

 
in the middle of a 6-ring of the -cage 

in the dehydrated Zeolite 5A, expanding the 8-ring pore size to 5 Å. The 

pore opening can be further tuned by incorporating more than one type of 

inorganic cations. For example, NaK Zeolite A, containing a mixture of Na
+
 

and K
+
 cations in a ratio of 83:17, shows a very high ideal CO2 (kinetic di-

ameter: 3.3 Å) /N2 (kinetic diameter: 3.6 Å) selectivity (52). This phenome-

non can be explained by the “trapdoor” mechanism (14, 15). 

SSZ-52 (FTC: SFW) provides an example of the importance of OSDAs. 

This compound was synthesized at Chevron Energy and Technology Com-

pany using an unusual polycyclic quaternary ammonium cation as the OSDA 

(53). The structure of the zeolite was solved by high-level model building, 

based on the unit cell parameters of SZZ-52. Seven possible structural mod-

els were built, one of which was compatible with the experimental data. 

Rietveld refinement showed that there are two OSDAs in a single cavity. 

The pair of OSDAs with the “head-to-head” configuration (the tail has a 

positively charged amine) directed the arrangement of the double 6-rings 

surrounding them. This detailed structural information helped to understand 

the growth mechanism of the SSZ-52 zeolite. 

 

 
Figure 2.6 Zeolite A -cage showing the locations of inorganic cations in 

the pore. (a) Zeolite 4A with Na
+
 in the pore, (b) Zeolite 3A with K

+
 in the 

pore and (c) Zeolite 5A with Ca
2+

 in the pore.   
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2.2 Properties of zeolites  

2.2.1 Small pore zeolites 

The methanol to olefin (MTO) process (13), gas separation (14–16) and se-

lective catalytic reduction (SCR) (18) have stimulated renewed interest in 

the application of small pore zeolites as molecular sieves. This section fo-

cuses on the gas separation such as CO2/N2 and CO2/CH4.  

Natural gas is a hydrocarbon gas mixture formed in nature, consisting 

primarily of methane with small amounts of carbon dioxide, nitrogen, and 

hydrogen sulphide. The removal of undesirable CO2 in order to upgrade 

natural gas was previously mainly carried out by aqueous amine scrubbing 

(54), which requires much energy. The separation can be carried out more 

simply and in a more environmentally friendly manner using small pore 

zeolites. For example, the effective pore size of the RHO framework is 

about 3.6 Å, which allows the smaller carbon dioxide molecules (with a ki-

netic diameter of 3.3 Å) to pass through and prevents larger molecules such 

as nitrogen (kinetic diameter: 3.6 Å) and methane (kinetic diameter: 3.8 Å). 

Furthermore, the gas selectivities of CO2/CH4 and CO2/N2 can be further 

enhanced using the cations-exchanged zeolite Rho (RHO). Displacements of 

cations located at the 8-ring sites of the Rho allow CO2 uptake to occur, 

which explains this promising result. 

2.2.2 Medium pore zeolites 

ZSM-5, initially discovered in 1965 by Mobil Technology Company (9), and 

synthesized using tetrapropylammonium as an OSDA, is a classical medium 

pore zeolite with straight 10-ring channels along the b-axis and zig-zag 10-

ring channels along the a-axis (55). It is widely used in many applications 

such as propylene production (56), gasoline octane improvement (57), meth-

anol to hydrocarbons conversion (58) and the product selectivity of xylene 

(59, 60). 

The para-selectivity of modified ZSM-5 zeolites is an example of the 

product selectivity of xylene. Several products, such as ethylbenzene, sty-

rene and xylene can be formed over zeolites through alkylation of toluene 

with methanol, which results in the insertion of the methyl group in the chain 

or in the ring (59, 60). The selectivity over a certain product can be tuned by 

controlling the acidity/basicity of the zeolites. Normally, acidic zeolite cata-

lysts are used for the formation of xylene through the methylation of toluene. 

Furthermore, a high concentration of methanol will promote the formation of 

trimethylbenzene (which is formed by a bimolecular mechanism), while a 

low concentration of methanol will eliminate the formation of trimethylben-

zene and facilitate the formation of xylene. B- and P-modified ZSM-5 have 
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higher para-selectivities, because the guest ions B and P decrease the free 

diameter of the catalyst, leading to the rapid release of p-isomers. 

2.2.3 Large pore zeolites 

Zeolite Y, with framework type code FAU, crystallizes in the cubic crys-

tal system with a = 24.74 Å. The composite building units in Zeolite Y are 

double 6-rings and sodalite (sod) cages. Each sod cage connects with four 

double 6-rings (Figure 2.7a), while each double 6-ring links to two sod cages, 

generating a 3D channel system with 12-ring pore openings (with a pore size 

of 7.4 Å) (Figure 2.7c). Zeolite Y shows a promising catalytic performance 

in fluid cracking catalysis, which is used to convert the high-boiling hydro-

carbon fractions of crude oils to more valuable gasoline and other products. 

This is mainly due to its unique properties: (1) high surface area and relative-

ly large pore size; (2) strong Brønsted acidity; and (3) excellent thermal and 

hydrothermal stability (61). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7 (a) One sod cage connects with four d6rs; (b) one d6r links two 

sod cages; (c) a 12-ring highlighted in dark blue in the FAU framework. 
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3. Structure determination of zeolites 

An introduction to crystallography will be given before we go on to consider 

solving the structures of zeolites. Crystallography is useful not only in the 

zeolite field, but also for unravelling the structure of any unknown crystal-

line material. Structural analysis based on crystallography can be done in 

two spaces: real space (direct space) and reciprocal space (diffraction space).  

3.1 Basic crystallography 

3.1.1 Crystals and crystallographic symmetry in real space 

The following introduction to crystallography is based mainly on two crys-

tallography books: Phasing in Crystallography by Carmelo Giacovazzo (62), 

and Electron Crystallography by Xiaodong Zou, Sven Hovmöller and Peter 

Oleynikov (63).   

Crystal  

According to the definition of The International Union of Crystallography 

(IUCr), “a material is a crystal if it has essentially sharp peaks in its diffrac-

tion pattern. The word ‘essentially’ is used to describe the situation in which 

most of the diffraction intensity is concentrated in relatively sharp Bragg 

peaks, with a small fraction in the always present diffuse scattering ”(64).  

Unit cell  

Crystals are periodic in three dimensions. It is unnecessary to describe a 

crystal by the individual atom. The crystal can be described by a smallest 

and periodically-repeated parallelepiped, which is called “unit cell”. The unit 

cell should satisfy the following requirements:  

1) The content and size of all the unit cells in a perfect crystal are identical. 

2) The entire crystal is constructed by the edge-to-edge translation of the unit 

cells in 3D, without any rotation or mirror symmetries of the unit cells. 

3) The symmetry of the unit cell should reflect the internal symmetry of the 

crystal.  
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The unit cell is defined by three basic lattice vectors (a, b and c), with three 

unit cell dimensions a, b, c and three angles (α, β and γ) between the unit cell 

vectors. 

Symmetry in real space 

Three types of symmetry operation exist (in addition to translational sym-

metry): rotation about an axis, mirroring in a plane, and inversion through a 

center. A rotation axis may be two-fold, three-fold, four-fold or six-fold. 

Inversion through a center will create a pair of equivalent positions (x, y, z) 

and (-x, -y, -z). Combinations of these basic symmetry operations will gener-

ate further operations. For example, rotoinversion axes (improper rotation), 

such as -2, -3, -4 and -6 rotations are the combination of rotation about an 

axis with inversion through a center. 

Screw axes, such as two-fold (21), three-fold (31 and 32), four-fold (41, 42, 

and 43), and six-fold (61, 62, 63, 64, and 65) screw axes, arise from the combi-

nation of rotation with translation. 

Point group  

“A point group is a group of symmetry operations, all of which leave at least 

one point unmoved”, as defined by IUCr (65). The compatible combination 

of non-translational symmetry operations creates 32 crystallographic point 

groups. 

Crystal system and Bravais lattices  

Crystals can, as we have seen, be classified into 32 point groups. These can 

further be classified into seven classes, also known as “crystal systems” (Ta-

ble 3.1). For example, crystals with only three perpendicular two-fold axes 

can be described by an orthorhombic unit cell. Taken into account the seven 

crystal systems and possible translational symmetries, crystals can be divid-

ed into 14 Bravais lattices, as given in Table 3.1. 
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Table 3.1 Crystal systems, characteristic symmetries, and unit cell re-

strictions 

Crystal system Bravais 

type(s) 

Characteristic symmetries Unit cell restrictions  

Triclinic P None None 

Monoclinic P, C Only one 2-fold axis α = γ = 90° 

Orthorhombic P, I, F, C Only three perpendicular 

2-fold axes 

α = β = γ = 90 

Tetragonal P, I Only one 4-fold axis a = b, α = β = γ = 90° 

Trigonal P (R) Only one 3-fold axis a = b, α = β = 90°, γ = 120° 

Hexagonal P Only one 6-fold axis a = b, α = β = 90°, γ = 120° 

Cubic P, F, I Four 3-fold axes a = b = c, α = β = γ = 90° 

Space group  

Space group can also be considered as the combination of one of the 32 

point groups (without a translational component) with all possible transla-

tional components. There are 230 possible combinations, giving 230 space 

groups, which can be denoted by either short or full Hermann-Mauguin 

symbols. These notations consist of two parts: (i) a letter indicating the type 

of Bravais lattice, and (ii) a set of characters or numbers indicating the sym-

metry elements. The short symbols of symmetry elements are usually used. 

For example, the full symbol of space group P21/m is P121/m1, considering 

the b-axis to be unique. The symbol indicates that there is a 21 screw axis 

along the b-axis and a mirror perpendicular to the b-axis. 

3.1.2 Reciprocal space 

All of the structural information of a crystal is present in reciprocal space. 

The commonly seen electron diffraction pattern and powder X-ray diffrac-

tion data provide structural information in reciprocal space. The structural 

information from a perfect crystal is concentrated at discrete points that are 

periodically distributed in reciprocal space. The relationship between real 

space and reciprocal space is the Fourier transform. Any crystalline material 

can be presented in reciprocal space with its own unit cell (a*, b*, c*, α*, β* 

and γ*) and symmetry. The unit cell in reciprocal space is related to the unit 

cell in real space by Equation 3.1. For example, a* is perpendicular to the bc 

plane in real space, while the angle between a* and a is zero in cubic, tetrag-

onal and orthorhombic crystal systems. In such systems, a = 1/a*. The unit 

cell in real space can be deduced from the unit cell in reciprocal space. A 

lattice point in reciprocal space, ghkl, can be described by Equation 3.2, 

where h, k and l are integers.  

1 ccbbaa
***  
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0 bcaccbabcaba
******                                       Eq. 3.1 

***

hkl lkh cbag                                                                                Eq. 3.2 

Diffraction data is collected in reciprocal space. The unit cell of any crys-

talline material in real space can be deduced from the unit cell observed in 

reciprocal space. The symmetry in real space of a material can also be ob-

tained by analyzing the data collected in reciprocal space. For example, if 

the values of h+k for all hkl indices are even, the structure is C-centered. The 

unit cell parameters, space group and the structure factor amplitude of each 

reflection can be obtained in reciprocal space. To obtain more detailed struc-

tural information, such as the positions of the T and O atoms in a zeolite, it is 

necessary to obtain a set of experimental diffraction data known as the 

“structure factors”, denoted F.  

3.1.3 Structure factors 

The IUCr defines the “structure factor” Fhkl as “a mathematical function that 

describes the amplitude and phase of a wave diffracted from crystal lattice 

planes characterized by Miller indices h, k, l (66)”. 
 

 

 

 

 

 

 

where the sum is over all j atoms in the unit cell, xj, yj and zj are the fraction-

al coordinates of the jth atom, fj is the scattering factor of the jth atom, and 

αhkl is the phase of the structure factor. Moreover, │Fhkl│
2
 is proportional to 

the intensity measured in the experiment. 

From Equation 3.3, we note that: 

(1) For a known structure, the amplitudes and phases of the structure factors 

can be calculated from the Fourier transform of the structure. For an un-

known structure, only the amplitudes can be deduced from the diffraction 

data, and the phases are lost during the diffraction experiment. 

(2) The structure factor connects structural information in real space and 

reciprocal space. Every atom in a unit cell in real space will contribute to the 

intensity of every reflection in reciprocal space. 

(3) Structure factors can be depicted as vectors in an Argand diagram as 

shown in Figure 3.1. Summing vector contributions from each atom in a unit 

cell will give a final Fhkl. It is important to note that the phase of Fhkl is close 

to the phase obtained from the vector sum of only the heaviest atoms.  

   
j

jjjjhkl lzkyhxifF 2exp  

      
i

jjjj

j

jjjj lzkyhxifilzkyhxif  2sin2cos        

)exp(       hklhklhklhkl iaFiBA                                                         Eq. 3.3 
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(4) If the phases of all the Fhkl are known, the 3D electron density (in the case 

of X-ray scattering) or the electrostatic potential (in the case of electron dif-

fraction) can be calculated by calculating the inverse Fourier transform ac-

cording to Equation 3.4:  

 )(2exp
1

),,( lzkyhxiF
V

zyx
hkl

hkl                                             Eq. 3.4 

 
Figure 3.1 Structure factor Fhkl represented in an Argand diagram. 

Figure 3.2a shows an HRTEM image of an inorganic compound 

Li2NaTa7O19 (space group Pbam, a = 15.23 Å, b = 23.57 Å, c = 3.84 Å) (67) 

along the c-axis after image processing by CRISP (68). The plane group in 

this projection is pgg, and Table 3.2 lists the amplitudes and phases of the 28 

strong reflections obtained from the HRTEM image. If the phase of the 

strongest reflection 4 0 0 (highlighted in Table 3.2) is changed from 0° to 

180°, the image of this projection changes dramatically (Figure 3.2b). If the 

phase of the strongest reflection is left unchanged while its amplitude is 

changed to a third of the original amplitude, the main structural features of 

this projection are retained (Figure 3.2c). We conclude that the phases of the 

strong reflections are especially important for the structure determination, 

and that the phase of a structure factor is much more important than its am-

plitude. This point will be further emphasized in Chapter 5, where the struc-

tures of the RHO zeolite family are determined and predicted.  
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Figure 3.2 (a) HRTEM image of Li2NaTa7O19 taken along the c-axis after 

imposing the pgg symmetry. The 28 strongest hk0 reflections obtained from 

the HRTEM image are listed in Table 3.2. (b) The same projection after 

changing the phase of the strongest reflection 4 0 0 from 0° to 180°; (c) The 

same projection after reducing the amplitude of the strongest reflection 4 0 0 

from 9641 to 3214 while keeping the phase at 0°. 

3.1.4 Structure determination by diffraction 

Several procedures are available when an unknown structure is to be deter-

mined by diffraction. Diffraction data is collected and used to determine the 

unit cell parameters. The intensities of the reflections are extracted. The 

space group is then determined from the intensities of the reflections. The 

next step is to determine the phases of the structure factors, which is a key 

step in structure determination by diffraction. Several conventional methods 

are available to determine the phases, such as the Patterson method and vari-

ous direct methods. A newly developed method known as “charge flipping” 

is a powerful alternative method for phasing (69–73). Section 3.1.5 presents 

also a new method for phasing, known as the “strong reflections approach”, 

based on a known structure. If the phases of the strong reflections are cor-

rectly determined, the electron density or electrostatic potential map calcu-

lated by the inverse Fourier transformation using these strong reflections will 

represent the major part of the structure. Chemical information can aid in 

interpreting the electron density map, and an initial structural model obtained. 

The final step in the structure determination is to refine the initial structural 

model against the experimental data.  

.  
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Table 3.2 List of amplitudes and phases of 28 strongest reflections extracted 

from the Fourier transform of the HRTEM image of Li2NaTa7O19 taken 

along the c-axis, shown in Figure 3.2. 

h k l Amplitudes Phases (°) 

4 0 0 9641 0 

1 2 0 9126 0 

0 6 0 8562 0 

1 7 0 8118 0 

3 5 0 6511 180 

3 3 0 5658 180 

4 3 0 4698 0 

4 4 0 4573 0 

1 3 0 4171 180 

2 6 0 4096 0 

3 2 0 3882 180 

2 4 0 3564 0 

0 4 0 3518 0 

3 4 0 3270 0 

2 3 0 2571 180 

0 8 0 2511 180 

2 1 0 2448 180 

0 2 0 2335 0 

3 1 0 2330 0 

4 6 0 2259 180 

1 4 0 2237 180 

3 7 0 2207 180 

2 0 0 1894 0 

5 4 0 1883 0 

4 5 0 1850 180 

2 2 0 1835 0 

5 3 0 1761 180 

5 1 0 1666 0 
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3.1.5 Algorithms for the structure determination 

The most commonly used four approaches for phasing are introduced in the 

following section: Patterson methods, direct methods, charge flipping, and 

the strong reflections approach. 

 

The Patterson method 

Patterson suggested in 1934 that the following equation could give important 

information about the crystal structure, without knowing the phases of the 

structure factors. P(u,v,w) will have peaks that correspond to each inter-

atomic vector in the structure (74). 

 

 

 

In conventional direct space, the positions of atoms are defined by the 

values of the ρ function, which is a function of the fractional coordinates x, y, 

z in the unit cell. In Patterson space, the vectors between each pair of atoms 

are defined by generic coordinates u, v and w in the same unit cell. In this 

way, any pair of atoms located at x1, y1, z1 and x2, y2, z2 will give a peak in 

Patterson map at generic coordinates u, v and w, where the coordinates are 

given by: 

u = x1 - x2; v = y1 - y2; w = z1 - z2 

However, it was not known how to obtain the atomic positions in the 

crystal from the coordinates of maxima in the Patterson map until David 

Harker (1906-1991) discovered a method to analyze the Patterson function.  

Harker discovered that it is not necessary to investigate all the peaks in Pat-

terson map: it is sufficient to focus on special locations with high values in 

the Patterson map. For instance, for a compound crystalized in the space 

group P21/c, any atom located at (x, y, z) will have three symmetry-related 

atoms at (-x, -y, -z), (x, 0.5 - y, 0.5 + z) and (-x, 0.5 + y, 0.5 - z) in the unit 

cell. Vectors between these atoms in Patterson space will be <2x, 2y, 2z>, <0, 

2y-0.5, 0.5> and <2x, 0.5, 2z-0.5>. Once the strong peak in Patterson map is 

identified with the v coordinate being equal to 0.5, for example                 

<0.3, 0.5, 0.1>, the x and z coordinates of heavy atoms can be calculated as 

follows: 2x = 0.3, 2z - 0.5 = 0.1; x = 0.15, z = 0.3. The y coordinate of the 

heavy atom can be calculated by the same approach.  

Direct methods  

Hauptman and Karle shared the Nobel Prize in Chemistry in 1985 for their 

contributions to the development of direct methods for the determination of 

crystal structures (75). The key step was to develop a practical approach 

using the Sayre equation. 

 )(2exp
1

),,(P
2

lwkvhuiF
V

wvu
hkl

hkl                                         Eq. 3.5 

http://books.nap.edu/html/biomems/dharker.html
http://books.nap.edu/html/biomems/dharker.html
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The Sayre equation was first put forward by David Sayre in 1952 (76). 

This equation (Equation 3.6) describes how the structure factor of reflection 

h k l can be calculated as the sum of the products of pairs of structure factors 

whose indices sum to h k l. For centro-symmetric structures, the phases of 

the structure factors are restricted to 0° and 180°. The phase relation is de-

scribed in Equation 3.7. The symbol ≈ is used to denote the fact that there 

are certain probabilities that the following triplet relationship is true.  

 

 
Another important concept, the normalized structure factor (Ehkl) (Equa-

tion 3.8), is introduced here, where ε  is the enhancement factor and 

<│Fhkl│
2
> is the average value of │Fhkl│

2
 within a certain resolution shell. 

As previously stated, strong reflections are particularly important for solving 

crystal structures, and calculating normalized structure factors is a method 

used to determine which reflections are strong reflections. Normally, reflec-

tions with an E value larger than 1.5 are considered to be strong reflections, 

and are used in triplet relations for phasing.  

It is necessary to fix the phases of some strong reflections in order to fix 

the origin of the unit cell. Most triplets are generated using strong reflec-

tions, and the structure factor phases from all possible combinations of these 

are refined by utilizing what is known as the “tangent formula”. Phased re-

flections are sorted according to their FOM (figure of merit) value.  

An electron density map is calculated from the structure factors with 

phases that have high FOM values. Chemical information can be used to aid 

the interpretation of this electron density map, locating the positions of the 

individual atoms in the unit cell. 

Charge flipping 

The charge flipping method uses a dual space iterative phasing algorithm. 

This algorithm has been applied to single crystal X-ray diffraction (SCXRD) 

data by Oszlányi and Sütő (69–71) and to powder X-ray diffraction data 

(PXRD) by Wu (72) and Baerlocher et al (73, 77). Six zeolite framework 

structures have been solved by this algorithm (78). The procedures are as 

follows:  

(1) Random phases are assigned to the experimental amplitudes, generating a 

random 3D electron density map. 

0',','   llk-k hhl'k'h'lk,h,                                                                Eq. 3.7 

 
'''

'''

lkh

l'l,k'-k ,h'hlkhhkl FFF                                                                        Eq. 3.6 

2

hkl

hkl
hkl

Fε

F
E                                                                                    Eq. 3.8 

https://en.wikipedia.org/wiki/David_Sayre
https://en.wikipedia.org/wiki/Structure_factor
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(2) The random 3D electron density map is modified by changing (flipping) 

the signs of all densities below a user-defined threshold  (a small positive 

number). 

(3) The Fourier transform of this modified electron density map is calculated, 

to give a set of reflections with calculated phases and amplitudes. 

(4) The calculated amplitudes are replaced by the experimental amplitudes 

and while the calculated phases are kept for the reflections. 

(5) A new electron density map is calculated from the new set of reflections 

and the procedure is repeated.  

(6) In the case of SCXRD, the iteration is stopped when the calculated am-

plitudes match the experimental ones. In the case of PXRD, however, the 

peak overlap problem (Section 3.2.2) makes it necessary to provide an addi-

tional histogram. This histogram contains the chemical composition of the 

material (and ensures that the number and heights of the peaks in the map 

correspond to the chemical formula). 

The strong reflections approach 

The Patterson method and direct methods attempt to solve the phase problem 

in reciprocal space, while the charge flipping method alternates between 

reciprocal space and direct space (it is a “dual-space” method). The strong 

reflections approach, initially developed for the structure determination of 

quasi-crystal approximants by Hovmöller and Zou’s group, “borrows” phas-

es from a related known structure and uses these to solve the unknown struc-

ture (79). Related known structures are identified based on them having sim-

ilar distributions of strong reflections (which carry important structural in-

formation). The empirical structure solution of a series of quasicrystal ap-

proximates has shown that, if the distributions of strong reflections are 

similar, the corresponding phases are similar. For example, the structure of 

τ
2
-Al13Co4 was solved based on the known structure of the related m-Al13Co4 

(79). The steps were as follows: 

(1) Strong reflections were selected from the known m-Al13Co4 structure. 

(2) New indices for reflections of the unknown τ
2
-Al13Co4 were obtained by 

scaling indices of reflections from known m-Al13Co4 according to the rela-

tionship of their unit cells. 

(3) A 3D electron density map of τ
2
-Al13Co4 was calculated using amplitudes 

and phases of structure factors from the known m-Al13Co4 structure. (Section 

3.1.3 showed that a structure can be solved even if the amplitudes are inac-

curate, so not only the phases were borrowed from the known structure, but 

also the amplitudes.) 

(4) Chemical knowledge was used to identify atoms in the resulting electron 

density map. 

The application of the strong reflections approach to other systems will be 

described in Chapter 5. 



 

 37 

3.2 Structure determination of zeolites 

3.2.1 Single crystal X-ray diffraction (SCXRD) 

An unknown form of radiation that was able to penetrate opaque bodies was 

discovered by the German scientist Wilhelm Conrad Röntgen (1845-1923) at 

the University of Würzburg in 1895. The radiation was named “X-rays”, and 

Röntgen was awarded the Nobel Prize in Physics in 1901 for this discovery 

(80). An application of X-rays in the fields of physics, chemistry and biology 

came from Professor Max von Laue (1879-1960), who won the Nobel Prize 

in Physics 1914 for his discovery of the diffraction of X-rays by crystals (81). 

Benefiting from the pioneers’ discoveries, William H. Bragg (1862-1942) 

and William L. Bragg (1890-1971) (father and son) together won the Nobel 

Prize in Physics in 1915 for their services in the analysis of crystal structures 

by means of X-rays (82). The SCXRD technique has developed very rapidly, 

and is now a mature technique for structure determination. The technique 

can be applied on microcrystals (with dimensions of several micrometers) 

when synchrotron light sources are used. The basic procedures of structure 

determination by this method have been described in Section 3.1.4. About 

half of all zeolite structures have been solved by SCXRD (78). 

3.2.2 Powder X-ray diffraction (PXRD) 

SCXRD cannot be used if only nano- and submicrometer-sized crystals are 

available. Silicate-based zeolites have wide industrial applications but they 

often form polycrystalline materials too small to be studied by SCXRD. 

PXRD can be a powerful technique in such cases. This technique is widely 

used for phase identification and has been used also for structural analysis of 

these polycrystalline materials. 116 zeolite structures have been solved from 

PXRD data (78).  

The steps for structure determination by PXRD are similar to those de-

scribed in Section 3.1.4. However, the presence of impurities makes the unit 

cell determination much more challenging. Additional information from, for 

example, the ICDD database of experimental powder diffraction patterns 

(http://icdd.com/products/) or scanning electron microscopy (SEM) images 

of the samples can be used to identify impurities and aid in the determination 

of the unit cell (78). 

Structure determination by PXRD is more difficult than it is using 

SCXRD not only because of the phase problem, but also because of the no-

torious ambiguity in the assignment of intensities caused by the overlap of 

reflections. In the cubic system, for example, the d values of the (5 5 0), (5 4 

3) and (7 1 0) reflections are identical. Thus, these three peaks in the PXRD 

pattern coincide, and only the sum of the intensities of these three reflections 

https://en.wikipedia.org/wiki/X-rays
https://en.wikipedia.org/wiki/X-ray_crystallography
https://en.wikipedia.org/wiki/Crystal_structure
http://icdd.com/products/
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can be measured. Since strong reflections are important for phasing, struc-

ture determination by PXRD is hindered by peak overlap.  

Direct methods, developed originally for SCXRD, can be applied to 

PXRD data, if peak overlap is not severe. The first zeolite analogue structure 

solved by direct methods from PXRD data was an aluminophosphate molec-

ular sieve, AlPO-12 (FTC: ATT) in 1986 (83). Two years later, Lynne B. 

McCusker solved a zeolite structure (Sigma-2, FTC: SGT) from PXRD by 

direct methods (84). Two further breakthroughs in structure determination 

by PXRD are the aforementioned charge-flipping algorithms and the FO-

CUS program, which is designed to solve the structures of zeolites using 

PXRD data (78, 85, 86). However, structure solution of zeolite crystals with 

high levels of disorder or poor crystallinity using PXRD data is much more 

difficult. 

3.2.3 FOCUS 

The FOCUS computer program (http://www.iza-structure.org/ under Other 

Links: Software) was initially written to determine the structures of zeolites 

from PXRD data. After data collection, peak search, indexing, and space 

group determination, the amplitudes of the structure factors are extracted 

from the PXRD data and given random phases. A 3D electron density map is 

generated from these structure factors. The program uses chemical infor-

mation about zeolite bond lengths and angles to search for the largest frag-

ments of zeolites via a backtracking algorithm, and creates a new set of am-

plitudes and phases. It then combines the new phases with the experimental 

amplitudes, and calculates a further 3D electron density map. This cycling 

procedure is repeated until the phases converge. Any solution that resembles 

a zeolite is registered in a histogram after each cycle, and a new set of ran-

dom phases will then be assigned to the experimental amplitudes to search 

for new solutions in a next cycle. A dominating solution will often appear 

from different sets of random starting phases. This is then considered to be 

the most probable candidate for the structure of the unknown zeolite (78). 

Figure 3.3 shows a flow chart of how the FOCUS program operates. Recent 

developments in the program have allowed electron diffraction data to be 

used to determine structures in a similar manner (87). One classical example 

of structure determination from electron diffraction data by FOCUS is 

demonstrated on SSZ-87 (88). It is worth mentioning that in this case only 

15% of the complete electron diffraction data was collected, which was 

enough for the structure solution. 22 zeolite frameworks have been solved by 

FOCUS (78). 
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Figure 3.3 Flow chart of the FOCUS program. By courtesy of Dr. Stef 

Smeets. 

3.2.4 Rotation electron diffraction (RED) 

Our research group has focused on the method development of electron crys-

tallography, including electron diffraction and HRTEM, for many years. 

Electron crystallography does not suffer from the problems that face X-ray 

crystallographers, such as crystals that are too small to analyze, the presence 

of impurities, peak overlap, and a high level of disorder in the crystals. This 

section describes one breakthrough in electron crystallography, the devel-

opment of the rotation electron diffraction (RED) technique in our research 

group. The term “RED” is not only an abbreviation of “rotation electron 

diffraction”, but also the name of a computer program package for the auto-

mated collection and processing of 3D electron diffraction data (31, 32). The 

collection of electron diffraction data is controlled by the RED-data collec-

tion program, and is similar to the data collection procedure used in SCXRD. 

Data can be collected from tiny crystals (of dimensions as small as 100 nm) 

by electron diffraction. 3D electron diffraction data are collected at small 

angular intervals over a large range of angles, which is achieved by combin-

ing fine tilts (0.05°-0.20°) of the electron beam with coarse tilts (2.0°-3.0°) 

of the goniometer. The RED-data collection program can be installed on 

conventional TEMs without any hardware modifications. Data collection by 

RED can start from an arbitrary orientation of the crystal, and approximately 
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480 frames can be collected within half an hour (using a goniometer tilt in-

crement of 2.0° and an electron beam tilt increment of 0.20°).  

Experimental electron diffraction data can be reconstructed into a 3D da-

taset by the RED-data processing program. The ED frames that have been 

collected are automatically merged into a 3D dataset under the control of the 

user, who can define a set of parameters. The unit cell of the crystal is de-

termined from the positions of the diffraction spots in the ED frames. The 

list of reflections with their indices and intensities are output to an HKL file 

in a standard HKLF4 format defined in the SHELX program suite (89). The 

RED-data processing program contains also statistical analyses that assist 

the user in determining the space group of the crystal. A unit cell refinement 

function has recently been added to the program, which can determine the 

unit cell parameters to accuracies of 0.01 Å and 0.1°.  
Structure determination methods that have been used for X-ray diffraction, 

including programs that use direct methods (programs SHELX (89) and SIR 

(90)), charge flipping (programs SUPERFLIP (91), Jana (92)), simulated 

annealing (programs FOX (93) and SIR (90)) and FOCUS (FOCUS (85, 86), 

especially for zeolites), can be applied directly on RED data. 

A variety of structures including zeolites, zeolite-related materials, metal-

organic frameworks (MOFs), covalent organic frameworks (COFs), germi-

nates and quasi-crystal approximants have been solved from RED data. 

Many zeolite structures have been solved from RED data. They are ITQ-51 

(FTC: IFO) (34), SSZ-61 (*-SSO) (94), SSZ-87 (IFW) (88), SSZ-45 (EEI) 

(95), EMM-23 (*-EWT) (96), PKU-16 (POS) (97), ITQ-53 (38), ITQ-54 (-

IFU) (33), CIT-7 (CSV) (98), ZSM-25 (MWF) (99) and PST-20 (99). 

3.2.5 HRTEM  

We have seen that the phase information of structure factors, which is essen-

tial for structure determination, is lost in diffraction methods such as 

SCXRD, PXRD and RED. They are, however, preserved in HRTEM images. 

The structure can be determined from a 3D reconstruction of HRTEM imag-

es of different projections (100).  

Another advantage of HRTEM is that it is possible to analyze crystal 

structures with defects. Intergrowth and stacking disorders are often ob-

served in zeolites, which makes it difficult to determine the structure. No 

standard methods for analyzing this kind of disordered material are currently 

available. The origins of the disorder and the distribution of ordered domains 

can, however, be observed in HRTEM images (101).  

Zeolite beta was first synthesized by the researchers at Mobil Oil Corpo-

ration. This zeolite has intergrowth of two polymorphs, A and B, and the 

structure was determined by HRTEM, electron diffraction and computer-

assisted modelling (102, 103). The unit cell and possible space groups were 

determined from a series of selected area electron diffraction (SAED) pat-
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terns. The high quality HRTEM image along the [100] direction shown in 

Figure 3.4 reveals the 4-, 5-, 6- and 12-rings along this projection (101). This 

information allowed a structure model of Zeolite beta to be proposed. Two 

pore stackings occur, ABABAB and ABCABC, which gave visible effects in 

the diffraction pattern. The SAED pattern taken along [100] has diffuse 

streaks parallel to the c*-axis for reflections with h ≠ 3n or k ≠ 3n, and sharp 

spots for reflections with h = 3n or k = 3n. These effects arise from the stack-

ing disorder of the layers (ab planes) along the c*-axis with successive lay-

ers shifted one-third of the a or b parameter relative to the previous layer 

(101). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.4 HRTEM image of Zeolite beta taken along the [100] direction 

and showing 12-ring channels. The insert shows the corresponding SAED 

pattern with streaks perpendicular to the building layers, parallel to the 

stacking direction c*. By Courtesy of Dr. Jie Su at Stockholm University. 
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3.2.6 Model building 

Model building was widely used to explore new zeolite structures in the 

early days, and is still useful when other methods fail. The structure of ITQ-

3 (FTC: ITE) (104), for example, was solved by Avelino Corma’s and Paul 

A. Wright’s groups, who derived its orthorhombic unit cell (a = 20.622 Å, b 

= 9.724 Å, c = 19.623 Å) from PXRD data. An important part of the solution 

was the realisation that the building layers in RUB-13 (FTC: RTH) (105) 

(with a 2D unit cell of dimensions a = 20.530Å, b = 9.762 Å, γ = 90°) were 

identical to the building layers in ITQ-3. The c dimension of the unit cell of 

ITQ-3 is twice that of RUB-13, and the structural model of ITQ-3 could be 

built based on the RUB-13 structure. The building layers in ITQ-3 are relat-

ed by mirror symmetry, while the building layers in RUB-13 are related 

through an inversion center. The structural model was confirmed by Rietveld 

refinement against synchrotron PXRD data.  

Model building is very time-consuming and its success depends heavily 

on the experience, patience and ingenuity of the researchers. Chapter 6 

summarizes some common structural features of zeolites. We hope that our 

study will make it easier to solve structures by model building, and that the 

principles of model building might be implemented in software for automat-

ed structure solution. 

3.3 Rietveld refinement 

An approximate structural model that has been obtained by one or several of 

the methods described above must be refined. This is the process that mini-

mizes the difference between diffraction data calculated from the structural 

model and the experimental data. All the structural models determined in the 

work described in this thesis have been obtained from RED data or the 

strong reflections approach and have been subsequently refined against 

PXRD data. RED data suffers from dynamical effects and electron beam 

damage, which means that it can be used to solve structures, but is less suit-

ed for refinement.  

Hugo Rietveld proposed a new refinement method in 1969 that does not 

use the integrated powder intensity, but uses the profiled intensities of the 

powder diffraction pattern directly from the step-scanning measurements 

(106). This refinement approach is known as “Rietveld refinement”. It min-

imizes a parameter, △, by least-squares, where Δ is obtained from Equation 

3.9.  
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                                                                                             Eq. 3.9 
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where 
obs

iY  and 
calc

iY are the measured and calculated intensities of the indi-

vidual profile points in the 2θ scan, respectively, and iw  is a statistical 

weight.  

The profiled Yi
calc

 intensities are calculated. The angle 2θhkl, which is the 

angle of the center of the peak, is calculated from h k l indices and the unit 

cell dimensions. In the ideal case, the diffraction lines are sharp, but experi-

mental factors give them a shape that is broader than the ideal case. This 

introduces a further parameter that describes the shape of the peak into the 

calculation. Several functions are available to describe peak shapes, such as 

Gaussian, Lorentzian, Pearson VII, and pseudo-Voigt. Equation 3.10 shows 

how the Yi
calc

 are calculated when a Gaussian function is used 

 

  HH)/2-x(In2IIn2/Y hklihkl

hkl

calc

i /}{4exp2 2                               Eq. 3.10 

 

where xi is the 2θ value of the i
th 

profile point; 2θhkl is the angle of the center 

of the peak; H is the full-width at half-maximum height (FWHM) of the 

peak; Ihkl is the intensity of the reflection with the indices h k l. 

Fhkl can be calculated by taking the Fourier Transform of the structural 

model. Fhkl
2
 is proportional to Ihkl, taking a number of additional experi-

mental effects into account. These include the multiplicity (j), the polariza-

tion factor (P), Lorentz factor (L) and absorption (A). Equation 3.11 shows 

how Ihkl can be calculated. 

 
2

hklhkl cjPLAFI                                                                                                 Eq. 3.11 

 

where c can be other factors, such as temperature, sensitivity and detector etc. 

The success of Rietveld refinement can be determined in several ways. It 

is important, of course, that the structure after the refinement should make 

chemical sense, with reasonable values for parameters such as bond angles, 

bond lengths and hydrogen bonding profile. Further, the profile residual Rp 

(Equation 3.12) and weighted profile residual Rwp (Equation 3.13) should 

converge, and should normally both be less than 10%.   
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Rexp (Equation 3.14) gives an indication of the best possible agreement value 

for Rwp that can be obtained:  
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where n is the number of observations and p is the number of parameters 

refined in the least-squares procedure.  
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The goodness of fit (GOF), defined as the ratio between Rwp and Rexp, is 

another measure of the success of refinement (Equation 3.15). The value of 

GOF is unity for a perfect model (which is, of course, impossible to achieve 

in practice). 

The structural models described in this thesis have been refined against 

PXRD data. Initial structural models have been obtained from RED data or 

by the strong reflections approach, and refined by Rietveld refinement. We 

have thus shown that RED data and the strong reflections approach can be 

used to solve crystal structures. More detailed structural information, such as 

the locations of guest molecules and interactions between the framework and 

non-framework species, was obtained from the models after Rietveld re-

finement. 
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4. Structure determination of zeolites and 
zeolite-related materials by rotation electron 
diffraction (RED) 

Zeolites and zeolite-related materials tend to crystallize as polycrystalline 

powders, which makes it difficult to determine the structures of these mate-

rials by conventional SCXRD. In addition, peak overlap, poor crystallinity 

and impurities make it difficult to determine their structures by PXRD. Elec-

tron crystallography, which includes electron diffraction and HRTEM, can 

overcome these difficulties. Our research group has developed a new meth-

od, known as “rotation electron diffraction” (RED), in which electron dif-

fraction data are collected automatically and used to solve structures. Four 

structures solved from RED data are presented in this chapter. 

4.1 COE-3 and COE-4 (Paper I) 

COE-3 and COE-4 (where the abbreviation “COE” is used to denote that the 

materials were first prepared at the International Network of Centers of Ex-

cellence) are post-synthesis materials that are prepared from layered silicate 

RUB-36 and dichlorodimethylsilane. The structure of RUB-36 with FER 

layers (107) is connected after dichlorodimethylsilane is introduced, generat-

ing a new 3D framework (108). This as-made sample is denoted “COE-3”, 

while its calcined form is denoted “COE-4”. The two methyl groups in the 

COE-3 structure become two hydroxyl groups after calcination. Pure RUB-

36 generates a framework of CDO type after the condensation, and thus 

COE-3 and COE-4 belong to a family of interlayer-expanded zeolites (IEZ) 

with CDO structures. 

The structures of COE-3 and COE-4 were initially determined by model 

building, and the structural models were refined against PXRD data. Mean-

while, Prof. Osamu Terasaki contributed to the structure determinations of 

these IEZ structures using HRTEM images (109, 110). However, due to 

electron beam damage and the fact that the crystals take up only preferred 

orientations on the TEM grids, it was extremely difficult to collect high qual-

ity HRTEM images. Hence, we decided to use the RED technique to solve 
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the structures of these plate-like materials that are sensitive to the electron 

beam. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1 (a-c) 3D reciprocal lattices of COE-3 reconstructed from three 

RED datasets. Crystals from which the RED data were collected are shown 

as inserts. (d-l) The 2D slices (h0l), (hk0) and (0kl) cut from Dataset 1COE-3, 

Dataset 2COE-3 and Dataset 3COE-3. Reproduced from Ref. (111) with permis-

sion from the Royal Society of Chemistry. Copyright © 2014, Royal Society 

of Chemistry. 

Three RED datasets were collected from three different crystals of COE-

3. The electron diffraction (ED) frames collected over a range of tilt angles 

were processed for each dataset into a 3D lattice in reciprocal space (Figure 

4.1a-c). The three datasets were complementary to each other. Two-
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dimensional slices, (h0l), (hk0) and (0kl), were cut from the Datasets 1COE-3, 

2COE-3 and 3COE-3 (Figure 4.1d-f, g-i, and j-l, respectively). The reflection 

conditions showed that the possible space groups of COE-3 are Cmc21 (No. 

36), C2cm (No. 40) and Cmcm (No. 63). Most of the zeolite structures in the 

IZA Database of Zeolite Structures are centrosymmetric, so we took as a 

working hypothesis that Cmcm was the correct space group, and used it in 

the structure determination (111). The unit cell parameters were from Da-

taset 1 (a = 7.2 Å, b = 21.8 Å, c = 13.6 Å). 

Unfortunately, the structure of COE-3 could not be solved from any of the 

three RED datasets alone. We decided, therefore, to merge the datasets to 

increase the data completeness. It was now possible to solve the structure of 

COE-3 by direct methods, using the SHELX program. All the five Si atoms, 

including the bridging Si atoms (Si5) between the FER layers, and five of 

eight O atoms in the asymmetric unit could be identified in the electron den-

sity map. The missing O atoms were added manually according to the SiO4 

tetrahedral geometry. Solid-state NMR had shown that the bridging Si5 is 

tetrahedrally coordinated and is bound to another two methyl groups. These 

methyl groups were added manually, and the structural model was refined 

against the RED and PXRD data. The refinement against the RED data con-

verged to an R1 value of 0.38 for the 227 reflections. Figure 4.2a shows 

Rietveld refinement plots of COE-3. The final Rietveld refinement against 

PXRD data converged to reasonable R values (Rp: 0.033, Rwp: 0.043 and 

GOF: 2.475).    

Two RED datasets were collected from COE-4 (Figure 4.3). Again, it was 

not possible to solve the structure of COE-4 from a single dataset. The two 

datasets were thus merged, which enabled us to obtain a structural model of 

COE-4. All the five Si atoms and six out of nine O atoms in the asymmetric 

unit were identified in the electron density map. The missing O atoms were 

added manually according to tetrahedral geometry. Rietveld refinement 

against PXRD data converged to reasonable R values (Rp: 0.038, Rwp: 0.048 

and GOF: 1.988). Figure 4.2b shows Rietveld refinement plots of COE-4. 

After the insertion of the linker groups between the FER layers, the pore 

opening of the channels in the COE-3 and COE-4 increased from 8-ring (in 

the CDO type framework) to 10-ring along a- and c-axes. Due to the mirror 

symmetry perpendicular to the a-axis, the bridging Si5 atoms in COE-3 and 

COE-4 are disordered with the maximum occupancy of 0.5, as shown in 

Figure 4.4. 
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Figure 4.2 Observed (blue), calculated (red) and difference (black) PXRD 

profiles for the Rietveld refinement of the COE-3 (a) and COE-4 (b) struc-

tures. The vertical bars indicate the positions of Bragg peaks (λ = 1.5418 Å). 

Reproduced from Ref. (111) with permission from the Royal Society of 

Chemistry. Copyright © 2014, Royal Society of Chemistry. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.3 (a-b) 3D reciprocal lattices of COE-4 reconstructed from two 

RED datasets. The reciprocal lattice axes are marked with a*, b* and c* in 

red, green and blue, respectively. The crystals from which the data was col-

lected are shown as inserts. (c) 2D slice of the (0kl) plane cut from Dataset 

2COE-4. (d-f) (h0l), (hk0) and (0kl) planes cut from Dataset 1COE-4 (a). Repro-

duced from Ref. (111) with permission from the Royal Society of Chemistry. 

Copyright © 2014, Royal Society of Chemistry. 
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Figure 4.4 Projections of COE-3 (a) and COE-4 (b) along the c-axis. The 

disordered Si atoms are highlighted inside green circles. 

4.2 EMM-9 (Paper II) 

A fluoroaluminophosphate, EMM-9, synthesized using 4-

(dimethylamino)pyridine as an OSDA in the fluorine medium, was reported 

in 2010 (112). Its structure, however, remained unsolved for more than six 

years. It was difficult to solve the structure of EMM-9 because convincing 

unit cell parameters could not be determined from the PXRD data. We de-

cided, therefore, to collect a RED dataset from EMM-9, and use it to solve 

the structure. The unit cell dimensions (a = 6.98 Å, b = 13.57 Å, c = 14.76 Å, 

α = 90.6°, β = 103.0°, γ = 89.5°) were determined from the reconstructed 3D 

reciprocal lattice (Figure 4.5a) using strong basic reflections. The unit cell 

parameters indicated that the EMM-9 structure is monoclinic. Weak reflec-

tions are present along a* in the reciprocal lattice, shown in yellow in Figure 

4.5a. These weak reflections were ignored during the initial structural inves-

tigation. The systematic absence was deduced as 0k0: k = 2n, from three 2D 

slices (hk0), (0kl) and (h0l) (Figure 4.5b-d). Possible space groups are P21 

(No. 4) and P21/m (No. 11). The centrosymmetric space group P21/m was 

taken as a working hypothesis, and used in the structure determination. A 

structural model of EMM-9, based on an average tetrahedral (T) atom 

(where T is Al or P) and O, was constructed using phases obtained by direct 

methods using the SHELX program. All of the T atoms and eight out of ten 

O atoms in the asymmetric unit could be identified in the electron density 

map. The weak super-lattice reflections were attributed to the alternation of 

AlO4 and PO4 units, which led to a doubled length of the a-axis and the 

space group of P21/m rather than P21/a. 
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Figure 4.5 (a) The 3D RED reciprocal lattice seen along the b*-axis. Super-

lattice reflections are shown in yellow. Without considering the super-lattice 

reflections, the unit cell parameters are a = 6.98 Å, b = 13.57 Å, c = 14.76 Å, 

α = 90.6°, β = 103.0°, γ = 89.5°. (b-d) Three 2D slices (h0l) (b), (hk0) (c) and 

(0kl) (d) cut from the 3D reciprocal lattice.  

The structural model was further refined against synchrotron data, with 

the super-lattice reflections included. Rietveld refinement of EMM-9 was 

used to complete the structure, locating the OSDAs whose locations were 

still unknown. The models were adjusted to ensure that they were chemically 

realistic and to obtain reasonable R values. The procedures used were as 

follows: 

1) The structural model was determined and high-angle X-ray diffraction 

data were used to find the scale factor. We decided that if the high-angle data 

could be scaled accurately, the scale factor determined should be used for the 

complete diffraction pattern.  
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2) No other parameters, such as peak shape and unit cell parameters were 

refined. We ran the software once only, and revealed that the calculated and 

observed PXRD data differed greatly (Figure 4.6a). The difference Fourier 

map was calculated (Figure 4.6b), and showed a cloud of electron density 

between layers. The individual atoms of the OSDA could not be resolved, 

but we were able to obtain approximate positions.  

3) The software was run once again, now including both the layers and the 

positions of the OSDAs. The differences between the calculated and ob-

served PXRD data were smaller (Figure 4.6c), and the positions of F ions 

could be determined from the model (Figure 4.6d). 

4) The differences between calculated and observed PXRD data were further 

reduced by refining the atomic positions, unit cell parameters, peak shape 

function etc. The final refinement of EMM-9 converged to reasonable R 

values (Rwp: 0.104, Rp: 0.079 and GOF: 1.333). Figure 4.7 shows the final 

Rietveld refinement plots.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    
Figure 4.6 (a-b) Powder X-ray diffraction traces (a) and difference electron 

density map (b) to find positions of OSDAs through Rietveld refinement. (c-

d) Powder X-ray diffraction traces (c) and structural model (d) used to locate 

positions of F ions. (λ = 0.866 Å). 
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Figure 4.7 X-ray Rietveld refinement plot of EMM-9. The observed, calcu-

lated and difference curves are shown in blue, red and black, respectively. 

The vertical bars indicate the positions of Bragg peaks (λ = 0.866 Å). 

EMM-9 is a layered fluoroaluminophosphate structure. The asymmetric 

unit comprises four Al atoms, four P atoms, two OSDAs, two fluorine ions 

and one guest water molecule. The CBUs in the EMM-9 structure are closely 

related to sti (Figure 4.8 a-b). The sti CBU, described as double 4-rings with 

one edge disconnected (Figure 4.8c), has been introduced in Section 2.1.1 as 

the 4-4- SBU. These CBUs are connected through O7 and O14, generating 

an sti chain along the a-axis (Figure 4.8d). The sti chains are further assem-

bled to a layer through O1 and O8 (Figure 4.8e). This layer is denoted as 

“SFO”, since it has been identified in the 3D SFO framework type. Organic 

templates interact through π-π bonds (Figure 4.9a) and the OSDAs interact 

with the layers through hydrogen bonds (Figure 4.9b). Translation of adja-

cent layers by 1/2b and 1/3a followed by condensation along the c-axis (Fig-

ure 4.10 a-d) produces a 3D SFO framework type (Figure 4.10 e-f). 
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Figure 4.8 Stick (a), polyhedral (b) and simplified (c) models of sti CBU in 

the EMM-9 structure. The sti CBUs are connected by O7 and O14 along the 

a-axis (d) and by O8 and O1 along the b-axis (e). 
 

 
Figure 4.9 (a) π-π interactions between organic templates. (b) Hydrogen 

bonds between organic templates and the inorganic layer. 
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Figure 4.10 (a) The EMM-9 structure viewed along the c-axis. (b-d) The 

adjacent layer translated by 1/2b and then -1/3a. (e-f) The formation of the 

layered EMM-9 to a 3D SFO framework after the condensation along the c-

axis. 

 

4.3 EMM-26 (Paper III) 

EMM-26 is a new borosilicate zeolite with pores of medium size. It has been 

synthesized using a linear organic dicationic OSDA, and forms crystals of 

nanometer size. It was difficult to solve the structure from in-house PXRD 

data due to difficulties in determining the space group. EMM-26 is more 

stable than both COE-3 and COE-4. Only one RED dataset was needed for 

the structure determination (Figure 4.11). The unit cell parameters (a = 19.4 

Å, b = 15.8 Å, c = 17.9 Å, α = 90.5°, β = 89.7°, γ = 89.8°) and reflection 

conditions of EMM-26 could be easily deduced from this dataset. The space 

group with highest possible symmetry is Cmce. The structure was success-

fully solved from the RED data by direct methods using the program 

SIR2011 (90). All the seven T atoms and 13 O atoms in the asymmetric unit 
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were identified in the map. Five of the T atoms (Si1, Si3, Si5, Si6 and Si7) 

are at general positions, while the rest are at the 8d (Si2) and 8e (Si4) sites. 

The structural model was refined against the RED data. The final refinement 

showed three boron-rich positions (Si4: 13%, Si6: 5% and Si7: 37%). The 

structural model obtained from RED data was further refined against syn-

chrotron PXRD data collected at the ESRF. Rietveld refinement converged 

to reasonable R values (Rp: 0.051, Rwp: 0.066 and GOF: 3.636). Figure 4.12 

shows the final refinement plots. The Rietveld refinement shows that Si4, 

Si6 and Si7 are also boron-rich positions. The occupancies of boron at these 

three positions are 14%, 8% and 35%, respectively. These results are con-

sistent with those obtained from the RED data. The position of the OSDA 

was determined during the Rietveld refinement (Figure 4.13). This is the first 

time that the preferred positions of boron in a zeolite structure have been 

determined from RED data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      

 

Figure 4.11 (a) 3D reciprocal lattice of EMM-26 reconstructed from RED 

data, with the corresponding TEM image of the crystal inserted. (b-d) Three 

2D slices (0kl), (h0l) and (hk0) extracted from this dataset. 

EMM-26 is a medium pore borosilicate zeolite with 2D 10  10 ring 

channels. The EMM-26 structure contains fer CBUs (Figure 4.14a), which 

are connected in an up-down configuration along the b-axis to form a fer 

chain. Figure 4.14b illustrates how adjacent fer chains are further linked by 
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one extra SiO4 motif to generate a dense layer (Figure 4.14c). The 2D dense 

layers are related through a mirror plane and connected to form a 3D zeolite 

framework (Figure 4.14d). The structure contains 2D intersecting elliptical 

10-ring channels that run parallel to the dense layers. The HRTEM image 

(corrected for the contrast transfer function (CTF) using the QFocus program 

(113)) along the b-axis was also taken, and proved to be consistent with the 

structural model (Figure 4.15). 

 

 

 

 

 

 

 

 

 

 

 

 

 

               

Figure 4.12 Rietveld refinement plots of EMM-26. The observed, calculated 

and difference curves are in blue, red and black, respectively. The vertical 

bars indicate the positions of Bragg peaks (λ = 0.4009 Å). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                  

           

Figure 4.13 Location of the OSDA in the cavity. Bridging O atoms have 

been omitted, for clarity. Boron atoms are distributed among the Si4, Si6 and 

Si7 positions. Of these positions, Si7 is particularly boron-rich. 
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Figure 4.14 (a) 1D chain composed of fer CBU. (b-c) The 2D dense layer. 

(d) The 3D framework created by connecting two dense layers through the 

mirror symmetry. The bridging O atoms have been omitted for clarity. Boron 

distributes in the Si4, Si6 and Si7, respectively. Among them, Si7 is a boron-

rich position. 

 

 

 

 

 

 

 



 

 58 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15 (a) Selected area diffraction pattern along the [010] direction, 

and a low magnification image of the crystal shown as an insert. (b) High 

resolution transmission electron microscopy image along the [010] direction 

corrected for the contrast transfer function (CTF) using the QFocus program. 

Inserts are the Fourier transform of the whole image, the averaged image 

with pmm symmetry (inside the blue square), and the structural model 

viewed along the b-axis. 

4.4 Conclusions  

The structures of COE-3 and COE-4 have been solved from merged RED 

data. This technique provides an alternative approach to solving the struc-

tures of zeolite-like materials with plate-like morphology and high electron-

beam sensitivity. It was easy to determine the structures of the layered 

fluoroaluminophosphate EMM-9 and the borosilicate EMM-26 using the 

RED technique. Importantly, this is the first time that it has been possible to 

locate boron-rich positions in a borosilicate material from RED data. 
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5. Unravelling the structural coding of the 
RHO zeolite family 

Chapter 4 describes the successful and straightforward structure determina-

tions of COE-3, COE-4, EMM-9 and EMM-26 from RED data. It is neces-

sary to collect experimental RED data with a resolution better than 1.2 Å in 

order to determine the structures of zeolites and zeolite-like materials. These 

materials, however, are highly sensitive to the electron beam, and it is not 

always possible to collect high resolution electron diffraction data from sub-

micron-sized zeolite crystals over a large tilting range. New methods are 

required to solve complicated zeolite structures from RED data with low 

resolution. This chapter will describe the application of the strong reflections 

approach, which has been successfully adopted in the structure determina-

tion of quasi-crystal approximants (Section 3.1.5), in the zeolite field. This 

method can unify the identification of a certain zeolite family, the determina-

tion of its structure, and the prediction of structures with the similar structur-

al features. This approach can be used, even if the data is of a resolution 

lower than 1.2 Å. ZSM-25 is used as an example to illustrate the power of 

this method. This material was synthesized by the researchers at Mobil Oil 

Corporation more than 30 years ago. 

5.1 Structure determination of ZSM-25 (Paper IV) 

ZSM-25, first reported in 1981, was synthesized using Na
+
 and tetrae-

thylammonium (TEA
+
) ions as OSDAs (114). Its Si/Al ratio is around 3.4. 

Professor Suk Bong Hong (at POSTECH, Pohang, South Korea) has studied 

on ZSM-25 for more than 15 years (21, 115), and his group has devoted a 

great deal of effort in the preliminary characterization of this zeolite. ZSM-

25 has characteristic features of small pore zeolites, with a high uptake of 

CO2 and low uptake of N2 at 295 K. Moreover, the IR and Raman spectra 

suggest that a large number of 4-rings are present in the structure of ZSM-25. 

However, its detailed structural information such as unit cell parameters, 

space group and atomic positions was still unknown when the project de-

scribed here started. RED data from ZSM-25 was collected in order to ex-

plore its structure (Figure 5.1a-c). The unit cell parameters were deduced 

from this dataset, and they suggested that the crystal was cubic, with a = 42 
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Å. The highest-symmetry space group compatible with the data is Im-3m. 

More accurate unit cell parameters were obtained by refining the structure 

against PXRD data, and the a value was determined to be 45.07 Å, based on 

the preliminary identification of the space group as Im-3m (Figure 5.2). Un-

fortunately, the resolution of the collected RED data is around 2.3 Å, which 

is too low to determine the structure of this complex compound using con-

ventional phasing methods. 

 

 
Figure 5.1 RED data of ZSM-25 (top) and PST-20 (bottom). (a), (d) The 3D 

reciprocal lattices of ZSM-25 and PST-20 respectively, reconstructed from 

the RED data. Inserts are the TEM images of the crystals from which the 

RED data were collected. The (h k -h-k) plane of ZSM-25 (b) and PST-20 

(e). The (h k h) plane (c) and (h k -k) (f) plane cut from (a) and (d). The dis-

tributions of the strong reflections for ZSM-25 and PST-20 are similar. Re-

printed with permission from Ref. (99). Copyright © 2015, Rights Managed 

by Nature Publishing Group. 
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Figure 5.2 The profile fitting of ZSM-25 (with an X-ray wavelength of 

0.63248 Å) 

Three frameworks, KFI, RHO and PAU, with the same space group were 

identified in the Database of Zeolite Structures (116). The strong reflections 

of ZSM-25 are distributed in the same regions of reciprocal space as those 

calculated for RHO and PAU, indicating that RHO, PAU and ZSM-25 are 

structurally related, see Figure 5.3a-d and Figure 5.4.  

Researchers who synthesize zeolites face the problem of knowing wheth-

er the substance they have synthesized is a known or unknown zeolite. If the 

experimental PXRD pattern of a synthesized material fully matches the sim-

ulated PXRD pattern of a known zeolite structure, they can conclude that the 

synthesized material is a known zeolite. However, they have in this case 

compared the characteristic diffraction information in reciprocal space from 

the two materials, and the conclusion is based on the assumption that if this 

information is identical for the two materials, and if the chemical elements 

present are the same, their structures are the same. If the characteristic dif-

fraction patterns of two structures are similar, showing, for example, a simi-

lar distribution of strong reflections, the two structures are related in real 

space. Moreover, the strong reflections are related to the main structural 

features of a crystal. We saw in Chapter 3 that the phase information of dif-

fracted beams is not immediately available in a recorded diffraction pattern, 

but it can be determined by considering the strong reflections. An attempt to 

phase the strong reflections of ZSM-25 from the known PAU structure was 

carried out. Twenty-one symmetry-independent strong reflections from the 

RED data of ZSM-25 were used for the structure solution. The structure 

factor amplitudes of these 21 strong reflections were extracted from the ex-

perimental RED data, and their phases were adopted from corresponding 
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reflections in the PAU structure (Table 5.1). The 3D electron density map 

was calculated, and all of the 16 T atoms in the asymmetric unit could be 

located (Figure 5.3e). The missing O atoms were added manually to com-

plete the ZSM-25 structure (Figure 5.3f). The cubic unit cell contains 1440 T 

atoms and 2880 O atoms. The structural model has been confirmed by 

Rietveld refinement against synchrotron PXRD data collected at ESRF (Fig-

ure 5.5a). The R values are reasonable, which shows that our structural mod-

el is correct.  

 
Figure 5.3 (a-b) The 2D slice of (h k 0) (a) and (h k -h-k) (b) cut from the 3D 

reciprocal lattice reconstructed from the RED data. The symmetry has been 

superimposed to allow for a better comparison. (c-d) Simulated diffraction 

pattern of the idealized PAU structure, with the structure factor phases 

marked in blue (180°) or red (0°). (e) 3D map generated using amplitudes 

obtained from the RED data of ZSM-25 and phases calculated from the 

structure of PAU. (f) The framework structure of ZSM-25. Reprinted with 

permission from Ref. (99). Copyright © 2015, Rights Managed by Nature 

Publishing Group. 

The PAU structure will be described here, to aid in understanding how 

the ZSM-25 structure was solved. The PAU structure is composed of seven 

different cages; [4
12

6
8
8

6
] (lta), [4

8
8

2
] (d8r), [4

12
8

6
] (pau), [4

6
6

2
8

6
] (t-plg), 

[4
5
8

3
] (t-oto), [4

6
8

4
] (t-gsm) and [4

7
8

5
] (t-phi) (Figure 5.5b). Three of them 

(lta, d8r and pau) build the scaffolds along the unit cell edge (Figure 5.5c). 

The maximum ring size for all the cages is 8, which shows that PAU is a 
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small pore zeolite. The body-centering of the PAU structure means that the 

structure contains two such interpenetrated scaffolds. The lengths of the lta, 

d8r and pau cages are approximately 12 Å, 3 Å and 7 Å, respectively. The 

unit cell parameter of the PAU structure is approximately 35 Å (35 Å = 12 Å 

+3 Å + 10 × 2 Å). The other four cages are embedded in the free space be-

tween these two scaffolds (Figure 5.5e). 

The scaffolds of the ZSM-25 structure can be constructed by inserting a 

pair of d8r and pau cages (which has a dimension of approximately 10 Å) 

into the scaffolds of the PAU structure. This makes the connection sequence 

between the two lta cages lta-d8r-pau-d8r-pau-8dr-pau-8dr-lta (Figure 

5.5d). The unit cell increases from 35 Å in PAU to 45 Å in ZSM-25. The 

empty space between the two scaffolds is filled by t-plg, t-oto, t-gsm and t-

phi cages (Figure 5.5f). The common structural features between PAU and 

ZSM-25 are that (1) they possess the same building units, (2) the two ex-

panded interpenetrated scaffolds are isoreticular (which has been observed in 

MOF structures), and (3) four types of cages are embedded in the inter-

scaffold space. Frameworks that result from this principle of structure ex-

pansion are called “embedded isoreticular” structures. 

The initial structure determination used structure factor amplitudes from 

the experimental RED data of ZSM-25. This dataset, however, has too low 

resolution to locate oxygen atoms, and it was necessary to add these oxygen 

atoms manually. The phase information of structure factors is much more 

important than the amplitude information, and inaccurate amplitudes can be 

tolerated when solving a structure as long as the phases are close to the cor-

rect values. Therefore, it is possible to adopt structure factor amplitudes from 

the PAU structure, in addition to phases. This strategy enabled us to re-

determine the structure of ZSM-25 without using any experimental data. The 

amplitudes and phases of structure factors with a resolution lower than 1.0 Å 

were calculated from the idealized structural model of PAU (based on pure 

silica-form zeolite), and the 268 strongest reflections with E-values (normal-

ized structure factors) greater than 1.2 were selected. The indices of all 

strong reflections from PAU were converted to the indices of the corre-

sponding reflections from ZSM-25 using the following transformations: 

hZSM-25 = hPAU× aZSM-25/aPAU, kZSM-25 = kPAU× aZSM-25/aPAU, lZSM-25 = lPAU× aZSM-

25/aPAU. The 3D electron density map of ZSM-25 was calculated by taking 

the inverse Fourier transformation of the amplitudes and phases obtained 

from PAU. All of the 16 T atoms and 31 out of 40 oxygen atoms of ZSM-25 

in the asymmetric unit were determined from the 3D map. The missing oxy-

gen atoms were placed between the T-atoms by following rules of SiO4 tet-

rahedral geometry. The final model is a four-connected 3D framework, 

which has been assigned the three-letter code MWF by the IZA structure 

commission. 

 

 



 

 64 

 

Table 5.1 Structure factor amplitudes and phases used in solving the struc-

ture of ZSM-25 (Reprinted with permission from Ref. (99). Copyright © 

2015, Rights Managed by Nature Publishing Group). 
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Figure 5.4 The (h k -h-k) planes calculated from the idealized pure-SiO2-

form framework. Reflections in red and blue have phases of 0° and 180°, 

respectively. The red, green and blue circles correspond to d-spacings of 1.0 

Å, 1.6 Å and 3.0 Å, respectively. Reprinted with permission from Ref. (99). 

Copyright © 2015, Rights Managed by Nature Publishing Group. 
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Figure 5.5 (a) Rietveld refinement plots of the as-made NaTEA-ZSM-25 

(X-ray wavelength λ = 0.63248 Å). The inset intensities are scaled by a fac-

tor of six. The observed, calculated and difference curves are shown in blue, 

red and grey, respectively. The vertical bars indicate the positions of Bragg 

peaks. (b) The seven different cages: lta, d8r, pau, t-plg, t-oto, t-gsm and t-

phi, found in ZSM-25. (c-d) The connectivity of the lta, d8r and pau cages in 

PAU (c) and ZSM-25 (d). (e-f) the 3D framework structure of PAU (e) and 

ZSM-25 (f) with t-plg, t-oto, t-gsm and t-phi cages embedded in the scaf-

folds. Reprinted with permission from Ref. (99). Copyright © 2015, Rights 

Managed by Nature Publishing Group. 
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5.2 Structure predictions of PST-20 (RHO-G5) and 

PST-25 (RHO-G6) 

The structures of this family can be predicted by expanding or contracting 

the two scaffolds and increasing or decreasing the filler material accordingly. 

For example, a hypothetical structure with a cubic unit cell of dimension a = 

25 Å can be constructed by deleting a pair of d8r and pau cages from the 

scaffolds of the PAU structure. This hypothetical structure has been previ-

ously described (117, 118). A further structure, with the known RHO 

framework type with a cubic unit cell of dimension a = 15 Å, is obtained if a 

pair of d8r and pau cages is further deleted. This series of zeolite structures 

is therefore known as the “RHO family”. RHO, PAU and MWF are denot-

ed as “RHO-G1” (the first generation in the RHO family), “RHO-G3” and 

“RHO-G4”, respectively. Members of the RHO family in low generations 

can be built manually, but members of higher RHO generations are too 

complicated for this to be possible. For example, the scaffolds of a hypothet-

ical structure (with a = 55 Å) can be easily built by inserting a pair of d8r 

and pau cages into the scaffolds of MWF, but such a complicated structure 

model cannot be manually completed by adding the extra cages.  

The strong reflections approach can also be used to predict these complex 

structures. The structure factor amplitudes and phases with a resolution low-

er than 1.0 Å were calculated for the hypothetical structure (with a = 55 Å) 

from the idealized structure model of MWF. The 370 strongest reflections 

with E-values greater than 1.2 were selected. The indices of each strong re-

flection from RHO-G5 were calculated from the indices of the correspond-

ing reflection from MWF (RHO-G4) according to: hRHO-G5= hRHO-G4× aRHO-

G5/aRHO-G4, kRHO-G5= kRHO-G4× aRHO-G5/a RHO-G4, l RHO-G5= lRHO-G4× aRHO-G5/a RHO-

G4. The 3D electron density map was calculated by taking the inverse Fourier 

transform of the amplitudes and phases obtained from the MWF structure. 

All of the 29 T atoms and 44 out of 69 oxygen atoms of RHO-G5 in the 

asymmetric unit were determined from the 3D map. The structure of the 

extremely complicated RHO-G6 was determined in the same way. RHO-

G5 and RHO-G6 contain 7920 and 13104 atoms, respectively, in the unit 

cell (not including non-framework species), and it is a great challenge to 

determine these extremely complicated structures ab initio by conventional 

methods. Interestingly, other members of the RHO family than RHO-G1 

and RHO-G2 are built up from the aforementioned seven cages and are 

small pore zeolites. 

Professor Suk Bong Hong’s research group has synthesized RHO-G5 and 

RHO-G6, by keeping the same OSDA and introducing new inorganic cati-

ons such as Sr
2+

, Ca
2+

 and Ba
2+

 into the gel. This approach was inspired by 

two known natural zeolites, Phillipsite (PHI) and Gismondine (GIS). The t-

oto and t-phi cages are considered to be the building units of the Phillipsite 

structure, while t-gsm cages dominate the Gismondine structure. The num-
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bers of t-oto, t-gsm and t-phi cages grow much faster than those of the other 

four types of cage. Furthermore, there are such alkaline-earth cations as extra 

cations in the structures of these two natural zeolites. The group named the 

two structures it had synthesized “PST-20” and “PST-25”. The RED data 

(Figure 5.1d-f) and the fit of the LeBail profile (Figure 5.6) confirm that 

PST-20 and PST-25 are present. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                         

 

Figure 5.6 (a) Experimental synchrotron PXRD pattern of a mixture of PST-

20 and PST-25 and the simulated PXRD patterns of PST-20 and PST-25 are 

shown in blue, green and pink, respectively (λ = 1.4640 Å). (b) The plots of 

the LeBail profile using the two phases PST-20 and PST-25. The observed, 

calculated and difference curves are shown in blue, red and black, respec-

tively. Green and pink vertical bars indicate the positions of Bragg peaks of 

PST-20 and PST-25, respectively. Reprinted with permission from Ref. (99). 

Copyright © 2015, Rights Managed by Nature Publishing Group. 

5.3 Structure predictions of PST-26 (RHO-G7) and 

PST-28 (RHO-G8) (Paper V) 

The successful synthesis of PST-20 and PST-25 prompted us to explore 

much more complicated structures of the RHO family. Structural models of 

RHO-G7 (with a = 75 Å) and RHO-G8 (with a = 85 Å) were constructed. It 

may, in principle, have been possible to predict these two complicated struc-

tures by the strong reflections approach, but the electron density maps would 
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have been far too complex to be able to identify T and O atoms. For predict-

ing higher generation zeolites in this family, we developed a new and more 

convenient approach, based on model building in real space. Since both scaf-

folds and embedded cages in the RHO zeolite family are repetitive, the 

higher generation members can be constructed from the lower ones. Taking 

RHO-G7 as an example, the model building procedures are: 

1) A fragment of the RHO-G6 structure was taken out (Figure 5.7a). All of 

the atoms in the region 0 ≤ x ≤ 0.5; 0 ≤ y ≤ 0.5; 0 ≤ z ≤ 0.577 (= 0.5aRHO-

G7/aRHO-G6); x ≤ z; y ≤ z; x ≤ y of the fragment were located. We note that 

aRHO-G6 (65 Å) and aRHO-G7 (75 Å) are the unit cell parameters of RHO-G6 

and RHO-G7, respectively. 

2) The fractional coordinates x, y, and z for all atoms in the fragment were 

scaled by a factor of aRHO-G6/aRHO-G7.  

3) The scaled fractional coordinates x, y and z for RHO-G7 were converted 

into a crystallographic information file (CIF). A crystallographic pro-

gram, “VESTA” (119) was used to remove duplicated atoms.  

4) The procedure found a total of 72 T and 168 O atoms in the asymmetric 

unit (Figure 5.7b). 

A model of the RHO-G8 structure can be constructed by the same ap-

proach. Researchers at POSTECH have successfully synthesized these two 

much more complicated structures by careful control of the SiO2/Al2O3 and 

H2O/SiO2 ratios, and given the names “PST-26” and “PST-28” (120), respec-

tively, to the compounds. The numbers of symmetry-independent T and O 

atoms in first 12 generations of the RHO family are listed in Table 5.2. 

Mathematical equations could be derived to describe the growth of the num-

bers of T and O atoms in each generation. It is of interest to note that odd 

and even generations of the RHO family follow two different equations for 

the number of T atoms, while the number of O atoms follows a single equa-

tion for all generations. 

 

Number of T atoms in odd generations of the RHO family: 

4

1

3

1

4

1

6

1 23  nnnN oddT
                                                                          Eq.5.1 

Number of T atoms in even generations of the RHO family: 

nnnN evenT
3

1

4

1

6

1 23 
                                                                                Eq.5.2 

Number of O atoms in all generations of the RHO family: 

nnnNO
3

2

3

1 23                                                                                            Eq. 5.3 
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Figure 5.7 (a) Structural fragment of RHO-G6 used for the construction of 

the structural model of RHO-G7. (b) The structural model of RHO-G7 after 

removing the duplicated atoms. 

 

Table 5.2 Numbers of the symmetry-independent T and O atoms in RHO-

Gn members of the RHO family of zeolites (n = 1-12) (Reprinted with per-

mission from Ref. (120). © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim) 
 

Generation Number of T atoms Number of O atoms 

RHO-G1 (zeolite Rho) 1 2 

RHO-G2 3 8 

RHO-G3 (Paulingite) 8 20 

RHO-G4 (ZSM-25) 16 40 

RHO-G5 (PST-20) 29 70 

RHO-G6 (PST-25) 47 112 

RHO-G7 (PST-26) 72 168 

RHO-G8 (PST-28) 104 240 

RHO-G9 145 330 

RHO-G10 195 440 

RHO-G11 256 572 

RHO-G12 328 728 

 

5.4 Conclusions 

In summary, this chapter presents a powerful method, the strong reflec-

tions approach. This method unifies the identification of a zeolite family, 

structure solution, and structure prediction. The method is unique in the way 

that the structure solution is based on a known structure, and experimental 
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data is not used. It can in this way overcome the problems described above 

that arise from the limited resolution and incomplete extent of the data col-

lected. Furthermore, the method can direct the synthesis of new zeolites, to 

some extent. If two known zeolites are identified based on the similarity of 

the distribution of their strong reflections, it is probable that they belong to 

the same zeolite family. The other members of this family (probably higher 

generations) can then be predicted using the strong reflections approach. 

Suitable OSDAs for synthesizing the higher generations (predicted structures) 

of the family may be the same as those used for the lower generation (al-

ready-known structures of this family). This is important information for 

researchers who are seeking to produce new zeolites.  
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6. Database mining of zeolite structures 

The structures of ITQ-3 (FTC: ITE, Chapter 3) (104) and SSZ-52 (FTC: 

SFW, Chapter 2) (53) were elucidated by model building. The more com-

plex structure of ZSM-25 (FTC: MWF) (99) was determined by the strong 

reflections approach, based on the known PAU structure (Chapter 5). These 

works emphasised how important the Database of Zeolite Structures is. The 

database contains much useful structural information of known zeolites, 

which can help us to (i) understand the relationships between zeolite synthe-

ses and structures, and (ii) determine the structures of unknown zeolites. 

Chapter 6 summarizes some common and unique structural features of zeo-

lites.  

 

6.1 Characteristic structural information hinted by the 
unit cell dimensions 

Different materials with the same framework type may have different unit 

cells since the framework type in this database is independent of chemical 

composition. The length of the c-axis of AlPO-22 (FTC: AWW), for exam-

ple, is twice that of the AWW framework type (pure Si form), since AlO4 

and PO4 units alternate. Each framework was obtained from a DLS-

refinement, assuming a SiO2 composition (116, 121). The distances of Si-O, 

O-O and Si-Si are typically around 1.61 Å, 2.63 Å and 3.07 Å, respectively, 

in all zeolites. This means that unit cell parameters may provide us important 

structural information of zeolite materials. This section explores the correla-

tion between the unit cell parameters of the framework type and the zeolite 

structure.    

  

6.1.1 5 Å 

One unit cell parameter is approximately 5 Å in 24 of the 231 framework 

types in the IZA Database of Zeolite Structures (highlighted in Table 6.1). 

We note also that the periodicities of double or single zig-zag chains are 

typically around 5 Å (two examples of which are the ATN (Figure 6.1a) and 
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IFO (Figure 6.1d) framework types), and that both structures have a 1D 

channel along this short axis (Figure 6.1b and 6.1e). Figure 6.1c shows that 

mirror symmetry perpendicular to this short axis implies that T atoms must 

be located on the mirror (Figure 6.1c and 6.1f). Three general rules can be 

drawn for the 24 framework types with a 5 Å unit cell dimension: 1) the 

framework has 1D channel along the 5 Å-axis; 2) if there is mirror symmetry 

perpendicular to the 5 Å-axis, all the T-atoms must be located on the mirror; 

3) The framework is built of single or double zig-zag chains. The double and 

single zig-zag chains can be distinguished based on other information, such 

as IR and Raman spectra. It is obvious that the double zig-zag chain is com-

posed of 4-rings, which can be identified from their IR (500-650 cm
-1

) and 

Raman (480-520 cm
-1

) spectra (115). 

 

 
Figure 6.1 (a) Double zig-zag chain. (b) and (c) The ATN framework type 

viewed along [001] and [100] directions, respectively; (d) single zig-zag 

chain. (e) and (f) The IFO framework type viewed along the [010] and [001] 

directions, respectively. Both double and single zig-zag chains are highlight-

ed in blue. 
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Table 6.1 The 24 framework types with a short axis of approximately 5 Å 

FTC Space group a (Å) b (Å) c (Å) α (°) β (°) γ (°) m# 

SSY Pmmn 5.26 22.58 13.98 90.00 90.00 90.00 yes 

JBW Pmma 5.26 7.45 8.16 90.00 90.00 90.00 yes 

MTT Pmmn 5.26 22.03 11.38 90.00 90.00 90.00 yes 

MVY Pnnm 5.02 8.15 14.98 90.00 90.00 90.00 no 

SFH Cmcm 5.25 34.32 21.52 90.00 90.00 90.00 yes 

CAS Cmcm 5.26 14.13 17.23 90.00 90.00 90.00 yes 

-CHI Pbcn 5.01 31.23 9.01 90.00 90.00 90.00 yes 

NSI C2/m 14.13 5.25 8.93 90.00 105.37 90.00 yes 

SFE P21/m 11.47 5.26 13.99 90.00 100.96 90.00 yes 

CFI Imma 13.96 5.26 25.97 90.00 90.00 90.00 yes 

MTW C2/m 25.55 5.26 12.12 90.00 109.31 90.00 yes 

SFN C2/m 25.22 5.26 15.02 90.00 103.89 90.00 yes 

ABW Imma 9.87 5.25 8.77 90.00 90.00 90.00 yes 

IFO Pnnm 16.44 4.95 22.78 90.00 90.00 90.00 no 

ATN I4/mmm 13.07 13.07 5.26 90.00 90.00 90.00 yes 

ATO R-3m 20.91 20.91 5.06 90.00 90.00 120.00 no 

ATS Cmcm 13.16 21.58 5.26 90.00 90.00 90.00 yes 

BCT I4/mmm 8.95 8.95 5.26 90.00 90.00 90.00 yes 

CAN P63/mmc 12.49 12.49 5.25 90.00 90.00 120.00 yes 

BIK Cmcm 7.54 16.22 5.26 90.00 90.00 90.00 yes 

GON Cmmm 16.90 20.40 5.26 90.00 90.00 90.00 yes 

OSI I4/mmm 18.51 18.51 5.27 90.00 90.00 90.00 yes 

TON Cmcm 14.10 17.84 5.26 90.00 90.00 90.00 yes 

VET P-4 13.05 13.05 4.95 90.00 90.00 90.00 no 

# There is the mirror symmetry perpendicular to this short axis.   

6.1.2 7.5 Å 

Table 6.2 lists the 24 framework types with at least one unit cell parameter 

of 7.5 Å. Structural features of dimension approximately 7.5 Å are much 

more interesting and more complex than those of dimension approximately 5 

Å. The periodicity of double saw chains, which are composed of three edge-

sharing single 4-rings (denoted “4, 4-double saw chains”, Type A in Figure 
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6.2a), is typically approximately 7.5 Å. Two further derivatives of double 

saw chains, including the 8, 8-double saw chains (Type B in Figure 6.2e) 

and 4, 6-double saw chains (Type C in Figure 6.2h), are observed among the 

known zeolite structures. The unit cell dimensions of these derivatives can 

deviate by up to 0.3 Å from the typical distance of 7.5 Å, such as in the SFF 

framework type.  

It might be possible to obtain the channel systems of a zeolite framework 

from the unit cell parameters and symmetry. The presence of an 8-ring chan-

nel normal to an axis requires mirror symmetry perpendicular to this axis. 

Consider the LTF, MFS and LAU framework types as examples. The space 

group of LTF is P63/mmc and the length of the c-axis is approximately 7.60 

Å. A double saw chain is present in the LTF framework along the [001] 

direction (Figure 6.2b). Mirror symmetry perpendicular to the c-axis gener-

ates 8-ring pore openings in the bc plane (Figure 6.2c). Other framework 

types summarized in Table 6.2, such as EON, MOZ, OFF, -WEN, MAZ 

and LTL, also have the same double saw chain and 8-ring openings perpen-

dicular to the 7.5 Å-axis.  

The space group of the MFS framework type is Imm2, and the length of 

the a-axis is 7.54 Å. 8, 8-double saw chains are present in the MFS frame-

work along its a-axis (Figure 6.2f). Mirror symmetry perpendicular to the a-

axis generates 8-ring pore openings in the ac plane (Figure 6.2g). Other 

framework types, including CDO, RWR, DAC, FER and MOR, also fol-

low this rule.  

The 4, 6-double saw chain present in the LAU framework type (Figure 2i) 

lacks such mirror symmetry, and thus a 1D channel only is present along the 

c axis (no pore opening is present in the bc or ac plane, Figure 6.2j). Frame-

work types that contain a 4, 6-double saw chain, such as IFR, SZR, MTF, 

SFF, RTE and STF, follow this rule.  

In summary, mirror symmetry perpendicular to an axis of approximate 

length 7.5 Å suggests that 8-ring pore openings are present normal to this 

axis. Some framework types, however, such as RRO, BRE and HEU, do not 

follow this rule, and 8-ring pore openings may be present even if there is no 

mirror symmetry perpendicular to the 7.5 Å-axis. These three framework 

types consist of the same bre building unit. Thus, the reason that these three 

types break the rule might be that they do not contain suitable double chains 

mentioned above. 
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Table 6.2 The 24 framework types with one axis of approximately 7.5 Å. 

# There is a short axis being 5 Å in the BIK framework type. It belongs to Section 6.1.1. 

* The framework types don’t follow the rule discussed in Section 6.1.2, but they contain the same bre 

building unit. 

FTC 
Space 

group 
a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

8-

rings 
m 

Types of 

chain 

BIK Cmcm 7.54 16.22 5.26 90.00 90.00 90.00 yes yes # 

RRO P2/c 7.41 8.64 17.18 90.00 113.68 90.00 yes no * 

MFS Imm2 7.54 14.39 19.02 90.00 90.00 90.00 yes yes B 

CDO Cmcm 7.56 18.72 14.10 90.00 90.00 90.00 yes yes B 

EON Pmmn 7.57 18.15 25.93 90.00 90.00 90.00 yes yes A 

RWR I41/amd 7.81 7.81 27.35 90.00 90.00 90.00 yes yes B 

DAC C2/m 18.57 7.54 10.38 90.00 108.92 90.00 yes yes B 

IFR C2/m 18.63 13.44 7.63 90.00 102.32 90.00 no no C 

SZR Cmmm 18.87 14.40 7.51 90.00 90.00 90.00 yes yes C 

FER Immm 19.02 14.30 7.54 90.00 90.00 90.00 yes yes B 

LTF P63/mmc 31.17 31.17 7.60 90.00 90.00 120.00 yes yes A 

MOZ P6/mmm 31.20 31.20 7.55 90.00 90.00 120.00 yes yes A 

BRE P21/m 6.76 17.09 7.60 90.00 95.83 90.00 yes no * 

MTF C2/m 9.63 30.39 7.25 90.00 90.45 90.00 no no C 

SFF P21/m 11.45 21.70 7.23 90.00 93.15 90.00 no no C 

OFF P-6m2 13.06 13.06 7.57 90.00 90.00 120.00 yes yes A 

-WEN P-62m 13.59 13.59 7.56 90.00 90.00 120.00 yes yes A 

RTE C2/m 14.10 13.67 7.43 90.00 102.42 90.00 no no C 

STF C2/m 14.10 18.21 7.48 90.00 98.99 90.00 no no C 

LAU C2/m 14.59 12.88 7.61 90.00 111.16 90.00 no no C 

HEU C2/m 17.52 17.64 7.40 90.00 116.10 90.00 yes no * 

MAZ P63/mmc 18.10 18.10 7.62 90.00 90.00 120.00 yes yes A 

LTL P6/mmm 18.13 18.13 7.57 90.00 90.00 120.00 yes yes A 

MOR Cmcm 18.26 20.53 7.54 90.00 90.00 90.00 yes yes B 
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Figure 6.2 (a) 4, 4-double saw chain. (b-c) The LTF framework type viewed 

along [001] and [100] directions, respectively. (e) 8, 8-double saw chain; (f-

g) MFS framework type viewed along the [001] and [010] directions, re-

spectively. (e) 4, 6-double saw chain; (f-g) The LAU framework type 

viewed the along [001] and [100] directions, respectively. 

6.1.3 10 Å 

Table 6.3 lists the nine framework types with double crankshaft chains (Fig-

ure 6.3a). The length of the repeating unit is approximately 10 Å. Criteria 

similar to those described previously can be used to determine whether 8-
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ring pore openings are present normal to the unit cell edge of length 10 Å. 

Consider the PHI framework type as an example: its space group is Cmcm, 

and the length of the a-axis is 9.89 Å. Double crankshaft chains are present 

along the a-axis (Figure 6.3b). The symmetry operations of its space group 

include mirror symmetry normal to the a-axis, which generates 8-ring pore 

openings in the ac or ab plane (Figure 6.3c). All the nine framework types 

listed in Table 6.3 follow this rule.  

 

 
Figure 6.3 (a) Double crankshaft chain in the PHI framework type; (b) and 

(c) The PHI framework type viewed along the [100] and [001] directions, 

respectively. 

 

Table 6.3 The nine framework types with one axis of approximate 10 Å. 

 

FTC 
Space 

group 
a (Å) b (Å) c (Å) α (°) β (°) γ (°) m 

8-

rings 

APC Cmce 8.99 19.36 10.39 90.00 90.00 90.00 yes yes 

ATT Pmma 9.98 7.51 9.37 90.00 90.00 90.00 yes yes 

AWO Cmce 9.10 15.04 19.24 90.00 90.00 90.00 yes yes 

PHI Cmcm 9.89 14.06 14.05 90.00 90.00 90.00 yes yes 

SIV Cmcm 9.88 14.08 28.13 90.00 90.00 90.00 yes yes 

GIS I41/amd 9.80 9.80 10.16 90.00 90.00 90.00 yes yes 

UEI Fmm2 19.46 9.35 15.11 90.00 90.00 90.00 yes yes 

GME P63/mmc 13.67 13.67 9.85 90.00 90.00 120.00 yes yes 

MER I4/mmm 14.01 14.01 9.95 90.00 90.00 90.00 yes yes 
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6.1.4 12.7Å 

Table 6.4 lists eight zeolite structures with one unit cell dimension of ap-

proximate length 12.7 Å, and these have been summarized also by Allen W. 

Burton et al. (122). These authors mentioned that the repeating unit may be 

two consecutive n
2
6

n
 cages followed by an n

2
4

n
 cage (where n = 6 for SSF, n 

= 5 for SFG, and n = 4 for UWY, ISV, ITH, BEC, IWW and IWR), as 

shown in Figure 6.4. 

 

Table 6.4 The eight framework types with one axis around 12.7 Å. 

 

FTC Space group a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

SSF P6/mmm 17.21 17.21 12.80 90.00 90.00 120.00 

SFG Pmma 25.53 12.57 13.07 90.00 90.00 90.00 

ISV P42/mmc 12.87 12.87 25.67 90.00 90.00 90.00 

ITH Amm2 12.57 11.66 21.93 90.00 90.00 90.00 

BEC P42/mmc 12.77 12.77 12.98 90.00 90.00 90.00 

IWW Pbam 41.69 12.71 12.71 90.00 90.00 90.00 

IWR Cmmm 21.23 13.30 12.68 90.00 90.00 90.00 

UWY Pmmm 25.11 12.73 11.51 90.00 90.00 90.00 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 The repeated unit (12.7 Å) in the framework types of SSF, SFG, 

UWY, ISV, ITH, BEC, IWW and IWR. 
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6.1.5 14 Å 

Zeolite structures in which one of the unit cell dimensions is approximately 

14 Å may contain 5-rings. These 5-rings may be further assembled to create 

either a repeating chain of length 14 Å (Table 6.5) or a condensed structure 

without accessible channels or cavities (such as the MEP framework type). 

A low OH/Si and a high Si/Al ratio during synthesis promote the formation 

of 5-rings. The chain structure can be distinguished by the characteristic 

adsorption near 1200 cm
-1 

in the mid-infrared spectrum (1500-400 cm
-1

) 

(123).  

 

Table 6.5 The 20 framework types with one axis of approximate 14 Å. 

FTC Space 

group 

a (Å) b (Å) c (Å) α (°) β (°) γ (°) 

CFI Imma 13.96 5.26 25.97 90.00 90.00 90.00 

EEI Fmmm 13.88 35.75 22.49 90.00 90.00 90.00 

EUO Cmme 13.90 22.86 20.58 90.00 90.00 90.00 

IHW Cmce 13.75 24.07 18.33 90.00 90.00 90.00 

IMF Cmcm 14.30 56.79 20.29 90.00 90.00 90.00 

MEP Pm-3n 13.71 13.71 13.71 90.00 90.00 90.00 

NSI C2/m 14.13 5.25 8.93 90.00 90.00 90.00 

SFS P21/m 14.01 20.03 12.49 90.00 106.08 90.00 

TON Cmcm 14.11 17.84 5.26 90.00 90.00 90.00 

CAS Cmcm 5.26 14.13 17.23 90.00 90.00 90.00 

NES Fmmm 26.06 13.89 22.86 90.00 90.00 90.00 

FER Immm 19.02 14.30 7.54 90.00 90.00 90.00 

OKO C2/m 24.06 13.83 12.35 90.00 109.13 90.00 

PCR C2/m 20.14 14.07 12.52 90.00 115.65 90.00 

-SVR Cc 20.41 13.30 20.16 90.00 102.33 90.00 

SZR Cmmm 18.87 14.40 7.51 90.00 90.00 90.00 

MFI Pnma 20.09 19.74 13.14 90.00 90.00 90.00 

NON Fmmm 22.86 15.66 13.94 90.00 90.00 90.00 

CDO Cmcm 7.56 18.72 14.10 90.00 90.00 90.00 

MEL I-4m2 20.27 20.27 13.46 90.00 90.00 90.00 
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6.1.6 20 Å 

A large number of zeolites can be considered to be an assembly of certain 

layers based on different symmetry operations, such as reflection in a mirror 

plane or inversion through a center. The overall thickness of the building 

layers (including oxygen atoms that form bridges between the layers) is ap-

proximately 20 Å. The well-known MFI and MEL framework types, for 

example, share common building layers. The type materials for the MFI and 

MEL framework types are ZSM-5 and ZSM-11, respectively. Both of these 

are high-silica zeolites and have 5-rings in their structures. Thus, we expect 

one of the unit cell parameters to be around 14 Å, corresponding to four 5-

ring chains. The MFI or MEL framework is formed by layers that are relat-

ed through an inversion center or mirror plane, respectively. In both cases, 

the thickness of two building layers is approximately 20 Å (Figure 6.5). The 

thickness of the layers deviates slightly from 20 Å in some cases, which may 

provide additional information about the channel system. This point will be 

addressed separately in Section 6.3 (124).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.5 Projections of MFI viewed along the [010] direction and MEL 

along the [010] direction.  

6.2 The ABC-6 family  

The periodic building unit in the ABC-6 family is a hexagonal array of non-

connected planar 6-rings, which are related by translations along the a- or b-

axis (Figure 6.6a). These adjacent 6-rings are connected by tilted single 4-

rings, to form a fully 4-connected framework (Figure 6.6b). Table 6.6 lists 

the 22 framework types that belong to the ABC-6 family. The distinctive 

structural features of this family can be summarized as follows: 
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Figure 6.6 (a) the translation of 6-rings along the a- or b-axis; (b) adjacent 

6-rings connected by tilted 4-rings. 

(1) The structures in the ABC-6 family can be categorized into three sub-

groups, based on the length of the a- (or b-) axis of the hexagonal unit cell. 

Each subgroup has its unique structural features (53). The CAN, LOS, LIO, 

AFG, FRA, TOL, MAR, FAR and GIU framework types, for example, 

have an a (or b) dimension in the range from 12.25 Å to 12.70 Å, and have 

building units that are only single 6-rings. Other framework types, (GME, 

CHA, AFX, AFT and SFW) have an a (or b) dimension between 13.65 and 

13.75 Å, and consist solely of double 6-rings. Finally, other members of the 

ABC-6 family have an a (or b) dimension between 12.85 Å and 13.20 Å, and 

these members have mixed building units of both single and double 6-rings.  

(2) The number of repeated layers (N) depends on the length of the c-axis of 

the hexagonal unit cell: N = c/2.5.  

(3) Some members have no C stacking sequence, and this gives rise to a 12-

ring channel along the c-axis. Examples are the CAN, OFF and GME 

framework types. 

(4) The zeolite framework of members with no C stacking sequence in 

which the building unit is composed of solely single 6-rings have no acces-

sible channels. The maximum ring size is 6 in such cases.  

 (5) Members in which a C stacking sequence is present with double 6-rings 

within the framework are small-pore zeolites. The maximum ring size in 
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such cases is 8. Applications of small pore zeolites are described in Chapter 

1. 

(6) The phases of the structure factors of some reflections in the diffraction 

patterns of members of the ABC-6 family are fixed by symmetry constraints. 

Figure 6.7 shows structure factor amplitudes and phases of hk0 reflections 

calculated from these frameworks. The phases of structure factors with indi-

ces 110, 220, 330, and 440 are constrained to be 180°, 180°, 0° and 0°, re-

spectively. Section 3.1.3 showed that it is important to determine the phases 

of structure factors in order to determine a structure. The fact that these 

phases of the structure factors are constrained may be useful when determin-

ing the structures of unknown members of the ABC-6 family. Further, it may 

be possible to gain information about intrinsic phase relationships in other 

zeolite families. 

 

Table 6.6 ABC-6 family. 

 

Type  

material 
Code 

Space 

Group 
Ring Sizes 

Stacking sequence 

(Repeating layer) 

 

Building 

units  

Cancrinite CAN P63/mmc 12 6 4 AB(A)....(2) 
Single 6-

rings only 

12.25Å-

12.70Å 

 

Sodalite SOD Im-3m    6 4 ABC(A)...(3) 

Losod LOS P63/mmc    6 4 ABAC(A)...(4) 

Liottite LIO P-6m2    6 4 ABACAC(A)...(6) 

Afganite AFG P63/mmc    6 4 ABABACAC(A)...(8) 

Franzinite FRA P-3m1    6 4 ABCABACABC(A)...(11) 

Tounkite TOL P-3m1    6 4 CACACBCBCACB(C)...(12) 

Marinellite MAR P63/mmc    6 4 ABCBCBACBCBC(A)...(12) 

Farneseite FAR P63/mmc    6 4 ABCABABACBACAC(A)...(14) 

Giuseppettite GIU P63/mmc    6 4 ABABABACBABABABC(A)...(16) 

Offretite OFF P-6m2 12 8 6 4 AAB(A)...(3) 
Double 6-

rings and 

single 6-

rings 

12.85Å-

13.20Å 

 

ZnAlPO-57 AFV P-3m1    8 6 4 AABCC(A)...(5) 

Erionite ERI P63/mmc    8 6 4 AABAAC(A)...(6) 

TMA-E(AB) EAB P63/mmc    8 6 4 AABCCB(A)...(6) 

ZnAlPO-59 AVL P-3m1    8 6 4 ABBACCA(A)....(7) 

Levyne LEV R-3m    8 6 4 AABCCABBC(A)...(9) 

STA-2 SAT R-3m    8 6 4 AABABBCBCCAC(A)...(12) 

Gmelinite GME P63/mmc 12 8 6 4 AABB(A)...(4) Double 6-

rings only  

13.65Å-

13.75Å 

 

Chabazite CHA R-3m    8 6 4 AABBCC(A)...(6) 

SAPO-56 AFX P63/mmc    8 6 4 AABBCCBB(A)...(8) 

AlPO-52 AFT P63/mmc    8 6 4 AABBCCBBAACC(A)...(12) 

SSZ-52 SFW R-3m    8 6 4 AABBAABBCCBBCCAACC(A)...(18) 
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Figure 6.7 Comparison of structure factor amplitudes and phases of hk0 

reflections calculated from the structures of different zeolite framework 

types. The red, green and blue circles correspond to d-spacings of 1.0 Å, 1.6 

Å and 3.0 Å, respectively. The frameworks are idealized in the pure SiO2 

forms. Reflections in red and blue have phases of 0° and 180°, respectively. 

The indices are given only for the LOS framework, for clarity. 

6.3 The butterfly family (Paper VI) 

Zeolite materials with framework types FAU, FER, MOR, MFI and LTA 

are widely used in industrial applications. The MFI and FER framework 

types have similar nets, containing the well-known ‘‘butterfly’’ configura-

tion with a 6-ring (the body of the butterfly) surrounded by four 5-rings (the 

wings) (Figure 6.8) (124). The chain of edge-sharing 5-rings can be consid-

ered to be the main building unit, and generates alternating 6-rings and 10-
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rings in the intermediate chains. This is a unique structural feature of high-

silica zeolites, and such chains can be identified using IR spectroscopy. The 

vertex symbol for this layer is [5.6.10]2 [5
2
.10] [5

2
.6] [5

2
.10]2. This family of 

zeolite frameworks is known as the “butterfly family”. 

Ten framework types built solely from the butterfly net have been identi-

fied. These ten framework types are *MRE (type material: ZSM-48), FER 

(ferrierite), MEL (ZSM-11), SZR (SUZ-4), MFS (ZSM-57), MFI (ZSM-5), 

TUN (TNU-9), IMF (IM-5), BOG (boggsite) and TON (theta-1). Table 6.7 

lists these framework types, with their unit cell settings reconfigured to make 

them easy to compare. The butterfly net of all ten frameworks is located in 

the ab plane with a ≈ 14 Å and b ≈ 20 Å. Table 6.7 lists the space groups, 

channel ring sizes and channel systems of these frameworks. The same unit 

cell configuration has been applied to the TUN and IMF framework types, 

although the a parameter is doubled in TUN and the b parameter is tripled in 

IMF (highlighted in Table 6.7). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.8 A 6-ring and four 5-rings are considered the body and wings of a 

butterly in blue, respectively. Reprinted with permission from Ref. (124). 

Copyright © 2015, Walter de Gruyter GmbH. 
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Table 6.7 Re-configured unit cell parameters (a, b and c), space groups and 

channel ring sizes for the ten members of the butterfly family of zeolites 

(Reprinted with permission from Ref. (124). Copyright © 2015, Walter de 

Gruyter GmbH).  
 

Framework a (Å) b (Å) c (Å) 
Δa 

(Å)1 

Δb 

(Å)1 

Space 

group 

Channel ring 

size along a, 

b, c 

Channel 

dimension 

*MRE 14.562 20.314 8.2570 ̶ ̶ Imcm ̶ ,  ̶ , 10 1D 

BOG 12.669 20.014 23.580 1.893 0.300 Ibmm ̶ , 12, 10 3D 

MFI 13.142 20.090 19.738 1.420 0.224 Pbnm 10, 10,10 3D 

MEL 13.459 20.270 20.270 1.103 0.044 I-4m22 10, 10,10 3D 

TUN 27.845 19.597 20.015 0.640 0.7543 B112/m4 ̶ ,   ̶, 105 3D 

TON 14.105 17.842 5.256 0.457 2.472 Cmcm ̶ ,   ̶, 10 1D 

IMF 14.296 56.788 20.290 0.266 1.3856 Cmcm 10,   ̶, 10 3D 

FER 14.303 19.018 7.541 0.259 1.296 Immm 8,  ̶ , 10 2D 

MFS 14.388 19.016 7.542 0.174 1.298 Im2m 8,  ̶ , 10 2D 

SZR 14.401 18.870 7.5140 0.161 1.444 Cmmm 8,  ̶ , 10 3D 

 

 

 

 

 

 

 

 
The butterfly nets in these ten framework types are similar, with small 

geometric differences between them (Figure 6.9). They are built by stacking 

the butterfly nets along the c-axis, based either on mirror symmetry or on 

inversion centre symmetry. The T atoms in the net are three-connected, with 

the forth connection pointing either up (U) or down (D) (Figure 6.9). The up 

and down configuration differs from structure to structure, and thus the con-

nections of neighbouring layers differ also from structure to structure. Fur-

ther, also the 3D channel systems of the frameworks in the butterfly family 

can differ. 

The *MRE framework has the longest a- and b-axes (a = 14.562 Å and b 

= 20.314 Å), and we have used this framework as a reference when compar-

1 Δa and Δb are the differences between a and b parameters and those of *MRE. 

The space groups have been changed to reflect the new unit cell settings, with the exception 

of the tetragonal unit cell used for MEL. 
2 The original space group is given here. The -4 symmetry operation is along the a-axis in 

the new unit cell. 
3 This value has been calculated using a/2. 
4 The unique axis is the c-axis and  = 93.2°. The full H-M symbol is given here for clarity. 
5 The 10-ring channels are along the [1-10] direction. 
6 This value has been calculated using b/3. 
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ing members of the family. Table 6.7 presents the differences between the 

the a and b parameters of the other frameworks in the family and those of 

*MRE. The a parameter of BOG, for example, is 1.893 Å shorter than that 

of *MRE, which can be seen clearly in Figure 6.10A, while the b parameter 

of BOG is close to that of *MRE. The ab plane of *MRE is so flat that the 

planes are close-stacked along the c-axis, and no pore opening is formed in 

the ac or bc plane. The ab plane of BOG is much more rippled than that of 

*MRE. Neighbouring layers are related by mirror symmetry perpendicular 

to the c-axis, which generates 12-ring pore openings along the b-axis (Figure 

6.11).   

The comparison between *MRE and BOG allows the relationship be-

tween the unit cell dimensions and the channel systems to be summarized for 

all frameworks in the butterfly family. If the a parameter of a framework is 

shorter than that of the reference member (*MRE), while the b parameter is 

approximately the same, channels along the perpendicular axis (the b-axis) 

will be formed. The BOG, MFI and MEL framework types exemplify this 

rule (Figure 6.10A and Figure 6.11). 

In contrast, the b parameters of SZR, MFS, FER and IMF differ consid-

erably from that of the reference member (up to 1.444 Å in difference) (Fig-

ure 6.10B). We expect, therefore, that channels running parallel to the b-axis 

will be formed. Indeed, SZR, MFS and FER have 8-ring pore openings 

along the b-axis, while IMF has 10-ring channels (Figure 6.11). 

Both the a and b parameters of the TUN framework type are shorter than 

those of the reference member (*MRE), by 0.640 Å and 0.717 Å, respec-

tively. We expect that it will have channels running diagonally in the ab 

plane, as is, indeed, the case (Figure 6.11). 

The b parameter of the TON framework type differs most from that of the 

reference member (*MRE), and we expect a channel system along the a-

axis. However, a 1D channel forms only along the c-axis, and no pore open-

ings along the a- or b-axes. The c parameter of this framework is particularly 

short (5.256 Å), which is the reason of the 1D channel (Section 6.1.1).  
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Figure 6.9 The butterfly layers extracted from the ten members of the butter-

fly family viewed perpendicular to the layer. The undulation of the layers 

leads to the channels (the grey stripes). Only the T-T connections (T = Si, Al) 

are shown for clarity. The T atoms pointing up and down are shown in blue 

and gold, respectively. (Reprinted with permission from Ref. (124). Copy-

right © 2015, Walter de Gruyter GmbH). 
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Figure 6.10 the butterfly layers viewed along the b-axis (A) and the a-axis 

(B). The grey spheres indicate projections of the channels, which result from 

the undulation of the layers. Only the T-T connections (T = Si, Al) are 

shown for clarity. The T atoms pointing up and down are shown in blue and 

gold, respectively. The layers are shown on the same scale. (Reprinted with 

permission from Ref. (124). Copyright © 2015, Walter de Gruyter GmbH). 
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Figure 6.11 *MRE, TON, IMF, FER, MFS and SZR frameworks viewed 

along the a-axis. BOG, MFI and MEL viewed along the b-axis. TUN 

framework viewed along [1-10]. The c-axis is perpendicular to all the struc-

tures. Only the T-T connections (T = Si, Al) are shown, for clarity. One but-

terfly layer is highlighted in each structure. The T atoms pointing up and 

down are shown in blue and gold, respectively. (Reprinted with permission 

from Ref. (124). Copyright © 2015, Walter de Gruyter GmbH). 
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6.4 Conclusions 

This chapter has described the important and interesting relationships be-

tween unit cell dimensions and the structural features of known zeolite 

frameworks. The information presented here may be embedded into ad-

vanced software with the ability to solve zeolite structures.  
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7. Sammanfattning  

Zeoliter är porösa kristallina aluminiumsilikater vars hålrum är lika stora 

som små molekyler. Befintliga zeoliter används idag i stor utsträckning i 

industriella processer, till exampel gasseparation, jonbyte och katalytisk 

omvandling av organisk molekyler. Huvudanledningen till att zeoliterna har 

blivit så framgångsrika är deras väldefinierade porsystem som kan fungera 

som en sil på molekylnivå. 

För att kunna förstå funktionen och utveckla nyå zeoliter måste man veta 

hur dessa struktuer är uppbyggda. Konventionella metoder för struktur-

bestämning, så som röntgendiffraktion, har tillämpats för att bestämma 

strukturen hos många olika typer av material. Metoden kräver dock kristaller 

som är relativt stora. Röntgendiffraktion från pulverprover är en annan 

metod som också kan användas för strukturbestämning. Den är dock 

komplicerad och begränsas bl. a. av överlappning av diffraktionstoppar, låg 

kristallinitet och föroreningars bidrag till diffraktionsmönstret. Elektron-

kristallografi, dvs elektrondiffraktion och högupplösande transmissions-

elektronmikroskopi, kan lösa dessa problem. I vår grupp har vi nyligen 

utvecklat en metod för automatiserad insamling och analys av tre-

dimensionella elektrondiffraktionsdata, som kallas rotations elektron-

diffraktion med förkortningen RED. 

Målet för denna avhandling är att bestämma strukturer av nya zeoliter och 

zeolit-relaterade material genom att använda RED metoden. Ett annat mål är 

att utveckla metoder att förutsäga nya strukturer med skräddarsydda 

egenskaper. Vi har utvecklat en metod för att förutsäga hypotetiska 

strukturer som baserar sig på redan kända zeoliter. Denna metod ger en länk 

mellan förutsägande av strukturer och syntes av nya material. Dessutom kan 

vi studera hur molekyler och joner interagerar med själva zeolitstrukturen 

genom Rietveldförfining. Genom att studera uppbyggnaden av strukturen 

underlättas designen av anpassade syntesvägar. 

De huvudsakliga resultaten i denna avhandling kan sammanfattas i följande 

punkter: 

1) Att lösa strukturer av två silikater COE-3 och COE-4, en 

fluoraluminatfosfat EMM-9 och en borsilikat zeolit EMM-26 från RED data.  

2) Att använda Rietveldförfining för att bekräfta strukturmodeller vi fick 

med hjälp av RED data och hitta de molekyler och joner som finns inuti 

hålrummen. 
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3) Att utveckla en ny metod (”strong reflections approach”) för att identifiera 

en ny familj av zeolitstrukturer. Denna metod har tillämpats för att 

bestämma strukturen av en 34 år gamml aluminosilikat ZSM-25 och att 

förutsäga flera nya och besläktade strukturer (PST-20, PST-25, PST-26 och 

PST-28). Metoden förväntas även kunna vägleda framtida synteser av nya 

material. 

4) Att sammanfatta vanliga strukturelement baserat på kända strukturer. 

Detta är ett hjälpmedel som kan användas vid strukturbestämning av nya 

zeolitmaterial, samt ge inspiration för att syntetisera nya material med 

liknande strukturelement. 
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8. Future perspective 

The development of new 3D ED methods including the automated dif-

fraction tomography (ADT) and rotation electron diffraction (RED) has 

pushed the limit of structure determination by X-ray diffraction to nano- and 

submicrometer sized crystals. A large number of structures that could not be 

solved by X-ray diffraction have been determined using the 3D ED data. 

However, due to dynamical effects, the current structure refinement based on 

kinematic electron diffraction is not good enough to get accurate atomic 

positions, and locate OSDAs or guest water molecules in the pores of zeo-

lites. Today, we still rely on PXRD data and Rietveld refinement to complete 

the structural model obtained from RED data and to confirm the model. 

However, Rietveld refinement is only possible when the quality of PXRD 

data is high and the structures are not too complex. For samples with poor 

crystallinity and containing disorders and impurities, it is very challenging to 

obtain an accurate model from PXRD data by Rietveld refinement. So it is 

necessary to further develop the 3D ED technique and make it as a stand-

alone structure determination technique as single crystal X-ray diffraction. 

One possible solution is to take into account dynamical effects in the struc-

ture refinement, as has been shown by Lukas Palatinus and co-workers 

(125).    

Although many zeolite structures have been predicted, rational synthesis 

of predicted zeolites is still challenging. We have shown for the first time 

that a series of related zeolite structures can be predicted using the strong 

reflections approach and they could be finally synthesized. The strong reflec-

tions approach may link the structure prediction with the target synthesis. 

Currently there are 231 framework types in the Database of Zeolite Struc-

tures. These framework types might be grouped based on the similarity of 

the intensity distribution of reflections in reciprocal space. The common 

structural coding of zeolites in the same group (family) may be used for 

identification and prediction of new structures within this zeolite family. 

According to the synthesis recipes of known zeolites of this family, it is 

highly possible to synthesize predicted zeolite structures. Hopefully, this 

unique method will make a big step towards the rational design of zeolites. 

 Phasing of reflections is a crucial step in structure determination. As de-

scribed in Chapter 6, we observed that some reflections in the ABC-6 family 

have fixed structure factor phases. Are there any other phase relations for 

certain reflections exiting in zeolite structures? We hope to find more rela-
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tions among the zeolite structures and use them in the future to structure 

determination and prediction of novel zeolites.  

This thesis focuses on the structural investigation of unknown zeolites us-

ing various crystallographic and diffraction methods. However, for industrial 

applications, more research has been concentrated on the modification of 

known zeolites. In the future, I hope to integrate my crystallographic back-

ground with various spectroscopic techniques such as NMR and IR in order 

to have deep understandings of these known and widely-used zeolite cata-

lysts down to the atomic level.  
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