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Abstract  

Inorganic and metal-organic framework materials possessing accessible 

and permanent pores are receiving tremendous attention. Among them, 

zeolites are the most famous class due to their wide applications on 

petrochemistry and gas separation. Besides zeolites, the other oxide 

framework materials are also intensively investigated because of their 

diverse structures and compositions. Metal-organic frameworks are 

built from metal clusters and organic linkers. By rational designing the 

reagent, the network with desired topology and functionality can be 

synthesized. 

For all of the framework materials mentioned above, to explore 

novel framework structures is important for improving properties and 

discovering new applications. This thesis includes the synthesis of 

zeolites and structure characterization for various types of inorganic 

framework materials. The zeolite synthesis conditions were exploited. 

With the optimized condition, the zeolite ITQ-33 was synthesized as 

single crystals. From the single crystal X-ray diffraction data, the 

disorder in the structure is discovered and explained. Following the 

topic of disorder and twinning, we proposed a novel method of solving 

structure of pseudo-merohedric twinning crystal by using an example 

of a metal-organic complex crystal. Then we also showed methods for 

solving structures of high complexity and nano-crystal by using mainly 

powder X-ray diffraction and transmission electron microscopy. Four 

examples were shown in chapter 4 including open-framework 

germanates and metal-organic frameworks. 

 

Keywords: X-ray diffraction, transmission electron microscopy, 

framework materials, porous materials. 
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 Introduction 

Inorganic framework and metal-organic framework (MOF) materials 

possessing accessible and permanent pores are receiving tremendous 

attraction from chemists, physicists and materials scientists from all 

over the world because of their commercial interests on various 

applications.1 Among inorganic framework materials, the most 

important class is zeolites which are frameworks of tetrahedrally 

coordinated crystalline oxides. Besides zeolites, many classes of 

materials of oxides not limited to 4-coordination are also intensively 

investigated, for instance, titanosilicates, germanium oxides and 

transition metal phosphates.2–4  

MOFs are a kind of framework materials built of metal clusters and 

organic linkers. By rational design of the reagents, network with desired 

topology and functionality can be synthesized.5 

According to the pore sizes, porous materials can be categorized into 

three classes: microporous materials with pore sizes below 2 nm, 

mesoporous materials with pore sizes between 2 nm and 50 nm and 

macroporous materials with pore sizes larger than 50 nm.6,7 The 

majority of inorganic framework materials fall into the category of 

microporous materials. However, recently, more and more inorganic 

frameworks with mesopores have been synthesized. Germanosilicate 

zeolite ITQ-43 is the first zeolite with pore window larger than 20 Å 

(21.9 Å).8 A series of gallium zincophosphites with one dimensional 

channels of various sizes ranging from 6.9 Å to 35 Å were synthesized 

by rational design of the template molecules.9 Moreover, even larger 

pore sizes has been archived for MOFs. IRMOF-74 is a remarkable 

example which possesses a 98 Å pore opening with 282 atoms in a 

ring.10 

The most well-known applications of porous framework materials 

are in ion-exchange, gas and liquid separation, oil cracking and 

petrochemical production.11,12 For all of these applications, crystal 

structures are critical to the performances. The crystal structures not 

only determine the sizes of the apertures but also the dimensions of the 
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channels, the shape and connectivity of the channels and the 

arrangements of the cages.13 Therefore the studies on synthesis and 

structure characterization are of great importance to the development of 

this research field.  

 Inorganic framework materials 

 Zeolites 

In 1756, an interesting phenomenon was observed by the Swedish 

mineralogist Axel F. Cronstedt when he was heating a newly discovered 

silicate mineral.14 He found the mineral underwent intumescence and 

fused readily when heated in a flame of blowpipe. He then named this 

mineral “zeolite” which was derived from Greek words, “zeo” and 

“lithos” meaning “to boil” and “a stone”.15 Zeolites hadn’t drawn too 

much attention until they were synthesized through hydrothermal 

reaction in early 1940s by Richard Barrer.16 A few years later, Robert 

Milton from the laboratories of Linde Corporation synthesized zeolite 

chabazite.17 It was a significant step forward because the scarce natural 

counterpart was the only choice of material found to be suitable for 

industrial air separation and purification applications.17 Two decades 

later, in 1960s, another important progress in zeolite synthesis was 

made by Barrer and Denny by introducing quaternary organic 

ammonium in the synthesis.18 In 1967, the first high-silica zeolite 

(zeolite β) was disclosed  initiating the era of zeolites in the field of 

materials and catalysis.16  

Strictly speaking, zeolites must be hydrated crystalline frameworks 

of tectoaluminosilicates built from TO4 tetrahedra where T denotes 

tetrahedral Si and Al and each oxygen atom is corner-shared by two 

adjacent tetrahedra as shown in Figure 1.1.14 The anionic frameworks 

are compensated by cations located at the pores and loosely bound to 

the oxygen atoms in the framework.19 However, with the development 

of synthetic routes of zeolites, the definition of zeolite has been 

significantly broadened. First of all, T atoms in the frameworks are no 

longer limited to Si and Al. For example, boron, phosphorus and 

germanium can be included as well. The introduction of such atoms not 

only enriches the chemistry of zeolites but also brings in diverse 

framework topologies due to the differences in lengths, angles and the 

flexibility of the bonds20. Secondly, the definition of guest species has 
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been expanded to include both inorganic cations and organic molecules, 

e.g. quaternary ammonium. The utilization of organic molecules in 

zeolite synthesis as structure directing agents (SDA) greatly accelerated 

the discovery of large and extra-large pore zeolites as well as zeolites 

with high ratio of quadrivalent atoms to trivalent atoms16,21.  

 

 

Figure 1.1 (a) Two SiO4 tetrahedra connected by a bridging oxygen atom (yellow: Si, 
red: oxygen); (b) the idealized framework of FAU zeolite (oxygen atoms are omitted, 
the purple sphere represents the cavity surrounded by nine SOD cages). 

Crystallization mechanism 

Since the successful synthesis of zeolites through the hydrothermal 

method, researchers are particularly interested in understanding the 

crystallization mechanisms of zeolites. However, due to the complexity 

of the reaction which involves both solid and liquid, a comprehensive 

theory of zeolite crystallization is still lacking. There are mechanisms 

proposed by different research groups. In a paper by Breck, a scheme 

of zeolite crystallization was given for the first time.22 He showed that 

the gel structure was firstly depolymerized and then polyhedra formed 

through the rearrangement of aluminoslicate and silicate anions in the 

gel. The polyhedra connect to form crystals. This mechanism is referred 

to solid-phase transformation as the process involves only the 

rearrangement of an amorphous phase. Besides the solid-phase 

transformation, there are also proposed mechanisms involving the 

liquid phase. Kerr and Ciric proposed the solution-mediated 
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transformation theory of zeolite crystallization23 which suggests that the 

gel first dissolves in the solution and then precipitates out from the 

solution to form zeolite crystals.  

 

Figure 1.2 Scheme for the crystallization process of zeolite MFI by de Moor.24 

Recent progress in the understanding of zeolite formation inclines to 

the mechanism involving both liquid-phase and solid-phase. As 

described in de Moor’s paper24, after investigating the process by using 

techniques including small-angle and wide angle X-ray scattering, he 

draw the scheme for the MFI zeolite crystallization mechanism as 

shown in Figure 1.2. At the beginning of the process, hydrophobic 

spheres are formed surrounding both the SDAs (tetrapropyl ammonium 

cation) and silicates. Then the overlap of such spheres drives the 

formation of nanometer sized primary building units comprising SDAs 

and silicate. During the nucleation, primary units aggregate and turn to 

ordered structures, up to the size of 10 nm. Although it has been more 

than 70 years since Richard Barrer synthesized the first zeolite in 

laboratory, the mechanism of zeolite formation is still not fully 

understanding 

Building units 

At present, there are 218 zeolite framework types approved by the 

International Zeolite Association. Some common structural features 

such as cavities and chains can be found in different frameworks. These 
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structure features not only help researchers to understand the structures 

more easily, but also provide hints to synthesis and properties. Figure 

1.3 shows some building units frequently presented in zeolite 

frameworks.  

 

Figure 1.3 Some building units that recur in zeolite frameworks (oxygen atoms are 
omitted). 

 

Figure 1.4 Zeolites built up from SOD cage (oxygen atoms are omitted). 

Several widely used zeolites are built up based on a common unit, 

the β-cage (also called SOD cage), but with different connecting 

schemes. In the LTA zeolite, the framework can be described as the β-

cages arranged in a primitive cubic way, connecting the neighbors 

through double 4-rings. In FAU and EMT zeolites, the β-cages connect 

through double 6-rings, but the way β-cages arranged is different. For 

the FAU zeolite, β-cages are arranged in the same way as carbon atoms 
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in the diamond structure. This is also one of the reasons for the excellent 

thermal stability of the FAU zeolite. For the EMT zeolite, β-cages build 

up the same layer as that in FAU, but the layers are stacked in an ABAB 

sequence in EMT instead of the ABC sequence in FAU.  

Relations between zeolites structures and applications 

Crystal structure is the most crucial factor for the application of 

zeolites. The reason is that the crystal structures define the channels in 

the zeolites, which determine the accessibility of the pore, 

transportation rate of the guest molecules and many other important 

factors. Small difference in the crystal structures can result in big 

differences in their performances. 

 

Figure 1.5 Frameworks of LTA, FAU, MFI and CHA type zeolites. Oxygen atoms are 
omitted to simplify the structure models. Pore openings are marked in grey. 

Zeolite A is the abbreviation of the Linde Type A zeolite typically 
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with the composition of Na12Al12Si12O48. The sodium cations in the 

channel can be replaced by calcium cations to produce the calcium form 

of zeolite A, CaA. As shown in Figure 1.5, zeolite A is a small pore 

zeolite with an aperture of 8-ring. One of the most important 

applications of zeolite A is to replace phosphate as the builder in 

laundry detergent for removing the hard Ca2+ and Mg2+ cations25. 

Sodium form of zeolite A shows high selectivity and capability to 

exchange Ca2+ and Mg2+ cations in water by Na+ cations. Besides the 

application in ion exchange, the sodium/potassium form of zeolite A 

(NaKA) is one of the most promising solid adsorbents for carbon 

dioxide26. Utilizing the small difference between kinetic diameters of 

CO2 and N2 (0.33 nm for CO2 and 0.36 nm for N2), the NaKA with 

tunable pore sizes in the range between 0.3 nm and 0.38 nm shows 

excellent CO2-over-N2 selectivity in gas absorption.27 

Zeolite Y with the framework type of FAU is the main catalyst for 

petrochemical industry, for example fluid catalytic cracking (FCC), 

hydrocracking and alkylation.28 The cavity with diameter of around 13 

Å in zeolite Y is surrounded by 10 β-cages and has 4 large pore 

openings (12-ring). This unique structure feature of zeolite Y ensures 

the fast diffusion of reagents and products in zeolite crystals. In addition, 

zeolite Y also shows strong acidity and ultra-high stability under harsh 

conditions, which makes it the leading catalyst in the petrochemical 

industry.29 

Zeolite ZSM-5 is another important catalyst in oil refining and many 

other petrochemistry processes. ZSM-5 is a medium-pore zeolite built 

up by pentasil chains. In the structure of ZSM-5 there are three-

dimensional inter-connected 10-ring channels, among which one is 

straight and the other two are running in a zigzag way in the plane 

perpendicular to the straight channel. Comparing to the large pore size 

of around 7.4 Å for zeolite Y, the pore aperture of ZSM-5 is only around 

5.3 Å.19 The difference in pore size and the way the channels run induce 

significant differences in the catalytic performances. For instance, in 

the FCC process, ZSM-5 is used as an additive to the main catalyst of 

zeolite Y. Due to the small pore size of ZSM-5, molecules larger than 

monomethyl aliphatics and the molecules with critical diameters larger 

than 6 Å are severely limited to diffuse into the channels with active 

sites. The straight chain C7+ aliphatics that are small enough to enter 

the pores are mainly cracked into C3 to C5 olefins.  Hence the addition 

of ZSM-5 results in a considerable increase of the yield of small alkenes 

(propene and butenes) which are products more desired than gasoline, 
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due to their higher market price.30,31 At the same time, the linear and 

mono-branched C7+ aliphatics convert to small alkenes causing an 

increased fraction of aromatics and isopentene in gasoline product and 

thereby increasing the octane number of the gasoline.30,31  

SAPO-34 zeolite is an aluminium phosphate with some phosphorus 

sites replaced by silicon. The underlying topology (CHA) of SAPO-34 

is the same as the natural occurring mineral chabazite. As shown in 

Figure 1.5, the structure is built up by connecting the double 6-rings 

through 4-rings. It has relative large cavities but small 8-ring openings. 

This structural feature and the moderate acid strength give SAPO-34 

outstanding selectivity on the Methanol-to-Olefins (MTO) process.32 

As explained by a widely accepted mechanism (hydrocarbon pool 

mechanism) of the MTO reaction, the large chabazite cages can trap the 

active reaction intermediates, polyalkyl aromatics, inside. Catalyzed by 

Brønsted acid sites of the framework, the reactive intermediates turn 

into light olefins.33 In addition, the small 8-ring aperture with diameter 

of around 3.8 Å inhibits the diffuse of heavy and branched 

hydrocarbons leading to the high selectivity to the desired light 

olefins.33,34  

 Open germanate frameworks 

As discussed above, crystal structure is a key factor for applications of 

framework materials. To enrich the choices of materials for potential 

applications35, framework materials with novel topologies are desirable.  

Germanium, the element just below silicon in the periodic table of 

elements, has been studied intensively as a framework element to 

extend the structure diversity of microporous materials36. Although 

germanium is in the same group as silicon, their coordination behaviors 

are quite different37. Silicon forms tetrahedra with oxygen atoms in all 

cases except at some extreme conditions e.g. ultra high pressure38. Due 

to the larger radius of the germanium atom, its coordination with 

oxygen is much more flexible. It can be 4-, 5-, or 6-coordinated to 

oxygen atoms. This flexibility gives rise to the diverse framework 

topologies of the germanates.  
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Figure 1.6 Germanium oxide polyhedra and composite building units. Oxygen atoms 
are in red. GeO4 tetrahedra are in green, GeO5 bipyramids or square-pyramids are 
in yellow and GeO6 octahedra are in red. 

In the germanate frameworks there are four commonly occurring 

primary building units. They are shown in Figure 1.6 (GeO4 tetrahedron, 

GeO5 trigonal bipyramid, GeO5 square pyramid and GeO6 octahedron). 

Composed of these polyhedra, a number of clusters (shown in Figure 

1.6) are frequently found as composite building units in germanate 

frameworks39–41. Since these clusters are relatively large in size, when 

linking these clusters together to form frameworks, it is not rare to 

obtain frameworks with extra-large pores. Figure 1.7 shows the 

framework of SU-M42. It was the largest primitive cell and lowest 

framework density of all inorganic materials at that time. With the 30-

ring channels in the structure, SU-M has the largest pore aperture found: 

25.1 Å, which already lies in the mesopore range. 

In addition, replacing silicon by germanate enriches the framework 

types by offering different bond lengths and bond angles even at 

tetrahedral coordination condition. The longer bond length (Ge-O: 1.74 

Å; Si-O: 1.61 Å) and significantly smaller bond angle (Ge-O-Ge ≥ 130o; 

Si-O-Si ≥ 145o) for tetrahedrally coordinated germanium than silicon 

induce significant changes in the framework formation43. Commonly, 

germanium facilitates the formation of small rings as the building units 

in the structures, e.g. double 4-rings, double 3-rings and 3-rings35. A 

number of extraordinary zeolitic frameworks were synthesized using 

germanium as T-atoms. GaGeO-CJ63 is a gallogermanate zeolite with 
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Ga/Ge=1/2 44. The framework is constructed exclusively of 3-ring 

building units and with very low framework density of 10.5T/1000Å3 

44.  

 

 

Figure 1.7 Structures of SU-M and GaGeO-CJ63 represented in polyhedra 
form.GeO4 tetrahedra are in green, GeO6 octahedra are in red and the red balls 
denote the oxygen atoms42,44. 

 Metal-organic frameworks  

Recently, much attention in the field of porous materials has been 

focused on the design and synthesis of MOFs45. This class of materials 

renewed the concept of hydrothermal synthesis toward the direction of 

rational design5. Besides, the exceptional properties of this class of 

materials e.g. high surface area and porosity, organic functionality and 

tunable metrics imply great application potential5,12. 

Building units 

It is believed  that the lack of control on products in traditional 

synthetic methods is due to the starting reagents not maintaining their 

structures during the reaction.5 In contrast, MOFs are built up by the 

assembly of rigid molecular building blocks which include inorganic 

secondary building units (SBU) and organic linkers46. Under 

appropriate synthesis conditions, it is possible to obtain desired 

inorganic SBUs and retain the structural integrity of the organic linkers. 

Through strong coordination bonding, these two components connect 

to form frameworks47. This SBU approach leads the final structure of 
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the MOF crystal towards a small number of preferred topologies. These 

can be predicted or targeted before the synthesis48. Figure 1.8 shows 

some inorganic secondary building units and organic linkers which are 

frequently used in MOF synthesis.   

 

Figure 1.8 Secondary building units and organic linkers. M:metal; BDC: 1,4-benzene 
dicarboxylate; BTC: 1,3,5-benzene tricarboxylate; BTB: benzene-1,3,5-tribenzoate; 
H4L: biphenyl-3, 3′,5, 5′-tetra-(phenyl-4-carboxylic acid). 

Relation between properties and structures 

HKUST-1 composed of copper ions coordinated by 1,3,5-

benzenetricarboxylate (BTC) linkers is named after the Hong Kong 

University of Science and Technology. HKUST-1 was first synthesized 

in 1999. It is among the most investigated MOFs due to its excellent 

adsorption properties, high stability and also its simplicity49. The pore 

size of HKUST-1 is far from large among MOF materials. It has three 

kinds of pores among which the smallest one is around 4 Å in diameter 

and the two larger ones are around 10 Å in diameter. Due to the small 

accessible pores and the open metal sites in the structure, HKUST-1 is 

the bench mark material for methane storage50,51. According to the 

report published by researchers from NIST, as one of the earliest MOFs, 

HKUST-1 still owns the exceptionally high volumetric methane uptake 

properties of 267 cc(STP)/cc at 65 bar which is slightly higher than the 

target set by US Department of Energy52. 

UiO-66 is a zirconium MOF made by researchers from University 

of Oslo53. It receives lots of attention because of its exceptional stability. 
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It stays intact up to 500 oC in air, is stable in water and most organic 

solvents, and also shows excellent stability under mechanical stress54. 

It is believed that the stability is mainly attributed to the unique 

inorganic building units in the UiO-66 structure. Zirconium has the 

valence of +4 and binds strongly to oxygen atoms. Each inorganic 

building unit of UiO-66 is composed of six zirconium oxygen 

polyhedra and twelve carboxylate groups55,56. Such a high coordination 

number of the clusters also benefits the stability of the material53.  

 

Figure 1.9 Structures of (a) HKUST-1 and (b) UiO-66. Black: carbon atoms; red:  
oxygen atoms; orange: copper-oxygen polydedra; blue: zirconium-oxygen 
polyhedra53,57. 

 Crystal and diffraction 

As discussed above, the crystal structures determine some crucial 

parameters of the inorganic framework materials for their applications. 

To determine crystal structures, diffraction methods are the most 

powerful ones. Diffraction methods have been intensively used to 

determine and identify crystal structures since they were discovered in 

November, 1912. Back then, William Lawrence Bragg determined the 

unit cell parameters from the Laue diagrams of zinc blende58. 

Subsequently, he carried out the complete structure determination of 

several inorganic salts including NaCl and KI59.  

 Basics of crystallography 

The definition of crystal given by the International Union of 

Crystallography is “A material is a crystal if it has essentially a sharp 

diffraction pattern. The words essentially mean that most of the 
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diffraction is concentrated in the relatively sharp Bragg peaks, besides 

the always present diffuse scattering”.60   

Symmetry operations 

Symmetry is an important concept - the corner stone of many other 

concepts in crystallography. From Merriam-Webster dictionary, 

symmetry is defined as “the quality of something that has two sides or 

halves that are the same or very close in size, shape and position”. In 

the field of crystallography, symmetry is very useful in classification, 

simplification and description of crystal structures as well as in the 

process of solving structures. If certain symmetry is present in the 

crystal structure, the structure can be perfectly superimposed with itself 

by following the corresponding symmetry operation. In three 

dimensional space, there are four kinds of simple symmetry operations-

inversion, reflection, rotation and translation.  Figure 1.10 demonstrates 

these four kinds of symmetry operations (inversion, reflection, rotation 

and translation) by using the author’s hands.  Both inversion and 

reflection operation change the chirality of the object while the rotation 

and translation do not. There are one, two, three, four and six-fold 

rotation symmetry operations meaning rotating 360°, 180°, 120°, 90° and 

60°
, respectively. There are more complex symmetry operations which 

combine the simple ones. As shown in Figure 1.10, the symmetry 

operations in the second row are composed of two operations listed in 

the first row.  

 

Figure 1.10 Illustration of symmetry operations 
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Unit cell and Bravais lattice 

With the concept of symmetry in mind, we can classify all the 

structures into seven crystal systems61 – triclinic, monoclinic, 

orthorhombic, tetragonal, trigonal, hexagonal and cubic. As shown in 

Table 8.1, there are minimum requirements for each crystal system. For 

instance, the orthorhombic crystal system requires the crystal to have 

reflection or rotation symmetry operations along three different 

directions. To fulfill this requirement, the normal axes of the reflection 

planes have to be perpendicular to each other.  

Crystal structure describes the number and kinds of atoms as well as 

how the atoms are arranged in a crystal. The crystal structure can be 

described by using the unit cell which repeats throughout the crystal by 

translation operations along the directions of three axes (except for the 

aperiodic crystals; the concepts mentioned in this thesis will be referred 

to the periodic crystals only). The unit cell can be imagined to be a three 

dimensional parallelepiped which is a very small sized representative 

of the whole structure. The crystal is composed of millions of these 

parallelepipeds placed one by one in space. The unit cell can be defined 

by using the lengths of the three independent edges and the three angles 

between each two edges. The lengths of the edges are denoted by a, b 

and c; the angles between them are denoted by α (angle between b and 

c), β (angle between a and c) and γ (angle between a and b). The shape 

and size of the unit cell are not chosen arbitrarily but according to the 

symmetry of the structure.   

 

Figure 1.11 Illustration of unit cell and unit cell parameters 

 

Bravais lattice is a concept that describes the translation symmetry 

of the whole structure. The Bravais lattice is a mathematic term which 

means an array of identical discrete points arranged in a periodic way. 

The array can be generated from the point at the origin and the 

translation operations with three basic vectors. A crystal structure can 
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be related to its Bravais lattice by considering the lattice point as an 

atom or a group of atoms. There are primitive and centred Bravais 

lattices. For the former one, all lattice points fall on the vertex of the 

unit cell and each lattice point represents all the atoms in the unit cell. 

While for the later one there are extra lattice points falling on the body 

center, face center or the other special positions of the unit cell. In this 

case, the lattice point only represents part (1/2, 1/3 or 1/4) of the unit 

cell.    

The unit cell parameters and Bravais lattice follow different rules for 

crystals in different crystal systems (Table 8.1 lists the requirements for 

each crystal system). For instance, for crystals in cubic systems, the 

lengths of all axes must be equal and all angles must be equal to 90°. 

But it doesn’t mean that a crystal with unit cell parameters obeying 

these rules has to be in the cubic crystal system. The crystal system can 

only be determined from the symmetries.  

The concept of trigonal and hexagonal crystal systems as well as 

rhombohedral and hexagonal Bravais lattices should be distinguished. 

As shown in Table 8.1, a structure in the hexagonal crystal system has 

a 6-fold rotation symmetry and can be abstracted into a hexagonal 

Bravais lattice. A structure in the trigonal crystal system has only 3-fold 

rotation symmetry, but when simplifying it into a Bravais lattice, either 

a primitive hexagonal or rhombohedral lattice can be obtained.  

Space group 

Now we can divide all structures into 7 crystal systems or 14 bravais 

lattices. However, there are still big differences in symmetries of 

crystals within one class. Space groups are the symmetry groups of 3-

dimensional crystal structures. 230 space groups describe all the 

possible groups of symmetry operations61.  

The space groups are often notated by using international short 

symbols. The international short symbol of a space group always starts 

with a letter P, A, B, C, I, or F, representing the centering type of the 

Bravais lattice. The meaning of the second, third and fourth positions 

vary depending on the crystal system. The symbol of a triclinic crystal 

system is either P1 or P 1̅ . The symbols of space groups in the 

monoclinic crystal system are always simplified into 1 or 2 letters (or 

numbers). The second position refers to the symmetry operations 

relative to the unique (often taken as b-axis) direction which are limited 

to the 2-fold rotation, mirror or related symmetry operations. For 
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orthorhombic crystals, the last three positions refer to the symmetry 

operations relative to the a, b, and c-axis directions, which are restricted 

to be the 2-fold rotation, mirror or related symmetry operations. Space 

group symbols of tetragonal crystals can have two positions or four 

positions. The second position referring to the symmetry relative to the 

c-axis direction should be a 4-fold rotation or related symmetry 

operations. For the symbols of trigonal space groups, at the first one of 

the 3 positions there should be 3 or3, while for the hexagonal ones, 

there should be 6 or6. Cubic crystals have the highest symmetry. There 

are 4 positions in the space group symbol (some have only 3) among 

which the second one should be 3 or3 indicating the 3-fold rotation 

along the body diagonal direction.  

 X-ray diffraction  

The distance between neighboring atoms in solids is within a few Å. 

The resolution of any imaging system is theoretically limited by the 

wavelength of the radiation (visible light, X-rays, electrons or neutrons). 

According to the classic Rayleigh criterion, two points can be 

distinguished if the maximum of one point is at least at the first 

minimum of the other point.62 The theoretical resolution limit of any 

imaging system can be expressed as 

𝑅 =
0.61

𝜇∙sin 𝛽
                                                  (1.1)62 

In equation 1.1, R is the spacial resolution,  is the wavelength of 

the radiation, µ is refractive index of the viewing medium and β is the 

collection semi-angle of the magnification lens. Although µ ·sinβ is 

related to the type of the microscope, we can give a simple 

approximation here. For a visible-light microscope, the typical µ×sinβ 

value is around 1, which means the resolution of the microscope is 

around half of the wavelength of the radiation (in the scale of a few 

hundred nm). This value is 3 orders of magnitude larger than the 

resolution required for atomic structure determination. A feasible 

solution is to use other radiation sources. X-rays have much shorter 

wavelength than visible light. X-rays from a copper target has the 

wavelength of 1.54 Å which is comparable to the atomic distance in 

solid materials. But X-rays can’t be utilized in the same way as the 

visible light in light microscope, because the X-rays cannot be focused 

again to form an image. One of the major reasons is about the lens 

materials.63 The transparent materials for manufacturing lens have 
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refractive indices substantially larger than 1 for visible light but slightly 

smaller than 1 for X-rays. Therefore in order to reveal atomic structures 

by X-rays, we need to replace the lens by mathematic methods. 

Bragg diffraction 

X-rays are electromagnetic waves with wavelengths in the range 

from 0.1 Å to 10 Å. The length is similar to the atomic distance in solid 

materials. Thus X-rays pass through a crystal along certain direction, 

Bragg diffraction occurs, resulting in sharp diffraction spots. Bragg’s 

law is defined as 

𝑛 = 2𝑑 · 𝑠𝑖𝑛𝜃                                  (1.2)64 

where n is an integer,  is the wavelength of the electromagnetic wave, 

d is the distance between the atom layers and θ is the angle between 

incident beam and atom layer. Figure 1.12 illustrates how Bragg’s law 

was derived. When X-rays are scattered by the atom layers denoted by 

black spots, the optical path difference of 2Δ is generated for the 

scattered beam. When 2Δ is equal to integer times of the wavelength of 

the radiation, the scattered beams from different layers reinforce each 

other to form strong diffraction peaks. Otherwise the scattered beams 

cancel each other in such directions. Therefore, when illuminating a 

crystal with X-rays, only incident beams from certain directions can 

generate strong diffraction peaks. If the directions of the incident beam 

and the scattered beam are recorded when diffraction peaks observed, 

the distance between the atom layers can be revealed by using the 

Bragg’s law. 

 

Figure 1.12 Illustration of Bragg’s law.  

Miller index and Bragg plane 

The equation 1.2 can be rearranged into 

𝜆 = 2 ·
𝑑

𝑛
· 𝑠𝑖𝑛𝜃                                              (1.3).65 

Instead of thinking the optical path difference as integer times of the 

wavelength, we can imagine sets of parallel planes that have the inter-
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planar distance of d/n. These sets of parallel planes are defined as Bragg 

planes. A miller index hkl is assigned to a set of parallel planes that cut 

the three axes at the points  
𝑛

ℎ
𝑎,

𝑛

𝑘
𝑏 𝑎𝑛𝑑 

𝑛

𝑙
𝑐 . The sets of planes are 

denoted as (hkl) and the inter-planar distances are denoted as dhkl. 

Therefor Bragg’s law can be rearranged to 

𝜆 = 2𝑑ℎ𝑘𝑙 ∙ 𝑠𝑖𝑛𝜃                                           (1.4).65 

 

Figure 1.13 examples of Bragg planes in real space 

Reciprocal space 

Bragg’s law helps us to understand the origin of diffraction spots, 

while the reciprocal lattice gives us a vivid feeling of diffraction 

patterns. As mentioned in chapter 1.2.1, crystal structures can be 

abstracted into Bravais lattices. A Bravais lattice in real space can be 

further transformed into a lattice in reciprocal space. This 

transformation is actually converting every set of Bragg planes in real 

space to a point in reciprocal space. The transformation from a Bravais 

lattice to a reciprocal lattice follows three equations. 

𝑎∗ =
𝑏×𝑐

𝑉
;  𝑏∗ =

𝑐×𝑎

𝑉
;  𝑐∗ =

𝑎×𝑏

𝑉
                                (1.3)66 

In equation 1.3, a*, b* and c* refer to the reciprocal lattice vectors, a, 

b, c refer to the Bravais lattice vectors and V refers to the volume of the 

unit cell.  

The reciprocal lattice points can be represented by Miller indices as  

𝑔ℎ𝑘𝑙 = ℎ𝑎∗ + 𝑘𝑏∗ + 𝑙𝑐∗                             (1.4).66  

There is an easy way to figure out the geometry of the reciprocal lattice 

from the Bravais lattice. The direction of ghkl is normal to the 

corresponding Bragg plane (hkl), while the length of the ghkl is equal to  
1

𝑑ℎ𝑘𝑙
.  

Each Bragg plane can generate a diffraction spot when a certain 

incident angle is reached. The reciprocal lattice can be used to build up 

the physical picture of the geometry of these diffraction spots of the 

crystal. Each diffraction pattern is like a slice of the reciprocal lattice.  
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Ewald sphere 

We discussed about the diffraction spots and reciprocal lattice. The 

Ewald sphere can give us a clear representation of the relation between 

them.67  

From Bragg’s law and the reciprocal lattice, we can derive the 

equation 

|𝑔ℎ𝑘𝑙| =
1

𝑑ℎ𝑘𝑙
=

2

𝜆
∙ 𝑠𝑖𝑛𝜃                                      (1.5). 

To visualize the equation, we can draw a sphere with diameter of  
2

𝜆
 

centered at the sample. The origin of the reciprocal lattice lies at the 

cross of the sphere and the extension line of the incident beam. If a 

lattice point coincides with the sphere, the Bragg diffraction condition 

of the corresponding Bragg plane is satisfied. Therefore there is 

diffracted beam along the direction from the center of the sample to the 

reciprocal lattice point hkl. 

 

Figure 1.14 Illustration of the Ewald sphere 

Fourier transform 

 The above discussions are about the geometry of the diffraction 

pattern. The intensity of the diffraction spots is another important type 

of information that we can obtain experimentally. The geometry of the 

diffraction pattern is determined by the size and shape of the unit cell 

while the intensities of the diffraction spots are determined by the types 

and positions of atoms within the unit cell. To relate the diffraction 

intensity with the crystal structure, we need the tool of discrete Fourier 

transform which is a mathematical method for the transformation of a 
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periodic function into a series of sinusoids.  

Structure factor 

Since atoms are arranged periodically in a crystal, the electron 

density map is also a periodic function of the coordinates (x, y, z). 

Therefore the density map of the crystal can be decomposed into a 

discrete series of complex sinusoids. These complex sinusoids are 

called the structure factor of the crystal. 

𝐹(ℎ 𝑘𝑙) = 𝑉 ∙ ∑ 𝜌(𝑥𝑦𝑧)𝑒𝑥𝑝[2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]𝑥,𝑦,𝑧               (1.6)68 

In equation (1.6), F(h, k, l) is the structure factor, V is the volume of the 

unit cell, ρ(x, y, z) is the function of electron density map. Since the X-

rays are scattered by only electrons, the scattering power is proportional 

to the electron density. The intensities of the complex sinusoids are 

related to the experimental intensity values of the reflections (Intensity 

∝ |𝐹ℎ𝑘𝑙|
2).  

The scattering power is also related to other factors including 

scattering angles, thermal vibration of each atom and the radiation 

wavelength. So ρ(xyz) in equation (1.6) should be replaced by 

gj·tj(θ,λ)·fj(θ,λ) where j refers to the j-th atom, gj refers to the occupancy 

of the atom, tj(θ,λ) refers to the atomic displacement parameters and 

fj(θ,λ) refers to the atomic scattering factor. Furthermore, since the 

electrons are found mainly in small volumes around the atomic volumes, 

the electron density at position far from the atoms is almost zero. 

Considering these facts, the equation (1.6) can be changed to  

𝐹(ℎ𝑘𝑙) = 𝑉 ∙ ∑ 𝑔𝑗 · 𝑡𝑗(𝜃, 𝜆) · 𝑓𝑗(𝜃, 𝜆) · 𝑒𝑥𝑝[2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]𝑗         

(1.7)65 

The electron density map can also be reconstructed from the 

structure factors (with both amplitudes and phases) by inverse Fourier 

transformation.  

𝜌(𝑥𝑦𝑧) =
1

𝑉
∙ ∑ 𝐹(ℎ𝑘𝑙)𝑒𝑥𝑝[−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]ℎ𝑘𝑙               (1.7)65 

The structure factors are complex sinusoidal functions which can be 

written in the format  𝐹(ℎ𝑘𝑙) = |𝐹(ℎ𝑘𝑙)| ∙ 𝑒𝑖∙∅(ℎ𝑘𝑙) , where |𝐹(ℎ𝑘𝑙)| 
means the amplitude and Ø(hkl) is the phase of the structure factor.  

Friedel’s law states that the structure factors of the reflections h, k, l and 

ℎ̅, 𝑘̅, 𝑙 ̅have the same amplitude but opposite phases. With the Friedel’s 

law, the equation can be simplified into a summation of a series of 

cosine functions. 

𝜌(𝑥𝑦𝑧) =
1

𝑉
∙ ∑ |𝐹(ℎ𝑘𝑙)| ∙ 𝑐𝑜𝑠[2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) − ∅(ℎ𝑘𝑙)]ℎ𝑘𝑙         (1.8)69 
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The above description is the mathematic expression of structure 

factors. There is an easier way to have a vivid feeling of the structure 

factors. Every structure factor can be seen as a cosine wave. If we 

imagine the value of the wave function represents the electron density, 

the electron density map can be drawn when we sum up all the structure 

factors - the waves, in real space. The direction of the wave is 

perpendicular to the corresponding the Bragg planes, the periodicity is 

the dhkl values of Bragg planes and the amplitude is the absolute value 

of the structure factor. The origin of the wave can be known from the 

phase part of the structure factor. Therefore, the crystal structure 

including information of types and positions of atoms can be 

reconstructed by using the structure factors. 

 Electron diffraction 

We mentioned in the previous part that X-rays have the advantage of 

short wavelengths which can be utilized for resolving the atomic 

structures. Electrons have even shorter wavelengths than X-ray. 

Electrons are particles and at the same time waves. The wavelength of 

electrons depends on the velocity and can be manipulated by 

accelerating the electrons. With a 200 kV accelerating voltage, the 

wavelength of electrons is as short as 0.025 Å.  

Diffraction patterns can also be obtained by using electrons as the 

radiation source. However, the way electrons interact with mater is 

different from X-rays. Unlike x-rays which only interact with electrons 

of the atoms, electrons interact with the electric field which related to 

both the negatively charged electrons and positively charged nuclei. 

Because of the different interaction mechanisms, the expression for 

structure factor in electron diffraction is different from the one for X-

ray diffraction.  

𝐹(ℎ𝑘𝑙) =
𝜎∙𝑉

𝜆
∑ 𝜑(𝑥𝑦𝑧) ∙ 𝑒𝑥𝑝[2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]𝑥𝑦𝑧        (1.9)70 

𝜎 =
2𝜋𝑚𝑒𝜆

ℎ2                                                  (1.10) 

In equation 1.9 and 1.10, φ(xyz) is the electrostatic potential, me is the 

electron mass, h is the Planck’s constant. The amplitude of this structure 

factor is also related to the intensity of the reflection.  

Similar to X-ray diffraction, we can reconstruct the electrostatic 

potential map by inverse Fourier transformation of the structure factors. 

𝜑(𝑟) =  
𝜆

𝜎∙𝑉
∑ 𝐹(ℎ𝑘𝑙) ∙ 𝑒𝑥𝑝[−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]ℎ𝑘𝑙       (1.11)70 
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 Objectives and contents of this thesis 

This work includes two parts – synthesis and structure characterization. 

Although the synthesis is a minor part in the thesis, we aimed to obtain 

some hints on effects of different reagents on the final products in 

zeolite synthesis. Optimizing of the synthesis gel resulted in single 

crystals of zeolite ITQ-33. 

The second part is about the structure characterization. Since crystal 

structures determine many important properties of open-framework 

materials, this work is aimed to apply different methods to determine 

the structure of such kind of materials from SXRD and PXRD data.  

In the chapter 2, the basic knowledge of SXRD and PXRD as well as 

the popular structure solution method is described.  

For the disordered and twinning structures, it is difficult to obtain 

satisfactory result even from good SXRD data. In the chapter 3, we gave 

two examples about structure determination of disorder and pseudo-

merohedric twinning respectively. 

Solving complicated crystal structures from PXRD still need lots of 

expertise and experiences. In the chapter 4, we gave examples on 

structure determining for both inorganic framework and MOF materials. 

We hope that this thesis can provide some useful experiences and be 

inspiring to those who work in the field of synthesis and structure 

determination of framework materials. 
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2 Synthesis and structure characterization 
using diffraction methods 

 

 Synthesis of zeolites 

Synthesis of zeolites is mostly done in the hydrothermal condition or 

ionothermal conditions (by using ionic liquid as solvent).71 Although 

zeolites with over 200 framework types have been discovered or 

synthesized, it is still very difficult to predict and design the synthesis 

of zeolites. The trial and error methods assisted with empirical 

knowledge is the main stream in the field of zeolite synthesis.  

General route of zeolite synthesis 

 

Figure 2.1 Zeolites synthesis route which was employed in this work. 

In this thesis, synthesis of zeolites was carried out following the 

route shown in Figure 2.1. The sources of inorganic species include 

tetraethyl orthosilicate (TESO), germanium dioxide, aluminum 

isopropoxide and boric acid. Typically, the sources of inorganic species 

were dissolved in the solution of SDA under stirring. The mixture was 

then stirred overnight before hydrofluoric acid (or ammonium fluoride 

solution) was added to the solution. The mixture was then placed in the 

oven of 50 oC to evaporate the excessive water. In the case that the 
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sample was over dried (water left in the sample is less than the desired 

amount), water was added by using micropipette to reach the desired 

composition. Then the mixture was loaded into a Teflon lined autoclave 

and placed into the oven.  

Synthesis condition of ITQ-33  

The organic SDA used to synthesize the single crystals of ITQ-33 is 

1-butyl-3-methylimidazollium hydroxide. Although a similar 

compound, 1,2-dibutyl-3-methylimidazolium hydroxide was 

synthesized and tried as the SDA, the crystal obtained is smaller in size 

than the one synthesized by using the former SDA. 

 

Figure 2.2 (a) the diagram of composition of synthesis gel and corresponding 
products; (b) the effect of each reagent on appearance times of each phase in the 
products. (T: T-atoms, App.: the appearance times of certain product in certain 
condition) 

Figure 2.2(a) shows the synthesis diagram of ITQ-33. The 

crystallization was carried out at 180 oC for 6 days. The different 

compositions of the synthesis gels resulted in different products 
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including ITQ-33, a ULT type zeolite, an MFI type zeolite, some dense 

crystalline phases (germanium pharmacosidertie, germanium dioxide) 

and amorphous gel. 

From the synthesis diagram, it was observed that the appearances of 

different types of zeolites follow certain rules. For ITQ-33, with the 

decrease of water/T ratio, ITQ-33 appears in the products much more 

frequently. In addition, it is difficult to synthesize ITQ-33 from the 

starting compositions with high Si/Ge ratio (15). For the UTL type 

zeolite, the F-/T ratio is the key factor in the synthesis. The increase of 

the F-/T ratio significantly reduces the appearance frequency of UTL 

type zeolite. For the MFI type zeolite, it shows strong tendency toward 

the synthesis conditions with higher H2O/T ratio and less framework 

substitution atoms (Ge, B).  

 Diffraction methods 

Various methods can be used for structure characterization. In this 

thesis, we use mostly three methods – single crystal X-ray diffraction 

(SXRD), powder X-ray diffraction (PXRD) and rotation electron 

diffraction (RED) in a transmission electron microscope. There are 

advantages and disadvantages for each methods. Hence for crystals 

with different nature, appropriate method should be chosen.  

Table 2.1. The features of three different methods72. 

 SXRD PXRD RED 

Required crystal size Large 

(≥5µm) 

Small 

(≥50nm) 

Very small 

(≥a few nm) 

Peak overlapping No Yes No 

Data completeness High High Moderate 

Intensity Kinematical Kinematical Dynamical 

Unit cell determination Easy Difficult Easy 

Symmetry determination Easy Difficult Easy 

Structure determination Easy Difficult Easy 

 Single crystal X-ray diffraction 

SXRD can be applied to samples with crystal sizes larger than 5 µm. 

For most cases, it is routine work to collect data, reduce data, solve and 

refine the crystal structure. The results from SXRD show high accuracy 

on the atomic positions, occupancy and even charge density maps73. It 
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is also possible to reveal details in the structures e.g. disorder and 

twinning 74.  

Instrument and basic principles 

Single crystal X-ray diffractometer is composed of three major parts 

– X-ray source, sample stage and detector. The X-ray source can be an 

X-ray tube in a laboratory diffractometer or synchrotron light source. 

For the X-ray tube, an electron beam hits the metal anode e.g. copper, 

molybdenum metal, which generates characteristic radiation. After 

going through a filter and monochromator, X-rays with a certain 

wavelength (1.5406 Å for copper Kα1 and 0.7093 Å for molybdenum 

Kα1) is used to illuminate the sample and generate diffraction patterns. 

The synchrotron light source utilizes the radiation generated by 

changing the moving direction of high-speed electrons. X-rays from 

synchrotron light source have much higher intensity compared to the 

X-ray tube and thus the minimum crystal size required is much smaller. 

The sample stage controls the rotation of the crystal. As discussed 

above, only when the reciprocal lattice points coincide with the Ewald 

sphere, will there be Bragg diffractions. During the measurement, the 

rotation of the crystal drives the reciprocal lattice to cut the Ewald 

sphere and cause diffractions. The detector records the positions and 

intensities of the diffraction spots. At the same time, a computer also 

records the orientation of the crystal. From both of these information, 

the reciprocal lattice can be reconstructed. Figure 3.1(b) shows the 

general procedure for determining the atomic structure of a crystal from 

SXRD. 

 

Figure 2.3 Scheme of single crystal XRD and general procedure of solving and 
refining crystal structures from SXRD data. 

Direct methods 

The geometry of the reciprocal lattice and the amplitudes of structure 

factors can be measured directly by SXRD. But the structure factor 
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phases are lost during the measurement when the diffracted beams are 

recorded by the detector. Without the phase information, we can not 

reconstruct the atomic structure of the crystal by using inverse Fourier 

transform. Direct methods are one of the most famous methods for 

tackling the phase problem. 

There are about 15000 reflections in the resolution range from 

infinite large to 1 Å for a crystal structure with a unit cell volume of 

around 5000 Å3. But there are only a few hundred atoms (around 250 

non-hydrogen atoms for crystals of organic compounds) in the unit cell. 

If we consider every reflection is independent, there is obvious 

excessive information. Hence there must be some relations among the 

different reflections.  

Firstly, we can utilize the symmetry of the crystals to exploit the 

relations between the reflections. The reflections in reciprocal space 

show similar symmetry as the structures in the real space structure. For 

the symmetry-related reflections, the intensities are supposed to be the 

same and the phases follow the equation (3.1) 

∅(ℎ2𝑘2𝑙2) = ∅(ℎ1𝑘1𝑙1) − 360𝑜 ∙ (ℎ1𝑡𝑥 + 𝑘1𝑡𝑦 + 𝑙1𝑡𝑧)      (3.1) 

Where ℎ1𝑘1𝑙1  and ℎ2𝑘2𝑙2  are two symmetry related reflections, 

∅(ℎ𝑘𝑙) is the phase of the reflection and (tx ty tz) is the translation vector 

of the corresponding symmetry operation. 

Secondly, we can also make use of our chemistry knowledge. The 

electron density is positive at some discrete sites (atom positions) 

spreading more or less evenly throughout the unit cell. The electron 

density is close to zero at the places other than the atom positions but 

never goes to negative. Based on these facts, the triplet relation can be 

derived. It states that if the sum of the indices of three strong reflections 

is zero, the sum of the phases is probably equal to zero too. The triplet 

relation can be summarized by equation (3.2) 

∅(ℎ3𝑘3𝑙3) = 360𝑜 − ∅(ℎ2𝑘2𝑙2) − ∅(ℎ1𝑘1𝑙1) 

While     (ℎ3𝑘3𝑙3) + (ℎ2𝑘2𝑙2) + (ℎ1𝑘1𝑙1) = 0                    (3.2) 

By using these two kinds of relations, the number of phase needed to 

be determined can be reduced.  

Direct methods are based on these two relations. The general 

procedure for direct methods is as follows.70 

1. Before solving a structure by direct methods, the unit cell and symmetry 

of the structure are predicted from the geometry of the reflections, 

intensity distribution and the reflection conditions. The symmetry related 

reflections are combined.  
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2. The amplitudes of all reflections are normalized to compensate for the 

effects of systematic enhancement of reflections and differences on 

scattering power at different angles.  

3. To fix the origin of the unit cell, the phases of a few strong reflections are 

fixed. 

4.  A group of reflections is selected based on two criteria: those with the 

strongest normalized intensities and those can generate most triplets.  

5. All possible combinations of phases are assigned to this group of 

reflections, e.g. for centrosymmetric structures, 0o, 180o are the only two 

choices; for non-centrosymmetric structures, more choices were made 

available e.g. 45o, 135o, 225o and 315o. By using triplet relations, as many 

as possible strong reflections are phased. 

6. The phasing results from all these possible combinations are refined by 

employing tangent formula and sorted by using a figure of merit. 

7. Electron density map is calculated by using several groups of phases with 

highest figure of merit and corresponding reflection amplitudes. Atoms 

are assigned at the positions of the peaks. An agreement factor is used to 

select the best structure model.   

Structure refinement 

After obtaining the initial structure model, a more interactive 

procedure is needed to complete the crystal structure. The process 

involves least-squares refinement of parameters e.g. atomic positions, 

occupancy and atomic displacement parameters. In addition, the 

difference electron density map is employed to locate the missing parts 

in the model. During the structure refinement, information of chemical 

knowledge is used to regulate the structure by constrains and restrains. 

Constrains are the mathematical method to reduce the number of 

parameters. Restrains are the method to drive the refining value to a 

target value by adding a penalty to the figure of merit used for the 

refinement. 

Computer Programs 

In this thesis, several computer programs were used for solving 

structures from SXRD data. The software package “Crysalis pro” was 

used in the data collection, reduction and absorption correction. The 

program “Xprep” was used to analyze the symmetry and statistics of 

the diffraction data. The program package “SHLEX-97” was used to 

solve and refine crystal structures.75 The program “Platon” was used to 

treat the diffraction data for porous structures with disordered guest 
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molecules in the pores. 

 Powder X-ray diffraction 

As described in Table 2.1, SXRD only works when crystals with sizes 

larger than 5 µm are available. However, in many cases, due to the 

nature of the crystals, limitations on synthesis conditions or other 

reasons, only small crystals are available. In such cases, PXRD can be 

used to determine crystal structures.  

Instrument and basic principles  

 

Figure 2.4 Comparision of the principles of SXRD and PXRD. 

Figure 2.4 compares the working principles of SXRD and PXRD. 

For SXRD, only when the Ewald sphere coincides with reciprocal 

lattice points of the crystal can the Bragg condition be fulfilled and 

diffraction spots can be generated. For PXRD, we use a much larger 

amount of sample, which contains millions of crystals in random 

orientations. The reciprocal lattices of these crystals become spheres 

with different diameters rather than isolated spots. Therefore the Ewald 

sphere cuts every reciprocal sphere at once and generates all possible 

diffraction peaks. The underline reason is that there are crystals lying 

along every crystallographic orientation. When there is an incident X-

ray beam, there are always crystals in just the right orientations for 

every Bragg peaks. Theoretically the diffraction peaks can be recorded 

at once if placing a detector covering the necessary angle range. In the 

synchrotron light sources, large planar detectors are used to collect data 

simultaneously at the same time to get good statistics of the data. 
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There are three major parts in a powder X-ray diffractometer – the 

X-ray tube, sample stage and the detector. Different from a single 

crystal X-ray diffractometer, in which the sample stage rotates about 

three axes to fulfill the Bragg conditions of all reflections in the 

resolution range, in powder X-ray diffraction, such rotation is not 

needed. However, in some cases, we still tilt and spin the sample during 

the measurement to have the correct optical path and to avoid possible 

preferred orientation.   

Solving and refining crystal structure from PXRD 

Solving and refining crystal structures from PXRD are more difficult 

than those from SXRD. The three-dimensional reciprocal lattice is 

compressed into a one-dimensional line. The pattern shows only the 

diffraction angles 2θ and corresponding intensity values. Therefore it is 

not surprising that there is overlapping of reflections. In fact 

overlapping of reflections is the major problem in structure 

determination from PXRD.  

The general procedure for structure determination from PXRD is as 

follows.76  

1. Index the powder pattern. Since the overlapping of reflections and the loss 

of the information about angles between pairs of reciprocal vectors, 

indexing of PXRD the pattern is one of the most difficult steps in the 

whole process.  

2. Determine the space group of the structure from reflection conditions and 

assign intensities to reflections by decomposing the pattern. However this 

step may be different depending on the structure solution method. 

3. Solve the crystal structure using reciprocal space methods, real space 

methods, dual-space methods or other methods.  

4. Refine and complete the initial structure model with Rietveld refinement.  

Structure solution methods 

There are many methods developed for solving structures from 

PXRD data. In general, they can be classified into three kinds: 

reciprocal space methods, real space methods and dual-space methods. 

Reciprocal space methods include traditional direct methods, Patterson 

method and also other new methods e.g. maximum entropy and 

maximum likelihood methods.77 The main feature of the reciprocal 

space methods is that the process involves the decomposition of 
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diffraction pattern, prediction of the structure factor phases in reciprocal 

space. 

Real space methods are based on searching the structure in real space 

and evaluating the result by a figure of merit normally related to the 

difference between the calculated pattern and the observed pattern. 

These are the two important steps in real space methods. Different 

algorithms can be used for searching the structure, e.g. the Monte Carlo 

method, simulated annealing methods, and genetic algorithms.78 There 

are also different ways of defining the figure of merit, for instance, bond 

lengths can be taken into account.  

Duel-space methods are developing fast recently. The most famous 

example is the charge-flipping algorithm. It involves both the 

decomposition of the diffraction pattern, searching and changing the 

phase of the structure factors and modification of the electron density 

in real space.  

The charge-flipping algorithm 

The concept of the charge-flipping algorithm was proposed by 

Oszlânyi & Sütő79 in 2004. The method was firstly used in SXRD to 

solve small molecule structures80. In 2006, Wu et al. solved a few 

simple crystal structures from powder XRD data by a method 

combining the repartitioning of peak intensity and the charge-flipping 

algorithm.81 Later Baerlocher, McCusker & Palatinus adopted another 

approach for the repartitioning which considers the chemical 

information.82 This method is very successful in solving structures from 

simple examples to complicated ones e.g. the ZSM-5 zeolite with the 

asymmetric unit containing 38 atoms and the unit cell containing 288 

atoms. In the work of this thesis, a structure with 11 germanium atoms 

and 27 oxygen atoms in the asymmetric unit was solved by using the 

charge-flipping algorithm.  

The principle behind the algorithm is relatively simple as shown in 

Figure 2.5. The pattern is decomposed and intensities are assigned to 

individual reflections before running the charge-flipping algorithm. To 

move toward the correct structure cycle by cycle, the method follows 

two clues reflection intensity and the fact that the real structure has 

positive electron density everywhere in the unit cell. The key step in the 

algorithm is the flipping of electron density where it is negative or 

smaller than a set value. Flipping of the intensity means over projecting 

of the intensity. It not only corrects the data as the other methods do but 

also it provide some extra energy to overcome local minimums. 
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Repartitioning of overlapping reflections is the other important step that 

gives rise to the success of the charge-flipping algorithm on solving 

structures from PXRD. Different methods have been applied to the 

repartitioning. Wu et al. applied a simple repartitioning method which 

divides the intensities based on the calculated structure factors of the 

present circle.81 This interactive process helps to solve several 

structures from PXRD data. Baerlocher, McCusker & Palatinus adopted 

a more sophisticated repartitioning process which brings in extra 

information e.g. chemical composition, to avoid the closed circle of 

information.82 

 

Figure 2.5 The flow chart of the charge flipping algorithm for powder XRD data.82 

Computer programs 

The program “X’ Pert HighScore Plus” is used for PXRD pattern 

plotting and indexing. Several indexing methods were employed 

including “Treor”, “ITO”, “Dicvol04” and “McMaille”.  The program 

“Jana2006” and the program “TOPAS” were used for LeBail 

decomposition, intensity extraction and Reitveld refinement. The 

program “TOPAS” was also used for indexation and simulated 

annealing in some examples. Program “Superflip” was used to perform 

the charge-flipping algorithm. 
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 Transmission electron microscopy 

Transmission electron microscopy (TEM) uses electrons instead of X-

rays as radiation. This results in some intrinsic differences between 

TEM and XRD. First of all, electrons interact more strongly with matter 

than X-rays do, which means electron diffraction can be applied to 

smaller crystals. Moreover, electrons can be precisely bent by 

electromagnetic lens. Therefore the diffracted electrons can be focused 

to produce images at atomic resolution.  

Rotation electron diffraction 

Since we can perform selected area electron diffraction (SAED) in a 

TEM, it should also be possible to perform SXRD-like experiments in 

the TEM. To collect 3D diffraction data, there are currently two 

methods: the automated diffraction tomography (ADT) method 

developed by Ult Kolb’s group in Mazinz83 and the rotation electron 

diffraction (RED) method developed by Xiaodong Zou’s group in 

Stockholm84. In the ADT method, the whole 3D reciprocal space is 

scanned by utilizing precession electron diffraction to cover the space 

between two goniometer tilt positions. While the RED method 

resembles SXRD. The goniometer can be used to rotate the sample in 

the range from -70o to +70o, but the rotation is not precise enough. The 

beam tilt controlled by the lens is precise enough to sample the 

reciprocal space at a step of around 0.1o and in the range of 2o-4o. By 

combining these two kinds of tilting, a series of electron diffraction 

patterns can be recorded in fine steps and in a wide tilt range.  

The RED method is proved to be successful in solving a wide range 

of structures including zeolites, MOFs, COFs and so on.85–87 Compared 

to XRD methods, RED method can be applied to smaller crystals. 

Moreover, RED method provides 3D diffraction data which avoids the 

peak overlapping. The diffraction data obtained from the RED method 

can be used in SXRD structure solution programs that are already well 

developed, e.g. SHELXS97 and SIR2014.  

High resolution transmission electron microscopy 

High resolution transmission electron microscopy (HRTEM) is 

another technique that can provide structural information. In simple 

words, an HRTEM image is the projection of the sample along a certain 

direction. However there are some factors that affect the contrast in the 

HRTEM images, e.g. the thickness of the sample and the focus 

condition. If a very thin crystal is imaged at the Scherzer focus 
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condition, the HRTEM image can be considered to represent the 

projection of electrostatic potential. The structure factors including both 

amplitudes and phases can be extracted from HRTEM images. 

Therefore, the HRTEM images from different directions can be used to 

reconstruct the structure.88,89 Moreover, the structure factors from 

HRTEM can also be used as input information in structure solution 

process of PXRD.90  
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3 Disordered and twinned structures 
determined by using single crystal XRD 

 Disorder in extra-large pore zeolite ITQ-33 (paper I) 

As mentioned in the introduction part, the pore structures of zeolites are 

crucial to their adsorption and catalytic behaviors. Therefore many 

researchers are focusing on searching for zeolites with novel structures, 

especially structures with extra-large pores (window size larger than 12-

ring). The extra-large pores can enhance the mass diffuse rate inside the 

crystal, prolong the catalyst life time and change product selectivity in 

catalytic processes and enable zeolites to catalyze bulkier molecules. 

In 2006, Corma’s group in Valencia, Spain reported an extra-large 

pore zeolite with a 3D channel system. There are six structures that 

possess both extra-large rings and 3D channels. Among them, ITQ-43 

(IRR), ITQ-44 (not available yet) and cloverite (CLO) are quite 

unstable after removal of SDA and ITQ-37(ITV) shows only limited 

stability after calcination. Zeolite ECR-34 (ETR) with 18×8×8 ring 

channel is quite stable but the 8 ring channel is too small for many 

catalytic reactions. ITQ-33 has 3D 18×10×10 channels showing better 

stability compared to the other extra-large pore zeolites mentioned 

above (except ECR-34). The catalytic test shows that ITQ-33 is a 

promising catalyst in the alkylation of benzene. It not only shows a 

longer life time, but also high selectivity on the desired product cumene, 

a widely used chemical. 

Although the material receives much attention, there is still 

ambiguity on the structure of this zeolite. In the reported paper, the 

structure was solved and refined from PXRD data. Due to the relatively 

poor crystallinity of the material, the peak intensity decays very fast 

after the first peak, which makes it difficult to obtain detailed structure 

information.  

Herein, we synthesized single crystals of ITQ-33 with sizes around 

5 µm by using an imidazolium SDA. The crystals are still not big 

enough for most of the in-house diffractometers, hence SXRD data was 
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collected in the synchrotron light source Diamond which provides X-

ray beams with much higher intensity. 

Average structure 

The structure was solved and refined with the program SHELXS97 

and SHELXL97 respectively. The results suggest that the structure is 

similar to the one reported. It crystallizes in the space group P6/mmm 

with unit cell parameters of a = 19.3095 (5) Å, c = 11.513 (4) Å. There 

are four independent T atoms and eight independent oxygen atoms. As 

shown in Figure 3.1, the 3D interconnecting channels are composed of 

10-ring channels along the crystallographic a and b-axes and 18-ring 

channels along the c-axis. We can describe the structure as clusters 

composed of three mel composite building units (CBU) connected 

through the 3-rings to form chains which are arranged in a honeycomb 

way and connected through double 4-ring (D4R) to form the 3D 

framework. 

 

Figure 3.1 Average structure of ITQ-33 viewed (a) along the [001] direction; (b) 
along the [100] direction. A chain building unit is marked in cyan.  Oxygen atoms are 
omitted to simplify the structure. 

Revealing the disorder 

Although the connectivity and the bond lengths of atoms are 

reasonable, the structure doesn’t fit the diffraction data well. The best 

R1 value can be reached is 0.164 which is far from the acceptable level. 

The abnormal R1 value implies serious errors in the structure model. 

  Some missing atoms can be found by analyzing the residual peaks in 

the Fourier difference map. The strongest peak in the residual map has 

the intensity of 9 electrons per Å3. After adding this peak into the 

structure model, an extra D4R appeared between the chains as shown 
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in Figure 3.2(b). The new D4R is 
1

2 
c away from the D4R in the initial 

model. It bonds to the neighboring T atoms with reasonable bond 

lengths and angles. Therefore, the new D4R was considered as a 

disorder part of the one in the initial model. Refinement on this 

modified structure model resulted in another two residual peaks. These 

two peaks locate at the position 
1

2 
c away from the T3 and T4 atoms. As 

shown in Figure 3.2(c), if we connect the new found atoms and T2 

atoms, another framework could be found by shifting half of the unit 

cell from the initial structure model along the c-axis.  

 

Figure 3.2 Structure models of different refinement stages. (a)the initial model; (b)the 
model after adding one residual peak; (c) the model with three residual peaks 
included; (d)the final model. Oxygen atoms are omitted in the first three models. 

With the above clue, the structure was suspected to be split into two 

disordered parts at different heights along the c-axis. The T2 atoms are 

shared in both parts. Refining this structure model resulted in much 

better figures of merit than the initial model. Table 3.1 shows the 

refinement results of the initial and final structure models. Moreover, 

when refining the initial model, restrains on occupancies of atoms were 

needed to keep the refined occupancies positive. While with the final 

model, such restrains were not necessary. These facts imply that the 

later one should be a better description of the real material. 
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Table 3.1 Refinement figures of merit of the initial model without disorder and the 
final model with two disordered parts.  

 Initial model Final model 

Rint 9.58% 9.58% 

R1 16.46% 6.69% 

wR2 43.25% 22.17% 

GOF 1.987 1.149 

Cause of the disorder 

After carefully examining the final structure of ITQ-33, it was found 

that the intrinsic structure feature enables such kind of disorder. As 

shown in Figure 3.3(a), the D4R is the bridge between two chain 

building units through connecting to the T2 atoms. Both the distances 

between T2(1)-T2(2) and T2(2)-T2(3) are 5.57 Å which is a suitable 

distance for connecting D4Rs. Therefore there are two possible 

positions for the D4R, which consequently give rise to the disorder in 

the structure.  

 

Figure 3.3 Structure of the (a) conjunction area of two disordered part; (b) chain 
building unit in ITQ-44; (c) chain building unit in ITQ-33; (d) building unit of MWW 
zeolite. 

There are other structures in the zeolite database containing the mel 

CBU (shown in Figure 3.3). But none of them shows similar disorder 

phenomenon as ITQ-33 does. The structure of ITQ-44 is very similar to 

that of ITQ-33 except for that the 3-ring units are replaced by double 3-

ring (D3R) units. This change increases the T2(1)-T2(2) distance but 

does not affect the T2(2)-T2(3) distance. Therefore there is only one 

possible position left for D4R, which rules out the disorder. MWW is 

built up from distorted mel CBU. The upper size and bottom size are 
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not symmetric, which makes the disorder impossible.    

Understanding the disorder 

Twinning and disorder occur frequently in crystals. The two 

concepts are closely related but quite different. Twins are regular 

aggregates of crystals consisting of the same species attached together 

in certain mutual orientation. For twining, the components shall be 

related to each other through a certain rotation, reflection or inversion 

operation. Each component should be with a sufficient size, which is 

usually much larger than 100 Å in any dimension. While disorder refers 

to a violation of the crystal symmetry and periodicity whose domain 

size is within a few unit cells. 
 

 

Figure 3.4 The proposed model of the real ITQ-33 crystal. The regions marked by two 
different colors refer to the two disorder parts.  

Since only translation operation is involved in the ITQ-33 crystal, 

the phenomenon should be considered as disorder. From the 

thermodynamic point of view, the two parts are energetically equal and 

thus they are supposed to have the same proportion in the crystal. 

However, proportions of the two parts were refined to 10% for one and 

90% for the other. In fact the refined proportion strongly depends on 

the size of the domain. With the increase of the domain size, the effect 

of disorder weakens sharply. Therefore, it is believed that the refined 

proportions of two parts reflect the size of the domain. We tried to study 

the domain size by using high-resolution transmission electron 
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microscopy (HRTEM), however the material doesn’t survive long 

enough under high doses of electrons. More study is needed to reveal 

the domain size.  

Figure 3.4 shows the illustration of the real ITQ-33 crystal. The 

domain size was drawn arbitrarily. It is worth mentioning that the pore 

size is different inside the domain and at the boundary. There are 10-

ring channels perpendicular to the c-axis inside each domain but at the 

boundary it forms 11-ring windows which are very rare in zeolite.  

Effect of Si/Ge ration on the Morphology  

 

 

Figure 3.5 The changes of crystal morphology depending on the Si/Ge ratio in the 
synthesis gel. 

The morphology of crystals changes upon the changes of the Si/Ge 

ratio in synthesis gel as shown in Figure 3.5. For Si/Ge = 5, fiber-like 

crystals were obtained. Increasing the Ge ratio in synthesis gel to Si/Ge 

= 2 produces bulker crystals but with a large amount of defects. When 

Si/Ge = 1, crystals in hexagonal shape with clear edges and corners 

were obtained. It is obvious that the Ge amount has significant effect 

on the morphology of crystals. From the refinement result, the majority 

of the Ge were located on the D4Rs. It is also a well-accepted 

observation that Ge facilitates the formation of the D4Rs in zeolite 

synthesis. At the condition of lacking Ge, crystals grow fast along the 

direction of the chain building unit but slowly along the perpendicular 

directions. Increasing the Ge amount can promote the chains to be 

connected. 
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Code for the embedded topology  

After the detailed disorder in ITQ-33 structure has been clarified, the 

Structure Commission of International Zeolite Association (IZA) 

approved the framework type of ITQ-33 to be ITT. Detailed 

information can be found on website: http://izasc.fos.su.se/. 

Conclusions 

We synthesized single crystals of ITQ-33 and collected the SXRD 

data. It was found that ITQ-33 structure splits into two disordered parts 

in which one is 
1

2
𝑐 away from the other. This disorder is caused by the 

special structure feature of the column building unit. It provides two 

possible positions with equal possibilities to connect D4R units. This 

disorder also causes the change of the pore sizes. The 10-ring pores of 

the ordered structure transform to 11-ring pores at the boundary of two 

disordered domains. 

 Method for solving structure of a Pseudo-merohedric 
twinned crystal (paper II) 

As described in the last section, the domains in the ITQ-33 crystals are 

related by a translation operation. The twinning are also quite common 

in framework materials e.g. ASU-2191, which might induce obstacles in 

structure determination process. In this section we are going to 

introduce a method to solve structures when the domains are related by 

rotation operations. 

Common methods for solving the twinning problem 

With the rapid development on diffractometer, software and 

computation power, structure determination from SXRD data becomes 

kind of semi-automatic work in many cases. However, when a 

reasonable solution is not given out from the programs, the manual 

input from crystallographers becomes critical. 

The symmetry of the crystal needs to be known before applying 

direct methods. The space group or a few closely related space groups 

can be picked out by examining the reflection conditions, symmetry of 

diffraction patterns and statistic values. However the imperfectness of 

the crystal like twinning/disorder can mislead us to a wrong space group. 

For instance, reflections from different components overlap with each 
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other in the merohedric or pseudo-merohedric twined crystals, which 

can lead to a higher symmetry in diffraction patterns. The most common 

way is to try all the subgroups of the current space group. In some 

complicated cases, the real space group is not even in the subgroup. 

In this section we use a new and rational method to search for the real 

space group for a pseudo-merohedric twinned crystal. In addition, we 

show that the domain size has effects on the refinement results. 

Initial structure solution 

SXRD data of a crystal of [3Fe2S] complex with (cis-1,2-

bis(diphenylphosphanyl)-ethene (dppv)) ligands was collected on a in-

house X-ray diffractometer with Mo radiation source and a saffhire-3 

CCD. The data was reduced and corrected by using program 

“CrysAlisPro”, “X-shape” and “X-RED”.  

Bravais lattice with tetragonal unit cell was obtained with a = b = 

17.5833 (5) Å, c = 20.0333 (9) Å and α = β = λ = 90o. The intensity 

distribution of the reflections in pattern (hk0) shows a 4-fold rotation 

symmetry, which is consistent with the tetragonal crystal system. From 

the reflection conditions, a 42-screw axis along the c-axis and a n-glide 

perpendicular to the c-axis can be confirmed. However the reflection 

conditions of hhl: l=2n and hℎ̅l: l=2n refer to a c-glides perpendicular 

to the a+b and a-b directions are ambiguous. 300 out of the 2055 

expected absent reflections appear with intensities larger than 3σ. Thus 

two space groups P42/n and P42/nmc were picked out, one with c-glide 

plane and one without c-glide plane. 

 

Figure 3.6 Initial structure model.(a) The detailed structure of the molecule; (b) the 
packing of molecules in the unit cell. Carbon, oxygen and iron atoms are omitted in 
(b) to simplify the illustration. 
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The structure solved in space group P42/n by using SHELXS97 is 

shown in Figure 3.6. Although the structure was solved in P42/n , it 

shows the symmetry of P42/nmc. In the unit cell, there are four 

molecules. A 2-fold rotation axis goes though the molecule and forces 

part of the molecule to split into two disorder groups.  

The figure of merit obtained (R1=0.179 for Ihkl ≥ 4σ) are 

significantly poorer than the normal value. Considering the poor figure 

of merit and severe disorder imposed by the symmetry, we can conclude 

that there must be some errors in the space group. 

Searching for space group 

To search for the real space group, the normal method is to try 

different subgroups of the current space group. Here we search for it 

from the initial structure model instead.  

As shown in Figure 3.6, the Fe atoms split into two triangles Fe1a- 

Fe2a- Fe3a and Fe1b- Fe2b- Fe3b. Since they are related by the 2-fold 

rotation axis, each of them has an occupancy of 0.5. If we believe that 

the splitting of atoms is due to the high symmetry imposed to the 

structure, the real structure can be obtained by removing the disordered 

groups for each molecule.  
 

 

Figure 3.7 Illustration of space group transformation. The circles represent the iron 
atoms. The cross and dots inside the circles represent the two opposite orientations 
of the molecules.   
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Table 3.2 Reflection conditions and corresponding symmetry operation 

 Reflection conditions  

exceptionsa initial unit cellb transformed unit cellc Symmetry elements 

0/1334 hk0: h+k = 2n 0kl: k = 2n, l = 2n e-glide plane 

0/39 00l: l = 2n h00: h = 2n 21-screw axis 

300/2055 hhl: l = 2n 

hℎ̅l: l = 2n 

h0l: h = 2n 
hk0: h = 2n 

a-glide plane 

a: the number of reflections that violates reflection conditions and the number of 

reflections expected to be absent; 

b: unit cell of the initial structure model; 

c: unit cell of the structure in the Aea2 space group; 

d: 90o rotational twinning could cause the violation of the reflection conditions.  

Since there are four molecules in the unit cell, there are 16 (24) 

possible choices. We can reduce half of the possibilities by fixing the 

choice of the first molecules because the rest can be generated from 

them. As illustrated in Figure 3.7, different ways of removing 

disordered groups can result in three different structures in space groups 

of Aea2, C2/c and P21 respectively. When we check the reflection 

conditions resulted by these structures, it was found that only Aea2 can 

fit the experimental data. Furthermore the ambiguous reflection 

conditions mentioned above can be well explained. If a pseudo-

merohedric twin rotating 90o around the a-axis is added in the crystal, 

the positions of absent reflections (h0l: h=2n) can be partially covered 

by non-absent reflections from the other twin component, which caused 

the 300 reflections violating reflection conditions. 

The finial structure model 

Table 3.3 Figures of merit from the refinement with different structure models 

Space 

group 

P42/n Aea2 Aea2 

 disorder twinning disorder + twinning 

R1(I≥4σ) 0.178 0.117 0.072 

wR2 0.462 0.320 0.178 

GOOF 1.63 0.991 1.01 

The unit cell was transformed from the initial cell to the unit cell (a 

= 20.033 Å, b = c = 24.867 Å) which is compatible to the space group 

Aea2. Correspondingly, the miller indices of reflections were also 

transformed. The structure in Aea2 was refined by considering 4 twin 

components which rotate n×90o around the common a-axis.  

A rough refinement of the structure reduced the R1 value effectively 

from 0.178 to 0.117. In addition, the solvent and countering anions were 

located from the Fourier residual map. Further refinement resulted in 
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three distinguishable residual peaks of the disordered iron atoms. After 

adding them into the structure, the R1 value decreased to 0.072.   

This result does not mean that there are both disorder and twinning 

in the crystal. Instead, similar to phenomenon in the ITQ-33 structure, 

this result is caused by the domain size. In a twined crystal, the domain 

size normally significantly large than 100 Å. But in the crystal with 

disorder, domain size is around a few unit cells. If the domain size fall 

into the range between these two, it is necessary to refine both of them 

simultaneously to achieve the best figures of merit.  

 

Figure 3.8 Illustration of disordered domains. (a) twinning; (b) the present structure; 
(c) disorder. 

Conclusions 

A new route of solving structures of twined crystals was introduced. 

An average structure in the space group P42/n was obtained by using 

direct methods. Based on this average structure, 8 possible absolute 

structures were constructed and compared. The structure in the space 

group Aea2 was identified as the correct one by checking reflection 

conditions. 

The disorder and twinning were refined simultaneously to achieve a 

good figures of merit. This does not necessarily mean that the two 

phenomenon occur at the same time but it implies that the domain size 

is in between the domain size for twinning and disorder. 
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4 Structure characterization from powder 
XRD 

In the previous chapter we have mentioned that SXRD can provide very 

detailed structure information of a crystal, but it requires crystals with 

adequate size. In contrast, PXRD can be applied to crystals in much 

smaller size. This is crucial in many cases when big crystals are difficult 

to be synthesized. Moreover, PXRD provides the bulk information of 

the sample instead of the information from only a single crystal. 

In this chapter, we will present four examples of structure determination 

of framework materials by using PXRD. 

 Complicated structure of GeO-JU90 germanate 
determined by PXRD (paper III) 

As discussed in Chapter 1, open-framework germanates can be 

constructed by various GeOx (x=4, 5, 6) polyhedra, which enable them 

to form structures more diverse than zeolites. 

Jihong Yu’s group at Jilin University synthesized the germanate GeO-

JU90 by hydrothermal reactions using 1,5-bis(N-

methylpyrrolidinium)pentane hydroxide as SDA. Extended X-ray 

absorption fine structure (EXAFS) technique was employed to analyze 

the local structure information. The average coordination number of Ge 

in GeO-JU90 is found to be 4.2, which is quite close to that of structures 

containing only GeO4 tetrahedra. Thus it is quite interesting to reveal 

the crystal structure of this material. 

The GeO-JU90 crystals are too thin for SXRD and are not stable enough 

for TEM analysis. The alternative way to reveal the structure is by 

PXRD. 

Structure Solution 

High resolution PXRD data was collected at Beamline I11, Diamond 

synchrotron light source. There are two major reasons to use 

synchrotron light source. First of all, the advanced detector and high 
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energy coherence of the X-rays give rise to much higher resolution 

compared to in-house diffractometers. High angular resolution can 

significantly reduce peak overlapping which is critical in structure 

determination by PXRD data. Secondly, the intense X-ray beam gives 

better statistics especially in the high angle range.  

The charge flipping algorithm embedded in the program “superflip” 

was applied to solve the structure after extraction of peak intensity. The 

resultant electron density maps were assessed by the program to 

identify possible space groups. Then the program imposed the space 

group symmetries to the map to improve the signal to noise ratio. Ten 

electron density maps with the best figure of merit were saved. 6 out of 

10 maps are in the space group Amam while the rest 4 maps are in the 

space group Ama2.  

 

Figure 4.1 (a) electron density map in the space group Cmcm; (b) the overlapping 
Ge7 clusters; (c) structure solution in the space group Cmc2. 

Figure 4.1 (a) shows the electron density map in the space group 

Amam. It is obvious that the electron density aggregates to become 

discrete spots. However the spots in the middle part have significantly 

lower densities than those of the others. If we build the structure by 

assigning atoms to these spots, there will be overlapping of Ge7 clusters 

in the middle part as shown in Figure 4.1(b). This overlapping is caused 

by the mirror symmetry which is included in Amam but not in Ama2. 

The structure built based on map in the space group Ama2, as shown in 

Figure 4.1(c) is free of overlapping and more reasonable from the 

chemical sense point of view. Thus the structure in Ama2 should be the 

correct one. The structure is quite complicated with 11 germanium 

atoms and 27 oxygen atoms in an asymmetric unit.  

In the structure model, 56 out of the 88 germanium atoms in the unit 

cell obey the higher symmetry (Amam). This is probable the reason 

causing the ambiguous answer from the program “Superflip”. 
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Structure refinement and allocating of guest molecules 

After the structure model was built from the electron density map, 

Reitveld refinement was applied to the structure model. Soft restrains 

on the bond lengths and bond angles were imposed to keep the structure 

intact during the refinement. Different “ideal” bond lengths and angles 

were set for Ge atoms in different coordination environment (1.74 Å for 

GeO4 tetrahedra, 1.76Å and 1.95 Å for GeO5 bipyramid, 1.88 for GeO6 

octahedra, and the bond angles were set according to the geometry of 

the polyhedra).  

After the refinement on the framework, it was found that the 

calculated peaks in the low 2θ angle ranges have significant higher 

intensity compared to the observed peaks. It is most probably due to the 

absence of guest molecules in the structure model. Except for the guest 

molecules, there are also some other factors that could affect the 

intensities of the peaks in a certain 2θ range. For instance, the scale 

factor applies to the intensity of all peaks, absorption factor mainly 

affects the peaks at high 2θ angle and atomic displacement parameters 

mainly affect the peaks at high 2θ angles. Hence during the refinement, 

a good understanding of the effects of each parameter on diffraction 

pattern is necessary to interpret the data correctly.  

 

Figure 4.2 Random carbon atoms aggregate into groups after simulated annealing. 

The guest molecules were located by using the simulated annealing 

method. Instead of using the whole molecule as a rigid body, we added 

10 carbon atoms at random positions. After the simulated annealing, the 

carbon atoms aggregated into groups as illustrated in Figure 4.2. The 

one located in the channel along a-axis is in the shape similar to the 

SDA molecule. The other two in the channels perpendicular to the a-

axis are significantly smaller than the SDA molecules, which implies 

possible decomposition of the SDA molecules. Alternatively, it is also 

possible that the SDAs remained intact but the pentane group 

connecting the two N-methylpyrrolidine groups were too weak to been 
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seem due to the low electron density.  

Through liquid state 13C MAS NMR spectrum on a digested sample, 

it was found that the SDA molecules were kept intact after the synthesis. 

Hence two SDA molecules were added into the structure as rigid body. 

Their position and conformation were refined against the powder 

pattern. The SDA in the channel along a-axis is in almost linear 

conformation while the other one is slightly bent. There were a residual 

peaks found from the Fourier difference map. It could be water 

molecule or small cation e.g. NH4
+. By considering the charge balance, 

the peak was then assigned as NH4
+. 

After adding the guest molecules, a satisfactory fit of the 

experimental and calculated pattern was reached. The resultant 

agreement factors are Rp = 6.650%, Rwp = 9.678%, Rexp = 1.859% and 

Rbragg = 4.781%. 

Structure description  

 

Figure 4.3 (a) GeO5 bipyramid; (b) the layered building unit; (c) the structure of GeO-
JU90. The grey pillars refer to the channel system. 

GeO-JU90 crystallizes in an orthorhombic unit cell in the space 

group Ama2 with lattice parameters of a = 37.8296 (4), b = 15.2437 (2) 

and c = 12.8365 (1).  The framework structure is composed of Ge7 

clusters and the bridging GeO4 / GeO3(OH) tetrahedra. The layered 

building units possess 11-ring channels along the direction 
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perpendicular to the layer. The layers are connected through the 

GeO3(OH) tetrahedra to form a 3D framework with 11 × 12 × 12-ring 

channels.  

Conclusions  

The structure of a complicated open framework germanate was 

solved from PXRD data by the charge-flipping algorithm. In the 

asymmetric unit of the framework structure, there are 11 Ge atoms and 

27 O atoms, implying the highly complexity of the structure. The 

structure constructed from Ge7 clusters and additional GeO3(OH) units 

possesses an interesting 12 × 12 × 11-ring channel system. The guest 

molecules in the channels are located by using simulated annealing 

method, which were also confirmed by NMR analysis. 

 Structure of Zn-ptcda MOF determined by PXRD 
(paper IV) 

 

A nano-sized crystalline MOF was synthesized and used as a precursor 

for the synthesis of metal-oxide nanoparticles with desired morphology. 

The MOF was made of Zn(OAc)2 and perylene-3, 4, 9, 10-

tetracarboxylic dianhydride (ptcda) ligand. Although small crystal sizes 

are desirable to produce nano metal oxide particles, they also introduce 

difficulties in the structure determination of the as-made MOF crystals. 

Here we solved the structure by PXRD. 

Structure solution and structure refinement 

The PXRD pattern was indexed by an orthorhombic lattice with 

parameters of a = 9.7441 (8) Å, b = 7.0209 (7) Å, c = 14.268 (1) Å. 

Then the reflection conditions (0kl: k = 2n, h0l: h = 2n, h00: h = 2n and 

0k0: k = 2n) were deduced from the PXRD pattern. According to these 

reflection conditions, the space group was determined to be either Pba2 

or Pbam. The high symmetry one Pbam was tested firstly. The intensity 

of each reflection was extracted to give a list of 523 reflections. The 

structure was solved using these reflections by direct methods using the 

program “SHELX97”. The zinc and oxygen atoms were found. The rest 

of carbon atoms were located by considering the conformation of the 

ligand molecules, bond distances and the difference Fourier map.  

The structure solution was then refined against the PXRD pattern by 
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the Rietveld method. The final structure is in a good agreement with the 

PXRD pattern, as shown in Figure 4.4. The R factors converged to Rp 

= 4.76%, Rwp = 6.53%, Rb = 2.25%. 

 

Figure 4.4 The Rietvelt refinement result including the plot of the experimental pattern, 
the calculated pattern, the difference curve and peak positions (wavelength: 1.5406 
Å). 

Structure description  

 

Figure 4.5 (a) The structure of Zn-ptcda; (b) the structure with only chains of zinc 
oxide octahedra; (c) the zinc oxide structure. 

Each zinc atom is coordinated to 4 carboxylate groups and 2 water 

molecules to form an octahedron. The octahedra are connected by the 

ptcda ligands to form chains which are interlinked by the ligands to 

build up the 3D framework as shown in Figure 4.5. When heated at 

370oC, the structure collapsed and formed zinc oxide nanoparticles with 

morphology inherited.  
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 Germanate SU-77 determined by combining TEM 

and PXRD (paper V) 

In the previous sections of this chapter, structures are solved and refined 

by PXRD. However, solving structures from PXRD requires the sample 

to be pure and in some difficult cases it requires expertise and 

considerable time. RED resembles the process of SXRD. After data 

collection and reduction, the programs for SXRD structure solution can 

be employed for RED data. In this project, RED and PXRD were 

combined in the structure determination.  

Germanate SU-77 was synthesized under hydrothermal condition 

using ethylenediamine as the SDA by Liang Fang in Dr. Feifei Gao’s 

group at Stockholm University. 

Structure solution and refinement 

The RED data of crystal SU-77 containing 396 electron diffraction 

patterns was recorded and processed to reconstruct the 3D reciprocal 

lattice. The obtained unit cell parameters are a = 14.19 Å, b = 12.66 Å, 

c = 9.52 Å, α = 89.89o, β = 89.91o, γ = 89.60o. Since the angles are close 

to 90 
o, the crystal was expected to be in orthorhombic. From the 

reflection conditions and the intensity distribution, the space group 

Pnam was deduced. The structure was then solved by using the program 

“SHELXS97”.   

High resolution PXRD data of SU-77 collected at the synchrotron 

light source was used for structure refinement. Indexing the PXRD 

pattern resulted in a monoclinic unit cell of a = 13.52427(5) Å, b = 

12.64862(5) Å, c = 9.60578(3) Å, β = 92.8599(4)° which deviated 

slightly from that obtained from the RED data. The difference between 

the results from RED and PXRD are most probably caused by a 

structure transformation triggered by the electron beam. Since X-rays 

interact with matter weakly, the as-made structure is always preserved 

during PXRD data collection. While for the RED method, due to the 

strong interaction between electrons and matter, the structure 

transformation may be trigged. Thus it is supposed that the as-make 

crystals are in the monoclinic unit cell but transform to the 

orthorhombic one under the electron beam. 

 To solve the structure of the as-made crystals, the monoclinic unit 

cell from PXRD was combined with reflection indices and intensities 

from RED. The space group P21/a was deduced from the reflection 

conditions. A structure model was obtained by using the program 
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“SHELXS97”.  

Reitveld refinement of framework structure against the PXRD 

pattern was carried out with soft restrains on the Ge-O bond lengths and 

the O-Ge-O bond angles. Although the refinement gave out a high Rwp 

value of 0.219. From the difference Fourier map, some hints of the 

location of SDA molecules were found (Figure 4.6). Firstly, in the 

channel along [001] direction, two groups of peaks was found. 

Assigning C and N atoms to these peaks resulted in two independent 

ethylenediamine molecules. Secondly, it was found that two strong 

peaks appearing next to the terminal O atoms of the Ge octahedron. The 

distance between the peaks and O atoms are around 1.5Å, which is too 

long for hydrogen bond but similar to the length of C-N bond. Therefore 

the O atoms were replaced by N atoms and the peaks were assigned as 

C atoms, which gave out an ethylenediamine molecule coordinating to 

the Ge atom.  

 

Figure 4.6 Difference Fourier map from the refinement of the framework structure 
against PXRD 

From the fluorine analysis, it was found that there was 3.2 wt% of 

fluorine in the sample. It indicates that the OH- group should be F-. This 

makes the octahedral Ge atom coordinates to two N atoms from the 

same SDA molecule, one F atom and three bridging O atoms. 

The new model was built by implementing the changes mention 

above and the final Rietveld refinement result in Figure 4.7 shows a 

good fit between the experimental and calculated patterns (Rp = 0.0663, 

Rwp = 0.0834, Rexp= 0.0371, GOF = 2.25, Rbragg = 0.0299).  
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Figure 4.7 Result of the Rietveld refinement. Blue: experimental pattern; red: 
calculated pattern; black: difference; green: reflection peak position (wavelength: 
0.8271 Å). 

The thermogravimetric analysis (TGA) shows 15% of weight loss 

from 200 oC to 600 oC, which suggests eight SDA molecules per unit 

cell. This result is consistent with the refinement result. Among this 

eight molecule, the four coordinating to Ge atom should be neutral and 

the rest four can be eight neutral or protonated. According to the present 

model, the framework carries four negative charge which suggests the 

four SDAs in the channel carries one positive charge each. Hence the 

formula of SU-77 was deduced to be |(C2H9N2)4(C2H8N2)4|[Ge24O48F4]. 

This formula fits the CHN analysis well but shows different F content 

as in the fluorine analysis result which suggest one more F per unit cell. 

This extra F content could be from the F- anion residing in the channels 

or cages. However due to the small quantity, it is difficult to locate them 

from X-ray diffraction. In this case, SDAs should be considered to carry 

more positive charges to balance both the framework charge and F- 

anions. Hence the formula is finally determined to be 

|( C2H10N2)(C2H9N2)3(C2H8N2)4F|[Ge24O48F4].  

 

Structure description  

The basic building unit of the SU-77 framework is the Ge6 cluster 

Ge6O17(C2H8N2) F shown in Figure 4.8(a) which consists of three GeO4 

tetrahedra, two GeO5 bipyramid and one GeO3(C2H8N2)F octahedra. 

The Ge6 cluster is similar to the Ge7 cluster (Figure 4.8(b)) which is a 

more commonly appearing building unit. The Ge6 clusters are 

connected to form chains (Figure 4.8(c)) and the chains are linked by 
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sharing oxygen atoms to build up the 3D framework (Figure 4.8(e)).  
 

 

Figure 4.8 (a) Ge6 cluster; (b) Ge7 cluster, (c) chain building unit; (c) a layer reviewed 
along the [110] direction, and (d) framework structure of SU-77. 

Structure transformation 

The Structure transformation of SU-77 can be trigged not only by 

electron beam but also by heating. In-situ PXRD patterns at different 

temperatures revealed the structure transformation occurred at around 

200 oC. The pattern of high temperature phase can be indexed by an 

orthorhombic unit cell with parameters of a=13.454 Å, b=12.652 Å and 

c=9.619 Å.   

 

Figure 4.9 In-situ PXRD patterns at different temperature. 

Conclusions 

 The structure of as-made SU-77 was determined by combining 3D 

electron diffraction data and PXRD data. The number and species of 

guest molecules in the channels were determined by combining 

information from elemental analysis, TGA and charge balance principle. 

The framework with a 12× 10 × 10-ring channel system can be 

described as the relative dense chains of new Ge6 clusters linked 
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through sharing oxygen atoms to form the 3D framework. It was found 

that a structure change of SU-77 from monoclinic to orthorhombic can 

be trigged by both exposing to electron beam and heating.  

 Characterization of structure transformation of 
NOTT-202 MOF by in-situ PXRD (paper VI) 

MOFs are studied extensively because of their excellent properties and 

great application potential in gas adsorption and storage. For instance 

HKUST-1 shows a higher volumetric methane up-take (267 cc(STP)/cc 

at 65 bar) than the target set by the US Department of Energy52.  

NOTT-202 is a MOF material synthesized by Dr. Sihai Yang from the 

University of Nottingham. NOTT-202 represents the as-made form of 

the material with a partially interpenetrated framework. After 

desolvation, the framework changed to a fully occupied double 

interpenetrated framework named NOTT-202a. It was found that 

NOTT-202a is an excellent CO2 adsorbent with both high uptake and 

selectivity. 

SO2 is another species that causes serious environmental problems. 

However, due to the high corrosive nature of SO2, framework materials 

are rarely stable when exposed to SO2. NOTT-202a shows an excellent 

SO2 uptake property of 13.6 mmol/g at 268 K and 1.0 bar which is the 

highest value among all framework materials.  

In order to better understand the adsorption mechanism, high 

resolution in-situ PXRD patterns were collected during the SO2 

adsorption and desorption process. As shown in Figure 4.10, a strong 

reflection peak appeared when the SO2 pressure increased to 540 mbar, 

which indicates a phase transformation during the adsorption process. 

After the desorption process, the peaks from NOTT-202a disappeared 

but the peaks from the new phase were preserved.  
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Figure 4.10 Simulated PXRD patterns of NOTT-202, NOT-202a at the ambient 
conditions and in-situ PXRD patterns of NOTT-202a during SO2 adsorption and 
desorption process. 

NOTT-202a 

The pattern at 0 mbar adsorption is different from that simulated 

from the NOTT-202a structure determined from SXRD data at ambient 

conditions. As a quite flexible structure, some structural changes e.g. 

shrinking or expanding, may occur when vacuuming the sample. We 

indexed and solved the structure from the in-situ PXRD pattern (0 mbar 

ads). 

Table 4.1 Unit cell parameters of the NOTT-202a structure at the ambient and vacuum 
conditions. 

 a (Å) b (Å) c (Å) α (o) β (o) γ (o) 

Ambient 

condition 
19.523(7) 28.812(10) 27.015(10) 90.00 94.929(6) 90.00 

0 mbar ads 19.0510(7) 29.3430(9) 28.095(1) 90.00 89.079(1) 90.00 

By indexing the patterns, it was found that the β angle changed by 

almost 5o after vacuuming. The structure was then solved from a real 

space method - simulated annealing. Two structure fragments including 

indium atoms and the carboxylate ligand molecule were used. The 

bipyenyl-3, 3’, 5, 5’-tetra-(phenyl-4-carboxylate) (L4-) was set as a rigid 

body with 15 refinable parameters including 9 for torsion angles (shown 

in Figure 4.11), 3 for rotation angles and 3 for positions. In each cycle 

of the simulated annealing process, the structure fragments were first 
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given random positions and then all the parameters were refined to 

minimize the figure of merit. In order to simulate the annealing process, 

the damping factor was relatively big in the beginning of each cycle and 

kept decreasing as it proceeded. After 600 cycles, the structure model 

with the best figure of merit was picked out (Figure 4.11(b)). The 

structure is similar to that solved from SXRD. It has a 2-fold 

interpenetrated framework in which the indium atoms are 7-coordinated 

and connected to 4 carboxylate groups.  

 

Figure 4.11 (a) Two structure fragments in NOTT-202a. (b) structure obtained from 
simulated annealing. 

NOTT-202b  

Table 4.2 The unit cell parameters of NOTT-202a and NOTT-202b 

 a (Å) b (Å) c (Å) α (o) β (o) γ (o)  

NOTT-202 16.512(7) 25.952(11) 30.569(12) 90.00 90.00 90.00 

NOTT-202b 7.558(2) 26.652(2) 30.013(5) 90.00 89.01(3) 90.00 

The structure determination of NOTT-202b was far more 

problematic than that of NOTT-202a, because the PXRD pattern of 

NOTT-202b has only a handful of peaks. The pattern of NOTT-202b 

was indexed using a monoclinic unit cell with parameters shown in 

Table 4.2. It was found that the unit cell of NOTT-202b is quite similar 

to that of NOTT-202, the structure of the as-synthesized material before 

desolvation. The only conspicuous difference is the unit cell parameter 

a. It is believed that the nets are in similar conformation in these two 

materials but there are shift and rotation between the interpenetrated 

nets. Thus the structure model of NOTT-202b was built based on the 

net in NOTT-202. 
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Figure 4.12 (a) Structure of NOTT-202; (b) A single net in NOTT-202; (c) The model 
in space group A2; (d) The model in space group A2/a; (e) Simulated PXRD pattern 
of the built model and experimental PXRD pattern of NOTT-202b. 

There are three nets in the NOTT-202a structure. If two of them are 

deleted and only one net is left in the structure, the symmetry decreases 

from F222 to A2. This implies that A2 is the symmetry embedded in the 

net. Fitting this net into the unit cell of NOTT-202b induces slight 

distortions of the net and the halved unit cell generated a copy of the 

net which shifts one unit cell from the original one along the a-axis (as 

shown in Figure 4.12 (c)). The space group of the model at this stage is 

A2, the same as the one embedded in the net. But by analyzing the 
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reflection condition, it was found that only reflections of hkl:k+l=2n 

and h00:h=2n appeared in the PXRD pattern, which indicated an A-

centering and an a-glide perpendicular to b-axis in the structure. Thus 

the a-glide was added to the structure which consequently generated the 

other two nets. This structure model of NOTT-202b is similar to the 

NOTT-202 structure except that the second net of NOTT-202 shifts by 

c/4 - b/6. In addition, the a-axis is halved which created two equally 

occupied positions for each net, resulting the highly disordered 

structure upon SO2 adsorption. The simulated pattern is similar to the 

experimental one but they are still some disagreements. A reasons is 

that the disorder along the a-axis decreases the periodicity along that 

direction and thus causes the absence of the reflections hkl with h = 0. 

Conclusions 

The NOTT-202a material with excellent SO2 uptake was analyzed 

by using in-situ PXRD. A dramatic phase transformation was detected 

during the SO2 adsorption and desorption process. The partially 

interpenetrated NOTT-202 framework changed to NOTT-202b after 

desolvation and then changed to highly disordered structure of NOTT-

202b with similar net conformation as NOTT-202. 
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5 Conclusions and future work 

The thesis includes the synthesis of zeolite ITQ-33 single crystals, 

investigation of disordered structures and structure solution and 

refinement from PXRD data. The main conclusions of this thesis 

include: 

1. We synthesized single crystals of zeolite ITQ-33 and collected the 

SXRD data. It was found that due to the special structure feature, 

the bridging D4R units have two choices of positions with equal 

possibilities. This introduces sever disordering in the structure. It 

was also found that there are 10-ring pores inside the ordered 

domains and they become to 11-ring pores at the boundary.  

2. Two disordered structures (zeolite ITQ-33 crystal and a metal 

organic complex [2Fe3S] crystal) were refined by SXRD, it was 

found that domain sizes shall be taken into consideration. 

3. A new method was proposed for solving structure of merohedric or 

pseudo-merohedric twinning crystals from real space average 

structures. 

4. Structures of open-framework germanates GeO-JU90 and SU-77 

were solved by PXRD solely and combining RED and PXRD, 

respectively. The features of the structures as well as structure 

transformation were investigated. Simulated annealing combined 

with other chemical analysis methods were used to allocate the guest 

molecules in the channels. 

5. The structures of two MOF materials were investigated by PXRD. 

The structure of a Zn-ptcda MOF is solved by using direct methods 

and refined by using Rietveld method. For the NOTT-202 MOF, a 

structure transformation during the SO2 adsorption and desorption 

process was observed and investigated by in-situ PXRD. The phase 

of NOTT-202a was detected before adsorption at 0 mbar and it 

transformed to NOTT-202b during the increase of SO2 up-take. A 

structure model was built based on the as-made NOTT-202 structure.  
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There is still much work that I wish to carry out but I haven’t done 

yet due to the limited time of PhD study. 

1. The disordering in ITQ-33 material is quite unique. It changes the 

pore size of the structure from 10-ring to 11-ring. If we could 

facilitate the occurring of the disorder, it would give rise to a 

structure different from the average one and the new material would 

show different catalytic and adsorption properties.  

2. We have used both PXRD and RED to solve structures of nano-

sized crystals. PXRD provide data with high accuracy and high 

completeness. RED provides 3D data. In some difficult cases, it is 

difficult to solve the structure from any of the two methods alone 

e.g. in the cases of the poor crystalline materials and beam sensitive 

crystals. It would be very interesting to develop an algorithm 

takeing data from both of the methods into account. For example, it 

can use the intensity of the reflections from the RED data as a clue 

for the repartitioning of the overlapping reflections in the PXRD 

data. 
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8 Appendix 

Table 8.1 Seven crystal systems and the corresponding symmetry requirement and 
unit cell restrictions.  

Crystal 
system 

required symmetry unit cell restriction Bravais lattice 

Triclinic none α, β, γ ≠ 90o 1 Triclinic 

Monoclinic 
a 2-fold rotation axes 
or mirror plane along 

one direction 
α, γ ≠ 90o; β = 90o 

Primitive Monoclinic           
C-centred Monoclinic 

Orthorhomb
ic 

three 2-fold rotation 
axis or mirror planes 
along three direction 

α, β, γ = 90o 

Primitive Orthorhombic      
C-centred Orthorhombic      
I-centred Orthorhombic           
F-centred Orthorhombic 

Tetragonal 
a 4-fold rotation axes                                  
along one direction 

a = b ≠ c;                                
α, β, γ = 90o 

Primitive Tetragonal             
I-centred Tetragonal 

Trigonal 
a 3-fold rotation axes                                  
along one direction 

a = b ≠ c;                                      
β = 120o; α, γ = 90o 2 

Rhombodedral 

Hexagonal 
Hexagonal 

a 6-fold rotation axes                                  
along one direction 

a = b ≠ c;                                      
β = 120o; α, γ = 90o 

Cubic 
three 4-fold rotation 

axes                                  
along one direction 

a = b = c;                                
α, β, γ = 90o 

Primitive Cubic                          
I-centred Cubic                             
F-centred Cubic 

1. The Symbol ≠means “doesn’t have to be”; 

2. When the trigonal structure is R-centered, there are the other setting of trigonal 

unit cell: a=b=c;α=β=γ≠90o. 

 

 

 

 

 

 

 


