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Abstract 

Electron crystallography is powerful for determination of complex 

structures. The newly-developed 3D electron diffraction (ED) methods make 

structure determination from nano- and micron-sized crystals much easier 

than using other methods, for example X-ray diffraction. Almost complete 

3D ED data can be collected easily and fast from crystals at any arbitrary 

orientations. Dynamical effects are largely reduced compared to zonal ED 

patterns. 3D ED is powerful for phase identification and structure solution 

from individual nano- and micron-sized crystals, while powder X-ray 

diffraction (PXRD) provides information from all phases present in the 

samples. 3D ED methods and PXRD are complementary and their 

combinations are promising for studying multiphasic samples and 

complicated crystal structures. 

In this thesis, the feasibility and capability of 3D ED methods, 

specifically rotation electron diffraction (RED), in phase identification and 

structure determination of different kinds of crystalline materials with nano- 

or submicrometer-sized crystals are investigated. Experimental conditions 

for RED data collection and data processing in relation to data quality, as 

well as the challenges in the applications of RED are discussed. 

RED was combined with PXRD to identify phases from as-synthesized 

samples and to characterize atomic structures of eleven crystalline 

compounds. It was shown to be possible to identify as many as four distinct 

compounds within one sample containing submicron-sized crystals in a Ni-

Se-O-Cl system. RED was also used to determine unit cell and symmetry of 

isoreticular metal-organic frameworks (SUMOF-7) and solve five zeolite 

structures with new frameworks, ITQ-51, ITQ-53, ITQ-54, EMM-23 and 

EMM-25 and that of a metal-organic framework (MOF), SUMOF-7I. The 

structure of an open-framework germanate SU-77 was solved by combining 

RED with PXRD. The structures of the zeolites and SU-77 were confirmed 

by Rietveld refinement against PXRD. High-resolution transmission electron 

microscopy was used to confirm the structure models of ITQ-51, EMM-25 

and SUMOF-7I. 

Keywords: electron microscopy, phase identification, rotation electron 

diffraction, structure determination, three-dimensional electron diffraction 



 viii 

 



ix 

List of Papers 

This thesis is based on the following papers: 

I. Structure determination of ordered porous solids by electron 

crystallography 

Tom Willhammar, Yifeng Yun, Xiaodong Zou 

Adv. Funct. Mater. 2014, 24, 182-199. 

My contribution: I surveyed the literatures on the electron 

diffraction part and made major contributions to the writing and 

revision of this part. 

II. Three-dimensional electron diffraction as a complementary 

technique to powder X-ray diffraction for phase identification 

and structure solution of powders 

Yifeng Yun, Wei Wan, Sven Hovmöller, Xiaodong Zou 

IUCrJ, revision submitted. 

My contribution: I surveyed the literatures and made major 

contributions to the writing. 

III. A Complex pseudo-decagonal quasicrystal approximant 

Al37(Co,Ni)15.5 solved by rotation electron diffraction (RED) 

Devinder Singh, Yifeng Yun, Wei Wan, Benjamin Grushko, 

Xiaodong Zou, Sven Hovmöller 

J. Appl. Cryst., 2014, 47, 215-221. 

My contribution: I collected the experimental TEM data and 

obtained the initial structure model using RED data. I contributed to 

the writing and revision of the paper. 

IV. Phase identification and structure determination from 

multiphasic crystalline powder samples by rotation electron 

diffraction 

Yifeng Yun, Wei Wan, Faiz Rabbani, Jie Su, Hongyi Xu, Sven 

Hovmöller, Mats Johnsson and Xiaodong Zou 

J. Appl. Cryst. accepted 

My contribution: I collected RED data for all the phases, analyzed 

the data, did the structure solution and refinement using RED and 

made major contributions towards the writing of this paper. 



 x 

V. Synthesis of a new extra-large molecular sieve using proton 

sponges as organic structure directing agents 

Raquel Martínez-Franco, Manuel Moliner, Yifeng Yun, Junliang 

Sun, Wei Wan, Xiaodong Zou, Avelino Corma 

Proc. Natl. Acad. Sci. 2013, 110, 3749-3754. 

My contribution: I collected the TEM data, solved the structure, 

analyzed the structure and made major contributions towards the 

writing of structure solution and analysis part of the manuscript. 

VI. The first zeolite with a tri-directional extra-large 14-ring pore 

system derived using a phosphonium-based organic molecule 

Yifeng Yun, Manuel Hernández, Wei Wan, Xiaodong Zou, Jose L. 

Jordá, Angel Cantín, Fernando Rey, Avelino Corma 

in manuscript 

My contribution: I collected TEM data, solved the structure using 

RED combined with PXRD and refined the structure using Rietveld 

refinement against PXRD of the as-synthesized samples. I did the 

structure analysis and made major contributions in the manuscript 

writing. 

VII. ITQ-54: a multi-dimensional extra-large pore zeolite with 20 × 

14 × 12-ring channels 

Jiuxing Jiang
‡
, Yifeng Yun

‡
, Xiaodong Zou, Jose Luis Jorda, 

Avelino Corma 

Chem. Sci. 2015, DOI: 10.1039/C4SC02577F 
‡
Authors with equal contribution. 

My contribution: I collected the TEM data and did structure 

determination using RED. I refined the structure of as-synthesized 

samples using Rietveld refinement against PXRD. I analyzed the 

structure model and made major contributions in the manuscript 

writing. 

VIII. EMM-23: a stable high-silica multidimensional zeolite with 

extra-large trilobe-shaped channels 

Tom Willhammar, Allen W. Burton, Yifeng Yun, Junliang Sun, 

Mobae Afeworki, Karl G. Strohmaier, Hilda Vroman, Xiaodong Zou 

J. Am. Chem. Soc. 2014, 136, 13570-13573. 

My contribution: I collected the RED data and obtained the 

structure model using RED. 

IX. Rational synthesis and structure of a borosilicate zeolite with 

intersecting 10- and 11-ring channels 



xi 

Yifeng Yun, Tom Willhammar, Junliang Sun, Wei Wan, Allen 

Burton, Karl G. Strohmaier, Gene Terefenko, Hilda Vroman, Mobae 

Afeworki, Guang Cao, Xiaodong Zou 

in manuscript 

My contribution: I collected the TEM data and solved the structure 

using RED. I made major contributions in manuscript writing. 

X. SU-77: an open-framework germanate containing 12 × 10 × 10-

ring channels solved by combining rotation electron diffraction 

and powder X-ray diffraction 

Liang Fang, Leifeng Liu, Yifeng Yun, A. Ken Inge, Wei Wan, 

Xiaodong Zou and Feifei Gao 

Cryst. Growth Des., 2014, 14, 5072-5078. 

My contribution: I collected the TEM data, solved the structure 

using RED combined with in-house PXRD. I proposed the structure 

change based on the experimental data. I made major contributions 

in the writing of structure determination by RED. 

XI. Highly porous isoreticular lanthanide metal-organic frameworks 

Qingxia Yao, Antonio Bermejo-Gomez, Jie Su, Vlad Pascanu, 

Yifeng Yun, Haoquan Zheng, Hong Chen, Leifeng Liu, Belén 

Martín-Matute and Xiaodong Zou 

in manuscript 

My contribution: I collected TEM data, did structure determination 

and comparison using TEM and made major contributions in the 

writing of the TEM part. 

Reprints were made with permission from the publishers. 

Papers not included in this thesis: 

I. Supra-molecular assembly of aromatic proton sponges to direct 

the crystallization of extra-large pore zeotypes 

Raquel Martínez-Franco, Junliang Sun, German Sastre, Yifeng Yun, 

Xiaodong Zou, Manuel Moliner, Avelino Corma 

Proc. R. Soc. A, 2014, 470, 20140107. 

My contribution: I did PXRD data collection and made major 

contributions in the writing of structure refinement part. 

II. Single-Crystal Structure of a Covalent Organic Framework 

Yue-Biao Zhang, Jie Su, Hiroyasu Furukawa, Yifeng Yun, Felipe 

Gándara, Adam Duong, Xiaodong Zou, Omar M. Yaghi 

J. Am. Chem. Soc., 2013, 135, 16336-16339. 

http://pubs.acs.org/action/doSearch?action=search&author=G%C3%A1ndara%2C+F&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=G%C3%A1ndara%2C+F&qsSearchArea=author


 xii 

My contribution: I participated in RED data collection and 

discussions on the data analysis. 

III. Framework Isomerism in Vanadium Metal–Organic 

Frameworks: MIL-88B(V) and MIL-101(V) 

Fabian Carson, Jie Su, Ana E. Platero-Prats, Wei Wan, Yifeng Yun, 

Louise Samain, Xiaodong Zou 

Cryst. Growth Des., 2013, 13, 5036-5044. 

My contribution: I participated in EELS data collection and 

analysis. 

IV. Sustainable Catalysis: Rational Pd Loading on MIL-101Cr-NH2 

for More efficient and recyclable Suzuki-Miyaura reactions 

Vlad Pascanu, Qingxia Yao, Antonio Bermejo Gómez, Mikaela 

Gustafsson, Yifeng Yun, Wei Wan, Louise Samain, Xiaodong Zou, 

Belén Martín-Matute 

Chem. Eur. J., 2013, 19, 17483-17493. 

My contribution: I participated in the TEM work and wrote the 

corresponding part. 

V. Iron oxide nanoparticles embedded in activated carbons 

prepared from hydrothermally treated waste biomass 

Wenming Hao, Eva Björkman, Yifeng Yun, Malte Lilliestråle, 

Niklas Hedin 

ChemSusChem, 2014, 7, 875-882. 

My contribution: I did the electron tomography data collection and 

analysis and wrote this part. 

VI. Ab initio structure determination of interlayer expanded zeolites 

by single crystal rotation electron diffraction 

Peng Guo, Leifeng Liu, Yifeng Yun, Jie Su, Wei Wan, Hermann 

Gies, Haiyan Zhang, Feng-Shou Xiao and Xiaodong Zou 

Dalton Trans., 2014, 43, 10593-10601. 

My contribution: I helped with the RED data collection. 

http://pubs.acs.org/action/doSearch?action=search&author=Carson%2C+F&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Su%2C+J&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Platero%5C-Prats%2C+A+E&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Wan%2C+W&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Yun%2C+Y&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Samain%2C+L&qsSearchArea=author
http://pubs.acs.org/action/doSearch?action=search&author=Zou%2C+X&qsSearchArea=author
http://pubs.rsc.org/en/results?searchtext=Author%3APeng%20Guo
http://pubs.rsc.org/en/results?searchtext=Author%3ALeifeng%20Liu
http://pubs.rsc.org/en/results?searchtext=Author%3AYifeng%20Yun
http://pubs.rsc.org/en/results?searchtext=Author%3AJie%20Su
http://pubs.rsc.org/en/results?searchtext=Author%3AWei%20Wan
http://pubs.rsc.org/en/results?searchtext=Author%3AHermann%20Gies
http://pubs.rsc.org/en/results?searchtext=Author%3AHermann%20Gies
http://pubs.rsc.org/en/results?searchtext=Author%3AHaiyan%20Zhang
http://pubs.rsc.org/en/results?searchtext=Author%3AFeng-Shou%20Xiao
http://pubs.rsc.org/en/results?searchtext=Author%3AXiaodong%20Zou


xiii 

Contents 

Abstract ........................................................................................................ iv 

List of Papers ............................................................................................... ix 

Abbreviations .............................................................................................. xv 

1. Introduction ........................................................................................... 17 

2. Background ............................................................................................ 21 
2.1 Crystallography ................................................................................................. 21 

2.1.1 Unit cell and symmetry .......................................................................... 21 
2.1.2 Reciprocal space and lattice .................................................................. 22 

2.2 Powder X-ray diffraction ................................................................................. 22 
2.3 Transmission electron microscopy ................................................................ 23 

2.3.1 Electron diffraction .................................................................................. 24 
2.3.2 High-resolution transmission electron microscopy ............................ 25 

2.4 Structure factors and electron diffraction intensity ................................... 25 
2.5 Structure determination methods ................................................................. 27 

2.5.1 Direct methods ........................................................................................ 27 
2.5.2 Other methods ......................................................................................... 28 

2.6 Structure confirmation .................................................................................... 28 

3. Rotation Electron Diffraction .............................................................. 31 
3.1 2D electron diffraction ..................................................................................... 31 
3.2 3D electron diffraction ..................................................................................... 32 
3.3 Rotation electron diffraction ........................................................................... 33 
3.4 RED data collection .......................................................................................... 34 

3.4.1 Instruments .............................................................................................. 34 
3.4.2 Samples ..................................................................................................... 35 
3.4.3 Other parameters for RED data collection .......................................... 38 

3.5 RED data processing ........................................................................................ 40 
3.5.1 Unit cell determination ........................................................................... 41 
3.5.2 Symmetry determination ....................................................................... 41 

3.6 Structure solution and refinement ................................................................ 42 
3.6.1 Weak intensities....................................................................................... 42 
3.6.2 Resolution ................................................................................................. 43 
3.6.3 Erroneous reflections .............................................................................. 43 



 xiv 

3.6.4 Structure confirmation based on the models from RED ................... 43 
3.7 Challenges ......................................................................................................... 44 
3.8 Combination of PXRD and RED ...................................................................... 46 
3.9 Application of RED ............................................................................................ 48 

3.9.1 Phase identification ................................................................................. 48 
3.9.2 Structure determination ......................................................................... 48 
3.9.3 Identification of structure changes ...................................................... 49 

4. Phase Identification .............................................................................. 51 
4.1 Strategies of phase identification by combination of RED and PXRD ..... 51 
4.2 Phase identification in a multiphasic Ni-Se-O-Cl sample (Paper IV) ....... 52 
4.3 Identifying interesting phases from a multiphasic synthetic sample 

(Paper VII) ................................................................................................................ 55 
4.4 Identifying interesting phases by combining PXRD with RED (Paper VI)

 .................................................................................................................................... 56 
4.5 Phase identification of metal-organic frameworks (Paper XI) .................. 59 

5. Electron crystallography based methods for structure 

determination ............................................................................................. 63 
5.1 Four phases in Ni-Se-O-Cl samples (Paper IV) ........................................... 63 
5.2 Zeolites ............................................................................................................... 64 

5.2.1 ITQ-51 (Paper V) ..................................................................................... 65 
5.2.2 ITQ-53 (Paper VI) ................................................................................... 70 
5.2.3 ITQ-54 (Paper VII) .................................................................................. 73 
5.2.4 EMM-23 (Paper VIII) ............................................................................... 76 
5.2.5 EMM-25 (Paper IX) .................................................................................. 77 

5.3 Germanates (Paper X) ..................................................................................... 81 
5.4 Structure determination of MOFs (Paper I & XI) ........................................ 84 

6. Conclusions ............................................................................................ 87 

7. Perspectives ........................................................................................... 89 

8. Acknowledgements .............................................................................. 91 

9. Appendix ................................................................................................. 95 

References .................................................................................................. 97 

 



xv 

Abbreviations 

3D Three dimensional 

ED Electron diffraction 

EDS Energy dispersive X-ray spectroscopy 

FD Framework density 

HRTEM High resolution transmission electron microscopy 

ITQ Instituto de Tecnología Química 

IZA International Zeolite Association 
MOF Metal-organic framework 
OSDA Organic structure directing agents 
PXRD Powder X-ray diffraction 
RED Rotation electron diffraction 
SAED Selected area electron diffraction 
SBU Secondary building unit 
SCXRD Single crystal X-ray diffraction 
SEM Scanning electron microscopy 
SU Stockholm University 
TEM Transmission electron microscopy 
 



 16 

 



 17 

1. Introduction 

Crystalline materials are built from periodic arrangements of atoms, 

molecules or ions which extend in all the three dimensions. Structure 

characterization of crystalline materials is essential for understanding the 

materials and further exploring or expanding their applications. Several 

techniques have been developed for structure studies of crystalline materials. 

One of the most exciting breakthroughs was the studies of crystals by X-ray 

diffraction and structure analysis by single crystal X-ray diffraction in 

1913.
1–4

 Structure studies of crystals using single crystal X-ray diffraction 

have been well developed and have become one of the standard methods for 

structure characterization. 

Nowadays, the most commonly used techniques for structure 

determination are single crystal X-ray diffraction (SXRD) and powder X-ray 

diffraction (PXRD). Single crystal X-ray diffraction can only be used for 

crystals larger than ~10 μm with in-house diffractometers or ~5 μm with 

synchrotron light sources. In many cases, it is often difficult to obtain such 

large crystals. For samples with only smaller-sized crystallites, PXRD is the 

standard method. However, PXRD suffers from peak overlap. For unknown 

compounds, especially those with rather large unit cell dimensions (> 10Å), 

even unit cell and space group determination may be very difficult. 

Broadening of diffraction peaks due to small crystal size or defects further 

complicates unit cell, symmetry and structure determination by PXRD. 

Electron crystallography, which includes both electron diffraction (ED) 

and high-resolution electron transmission electron microscopy (HRTEM), 

offers a promising alternative for studying such difficult samples. Diffraction 

of electrons by crystals was discovered in 1921
5–7

 and electron diffraction 

was used for structure analysis of crystals since 1937.
8
 The much stronger 

interaction of electrons with matter, compared to that of X-rays (and even 

more to neutrons) makes it possible to study single crystals with sizes down 

to a million times smaller than those needed for single crystal XRD. Crystals 

considered as powders by X-ray diffraction behave as single crystals by 

electron diffraction. In electron diffraction there is no peak overlap as in 

PXRD.
9
 This greatly facilitates the determination of unit cell parameters and 

space group. Electron diffraction can be also used for studies of multiphasic 

samples, since individual grains can be selected and studied as single 

crystals. However, it was, until recently, nearly always done only in two 
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dimensions (2D). Dynamical effects are severe in 2D zonal ED patterns. It is 

tedious work even for experts to take high quality zonal ED patterns from a 

crystal. Moreover, to merge 2D data to three dimensional (3D) data for 

structure determination is also not so easy. 

Phase identification of crystalline materials is important and widely used 

in synthetic chemistry, physics, and materials science. The most widespread 

technique used for phase identification of crystalline samples is powder X-

ray diffraction. Each solid has a distinct pattern, including peak positions and 

relative intensities that provide a fingerprint for comparison. Based on these, 

powder diffraction file (PDF) databases have been established
10

 and are 

widely used for phase comparison/confirmation in minerals, metals, 

superconductors, semiconductors, ceramics, pharmaceutics and so on. 

However, a number of practical reasons make the conventional PXRD 

methods problematic
11

 for multiphasic samples, especially if they contain 

unknown phases. 

Porous materials attract wide interest due to their well-defined pore 

shapes and channel systems and relatively large surface area. According to 

the pore size, porous materials can be classified into microporous (< 2 nm), 

mesoporous (2-50 nm) and macroporous (> 50 nm) materials. According to 

the compositions, pore materials can be classified into inorganic materials 

such as zeolites
12

, germanates
13

 and mesoporous silica
14,15

, inorganic and 

organic hybrids such as metal-organic frameworks (MOFs)
16–18

 and organic 

frameworks such as covalent organic frameworks (COFs)
19–21

.  

Zeolites contain mainly micropores, except for two zeolites
22,23

 which 

have pores large enough to reach the mesopore category. Zeolites have 

attracted great interests because of their wide industrial applications in 

catalysis, gas adsorption and separation and ion exchange.
24

 The unique 

properties of different types of zeolites are related to their unique structures 

and compositions. According to the T-atoms surrounding the pore windows, 

zeolites can be classified into small (< 8 T-atoms), medium (10 T-atoms), 

large (12 T-atoms) and extra-large (> 12 T-atoms) pore structures. 225 

zeolites have been approved by International Zeolite Association (IZA) until 

today.
12

 Large efforts have been made to synthesize zeolites with extra-large 

pore openings, multi-dimensional channels and low framework densities due 

to their potential ability to process large molecules. Metal-organic 

frameworks are a kind of porous materials built of metal ions or clusters and 

organic linkers to form open frameworks. MOFs can be used for gas storage, 

catalysis, separation and so on. 

Structure studies of zeolites are challenging. It is often difficult to obtain 

large enough zeolite crystals for single crystal X-ray diffraction. Powder X-

ray diffraction can also be used for structure solution if the sample is pure 

and the structure is not too complicated. However, severe peak overlapping 
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due to large cells precludes in many cases the structural elucidation. 
Structure studies of MOFs using electron diffraction are also not so easy 

because of beam damage. 

Phase identification from multiphasic samples containing submicrometer-

sized crystals and structure determination of such small crystals are crucial 

in materials science as many initial synthesis of new materials produce 

powder samples with impurity. New methods for such studies are in demand. 

With the development of the automated control in the TEM, inspiration from 

the techniques developed in X-ray diffraction and the success of using 

precession electron diffraction (PED) for structure solution
25

, two automated 

methods have been recently developed for complete 3D electron diffraction 

data collection and processing: automated diffraction tomography (ADT)
26,27

 

and rotation electron diffraction (RED)
28–30

. 3D electron diffraction benefits 

structure characterization of crystalline materials and phase identification 

from multiphasic samples. 

This thesis aims at investigating the feasibility and capability of 3D ED 

methods, specifically rotation electron diffraction, in phase identification and 

structure determination of different kinds of crystalline materials with 

submicrometer-sized crystals, in which cases other methods are very 

difficult to apply. The power of combining RED with PXRD in phase 

identification and structure determination is shown. In Chapter 2, an 

introduction to crystallography is given. In Chapter 3, the rotation electron 

diffraction method is discussed, including experimental conditions for RED 

data collection and data processing, as well as the challenges in the 

applications of RED. In Chapter 4, phase identification from multiphasic 

samples containing submicrometer-sized particles is used as an example to 

show the advantages of RED combined with PXRD. In Chapter 5, RED was 

used especially for structure determination of four zeolites with extra-large 

pores, one pure silica zeolite and one open-framework germanate. RED was 

tested on two known MOFs to show the feasibility of using RED to study 

beam sensitive materials. 

This study is part of our efforts to make 3D electron diffraction standard 

and routine methods for structure solution similar to X-ray diffraction. We 

hope that this study can attract more people to use 3D ED methods and to 

contribute to the improvement of 3D ED data quality. 
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2. Background 

Structure characterization of crystals is to determine the types of atoms and 

how the atoms are periodically arranged in three dimensions. Different 

diffraction methods, such as single-crystal X-ray diffraction and electron 

diffraction, are used for structure study of crystals and provide quite similar 

diffraction patterns, from which 3D reciprocal space can be reconstructed. 

Structure solution of crystals is to use diffraction in reciprocal space to 

deduce atoms arrangement in real space with different kinds of methods, 

such as Patterson methods, direct methods and so on. 

This chapter aims at introducing fundamentals about structure 

determination using electron diffraction. First, basic crystallography 

knowledge, such as unit cell parameters and symmetry will be introduced, 

followed by discussion of their relationship between real space and 

reciprocal space. Then, powder X-ray diffraction will be discussed since it is 

one of the first techniques commonly used to check the crystallinity of as-

synthesized samples. Rietveld refinement against PXRD is used to confirm 

structure models from 3D ED methods. The combination of PXRD and 3D 

ED methods is promising for phase identification and structure 

determination. Transmission electron microscopy (TEM) and high resolution 

(HR) TEM will be briefly discussed. Finally, structure solution and 

confirmation methods are introduced. 3D electron diffraction is the main 

technique used in this thesis and will be described separately in Chapter 3. 

Electrons are the main radiation source for diffraction used in the work in 

this thesis. Therefore, this chapter uses mostly electron diffraction as an 

example for description and discussion. 

2.1 Crystallography 

2.1.1 Unit cell and symmetry 

A crystal structure can be described as atoms or molecules in a unit 

periodically stacked/arranged only by translation operation to fill the entire 

space of a crystal. This unit is parallelepiped and called unit cell. The unit 

cell is the smallest repeated unit of a crystal structure with the smallest 
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volume. A unit cell can be represented using six quantities which are three 

non-coplanar vectors (a, b, c) and three angles between any two of these 

vectors (γ is between a and b, β between a and c, and α between b and c). 

Crystal structures are built by packing of the unit cell by pure translation. 

In addition to translation symmetry, there are also other crystallographic 

symmetries in 3D: rotation axis, mirror plane, inversion center, and the 

combination of these symmetries, such as rotoinversion axis (rotation axis 

with inversion center), screw axis (rotation axis with translation) and glide 

plane (mirror plane with translation). 

Based on unit cell parameters and symmetries, crystals can be classified 

into seven crystal systems: triclinic, monoclinic, orthorhombic, tetragonal, 

trigonal, hexagonal and cubic. It should be noted that crystal systems are 

determined from symmetries instead of unit cell parameters. 

Considering crystal systems and possible lattice centering (primitive (P), 

C (A, B)-centered, body centered (I), face-centered (F) and rhombohedral 

(R)), there are 14 Bravais lattices. 

When non-translational symmetries are combined with the seven crystal 

systems, 32 point groups can be generated in 3D for crystals. Laue classes 

are the centrosymmetric point groups describing the symmetries of 

diffraction. It is not possible to use systematic absence of reflections to 

distinguish crystals in a centrosymmetric point group and one of its non-

centrosymmetric subgroups. 

All the possible combinations of all the symmetries generate 230 space 

groups. 

2.1.2 Reciprocal space and lattice 

Interactions between crystals and X-rays, neutrons and electrons give rise to 

diffraction spots. The space where these diffraction spots are is called 

reciprocal space. These diffraction spots define a reciprocal lattice. The 

positions of diffraction spots can be used for unit cell determination; and 

their intensities are useful for structure determination. 

2.2 Powder X-ray diffraction 

An ideal powder X-ray diffraction pattern is from a powder sample 

containing a large number of small, randomly oriented crystallites. A PXRD 

pattern is the overlap of single crystal X-ray diffraction patterns from all the 

small crystallites in the powder sample. This results in problems for PXRD, 

for example extracting individual peak intensities from overlapping peaks. 



 23 

However, PXRD contains information from bulk samples, which makes 

PXRD an ideal method for checking the impurities in the samples. PXRD 

intensities can be used for ab initio structure solution. Rietveld refinement 

against PXRD is useful for obtaining structure models with high accuracy. 

2.3 Transmission electron microscopy 

In 1932, Knoll and Ruska built the first transmission electron microscopy
31

. 

Soon the first commercial TEM came out. TEM is capable of much higher 

resolution than light microscopy is. TEM is widely used in material science, 

nanotechnology, semiconductor research, life science, and so on. Different 

information can be obtained from TEM, such as imaging, electron 

diffraction and spectroscopy for chemical analysis. 

A TEM consists of three main systems: illumination system, image 

formation and image recording system (Figure 2-1). 

Electrons are negatively charged. They interact with nuclei and electrons 

of atoms. Electrons interact with matter much stronger than X-rays do. As a 

result very small particles can be studied using TEM.  

In electron crystallography, electron diffraction and HRTEM imaging are 

two main commonly used techniques. The advantages and disadvantages 

will be discussed in Chapter 3 (Table 3-4). 
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Figure 2-1. The two basic operation modes of a TEM imaging system:(left) 

diffraction and (right) imaging
32

. Reproduced from Ref 32. 

2.3.1 Electron diffraction 

Electron diffraction provides information about the geometry of the 

reciprocal lattice and intensities of the reflections. The positions of the 

diffraction spots can be used to determine unit cells and lattice types. The 

intensities of diffraction spots can be used to determine atom positions in 

real space. Relative intensities of diffraction spots can be used for symmetry 

determination. This thesis focuses on using electron diffraction for structure 

characterization, which will be discussed in Chapter 3. 
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2.3.2 High-resolution transmission electron microscopy 

HRTEM images contain structure factor phase information, which can be 

extracted for structure determination
29

. Moreover, local information can be 

obtained in the HRTEM images, which is very useful for the study of 

disordered materials
33

 and ultra-small particles
34

. It can also be used to 

observe facial/interfacial details on the particles. 

Model building and 3D electrostatic potential reconstruction are the two 

main approaches for structure determination from HRTEM images. Model 

building is based on HRTEM images taken from one or several projections. 

The structure solution of zeolite beta is a good example
35,36

. The stacking 

disorders were observed from HRTEM images and the structure models 

were built accordingly. The structure solution using 3D reconstruction was 

demonstrated in the structure solution of zeolites beta polymorph B
37

, ITQ-

39
38

 and mesoporous materials
39–43

. Moreover, HRTEM images have also 

been combined with single crystal X-ray diffraction for structure 

determination using model building
44

. 

Structure factor phase information extracted from HRTEM images can be 

combined with PXRD for structure solution of complex zeolites
45–47

. 

Although HRTEM imaging is very useful for studying structures of 

porous materials and disorders in them and observing detailed information in 

the structures, the tedious work in taking HRTEM images and possible beam 

damage due to much stronger electron beams needed compared to ED make 

its applications in structure determination more challenging. 

2.4 Structure factors and electron diffraction intensity 

Three types of radiation sources, X-rays, electrons and neutrons are 

commonly used for structure determination by diffraction. X-rays are 

scattered by the electron shells surrounding the atoms, electrons by 

electrostatic potential from the atomic nuclei and their electron clouds of 

atoms, and neutrons by the nuclei of the atoms. These provide electron 

density, potential and nuclear density, respectively about the sample in the 

diffraction experiments. Therefore, structure solution of crystal structures is 

equivalent to determining the density distribution. The following part uses 

electron diffraction for discussion. 

The structure factors of a crystal for electrons can be written as 

F(𝐮) =  ∑ fj
N
j=1 (𝐮)e2πi(𝐮∙𝐫𝐣)       (2-1) 

where rj = (xj yj zj) = xja + yjb + zjc is the position of atom j, u = (h k l) = ha* 

+ kb* + lc* is a position vector in reciprocal space, (a*, b*, c* are the basic 
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vectors of the lattice in reciprocal space), fj(u) is the atomic scattering factor 

for electrons of the jth atom, u·r = hxj + kyj + lzj.  

The Fourier transform Φ(u) of the crystal potential can be defined as  

Φ(𝐮) =
λ

σΩ
F(𝐮)         (2-2) 

where λ is the electron wavelength, σ =
2πmeλ

h2  is the interaction constant, m 

and e are the electron relativistic mass and charge, h is Planck’s constant, Ω 

is the volume of the unit cell. 

Since the potential distribution of a crystal is periodic, its Fourier transform 

Φ(u) is discrete. The potential distribution φ(r) can be calculated by an 

inverse Fourier transformation of Φ(u): 

φ(𝐫) ≡ FT[Φ(𝐮)] = ∑ Φ(𝐮)e−2πi(𝐮∙𝐫)
𝐮 =

λ

σΩ
∑ F(𝐮)e−2πi(𝐮∙𝐫)

𝐮  (2-3) 

Thus, the structure solution of crystals can be done by determining the 

structure factors, which include amplitudes and phases. 

Under the kinematical approximation, the ED intensity is proportional to the 

square of the amplitude of the structure factors for a single unit cell 

Ied(u) = (
λt

Ω
)

2
|F(u)|2        (2-4) 

where t is crystal thickness. 

The intensities I(u) obtained from electron diffraction data can be used as 

|F(u)|
2
 for structure determination. If the size and shape of a crystal are taken 

into consideration, the Ied(u) is a weighting factor. The intensity distribution 

for each diffraction spot depends on the crystals in the SAED aperture. 

Normally, the shape function of the diffraction spots is a sinc function (
sinx

x
). 

The kinematic approximation assumes that each electron is scattered by the 

crystal only once. The relationship between the intensity distribution and 

crystal structure then follows the equations above. However, due to the 

strong interaction between the electrons and matter, multiple scattering is 

always present in experimental data. In order to obtain more kinematical 

electron diffraction intensities or decrease multiple scattering, a number of 

measures can be taken, as discussed in Ref 
29

, including using thin crystals, 

higher accelerating voltage and tilting the crystal away from zone axes. 

‘Multiple scattering will be less for crystals with lighter atoms, larger unit 

cells, and slightly tilted away from the zone axis.’
29
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2.5 Structure determination methods 

Structure determination of crystals is to derive the atom arrangements in real 

space. In practice, the structure solution is done by determining the structure 

factors, for example from diffraction data. As can be seen from Eqn 2-4, 

amplitudes of the structure factors are directly available from diffraction 

data, however phases are lost. Structure solution using diffraction data is 

essentially to find the phases of structure factors, called phasing. Though 

diffraction experiments can be done with different radiation sources, the 

approaches for structure solution are quite similar. Since electron diffraction 

data resemble single crystal X-ray diffraction data, structure determination 

methods used for single crystal X-ray diffraction data can be used for 

electron diffraction data as well. These methods include direct methods
48

, 

charging flipping
49–51

 and simulated annealing
52,53

 and so on. 

2.5.1 Direct methods 

Direct methods were first introduced by Hauptmann and Karle in 1953 to 

solve the phase problem
48

. In 1976, direct methods were for the first time 

applied to electron diffraction data by Dorset and Hauptman
54

. Direct 

methods were successfully used for phasing electron diffraction data for 

structure determination of organic crystals
55

 and layer silicate
56

 structures. 

Applications of direct methods on electron diffraction data have also led to 

structure determination of several zeolites
57–61

. ‘The major restriction to 3D 

determination by direct methods is the limited goniometric tilt range of the 

electron microscope, hence the missing cone of information.’
62

 With the 

development of 3D electron diffraction methods
26–28

, much more complete 

ED data can be collected and thus direct methods have been combined with 

3D electron diffraction data for structure solution of zeolites
23,63–66

, Ni-Se-O-

Cl samples
67

, an open-framework germanate
68

, a pseudo-decagonal 

quasicrystal approximant
69

 and many others. Details will be presented in the 

following chapters of this thesis. 

Direct methods are based on statistics. They use the triplet relationship to 

find out the phases of reflections and use the tangent formula to calculate the 

phase of a certain reflection
29,70

. 

Most direct methods programs are especially developed for X-ray 

diffraction, such as Shelx
71

 and Sir
72

; however, they can also be used for 

electron diffraction data. Atomic scattering factors for electrons are used 

instead of those for X-rays. 
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2.5.2 Other methods 

Other structure determination methods can also be used for structure 

determination from diffraction data, for example simulated annealing
73

 for 

structure determination of covalent organic frameworks
74

.  

This method is to find global optimization by locating atomic species in the 

unit cell, in which R factors are usually used to evaluate the agreement 

between simulated diffraction data from the proposed structures and 

measured diffraction data. 

Apart from methods working in reciprocal space or real space only, there 

exist also dual-space methods. The zeolite specific structure solution 

program FOCUS
75

 is a typical example. It uses chemical information in real 

space and experimental structure factor amplitudes in reciprocal space for 

structure determination. The structure of zeolite SSZ-45 was solved from 3D 

electron diffraction data using FOCUS
76,77

. 3D electron diffraction can also 

be combined with PXRD for structure determination, for example in the case 

of open-framework germanate SU-77
68

. Direct methods were applied on 

rotation electron diffraction data for structure determination of SU-77 in 

TEM and then model building combined with Rietveld refinement against 

PXRD confirmed the structure model. 

Since 3D electron diffraction data is similar to single crystal X-ray 

diffraction data, the methods used for structure determination from single 

crystal X-ray diffraction can also be applied on 3D electron diffraction data 

for structure determination. 

2.6 Structure confirmation 

When the main feature of a structure is determined from the potential maps 

by structure solution approaches, the next step is to find fine/detailed and 

accurate information about the structure model using structure refinement. 

Electron diffraction data usually give high R1 values, making it difficult to 

assess the goodness of the models. Chemical information is usually used to 

locate missing atoms from difference Fourier maps to complete structure 

models and to assign types of atoms. 

Due to high R values, structure models obtained from electron diffraction 

data need to be carefully confirmed. First, structure models should be 

chemically and geometrically reasonable. Structure models should be in 

agreement with all the other characterization data. Simulated PXRD patterns 

from the structure models can be compared with experimental ones. If 

PXRD patterns from pure samples are available, Rietveld refinement should 

be done to further confirm the structure models. Rietveld refinement applies 
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least square procedures to optimize structure parameters, such as atomic 

coordinates, occupancy, atomic displacement parameters, together with 

PXRD profile parameters, such as peak positions, peak shape, peak width 

and background. Geometric restraints, such as bond distances and angles 

based on chemical information, are usually taken into consideration to guide 

the refinement to converge with a reasonable structure model.
78

 

High quality HRTEM images can also be used for structure confirmation. 
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3. Rotation Electron Diffraction 

Electron diffraction is used for structure determination for a long time. In 

this chapter, I shall first present structure determination from conventional 

2D ED patterns. Then, I shall focus on one of the 3D ED methods, namely 

rotation electron diffraction (RED), since it is the main method we are 

developing and using for phase identification and structure determination of 

different kinds of materials. I will describe the TEM instrument, data 

collection and processing of RED data and applications of RED. 

Experimental data will be presented as examples, and my experience on 

various aspects of the development and applications of the method will be 

given. 

3.1 2D electron diffraction 

Electron diffraction has been used for unit cell and space group 

determination, even structure determination since 1937.
8
 The very strong 

interaction of electrons with matter makes electron crystallography amenable 

for studying crystals with sizes a million times smaller than what is needed 

for single crystal X-ray diffraction. Crystals considered as powders when 

studied by X-ray diffraction behave as single crystals by electron diffraction. 

Multiphasic samples are especially amenable to studies by electrons, since 

individual grains can be selected and studied as single crystals. ED patterns 

from different zone axes can be collected and used for structure 

determination.
57,58,61,79

 However, a number of practical reasons limits the use 

of ED for these purposes.
9
 It is tedious work even for TEM experts to do 

crystal alignment along different zone axes and take ED patterns of high 

quality. It is also difficult to obtain complete 3D electron diffraction data 

because one needs to collect a large number of individual ED patterns along 

many different zone axes. Furthermore, it is not easy to merge 2D diffraction 

into 3D data. Structure determination by electron diffraction was time 

consuming and required extensive expertise. Therefore, it has been nearly 

always done in two dimensions until recently. 

Although methods for quantifying electron diffraction patterns were 

developed
80

 and examples for structure solution by ED were reported, 

applications of structure determination by ED were hampered by the fear of 
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dynamical effects. The precession electron diffraction (PED) technique 

invented by Vincent and Midgley in 1994
81

 provides more kinematical data 

and made structure determination by ED more feasible. In PED, electron 

beam precession is often controlled by a dedicated PED hardware. The 

incident electron beam is tilted away by an angle of 1-2° and precessed 

around the optical axis with a precession speed of hundreds to thousands Hz. 

The final ED patterns are an integration of the off-axis patterns. Compared to 

conventional ED, the resolution of PED is higher and dynamical effects are 

reduced
82

. PED intensities along different zone axes can be extracted and 

merged to obtain 3D ED data for structure determination. PED has been used 

for solving several unknown structures of inorganic compounds
25,83

. The 

drawbacks of PED include dedicated hardware for data collection, necessity 

for Lorentz correction and difficulties in collecting complete 2D data and 

merging data into 3D. 

3.2 3D electron diffraction 

The precession electron diffraction technique
81

 is the initial attempt to use a 

geometry setting different from that of the conventional ED to collect ED 

data. PED is like a catalyst and it promoted the development of 3D electron 

diffraction (or electron diffraction tomography) methods. As a result of the 

development of the automated control in the TEM, the inspiration from the 

development of X-ray diffraction techniques and the success of using PED 

for structure solution
25

, two automated methods have been recently 

developed for complete 3D electron diffraction data collection and 

processing: automated diffraction tomography (ADT)
26,27

 and rotation 

electron diffraction (RED)
28–30

. ADT usually uses discrete goniometer tilts in 

small steps (~ 1.0°) with or without continuous precession electron 

diffraction to cover the reciprocal space. The data collection can be done 

either in the nano-diffraction mode together with scanning transmission 

electron microscopy (STEM) imaging for tracking crystal movement
84

 or in 

selected-area electron diffraction mode with TEM imaging for crystal 

tracking
84–87

. The software package ADT3D was developed for processing 

the ED frames and extracting the ED intensities. The RED method will be 

discussed in detail in the following part. 3D ED has been developed for 

protein crystallography as well
88

. 

Besides the advantages of conventional electron diffraction, the 3D ED 

methods have many other advantages. Firstly, almost complete 3D ED data 

can be collected automatically from one single crystal in nano- or micro-

meter size. Secondly, since all ED frames in the 3D ED data are usually 

taken off zone axes, dynamical effects are reduced compared to zonal ED 

patterns. The intensities from 3D ED data are of good quality and can be 
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used directly for ab initio structure solution and further structure refinement 

using standard structure determination software for X-rays. Data collection 

can start at any arbitrary orientation of crystals, which facilitates automation 

and is easy for non-TEM experts. The 3D ED methods turn a TEM into a 

single crystal electron diffractometer and make 3D ED data collection much 

easier. They have already shown to be very powerful for phase identification 

and structure determination of different types of materials with known or 

unknown structures. 

The 3D electron diffraction methods have been successfully used for 

phase identification
65,67,89–92

. The 3D ED methods have also been used for 

structure determination of many different types of complex materials. These 

include four phases in a Ni-Se-O-Cl system
67

, zeolites
23,63–66,93–98

, open-

framework germanates
68

, metal-organic frameworks (MOFs)
9,96,99–101

, 

organic compounds
74,102,103

, intermetallics with modulated structures
69,85,104

, 

and many others
86,92,105–121

. The RED method has also been combined with 

HRTEM imaging for structure solution of disordered zeolites
38

. The 3D ED 

methods have also been combined with other methods for structure 

characterization
77,122–129

. Though 3D ED methods are newly developed, they 

have been used for structure determination of more than 200 structures. 3D 

ED has been shown to be feasible for 3D microcrystals of proteins
88,130–133

. 

In the following part, I will mainly discuss rotation electron diffraction. 

3.3 Rotation electron diffraction 

The RED method combines coarse goniometer tilts (~ 2.0°) with fine 

electron beam tilt steps (usually ~ 0.10° - 0.40°) in either selected area 

electron diffraction (SAED) mode or nano electron diffraction (NED) mode 

for electron diffraction pattern collection (Figure 3-1). This is similar to 

collecting the single crystal X-ray diffraction by the rotation method using a 

2D area detector.
134

 RED data collection is controlled using the RED data 

collection software package.
30

 Typically, more than 1000 ED frames are 

collected in about one hour and used for structure determination. For phase 

identification via determination of unit cell, only 20-50 ED frames with large 

tilt steps (~ 0.5° - 2.0°) are enough and the data collection takes only a few 

minutes. After data collection, the ED frames are processed by the RED data 

processing software package
30

, including shift correction, peak search, unit 

cell determination, indexation of reflections and intensity extraction. 
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Figure 3-1. Schematic representation of the concept of the RED method. 

Individual ED frames (RED data) are collected by combining beam tilt and 

goniometer tilt. After 3D reconstruction, intensities and positions of the 

reflections in reciprocal space are obtained and can be visualized. After 

further data processing the unit cell is determined and the reflections are 

indexed. A resultant hkl list is then used to determine the atomic structure of 

the crystals. The example used here is the zeolite silicalite-1. Reprinted 

(adapted) with permission from Ref
30

. Courtesy by Wei Wan. 

3.4 RED data collection 

3.4.1 Instruments 

In principle, automated RED data collection can be run on any microscopies 

that we can control the electron beam tilt, goniometer rotation and the CCD 

automatically. Data collection can also be done manually using goniometer 

rotation. There is no special requirement for the TEM. No additional devices 

are needed as well. In order to cover a large tilt range, a single-tilt 

tomography sample holder is always used for relatively beam-stable 
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samples. A cryo-holder or cryo transfer holder may be helpful for beam 

sensitive samples if crystals die quickly under electron beam. 

In the work presented in this thesis, all the RED data were collected on a 

JEOL JEM-2100 electron microscope operated at 200 kV using a single-tilt 

tomography sample holder or a cryo cooling holder. The SAED frames were 

recorded on a 12-bit Gatan ES500W Erlangshen camera side-mounted at a 

35 mm port. The RED data collection and processing were performed using 

the RED data collection and processing software, respectively
30

. The RED 

data collection conditions, crystal data and structure refinement details of the 

samples studied in this thesis are listed in Table 3-1. 

3.4.2 Samples 

The stability of samples under electron beam and suitable sizes of particles 

are two of the main parameters that need to be considered in RED data 

collection. 

Stability of the samples under the electron beam can be roughly estimated 

from the types of the materials. Oxides are usually stable; zeolites need weak 

electron beam and metal-organic frameworks (MOFs) and open-framework 

germanates are usually very beam sensitive. 

Optimal crystal sizes for RED data collection depend on the materials. 

Submicron- or nano-meter-sized particles are chosen for RED data collection 

for oxides. Such inorganic materials diffract strongly. Small particles would 

generate enough diffraction intensities for data collection. At the same time 

small crystals have the advantage of weak multiple scattering and give less 

dynamical RED intensities. Crystals as large as 1-2 μm are ideal for RED 

data collection of zeolites and MOFs because of the relatively weak 

scattering of the elements in such compounds (Figure 3-2). 

Since zeolites and MOFs studied in this work are usually not so stable in 

the electron beam, weak electron beam is used. In practice, brightness on the 

TEM is usually set to be the weakest after TEM alignment and is kept the 

same during the following operation. Small spot sizes (thus low brightness) 

are used. For zeolites, spot size 3 is usually used. Despite of these efforts, 

beam damage remains a serious problem for organic compounds. We always 

need to optimize the following data collection parameters: tilt steps and 

exposure time. Large tilt steps are used to reduce the total data collection 

time. Longer exposure times may be needed for data collection of weakly 

diffracting materials. 

For the RED data collection of samples presented in this thesis, the sizes 

of most particles are about 1 µm (Figure 3-2). The sizes of the crystals affect 

RED data quality, especially the resolution of RED data collected. If 
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particles are too small, the resolution of RED data is not high enough for ab 

initio structure solution. Very large particles are avoided in order to reduce 

multiple scattering. 

As shown in Table 3-1, different exposure times and tilt steps are chosen 

for RED data collection from different samples. The main purpose is to 

collect high quality RED data for structure solution. EMM-23 was beam 

sensitive and didn’t diffract strongly. Long exposure time with tilt steps of 

0.2° was used for RED data collection of EMM-23. 

 
Figure 3-2. TEM images of different particles studied in this thesis. (a) ITQ-

51, (b) ITQ-53, (c) ITQ-54, (d) EMM-23, (e) EMM-25, (f) SU-77, (g) Phase 

1 in the Ni-Se-O-Cl sample, (h) Phase 2 in the Ni-Se-O-Cl sample, (i) Phase 

3 in the Ni-Se-O-Cl sample, (j) Phase 4 in the Ni-Se-O-Cl sample, (k) PD2, 

(l) SUMOF-7I, (m) SUMOF-7II(La), (n) SUMOF-7III(La) and (o) MIL-103. 



 37 

 



 38 

3.4.3 Other parameters for RED data collection 

After a crystal has been selected as a candidate for RED data collection, 

crystal check should be done together with optimization of exposure time 

and beam tilt step. It is always better to collect data as large tilt range as 

possible. 

Mainly selected area electron diffraction is used to check the quality of 

crystals that will be used for RED data collection. Efforts to find single 

crystals should be made if we focus on structure solution. The particles 

should diffract well. After we choose one particle, we should tilt the particle 

using large goniometer tilt. The z-height is optimized in order to put the 

particle at the eucentric height so that the movement of the crystal is 

minimal, which will facilitate crystal tracking during the data collection. 

Maximum tilt range can also be confirmed after the tilt. During the sample 

tilt, a few SAED patterns should also be taken at different goniometer tilt 

angles and checked. In this case, the optimal exposure time can be 

determined by ensuring reflections having enough intensities without 

saturation. During the crystal tilting, we can check whether any other 

particles will move into the SAED aperture or not. We can also check if the 

crystal contains any disorders or intergrowth. Furthermore, comparison of 

two or more SAED patterns at the same tilt angles but taken at different 

times will be helpful for us to judge whether the crystal is stable under the 

current beam brightness. If it is not stable, we will observe changes in the 

intensities of the reflections. 

Optimal exposure time is determined from single SAED frames from 

different tilt angles. We need to make sure that no reflection is over 

saturated. Otherwise, the reflections can only be used for determination of 

unit cell parameters, but not for structure solution. 

Choice of beam tilt step highly depends on the purpose of the experiment 

and stability of the materials. For unit cell and space group determination, 

large beam tilt step can also give us quite good results (Table 3-2). The beam 

tilt step is also related to the dimensions of unit cell parameters. For the 

samples with very large unit cell parameters, small beam tilt steps are 

recommended in order to cover all the reflections. For the samples with 

small unit cell dimensions, the beam tilts of 0.1° or 0.2° is sufficient. 

Sometimes, if the samples are not so stable under the electron beam, a large 

tilt range will provide more useful data. During a set range of time, using a 

large beam tilt step will allow data collection in a large tilt range, which 

facilitates the unit cell and space group determination. 

A larger tilt range is preferred rather than a small tilt range. As shown in 

Table 3-3, a large tilt range provides better unit cell dimensions than a small 

tilt range, when compared to the unit cell dimensions from PXRD data. 
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Table 3-2. Data collection time and unit cell of Phase 2 in Ni-Se-O-Cl 

samples with different tilt steps* 

Tilt 

Step 

Tilt 

range 
Tilt angle 

Number 

of 

frames 

Unit cell 
Space 

group** a/Å b/Å c/Å α/° β/° γ/° 

0.1 118.60 41.26~ -77.34 1167 7.14 13.69 5.64 89.38 106.87 90.07 C2/m 

0.2 118.60 41.26~ -77.34 598 7.17 13.69 5.64 90.58 106.94 90.06 C2/m 

0.3 118.50 41.26~ -77.24 402 7.17 13.69 5.63 89.48 106.92 90.06 C2/m 

0.4 118.50 41.26~ -77.24 299 7.14 13.69 5.63 89.42 106.99 90.05 C2/m 

0.5 118.60 41.26~ -77.34 240 7.19 13.66 5.63 90.49 106.85 90.02 C2/m 

0.6 118.25 41.26~ -76.99 199 7.20 13.68 5.63 89.44 106.90 90.09 C2/m 

0.7 118.25 41.26~ -76.99 170 7.18 13.69 5.64 89.36 107.22 90.19 C2/m 

0.8 118.00 41.26~ -76.74 149 7.23 13.72 5.63 89.41 106.97 90.03 C2/m 

0.9 118.10 41.26~ -76.84 133 7.17 13.68 5.62 89.54 106.94 90.06 C2/m 

1.0 118.20 41.26~ -76.94 120 7.20 13.68 5.64 89.41 106.87 90.08 C2/m 

1.5 118.40 41.26~ -77.14 80 7.23 13.65 5.63 90.53 106.80 90.05 C2/m 

2.0 117.90 41.26~ -76.64 60 7.19 13.70 5.64 90.50 106.96 90.30 C2/m 

2.5 117.40 41.26~ -76.14 48 7.26 13.70 5.63 90.46 107.03 90.08 C2/m 

3.0 118.10 41.26~ -75.84 40 7.24 13.65 5.62 89.36 106.82 90.47 C2/m 

4.0 116.18 41.26~ -74.92 30 7.22 13.59 5.64 89.81 107.91 90.56 C2/m 

5.0 114.98 41.26~ -73.72 24 7.15 13.82 5.64 90.64 107.09 90.42 C2/m 

6.0 113.75 41.26~ -72.49 20 7.21 13.73 5.62 90.06 106.71 90.57 C2/m 

7.0 111.93 41.26~ -70.67 17 7.21 13.60 5.62 90.66 105.81 90.20 C2/m 

8.0 112.13 41.26~ -70.87 15 7.11 13.69 5.57 89.29 106.96 90.16 C2/m 

9.0 117.00 41.26~ -75.74 14 7.31 13.70 5.64 90.55 107.06 90.96 C*** 

10.0 109.96 41.26~ -68.70 12 7.15 14.26 5.65 89.36 108.95 90.29 C*** 

15.0 104.97 41.26~ -63.71 8 7.09 13.71 5.60 88.60 106.67 92.99 C*** 

20.0 100.01 41.26~ -58.75 6 7.13 14.24 5.71 90.57 108.78 92.59 C*** 

* Subsets of RED data of Phase 2 in Ni-Se-O-Cl sample were derived from 

the original RED data. 

** Space groups with highest symmetry are shown here. 

*** The reflections are too few for symmetry determination. 
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Table 3-3. Unit cell and symmetry of Phase 2 in Ni-Se-O-Cl samples with 

different tilt range (tilt step 0.1°)* 

Frame 

range 

Tilt 

range 
Tilt angle 

Number 

of 

frames 

Unit cell 
Space 

group** a/Å b/Å c/Å α/° β/° γ/° 

1~1167 118.60 41.26~ -77.34 1167 7.14 13.69 5.64 89.38 106.87 90.07 C2/m 

1~100 10.05 41.26~ 31.21 100 7.14 13.58 5.62 90.04 106.76 90.39 C*** 

1~200 20.30 41.26~ 20.96 200 7.19 13.93 5.69 91.99 105.30 91.30 C2/m 

1~300 30.30 41.26~ 10.96 300 7.22 13.79 5.67 91.26 105.66 91.33 C2/m 

1~400 40.51 41.26~ 0.75 400 7.22 13.71 5.65 90.81 106.07 90.66 C2/m 

1~600 60.56 41.26~ -19.30 600 7.14 13.67 5.65 89.27 106.85 90.17 C2/m 

601~1167 58.02 -19.35~ -77.37 567 7.10 13.70 5.63 90.55 106.83 90.04 C2/m 

208~607 40.21 20.16~ -20.05 400 7.10 13.63 5.64 89.53 107.53 90.80 C2/m 

* Subsets of RED data of Phase 2 in a Ni-Se-O-Cl sample were derived 

from the original RED data. 

** Space groups with highest symmetry are shown here. 

*** The reflections are too few for symmetry determination. 

In conclusion, a well aligned TEM will facilitate RED data collection and 

crystal tracking. Crystal check before data collection will give us a rough 

idea of the stability of the crystals and optimal exposure time. Combination 

of the particle size, exposure time and beam tilt steps is helpful for collecting 

a good RED data. 

3.5 RED data processing 

RED data processing includes reconstruction of 2D ED frames collected into 

3D reciprocal lattices, unit cell and possible space group determination from 

the reciprocal lattices, indexation of reflections and intensity extraction. 

These can be carried out using RED data processing software
30

 using default 

settings for most of the crystals. Then, the intensities can be used for ab 

initio structure solution and further structure refinement. 

Practically, when we use RED software to process RED data
30

, dead 

pixels on the CCD should be excluded before peak hunting. The default 

values for peak hunting can be applied for most samples. Sometimes, the 

parameters for peak hunting need to be improved so that visible diffraction 

peaks on the ED frames should be found and no extra peaks are picked up. 

After peak hunting, each peak cloud contains tens of peaks from the 

observation of the same reflection in many frames. Each peak cloud will be 

merged and represented by a single reflection either using the maximum 

intensity in the cloud or integration of all the reflections in the cloud. We 
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usually use the maximum intensity for structure solution and refinement as 

we found it of good quality. 

3.5.1 Unit cell determination 

Three shortest non-coplanar difference vectors from the merged 

reflections are found and become the basis vectors in reciprocal space, or 

vectors for the reciprocal unit cell. Thus, only primitive unit cells are found 

using this method. These unit cells will be tested using for example cctbox
135

 

to check the lattice symmetry. If there is higher lattice type, transformation 

of lattices is recommended. 

3.5.2 Symmetry determination 

Reflection conditions can be deduced from 2D main zone slices cut from 

the reconstructed 3D reciprocal lattice, for example the hkl, hk0, h0l and 0kl 

planes. I will use Phase 2 from a Ni-Se-O-Cl sample as an example. The 

lattice type and unit cell parameters were determined from the RED data to 

be C-centered with a = 7.17 Å, b = 13.70 Å, c = 5.63 Å,  = 90.6°,  = 

106.8°,  = 90.0°, indicating that the crystal is likely to be monoclinic. As 

seen in Figure 3-3, systemic absences were hkl: h + k = 2n + 1; hk0: h + k = 

2n + 1; h0l: h = 2n + 1; 0kl: k = 2n + 1; 0k0: k = 2n + 1. The possible space 

groups are deduced to be C2, Cm and C2/m. 

 
Figure 3-3. (a) 3D reciprocal lattice of Phase 2 from a Ni-Se-O-Cl sample 

reconstructed from the RED data viewed along c*. Inset is the crystal from 

which the RED data was collected. (b-c) 2D slices of (b) hk0, (c) h0l and (d) 

0kl cut from the 3D reciprocal lattice in (a). 
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3.6 Structure solution and refinement 

Diffraction intensities obtained from RED data can be used for ab initio 

structure determination of unknown compounds using standard structure 

determination software for X-rays. Different structure solution methods can 

be applied to the RED data. These include, but not limited to, direct methods 

(e.g. programs SHELX
71

, SIR
72,136

), charge flipping (e.g. programs 

Superflip
137

, Jana
138

) and simulated annealing (e.g. program SIR
136

, FOX
139

). 

The structure models can be refined by full-matrix least-squares refinement 

using the program SHELX
71

. In most cases, the maximum intensity values of 

merged reflections from the RED data were used as I(hkl). The intensities 

I(hkl) were used as |F(hkl)|
2
 for ab initio structure determination and 

subsequently refined using the crystallographic software package SHELX. 

In the structure determination of zeolites, the zeolite-specific structure 

solution program FOCUS can also be applied on RED data
76,77

. 

Structure models obtained from RED can be refined against RED data 

although R1 values are usually higher compared to those from single crystal 

X-ray diffraction (Table 3-1). 

3.6.1 Weak intensities 

Because many factors may affect the intensities, the standard deviation 

sigma[|F(hkl)|
2
] could only be estimated empirically for the RED data. For 

structure solution, the sigma[|F(hkl)|
2
] for each |F(hkl)|

2
 is assigned as 1.0 to 

facilitate structure solution by direct methods. For structure refinement, the 

choice of sigma significantly affects the R1 but not the final structure. By 

checking R1 values versus measured intensities, it is often found that 

majorities of the reflections, especially weak reflections are over-estimated 

which can be seen from the scale factor K (K = mean(Fobs)
2
/mean(Fcal)

2
) as 

the function of Fcal/Fcal(max). The scale factors K in all intensity ranges are 

in most cases larger than one, indicating that the overall scale factor is 

wrongly estimated. In order to find the correct scale factor, different 

sigma[|F(hkl)|
2
] values can be assigned to all reflections in the same data set 

and tested in the refinement until the lowest R1 is reached. For example, a 

sigma of 100 was found optimal for Phase 2 from the NiSeOCl sample, as 

shown in Table A9-1 in Appendix. 

From the current datasets we have, it seems that intensity errors for weak 

reflections are much larger than those for strong reflections, which possibly 

resulted from a combination of different factors, including data collection 

and intensity extraction strategies and dynamical effects. 
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3.6.2 Resolution 

RED data with very high apparent resolution can be obtained for some 

materials, for example oxides. Care should be taken when using the high 

resolution data. Analysis of R1 values versus diffraction resolution shows 

that the resolution limit is often overestimated. The intensities of reflections 

above certain resolution become much poorer, as reflected by the drastically 

increase of the R1 values (to 40 - 100%). This indicates that the intensities of 

high resolution reflections are distorted, probably by dynamical scattering 

and/or poor peak sampling, and they present systematic errors in the 

refinement. We can analyze the R1 value as the function of resolution shells 

and include only the reflection shells that give reasonable R1 values. The 

resolution and the number of reflections should of course be monitored so 

that a reasonable refinement is possible. For example, Phase 2 in the 

NiSeOCl sample diffracted to 0.45 Å resolution. The refinement output from 

SHELX shows that the R1 increases by 10% from resolution shell with d > 

0.99 Å to 0.97 Å < d < 0.99 Å (Table A9-1 in Appendix). For reflections 

with d < 0.59 Å, R1 increases from 0.506 to 0.748. 

In conclusion, a combination of reflection intensity and resolution 

estimation should be done to improve structure refinement. 

3.6.3 Erroneous reflections 

Intensities of reflections from measurements and calculation during the 

refinement should agree, to a large extent. It is sometimes observed that a 

few reflections show significant disagreement between the measured and 

expected intensities. These reflections should be checked for errors in the 

measurements, for example wrongly/poorly sampling, CCD saturation and 

wrong intensity extraction in data processing. These errors should be 

corrected when possible. 

3.6.4 Structure confirmation based on the models from RED 

Usually, structure models are further confirmed by Rietveld refinement 

against PXRD data and slight deviations of the atomic coordinates may be 

observed. A structure model from RED data can be used as an initial model 

for Rietveld refinement against PXRD, if pure sample can be obtained, in 

order to confirm and fine-tune the structure model. 
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3.7 Challenges 

Rotation electron diffraction is essentially single crystal electron diffraction 

but from sub-micrometer-sized crystals. However, at present it needs to be 

combined with PXRD for a complete structure determination which includes 

structure solution and reliable refinement. There are a few reasons that 3D 

electron diffraction alone is not yet adequate for a complete structure 

determination. Although unit cell parameters can be determined from RED 

data fast and unambiguously compared to PXRD, they are less accurate ( 

2%) than those provided by PXRD. Errors in the unit cell parameters may 

lead to ambiguous identification of crystal symmetry. At present most of the 

3D ED methods use reflection difference vectors to determine the unit cell. 

The accuracy of the determination thus depends on all the factors that affect 

the accuracy of the reconstructed positions of reflections in reciprocal space, 

including the accuracy of camera length, goniometer rotation, rotation axis 

determination and 2D reflection position determination. In order to improve 

the accuracy in unit cell determination, these factors need to be carefully 

taken into consideration and methods for handling the errors need to be 

developed. 

3D ED intensities are of sufficient quality for structure solution and most 

often allow structure refinement. There are however errors in the intensities 

from various sources, including the geometry and limited sampling points 

used for data collection (with/without precession/beam tilt), dynamical 

interactions between the electrons and matter, inelastic scattering of the 

electrons and data recording cameras. In almost all cases, structure models 

from 3D ED data need to be refined against PXRD data if available. Errors 

in the intensities need to be reduced before a reliable structure validation and 

refinement can be reached using 3D ED data. To deal with dynamical effects 

in electron scattering, Palatinus and co-workers developed an algorithm to 

include calculation of dynamical intensities in the refinement against 

precession ED data and showed that better structure models and lower R 

values could be obtained
104

. 

Data completeness is crucial for successful structure solution from 3D ED 

data. The 3D ED methods facilitate automated ED data collection and can be 

used to collect almost complete 3D data. In a TEM, a maximum tilt range of 

145° can be covered using a tomography tilt holder. For structures with high 

symmetries, reflections in the missing wedges can be complemented using 

the symmetry operations, while merging different datasets may be necessary 

to get a more complete data for crystals with low symmetries. A dual axis 

tomography holder can be used to collect 3D ED data from different 

orientations of the same crystal
90

. These datasets can then be merged for 

further analysis. 3D ED data can also be collected from crystals with 

different orientations and merged to get a more complete data
63,66,140

. For 
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crystals with preferred orientations, for example needle-like and plate-like 

crystals, it is often difficult to obtain 3D ED data with high completeness 

even when data merging procedures are used. In these cases sample 

preparation using ultramicrotome may be helpful. 

3D ED methods have shown to be successful in structure determination 

also of relatively electron beam sensitive crystallites, such as organic 

compounds. For samples that are not very stable under the electron beam, 

data collection needs to be done in low dose conditions. Sample cooling 

using cryo holders is useful for some materials, depending on the dominating 

mechanism of damaging. To improve data completeness for beam sensitive 

materials, datasets collected from different crystals can be merged. After 

RED data collection has been done, one can go back to instrumental 

conditions at which the first ED frames were collected and take another ED 

pattern. Comparing the two ED frames before and after RED data collection, 

one can easily identify possible effects from beam damage. Degradation of 

intensities due to beam damage definitely makes structure solution and 

refinement against RED data difficult. Optimization of tilt steps and 

exposure times can be done to improve data quality for structure solution. 

On the other hand, sufficient data collection range is important and enough 

reflections are covered with high quality intensities. In the RED data 

collected from beam sensitive materials, excluding weak reflections in the 

last few frames can be useful for structure solution as well. 

Reflections in high resolutions (< 1 Å) are very important for structure 

solution and refinement. However, it might be better to exclude such 

reflections if they are too weak since the signal to noise ratio for these 

reflections is too low. In principle, datasets with much higher resolution can 

be obtained using electrons compared to X-rays due to the much stronger 

interaction. Practically, we can usually collect RED data with resolution of 

0.45 Å or more for oxides in some cases, about 0.9 Å to 1.15 Å for zeolites 

and about 1-2 Å for MOFs (Table 3-1). Data from oxides is more likely to 

suffer from multiple scattering instead of low resolution. As a result of errors 

in the intensities, atomic coordinates of structure models from RED may 

deviate slightly from the ones from PXRD data, as will be discussed later. 

RED data of zeolites suffer from both beam damage and low data resolution. 

However, all the unique atoms can be directly identified from structure 

solution using RED data if the datasets have resolution of at least 1.2 Å with 

completeness larger than 60%, as will be shown in the following chapter. 

Since MOFs are relatively unstable under the electron beam, with low 

resolution RED data only the metal atoms may be found. For the purpose of 

finding the metal atoms, the resolution needed is not so high, 2.6 to 3 Å. 

Atomic scattering factors for electrons are not only related to the atomic 

number, but they decrease with the increase of scattering angles (θ). Unlike 
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to those for X-rays, atomic scattering factors for electrons for light and 

heavy atoms show crossovers at low sinθ/λ. The scattering factors are not 

significantly different from each other. The light atoms diffract stronger than 

heavy atoms do at low angles, while vice versa at high angles, which means 

that both light and heavy atoms are also important for structure 

determination and refinement. This makes the assignment of atom types 

difficult and chemical information has to be taken into account as well. 

 
Figure 3-4. Atomic scattering factors for electron for (cyan) O, (red) Al, 

(green)Si, (blue)P, (black)Co. 

3.8 Combination of PXRD and RED 

3D electron diffraction is powerful and promising for studying complex 

systems and complex structures. The combination of 3D ED and PXRD 

make structure characterization more promising (Table 3-5). X-ray 

diffraction and electron crystallography are complementary techniques, as 

evident from a comparison of HRTEM, electron diffraction, single crystal X-

ray diffraction and powder X-ray diffraction given in Table 3-4. 

Electron crystallography is amenable for studying crystals with sizes a 

million times smaller than what is needed for single crystal X-ray 

diffraction. Crystals considered as powder when studied by X-ray diffraction 

behave as single crystals by ED. While PXRD provides only one-

dimensional (1D) information where diffraction peaks with similar d-values 

overlap, ED provides 3D information with no peak overlapping. 

Determination of unit cell parameters and space group is straight-forward by 

3D ED data, while it is sometimes difficult for PXRD, especially for 
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structures with rather large unit cell dimensions (>~ 10Å). However, the unit 

cell parameters determined from ED are less accurate than those from 

PXRD. In addition, PXRD data is kinematical and complete, while ED data 

suffers from dynamical effects and is often incomplete. While PXRD data 

represents all phases present in the samples, 3D ED provides information 

from individual micron-sized particles. It is easy to select single crystals by 

3D ED for phase identification. Furthermore, the phase information of 

crystallographic structure factor, which is lost in diffraction, is present in 

HRTEM and high resolution scanning transmission electron microscopy 

(STEM) images. This is very useful for the determination of unknown 

structures by electron crystallography alone or in combination with PXRD. 

The combination of electron crystallography and PXRD has been very 

powerful for structure determination of nano- and micron-sized 

crystals
9,141,142

, especially when using HRTEM images. The structure factor 

phases from HRTEM images were used to facilitate the structure solution of 

complex structures that could not be solved by PXRD alone, for example in 

the case of zeolites TNU-9
45

, IM-5
46

 and SSZ-74
47

, which were the three 

most complex zeolites by then. Zonal ED patterns have also been used in 

combination with PXRD for structure determination. Different strategies 

have been applied to combine ED with PXRD for structure determination of 

crystals. One strategy is to use structure factor phases retrieved from ED data 

as initial phases for structure determination from PXRD data. This was used 

for the structure solution of the large pore germanosilicate ITQ-26
143

. Xie 

and co-workers demonstrated how structure factor phases could be derived 

from 2D PED patterns along four zone axes of zeolite ZSM-5 and used as 

the initial phase sets for powder charge flipping
144

. Another strategy is to use 

ED intensities for pre-partitioning of overlapping reflections in PXRD. A 

mesoporous chiral germanosilicate zeolite ITQ-37 was solved in such a 

way
22

. Moreover, single crystal XRD is also combined with HRTEM 

imaging for structure determination
44

. 

The combination of 3D electron diffraction with PXRD provides 

advantages from both techniques as they are complementary. This strategy is 

important for the identification and structure determination of new materials 

which would be difficult using other methods, for example X-ray diffraction, 

alone, as shown in Chapter 4. 
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Table 3-4. Comparison of SCXRD, PXRD, HRTEM, and 2D and 3D ED. 

 
Note: CTF stands for contrast transfer function. 

3.9 Application of RED 

The rotation electron diffraction method can be used for both phase 

identification and structure solution. Synthetic chemists, mineralogists, 

metallurgists and material researchers may find various applications for the 

technique; e.g. (i) searching for new compounds when investigating a 

chemical system, (ii) identifying impurity phases formed during synthesis of 

an aimed compound, (iii) investigating individual nanoparticles, (iv) 

identifying minerals in a rock sample, (v) identifying weathering products 

from the surface of a rock sample, (vi) identifying corrosion products from 

metals. 

3.9.1 Phase identification 

RED can be easily used for phase identification in material science and 

synthetic chemistry. The advantages of RED make it the method of choice 

for phase identification and structure determination of microcrystalline 

materials. Samples containing several phases are especially amenable to 

studies by electrons, since individual grains can be selected and then diffract 

as single crystals. RED has its advantages in studying multiphasic samples 

containing submicron-sized or nano-sized particles. This will be further 

discussed in Chapter 4. 

3.9.2 Structure determination 

The RED method has been successfully tested on structure determination of 

different types of known and unknown samples. These include zeolites
63–

66,94,95
, metal-organic frameworks

9,101
, a covalent organic framework

74
, a 

pseudo-decagonal quasicrystal approximant
69

 and some oxides
28

. Now, more 
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than 60 structures have been identified or solved by RED. The RED method 

has also been combined with HRTEM images for the structure solution of 

disordered zeolite ITQ-39.
38

 The RED techniques constitute a breakthrough 

for determining unit cell and space group or even crystal structures of 

submicron crystalline materials. This will be further discussed in Chapter 5. 

3.9.3 Identification of structure changes 

RED data can be combined with PXRD to analyze or predict structure 

changes in the samples. In the circumstance of high vacuum and interaction 

with electron beam, structures of some samples might be changed. The 

difference is obvious by comparing crystallographic information from 

PXRD and RED. The changes can also be observed and confirmed by other 

characterization methods. This will be further discussed in the structure 

determination of an open-framework germanate SU-77 in Chapter 5. 
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4. Phase Identification 

Phase identification is important in materials science and synthetic 

chemistry. The most widespread technique used for phase identification of 

crystalline samples is powder X-ray diffraction (PXRD). Each solid has a 

distinct pattern, including peak positions and relative intensities. This 

indicates a particular phase and provides a fingerprint for comparison. Based 

on these, powder diffraction file (PDF) databases have been established
10

. 

They are widely used for phase comparison/confirmation in minerals, 

metals, superconductors, semiconductors, ceramics, pharmaceutics and so 

on. However, a number of practical reasons make the conventional PXRD 

methods problematic
11

 for multiphasic samples, especially if they contain 

unknown phases. 

Electron crystallography offers a promising alternative for studying 

individual phases in multiphasic crystalline samples containing submicron- 

or nano-sized particles
145,146

. 

In this chapter, I show a case where RED made it possible to identify as 

many as four distinct compounds within one sample containing submicron-

sized crystals in a Ni-Se-O-Cl system. 

Phase identification is useful for synthetic chemists to search for new 

compounds when investigating a chemical system, and to identify interesting 

phases in a synthetic system. The discovery of zeolites ITQ-53 and ITQ-54 

will be presented. 

Since RED is very efficient for unit cell and symmetry determination 

from nano- or micron-sized crystals, it can be used as an complementary 

method for characterization of phases, which benefits further studies of 

crystalline phases of interest in the samples. The phase confirmation of 

reticular metal-organic frameworks (MOFs), SUMOF-7 will be discussed. 

4.1 Strategies of phase identification by combination of 
RED and PXRD 

PXRD provides information of the bulk sample, while it is easy to obtain 

unit cell and symmetry from nano- or micron-sized crystals using 3D 



 52 

electron diffraction methods. The combination of 3D ED methods with 

PXRD is promising for phase identification. For many materials, it is not 

very easy to obtain pure samples in the initial synthesis of a new system. 

Identification of the individual phases from these multiphasic powder 

samples is crucial. 3D ED methods are used to identify interesting new 

phases in as-synthesized samples when only polycrystalline powders are 

available and the samples contain several phases. As a general procedure for 

phase identification, crystals are first studied using 3D ED and their unit cell 

parameters and symmetries are obtained from 3D ED data. Next, these 

parameters are used for profile fitting of PXRD data and indexation of the 

peaks in the PXRD pattern. If unindexed peaks remain, more efforts must be 

spent on the TEM to find these unidentified phases in the samples. These 

steps are iterated until all important phases in the sample are found and all 

strong peaks in PXRD are indexed. 

4.2 Phase identification in a multiphasic Ni-Se-O-Cl 
sample (Paper IV) 

The present multiphasic sample resulted from a search for new compounds 

in a M-Se-O-X (M = transition metal and X = Cl, Br) system in order to find 

new non-centrosymmetric compounds showing second harmonic generation 

or low-dimensional arrangements of transition metals that may result in 

special physical properties such as magnetic frustration. The 

stereochemically active lone-pair around a p-element cation such as Se
4+

 and 

Te
4+

 results in an asymmetric coordination. The lone pairs and also the 

halide ions help to open up crystal structures and several oxohalide 

compounds of this family exhibit interesting physical properties such as 

nonlinear optical second harmonic generation (SHG) or magnetic frustration, 

e.g. Li6(Mo2O5)3(SeO3)
147

, Cu2Te2O5X2 
148

, FeTe2O5X2 (X=Cl, Br)
149

. The 

synthesized product gave a very complex PXRD pattern (Figure 4-1a) that 

could not be indexed. From the analysis of the sample in the TEM, four 

phases were identified and their unit cell parameters and space groups were 

determined. The ab initio structure determination for the four phases using 

RED data will be discussed in Chapter 5. 

Powder X-ray diffraction is always recommended as an initial step for 

characterizing crystalline solids. If there is no simple match between 

observed and standard patterns, other characterization methods, for example 

TEM, may be utilized. In the Ni-Se-O-Cl sample, the very complex powder 

X-ray diffraction pattern (Figure 4-1a) could not be indexed using existing 

known phases. The sample was thus studied by TEM. Crystals in the sample 

were very small (less than a few micronmeters in size), see Figures 4-1b-e. 

Different morphologies indicated that the sample was multiphasic. RED 
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datasets were collected on three particles with different morphologies 

(Figure 4-1b-d). EDS was done on each crystallite after RED data collection 

in order to obtain approximate compositions. The reconstructed 3D RED 

datasets from these three particles showed different unit cell parameters 

(Figures 4-1f-h). These three different phases were denoted as Phase 1, 

Phase 2 and Phase 3, respectively. Using the unit cell parameters and 

possible space groups of these three phases, most of the peaks in the PXRD 

pattern could now be indexed. As shown in Table 4-1, the unit cell 

parameters obtained from RED agree within about +/- 3% to those refined 

by PXRD. RED provides reasonably accurate unit cells and possible space 

groups. Crystallographic information and compositions were used for 

comparison with the known compounds present in the Inorganic Crystal 

Structure Data (ICSD) database. Phase 1 was identified as NiSeO3; however, 

no candidates for the other two phases were found, suggesting that their 

structures are unknown. The structures of these phases were solved using 

RED data (see in Chapter 5). However, there still remained several 

unindexed peaks, as shown in Figure 4-1a, suggesting that there was at least 

one more minor phase in the sample. After careful search on the TEM, 

another phase, named Phase 4, was found (see Figure 4-1i and Table 4-1). 

No compounds in the ICSD database matched the unit cell parameters of 

Phase 4, indicating that it is also a new compound. With these four phases, 

almost all the peaks in the PXRD pattern could be indexed (Figure 4-1a). 

Despite large efforts, finding more phases that correspond to the few 

unindexed peaks in PXRD pattern did not succeed, due to the low quantity 

of the remaining phases. 
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Figure 4-1. (a) Rietveld refinement against the PXRD pattern using the four 

phases determined from the RED data (λ = 1.5418 Å). The three unindexed 

peaks are marked by asterisks (*). (b-e) TEM images of (b) Phase 1, (c) 

Phase 2, (d) Phase 3 and (e) Phase 4 crystals used for RED data collection. 

(f-i) The corresponding 3D reciprocal lattice of (f) Phase 1, (g) Phase 2, (h) 

Phase 3 and (i) Phase 4 reconstructed from RED data. (j-m) Structure mod-

els of (j) Phase 1, (k) Phase 2, (l) Phase 3 and (m) Phase 4 determined by 

RED. The NiO4Cl2, NiO5Cl and NiO6 octahedra are in grey, SeO3 trigonal 

pyramids and Se atoms in green yellow, oxygen atoms in red, chlorine atoms 

in green and hydrogen atoms in brown. More information can be found in 

Supporting Information of Paper IV.
67
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Table 4-1. Unit cell parameters and space group from RED and unit cell 

refined against PXRD using the ones from RED as starting points. 

Phase 
Unit cell from RED 

Space Group 

Unit cell from PXRD 

a/Å b/Å c/Å α/° β/° γ/° a/Å b/Å c/Å α/° β/° γ/° 

1 15.58 9.96 14.82 89.9 110.2 89.8 C2/c 15.47 9.81 14.73 90 110.67 90 

2 7.17 13.70 5.63 90.6 106.8 90.0 C2/m 7.34 13.69 5.70 90 106.74 90 

3 21.94 8.38 12.68 89.3 118.1 89.2 C2/c 21.87 8.43 12.63 90 118.53 90 

4 9.44 9.44 8.14 105.1 91.6 101.6 P-1 9.28 9.38 8.07 105.61 91.84 101.95 

4.3 Identifying interesting phases from a multiphasic 
synthetic sample (Paper VII) 

Phase identification is useful for synthetic chemists, mineralogists and 

metallurgists to search for new compounds when investigating a chemical 

system, and to identify interesting phases. Such an example is demonstrated 

in the synthesis of a multi-dimensional extra-large pore zeolite with 20 × 14 

× 12-ring channels, ITQ-54. 

The crystallinity of the initial sample was not so good (Figure 4-2). The 

sample contained GeO2 and amorphous as impurities. After the peaks from 

GeO2 were removed, the resultant pattern did not match any known 

compound, indicating that this phase is a new one, which is named ITQ-54. 

No large single crystals could be found in the samples and the PXRD pattern 

was not good enough for structure determination. Thus, RED was used for 

structure characterization. Plate-like ITQ-54 crystals were observed in TEM 

and studied using RED. The RED data shows that ITQ-54 has an I-centered 

lattice with unit cell parameters a = 26.59 Å, b = 24.93 Å, c = 15.94 Å, α = 

89.91°, β = 90.83°, γ = 90.09°. The possible space groups were deduced to 

be Immm, Imm2, Im2m, I222 and I212121 from the reflection conditions 

(Figure 4-3). The structure solution of ITQ-54 will be discussed in Chapter 

5. GeO2 was identified using RED in the TEM as well. Using the unit cell 

and symmetry information of ITQ-54 and GeO2, all the peaks in the PXRD 

can be indexed (Figure 4-2). Then, the synthesis conditions were improved 

to obtain ITQ-54 dominating samples. A heavy liquid method was 

introduced to remove the GeO2 impurity. The RED method is shown 

promising in discovering new structures in multiphasic as-synthesized 

samples. 
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Figure 4-2 PXRD pattern of the as-synthesized ITQ-54 sample (λ = 1.5418 

Å). 

 
Figure 4-3. (a) 3D reciprocal lattice of ITQ-54 reconstructed from the RED 

data. The crystal from which the RED data was collected is inserted. The 

intensity distribution in the h0l (b), hk0 (c) and 0kl (d) planes show 2mm 

symmetry, indicating that the crystal is orthorhombic. The reflection condi-

tions can be deduced from the RED data as hkl: h+k+l = 2n, hk0: h+k = 2n, 

h0l: h+l = 2n, 0kl: k+l = 2n, h00: h = 2n, and 00l: l = 2n. The possible space 

groups are Immm, Imm2, Im2m, I222 and I212121. 

4.4 Identifying interesting phases by combining PXRD 
with RED (Paper VI) 

The phase identification procedures are also used for finding a new 

zeolite named ITQ-53. The PXRD pattern of the initial as-synthesized ITQ-

53 samples contained a lot of sharp peaks that could not be indexed using 
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known structures. The crystals are also not large enough for single crystal X-

ray diffraction. PXPD patterns of the initially synthesized samples could not 

be indexed due to the presence of impurities. Thus rotation electron 

diffraction was applied to identify the possible phases in the as-synthesized 

sample. Transmission electron microscopy images show that the samples 

contain crystals with two distinct morphologies, plate-like and rod-like 

(Figure 4-4), which indicate the presence of more than one phases. RED data 

were collected on crystals with the two different morphologies, and the 

corresponding unit cell parameters and systematic absences were 

determined. The RED data show that the plate-like crystals have the unit cell 

a = 19.12 Å, b = 22.77 Å, c = 30.21 Å, α = 90.91°, β = 90.94°, γ = 90.25° 

(Figure 4-4b), which indicates that the crystal is either monoclinic or 

orthorhombic. The possible space groups are Cc (No. 9), C2/c (No. 15), 

Cmc21 (No. 36), C2cm (No. 40) and Cmcm (No. 63), which are deduced 

from the reflection conditions of the 2D slices cut from the reconstructed 3D 

reciprocal lattice of RED data (Figure 4-5). This is a new phase. The RED 

data show that the rod-like phase has a body-centered orthorhombic unit cell 

with a = 14.28 Å, b = 14.00 Å, c = 10.17 Å, α = 90.38°, β = 89.98°, γ = 

90.07°, which confirmed to be the SAS zeolite framework. Since most of the 

zeolite structures in the IZA database are centrosymmetric
12

, the centro-

symmetric space group Cmcm was chosen for further studies. The profile 

fitting against the PXRD of the as-synthesized ITQ-53 resulted in a 

monoclinic cell with a = 18.9218 Å, b = 22.8168 Å, c = 30.3093 Å and β = 

90.8879°. The reflection conditions follow the symmetries in the space 

group C2/c, a subgroup of Cmcm. The space group Immm for SAS was used 

instead of I4/mmm due to the better fit to the PXRD data. Using unit cell and 

symmetries of ITQ-53 and SAS, all the peaks in PXRD patterns can be 

indexed, indicating that all the phases in the samples were found. Attempts 

to synthesize pure ITQ-53 resulted in a new impurity ITQ-49 in the samples, 

which was also identified by RED. 
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Figure 4-4. (a) Pawley profile fitting of the PXRD pattern using the two 

phases identified from the RED data (λ1 = 1.5406 Å, λ2 = 1.5444 Å, I2/I1 = 

0.5). (b-c) TEM images of (b) ITQ-53 and (c) SAS. 

 
Figure 4-5. (a) 3D reciprocal lattice of ITQ-53 reconstructed from the 

RED data showing c-centering. The crystal from which the RED data 

was collected is inserted. (b-d) 0kl (b), h0l (c) and hk0 (d) planes cut 

from (a). The reflection conditions can be deduced from the RED data 

as hkl: h + k = 2n, 0kl: k = 2n, h0l: h = 2n and l = 2n, hk0: h + k = 2n, 

and h00: h = 2n. The possible space groups are Cmc21, C2cm and 

Cmcm. 
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4.5 Phase identification of metal-organic frameworks 

(Paper XI) 

Structure solution of metal-organic frameworks (MOFs) can often be done 

by model building if the unit cell and space group are known, as the linkers 

used in the synthesis are known. RED can be used for unit cell and 

symmetry determination for MOFs when single crystals are not available 

and PXRD are too poor to be used. 

Isoreticular expansion is an efficient way for systematic design and 

control of pore size and shape of MOFs. SUMOF-7I, II, III and IV are a 

series of highly porous isoreticular lanthanide-based MOFs with the MIL-

103 structure. They have systematic pore apertures. SUMOF-7 series were 

designed and then synthesized. The observed PXRD patterns matched very 

well with those calculated from structure models, indicating the formation of 

the targeted crystal structures. Single crystals of SUMOF-7-I were obtained 

and the structure was confirmed by single crystal X-ray diffraction. Attempts 

to produce large single crystals for SUMOF-7II, III, and IV were 

unsuccessful. Thus, RED was used for the structure confirmation. First, RED 

was applied to SUMOF-7I as a test. The unit cell (a = 23.92 Å, b = 23.67 Å, 

c = 12.73 Å, α = 91.02°, β = 88.97°, γ = 120.18°) and possible space group 

(R3, R-3, R32, R3m and R-3m) were successfully obtained from RED data 

(Figure 4-6). The structure could also be solved using RED data, which was 

in good agreement with the one from single crystal XRD. 
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Figure 4-6. 2D slices of the reconstructed 3D reciprocal lattices obtained 

from the RED dataset of SUMOF-7I(La) along (a) [001], (b) [010], (c) [1-

10] and (d) [100] directions, respectively. The reflection conditions can be 

deduced as hkl: -h + k + l = 3n, h0l: h + l = 3n, hh0: l = 3n and 00l: l = 3n. 

The possible space groups are R3, R-3, R32, R3m and R-3m. 

Following SUMOF-7I, SUMOF-7II and III were studied using RED. 

SUMOF-7II had a unit cell with a = 27.84 Å, b = 27.79 Å, c = 3.85 Å,  = 

89.46°,  = 89.71°,  = 119.21°, as obtained from RED data. SUMOF-7-III 

had a unit cell with a = 31.12 Å, b = 31.67 Å, c = 3.92 Å,  = 93.63°,  = 

86.83°,  = 117.07°. 

The lattice parameter c of both SUMOF-7II and SUMOF-7III was 

observed to be only one third of that of SUMOF-7I(La), which did not fit 

with our structure models (Figure 4-7). As La atoms scatter much stronger 

than C, N, and O atoms in the linker do, the positions of La atoms may 

influence on the intensity enormously. Examination of the structure models 

showed that La atoms were slightly off the 32 screw axis. If all the La atoms 

were located along the 32 screw axis, the small (1/3) unit cell in the lattice 

parameter c should be observed. One reason could be that the La positions 

slightly off the 32 screw axis may lead to some weak satellite reflections, 

resulting in a large unit cell with a lattice parameter c ≈ 12 Å. However, due 

to the very weak beam for the data collection, some weak reflections could 

not be observed in the RED data, which resulted in the 1/3 lattice parameter 
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c. Besides, the heating of the sample by electron beam and the vacuum in 

TEM may lead to the removal of the water molecules. Devic et al. reported 

that the c parameter of the fully dehydrated MIL-103 became 1/3 of the as-

synthesized one
150

. That could be another reason that only the 1/3 c lattice 

parameters were observed in RED data for SUMOF-7II and III and MIL-

103. 

 

Figure 4-7. 3D reciprocal lattices obtained from reconstructed 3D RED data 

for SUMOF-7I(La) (a), SUMOF-7II(La) (b), SUMOF-7III(La) (c) and MIL-

103 (d). TEM images for SUMOF-7-I (e), II (f), III (g) and MIL-103 (h). 

Structure of SUMOF-7IV collapsed after losing the solvent. Therefore, no 

TEM work was done on it. 

The crystallographic information from RED was further used for profile 

fitting against PXRD for confirmation. 

In this chapter, the procedures for phase identification of individual 

phases from multiphasic samples by combination of RED and PXRD were 

presented. Four phases in a Ni-Se-O-Cl sample, ITQ-54 and ITQ-53 were 

identified. RED was also used for unit cell confirmation of SUMOF-7. 
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5. Electron crystallography based methods for 
structure determination 

3D electron diffraction is powerful for structure identification and structure 

solution from individual particles in nano or micron sizes, while PXRD can 

provide information from bulk samples and can be used for Rietveld 

refinement for structure validation. It is therefore beneficial to combine 3D 

ED methods with PXRD for structure characterization. 3D electron 

diffraction combined with PXRD has been successfully used for structure 

determination and confirmation. 

This chapter describes the applications of the RED method in structure 

solution of different kinds of materials, such as four phases in the Ni-Se-O-

Cl sample, zeolites (ITQ-51, ITQ-53, ITQ-54, EMM-23 and EMM-25), an 

open-framework germanate (SU-77) and metal-organic frameworks 

(SUMOF-7I). PXRD patterns were used to confirm structure models from 

RED by Rietveld refinement. 

5.1 Four phases in Ni-Se-O-Cl samples (Paper IV) 

As shown in Chapter 4, four phases were identified using RED combined 

with PXRD. Here, the structure determination of these four phases will be 

discussed. 

The structures of all the four phases in submicron sizes in the Ni-Se-O-Cl 

system can be solved from RED data by direct methods
67

 (Figure 4-1). 

Phase 1 (NiSeO3) is a known compound and can be found in the ICSD 

database
151

. It has a monoclinic cell (a = 15.58 Å, b = 9.96Å, c = 14.82 Å,  

= 110.2 °) with space group C2/c. All 20 symmetry-independent atoms (four 

Se, four Ni and twelve O atoms) were located directly. The structure model 

was refined against the RED data with R1 = 0.295. Comparing the 

corresponding atomic coordinates from RED and the ICSD database, the 

maximum deviation in the atomic positions is 0.05 Å for Ni, 0.05 Å for Se 

and 0.13 Å for O. Phase 2 (Ni3Se4O10Cl2) is an unknown compound but it is 

iso-structural to Co3Se4O10Cl2 which was recently solved by single crystal X-

ray diffraction. Phase 2 has a monoclinic cell (a = 7.17 Å, b = 13.70 Å, c = 

5.63 Å,  = 106.8°) with space group C2/m. All the seven symmetry-
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independent atoms (one Se, two Ni, one Cl and three O atoms) were directly 

located. The final refinement against the RED data converged to R1 = 0.220 

without using any geometric restraints. Comparing the atomic coordinates of 

Ni3Se4O10Cl2 from RED and Co3Se4O10Cl2 from single crystal X-ray 

diffraction
152

, the maximum deviation is 0.11 Å for oxygen atoms and less 

than 0.038 Å for non-oxygen atoms. This means that the structure model 

obtained from the RED method is very accurate. Phase 3 

(Ni5Se6O14(OH)2Cl4) is monoclinic (a = 21.94 Å, b = 8.38 Å, c = 12.68 Å 

and  = 118.1°) with the space group C2/c. All 16 symmetry-independent 

non-hydrogen atoms, including three Se, three Ni, two Cl and eight O atoms 

were directly located by direct methods. A hydrogen atom was added to an 

oxygen atom geometrically according to the charge balance and synthesis 

information. The structure model of Phase 3 was then refined to R1 = 0.303 

for 351 independent reflections. Phase 4 (Ni5Se4O12Cl2) is triclinic with a = 

9.44 Å, b = 9.44 Å, c = 8.14 Å,  = 105.1°,  = 91.6° and  = 101.6°. A 

reasonable solution was obtained with the space group P-1. All 23 

symmetry-independent atoms (four Se, five Ni, two Cl and twelve O atoms) 

were directly located by direct methods. The refinement against the RED 

data of Phase 4 converged to R1 = 0.405 for 1464 independent reflections. 

5.2 Zeolites 

Zeolites are porous materials with all the T atoms (T = Si, Al, B, Ge, etc.) 

tetrahedrally coordinated to oxygen atoms. Zeolites have attracted great 

interests because of their wide applications in catalysis, ion exchange, gas 

adsorption and separation
24

. The synthesis of new zeolites with extra-large 

pores (defined by > 12 TO4 tetrahedra) is of special interest due to their 

potential in processing large molecules. However, extra-large pore zeolites 

are still very rare
12

, especially zeolites with extra-large channels in more than 

one direction. Only four examples are found
22,79,95,153

. 

Zeolites are usually synthesized as polycrystallites. PXRD can be used for 

structure determination if the sample is pure and the structure is not so 

complicated. Electron crystallography has its advantages in studying samples 

with impurities and complex structures
9,142

, see Chapter 3. Electron 

crystallography is becoming more and more important for structure 

determination of unknown zeolites
9
. More and more zeolites have been 

solved using either combination of electron crystallography with XRD or 

electron crystallography alone 
9
. 3D electron diffraction methods make an 

important advance for the structure determination of zeolites
63–66,93–98,140

. 

In this part, the structure determination of zeolites ITQ-51, ITQ-53, ITQ-

54, EMM-23 and EMM-25 will be presented. 



 65 

5.2.1 ITQ-51 (Paper V) 

ITQ-51 is an extra-large 16-ring silicoaluminophosphate (SAPO) 

synthesized using the bulky aromatic proton sponges 1,8-bis(dimethylamino) 

naphthalenes as the OSDAs. The structure was solved from submicrometer-

sized crystals using the RED data by direct methods. The 3D-RED data was 

collected from several crystals with different orientations of both the as-

synthesized and calcined ITQ-51 samples (Figure 5-1). The two crystals are 

complementary in orientation and together cover most of reciprocal space. 

Although the crystals diffract to 0.6 Å, the data at high resolution are of low 

completeness. Only reflections with d ≥ 0.90 Å were used for the final 

refinement. The unit cell parameters (a = 23.345(2) Å, b = 16.513(2) Å, c = 

4.9814(5) Å, α = 90º, β = 90.620(5)º, γ = 90º) were determined from the 

RED data and further refined against the PXRD data. The space group could 

be deduced from the systematic absences to be P21/n, as indicated from the 

2D slices cut from the 3D RED data, which was also confirmed by PXRD 

data (Figure 5-2). All eight symmetry-independent framework T atoms (Al, 

Si or P) and 16 O atoms could be located. The framework structure could be 

refined against the 3D RED data, with R1 = 0.37 for 2310 independent 

reflections (81.8% completeness up to 0.90 Å) from the merged RED dataset. 

It was possible to assign Al and P positions based on the differences in T-O 

distances. The underlying topology of the ITQ-51 framework is a new four-

connected zeolitic net with the highest topologic symmetry of Pmnn. The 

monoclinic framework of ITQ-51 was due to the ordering of Al and P. 

The structure model was further refined by Rietveld refinement against 

the PXRD data of the calcined ITQ-51 sample. In order to achieve more 

stable refinement, the background from air scattering was fitted by a 

function (Background = I/) and then removed. Soft geometric restraints 

were applied on all T-O distances. The final refinement converged with the 

structure factor (RF), weighted profile (Rwp) and statistically expected R-

values of 1.2%, 8.2% and 1.9%, respectively. After the Rietveld refinement, 

the T and O atoms were shifted on average by 0.11 Å and 0.13 Å, with 

maximum shifts of 0.16 Å and 0.23 Å, respectively from the positions 

obtained from the RED data. This means that RED can give an excellent 

starting model, and the high R1-value was mainly due to the distortions of 

the intensities, for example by multiple scattering. 

HRTEM images of ITQ-51 were taken along the c-axis showing the 

extra-large 16-ring channels (Figure 5-4). 
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Figure 5-1. Reconstructed reciprocal lattices of the calcined ITQ-51 from the 

3D RED data for (a) dataset 1 from (c) crystal 1 and for (b) dataset 2 from 

(d) crystal 2. 

 
Figure 5-2. 2D slices of the reconstructed reciprocal lattice obtained from the 

3D RED data of ITQ-51. (a-c) 2D slices from dataset 1. The crystal is shown 

as an insert in (c). (d) 2D (h0l) slice from dataset 2, showing that the two 

datasets cover different parts of the reciprocal lattice. The systematic ab-

sences were deduced as h0l: h + l = 2n + 1 (more obvious in (d)) and 0k0: k 

= 2n + 1. The possible space group is P21/n. 
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Figure 5-3. Structure model of ITQ-51 viewed along (a) the c-axis, (b) 
the b-axis, and (c) the a-axis. 

 

Figure 5-4. (a) HRTEM image of ITQ-51 along the c-axis showing the 16-

ring channels. (b) The averaged image after imposing the c2mm symmetry. 

The insert is the structure model of ITQ-51. 

ITQ-51 has a new zeolite framework with mono-dimensional 16-ring 

channels along the c-axis with free diameters of 9.9 × 7.7 Å (Figure 5-3). 

The framework is built from two different chains that share common TO4 

tetrahedra; the lau chain often found in zeolites (Figure 5-6a) and a new 

helical 4-ring chain (Figure 5-6b). The structure contains four symmetry-

independent Al and four symmetry-independent P and sixteen symmetry-

independent oxygen atoms. Tetrahedral AlO4 and PO4 alternate in the 

structure and are connected by corner-sharing. Some Al and P positions are 

partially occupied by silicon. However, it was not possible to locate the Si 
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positions and refine the occupancies due to the low Si content (on average 8 

at% Si at each T-site, data from ICP) and similar atomic scattering factors 

for Al, Si and P. The framework density of ITQ-51 is 16.7 T-atoms/1000 Å
3
. 

The framework topology of ITQ-51 was predicted by Deem and 

coworkers as a silica analog
154

 and may be found in the DEEM SLC GOOD 

database
155

. The zeolite in the database
12

 that is mostly related to ITQ-51 is 

SAPO-31
156

, which contains 1D 12-ring channels and has a similar c-

parameter (c = 5.003Å) as ITQ-51 (Figure 5-5a). If four of the six 4-rings 

forming the 12-ring channels in SAPO-31 are substituted by four helical 4-

ring chains, the structure of ITQ-51 with oval 16-ring channels can be easily 

achieved (Figure 5-5b). The lau composite building unit [4
2
6

4
] can be found 

in both structures. Similarly, if all the six 4-rings forming the 12-ring 

channel in AlPO-31 are substituted by six helical 4-ring chains, a 

hypothetical 18-ring zeolite (denoted as T18MR) is formed (Figure 5-5c). 

The pore openings of AlPO-31, ITQ-51 and T18MR are 6.5 × 4.0 Å, 9.9 × 

7.7 Å and 11.2 × 10.5 Å, respectively. The hexagonal lattice remains in 

T18MR because of the substitution of all six 4-ring chains. The lattice of 

ITQ-51 becomes orthorhombic due to the substitution of only four of the 4-

ring chains. 

Similar approach can be used to predict new zeolite frameworks related to 

other zeolites. Davis et al. illustrated that the topologies of the 12-ring AlPO-

5 and 18-ring VPI-5 are highly related
157

. The 1D 18-ring channel in VPI-5 

is formed by six double narsarsukite chains (Figure 5-5f) that are connected 

to each other. If each of the double narsarsukite chains in VPI-5 is replaced 

by a double crankshaft chain, a hypothetical zeolite with 1D 12-ring 

channels is obtained (Figure 5-5d, denoted as T12MR)
158

. The topology of 

T12MR has been previously predicted as the umk net. Furthermore, 

similarly to ITQ-51, if four of the six double narsarsukite chains forming the 

18-ring channel in VPI-5 are replaced by double crankshaft chains, a 

hypothetical 1D 16-ring zeolite is obtained (Figure 5-5e, denoted as T16MR). 

The pore openings of T12MR, T16MR and VPI-5 are 7.5 × 7.5 Å, 11.8 × 

11.8 Å and 12.7 × 12.7 Å, respectively. 
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Figure 5-5. Structures of AlPO-31 (a), ITQ-51 (b), hypothetical zeolite 

T18MR (c), hypothetical zeolite T12MR (d), hypothetical zeolite T16MR (e) 

and VPI-5 (f). Only T-T connections are shown for clarity. 

 
Figure 5-6. The building chains found (a-b) in ITQ-51 and (c-d) in the hypo-

thetical 16-ring T16MR: (a) lau chain, (b) a new helical 4-ring chain, (c) 

double crankshaft chain and (d) double narsarsukite chain. The chains have 

similar periodicities so that they can be combined to form different frame-

works. 
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In summary, the structure of the extra-large pore zeolite ITQ-51 was 

solved using the RED method. Its structure was confirmed using Rietveld 

refinement against PXRD and HRTEM imaging. Several hypothetical 

zeolites related to ITQ-51 were proposed. 

5.2.2 ITQ-53 (Paper VI) 

The identification of ITQ-53 from the as-synthesized multiphasic sample 

was presented in Chapter 4. In the following part, the structure solution of 

ITQ-53 using RED as well as Rietveld refinement against PXRD will be 

discussed. 

ITQ-53 has an orthorhombic cell (a = 19.12 Å, b = 22.77 Å, c = 30.21 Å, 

α = 90.91°, β = 90.94°, γ = 90.25°) with space group Cmcm from the RED 

data (Figure 4-5). 28 symmetry-independent atoms, including 12 T atoms 

(Si/Ge) and 16 O atoms were directly located by direct methods using the 

RED data. Four more oxygen atoms were located in the following 

refinement against the RED data. The remaining 4 oxygen atoms were 

identified and added manually. This forms a three dimensional (3D) 

framework with 14 × 14 × 14-ring channels and all the T atoms are 

tetrahedrally-coordinated to the oxygen atoms. 

The profile fitting against the PXRD data of the as-synthesized ITQ-53 

resulted in a monoclinic cell with a = 18.9238 Å, b = 22.8195 Å, c = 

30.3112 Å and β = 90.8689°. The reflection conditions follow the 

symmetries in the space group C2/c, a subgroup of Cmcm. The structure 

solution of ITQ-53 against the RED data was tried using the monoclinic cell 

from PXRD with the space group C2/c; due to the low completeness of the 

dataset, no reasonable results were obtained. Then, a model with the space 

group C2/c was built based on the structure model from RED and the unit 

cell parameters from the PXRD data were used. This model was used for 

Rietveld refinement against the PXRD data of the as-prepared ITQ-53 using 

TOPAS with soft restraints for the T-O and O-O bond distances. Two unique 

F atoms were added manually in the D4Rs obtained from the 
19

F NMR. All 

the T positions were refined with mixed occupancies of Si and Ge with a 

fixed overall Si/Ge ratio of 1.10. Rigid body restraints were applied on two 

unique OSDAs. The final refinement converged with RB = 2.23%, Rwp = 

7.45% and Rexp = 2.57% (Figure 5-7). 
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Figure 5-7. Observed (red points) and calculated (black) PXRD profiles, as 

well as the difference between the observed and calculated profiles (blue) for 

the Rietveld refinement of the as-synthesized ITQ-53 (λ = 1.5418 Å). The 

higher-angle data have been scaled up by 10 times (inset) to show the fit 

between the observed and calculated patterns. 

Rietveld refinement was also performed on the PXRD data of a calcined 

OSDA-free ITQ-53 sample. The PXRD shows that the calcined ITQ-53 

became orthorhombic with the unit cell a = 19.0327(16) Å, b = 22.6345(18) 

Å, c = 29.252(2) Å and space group Cmcm. This means that the structure of 

ITQ-53 underwent structure changes during the calcination, and the crystal 

symmetry changed from monoclinic for the as-synthesized sample to 

orthorhombic for the calcined sample. Similar changes have been observed 

in other inorganic frameworks
68,159

. 

ITQ-53 has a 3D framework with extra-large 14 × 14 × 14-ring channels 

(Figure 5-8e-f). All the 12 symmetry-independent T atoms are tetrahedrally-

coordinated to the oxygen atoms, among which 11 are four-connected to 

other T-atoms and one is three-connected leaving a terminal hydroxyl group. 

ITQ-53 is built from three composite building units (CBUs): D3Rs, D4Rs 

and a new CBU [4
2
.5

4
.6

3
] containing 16 T-atoms (T = Ge/Si) (Figure 5-8a). 

Each [4
2
.5

4
.6

3
] CBU connects to another [4

2
.5

4
.6

3
] to form a building unit 

containing 32 T-atoms (32T) (Figure 5-8b). Each 32T building unit connects 

to other four 32T building units via their 4-rings so that a double layer 

containing 14-rings and D4Rs is formed (Figure 5-8c-d). The 14-ring double 

layers are connected via D3Rs to form a 3D framework (Figure 5-8f). ITQ-

53 is the first example of a zeolitic material with a tri-directional 14 × 14 × 

14-ring channel system. The 14-ring channels are all straight, along [001], 

[110] and [1-10], respectively. The 14- ring channel along [001] has a pore 
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aperture of 7.6 × 10.1 Å, while those along [110] and [1-10] have a pore 

opening of 7.9 × 9.3 Å (after subtracting the diameter of the oxygen atoms, 

2.70 Å). ITQ-53 has a low framework density of 12.1 T atoms/1000 Å
3
. It is 

the third example of zeolites containing D3Rs, after ITQ-40
79

 and ITQ-44
160

. 

ITQ-53 has a novel zeolite topology. The illustration of the channel system 

in ITQ-53 using tiling is shown in Figure 5-9. 

The 14-ring layer in ITQ-53 is similar to the 14-ring layer in zeolite UTD-

1 (DON)
161

. 

 
Figure 5-8. Construction of the framework structure of ITQ-53. (a) The new 

[4
2
•5

8
•6

1
] CBU. (b) Connectivity of [4

2
•5

8
•6

1
] CBU to another [4

2
•5

8
•6

1
] via 

an inverse center. (c) Each (b) connects to other four (b) via double 4-rings 

(D4Rs) to form (d) the 14-ring layers in the ab plane. (e-f) The 14-ring lay-

ers connect to other 14-ring layers via double 3-rings (D3Rs) to form the 3D 

frameworks. The structure is viewed along the c-axis and the 14-ring chan-

nels are created along (f) [1-10] or [110] direction. The terminal oxygen 

atoms are in red. Only the T-T connections and the terminal O atoms (in red) 

are shown for clarity. 
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Figure 5-9. Illustration of the channel system in ITQ-53 using tiling. Two 

large tiles, [4
2
•5

2
•6•14

2
] and [4

7
•5

14
•6

2
•14

6
] represent the cavities in ITQ-53. 

Each [4
7
•5

14
•6

2
•14

6
] cavity connects to two [4

7
•5

14
•6

2
•14

6
] along [1-10] di-

rection and connects to other two [4
7
•5

14
•6

2
•14

6
] along [110] direction via 

14-ring windows. Each [4
7
•5

14
•6

2
•14

6
] connects to [4

7
•5

14
•6

2
•14

6
] via the 

bridging [4
2
•5

2
•6•14

2
] tiling through the 14-ring windows along the c-axis. 

The seven different tiles in ITQ-53 are shown on the right. Detailed nets and 

*tiling construction of ITQ-53 are in Cmcm. †[Face symbol], ‡(V, E, F): 

number of vertices, number of edges, number of faces. *Tiling signature: 

[3
2
•4

3
] + 2[3•5

3
] + 2[4

6
] + [4

7
•5

14
•6

2
•14

6
] + 2[4

2
•5

8
•6] + 2[4

2
•5

2
•6•14

2
] + 

2[5
2
•6

2
]. The transitivity of the ITQ-53 framework based on the T-atoms is 

12 23 18 7. 

In summary, a new zeolite, ITQ-53 with 3D extra-large pore (14 × 14 × 

14-ring) channels and low framework density was synthesized. The new 

RED method was used to both identify and solve the structure of ITQ-53 

from a material containing impurities. A new model of ITQ-53 in a 

monoclinic cell was built based on the model from RED and then refined 

against PXRD. In addition, the impurity phase could be identified to be the 

SAS-type. This allowed improving the synthesis conditions so that pure 

ITQ-53 could finally be obtained. 

5.2.3 ITQ-54 (Paper VII) 

ITQ-54 was first identified using the RED method from an as-synthesized 

sample containing GeO2 and amorphous, as describe in the Chapter 4. 594 

SAED frames were collected from an ITQ-54 crystal of ca 1 µm in size 

(Figure 4-3). The RED data shows that ITQ-54 has an I-centered lattice with 

unit cell parameters a = 26.59 Å, b = 24.93 Å, c = 15.94 Å, α = 89.91°, β = 

90.83°, γ = 90.09°. The unit cell parameters were further refined against the 

PXRD data to be a = 26.9678(13) Å, b = 25.5772(13) Å, c = 16.2577(8) Å, α 



 74 

= β = γ = 90°. The reflection conditions were obtained from the 2D slices 

h0l, hk0 and 0kl cut from the 3D reciprocal lattice reconstructed from the 

RED data (Figure 4-3). The possible space groups were deduced from the 

reflection conditions to be Immm, Imm2, Im2m, I222 and I212121. The 

structure of ITQ-54 was solved by direct methods using the highest 

symmetry, Immm. All nine symmetry-independent T-atoms (T = Si/Ge) and 

21 symmetry-independent oxygen atoms in the framework were located 

directly. An additional peak was found in the center of a double 4-ring 

(D4R) and assigned as F anion. All the nine T atoms are tetrahedrally-

coordinated to oxygen; eight are four-connected to other T-atoms and one is 

three-connected leaving a terminal hydroxyl group. The structure model was 

refined against the RED data and converged with R1 = 0.317 for 1913 

symmetry-independent reflections. 

After a pure sample was obtained using heavy liquid methods, 

synchrotron PXRD data was collected from the as-made pure ITQ-54 sample 

(λ = 0.413686 Å). The structure model obtained by RED was refined against 

the synchrotron PXRD data using the program TOPAS Academic 4.1
78

. An 

additional F atom was added in the double 4-ring of ITQ-54 before the 

refinement. Soft restraints for the T-O bond distances were applied for ITQ-

54. The OSDA in ITQ-54 could not be located. Instead, 15 carbon atoms 

were added at random positions inside the pores to compensate for the 

electron density of the OSDAs and subsequently refined. The refinement 

converged with RB = 0.0216, Rwp = 0.0678 and Rexp = 0.0535 (Figure 5-10). 

All the bond distances and bond angles are chemically reasonable in the 

refined structure of ITQ-54. 

 
Figure 5-10. Observed (red data points) and calculated (black line) PXRD 

profiles, as well as the difference between the observed and calculated pro-

file (blue), for the Rietveld refinement of the as-made ITQ-54 (λ = 0.413686 

Å). 
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The calcined ITQ-54 was also refined by Rietveld refinement against 

PXRD, confirming the models from RED. 

The framework structure of ITQ-54 is built from a novel [4
3
5

6
6

1
] 

composite building unit (CBU) consisting of 16 TO4 tetrahedra (Figure 5-

11a). One of the TO4 tetrahedra in the [4
3
5

6
6

1
] CBU is three-connected, 

leaving a terminal -OH group. Each [4
3
5

6
6

1
] CBU connects to three 

neighboring [4
3
5

6
6

1
] CBUs via their four rings to form two double four-rings 

(D4Rs) and one 4-2 unit (Figure 5-11b), defining a layer containing 12-rings 

in the bc-plane (Figure 5-11c). Each layer is further connected to its closest 

neighboring layers via additional D4Rs to form a 3D framework with tri-

directional 20 × 14 × 12-ring channels (Figure 5-11d-e). The free diameters 

are 10.3 Å × 5.8 Å for the 20-ring channels along the c-axis, 9.8 Å × 6.6 Å 

for the 14-ring channels along the b-axis and 7.2 Å × 6.8 Å for the 12-ring 

channels along the a-axis, as shown in Figure S6. ITQ-54 has a framework 

density of 11.1 T-atoms per 1000 Å
3
, which is one of the lowest in the 

known zeolites
22,79,153,162–165

. 

ITQ-54 has a new zeolite topology, with intersecting extra-large channels 

(20- and 14-ring channels). The channels system and cavities are better 

illustrated by tiling, where the intersection of the 20- and 14-ring channels as 

well as the 20-ring and 12-ring channels can be clearly seen by tracing the 

colors of the tiles (Figure 5-12). 

 
Figure 5-11. Construction of the framework structure of ITQ-54. (a) The 

new [4
3
5

6
6

1
] CBU. (b) Connectivity of the new CBU to other three CBUs 

via D4R, D4R and 4-2 units, respectively, to form (c) a layer in the bc plane 

with 12-ring pores. (d-e) The 12-ring layers connect to each other via D4Rs 

to form a 3D framework. 14-ring channels are created along the b-axis (d) 

and 20-ring channels are created along the c-axis (e). Only T-T connections 

and the terminal O atoms (in red) are shown. 
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Figure 5-12. Illustration of the channel system and cavities in ITQ-54 by 

tiling. 

In summary, the structure of a zeolite ITQ-54 with straight intersecting 20 

× 14 × 12-ring channels was solved using RED. Its structure was refined 

against PXRD by Rietveld refinement. 

5.2.4 EMM-23 (Paper VIII) 

EMM-23 is a stable, multidimensional extra-large pore high silica zeolite. 

The framework contains highly unusual tri-lobe shaped pores that are bound 

by 21-24 tetrahedral atoms. These extra-large pores are intersected 

perpendicularly by a two-dimensional 10-ring channel system. A structure 

model of EMM-23 was first obtained from the HRTEM images by Dr. Tom 

Willhammar. Because of the presence of Q
2
 and Q

3
 species in EMM-23, the 

structure model could not be built unambiguously from the reconstructed 3D 

electrostatic potential map. In order to further confirm the structure model, 

the structure of EMM-23 was independently solved using RED data by 

direct methods. Much higher resolution and more complete data were 

collected using RED compared to the data from HRTEM images. Because 

the sample was beam sensitive, the data collection using RED was not easy. 

By optimizing beam tilt, tilt angle and exposure time, a reasonably good 

RED dataset was collected and can be used for structure solution. The 

structure model of EMM-23 was obtained using direct methods based on the 

space group P-62c. The model was similar to that built from the HRTEM 

images, with one additional T-site found. The final model after the structure 

solution contains 8 four-connected T-sites and one three-coordinated T-site. 
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Figure 5-13. (a-c) 2D slices of the reconstructed 3D reciprocal lattices 

obtained from the RED data of EMM-23 showing the (a) hk0 plane, (b) h0l 

plane and (c) h-h0 plane. The reflection conditions can be deduced as hhl: l = 

2n and 00l: l = 2n. A few reflections in (E) violate the reflection conditions 

due to double diffraction. 

5.2.5 EMM-25 (Paper IX) 

Synthesis of novel zeolites with extra-large pores and multidimensional 

channels is of great interest. Synthesis of zeolites with fine-tuned sizes and 

shapes are important for different kinds of applications as well. Here we 

present the structure characterization of a borosilicate zeolite with 

intersecting 10- and 11-ring channels by the RED method. 

The 3D reciprocal lattice of EMM-25 was reconstructed from the RED 

data, as shown in Figure 5-14, which indicates that EMM-25 is 

orthorhombic. The unit cell parameters are a = 11.055 Å, b = 22.912 Å and c 

= 24.914 Å, which were first obtained from the RED dataset and then refined 

against the PXRD data. The possible space groups are Cmc21 (No. 36), C2cm 

(No. 40) and Cmcm (No. 63), as deduced from the systematic absences 

observed from the 2D cuts of the hk0, h0l and 0kl slices from the reciprocal 

lattice (Figure 5-14b-d). Since most zeolite structures are centrosymmetric, 

the centro-symmetric space group Cmcm was chosen for structure solution. 

Intensities obtained from the RED dataset were used as the F
2

hkl for structure 

solution. A reasonable structure model of EMM-25 was obtained from the 

RED dataset by direct methods using the program SHELX. All ten 

symmetry-independent T-atoms (Si/B) and 16 out of 20 symmetry-

independent oxygen atoms were directly located. The remaining three 

oxygen atoms were located in the subsequent refinement against the RED 

data. The last symmetry-independent oxygen atom could be easily identified 

and then added manually. This resulted in a 3D framework with all the T-

atoms tetrahedrally-coordinated, as shown in Figure 5-15. The final structure 

refinement against the RED data resulted in R1 = 0.3349 for 1514 

independent reflections. The high R1-value is due to the errors in the 

intensities resulted from for example dynamical effects and the degradation 

of crystallinity during the RED data collection. 
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Figure 5-14. (a) 3D reciprocal lattice of EMM-25 reconstructed from the 

RED dataset. The unit cell is marked. Inset is the crystal from which the 

RED data was collected. (b-d) 2D cuts of the (b) hk0 slice, (c) h0l slice and 

(d) 0kl slice from the 3D reciprocal lattice in (a). The reflection conditions 

are deduced from the 3D reciprocal lattice as hkl: h+k = 2n, hk0: h+k = 2n, 

h0l: h = 2n and l = 2n, 0kl: k = 2n, h00: h = 2n, and 00l: l = 2n. The possible 

space groups deduced from the reflection conditions are Cmc21, C2cm and 

Cmcm. 

 
Figure 5-15. (a) The structure model of EMM-25 viewed along the a-axis 

showing the straight 10-ring channels. (b) A 2D slice cut perpendicular to 

the c-axis showing the 11-ring windows. 
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Finally, the structure model obtained from the RED data was refined by 

Rietveld refinement against synchrotron powder X-ray diffraction data using 

TOPAS. Soft constraints on the T-O bond lengths were applied. The final 

structure refinement converged with RB = 6.4%, Rexp = 7.1% and Rwp = 

10.4%. 

The 3D framework of EMM-25 possesses 10 symmetry-independent T-

atoms and 20 symmetry-independent oxygen atoms. All of the T-atoms are 

tetrahedrally coordinated. The structure of EMM-25 contains straight 10-ring 

channels along the a-axis (Figure 5-15a and 5-16a) and zig-zag 11-ring 

channels along the c-axis (Figure 5-15b). The 10-ring and 11-rings intersect 

with each other (Figure 5-16b). The 10-ring channels can be observed from 

the HRTEM image taken along the a-axis (Figure 5-16a). The projection 

along the a-axis is similar to those of zeolite framework EUO and NES 

along the 10-ring channels. 

 
Figure 5-16. (a) HRTEM image of EMM-25 along the a-axis showing the 

10-ring channels. (b) The 2D channel system of EMM-25 with the structure 

model superimposed. The 10-ring channels are straight running along the a-

axis, which intersect with the zig-zag 11-ring channels running along the c-

axis. 
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The framework of EMM-25 can be constructed from the afi and ton 

composite building units (CBUs), as illustrated in Figure 5-17. The afi and 

ton CBUs are connected alternately via the 6-rings to form a chain along the 

a-axis. Two such chains are connected by sharing common TO4 tetrahedra to 

form a pair of chains. The chain pairs are connected along the c-axis to form 

a layer perpendicular to the b-axis. These layers are further connected 

through additional single 4-rings to form a 3D framework. It has a micropore 

volume of 0.15 cm
3
/g as obtained by nitrogen physisorption using the t-plot 

method. The free diameters of the 11-rings are 5.50 Å × 4.38 Å and those of 

the 10-rings are 5.56 Å × 5.12 Å, taken into account the van der Waals 

radius of oxygen. 

 
Figure 5-17. Illustration of the 3D framework construction of EMM-25 from 

two composite building units afi and ton built of 12 and 15 T-atoms, respec-

tively. 

In EMM-25, the 11-ring channels are arranged in a zig-zag fashion. 

However, with a different connection of the same composite building units 

afi and ton of EMM-25, we can construct a hypothetical structure with 
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straight 11-ring channels (Figure 5-18). The hypothetical structure has the 

space group Amm2 with a = 12.4570 Å, b = 11.0553 Å and c = 22.9118 Å. 

 
Figure 5-18. Structure model of a hypothetical model deduced from EMM-

25 viewed along (a) the b-axis, (b) the c-axis and (c) the a-axis. 10-ring and 

11-ring channels are seen in (a) and (c), respectively. 

With knowledge about the framework structure, a docking study with the 

OSDA1 molecule was performed. A new OSDA, the C4 diquat of N-

methyldipentylamine (OSDA2), was identified to fit better the channel 

system of EMM-25 and synthesized. The new OSDA2 greatly reduced the 

synthesis time and increased the reproducibility of the EMM-25 synthesis. 

This rational synthesis strategy by coupling the crystal structure analysis 

with molecular modelling has shown to be a powerful approach in zeolite 

synthesis. 

5.3 Germanates (Paper X) 

Open framework germanates have rich structural diversity. Compared to 

silicon which is mainly tetrahedrally coordinated with oxygen atoms, 

germanium can be four-, five- and six-coordinated with oxygen and form 

well-defined clusters. These clusters can be considered as secondary 

building units, which are connected according to different topologies to form 

a large variety of 3D open-frameworks. It is interesting to discover new 

cluster building units in germanates, which can form novel open-framework 

structures and thus further extend the diversity of germanate frameworks. 
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The combination of RED and PXRD is helpful for validating structure 

models and proposing structure changes under different conditions. SU-77 is 

a germanate and its structure was solved and confirmed by combination of 

RED and PXRD
68

. Due to the small crystal size and complex structure, the 

structure of SU-77 could not be solved using XRD. RED was thus used for 

structure determination of SU-77. Two RED datasets were collected from 

two different crystals (Figure 5-19), which were named Crystal 1 and Crystal 

2. Both RED datasets can be used for unit cell and space group 

determination and further structure determination. Here structure 

determination from Crystal 1 will be used as an example. 

Figure 5-20a shows the 3D reciprocal lattice reconstructed from the RED 

data of a crystal of 0.8 × 0.8 × 2.3 µm
3
 in size (Crystal 1). The unit cell 

parameters obtained from the RED data were a = 14.19 Å, b = 12.66 Å, c 
= 9.52 Å, α = 89.89°, β = 89.91° and γ = 89.60°, which indicate that the 

crystal is orthorhombic. Figures 5-15a-c show the 2D hk0, 0kl and h0l slices 

cut from the 3D reciprocal lattice in Figure 5-20a. The reflection conditions 

were deduced from the 2D hk0, 0kl and h0l slices as: hk0: no condition; 0kl: 

k + l = 2n; h0l: h = 2n, and 00l: l = 2n. There were some ambiguities for the 

reflection conditions for the 0kl (b) and h0l (c) plane; some forbidden 

reflections appeared due to multiple scattering. In order to confirm the unit 

cell and reflection conditions, 3D RED data were collected from another 

crystal (Crystal 2), see Figure 5-19b and Figure 5-20d. The reflection 

condition 0kl: k + l = 2n was more obvious (Figure 5-20d). In addition, 0k0 

reflections were observed and showed 0k0: k = 2n. The possible space 

groups for SU-77 were deduced from the reflection conditions to be Pna21 

(No. 33) and Pnam (No. 62). Structure solutions of SU-77 were tested 

against the RED data for both space groups, and only the space group Pnam 

gave a reasonable structure model. Five symmetry-independent Ge atoms 

and ten symmetry-independent O atoms were located by direct methods 

using SHELX-97. The resulting open-framework structure was further 

refined against the RED data, which converged to R1 = 0.356 for 833 

independent reflections for Dataset 1 and R1 = 0.380 for 614 reflections for 

Dataset 2. The structure refinement using the dataset merged from Datasets 1 

and 2 converged to R1 = 0.354 for 890 independent reflections. The structure 

models obtained from the two datasets are similar, with the average 

deviation in atomic positions by 0.06 Å for Ge and 0.15 Å for O atoms. This 

confirms that SU-77 was orthorhombic when observed in TEM. 
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Figure 5-19. Reconstructed 3D reciprocal lattices of SU-77 from the RED 

data of (a) Crystal 1 and (b) Crystal 2. The two crystals had different initial 

orientations and the reconstructed 3D reciprocal lattices cover different parts 

of reciprocal space. 

 
Figure 5-20. 2D slices of the 3D reciprocal lattices reconstructed from the 

RED dataset of Crystal 1 along the (a) [001], (b) [100] and (c) [010] 

directions. Crystal 1 is shown as an inset in (a). (d) The 0kl slice cut from the 

3D reciprocal lattice reconstructed from the RED dataset of Crystal 2. The 

missing 0k0 reflections in Dataset 1 are observed in Dataset 2 in (d). 
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PXRD showed, however, that the as-synthesized SU-77 was monoclinic. 

This indicates that SU-77 may have undergone a structure change in the 

TEM. The in-situ PXRD on the as-synthesized SU-77 confirmed this 

possibility. Although the structure of SU-77 changed from monoclinic 

(P21/a) to orthorhombic (Pnam), the unit cell parameters did not change very 

much and the peak intensities were still similar. This means that the two 

structures are related. The space group P21/a is a subgroup of Pnam, thus we 

built an initial structure model of the as-synthesized SU-77 in space group 

P21/a from the structure model obtained by RED in space group Pnam. 

Rietveld refinement was performed on the monoclinic structure model 

against the high resolution synchrotron PXRD data and converged to Rp = 

0.0678, Rexp = 0.0371, RB = 0.0314. 

In summary, the orthorhombic structure of SU-77 was solved by rotation 

electron diffraction. The monoclinic structure of the as-synthesized SU-77 

was built from the orthorhombic structure and subsequently refined against 

the synchrotron PXRD data. SU-77 is the first example of an open-

framework germanate with mixed coordination polyhedra solved by electron 

diffraction. We have demonstrated that RED can be used for ab initio 

structure determination of open-framework germanates of micrometer-sized 

crystals. 

5.4 Structure determination of MOFs (Paper I & XI) 

MOFs are less stable than zeolites under the electron beam. However it is 

still possible to collect 3D electron diffraction data of MOF crystals for 

structure determination. In the best cases, the structures of MOFs can be 

directly solved from RED data. In most of the cases, RED data with low 

resolution are collected. Because the linkers of MOFs are known from the 

synthesis, the important step for structure solution of MOFs is to find the 

unit cell parameters and symmetry and to locate the metal atoms in the 

structure model. With this information, the structure models are easy to 

construct. 

The zeolitic imidazolate framework ZIF-7 was used as a test sample to 

study the feasibility of structure solution of MOFs by RED. SUMOF-7I was 

also tested in order to study SUMOF-7II and III. 

Although the RED data of ZIF-7 was collected at ~90 K using a cryo-

holder, the resolution was still not so high (d > 1.43 Å). The unit cell 

parameters (a = 22.47 Å, c = 15.86 Å) and space group (R-3) can be directly 

determined from the RED data. Only the zinc and nitrogen positions could 

be located directly by direct methods. Since the linkers are rigid, it is easy to 

complete the structure model by model building. The structure model could 
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be refined against the RED data using soft restraints of the bond distances 

and bond angles with R1 = 0.28. 

The structure of SUMOF-7I(La) can be solved from the RED data, which 

was first solved by single-crystal X-ray diffraction. The unit cell parameters 

for SUMOF-7I(La) from the RED dataset were a = 23.92 Å, b = 23.67 Å, c 

= 12.73 Å,  = 91.02°,  = 88.97°,  = 120.18° with the space group R32 

(No. 167). The reflection conditions were deduced using the 2D slices cut 

from the reconstructed reciprocal lattice reconstructed from the RED data 

(Figure 4-6). The intensities from the RED data were used for structure 

solution by direct methods. All the symmetry-independent non-hydrogen 

atoms (1 La, 4 O atoms, 1 N, 12 C atoms) were found. The structure was 

also refined against the RED intensities and the refinement converged with 

R1 = 0.4768. Comparing with the coordinates obtained from the RED data 

and those from single X-ray diffraction, the maximum shifts for La, O, N 

and C were 0.13 Å, 0.79 Å, 0.22 Å and 0.47 Å, respectively. The initial 

structure model from RED was very good. The large R1 value from 

refinement could be attributed to errors in the intensities due to for example 

dynamical effects and beam damage during data collection. The strong 

interaction among the electrons and linkers leads to the rotation of the 

benzene rings, which results in slightly larger deviations for O and C atoms. 

The HRTEM image of SUMOF-7I(La) also showed straight channels along 

the [001] direction (Figure 5-21). 

 
Figure 5-21. HRTEM image for SUMOF-7I(La) along [001] direction. The 

symmetry-averaged potential map was inserted. The structure model is 

superimposed for comparison. 

RED was used to study ZIF-7 and SUMOF-7I(La). Low doses are used 

for such beam sensitive materials. The feasibility that ED can be used for 

structure determination of MOFs has been demonstrated. 
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6. Conclusions 

The newly-developed 3D electron diffraction methods, among which the 

rotation electron diffraction method is an important representative, have 

been shown to be very successful in phase identification for multiphasic 

samples and structure characterization of nano- or micron-sized crystals, 

which is difficult using traditional XRD methods. The 3D ED methods can 

also be applied for structure determination of different types of materials. 3D 

ED is now as feasible as X-ray diffraction for phase identification and 

structure solution. 

The combination of 3D ED methods, for example RED with PXRD is 

promising and powerful in identifying phases from multiphasic samples 

containing submicrometer-sized particles and solving structures of each 

phase. The combination of them provides advantages in discovering new 

structures in multiphasic samples, which is helpful for synthetic scientists, 

and characterizing possible structure changes. 

The combination of RED and PXRD makes it possible to identify as 

many as four distinct phases within one sample containing submicron-sized 

crystals in a Ni-Se-O-Cl system. RED is also used to determine the unit cell 

and symmetry of isoreticular MOFs (SUMOF-7). The structure of SUMOF-

7-I was solved from RED data and the model fits well the one from single 

crystal X-ray diffraction. The RED method was used to solve five zeolite 

structures with new frameworks, ITQ-51, ITQ-53, ITQ-54, EMM-23 and 

EMM-25, and an open-framework germanate SU-77. RED was successfully 

used for structure determination of zeolites with extra-large pores (ITQ-51, 

53, 54 and EMM-23). ITQ-53 and ITQ-54 were identified in the as-

synthesized multiphasic samples using RED, showing that RED is powerful 

for targeting interesting phases and helpful for improving synthesis 

conditions. Structure changes were observed in ITQ-53 and SU-77. The 

structures of five zeolites and SU-77 were confirmed by Rietveld refinement 

against PXRD. HRTEM imaging was used to confirm the structures of ITQ-

51, EMM-25 and SUMOF-7I. 

RED alone and its combination with PXRD are useful for phase 

identification and structure solution of complex materials with submicron or 

nano-sized crystals. 
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7. Perspectives 

3D electron diffraction and its combination with PXRD are powerful for 

phase identification from multiphasic samples and structure determination of 

nano- or micron-sized crystals. Although refinement against 3D ED data 

usually converges to structure models with accurate coordinates, high R 

values from refinement prevent 3D ED methods being used as stand-alone 

methods. Efforts to improve 3D ED data quality and reduce R values should 

be made. 

3D electron diffraction methods have proved to be feasible to varieties of 

materials. The use of these methods in studying protein structures will be 

interesting and important, as evident from a few studies that have already 

been carried out. 

3D ED methods can be used to study organic compounds using low dose 

conditions and cryo sample holders. However, the beam is still relatively 

strong for many beam sensitive materials whose structures collapse quickly 

in the electron beam. The current methods need to be improved and new 

methods need to be developed in order to study these materials. Structure 

determination from electron diffraction of pulsed electron beams would be 

very helpful. 

Reconstruction of 3D ED data allows 3D visualization of diffuse 

scattering from disordered structures. Methods need to be developed to 

quantify diffuse scattering and use it for characterizing disordered structures. 

EMM-25, EMM-23 and ITQ-51 have promising properties due to their 

special channel systems and thermal stability. Modification of ITQ-53 and 

ITQ-54 potentially improves their thermal stability and benefits their 

applications. 
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9. Appendix 

Table A9-1. Analysis of variance for reflections employed in the refinement 

of Phase 2 in the NiSeOCl sample using the original data up to 0.45 Å from 

SHELXL. Sigma = 100 

 

 

Table A9-2. Analysis of variance for reflections employed in the refinement 

of Phase 2 in the NiSeOCl sample after cutting the data to a resolution of 

0.97 Å from SHELXL. Sigma = 100 
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