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Abstract 

Electron crystallography is an important technique for studying micro- and 
nano-sized materials. It has two important advantages over X-ray 
crystallography for structural studies: 1) crystals millions of times smaller 
than those needed for X-ray diffraction can be studied; 2) it is possible to 
focus the electrons to form an image. The local atomic arrangement can be 
seen directly by high-resolution transmission electron microscopy (HRTEM). 
The crystallographic structure factor phases, which are lost in recording 
diffraction patterns, are present in HRTEM images and can be determined 
experimentally. The main disadvantages of electron crystallography 
compared to X-ray diffraction are that the data are difficult to collect, often 
incomplete and suffer from dynamic scattering. New methods need to be 
developed to overcome these problems. In this work, structure determination 
of several unique and complex porous materials including zeolites and 
mesoporous silica is demonstrated. None of the structures of these materials 
could be solved by X-ray crystallography. New techniques are also 
developed in order to overcome the disadvantages of electron 
crystallography. The new techniques include a digital sampling method for 
collecting precession electron diffraction data and a rotation method for 
automatic collection of complete 3D electron diffraction data. A number of 
practical issues concerning data collection and data processing are described 
and the data quality is analysed. 
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1 Introduction 

Diamond is hard and transparent, while graphite is soft and opaque, although 
they are both allotropes of carbon. These and other differences in physical 
properties are caused by structural differences between these two distinct 
materials. The atomic arrangement plays a crucial role for the properties of a 
material. Crystallography is an experimental science of determining the 
arrangement of atoms in crystalline solids.  

Atomic structures of crystals can not be observed by optical microscopes 
because the resolution of a microscope is limited by the Rayleigh criterion, 
which can be written as: 

αµ

λ

sin
61.0

2
==

d
r

                                             (1.1) 

where r is the resolution of the microscope, λ the wavelength of the light 
source, µ the refractive index of the viewing medium and α the semi-angle of 
the collected light. Both µ and α can be considered fixed for a microscope. 
The wavelength then becomes the limiting factor for the resolution of a 
microscope. Therefore, optical microscopes using visible light, with 
wavelengths λ in the range of 400-700 nm, have resolution limits of about 
200 nm. The distance between neighbouring atoms is 1-2 Ångström (i.e. 0.1-
0.2 nm) which is far out of reach for optical microscopes. Developments of 
ultraviolet (UV) microscopes have allowed an increase in the resolving 
power by a factor of about two. However, this is still far away from atomic 
resolution.  

There are three types of radiation available for crystallographic structural 
analysis at atomic resolution; X-rays (λ= 1.5406 Å for Cu (Kα1)), electrons (λ 
= 0.0251 Å at 200 kV accelerating voltage) and neutrons (λ ~ 0.5 Å for 
thermal neutrons). Of these three, only electrons can be focused to form 
images, as is done in electron microscopes. When electrons are used, for 
imaging or diffraction, the crystallographic method is called electron 
crystallography. 
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1.1 Diffraction methods 

A beam of radiation hitting a crystal is diffracted into many specific 
directions. From the directions, intensities and phases of these diffracted 
beams, we can calculate a three-dimensional (3D) map of the electron 
density or electrostatic potential within the crystal. From this map, the mean 
positions of the atoms in the crystals and possibly also the chemical bonds, 
disorder and other rich structural information can be obtained. 

Although the three types of radiation; X-rays, electrons and neutrons, are all 
suitable for structural analysis, each radiation has its distinct nature in terms 
of charge and mass. Electrons interact much stronger with matter than X-
rays do while neutrons interact even weaker. This makes electrons the first 
choice for very small crystals (< 1 µm). Unlike X-rays and neutrons, 
electrons are charged and can be focused into images. Neutrons carry a spin 
which can reveal the microscopic magnetic structures of materials. 

1.2 X-ray diffraction 

Among all the structures solved by diffraction methods, the large majority 
have been solved using X-rays. X-ray diffraction can be carried out for 
crystals of sizes ranging from a few µm to mm, in either a powder X-ray 
diffractometer or a single-crystal diffractometer (Figure 1-1).  Crystals larger 
than 5 µm can be investigated with single-crystal diffraction. A 3D 
diffraction data set can be obtained by rotating the crystal in the X-ray beam. 
Crystals of sizes too small for single-crystal diffraction (~50 nm to 5 µm) 
can be studied by powder X-ray diffraction, where a large number of 
microcrystals interact with the X-ray beam. Ideally, all possible crystalline 
orientations are equally represented, resulting in one-dimensional (1D) 
powder diffraction rings instead of 3D single-crystal diffraction. Reflections 
which have the same or very similar Bragg angles will overlap. This 
overlapping problem becomes more serious for structures with large unit 
cells and for very small crystals. Generally, structure solution is difficult 
with powder X-ray data from crystals smaller than 50nm in diameter and 
crystals with large unit cells (> 1000 Å3). Since neutrons have even weaker 
interactions with matter than X-rays do and here we are not concerned with 
the magnetic properties of materials, neutron diffraction will not be 
discussed further. 
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Figure 1-1. A single-crystal X-ray diffractometer (left) and a powder X-ray 
diffractometer (right) in the Arrhenius Laboratory, Stockholm University. 

1.3 Electron diffraction and electron microscopy 

Since electrons are negatively charged, they interact with matter through 
Coulomb forces. Incident electrons are influenced by both the positively 
charged atomic nuclei and the surrounding electrons of atoms in the 
specimen. However, since the positive charges are point-like at the atomic 
nuclei, while the negative charges between the atoms are more spread out, 
the main interactions are between the electrons and the positively charged 
atomic nuclei. The interaction between electrons and matter is complex and 
involves elastic scattering in which the energy of the incident electrons is not 
changed and inelastic scattering in which the incident electrons lose some 
energy. Normally, only the contribution of elastic scattering in electron 
diffraction is used for structural analysis. 

In 1932, Knoll and Ruska (1932) invented the first transmission electron 
microscope (TEM). Soon afterwards commercial TEMs were developed. 
With modern TEMs, extremely small crystals, such as those with sizes of a 
few nanometers, can be investigated using both electron microscopy and 
electron diffraction.  
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Figure 1-2. A JEM 2100 FEG TEM (left) and a JEM 2100 LaB6 TEM in the 
Arrhenius Laboratory, Stockholm University. 

After the incident electrons have interacted with the specimen, the phases 
and amplitudes of the electron wave are modified. Thus the exit wave 
leaving the specimen carries structural information. If the structure is 
ordered, the exit wave can be focused by an electromagnetic lens (objective 
lens) in the TEM and form an electron diffraction pattern in the back focal 
plane. The electron wave can also generate an image that can be magnified 
by the lens system and projected onto the viewing screen in the TEM and 
form a high-resolution transmission electron microscopy (HRTEM) image. 

Compared to X-ray diffraction, electron diffraction patterns can be obtained 
from extremely small crystals. Therefore, the crystal size limitation of X-ray 
crystallography is not a problem for electron diffraction in a TEM. As 
mentioned above, diffraction methods only reveal average structures. An 
HRTEM image, on the other hand, comes from a small area in the specimen. 
Unlike diffraction patterns, HRTEM images contain crystallographic phase 
information (DeRosier & Klug, 1968; Henderson & Unwin, 1975; Unwin 
&Henderson, 1975), as will be discussed later. This makes HRTEM a unique 
tool not only for solving crystal structures, but also allowing studies of local 
structures, for example defects.  

X-ray diffraction data are normally considered kinematical. In contrast, 
electrons interact with crystals so strongly that electron diffraction is always 
more or less dynamical. The dynamical effects are stronger for heavier 
atoms and thicker specimens (Cowley & Moodie, 1957, 1959a,b). Since 
structure solution is much easier with quasi-kinematical data, electron 
crystallographic studies are usually done on very thin specimens. 
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1.4 The aim of the present work 

Single-crystal X-ray diffraction is a convenient technique for 
crystallographic studies, but it can not be used for small crystals. Structural 
solution by powder X-ray diffraction is an alternative way but also has its 
limitations; peak broadening due to small crystal sizes and peak overlapping 
due to complex structures. For crystals containing defects, structure solution 
from powder X-ray data is even more difficult. In all such cases transmission 
electron microscopy is most suitable. A comparison of these three techniques 
is given in Table 1-1. 

Table 1-1. Characteristics of various methods for structure analysis. Advantages for 
each method are underlined.  

 
Single-crystal 

X-ray 

diffraction 

Powder X-ray 

diffraction 

Electron 

crystallography  

Crystal size > 5 µm > 50 nm A few nm 

Data 

completeness 
Yes Yes No 

Unit cell 

determination 
Easy Difficult Easy 

Symmetry 

determination 
Easy Difficult Easy 

Overlapping 

problem 
No Yes No 

Diffraction 

intensities 
Kinematical Kinematical Dynamical 

Phase 

information 
No No Yes 

Defects study Difficult Difficult Easy 

Electron crystallography is a term used to describe the quantitative 
determination of crystal structures from electron scattering data (Dorset, 
1996). It has now become an important tool for quantitative characterization 
of nano-sized materials (Zou & Hovmöller, 2008). The first book on electron 
crystallography was written by Vainshtein (1964), and another book was 
written by Dorset (1995). Both HRTEM and electron diffraction can be used 
in crystallographic studies in order to obtain structural information at atomic 
level. However, one should be aware of the above-mentioned disadvantages 
associated with electron crystallography, such as dynamical scattering and 
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the incompleteness of data. Recently, Zou and Hovmöller (2008) 
comprehensively reviewed the applications of using electron crystallography 
to solve structures of nano-sized crystals.  

In this thesis, structural studies of several porous materials including zeolites 
and mesoporous silica by electron crystallography are demonstrated as given 
in chapter three. New methods for collecting complete and more kinematical 
electron diffraction data are developed and described in detail in chapter four. 
In order to increase the comprehensibility, especially for those who are not 
working in this field, some basic concepts are presented in chapter two as an 
introduction to the field. Most of the results in the thesis are described in 
more detail in the five papers attached to the end of thesis. 

1.4.1 Structure determination of porous materials by electron 

crystallography 

Among the electron crystallographic methods using TEM, HRTEM has the 
advantage of allowing direct visualization of atoms in the structures. In this 
thesis, inorganic porous materials, including a family of mesoporous silica 
materials and two zeolites, are studied using HRTEM. The structures of 
these materials could hardly be solved without using electron 
crystallography. 

Mesoporous crystals are disordered at the atomic scale, but contain long 
range periodicities presenting the meso-scale porous structures. These long 
range periodicities normally give only a few low-angle reflection peaks in X-
ray diffraction. The atomic scale disorder gives structural flexibilities 
causing a broadening of the reflections. Electron crystallography is the most 
powerful tool for solving mesoporous structures (Sakamoto et al., 2000, 
2002, 2004; Kaneda et al., 2002; Garcia-Bennett, Terasaki et al., 2004; 
Garcia-Bennett, Miyasaki et al., 2004; Gao et al., 2006). The structures 
presented in this thesis are solved by either HRTEM alone or by a 
combination of X-ray diffraction and HRTEM. (Paper II) 

Zeolite crystals are often too small for single-crystal X-ray diffraction. 
Zeolite structures are also difficult to solve with powder X-ray diffraction, 
mainly due to the large unit cells that cause the peak overlapping and the 
problem of phasing the diffraction data. Grosse-Kunstleve et al. (1997) 
developed a zeolite-specific program FOCUS for solving zeolite structures 
from powder X-ray diffraction. Crystal chemical information is used by 
FOCUS, phases from HRTEM images can be incorporated by the program 
during the phasing process. A large number of zeolite structures have been 
solved using FOCUS (Grosse-Kunstleve et al., 1997; Jorda et al., 2003; 
Burton et al., 2004; Dorset et al., 2006; Dorset et al., 2008).  
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Electron crystallography has been used for solving unknown zeolite 
structures (Leonowicz et al., 1994; Nicolopoulos et al., 1995; Wagner et al., 
1999; Liu et al., 2001; Dorset, 2003a,b,c). Combining HRTEM and X-ray 
has become a more efficient way to solve complex zeolite structures. This 
has been demonstrated in structure solutions of several most complicated 
zeolites TNU-9 (Gramm et al., 2006) using the program FOCUS, IM-5 
(Baerlocher et al., 2007a) and SSZ-74 (Baerlocher et al., 2008) using the 
program Superflip (Palatinus and Chapuis, 2007; Baerlocher, et al., 2007b). 
The program Superflip uses a new charge-flipping algorithm for phasing the 
diffraction data, which was proposed by Oszlányi and Sütı (2003; 2004). It 
allows combining the information obtained from TEM and powder X-ray 
diffraction data to solve crystal structures. Superflip can work independently 
from crystal symmetries, if the resolution of the powder X-ray data is high 
enough. The zeolite materials investigated in the present work are 
polymorph B enriched zeolite beta and a germanium silicate ITQ-37. Zeolite 
beta is an industrially important material whose structure typically contains a 
high concentration of stacking faults. ITQ-37 is a newly discovered zeolite 
with the largest pore opening among all known zeolites. The structures of 
these zeolites can hardly be determined by X-ray crystallography alone, 
since zeolite beta contains stacking faults, and ITQ-37 crystals are too small 
(70 - 300 nm) for single crystal X-ray diffraction and there are severe peak 
overlapping in powder  X-ray diffraction. 

The damage caused by electrons and X-rays is a very important issue for 
radiation sensitive specimens (Henderson et al., 1990). Since the crystal size 
required and used for electron crystallography is millions of times smaller 
than that needed for X-ray crystallography, the problem of radiation damage 
becomes more serious when electrons are used. Unfortunately, many porous 
materials, especially zeolites, are rather radiation sensitive. HRTEM images 
are usually taken at very high magnifications. The electrons need to be 
focused on a very small area of the crystals to obtain sufficient intensity for 
image recording. Thus, taking good HRTEM images for the kind of 
materials studied in the present work is a great challenge. Different domains 
in Polymorph B enriched zeolite beta crystals are observed using TEM and 
the structure of zeolite beta polymorph B and the stacking structures are 
investigated (Paper I). TEM is used as a complementary tool to X-ray 
diffraction to solve the structure of ITQ-37 (Paper III).  

1.4.2 New methods for automatic collection of electron 

diffraction data 

Crystal structures can be solved from electron diffraction data alone. The 
first example on zeolite was demonstrated on MCM-22 by Nicolopoulos et 

al. (1995). The structure of an unknown zeolite, SSZ-48, was determined by 
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Wagner, Terasaki et al. (1999). Unlike these examples, where traditional 
phase invariant relationships were used, Dorset and co-workers (Gilmore, et 

al., 1996) demonstrated the utility of maximum entropy and likelihood for 
solving unknown crystal structures. Despite the many advantages, electron 
crystallography is not as widely used as X-ray crystallography.  One of the 
main reasons is that TEM cannot be operated in an automatic way as X-ray 
diffractometers. Normally, a long training process is needed to enable new 
TEM users for basic operations. As shown in Table 1-1, the two 
disadvantages of electron crystallography are “data incompleteness” and 
“dynamical effects”. New methods need to be developed in order to 
overcome these disadvantages. Moreover, unlike single-crystal X-ray 
diffraction, where complete 3D data can be collected automatically by 
rotating the crystal, electron diffraction data had to be manually collected, as 
individual electron diffraction patterns from certain projections of the crystal. 
Until now, collection of a complete 3D electron diffraction dataset from a 
crystal has been very time consuming on a TEM.  

Recent studies showed that precession electron diffraction (PED) can 
effectively reduce dynamical scattering (Vincent and Midgley, 1994; 
Gjønnes et al. 1998). The PED data were collected using dedicated hardware. 
Here we present a new method for collecting PED data, called the sampling 
method (Paper IV). A newly developed method for automatic collection of 
3D electron diffraction data, in a similar manner as used for single-crystal X-
ray diffraction, is introduced (Paper V). Although zeolite structures can be 
solved from electron diffraction (Gilmore et al., 2008a,b), their electron 
radiation sensitivity made them less suitable for developing and testing the 
new methods. Instead, crystals of K2O·7Nb2O5 were used due to their 
stability in the electron beam.  
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2 Background 

2.1 Basic crystallography 

This chapter is partly based on several text books including Giacovazzo et al. 
(2002) “Fundamentals of Crystallography”, Zou, Hovmöller and Oleynikov 
(2010) “Electron Crystallography – structure determination by electron 

diffraction and electron microscopy”. 

2.1.1 Direct and reciprocal lattice 

A symmetry operation brings an object into self-coincidence, i.e. the object 
after the symmetry operation cannot be distinguished from the original one. 
The different symmetries found in crystals and crystal structures are 
essential for crystallographic studies. Since there are an almost infinite 
number of atoms (1012-1020) in a crystal, it would seem impossible to 
determine the positions of all the atoms. However, the atomic arrangement in 
a crystal is regular and contains periodically arranged units of atoms. 
Because of this, the atomic arrangement can be described by a combination 
of a lattice and the content of atoms in a unit cell. The most important 
symmetry in crystals is accordingly the translational symmetry. Crystalline 
solids may indeed be defined as solids that exhibit translational symmetry. 
The direct lattice (in real space) is a 3D set of fictive points or nodes. The 
position of each lattice point is, given an arbitrarily set origin, given by a 
directional vector 

Q = ua + vb + wc                                       (2.1) 

with u, v and w being integers. The three vectors a, b and c define a 
parallelepiped, the unit cell, and the directions of the vectors are called 
crystallographic axes. The unit cell dimensions are described by the lengths 
of the vectors, a, b and c, and the angles between them, α, β and γ. Each 
lattice point may be taken as the origin of one of the many identical unit cells. 
All lattice points are equivalent in the sense that they have identical 
surroundings. The atomic positions in a unit cell are given in terms of 
fractional coordinates, x, y and z, along the unit cell vectors. Any atomic 
position within a crystal is thus given by the vector  

           r = (u + x)a + (v + y)b + (w + z)c                             (2.2) 

where u, v  and w are integers and 0 ≤ x, y, z < 1.  
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A plane passing through three non-colinear lattice points is called a lattice 
plane. Since all lattice points are equivalent there will be equivalent parallel 
planes through other points and one has a set of equidistant lattice planes 
with inter-planar distances dhkl. A lattice plane is designated by integer 
Miller indices h, k and l. The intercepts of a set of hkl planes with the 
crystallographic axes are (n/h, n/k, n/l) with n = 0, ± 1... A zero value for a 
Miller index signifies that the plane is parallel to the corresponding axis. 
Examples of Miller indices are given in Figure 2-1. Diffraction by X-rays or 
electron beams is commonly described as due to reflection from lattice 
planes in accordance with Bragg’s law. Each diffracted beam or Bragg 
reflection has thus a set of unique diffraction indices that correspond to the 
Miller indices of the reflecting planes. They differ from Miller indices in that 
they may contain common factors.  

 

Figure 2-1. Lattice planes with different Miller indices (0 0 1), (1 1 0) and (1 1 1). 

The description of diffraction is facilitated by the concept of a reciprocal 
lattice with unit cell vectors a*, b* and c*, related to those of the direct 
lattice, a, b and c. The reciprocal lattice vectors may be calculated from the 
corresponding direct ones by 

( )

×
=

⋅ ×

b c
a*

a b c
, 

( )

×
=

⋅ ×

c a
b*

b c a
, 

( )

×
=

⋅ ×

a b
c*

c a b
               (2.3) 

with × denoting the vector cross product. The reciprocal lattice vectors have 
dimensions of length-1 and are therefore considered as residing in a 
reciprocal space. The real and reciprocal lattice vectors are related by a*⋅b = 
a*⋅c = b*⋅a = b*⋅c = c*⋅a = c*⋅b = 0 and a*⋅a = b*⋅b = c*⋅c = 1. The former 
set of equations implies that e.g. a* is perpendicular (normal) to the bc-plane 
and the latter set that a* = 1/a. It may further be shown that the reciprocal 
lattice vector G = ha* + kb* + lc* is perpendicular to the lattice plane with 
Miller indices hkl and that its magnitude, g equals 1/dhkl.  

2.1.2 Diffraction 

Diffraction is an important tool for studying crystal structures, using X-rays 
or neutrons that have wavelengths in the same order of magnitude as the 
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lattice spacing, or electrons with wavelengths typically much smaller than 
the lattice spacing. The geometry of the resulting diffraction pattern is 
determined by both the wavelength and the specific 3D periodicity of the 
direct lattice or the corresponding reciprocal lattice. The direct and 
reciprocal lattices are related to each other.  

Reflection indices hkl specify vectors in reciprocal space. Each diffraction 
spot hkl corresponds to a reciprocal lattice vector Ghkl. The indices hkl 
correspond also to a set of lattice planes in real space that are perpendicular 
to Ghkl. The direction of a diffracted beam is given by Bragg’s law 

2 sin( )θ=
hkl

λ d                                           (2.4) 

where λ  is the wavelength of the incident beam, dhkl is the spacing of the hkl 
lattice plane and θ  is the Bragg angle that equals to half of the diffraction 
angle 2θ. As the length of the scattering vector k is k = 2sin(θ)/λ, an 
alternative expression of Bragg’s law is Ghkl = k. The relative intensities of 
the diffraction spots depend on the atomic arrangement in the unit cell, as 
described in section 2.1.3. 

    

The diffraction geometry is commonly described in terms of the reciprocal 
lattice using an Ewald sphere construction (Figure 2-2). The Ewald sphere is 
a fictive sphere that intercepts with the origin of the reciprocal lattice of the 
crystal and has a radius of λ-1. The incident beam direction is described by a 
vector k0 of length λ-1 from the centre of the Ewald sphere C to the origin of 
the reciprocal lattice O. The direction of a diffracted beam is in a similar way 
described by a vector k1, also of length λ-1, from the centre of the Ewald 
sphere to another point on the sphere. The geometrical condition for a Bragg 
reflection is that the scattering vector k = k1 – k0 must equal a reciprocal 
lattice vector G. Diffraction from a set of hkl planes will thus occur if the 
corresponding reciprocal lattice node intercepts the Ewald sphere.  

Figure 2-2.  A sketch 
map of Ewald sphere 
intercepted by the 
reciprocal lattice. The 
reciprocal lattice vector 
G, scattering vector k 
and the excitation error 
s are marked. 
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In electron diffraction, many different sets of planes can diffract 
simultaneously. One reason for this is that reciprocal lattice nodes are 
extended in reciprocal space, with their size inversely proportional to the 
dimensions of the crystal. The crystals investigated by electron diffraction 
are commonly not only small but also very thin, in order to minimize 
dynamical scattering. The reciprocal lattice nodes are then significantly 
extended in the direction perpendicular to the thin crystal foil. A diffracted 
beam will form only if a part of the extended node intersects the Ewald 
sphere.  

Furthermore, due to the short electron wavelength (λ = 0.0251 Å for 
electrons corresponding to energy of 200 keV), the radius of the Ewald 
sphere is so large compared with typical distances between reciprocal lattice 
points that the Ewald sphere is almost a flat plane when cutting through the 
reciprocal lattice. The observed intensity of a reflection in a spot pattern will 
depend, not only on the magnitude of the structure factor, but also on how 
far it is away from the exact Bragg condition. A parameter that describes this 
deviation is called the excitation error s, the distance between the location of 
the reciprocal lattice point and the Ewald sphere in a direction parallel to the 
incident electron beam.  

When the direction of an incident electron beam k0 is perpendicular to a set 
of reciprocal lattice planes, diffraction spots may be observed 
simultaneously from the reciprocal lattice nodes on these planes. A direction 
that is perpendicular to a set of reciprocal lattice planes is called a zone axis: 

[uvw] = ua + vb + wc                                     (2.5) 

where u, v and w are integers and the set of the lattice planes are called zones. 
All reflections h k l on these zones obey the Laue equation:  

hu + vk + wl = n                                            (2.6) 

where n is an integer. Each integer n represents a zone. n = 0 corresponds to 
the zero-order Laue zone (ZOLZ), n = 1 the first-order Laue zone (FOLZ) 
etc.  

Since electrons interact with the atoms much stronger than e.g. X-rays, a 
non-negligible part of the diffracted electron beams is further diffracted. This 
multiple-scattering leads to dynamical scattering effects and the resulting 
diffracted beam intensities may differ significantly from those of single-
scattering. The dynamical theory of electron scattering is, however, 
complicated and a kinematical approximation of single-scattering, developed 
for X-ray scattering, will here, as often elsewhere, be assumed valid and thus 
used. 
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2.1.3 The structure factor 

Kinematical diffraction, as an elastic scattering phenomenon, occurs by an 
interaction of the incident beam electron with the electrostatic potential ϕ(r) 
in the crystal. The potential is related to the charge-density distribution ρ(r), 
including both the nuclear charge +Ze and the electron-density distribution 
ρe(r), by Poisson’s equation 2 ( ) ( )

0
/ εϕ ρ∇ = −r r , with ε0 the permittivity of 

vacuum. The electrostatic potential is concentrated at the positions of the 
atoms. If the potential from an atom j at position rj is ϕ

j
, the total 

electrostatic potential ϕ(r) at r from all atoms N in the unit cell is the sum 
ofϕ

j
. 

N

1

( ) ( )j j

j

ϕ ϕ
=

= −∑r r r                                                            (2.7) 

The Fourier transform Φ(u) of the potential ϕ(r) is 

 [ ] 21
Φ( ) ( ) ( )e π i( )

Ω

dv
Ω

ϕ ϕ ⋅≡ = ∫
u r

r
u r rF                              (2.8) 

with F the Fourier transform operator, u the positional vector in reciprocal 
space (in terms of a*, b*, c*), ( )Ω = ⋅ ×a b c  the volume of the unit cell and 

dxdydzdv =r . The intensity of a diffracted beam in the kinematical 

approximation is proportional to
2

Φ( )u . 

Letting 
jrrr −=' , the equation can be rewritten as 

N
2 i( ) 2 i( )

1

1
Φ( ) e ( )ejπ π '

j Ω

' dv
Ω

ϕ
⋅ ⋅

=

= ∑ ∫
u r u r

ru r                               (2.9) 

Defining further the atomic scattering factor for electrons for atom j as 
 

2 i( )
2

2π
f ( ) ( )e π '

j

Ω

me
' dv

h
ϕ ⋅= ∫

u r

ru r                                       (2.10) 

where h, m and e are Planck’s constant, electron relativistic mass and charge, 
respectively, leads to an expression for Φ( )u  of 

2 N
2 ( )

1

Φ( ) ( )e
2π

jπi

j

j

h
f

meΩ

⋅

=

= ∑
u r

u u                                      (2.11) 

The atomic scattering factors for electrons fe(u) are related to those for X-
rays fx(u) by the Mott formula 
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−
=

u
                                                       (2.12) 

and are tabulated in the International Tables for Crystallography 

(http://it.iucr.org/). 

The structure factor F(u) of a crystal, for electrons, is defined as 

N
2π ( )

2
1

2π
F( ) f ( )e Φ( )ji

j

j

meΩ

h

⋅

=

= =∑
u r

u u u                            (2.13) 

The structure factor F(u), or Φ(u), can thus be easily calculated when the 
atomic positions are known, i.e. when the structure is known. The 
electrostatic potential of a structure can furthermore be calculated from the 
structure factors by the inverse Fourier transform 

[ ]
2

1 2 i( ) 2 i( )( ) Φ( ) Φ( )e F( )e
2π

h

meΩ

π πϕ − − ⋅ − ⋅≡ = =∑ ∑u r u r

u u

r u u uF  (2.14) 

Thus, the structure factors are the key to solving structures, the problem 
being that they are complex quantities i ( )F( ) F( ) e φ= uu u . The phases φ(u) 

cannot be derived from the measured reflection intensities, since the 
reflection intensity is: 

2 2
I( ) F( ) Φ( )∝ ∝u u u    .                                           (2.15) 

For kinematical scattering, but not dynamical, Friedel’s law applies, stating 
that 

 
2 2

F( ) F( )= −u u  & ( ) ( )φ φ= − −u u                            (2.16) 

where u and -u are reflections related by inversion. Pairs of reflections (hkl) 
and )( lkh  are called Friedel pairs. For centrosymmetric structures, the 
phases φ(u) are all constrained to have values of either 0 or π when the 
origin is at the centre of the symmetry. Diffraction patterns are according to 
Friedel’s law always centrosymmetric.  

2.2 Transmission electron microscopy 

2.2.1 The transmission electron microscope 

Modern transmission electron microscopes (TEMs) are used both for 
imaging extremely small objects and for obtaining diffraction patterns from 
these objects. The image formation is similar to that in an ordinary light 
microscope, but with the main differences that high-energy electrons from an 
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electron gun at the top of the microscope column are used as radiation source 
and that the electrons are focused by means of electromagnetic lenses. The 
focusing power of the lens can be adjusted by varying their electric current.  

 

Figure 2-3. Ray diagrams of the formation of diffraction and image in a TEM (from 
Zou and Hovmöller, 2010). 

The ray diagrams of the formation of electron diffraction and image are 
illustrated in Figure 2-3. When an electron beam (often parallel) passes 
through a specimen, it interacts with the specimen to form an exit electron 
wave at the exit surface below the specimen. The exit wave is focused by an 
objective lens (OL), located below the specimen. At the back focal plane of 
the OL, a (first) diffraction pattern from the specimen is formed. Further 
down the column, the focused electrons form an image at the image plane. 
Additional intermediate (IL) and projector (PL) lenses are used to magnify 
and project either the diffraction pattern or the image onto a recording device 
or fluorescent screen. An objective aperture is placed at the back focal plane 
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providing a possibility to select only some of the diffracted beams or even 
just the direct beam to form an image in the image plane. Another aperture, 
called selected area aperture, is placed at the image plane. In accordance 
with the principle of optical path reversibility, this aperture filters out the 
electron beams that do not pass through the specimen area selected by the 
aperture. An electron diffraction pattern collected using a selected area 
aperture is called a selected area electron diffraction (SAED) pattern. 
Diffraction patterns from even smaller areas can be obtained by nano-beam 
diffraction (NBD), using a nano-sized electron beam, or convergent beam 
electron diffraction (CBED). 

2.2.2 HRTEM and the CTF 

An HRTEM image that contains structural information is ideally a phase 
contrast image. The sample is considered as a thin layer with uniform 
thickness. The plane electron wave traversing it suffers a phase change that 
is a function of the lateral coordinates in the layer. When the specimen is 
very thin, the phase changes correspond to the distribution of (projected) 
electrostatic potential in the projection, which in turn is determined by the 
distribution of atoms. For an HRTEM image to be easily interpretable, the 
crystal must be very thin such that several approximations, e.g. the phase-
object approximation and the weak phase-object approximation, are (at least 
approximately) valid. If this is the case, the Fourier transform of an HRTEM 
image may be written as  

image

t
I ( ) = 2 D( )sin[ ( )]F( )

λ
hk hk

Ω
χu u                              (2.17) 

where hk are two-dimensional (2D) indices for the specific reflection, λ  the 
wavelength of the incident beam, u the reciprocal lattice vector for the 
reflection (hk), t the thickness of the sample, Ω  the volume of the unit cell, 
F(hk) the structure factor and ( )χ u a phase shift imposed by the OL. D( )u  is 
an overall damping envelope function that includes both chromatic 
aberrations of the OL and beam convergence (see Zou and Hovmöller, 2010). 

The contrast in a HRTEM image is strongly affected by the contrast transfer 
function (CTF) (see Figure 2-4): 

T( )=D( )sin[ ( )]χu u u                                                             (2.18) 

2 2 2 4 2 2 2 2 21
2D( ) = A( )exp[- π ]exp[-π ( ) ]

s
Cλ α ε λ∆∆∆∆ +u u u u u  (2.19) 

for those u which lie inside the objective lens aperture. ∆ is the halfwidth of 
the focus spread due to the partial coherence of the electron beam, α the 
beam divergence, ε the defocus value and Cs the spherical aberration 
constant of the OL. A(u) is the function of the objective aperture, which is 
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often inserted at the back focal plane of the objective lens in order to 
eliminate the number of diffracted beams contributing to the image: 

A(u) = 1                                                                           (2.20) 

if u lies inside the objective aperture and otherwise A(u)= 0. 

χ(u) is affected by the spherical aberration and is very sensitive to the 
defocus value of the OL: 

2 3 4( )=π 1 2π
s

χ λ / Cε λ+u u u                                             (2.21) 
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Figure 2-4   Contrast transfer functions at (left) the Scherzer defocus and (right) 
another under-focus.  

HRTEM images are normally recorded at a slightly under-focus condition, 
i.e. ε < 0. The sin[ ( )]χ u  term has different signs in a large range of u, 
resulting in a complicated image contrast. In order to directly interpret the 
image in terms of the structural projection, one has to obtain a condition 
where sin[ ( )]χ u  has the same sign for a large range of u. This range is 
maximized at the so-called Scherzer defocus (see Figure 2-4), which can be 
calculated as: 

4

3
s

Sch

C λ
ε = −                                                               (2.22) 

The corresponding resolution rSch at the Scherzer defocus is  

1 3
4 40 66

Sch s
r . C λ=                                                              (2.23) 

2.2.3 Symmetry in a crystal  

Since the atomic arrangement in a unit cell describes the whole crystal 
structure, solving a structure requires “only” a specification of the positions 
of the atoms in the unit cell. This task is greatly facilitated by the presence of 
various symmetry elements in the structure. Only a very short description of 
possible ones and their implications is given here.  
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The following non-translational symmetry elements are found in crystal 
structures: 

-   mirror planes (m), by which left-handed parts of the structure are mirrored 
into right-handed parts. 

-  inversion centres ( 1 ), by which a structure may be brought into self-
coincidence by an inversion through a point. Structures containing inversion 
centres are called centrosymmetric. 

-   rotation axes (n), by which a structure self-coincides after being rotated 
360º/n around an axis. Rotation axes of orders 2, 3, 4 and 6 may be present 
in crystals, but 5-fold or with n > 6 cannot exist. 

-   rotation-inversion axes ( n ). The structure remains identical after a 
rotation around an axis and an inversion through a point on the axis. 

These symmetry elements, which do not contain a translational part, all leave 
at least one point unaffected. There are 32 possible combinations of them, 
the so-called point groups or crystal classes. The shape of a crystal 
frequently displays symmetries that conform to the point group of the crystal 
structure. According to Friedel’s law, the intensity distribution in reciprocal 
space conforms ideally with one out of the 11 possible centrosymmetric 
point groups called Laue classes.  

In addition, two types of symmetry elements may be present that are 
combinations of either a rotation or a mirror with a translation: 

- screw axes (np), by which the structure self-coincides after a rotation 360º/n 
around an axis plus a translation along the rotation axis. The translation 
equals (p/n)⋅t with t being the translational periodicity in the axis direction. 

- glide planes (a, b, c, n and d) consisting of a combination of a mirror plane 
and a translation parallel to the mirror plane.  

A specific combination of symmetry elements leads to certain constraints on 
the unit cell parameters a, b, c, α, β and γ. A crystal is accordingly classified 
as belonging to one out of the seven crystal systems. The crystal systems, the 
characteristic symmetry elements and the unit cell constrains are given in 
Table 2-1.  
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Table 2-1. The seven crystal systems. 

Crystal system Characteristic 

symmetry elements 

Unit cell constraints 

       Triclinic 1 or 
−

1  None 

Monoclinic 2 along and/or m or a 
glide perpendicular to 
only one single axis  

Two of α or β or γ = 90º 

       

Orthorhombic 

Symmetry elements along 
the three perpendicular 
axes 2 or m or glides. 

α = β = γ = 90º 

       Tetragonal Single 4 or 4 axis a = b; α = β = γ = 90º 

       Trigonal Single 3 or 3 axis a = b; α = β = 90º; γ =120º 

Hexagonal Single 6 or 6 axis a = b; α = β = 90º; γ =120º 

        Cubic Four equivalent 3 
or 3 axes 

a = b = c; α = β = γ = 90º 

Lattices are furthermore classified as primitive (P) if they contain one lattice 
point per unit cell or as multiple if they contain more than one. The unit cells 
of the multiple, or centred lattices, conform to the conditions imposed on 
them by the characteristic symmetry elements. It is possible to use a 
primitive unit cell to describe a centred lattice, but the unit cell would then 
not follow the symmetry. The centred lattice types include body-centred (I), 
face-centred (F) and base-centred (A, B, C). Some lattices can be  equivalent, 
for example a P tetragonal lattice and a C-centred tetragonal lattice. There 
exist only 14 distinct Bravais lattices that describe periodicity in crystals.    

Space groups are mathematical groups that classify all the possible 
combinations of the different symmetry operations in a 3D crystal. There are 
230 distinct space groups which describe the ways that objects, e.g. atoms or 
molecules, can be arranged periodically in 3D space. The space groups are in 
the Hermann-Mauguin notation denoted by a letter indicating the lattice type 
followed by a set of characters indicating the symmetry elements, e.g. 
Pmmm, P4/mmm, P6/m, P432 and so on. Repetitive patterns in two-
dimensions are likewise classified as belonging to one out of 17 possible 
plane groups. The plane groups are useful for interpreting HRTEM images, 
and also for determination of the space group, as described in later sections. 

As a consequence of the presence of symmetry elements, several symmetry 
equivalent structure parts coexist within a unit cell. The smallest part from 
which the whole structure can be generated by applying the symmetry 
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operations is called the asymmetric unit. If the space group of a structure is 
known, it is enough to determine the atomic positions within the asymmetric 
unit. Other positions can be generated by the symmetry operations. 

 

Figure 2-5. A flow chart for space group determination  

The symmetry of a diffraction pattern reflects the point group symmetries 
such as rotation axes, rotation-inversion axes and mirror planes. Systematic 
absences of specific sets of reflections, i.e. extinction rules, further indicate 
the presence or absence of screw axes and glide planes, as well as if the unit 
cell is primitive or centred. Projection symmetries, point group information 
from HRTEM images and the crystal shape may also provide clues for 
determination of the correct space group. A flow chart for the determination 
of the space group is given in Figure 2-5. Due to the dynamical scattering, 
systematic absences may not be observed always. Therefore, special care 
needs to be taken to reduce the influences of dynamical scattering.  

SAED patterns and HRTEM images have the disadvantage that they contain 
only 2D information. Diffraction patterns and/or HRTEM images, taken 
along different zone axes are therefore frequently combined, to get a 
complete 3D data set. The number of zone axes needed depends on the size 
of the unit cell and the symmetry of the structure, as symmetry equivalent 
projections are expected to be identical. The higher the symmetry of the 
structure, the smaller number of projections is therefore needed for 
collecting a complete 3D diffraction data set, containing all unique 
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reflections to a given resolution. With increased size (volume) of the unit 
cell, i.e. more complex structure, more zone axes need to be collected. 

2.2.4 The phase problem in electron crystallography 

Both structure factor amplitudes and phases can be extracted from HRTEM 
images, via a Fourier transformation, using image-processing procedures 
that are implemented in computer programs. For the work in this thesis the 
program CRISP (Hovmöller, 1992) has been used and examples of its 
applicability are given in subsequent sections. In electron diffraction, 
however, the phase information is lost and this constitutes the phase problem 
in crystallography. Various methods have been developed during the first 
century of X-ray crystallography, to overcome this fundamental obstacle. 
These include mathematical means, including direct methods, Patterson 
methods and the quite recently devised charge flipping method.  
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3 Structure determination of porous 
materials by electron crystallography  

Electron crystallography, which is based on the amalgamation of electron 
diffraction and atomic resolution HRTEM images with crystallographic 
image processing, has been used for structure determination of a large range 
of (poly)crystalline compounds, especially those made up from nano- and 
micro-sized crystallites. These include minerals (Downing et al., 1990), 
oxides (Hovmöller et al., 1984; Wang et al., 1988; Wang Y.M. et al., 2005; 
Bougerol-Chaillout et al., 2001), metal clusters (Weirich et al., 1996; 
Zandbergen et al., 2001; Weirich et al., 2001), zeolites (Wagner, Terasaki et 

al., 1999; Ohsuna et al., 2002), mesoporous materials (Sakamoto et al., 2000) 

and intermetallic compounds (Zou et al., 2003). In this chapter, electron 
crystallography will be mainly applied on ordered porous materials.  

Ordered porous materials are a special family of porous materials. According 
to the notation of International Union of Pure and Applied Chemistry 
(IUPAC), porous materials with < 2 nm, 2 ~ 50 nm and > 50 nm pores are 
named as microporous, mesoporous and macroporous materials, respectively. 
One of the most important classes of microporous materials are zeolites, due 
to their wide industrial applications in for example catalysis, separation and 
ion exchange. The standard formula of zeolites is 
Mx/n[(AlO2)x(SiO2)y]·wH2O, where M exists as cations in the pores for 
charge balance. Basically, zeolite-like materials consist of tetrahedral TO4 
units which are connected via their vertices into a 3D framework. The 
central T atoms (T for tetrahedral) can be either Si or Al atoms.  In zeolite-
like materials, the chemical composition of the T atoms can be extended to P, 
Ge, Ti and other metal atoms. The crystal structures of zeolite materials are 
usually complex, with the unit cell volumes from a few up to ~20 cubic 
nanometers. Since the first discovery of the ordered mesoporous materials 
(Yanagisawa et al., 1990; Kresge et al., 1992), various mesoporous materials 
with distinct pore structures have been discovered including 1D, cage-like 
and bi-continuous pore structures and so on. 
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3.1 Polymorph B enriched zeolite Beta (Paper I) 

Some related zeolites can be considered as the stacking of the same type of 
layers with different stacking sequences. Mixing of these stacking sequences 
leads to stacking faults or twinning. There are many examples of stacking 
faults in zeolites, including the CHA (Dent & Smith 1958), Beta (Newsam, 
et al. 1988) and SSZ33/SSZ26 (Lobo et al., 1993) families. In order to fully 
understand the structures and properties of these materials, it is essential to 
study also their stacking faults or twinning. However, stacking faults make 
the crystallographic studies extremely complicated. The normal X-ray 
diffraction technique can only give very limited information. Electron 
crystallography becomes a unique technique for this kind of studies.  

 

Figure 3-1. Structure models for polymorphs A, B and C of zeolite Beta. Only T 
atoms are shown in the models. The common building layer of zeolite Beta is 
marked. 

High silica zeolite Beta is one of the most industrially important zeolites, due 
to their catalytic properties in fluid catalytic cracking (LaPierre et al., 1983; 
Chen & Huang, 1986; Huber & Corma, 2007), dewaxing (LaPierre et al., 
1983, 1985) and separation (Bond et al., 1974). The family of zeolite Beta 
(Figure 3-1) consists of three polymorphs: polymorph A, polymorph B 
(Newsam, et al. 1988) and polymorph C (Conradsson et al., 2000; Corma et 

al., 2001; Liu et al., 2001). These polymorphs are built from different 
stackings of the same building layer (Figure 3-1), i.e. the structures are 
distinct polytypes. Among them, polymorphs A and B always grow together 
and in most cases, there are many stacking faults. This makes the structure 
determination of polymorphs A and B very difficult.  
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Many scientists have been trying hard to make pure polymorph A or 
polymorph B as isolated phases. Recently, highly enriched polymorph B 
zeolite Beta (up to 90%) was synthesized, using a phase transformation 
mechanism, by our collaborators in Valencia, Spain (Paper I). A direct 
structure determination of the polymorph B still could not be performed by 
X-ray crystallography, due to the peak broadening and overlapping problem 
(Figure 3-2). An SEM image showing the typical morphology is given in 
Figure 3-3. In the present work, SAED and HRTEM were combined to 
identify the structure and study the defects. 

0 5 10 15 20 25 30 35 40

2 θθθθ

In
te

n
s

it
y

0 5 10 15 20 25 30 35 40

2 θθθθ

In
te

n
s

it
y

 

Figure 3-2. Powder X-ray diffraction of polymorph B enriched zeolite Beta. 

 

Figure 3-3. A SEM image showing the typical morphology of polymorph B enriched 
zeolite Beta. The polymorph B enriched zeolite Beta crystals show a wedge-shaped 
rod-like morphology. 

3.1.1 Experimental 

The polymorph B enriched zeolite Beta sample was crushed and ground in a 
mortar. A small amount of ground sample was then dispersed in ethanol and 
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dropped on a copper grid covered by thin holey carbon films. A 200kV TEM 
(JEM-2000FXII, +/-42º maximum tilt angle) and a 300kV TEM (JEM-3010 
Cs = 0.6mm, point resolution 1.7Å) were used for taking electron diffraction 
patterns and HRTEM images, respectively. A highly sensitive Gatan 
Multiscan 600HP CCD camera was used for recording the HRTEM images, 
while electron diffraction patterns were recorded by a Keen-view CCD 
camera. Scanning electron microscopy (SEM) was performed on a high-
resolution JEOL JSM-7401F at 2.0 kV with a working distance of 2.0 mm.  

3.1.2 Structure determination of zeolite Beta polymorph B 

A series of SAED patterns were taken, by tilting a crystal around one of the 
main reciprocal axes, for unit cell determination. Two SAED patterns in this 
series are shown in Figure 3-4. Most of the reflections in these patterns are 
elongated, forming streaks. Since the length of a reflection node is inversely 
proportional to the dimension of the homogeneous domain of the crystal, we 
can interpret these streaks as that the zeolite Beta crystal is rich in stacking 
faults. It is difficult to determine the unit cell from this tilt series. In order to 
solve this problem, several sets of tilt series of SAED patterns were collected 
on different crystals. One of those tilt series, taken from a crystal with fewer 
defects than the other crystals, is shown in Figure 3-5. Both strong and weak 
diffraction rows are present in the SAED patterns of this series. A diffraction 
spot appears as the Ewald sphere cuts through the reflection. When 
reflections are not at the exact Bragg conditions, the intensities of the 
reflections become weaker. Therefore, only the strong diffraction rows in the 
SAED patterns are considered to belong to the zero-order Laue zone 
(marked in Figure 3-5), while the weak diffraction rows belong to the higher 
order Laue zones.  

  

Figure 3-4 SAED patterns from a tilt series of polymorph B enriched zeolite Beta 
around the c* axis. Only every third row has sharp spots, while the others contain 
streaks. 

c* c* 
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Figure 3-5. An SAED tilting series around (h h 0) reflections. The tilt angles are 
indicated. The arrows mark the first rows belonging to the zero-order Laue zone. 

The positions of the reflections 
were estimated and the intensities 
were extracted using the program 
ELD (Zou et al 1993). The output 
files were used as input to the 
program Trice (Zou et al., 2004). 
Trice then used all the reflections 
together with the geometric 
relationships between these SAED 
patterns, i.e. their relative tilt angles, 
to reconstruct a 3D reciprocal 
lattice, which indicates that zeolite 
beta polymorph B is monoclinic 
(Figure 3-6). The unit cell 
parameters were determined by 
Trice to be a = 17.97 Å, b = 17.97 
Å, c = 14.82 Å and β = 113.7˚. All 

 Figure 3-6. The 3D reciprocal 
lattice of zeolite Beta polymorph 
B determined by Trice and 
viewed along the [1 1 0] direction. 
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the SAED patterns could be indexed based on the unit cell. 

The reflections are elongated along the c* direction. Stacking faults are 
between layers perpendicular to the c* axis. Thus, we can conclude that the 
stacking layers are parallel to the ab-plane of the structure.  

The next step is space group determination. The SAED patterns along the 
three main zone axes are shown in Figure 3-7. Due to the twinning, the [1 0 
0] and [0 1 0] zone axis always appear in the same pattern. The reflection 
conditions observed from the SAED patterns (Figure 3-7) are: hkl: h + k = 2n; 
h0l: h = 2n and l = 2n; 0k0: k = 2n. The possible space groups deduced from 
these reflection conditions are Cc and C2/c. 

 
Figure 3-7. SAED patterns of a) twinned [1 0 0] and [0 1 0] b) [0 0 1] c) [103].   

The space group C2/c is 
centrosymmetric while Cc is 
noncentrosymmetric. Since there is 
always an inversion centre in 
reciprocal space, these two space 
groups cannot be distinguished by 
ED, but only from HRTEM images. 

The SAED pattern along the [1 1 0] 
direction (Figure 3-8) has many 
strong reflections, indicating that 
this projection contains especially 
useful structural information. 
Moreover, since some reflections 
contain nonzero l indices, HRTEM 
images along this direction may 
give useful information regarding 
the stacking faults.  

A through-focus series of HRTEM images were taken around the Scherzer 
defocus. The one closest to the Scherzer defocus is shown in Figure 3-9a. 
The arrangement of an ABCABC. . . stacking sequence of the channels 

Figure 3-8. An SAED pattern 
taken along the [1 1 0] direction. 
The c* axis is marked in the 
figure. Only every third row has 
sharp spots, while the others 
contain streaks. 

[1 1 0] 

 

c* 
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dominates clearly in this image. The image processing program CRISP was 
used to process the HRTEM images. The thinnest area at the bottom of the 
HRTEM image was selected for image processing. A lattice averaged map 
with p1 symmetry is shown in Figure 3-9b. All the possible 2D symmetries 
were tested, and the Figures of merit were calculated by CRISP in terms of 
phase residuals (φRes). The image processing result shows a reasonable phase 
residual for p2 symmetry (~18˚). The corresponding p2 symmetry imposed 
map is shown in Figure 3-9c. The projection symmetry p2 is consistent with 
the space group C2/c, while the projection symmetry of C/c should only be 
p1.  

 

Figure 3-9. a) An HRTEM image of polymorph B enriched zeolite Beta taken along 
the [1 1 0] direction. b) and c) lattice averaged maps by imposing p1 and p2 plane 
group symmetries, respectively. 

The phases from HRTEM images are inverted with respect to the 
crystallographic structure factor phases, since all the images are taken at 
under-focus condition. The dark regions represent high potential, i.e. the 
black dots in the image indicate atomic positions. From the p1 map (Figure 
3-9b), 12-ring channels can be recognized clearly. From the p2 map (Figure 
3-9c), also well-resolved 4-, 5-, and 6-rings can be observed. The quality of 
this HRTEM image is good enough to interpret this structural projection.  

a 

b c p1 p2 

10 nm 
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Amplitudes and phases of the crystallographic structure factors for all 
reflections with d > 2.5 Å were extracted from the HRTEM image by the 
program CRISP. There are 39 symmetry-independent reflections in total. All 
the phases must be 0˚ or 180˚ since the structure is centrosymmetric. 
Symmetry operations in space group C2/c were used to generate all 
equivalent reflections and in total 152 reflections were obtained from these 
39 independent (h h l) reflections. Note that although all reflections were 
extracted from a single image along the [1 1 0] direction, 3D information can 
be obtained, since the projections in the [1 1 0] and the [1 1  0] directions are 
equivalent in C2/c symmetry.  

 

 

Figure 3-10. a) 3D electrostatic potential map of zeolite Beta polymorph B obtained 
from a singe HRTEM image, with the Si positions superimposed. b) The structure 
model containing O and Si atomic positions refined by DLS-76. 

The 3D electrostatic potential map of zeolite Beta polymorph B (Figure 3-
10a) was reconstructed by an inverse Fourier transformation from the 
amplitudes and phases of the 152 reflections, using the software eMap 
(Oleynikov, 2008). The iso-surface of the 3D potential map at 10% of the 
maximum value is shown in Figure 3-10a. From this 3D potential map, nine 
unique atomic positions can be identified. Since this structure consists of Si 
and O atoms, and the scattering power of the Si atom is much higher than the 
O atom, all nine positions are assigned as Si atoms. The atomic coordinates 
were read out directly from this potential map. The distances between the Si 
atoms are reasonable. Each Si atom is connected to four other Si atoms, 

a 

b 
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resulting in a 3D framework (see Figure 3-10b), as expected for a zeolite 
structure. 

This structure model is still incomplete, since oxygen atoms could not be 
resolved. This is as expected since the resolution of the TEM (about 1.7 Å) 
is lower than the Si-O distances (about 1.6 Å). However, the oxygen atoms 
can be deduced geometrically, since they have to be roughly half-way 
between all Si atoms. These first rough positions may be further refined. A 
crystallographic refinement optimizes the agreement between a structure 
model and the observed data (or any known chemical information). Here, we 
use the geometrical knowledge from other known zeolites, where there is 
always an oxygen atom between each pair of Si atoms. Thus, oxygen atoms 
were inserted geometrically between the neighbouring Si atoms. In total, 16 
unique O positions were obtained. Then, a distance least-squares refinement 
was performed, in order to optimize all neighbouring distances Si-O (1.616 
Å) and O-O (2.639Å) by using the program DLS-76 (Baerlocher, 1976). The 
unit cell parameters were also refined to be a = 17.70 (15) Å, b = 17.70 (15) 
Å, c = 14.33 (11) Å and β = 114.89 (1)º. 

The final structure model of zeolite beta polymorph B agrees very well with 
the proposed structure (Newsam et al. 1988). The structure is built from a 
building layer consisting of 12-ring structures. Adjacent layers are related by 
an inversion centre located between the layers. The 12-ring pores are shifted 
from each other and packed in an ABCABC. . . stacking sequence. The 
structure of polymorph B contains intersecting channels in three directions, 
with straight 12-ring channels along the [1 1 0] and [1 1  0] directions and 
inclined 12-ring channels along the [0 0 1] direction. 

3.1.3 Twin structures in zeolite Beta  

In addition to the stacking faults in polymorph B enriched zeolite Beta, there 
exist twinning problems in the crystals. In order to fully understand the 
material properties, characterization of these defects is necessary. As can 
seen from a TEM image along the [1 1 0] direction (Figure 3-11), the crystal 
has a characteristic wedge shaped morphology. Two of the surfaces are not 
smooth, but ridged. A (0 0 1) horizontal plane lies as a mirror plane in the 
middle of the crystal. It is obvious that the crystal is twinned. SAED studies 
show that the two surfaces on the left side have the same index, (1 1  1).  
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Figure 3-11. A TEM image of the polymorph B enriched zeolite Beta taken along 
the [1 1 0] direction.  

 

Figure 3-12. An HRTEM image of the polymorph B enriched zeolite Beta taken 
along the [1 1 0] direction showing the ABC and CBA type stackings. Insets are 
Fourier transforms of a) the whole image and b) the pure ABC type stacking area. 
The ABC and CBA stacking areas are marked by white and black line, respectively. 
A large pore is indicated by the arrow at the bottom left. The dash line indicates the 
ab-plane of the structure. 

An HRTEM image was taken along the [1 1 0] direction from a zeolite Beta 
crystal (Figure 3-12). The HRTEM image shows that the 12-ring channels 
mostly stack in the ABCABC… or CBACBA… sequences inside the crystal. 
The ABCABC… stacking sequence is the most common in this image, 
intergrown with a small amount of CBACBA… stacking sequence. 
ABCABC… stacking and CBACBA… stacking sequences are indicated in 
Figure 3-12. In all HRTEM images, the twin boundary is always parallel to 
the ab-plane of the structure, as marked in Figure 3-12. Defects can be found 
when the stacking sequence of the channels changes. The saw-tooth ridges 

m 

(1 -1 1) 

(1 -1 1) 

(0 0 1) 

10 nm
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are always located at the top and bottom surfaces of the crystal, where more 
defects are observed than at the centre of the crystal. The Fourier transforms 
calculated for the areas with mixed stacking and pure ABC stacking, 
respectively, are shown as the insets Figure 3-12a and b. Figure 3-12a shows 
the same feature as found in the SAED pattern in Figure 3-4, where two out 
of three diffraction rows contain streaks. In the middle of the crystal, the 
homogeneous stacking area is relatively bigger. Therefore, sharp diffraction 
spots are obtained (Figure 3-12b). Electron diffraction patterns from pure 
and mixed stacking sequence areas are shown in Figure 3-13, and the perfect 
and twinned structure models are given beside the corresponding SAED 
patterns.  

 

Figure 3-13. Electron diffraction patterns and structure models viewed along the 
[1 1 0] direction of (above) a perfect polymorph B and (below) a twinned polymorph 
B. 

Generally, the surfaces of most perfect crystals are relatively smooth.  
However, as shown in Figure 3-14a, there are clearly two ridges at the 
boundary of the crystal. An enlarged HRTEM image from the area between 
the two ridges is given in Figure 3-14b, where the noise has been filtered 
away. Although different stacking sequences can grow from the same ab-
plane of zeolite Beta, these ridges have distinct stacking sequences, as 
ABCABC…and CBACBA…, respectively. From the structure model in 
Figure 3-14c, their frameworks do not fit each other horizontally, so a large 
pore defect is formed in between. This kind of large pore defect is also seen 
in the left-bottom corner of Figure 3-12. Such kind of large pore defects has 
been reported for zeolite Beta, but not at the boundaries (Wright et al., 2005). 
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These defects significantly increase the surface energy and may speed up the 
dissolving.  

Due to the symmetry of the zeolite Beta polymorph B, there should be also 
stacking faults in the orthogonal [1 1  0] direction. The stacking behaviour at 
the crystal surface should also be the same. This can be confirmed from the 
SEM image in Figure 3-3, where the ridges can be observed along both 
directions. 

 

Figure 3-14. a) An HRTEM image taken from a boundary of two twinned 
polymorph B crystals showing the formation of surface ridges. b) An enlarge image 
of the twin after a low-path Fourier filtering. c) The corresponding structure model 
of the twin. 

3.2 Ordered mesoporous materials: IBN-9 and IBN-6 

(Paper II) 

There are fewer types of ordered mesoporous structures than zeolites. Bi-
continuous mesoporous materials are one of the most important families of 
ordered mesoporous materials. The reported bi-continuous mesoporous 
structures preferably have cubic symmetries, such as Ia 3 d, Pn 3 m and 
Im 3 m with representative mesoporous materials MCM-48, ASM-10 and an 
unnamed phase, respectively (Carlsson et al., 1999; Gao et al., 2006; 
Finnefrock et al., 2001). These materials are characterized by two 
interwoven but disconnected mesoporous channels, which are separated by a 
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single continuous silica wall (Figure 3-15). However, no tri-continuous 
mesoporous structures had been observed so far.  

  

Figure 3-15. Structure models of bi-continuous mesoporous phases in the space 
groups  Ia 3 d, Pn 3 m and Im 3 m (from left to right) generated by eMap. The red 
and green surfaces are towards the silica wall and pore, respectively. 

Two new mesoporous silica IBN-9 and IBN-6 were synthesized, in similar 
conditions except for the pH values, by our collaborators Dr. Yu Han et al. 

from Institute of Bioengineering and Nanotechnology (IBN), Singapore. 
IBN-9 is the first tri-continuous mesoporous material, as reported in paper II 
of this thesis. IBN-6 has a bi-continuous mesoporous structure, similar to the 
known mesoporous material MCM-48 but with thicker walls. Because these 
two materials were obtained with only slightly different synthesis conditions, 
their structure relationship may also point out the phase relationship and is 
very valuable for designing the synthesis of new mesoporous materials. 

3.2.1 Experimental of IBN-9 and IBN-6 

Most of the TEM samples were crushed and ground in a mortar. A small 
amount of ground sample was then dropped on a copper grid covered with 
thin holey carbon films. The fibre-like IBN-9 crystals were cut perpendicular 
to the fibre direction by ultramicrotomy in order to view along the fibre 
direction. A 200kV TEM (JEM-2100) and a double tilt holder (+/-42 and +/-
30 degrees) were used for taking electron diffraction patterns and HRTEM 
images. An upper mounted CCD (Gatan ES500W Erlangshen) and a bottom 
mounted CCD (Gatan SC1000 ORIUS) were used for recording electron 
diffraction patterns and HRTEM images, respectively. 

3.2.2 Structure determination of IBN-9 

IBN-9 exhibits fibre morphology with diameters of 60–300 nm and lengths 
of 5–30 µm (Figure 3-16a). From an enlarged image of a crystal, the point 
group symmetry of IBN-9 can be determined as 6/mmm. The powder X-ray 
diffraction pattern shows features that differ from all known mesoporous 
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structures. The strong diffraction peaks indicate that the porous structure of 
IBN-9 is well ordered (Figure 3-16b).  

 

Figure 3-16. a) SEM image and b) powder X-ray diffraction pattern of IBN-9. 
Inserted in the SEM image is an enlarged image, showing the hexagonal 
morphology of these crystals. 

A series of SAED patterns (Figure 3-17) and HRTEM images (Figure 3-18) 
were taken by tilting the crystals around the 6-fold axis and axes 
perpendicular to the 6-fold axis. Normally, the pores in the mesoporous 
materials are not completely identical, resulting in blurred diffraction spots 
in SAED patterns. Yet, the Fourier transforms of the HRTEM images are 
clear enough to allow us to determine the unit cell of IBN-9. 

 

Figure 3-17. SAED patterns of IBN-9, taken along a) [100], b) [1 1 0] and c) [001] 
directions. 

Using a similar procedure as applied for zeolite Beta, a hexagonal unit cell 
was determined from the tilting series, with a = 88.4 Å and c = 84.3 Å. A 
reconstructed reciprocal lattice of IBN-9 was obtained using the Trice 
program as shown in Figure 3-19. 

a b c 

a b 
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Figure 3-18 HRTEM images taken from the directions given in the enlarged SEM 
image shown on the right. The HRTEM images in a), b) and c) can be determined 
along the [100], [1 1 0] and [001] directions, respectively. 

 

The reflection conditions obtained from the Fourier transforms of HRTEM 
images and SAED patterns are: h-hl: l = 2n; 00l: l = 2n. There are three 
possible space groups having those conditions; P63cm, P 6 c2 and P63/mcm.  

The space group of IBN-9 can be determined from the projection symmetries. 
The projection symmetries were observed from the HRTEM images using 
image processing by the program CRISP. They are p2mm (ϕres = 3.0º), p2gg 
(ϕres = 10.0º) and p6mm (ϕres = 8.5º) for the [1 0 0], [1 1  0] and [0 0 1] 
directions, respectively. The space group of IBN-9 was then uniquely 
identified as P63/mcm. This is in consistent with the powder X-ray 
diffraction data. All peaks in the powder X-ray diffraction data correspond to  

Figure 3-19. The 3D reciprocal lattice 
of IBN-9 reconstructed from the tilt 
series of IBN-9 and viewed along the 
c-axis using the program Trice. The 
six different colours of spots indicate 
data from six different zone axes. 
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strong reflections observed from the SAED patterns along the [1 0 0], [1 1  0] 
and [0 0 1] directions. 

The structure factor amplitudes and phases of IBN-9 were extracted using 
CRISP. Since IBN-9 is centrosymmetric, all the phases were restricted to be 
0 or 180º. A total of 29 unique reflections were obtained from the three 
HRTEM images shown in Figure 3-20. 

 

 
Figure 3-20. HRTEM images of IBN-9: a) along the [0 0 1] direction; b) along the 
[1 0 0] direction; c) along the [1 1  0] direction. The inserts are the corresponding 
Fourier transforms and lattice and symmetry averaged maps. d) the 3D potential map 
reconstructed from the three HRTEM images showing a tri-continuous pore 
structure. The yellow and orange surfaces are towards the channels and the silica 
wall, respectively. The inter-woven channel systems are shown by three rod 
networks with different colours. 

Because of the large unit cells, reflections from a mesostructured crystal 
have very short reciprocal lattice vector lengths u. Because of the CTF, the 
phases of all reflections obtained from the HRTEM images were shifted by 
180° compared to the structure factor phases. The amplitudes obtained from 
the HRTEM images, however, were attenuated significantly by the CTF 
compared to the structure factor amplitudes. Therefore the amplitudes need 

d 
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to be compensated for the effects of the CTF. The defocus values were 
determined from the Fourier transform of the amorphous region at the crystal 
edges and the CTF effects were corrected using the following equation: 

= o
A

A 
C

   ( 
sin[ ( )]  ( sin[ ( )] 1/3)

1/3            ( sin[ ( )] 1/3)

C χ χ

C = χ

= ≥

≤

u u

u
)                 (3.1) 

where A is the structural factor amplitude of a reflection after compensating 
for the effects of CTF, Ao is the observed amplitude of the given reflection 
and u is the corresponding spatial frequency of the reflection.  

The reflection data from all directions were merged into one 3D data set. 
This work was done by the program Trice using the common reflections, 
such as (-h h 0) reflections for the [1 1 0] and [0 0 1] directions and (h h 0) 
reflections for the [1 1  0] and [0 0 1] directions. 

By adding 180º to all the phases obtained from HRTEM images, channels 
corresponded to lower density. Among all the reflections, the (1 1 0) 
reflection has the strongest intensity. The reflections with amplitudes larger 
than 5% of (1 1 0) were used in the inverse Fourier transformation. An 
electrostatic potential map was calculated by the program eMap. When 
different thresholds for what is considered a wall are applied, the pore 
volume changes accordingly. The pore volume was determined 
experimentally as 0.72 cm3/g from the N2 adsorption-desorption isotherm. 
The silica wall density was 2.2 g/cm3.  The threshold in eMap was set to 
conform to the experimentally measured pore volume fraction. The average 
pore size (3.2 nm) and the surface area (810 m2/g) from this threshold are 
consistent with the corresponding values determined from N2 adsorption-
desorption isotherm (BJH pore size = 3.0 nm, BET surface area = 842 m2/g).  

The 3D pore structure is shown in Figure 3-20d. The IBN-9 structure is 
characterized by a series of zigzag channels running parallel to the c-axis. 
These zigzag channels are further connected by ternate channels 
perpendicular to the c-axis. IBN-9 contains three independent but 
interwoven channels as indicated by rod models inside the channels. The 
IBN-9 is the first reported tri-continuous mesoporous silica. 

When the structure of IBN-9 is combined with the crystal morphology, a 3D 
model in Figure 3-21 can be made by the program eMap, representing a real 
crystal. As we can see from this model, the zigzag channels go through the 
long dimension of the crystal while the “ternate channels” between these 
zigzags channels are always perpendicular to the c-axis. According to the 
crystal dimensions of IBN-9, the length of the zigzag channels is up to 
several micrometers, while the length of the “ternate channels” channel is 
only a few hundreds nano-meters. 
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Figure 3-21. A 3D model representing a IBN-9 crystal. 

3.2.3 Structure determination of IBN-6 

The crystals of IBN-6 show cube like morphology, with diameters of 100–
400 nm. An SEM image of IBN-6 is shown in Figure 3-22a. Powder X-ray 
diffraction data is given in Figure 3-22b. From the HRTEM images in Figure 
3-23b, both 4-fold and 6-fold projection symmetries are found, which further 
confirms that the IBN-6 structure is cubic. 

From TEM images taken along the [0 0 1], [1 1 0] and [1 1 1] directions, a 
cubic unit cell with a = 91.0 Å was obtained. The reflection conditions from 
the Fourier transforms of the HRTEM images are h-hl: l = 2n and 00l: l = 2n. 
The corresponding space group was uniquely determined as Ia 3 d. 

 

Figure 3-22. SEM image a) and powder X-ray diffraction b) of IBN-6. 

HRTEM images were processed using the program CRISP. The projection 
symmetries were determined as p4mm, c2mm and p6mm for the [0 0 1], [1 1 
0] and [1 1 1] directions, respectively (Figure 3-23). 

The intensities of the reflections were extracted from the powder X-ray 
diffraction data. The intensities from powder X-ray diffractions are used to 
calculate structure factor amplitudes. The phases of the structure factor were 

b   a 
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extracted from the HRTEM images using the program CRISP. Since Ia 3 d is 
centrosymmetric, all the phases were restricted to be 0o or 180o. 

 
Figure 3-23. HRTEM images of IBN-6. a) along the [1 1 1] direction. b) along the [1 
1 0] direction and c) along the [1 0 0] direction. The inserts are the corresponding 
Fourier transforms. d) the 3D potential map reconstructed from the three HRTEM 
images showing a bi-continuous pore structure. The yellow and orange surfaces are 
towards the channels and the silica wall, respectively. The two inter-woven channel 
systems are shown by two rod networks with different colours. 

An electrostatic potential map was obtained at a threshold of 56.9% 
corresponding to a pore volume of IBN-6 as determined from the mesopore 
volume (0.60 cm3/g) and silica wall density (2.2 g/cm3). As shown in Figure 
3-24d, the final potential map of IBN-6 has two interwoven but unconnected 
channels, a so-called bi-continuous porous system. A well known 
mesoporous structure with space group Ia 3 d is the bi-continuous structure 
with MCM-48 as a first representative. Both the powder X-ray diffraction 
patterns and the HRTEM images of IBN-6 are very similar to those of 
MCM-48. We concluded that IBN-6 and MCM-48 are isostructural.   

d 
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3.2.4 From bi-continuous to tri-continuous mesoporous 

materials 

The bi-continuous mesoporous material MCM-48 is characterized by the 
silica wall of the structure, following a 3D periodic minimal surface, the 
Gyroidal minimal surface (G-surface), to minimize the surface energy. The 
Gyroidal-surface divides the 3D space into two identical chiral channels with 
opposite handedness. IBN-6 with bi-continuous channels has the same 
features as MCM-48. 

Just as in IBN-6, the channels of IBN-9 are also interwoven. Interestingly, 
the silica wall of IBN-9 follows a branched tri-continuous hexagonal 
minimal surface (H-surface). This H-surface had been predicted as a 
particularly stable kind of multi-continuous minimal surfaces (Hyde & 
Schröder, 2003). Branched H-surfaces were also predicted to have higher 
energy than G-surface geometrically, due to the surface interaction. We 
analyzed the surface mean curvatures of different mesophases in order to 
understand the phase relationships, see Figure 3-24. The average mean 
curvature increases from the cubic IBN-6 (0.01(3) nm-1) to the 3D hexagonal 
IBN-9 (0.16(14) nm-1), which agrees with the Hyde and Schröder’s 
prediction. IBN-9 has a larger mean curvature variation than IBN-6. The 
regions with high mean curvatures in IBN-9 are associated with the zigzag 
channels along the c-axis. The regions associated with the ternate channels, 
on the other hand, have low mean curvatures close to those of the gyroidal 
channels in IBN-6.  

 

Figure 3-24 Distribution of surface mean curvatures in the three different 
mesophases. The silica wall surfaces of a) IBN-9 b) IBN-6 coloured with the 
corresponding surface mean curvatures. The unit of the rainbow bar is nm-1. 

Another phase, IBN-10, with the structure consisting of 2D hexagonal 
channels, was also synthesized with the same surfactant. The synthesis 
condition of IBN-9 is between that of IBN-6 and IBN-10. All these clues 
show that IBN-9 is an intermediate phase between the bi-continuous cubic 
mesophase and the 2D hexagonal mesophase.  

a b 
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3.3 Structure determination of ITQ-37 (Paper III) 

The power of electron crystallography combined with powder X-ray 
diffraction was clearly demonstrated by the crystal structure determination of 
three new complex zeolites, TNU-9, IM-5 and SSZ-74 (Gramm et al. 2006; 
Baerlocher et al. 2007; Baerlocher et al. 2008). Here we present the structure 
of a new chiral zeolite, ITQ-37, solved by combining powder X-ray 
diffraction and electron crystallography. ITQ-37 has the largest pores and 
lowest framework density among all known zeolites. 

  

Figure 3-25. a) Powder X-ray diffraction and b) SEM image of ITQ-37.  

The germanosilicate ITQ-37 is a new zeolite-like material, synthesized by 
our collaborator Prof. Corma’s group in Valencia, Spain. ITQ-37 shows 
good thermal stability and interesting catalytic properties. The powder X-ray 
diffraction data of ITQ-37 is shown in Figure 3-25a. Due to the small crystal 
size (70-200 nm) (see Figure 3-25b) and large unit cell parameters, the peak 
broadening and overlapping problems are very serious. It is very difficult to 
determine the atomic structure based on powder X-ray diffraction data alone.  

3.3.1 Experimental 

A small amount of ITQ-37 sample was dispersed in ethanol and dropped on 
thin carbon films supported on copper grids. Two 300kV TEMs (JEM-3010 
Cs = 0.6mm, point resolution =1.7Å) were used for taking electron 
diffraction patterns and HRTEM images. A highly sensitive Gatan Multiscan 
600HP CCD camera was used for recording HRTEM images. Electron 
diffraction patterns were taken by a Keen-view CCD camera. 

ITQ-37 is much more electron beam sensitive than normal zeolites. During 
most of our experiments, there was almost no chance to observe any 
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reflections, because the crystals were damaged by the electron beam in a few 
seconds on JEM 3010 with TEM mode, spot-size 5 and minimal brightness. 
ITQ-37 crystals could only survive under so weak electron beams that an 
exposure time of 60s - 120s was needed to obtain a SAED pattern or an 
HRTEM image using NBD mode. Tilt series of SAED patterns and HRTEM 
images could not be obtained for ITQ-37. 

3.3.2 Structure determination of ITQ-37 

After many trials, electron diffraction patterns with a resolution about 3.3Å 
were obtained, which show 4-fold and 6-fold symmetries (Figure 3-26a,b). 
Thus, the crystal system could be determined as cubic. The unit cell 
parameter was determined from the SAED patterns and further refined by 
the powder X-ray diffraction data to be a = 26.5126(3) Å.  

 

Figure 3-26. SAED patterns and HRTEM images of ITQ-37, taken along the [1 0 0] 
(a and c) and [1 1 1] (b and d) directions. The inserts in c and d are symmetry-
averaged images by imposing the symmetries p4gm and p3m1, respectively.  

The reflection condition was found to be h00: h = 4n, which indicates that 
the space group is either P4132 or P4332 (chiral with opposite handedness).  

HRTEM images were taken along the [1 0 0] and [1 1 1] directions. The 
image processing results (Figure 3-16c, d) of the HRTEM images using 
CRISP show p4gm and p3m1 symmetries for the [1 0 0] and [1 1 1] 
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directions, respectively, which further confirms the space groups P4132 or 
P4332. 

Due to the radiation sensitivity of this compound, the resolution of the 
images was only about 6 Å, too low to resolve the individual Si atoms. Yet, 
the channels are shown clearly in the HRTEM images. The amplitudes and 
phases of all the significant reflections were extracted from the HRTEM 
images. All reflections from different images were merged into one 3D 
reflection data set, using common reflections, such as the {h h 0} reflections, 
for scaling. This was done using the program Triple. A calculated 3D 
electrostatic potential map is shown in Figure 3-27. The threshold was not 
known. Therefore, this potential map can only tell the topology of the 
channels. Yet, this information is very useful for further structure 
determination by powder X-ray diffraction. Regarding to this structure 
solution, the red and green surfaces in the potential map of ITQ-37 (Figure 
3-27) correspond to the framework and the channel, respectively. This 
structure is finally proved by the HRTEM images and the electrostatic 
potential map. Interestingly if we adjust the threshold, the equal potential 
surface is very close to the G-surface, seen in IBN-6. Here, the framework of 
ITQ-37 is filled in just one of the Gyroidal channels, leaving the other one 
empty as a channel. Therefore, ITQ-37 displays a chiral structure. The 
structure of ITQ-37 was first solved by combining the electron diffraction 
data and powder X-ray diffraction data using the charge-flipping algorithm. 
The details of the structure determination can be found in paper III of this 
thesis. 

  

 
Figure 3-27. A 3D electrostatic 
potential map of 2×2×2 unit 
cells of ITQ-37, reconstructed 
from the HRTEM images along 
the [1 0 0] and [1 1 1] directions. 
The gyroidal channels are 
shown. The white box indicates 
one unit cell of the ITQ-37. The 
red and green surfaces are 
towards the framework and the 
channel, respectively. 

  



45

3.4 A short summary 

Structural studies of four distinct porous structures are presented in this 
chapter, as summarized in Table 3-1. The structures of zeolite Beta 
polymorph B and the first tri-continuous mesoporous silica IBN-9 were 
solved by electron crystallography alone. The two other structures, the chiral 
zeolite ITQ-37 and the bi-continuous mesoporous silica IBN-6, were solved 
by combining powder X-ray diffraction and electron crystallography. The 
structure factor phases are mainly obtained from the HRTEM images, with 
the only exception of ITQ-37, where the phases were obtained from charge-
flipping iterations (Baerlocher et al., 2007). The HRTEM experiments need 
more experiences and patience compared with other TEM techniques. 
Maybe, this is the most troublesome thing for scientists who are not familiar 
with HRTEM. Electron diffraction patterns are easier to obtain. 
Crystallographic problems can be solved from electron diffraction data if the 
quality and completeness are comparable to those of the single-crystal X-ray 
diffraction data. In the next chapter, we will introduce methodology 
developments of electron diffraction towards this goal. 

Table 3-1. Summary of the techniques used for structural characterizations. 

 Zeolite Beta ITQ-37 IBN-9 IBN-6 

Space group TEM TEM TEM TEM 

Structure factor 

amplitudes 
TEM X-ray & TEM TEM X-ray or TEM 

Structure factor 

phases 
TEM Charge-

flipping* 
TEM TEM 

*Details of the charge flipping method can be found in paper III of this thesis. 
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4 New methods for automatic collection of 
complete 3D electron diffraction data 

Successful examples of structural analysis by electron diffraction were 
already demonstrated in 1950s (Vainshtein, 1964). However, a common 
belief was still that electron diffraction data could not be used for solving 
crystal structures due to the strong dynamical effects. If a great care is taken 
to collect electron diffraction data only from the thinnest part of a crystal, it 
was possible to use these data to solve unknown structures, as for example 
demonstrated for Ti11Se4 (Weirich et al., 1996) and Zr2Se (Weirich et al., 
2000). Several zeolite structures were solved from electron diffraction data 
(Wagner, Terasaki et al., 1999). However, electron diffraction data are 
normally dynamical and incomplete compared with X-ray diffraction, as 
been discussed in the first chapter. Studies on methodology targeting at the 
solutions of these problems are given in this chapter. The details of the 
topics in this chapter are available in paper IV and V attached to this thesis. 
The crystal structures of the samples used for the methodology studies are 
known. Since only when the structure is known, feedback can be achieved 
that helps to evaluate the new methods. 

4.1 Precession electron diffraction and 3D electron 

diffraction 

The invention of the electron precession diffraction (PED) method by 
Vincent and Midgley (1994) in Bristol brought new hope to the field of 
quantitative electron diffraction. In the PED data collection, the electron 
beam is tilted off the optical axis by a precession semiangle φ and precessed 
over all values of a rotation angle ω around the optical axis on the surface of 
a cone. After passing through the specimen, the electron beam is tilted back 
so that the direct beam coincides with the optical axis (de-scan). A 
diffraction pattern is obtained by the sum of a continuous set of electron 
diffraction patterns. The precession semiangle φ, generally called the 
precession angle, is typically 1º - 3º. During the electron beam precession, 
the reflections are scanned by the Ewald sphere with only a few reflections 
in Bragg condition at a moment, thus making dynamical effects much less 
pronounced than with the SAED technique. The PED patterns can go to 
higher resolution than an SAED pattern. The ray path of PED is given in 
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Figure 4-1. 

The Ewald sphere intercepts a reflection at different excitation error values 
depending on ω during the electron beam precession. Practically, this 3D 
information (the shape of the reflection nodes) is lost by integrating over ω. 
A PED pattern with integrated intensities contains only 2D information. 
Furthermore, the reflections at low angles stay in the Bragg condition for a 
longer time than the high angle ones. This leads to a geometrical error, called 
Lorentz effect, which needs to be corrected for in PED patterns in order to 
obtain correct intensities for crystallographic studies. 

Recently, another technique named electron diffraction tomography has been 
developed (Kolb et al., 2007) for collecting 3D ED data. Diffraction patterns 
are taken by rotating the sample holder with 1º step. During every exposure, 
a PED pattern is taken in order to collect more reflections and to integrate 
over the whole reflections. Since the selected crystal may have certain 
displacement during the rotation, high angle annular dark field (HAADF) 
images combined with a computer-controlled sample stage are used to track 
the crystal. 

 

Figure 4-1.Ray paths of PED (left) and electron beam rotation (right). 

Electron diffraction tomography gives new clues to obtain complete 3D ED 
data. TEM goniometers can normally guarantee an accuracy of ~0.1º, which 
may not get enough samplings for high-angle reflections in reciprocal space. 
On the other hand, a combination of PED and goniometer rotation, i.e. the 
rotation of the sample holder, is not very suitable for collecting complete 3D 
diffraction data, although PED is excellent for obtaining high-quality 

ω 
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diffraction data from a zone axis. The problem is that in each frame there 
will be many partially integrated reflections. It is very difficult to sort out 
which reflections are fully integrated and which are only partially integrated. 
The same problem was recognized in X-ray crystallography around 1970 
and led to the development of the oscillation/rotation method by Uli Arndt 
and Alan Wonnacott (Arndt & Wonnacott, 1977). Furthermore, the Lorentz 
effect of PED will be an additional problem, and HAADF detectors are not 
available in all TEMs. 

Modern electron microscopes and CCD cameras are computer-controlled, 
offering a chance to develop software for specific applications. It is thus 
possible to tilt the electron beam or specimen and collect electron diffraction 
patterns automatically. We have developed two new methods, the sampling 
method for PED data collection and the rotation method for collecting 3D 
electron diffraction data. The PED data collected by the sampling method 
contain a large number of ED frames which can be used to extract the 3D 
information of a reflection. In the rotation method, a combination of electron 
beam rotation and goniometer rotation is used. Between the goniometer 
rotations, about a hundred of ED patterns are collected by rotating the 
electron beam around an axis in parallel to the rotation axis of the 
goniometer. The 3D data with a thousand ED patterns could be collected by 
the rotation method in 1-2 hours and used to reconstruct a large portion of 
the reciprocal lattice. 

4.2 The sampling method and rotation method 

4.2.1 The sampling method for collecting PED data (Paper IV) 

In the data collection of the sampling method, the electron beam is precessed 
around the optical axis in discrete angles ωi, where 0º ≤ ωi < 360º. For each 
ωi, an individual ED frame is recorded by a CCD camera and saved in the 
local computer. A full PED pattern is obtained by summing all the individual 
ED frames of the complete cone. If the number of individual ED frames is 
large enough, this summed pattern is essentially identical to a conventional 
PED pattern. In a series of neighbouring individual ED frames, particular 
reflections are intercepted by the Ewald sphere at different values of the 
excitation error as shown schematically in Figure 4-2. Therefore, a volume 
in reciprocal space can be reconstructed through post data processing. The 
sampling method allows us to extract information on the reflection profiles 
and implement post-processing procedures to correct for background and 
Lorentz effect in order to obtain accurate diffraction intensities.  
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4.2.2 The rotation method for collecting complete 3D data 

(Paper V) 

In the rotation method, an electron beam rotation procedure is introduced 
with a similar ray path of PED (Figure 4-1). During the data collection of 
electron beam rotation, the electron beam is rotated relative to a static crystal 
by electromagnetic coils. As shown in Figure 4-2, the electron beam is 
rotated around an axis in parallel to the goniometer rotation axis in discrete 
angles φi. For each φi, an individual ED frame is recorded by a CCD camera 
and saved in the local computer. Electromagnetic coils in a TEM can give 
very precise rotation. An electron beam rotation step of 0.0005º can be 
archived on a JEM 2100 TEM. Similar to the sampling method, a large 
number of individual ED frames are collected during the electron beam 
rotation.  

  

Figure 4-2. The Schematic representation of the digital sampling method of PED and 
the electron beam rotation for the rotation method. The Laue circles of three 
individual electron beam tilts are indicated by thin, intermediate and thick circles. 
An intersection plane containing the direct beam and a reflection (h k l) spot is 
constructed perpendicular to the paper plane. In the lower part of the figure, the 
intersection plane is turned into the paper plane. The arrows indicate the movements 
of Ewald sphere. 
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In practice, the electron beam can only be rotated in a range of ± 3º to ± 5º 
(depending on the TEM; about ± 5º on JEM 2100). To collect 3D electron 
diffraction data the rotation method is designed to work by combining the 
electron beam rotation and the goniometer rotation. In a data collection using 
the rotation method, a set of individual ED frames are collected by the 
electron beam rotation within the limit of the beam tilt first. Then the crystal 
is rotated by an angle, e.g. 4º, using the goniometer, and another set of 
individual ED frames are collected by the electron beam rotation again. 
These procedures are repeated until the limit of the goniometer rotation is 
reached.  

The goniometer and the electron beam rotations need to have the same 
magnitudes of the rotation angle and the same rotation axis. Thus, the axis of 
electron beam rotation is set to be the same as goniometer. The beam tilt 
coverage is set to be a bit larger than the goniometer rotation step, ensuring 
some overlap between adjacent beam rotation series. This overlap can be 
used to estimate the goniometer rotation angle with respect to the electron 
beam rotation.  

The specimen may move during the goniometer rotation. A switch from 
diffraction mode (DIFF mode) to image mode (DIFFMAG mode) is 
performed after every goniometer rotation. If there is any displacement for 
the specimen, the goniometer shift function is used to move the crystal back 
to the original position.  

4.2.3 The design of the data collection software 

Programs designed for the data collection of the sampling and the rotation 
methods are fully automatic including the alignment and data collection 
procedures. TEM coils, goniometer (sample holder) and the CCD cameras 
are controlled by the programs to tilt the electron beam and to take ED 
frames. Basically, a user only needs to input a few parameters to the 
programs, such as the number of individual ED frames, the precession angle, 
the rotation ranges of the electron beam and sample holder etc, before 
starting the data collection. The details of the design of the programs can be 
found in paper IV and V attached to this thesis. 

4.3 Experimental 

The electron diffraction data were obtained on a JEOL JEM2100 TEM 
operated at 200 kV. A double tilt holder was used for data collection. This 
holder is capable of 80º (± 40º) alpha rotation (around the axis of the 
specimen holder, i.e. the goniometer) and 60º (± 30º) beta rotation (i.e. 
around an axis perpendicular to alpha). Only the alpha rotation was used 
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during the 3D diffraction data collection. The beta rotations were used for 
the zone axis search for PED data collection. Electron diffraction patterns 
were recorded by an upper-mounted Gatan ES500W Erlangshen camera and 
a bottom-mounted Gatan SC1000 ORIUS CCD camera.  The TEM and 
cameras were controlled by Gatan’s DigitalMicrograph scripts. The linearity 
of the CCD cameras has been tested and found to be quite linear up to close 
to the saturation limits.  

 

Figure 4-3. a) a precession electron diffraction pattern of K2O·7Nb2O5. The 
diffraction data extends to d ~ 0.76 Å using a precession angle of 1.1º. b) The 
structure model of K2O·7Nb2O5. The oxygen atoms lie between the Nb atoms. c) 
The projected potential map obtained using the program SIR97 (Altomare et al, 

 

 c 

a  b 
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1999). All the Nb positions (green circles) could be located. (From Oleynikov et al., 
2009) 

A crystal of K2O·7Nb2O5 with the tetragonal space group P4/mbm and unit 
cell dimensions of a = b = 27.5 Å, c = 3.94 Å was used as a test sample. The 
structure was solved from electron crystallography (Li et al. 1992) and is 
isotypic to Tl2O·7Nb2O5, solved by X-ray crystallography (Bhide and 
Gasparin 1979). Recently, we have also independently solved the structure 
of K2O·7Nb2O5 by applying direct methods on the PED data collected using 
a dedicated PED device Spinning Star (Oleynikov et al. 2009). All the Nb 
atoms were found from the projected potential map (Figure 4-3).  

A small amount of the K2O·7Nb2O5 sample was crushed before it was 
dispersed in ethanol. After ultrasonic treatment, a drop was taken from the 
ethanol solution and transferred to a copper grid covered by a holey carbon 
film. 

Intensities of reflections were extracted from raw or post-processed 
diffraction patterns using the programs ELD and Triple. The program 
SHELXL-97 (Sheldrick, 2008) was used for crystal structure refinement. 
Starting values for the atomic positions were taken from the crystal structure 
of Tl2O·7Nb2O5. The positions of Nb atoms were refined, while positions of 
O and K atoms were kept fixed.  

4.4 Data collection and processing 

4.4.1 PED data collection using the sampling method 

Digital PED data were collected using the sampling method with different 
precession angles (0.6˚, 1.1˚, 1.7˚ and 2.3˚). The number of ED frames was 
in a range between 20 and 120. Four individual ED frames (ω = 0º, 90º, 180º 
and 270º) selected from a data set with the precession angle (φ) equal to 1.1º 
are shown in Figure 4-4. As seen from these individual ED frames, the 
position of the direct beam on the CCD camera remains stationary, thus the 
data processing is simplified. During a data collection, the Laue circle can be 
found rotating about the (0 0 0) reflection as shown in these patterns. When 
the Laue circle runs back to the original position, i.e. ω = 360º, the data 
collection is finished.  
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Figure 4-4. Four individual ED frames illustrating the digital PED. The beam 
precession direction and the angles are marked.  

4.4.2 3D ED data collection using the rotation method 

As mentioned before, the accuracy of the goniometer rotation of JEM 2100 
TEM is ~ 0.1º. We first collected ED patterns every 0.2º only using 
goniometer rotation. Six ED pattern shown in Figure 4-5 are selected from 
that data set. In this figure, the (19 19 0) reflection at a distance of 1.0 Å-1 
away from the rotation axis is marked.  Laue circles can be seen clearly 
when the tilt angle is 0.6º to 1.0º. It is clearly seen that the Laue circle passes 
very quickly through the (19 19 0) reflection, intersecting the reflection only 
in the patterns at 0.4º, 0.6º and 0.8º rotation angle. Using this step size, the 
high-resolution reflections (outside 1 Å resolution) will not be sampled 
finely enough.  
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Figure 4-5. An SAED series using goniometer tilt with an interval of 0.2º. The         
(19 19 0) reflection is marked by a circle. Only the SAED patterns taken at 0.4º, 0.6º 
and 0.8º contain the marked reflection.  
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Figure 4-6. A series of SAED patterns taken by electron beam tilt, with an interval 
of 0.05º. The (19 19 0) reflection is marked by a circle.  

A consecutive series of electron diffraction patterns, using beam rotation 
with 0.05º steps was performed. In each range of 4º beam rotations, 80 
individual frames were obtained. After the electron beam rotation, the crystal 
was rotated by 3.5º by goniometer, creating a 0.5º overlap between two 
consecutive rotation series. On the JEM 2100, the goniometer allowed +/– 
40º tilt which gave 23 sets of 80 frames each. In total, 1800 frames were 
recorded. All the datasets from different goniometer rotation angles can be 
combined together with a 3D reconstruction program. Here, only one 
electron beam rotation data set close to the [0 0 1] zone axis is selected as an 
example for data processing and discussion.  

A small subset of individual frames of this electron beam rotation data set 
are shown in Figure 4-6.  The frames between 0.40º and 0.95º are selected 
and shown with the intervals of 0.05º. The Laue circle intersects the (19 19 0) 
reflection (with a d-value of 1.0 Å) in all these 12 frames. That sampling is 
fine enough for any reflection, since this reflection lies in the direction 
perpendicular to the rotation axis, it is swept through by the Ewald sphere 
faster than other reflections at the same resolution. It is concluded that a step 
size of 0.05º is necessary and sufficient for data collection of reflections with 
d > 1.0 Å.   
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4.4.3 Data processing 

Laue circles can be clearly seen in the individual frames of Figure 4-6. In 
Figure 4-7, a Laue circle is drawn on an ED frame in Figure 4-4 (ω = 0º). On 
this Laue circle, the excitation error equals zero. Another outer thin white 
circle indicates 0.08 nm-1 excitation error. These two circles share the same 
origin where the excitation error has its minimum value, −0.08 nm-1. In this 
way, excitation errors of all reflections in this individual ED frame can be 
calculated. When this calculation is applied for all the frames, the intensity 
profile of a certain reflection as a function of excitation error, i.e. a rocking 
curve, can be plotted. 

 

Figure 4-7. Regions of equal excitation errors on one individual ED frame. 

 

Figure 4-8. Rocking curves of the (19 19 0) reflection for a) the PED data obtained 
from 1.1º (120 individual frames) and b) the rotation method data at 0.05º tilt 
intervals. The rocking curves are plotted with diffraction intensities and excitation 
error as the vertical and horizontal axes. (d(19 19 0) = 1.02 Å) 
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As an illustration of the rocking curves for PED and the rotation method the 
(19 19 0) reflection data are shown in Figure 4-8. Based on these rocking 
curves, different types of data can be obtained by applying different data 
treatments. 

 

Figure 4-9. a) - e) Sum-PED patterns with precession angles 0.6º, 1.1º, 1.7º and 2.3º, 
respectively. All the data sets contain 120 individual frames. f) A sum- pattern of 4º 
electron beam rotation collected at 0.05º intervals (in total 80 frames). The rotation 
axis is marked by a white line. All the patterns have the same magnification with a 
scale bar drawn in a) 
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First of all, one can simply sum up the intensities of a reflection from all the 
individual frames, into one combined pattern. In the case of the sampling 
method of PED, this combined pattern is named sum-PED, according to the 
paper IV. As we can see from Figure 4-9, sum-PED patterns were obtained 
for different precession angles. Sum-PED patterns are equivalent to 
conventional PED patterns. The relative intensities at different resolutions 
(i.e. distance from the centre) change with the precession angle, as seen in 
Figure 4-9. 

A combined ED pattern of the electron beam rotation is obtained by 
summing 80 individual frames. One example, close to the [0 0 1] zone axis, 
is shown in Figure 4-9f . This combined pattern from electron beam rotation 
is referred to as a sum-combined pattern. 

 
Figure 4-10, a), b) and c) are the max-PED pattern from 1.1º, 1.7º and 2.3º PED data, 
respectively. d) is a max-combined pattern of the electron beam rotation calculated 
from 4º electron beam rotation data collected at 0.05º intervals. 

The highest intensity of a reflection is observed when the excitation error s = 
0, i.e. at the exact Bragg condition. We developed a max function, where the 
intensity at each pixel in the final pattern represents only the highest value 
for this particular pixel among all the ED frames. Such a function can only 
be applied if the direct beam remains exactly stationary (with a standard 
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deviation of one pixel) on the CCD detector during the whole PED pattern. 
This pattern is called max-PED and max-combined for electron beam 
rotation data, respectively. Since only the strongest value is considered in the 
final pattern, these patterns are free of Lorentz effect. The max-PED and 
max-combined patterns are shown in Figure 4-10. Clearly, the max-PED 
patterns taken at different precession angles (Figure 4-10a-c) are more 
similar than the sum-PED patterns (Figure 4-9c-e). 

 

Figure 4-11. Integrated-PED patterns from PED data collected at a) 1.1˚, b) 1.7˚ and 
c) 2.3˚ precession angles. High angle reflections show higher intensities compared 
with the normal PED (sum-PED) patterns because of the correction of Lorentz effect. 
d) An integrated-combined pattern obtained from the electron beam rotation data 
shown in Figure 4-9d. 

A third way of handling the data is to calculate integrated intensities. These 
are equal to the areas under the rocking curves. When the excitation errors 
for each pixel of individual ED frames have been estimated, an integrated-
PED pattern or integrated-combined patterns can be obtained by further 
calculating the areas of the rocking curves for each pixel with the following 
formula: 

c 
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where s is the excitation error and N is the number of individual ED frames, 
in which a given reflection is diffracting. Figure 4-11 shows the integrated-
PED and the integrated-combined patterns from the electron beam rotation 
data. In the these patterns, different numbers of sampling points for low and 
high angle reflections will not affect the integrated intensity, i.e. integrated-
PED patterns are also free from Lorentz effects. 

4.5 Discussion 

4.5.1 The PED sampling method 

Max-PED and integrated-PED patterns (Figures 4-10 and 4-11) are both free 
of Lorentz effects, but sum-PED patterns are not. Thus, max-PED and 
integrated-PED patterns are expected to give more reliable reflection 
intensities than sum-PED patterns. Crystallographic refinements were 
performed in order to quantitatively check this assumption. 

Intensities were extracted from sum-PED, max-PED and integrated-PED 
patterns. The crystal structure of K2O·7Nb2O5 was refined using these data 
sets. Three indicators were used to assess the data quality: (i) the Rmerge value 
for merging symmetry-equivalent reflections, (ii) the R1 value for the crystal 
structure refinement and (iii) the average shift <∆r> of atomic positions 
compared to the starting model. The resolution of all three data sets was 
restricted to d > 0.8 Å. Results of structure refinement on PED data for 
different precession angles and data processing strategies are summarized in 
Table 4-1.   

From the refinement results, Rmerge tends to increase with increasing 
precession angle, whereas R1 is almost independent of precession angle. 
Larger Rmerge values are obtained for integrated-PED data compared to the 
sum-PED data. All the <∆r> values are comparable and in a reasonable 
range < 0.1 Å, for all the precession angles. 

Table 4-1. Results of structure refinement on PED data for different precession 
angles and data processing strategies. (The unit of <∆r> is Å.) 

Precession 
angle 

 

Rmerge 
1.1° 
R1 

 
<∆r> 

 

Rmerge 
1.7° 
R1 

 
<∆r> 

 

Rmerge 
2.3° 
R1 

 
<∆r> 

Sum- 0.073 0.285 0.037 0.078 0.291 0.058 0.144 0.291 0.048 

Max- 0.090 0.304 0.049 0.099 0.310 0.078 0.183 0.277 0.095 
Integrated- 0.189 0.213 0.054 0.162 0.211 0.038 0.240 0.214 0.089 

The lowest R1 values were observed for the integrated-PED data  
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The Rmerge values vary from a very good 0.073 to a high 0.240. Further 
studies are needed to determine which precession angles and methods of data 
collection that is optimal in different cases. 

4.5.2 The rotation method 

There will always be a missing cone of data close to and around the rotation 
axis, in the rotation method (see Figure 4-10d), When integrated-combined 
data (to 1.0 Å resolution) from the rotation method were used, refinement 
converged to R1 = 0.21. This R1 is comparable with the refinement result 
using PED data. This indicates that the data quality of the rotation method is 
sufficient for solving and refining structures, unlike PED, electron beam 
rotation can not fully scan all the reflections in 2D, but will be more suitable 
for collecting 3D data. In our TEM, crystals can be tilted by about ± 40º. 
With some special sample holders, the total rotation angle can reach ± 60º, 
or even ± 75º. A more complete data set can be obtained from merging the 
rotation diffraction data sets collected from crystals with different 
orientations.   

4.5.3 The optimal number of sampling points 

The rocking curves obtained from PED and the rotation method are quite 
similar as seen in Figure 4-8. The numbers of the sampling points on these 
curves are comparable. The shapes of the rocking curves are well sampled 
both by the data collected using 120 frames in the PED sampling method and 
0.05º steps in the electron beam rotation., The half-width of the reflections is 
also very important for choosing a suitable number of individual ED frames. 
If a very thin specimen is used or when only data to lower resolution are 
needed, the sampling can be coarser.  

 

Figure 4-12. Integrated-PED patterns at 1.1  ̊ precession angle with a) 20 and b) 60 
sampling points, respectively. 

a b 
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For PED data obtained from the sampling method, Rmerge does not decrease 
much when more than 20 individual ED frames are used in the sampling 
method (see paper IV for details). Already the integrated-PED pattern 
obtained using 20 individual ED frames shows very clear 4-fold symmetry 
(Figure 4-12a). Using more than 60 ED individual frames does not improve 
data quality significantly. The Rmerge values of the integrated-PED patterns 
using 20 and 60 frames are 0.140 and 0.137, respectively. 

4.6 A short summary 

Collecting digital precession electron diffraction and 3D electron diffraction 
data using the sampling method and rotation method has been introduced. 
While precession electron diffraction is superb for obtaining high-quality 
near-kinematical data for individual zone axes, integrated-PED patterns give 
reflection data with even better quality. By the rotation method, reciprocal 
space can be reconstructed with very high resolution. With these two 
methods, 3D electron diffraction data is obtained. The data can be treated 
using various kinds of data processing. These data of high quality and high 
completeness provides new possibilities to the solutions of physical and 
electron crystallographic problems. 
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5  Conclusions 

In the present work, the advantages and disadvantages of electron 
crystallography compared with X-ray crystallography have been discussed. 
For crystals smaller than 1 µm, powder (but not single-crystal) X-ray 
diffraction can be used. The severe problem of indexing 1D powder patterns, 
with all their overlapping peaks, is overcome by electron crystallography, 
providing single-crystal diffraction from nanometer-sized crystals. HRTEM 
is indispensible for studies of local structure, including defects. The power of 
electron crystallography has been demonstrated by its capability to solve 
structures of very complex porous materials. The digital sampling method 
for PED and the rotation method for 3D electron diffraction data collection 
have been developed to remedy the two main shortcomings of electron 
crystallography; dynamical scattering and incomplete data sets. Automatic 
data collection programs have been designed, which significantly improve 
their usefulness. It is hoped that these fast and powerful methods for 
diffraction data collection will be widely used for solving and refining 
crystal structures. Then, finally, electron crystallography has become a 
method in parity with X-ray crystallography. 
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