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useful for structure determination of more complex and severely disordered materials. For complex structures it is often
necessary to combine several methods including powder X-ray diffraction (PXRD).

   Zeolites are microporous crystalline materials. They have complex structures and often synthesized as polycrystalline
powders. The aforementioned electron crystallography methods have unique advantages in elucidation of atomic structures
of such zeolites. In this thesis, the development of 3D ED methods, especially from RED to cRED, is described through
the journey of structure determination of four zeolites; a known pure silicate silicalite-1 for testing the RED method, and
three new zeolites. The new zeolites include two extra-large pore germanosilicates ITQ-56 and SYSU-3 and one small-
pore aluminosilicate EMM-37. The thesis shows the limitations and advantages of the RED and cRED methods and how
different challenges in the structure determination of zeolites are tackled by the advances of 3D ED methods. Finally the
thesis presents a detailed structural study of disorders in an aluminosilicate zeolite ITQ-39 by combining HRTEM, RED
with sample preparation by ultramicrotomy. The structure of ITQ-39 was determined in 2012 by our group. Here three
new zeolite polytypes of ITQ-39 were identified from the HRTEM images and their structure models are proposed.

   A complete structure determination of zeolites includes elucidation of the framework structure, guest species such
as structure directing agent (SDA) molecules and ions in the pores, and any structural disorder in the crystal. This thesis
reflects to all of these structural characteristics of zeolites, presenting the power of electron crystallography.
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Abstract 

Electron crystallography has recently become very successful for structural 

studies of materials with sub-micrometer sized crystals. In this thesis two 

major techniques have been applied for structure elucidation – 3-dimensional 

electron diffraction (3D ED) and high-resolution transmission electron 

microscopy (HRTEM) imaging. Both can provide information about the 

structure at the atomic level and have been used for structure determination. 

During the last decade, two 3D ED methods have been used in our group; the 

stepwise rotation electron diffraction (RED) method developed in our lab and 

continuous rotation electron diffraction (cRED) where improvements on the 

already existing RED method were implemented. Both 3D ED methods can 

be used for fast structure determination of ordered crystalline materials. 

HRTEM imaging is very useful for structure determination of more complex 

and severely disordered materials. For complex structures it is often necessary 

to combine several methods including powder X-ray diffraction (PXRD). 

Zeolites are microporous crystalline materials. They have complex structures 

and often synthesized as polycrystalline powders. The aforementioned 

electron crystallography methods have unique advantages in elucidation of 

atomic structures of such zeolites. In this thesis, the development of 3D ED 

methods, especially from RED to cRED, is described through the journey of 

structure determination of four zeolites; a known pure silicate silicalite-1 for 

testing the RED method, and three new zeolites. The new zeolites include two 

extra-large pore germanosilicates ITQ-56 and SYSU-3 and one small-pore 

aluminosilicate EMM-37. The thesis shows the limitations and advantages of 

the RED and cRED methods and how different challenges in the structure 

determination of zeolites are tackled by the advances of 3D ED methods. 

Finally the thesis presents a detailed structural study of disorders in an 

aluminosilicate zeolite ITQ-39 by combining HRTEM, RED with sample 

preparation by ultramicrotomy. The structure of ITQ-39 was determined in 

2012 by our group. Here three new zeolite polytypes of ITQ-39 were 

identified from the HRTEM images and their structure models are proposed.  

A complete structure determination of zeolites includes elucidation of the 

framework structure, guest species such as structure directing agent (SDA) 

molecules and ions in the pores, and any structural disorder in the crystal. This 

thesis reflects to all of these structural characteristics of zeolites, presenting 

the power of electron crystallography. 

Key words: electron crystallography, zeolites, structure determination, 

rotation electron diffraction, continuous rotation electron diffraction, disorder. 
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Abbreviations 

2D 2-dimensional 

3D 3-dimensional 

ADP 

ADT 

Atomic displacement parameter 

Automated diffraction tomography 

CBU 

cRED 

CTF 

d4r 

ED 

FT 

HRTEM 

PXRD 

Composite building unit 

Continuous rotation electron diffraction 

Contrast transfer function 

Double 4-ring 

Electron diffraction 

Fourier transform 

High resolution transmission electron microscopy 

Powder X-ray diffraction 

RED Rotation electron diffraction 

SAED Selected-area electron diffraction 

SCXRD 

SDA 

STEM 

Single crystal X-ray diffraction 

Structure directing agent 

Scanning transmission electron microscope 

T-atom Tetrahedrally coordinated atom 

TEM 

 

Transmission electron microscope 
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1. Introduction 

Zeolites were discovered in 1756 by a Swedish mineralogist, Axel Fredrik 

Cronstedt (1722 – 1765). He observed that by heating up rock, steam was 

produced. The steam could originate from water that was adsorbed by the 

material. Based on this observation, he named the material zeolite which 

translating from Greek language means, "boiling stone". Zeolites can be found 

in nature and there are about 40 types of naturally occurring zeolites, for 

example, chabazite1, heulandite2 and mordenite3. 

 

Zeolites are microporous crystalline materials that are originally built from 

vertex-sharing AlO4 and SiO4 tetrahedral units. The microporosity within the 

framework structure and high chemical stability of the zeolite materials 

became very attractive for industrial applications and many synthetic zeolites 

started to appear.4 One of the most successful synthetic zeolites is ZSM-5 

patented in 1975. It is still widely used in the petroleum industry as a 

heterogeneous catalyst. Now there are 248 zeolite framework structures 

approved and published in the Database of Zeolite Structures.5 

 

The synthesis of zeolites has evolved towards a targeted design to achieve 

specific properties, for example, zeolites with small-pores or extra-large-

pores, zeolites that have low framework densities or contain specific active 

sites. This demands rich knowledge about zeolite synthesis and structure. The 

choice of aluminium, silicon etc. sources, structure directing agent (SDA) 

molecule and specific ions (cations or/and anions) will guide the hydrothermal 

synthesis towards the desired zeolite material. Structure determination of the 

obtained zeolite material is crucial in order to understand how the structure is 

formed and provide guidance towards possible applications. 

 

Essential achievements in crystallography including the first structure 

determinations were presented in the beginning of the 20th century when 

single crystal X-ray diffraction (SCXRD) followed by powder X-ray 

diffraction (PXRD) techniques were developed. Electron diffraction (ED) was 

discovered in 1937 and opened up new opportunities to solve structures from 

nano-size crystals. Structure solution from selected area electron diffraction 

(SAED) patterns was very time consuming and required very skilled electron 

microscopists, nevertheless it was still considered a very powerful and 

excellent method for structure solution of samples with crystals too small for 

SCXRD and too complex for PXRD.6,7 

 

In the beginning of the 21st century, 3-dimensional electron diffraction (3D 

ED) methods including RED8 (rotation electron diffraction) and ADT9 

(automated diffraction tomography) were developed. The RED method, 
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developed in our group, combines coarse goniometer tilt with fine electron 

beam tilt steps covering tilt ranges up to 140o. The RED method has been 

widely applied for structure solution of zeolites and metal-organic frameworks 

(MOFs). Although structures of relatively stable and ordered materials could 

be solved, Rietveld refinement against PXRD data was needed for structure 

refinement. Subsequent improvements in the data collection method and the 

detector system made it possible to collect 3D ED data with a continuous 

crystal rotation during the data collection, named continuous rotation electron 

diffraction (cRED) here. The time for data collection can be significantly 

reduced with cRED, and more beam sensitive materials can be studied.10,11,12,13 

 

Zeolite structures often contain disorders, such as stacking faults, twinning, 

intergrowth or other local disorders. Although it is possible to obtain 

information about the type and location of disorder using 3D ED data, the 

structure solution by 3D ED data is very challenging or even impossible. High 

resolution electron microscopy (HRTEM) is the most suitable technique to 

reveal the structural disorder at an atomic level.  

 

Zeolites are complex materials and structure determination, involving 

structure solution followed by refinement, has required more than one method. 

For example, RED for structure solution and Rietveld refinement using PXRD 

data for refinement of the structure. 

1.1. Aim of this thesis 

The aim of this thesis is to achieve a complete structure determination of 

zeolites through the application of improved electron crystallography methods 

(RED, cRED and HRTEM). A complete structure determination includes not 

only the framework of a structure but also SDA molecules in the pores of 

zeolites and possible disorders, such as stacking faults, twinning and other 

types of disorders. In order to verify cRED as a tool for a complete structure 

determination, the results of the refinement have been compared to those of 

the current standard refinement method based on PXRD, the Rietveld 

refinement. 



9 

2. Introduction to Crystallography 

2.1. Basics of crystallography 

Crystallography was first applied already in 16th century when Johannes 

Kepler (1571 – 1630) tried to relate an external shape of crystal to the internal 

structure.14 Later on, the great discovery in the field was done by Wilhelm 

Conrad Röntgen, a German mechanical engineer and physicist, who 

discovered X-rays. For this he was awarded the Nobel Prize in Physics in 

1901. The first diffraction pattern was obtained by Max von Laue who did 

research about X-rays interaction with crystals. He was granted the Nobel 

Prize in 1914. He proposed that X-rays can be described as a wave function 

with a very short wavelength (0.01 – 10 nm). The main breakthrough was done 

by William Henry Bragg and his son William Lawrence Bragg, who derived 

a formula nowadays known as Bragg’s law: 

 

2𝑑 sin𝜃 = 𝑛𝜆                           (2.1) 

 

where d is the interplanar spacing, θ is the scattering angle, n – an integer 

number and λ is the wavelength. They could determine crystal structures based 

on diffraction patterns, and received the Nobel Prize in Physics in 1915.15 

During 15 years, three Nobel Prizes in Physics were awarded for the 

achievements in the field of crystallography. That indicates how important and 

innovative these discoveries were. 

2.2. Single crystal X-ray diffraction 

The very first crystal structures were determined using single crystal X-ray 

diffraction. From the collected diffraction data, two step data analysis has to 

be done: (1) determination of unit cell parameters from the positions of 

diffraction spots and (2) determination of the space group and atomic positions 

within the unit cell from the intensities of the diffraction spots.14 

 

X-rays scattered by atoms in a crystal provide an overall scattering pattern. 

Because each atom can be considered as a scattering source for X-rays, the 

scattered X-ray waves will add constructively or destructively depending on 

the direction of waves and the atomic positions in a crystal, which will create 

a diffraction pattern. The diffraction pattern is the reciprocal lattice of the 

crystal – large crystal lattice parameters result in small distances in the 

reciprocal lattice and vice versa. The crystal lattice cell parameters in real 

space are represented as a, b, c, α, β and γ and reciprocal lattice parameters – 

a*, b*, c*, α*, β* and γ*. 
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The structure factor can be used to describe the intensity of reflections in the 

diffraction pattern and depends only on the crystal structure, defined as: 

 

𝐹(ℎ𝑘𝑙) =  ∑ 𝑓𝑗𝑒𝑥𝑝[2𝜋𝑖(ℎ𝑥𝑗 +  𝑘𝑦𝑗 + 𝑙𝑧𝑗)]𝑁
𝑗=1               (2.2) 

 

where the position of the jth atom is described using fractional coordinates – 

xj, yj, zj; fj is the scattering factor of the jth atom and N is the number of atoms 

in the unit cell. The structure factor for a reflection contains an amplitude 

|F(hkl)| and a phase ɸ(hkl).  

 

From the structure factors, an electron density map can finally be calculated. 

Electron density is derived from the formula: 

 

𝜌(𝑥𝑦𝑧) =  
1

𝑉
∑ 𝐹(ℎ𝑘𝑙)𝑒𝑥𝑝[−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]ℎ𝑘𝑙                 (2.3) 

 

where the summation is over all the structure factors F(hkl) and V is the 

volume of the unit cell. 

2.3. Structure solution and refinement by SCXRD 

The measured X-ray diffraction intensities provide structure factor amplitudes 

but their phases cannot be detected by direct observation in the diffraction 

pattern. Therefore electron density cannot be calculated directly from the 

experimental diffraction data. The most common methods to retrieve the lost 

phase information are Patterson method16, Charge flipping algorithm17 and 

Direct methods.18,19 

2.3.1. Patterson method 

Patterson method was developed in 1934 and is based on the Patterson 

function: 

 

𝑃(𝑢𝑣𝑤) =  ∑ |𝐹ℎ𝑘𝑙|2𝑒𝑥𝑝[−2𝜋𝑖(ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤)]ℎ𝑘𝑙            (2.4) 

 

It is essentially the Fourier transform of the intensities rather than the structure 

factors (represented by their amplitudes ([F(hkl)]) and phases (ɸ(hkl)). 

Therefore, it can be directly calculated from the experimental data. The result 

will give a map of position vectors between all pairs of atoms in the structure. 

The height of the peaks is proportional to the product of atomic numbers 

which is a great advantage in order to detect heavier atoms in the structure.16 
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2.3.2. Direct methods 

The direct methods approach uses probability methods to predict the phase 

relations within a certain number of reflections. It assumes that electron 

density, which is always positive, is concentrated in atoms and there is a 

uniform distribution of the atoms in the unit cell. 

 

The direct method uses among others triplet relations in order to find the 

phases - if the indices of three strong reflections sum up to zero, the sum of 

their phases has a high probability to be zero. The higher intensities for 

reflections in the triplets, the more accurate phases can be assigned. The 

probability decreases when the number of unique atoms in the unit cell 

increases.18,20 

 

Several softwares, for example, SHELX21, SIR22, Jana200623, have been 

developed where aforementioned discoveries have been implemented in order 

to make easy and user friendly tools to solve and refine the structures. 

Structure solution leads to an initial electron density map. Atoms are assigned 

at where the highest electron densities are in the map. 

 

After the structure is solved a refinement is performed, in order to reach the 

best possible fit between observed and calculated structure factor intensities. 

The refinement involves systematic and stepwise changes of parameters, such 

as atomic coordinates, location of missing atoms from the difference electron 

density map, occupancies of the atomic sites if needed, atomic displacement 

parameters (ADPs) etc. After each step, least-squares cycles are run and the 

structure is recalculated using Fourier transformations. The refinement 

continues until the difference electron density map does not contain peaks that 

are high enough to be considered as missing atoms or negative holes that are 

low enough to be considered as wrong atoms have been included in the 

structure model. 

 

A structure refinement is considered finished when it is converged with all 

shift/error ratios below 0.05, the structure model is chemically and 

geometrically reasonable, and all ADPs are positive values. The quality of 

structure solution is assessed by the values of R1, wR2 and GoF: 

 

𝑅1 =
 ∑|(|𝐹𝑜|− |𝐹𝑐|)|

∑|𝐹𝑜|
                            (2.5) 

 

where Fo and Fc are observed and calculated structure factors respectively. R1 

represents how well the structure factors calculated model agrees with the 

observed data. 
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𝑤𝑅2 =  {
∑[𝑤(𝐹𝑜 

 2−𝐹𝑐
 2)

2
]

∑[𝑤(𝐹𝑜
2)

2
]

}

1

2

                  (2.6) 

 

The wR2 is a weighted R factor based on all data. 

 

𝐺𝑜𝐹 =  {
∑[𝑤(𝐹𝑜

 2− 𝐹𝑐
 2)

2
]

(n−p)
}

1

2

            (2.7) 

 

where n is the number of measured data and p is the number of parameters. 

The goodness of fit (GoF) is a standard deviation of an observation of unit 

weight and shows how reliable the standard deviations of the positional and 

displacement parameters of the atoms are. 

2.4. Powder X-ray diffraction 

Very often, it is not possible to achieve large size crystals (> 5 x 5 x 5 µm3) in 

order to solve their structures using SCXRD data. For crystals that are too 

small for SCXRD, powder X-ray diffraction (PXRD) techniques were 

developed. Peter Joseph William Debye and Paul Herman Scherrer, and 

independently Albert Wallace Hull developed the PXRD techniques. They 

were based on the fixed wavelength λ and varying 2Theta angle. The data were 

obtained from a large amount of randomly oriented crystals in the specimen. 

 

 
Figure 2.1 Data collection principle of PXRD. 

 

All the hkl planes of a given dhkl-spacing diffract at the same 2Theta angle to 

the direct beam and all reflected beams lie on a cone of semi-angle 2Theta 

about the direct beam, see Figure 2.1. If the crystals are randomly oriented, 

the diffracted intensity in the cone will be uniform and hence only a part of 

the cones need to be recorded. If the sample has preferred orientation then the 
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diffracted intensity in the cone will not be uniform and a large part of the cone 

has to be recorded.24 

2.4.1. Indexing and profile fitting of powder X-ray diffraction 

patterns 

Recorded PXRD data result in a diffraction pattern where at different 2Theta 

angles peaks with various intensities are located. Peak positions are restricted 

to six lattice parameters (a, b, c, α, β, γ) as well as the X-ray wavelength and 

sample to detector distance. Knowing the d-values and hkl indices of the 

reflections, the unit cell parameters can be determined. 

 

The unit cell parameters can be refined and intensities can be extracted using 

Pawley25 or Le Bail26 fit. Pawley fit is fitting the powder X-ray pattern using 

parameters – intensities of reflections, unit cell parameters, zero error, 

background and peak shape function. Le Bail method does not include the 

intensities of the individual peaks but they are set to an arbitrary value and are 

treated as calculated from the structure. Both methods are comparable and 

nowadays do not have significant differences. Although the structure model is 

not refined at this stage, it can be helpful for the space group determination. 

The refined peak-shape function and background can be used as an initial fit 

for the Rietveld refinement.27 

2.4.2. Rietveld refinement 

Rietveld refinement is a whole-pattern-fitting method that is based on cycles 

of non-linear least squares in order to refine profile parameters and the 

structure. Rietveld refinement was first applied to neutron diffraction data but 

later also to X-ray diffraction data.28,29 

 

The initial structure model for Rietveld refinement includes approximate, but 

as close to the correct values as possible, coordinates of the atoms as well as 

unit cell parameters, space group, peak-shape function and background of the 

PXRD pattern. The retrieved parameters refined during profile fitting, such as 

unit cell, peak-shape function, background, space group and other parameters 

can be very helpful for the start of the Rietveld refinement. During Rietveld 

refinement a calculated profile is fitted to the experimental PXRD pattern. 

Refinement and change of parameters need to be slow and step-wise, starting 

with refinement of the scale factor, unit cell and profile parameters and 

background correction and followed by refinement of atomic coordinates, 

occupancies and atomic displacement parameters. It is important to look 

periodically at the Fourier maps to judge whether it is necessary to add or 

remove atoms in the structure.  
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In order to keep the Rietveld refinement stable, soft geometric restraints (bond 

distances and angles) are often introduced at the beginning the structure 

refinement. The restraints are released when the refinement is close to 

convergence. 

 

During refinement the difference between observed and calculated profiles 

needs to be minimized and examined. The fit of the observed and calculated 

pattern can be given numerically by the following values. 

 

The weighted-profile R value - Rwp: 

 

𝑅𝑤𝑝 =  {
∑ 𝑤𝑖[𝑦𝑖(obs)− 𝑦𝑖(calc)]𝑖

2

∑ 𝑤𝑖[𝑦𝑖(obs)]𝑖
2 }

1

2
        (2.8) 

 

where yi(obs) is the observed intensity at step i, yi(calc) is the calculated 

intensity and wi is the weight. In the end of refinement, the Rwp value should 

approach the statistically expected R value – Rexp: 

 

𝑅𝑒𝑥𝑝 =  [
(𝑁−𝑃)

∑ 𝑤𝑖𝑦𝑖(obs)𝑁
𝑖

2]

1

2

              (2.9) 

 

where N is the number of observations and P – number of parameters. Rexp 

shows the quality of data, as well as the goodness-of-fit that is the ratio 

between two aforementioned: 

 

𝐺𝑜𝐹 =  
𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
                (2.10) 

 

and ideally it has to be 1. 

 

The Rietveld refinement is finished when it is converged which means that the 

maximum shift/estimated standard deviations in the final cycle should be less 

than 0.10. In addition, the difference plot is minimized and all structure 

parameters are reliable and chemically reasonable.29,30 
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3. Electron crystallography 

3.1. Electron diffraction 

Structure analysis by electron diffraction was first developed in 1937 by Z. G. 

Pinsker and B. K. Vainshtein. The determination of crystal structures was 

achieved by following the guidelines for X-ray diffraction work.31 Electron 

diffraction pattern, the same as SCXRD pattern, contains information about 

unit cell parameters and lattice type (from positions of diffraction spots) and 

positions of atoms within the unit cell (from intensities of diffraction spots). 

The diffraction spots will appear if they satisfy the Bragg condition that can 

be presented using Bragg’s law (Formula 2.1) and the Ewald sphere 

construction (Figure 3.1). 

 

 
Figure 3.1 The Ewald sphere construction where k0 is the incident wave vector and 

has length of 1/λ, ks is the scattered wave vector and also has length of 1/λ, ghkl is the 

reciprocal lattice vector. 

 

The Bragg condition is satisfied when the scattering vector ks – k0 is equal to 

reciprocal lattice vector ghkl that can be described with the Ewald sphere 

construction, see Figure 3.1. 

 

Electron diffraction has some very important advantages over X-ray 

diffraction. For example, electrons interact with matter much stronger than X-

rays. Therefore much smaller crystals can be studied (crystals in size as small 

as 5 x 5 x 5 nm3). The mechanism by which the electrons interact with crystals 

is different from that of X-rays. Electrons are scattered by both nuclei and 

electrons (electrostatic potential) of atoms in the crystal, while X-rays are 

scattered by only electrons (electron density) of atoms in the crystal. 

 

For structure determination of crystals with all unit cell dimensions ≥6 Å, 3D 

electron diffraction data are necessary. 20 years ago this was achieved by 



16 

acquiring a tilt series of SAED patterns along different zone axe. By 

combining zone-axis SAED patterns taken at different tilt angles, a 3D 

reciprocal lattice was reconstructed. This was a very time consuming method 

and required experienced TEM users but nevertheless it was realized that this 

method is extremely powerful and structures that were impossible to solve by 

X-ray diffraction could be solved by 3D ED.6,7 

3.2. Discrete sampling 3D ED methods 

Many examples have shown how powerful the SAED technique is in order to 

solve the structure of zeolite materials. Unfortunately, as already described 

before, it is not sufficient with just one SAED pattern. Several SAED patterns 

from different zone axis are needed for unit cell and space group determination, 

and very often many more are needed if you want to solve the structure of a 

complicated material.32,33 Although it was a successful approach, it was also 

very time consuming and could be done only by very experienced 

microscopists. All this made the technique not widely applied. 

 

After realizing the power of electron diffraction, automated 3D ED methods 

were developed. The automated diffraction tomography (ADT)9,34 method 

where 3D ED data are obtained using STEM imaging with diffraction pattern 

acquisition in nano electron diffraction (NED) mode were developed by Ute 

Kolb’s group. Diffraction patterns are collected with discrete ( ̴ 1o) steps by 

tilting the crystal around an arbitrary axis. In order to obtain complete 

integration of intensities, electron beam precession technique is often used. 

3.2.1. RED method for 3D ED data collection 

The rotation electron diffraction (RED)35,36 method is applied in TEM mode 

and SAED patterns are recorded at different crystal orientations by combining 

step-wise goniometer tilt and beam tilt. RED data collection is performed by 

tilting a crystal in the electron beam around a fixed tilt axis using small angular 

steps (0.5-2.0o). In order to achieve more complete 3D reciprocal lattice, the 

coarse goniometer tilt (with an accuracy of about 0.1o) is combined with fine 

step-wise beam tilt (accuracy better than 0.001o), see Figure 3.2. RED data 

collection for one dataset takes around 1-2 hours and can cover up to 140o 

angular range (180o would cover the full reciprocal space). However, the tilt 

range is normally less and limited by the used sample holder and crystal 

location on the EM grid. Although the RED data collection is automatic and 

done by software, crystal tracking and centering have to be done manually. In 

practice, the eucentric height of the crystal is adjusted so that there is very 

little movement of the crystal when tilting around 0o. When tilting at high 

angles, the crystal may move out from the SAED aperture, which needs to be 
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monitored by periodically checking the crystal position in image mode and 

bringing the crystal back into the aperture whenever needed.  

 

 
Figure 3.2 RED data acquisition scheme where red lines represent goniometer tilt and 

brown lines the beam tilt.  

3.2.2. RED data processing 

The number of acquired ED frames can vary and eventually reach up to 2000 

frames, depending on the goniometer tilt step (typically 2-3o), beam tilt step 

(typically 0.1-0.4o) and the tilt range. The 3D reciprocal lattice is reconstructed 

from individual frames by combining them together according to the tilt axis 

and angles. For this purpose the RED data processing software package8 is 

used. The RED data processing includes also peak search, intensity extraction, 

unit cell determination and indexation of reflections. Space group can be 

determined from the 3D reciprocal space, as well as by cutting out respective 

2D slices and checking the systematic absences. 
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3.2.3. Structure solution and refinement using RED data 

After estimation of intensities of all reflections, an hkl file is produced that can 

be further used for structure solution and refinement. The structure solution is 

done by methods that are used to solve structures with SCXRD data. The most 

commonly used approach for structure solution is direct methods, as 

mentioned in Chapter 2.3.2. The structure solution by 3D ED methods 

becomes more widely used. Software initially designed for SCXRD data, are 

now adapted for 3D ED data as well. For example, atomic scattering factors 

for X-rays and electrons are different and that can now be specified in the 

input file for the structure determination.  

 

The structure solution and refinement follow the same routine as those for 

SCXRD presented in Chapter 2.3. Structure determination using 3D ED data 

very often can be quite challenging because: 

 Although the dynamical scattering can be significantly reduced by 

collecting ED patterns far from low-index zone axis orientations, it is still 

present and will affect intensities of the diffraction spots. 

 3D ED data do not cover the full 3D reciprocal lattice and the missing 

cone of the data can affect the structure determination. Although the 

higher is the symmetry of lattice type the less data are needed in order to 

cover the full reciprocal space. A high completeness of collected data will 

give more accurate intensities and the structure can be determined more 

precisely. 

 Beam sensitive materials may lose their crystallinity during data 

collection, as well as collected ED data resolution may not be sufficient 

for high quality structure solution. 

 

Therefore, the quality of 3D ED data is usually evaluated using the following 

parameters: 

 Completeness – shows how large part of unique reflections for reciprocal 

3D volume data is covered. If the completeness of RED dataset is low, 

several datasets can be merged together. 

 Resolution – shows how far from the center beam ED spots are detected. 

The higher the resolution of the RED data the more detailed structure can 

be refined. Use of cryo holder often can prevent structures from losing 

crystallinity during data collection and sometimes even improves 

resolution. 

 Rint. – statistics for merged symmetry related reflections and is calculated 

as follows: 

 

𝑅𝑖𝑛𝑡 =  
∑|𝐹𝑜

2− 𝐹𝑜
2(mean)|

∑[𝐹𝑜
2]

               (3.1) 
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where Fo
2 is the square of experimentally measured structure factor. A 

high Rint. value indicates that the agreement of symmetry-related 

reflections is poor. 

 

The quality of solved and refined structure is currently evaluated by the R-

values R1 and wR2 and goodness of fit GoF as described in Chapter 2.3.2 A 

determined structure should also be evaluated from a geometrical point of 

view – bond distances and angles. Although it is possible to solve rather stable 

and ordered structures, difficulties occur during the structure solution of 

complex or very beam sensitive materials. 

3.3. Continuous sampling 3D ED methods 

During the last five years, the 3D ED methods are further developed into 

continuous rotation electron diffraction (cRED) by three groups.37–39 With 

cRED, ED frames are recorded continuously while the crystal is continuously 

rotated by the goniometer in the TEM. Each ED frame covers an angular 

wedge of reciprocal space so that intensities of reflections are integrated. 

Using new sensitive and fast detectors, cRED dramatically reduced data 

collection time - from 1-2 hours to a few minutes.40 In our lab, a high-speed 

hybrid detection camera Timepix Quad was used for cRED data collection.12,41    

3.3.1. cRED method for 3D ED data collection 

The cRED data are collected by continuously tilting the goniometer while 

video mode of data collection is registered. The data collection scheme is 

visualized in Figure 3.3. With such an important improvement, significant 

benefits could be obtained, for example: 

 Data collection is very fast (few minutes) therefore very beam sensitive 

materials can be studied. 

 The cRED method provides integrated intensities that lead to higher 

accuracy of collected data and lower R-values can be reached. 
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Figure 3.3 cRED data acquisition scheme where continuous crystal rotation is 

presented with yellow color. 

 

In this thesis, the 3D ED data are collected using the software SoPhy provided 

by ASI. Recently, a new data collection software called Instamatic42 has been 

developed at our group. Although the process is automated, the problem 

appeared that in such a fast speed it is very easy to lose the crystal in the SAED 

aperture. In order to overcome this challenge, two possible solutions can be 

used – merge data from several crystals with small tilt range (~50o) or 

“blindly” track back the crystal when it is moved out from the SAED aperture. 

In 2018, this problem was solved by implementing the image of crystal at 

regular intervals by defocusing the diffraction pattern. In case of need, the 

crystal can be moved back to the middle of the SAED aperture manually.43 In 

2019, our group developed SerialRED that performs automatic crystal 

tracking and centering which can be used during cRED data collection.44 

3.3.2. cRED data processing 

Firstly, cRED data are processed using RED software8, where 3D reciprocal 

lattice is reconstructed and unit cell parameters and space group are 
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determined. The integration of reflection intensities is done with software that 

were originally developed for X-ray crystallography but can be adapted for 

cRED data, for example, XDS45,46 or DIALS47. 

3.3.3. Structure solution and refinement using cRED data 

Structure solution procedure is the same as for RED data in Chapter 3.2.3. 

Because intensities of reflections are integrated during data collection, more 

accurate intensity data can be obtained and structures can be refined with high 

precision that lead to lower R-values and better geometry of structures 

compared with RED data. Therefore more challenging structures such as 

proteins10,11, organic molecules12 and porous materials13 can be solved – 

structures that could not be solved before. 

3.4. High resolution transmission electron microscopy 

The previously mentioned methods (SCRXD, PXRD, RED and cRED) work 

very well if the structure is ordered. If a crystal contains severe disorder, 

complex defects etc., the structure solution becomes very challenging and 

often impossible. Therefore, HRTEM is introduced in this thesis, to show its 

power and strength in the structure determination. 

 

The first reports about observing atoms in crystals by high-resolution 

transmission electron microscope (HRTEM) were published in 197248,49 and 

since then HRTEM has become a very powerful method for studies of crystal 

structures, their details and defects. The biggest advantage for HRTEM is that 

not only amplitudes but also crystallographic structure factor phases are 

preserved in the image, making structure determination more straightforward.  

 

In order to obtain an interpretable HRTEM image, the crystal should be as thin 

as possible. In most cases, crystals are too thick for HRTEM so the sample 

has to be specifically prepared. One of the most common sample preparation 

method in TEM is sample slicing by an ultramicrotome. A small amount of 

sample is embedded in a resin and thin slices (~60 nm) are cut using the 

ultramicrotome. Slices through a water bath are transferred to the TEM grid, 

see Figure 3.4. 
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Figure 3.4 Image of slicing a powder sample embedded into the resin with an 

ultramicrotome. The sample is cut by a diamond knife and directly transferred to the 

water bath where it is picked up on a TEM grid. 

 

To simplify an interpretation of the interaction between electron beam and 

crystal, the weak-phase-object approximation is introduced where it is 

assumed that there are no multiple scattering and non-linear effects. Typically, 

HRTEM images are taken close to the Scherzer defocus and in such 

conditions, the projected potential is represented in HRTEM images. 

3.4.1. Structure projection reconstruction from through-focus 

series 

For very beam sensitive materials, the time to obtain HRTEM images is very 

limited and often, before the right conditions are found, the crystallinity of the 

crystal is already decreased or the crystal is completely destroyed. Therefore 

the software QFocus was developed where, in order to improve HRTEM data 

quality, a through focus series of ~20 HRTEM images are collected very fast 

and a structure projection image is reconstructed by a contrast transfer 

function (CTF) correction algorithm.50 

 

A CTF is described as follows: 

 

𝑇(𝐮) = 𝐷(𝐮) sin𝜒(𝐮)                          (3.2) 

 

The CTF contains two parts – an envelope part D(u) and an oscillating part 

sinχ(u) that determines the contrast of the HRTEM image. An image is formed 
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by a combination of Fourier components with both correct (sinχ > 0) and 

inverted (sinχ < 0) phases. The CTF can be calculated experimentally from 

HRTEM and distortions caused by the CTF can be compensated. 

 

 
Figure 3.5 An illustration of the scheme of QFocus. 

 

Through-focus series are acquired with a constant focus step, passing through 

the Scherzer defocus value, therefore saving time because there is no need to 

spend time on adjusting it manually. After acquisition, defocus values and the 

two-fold astigmatism are determined for all the images and for each image 

CTF correction is performed. All the CTF-corrected images are finally 

averaged and the final reconstructed image is obtained. The scheme of the 

QFocus method is shown in Figure 3.5. 
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4. Zeolite materials 

Zeolites are crystalline microporous materials that are built from corner 

sharing tetrahedral (TO4) units where T corresponds to different atoms, such 

as silicon, aluminium, germanium, gallium, boron etc. In the case of pure 

silicate zeolites, the typical bond distances and angles are as presented in 

Figure 4.1. Zeolites are porous materials and the size of pores depends on the 

zeolite structure. Therefore structure determination is a crucial part in order to 

have a full understanding of their performance in different applications. 

 

 
Figure 4.1 Typical Si-O, O-O, Si-Si distances and O-Si-O and Si-O-Si angles in pure 

silica zeolites. 

4.1. The structures of zeolites 

The properties of a zeolite depend on its structure. SiO2 frameworks (silicates) 

have very robust and stable structures. Substitution of some Si4+ with Al3+ 

make the framework negatively charged (aluminosilicates). The negative 

charge of the framework is balanced with loosely held cations in the cavities. 

These kind of zeolites can be used for cation exchange purposes and this 

property has been successfully used in the industry.51 Ge4+ also can be used as 

a T atom and together with Si4+ to build a germanosilicate framework. In this 

case, extra-large pores can be easily obtained in the structure.52 The chemical 

composition affects thermal stability of the structure. Pure silicon zeolites 

have the highest thermal and chemical stability. By adding alumina the 

structures become less stable. A high germanium content in the structure 

makes it unstable at high temperatures. Of course, the T atom is not the only 

structure-directing factor, the choice of SDA (structure directing agent) 

molecules plays a very important role in order to achieve a desired zeolite 

structure. 

 

The channel system, as mentioned before, is defined by a zeolite crystal 

structure and can be one-dimensional (1D), two-dimensional (2D) or three-
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dimensional (3D). An example of a 3D channel system is shown in Figure 

4.2a with blue color. The size of channels, that is defined by a number of T 

atoms in the ring, can vary from small (≤ 8-ring) which is presented in Figure 

4.2a with red color, medium (10-ring), large (12-ring) to extra-large (> 12-

ring). The framework of zeolite IRT with 15-ring channels (marked in red 

color) is shown in Figure 4.2b. 

 

 
Figure 4.2 a) LTA framework53 showing 8-ring channels in red and 3D channel 

system in blue and b) IRY framework54 showing 15-ring channels in red. Only the 

connections of T atoms are shown for clarity.  

 

The size and shape of the channel system is very important for the properties 

of the zeolite material. The application range where zeolites are used in 

industry is very broad. For example, the previously mentioned LTA (Linde 

Type A) framework type material is used as an ion-exchanger in laundry 

detergents for softening water. FAU (Faujasite) framework type55 materials, 

have large void volume and 3D 12-ring channel system, and are widely used 

in catalytic applications. CHA (Chabazite) framework type1 materials have 

elongated cavity with six 8-ring windows and 3D channel system. They are 

used in the conversion of methanol to olefins as well as in the aldol 

condensation of aldehydes.56 

4.2. Extra species in zeolite frameworks 

Zeolites are synthesized by hydrothermal synthesis routes where the important 

factors are temperature, time, source materials etc., as well as structure 

directing agent (SDAs). SDAs are guest molecules and ions that participate in 

the framework formation but are not part of the framework. These species are 

used to tune the size and shape of pores in the structure; mostly they are 

organic molecules because it is possible to remove them by heating while 

zeolite structure is still maintained. Different ions are also used as SDAs for 

synthesis, for example, F- are used to enhance formation of d4rs (double 4-

rings) in the structure and Na+ are used to neutralize the charge balance for 
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aluminosilicates. Zeolites that are as prepared and contain the SDA molecules 

in the channels are named as-made and materials where SDA molecules are 

removed from the channels by heating - calcined. 

4.3. Zeolite framework types 

Zeolites are classified by their framework types (presented with three letters 

codes), which describe the connectivity of the tetrahedrally coordinated atoms 

(T) in the highest possible symmetry and its topology. The chemical 

composition, the observed symmetry and unit cell dimensions can vary in 

different materials within the same framework type. For example, FAU 

framework type includes zeolite X and zeolite Y, which have different Si/Al 

ratios in the materials.57 Framework types are approved by the Structure 

Commission of the International Zeolite Association and can be found in the 

Database of Zeolite Structures.5 At this moment, there are 248 approved 

framework types in the database. 

4.4. Disorder in the structure of zeolites 

It is common that zeolite structures contain different type of disorders: 

 One of the most common disorder types that is observed in zeolite 

structures is stacking faults where layers building up the structure 

have different stacking sequences. 

 Different polytypes usually are formed that are built from the same 

layer but with different stacking sequences.58–60 

 Twinning can also occur in zeolite structures.61 

 The intergrowth of two or more zeolite framework types can happen 

when the synthesis conditions are suitable for several materials.62,63 

 It is also very common that local disorder in the material is observed, 

such as point defects, where periodicity in the crystal is interrupted 

locally and is not systematic. 

 

It is quite a challenge to study disordered structures of any materials because 

there are no straightforward procedures. Because structure loses well-defined 

periodicity; it is very hard or even impossible to determine a structure with 

widely used techniques such as SCXRD, PXRD or 3D ED. HRTEM is the 

most powerful technique in such cases because it is possible to observe a 

structure directly at atomic level and disorder can be revealed. Several 

complex structures of zeolites have been solved by combining PXRD, 3D ED, 

model building and HRTEM where HRTEM has played important roles.63–65  
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5. Structure determination of zeolite 

materials by 3D ED 

Knowing the structure of a zeolite is crucial in order to fully understand its 

properties that may lead to specific applications. So far, structure 

determination of zeolite materials has not always been straightforward and 

several techniques need to be combined in order to solve and finally refine a 

structure model. The most common and powerful techniques for structure 

determination of zeolites are PXRD, HRTEM and 3D ED and sometimes for 

more challenging and complex structures all of them have to be combined.  

 

In this section, the determination of four zeolite structures will be presented 

showing a path of how 3D ED methods (from RED to cRED) became an 

independent technique for structure determination of zeolite frameworks. The 

power and limitations of RED will be presented using zeolite silicalite-1 as an 

example (Paper I). The limitation of the RED method and advantages of the 

cRED method will be shown using zeolite ITQ-56 as an example (Paper II). 

The structure determination of zeolites SYSU-3 (Paper III) and EMM-37 

(Paper IV) will demonstrate the power of cRED, and show that the framework 

structures refined by using cRED data are as good as those refined by Rietveld 

refinement using synchrotron PXRD data.  

5.1. Application of RED on silicalite-1 (Paper I) 

Many studies have shown how powerful ED is in order to solve the structure 

of zeolite materials. Inspired by the previous work and understanding the need 

for more automated ED data acquisition, the RED method has been developed 

and was introduced in the section 3.2.1. In this section, the structure 

determination of silicalite-1 will be presented. It was solved using RED data. 

The purpose of the study was to demonstrate both the power and limitations 

of the RED method. 

 

The structure of a calcined silicalite-1 was solved by direct methods using 3D 

ED data. Intensities I(hkl) were taken from the maximum values of the 

reflections and were used as |F(hkl)|2 for structure solution. The structure 

refinement was done by SHELXL-97 software.21 

 

Silicalite-1 is a pure silica form of the MFI framework and has been chosen to 

test the feasibility of the RED method. The first challenge that one has to 

overcome in order to solve a structure of calcined silicalite-1 is twinning and 

it can be successfully treated by RED. With the RED method, 3D ED data can 

be collected from a nano-sized crystal, allowing us to avoid the twinning 
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problem by selecting the part where just one of the twins is present. The other 

challenge is that zeolites are beam sensitive materials. Hence the optimization 

of the data collection parameters is needed, in order to minimize the amount 

of electron dose that is used for 3D ED data collection and is sufficient for 

structure determination. 

5.1.1. Unit cell determination of silicalite-1 

3D ED data using the RED method were collected from a crystal of silicalite-

1 (inset in Figure 5.1) covering a tilt range of 129.5o with step size 0.10o. 1472 

ED frames were collected in total. After reconstruction of the 3D reciprocal 

lattice, unit cell parameters could be obtained: a = 20.02 Å, b = 20.25 Å, c = 

13.35 Å, α = 90.13°, β = 90.74°, γ = 90.03°. The unit cell parameters were 

compared with the ones deduced from the PXRD data (a = 19.8928(6) Å, b = 

20.1240(6) Å, c = 13.3799(4) Å, β = 90.625(2)°). They deviate by no more 

than 0.65% (0.13 Å) and 0.13o, indicating that the RED method is accurately 

enough to distinguish a monoclinic crystal system from an orthorhombic one 

even if the beta angle is very close to 90o. 

 

Several 3D ED data collection parameters were varied in the original RED 

dataset - tilt ranges (8.6 – 129.5o), tilt steps (0.10-4.0o) and resolution (0.81-

3.33 Å). Results showed that the larger the tilt range, the smaller is the 

deviation of the unit cell parameters. It was possible to determine unit cell 

parameters of silicalite-1 even with the tilt range of 10o but, in order to 

determine the crystal system, a tilt range of 43o or larger was needed. Subsets 

of RED data with different tilt steps (from 0.2-4.0o) were also created and 

compared with the original dataset (tilt step 0.1o). The results showed that even 

with tilt step as high as 4.0o the unit cell could be determined and the deviation 

was less than 0.5 % (0.09 Å) for the unit cell lengths and 0.12o for the cell 

angles. In addition, the decrease of resolution did not affect the unit cell 

parameters significantly, the unit cell parameters deviated by 0.6 % (0.12 Å) 

when the resolution was as low as 3.33 Å. There are also other parameters that 

could affect the determination of unit cell parameters and are not caused by 

the RED method, for example the alignment of TEM, sample height, tilt axis 

and tilt angle determination, camera length calibration and distortions caused 

by CCD camera and lenses that could lead to much higher errors of unit cell 

parameters (2-3 %). 

 



29 

 
Figure 5.1 (a) 3D reciprocal lattice of calcined silicalite-1 reconstructed from the 

RED data. Inserted is the crystal from which the RED data was collected. (b–d) 2D 

slices cut from the reconstructed 3D reciprocal lattice showing the (b) 0kl, (c) h0l and 

(d) hk0 plane. The systematic absences can be deduced as 0k0: k = 2n + 1; h0l: h + l 

= 2n + 1. (Reprinted with permission from Microporous Mesoporous Mater. 2014, 

189, 115-125. Copyright (2013) Elsevier Inc.) 

5.1.2. Space group determination of silicalite-1 

The RED method provides data in 3D reciprocal space that makes symmetry 

determination procedure more straightforward than it is from individual 

SAED patterns. However, absorption and dynamical effects lead to inaccurate 

intensities so that intensities of symmetry-related reflections deviate from 

each other providing high Rint values (>20 %) and making space group 

determination more difficult than, for example, with SCXRD data. 

 

The space group can be determined by cutting 2D slices perpendicular to main 

zone axes (b, c and d in Figure 5.1) and observing the systematic absences. 

Unit cell parameters also have to be taken into account. If the crystal system 

is not very obvious then Rint values of different possible crystal systems should 
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be compared. If there are available PXRD data, Pawley fit can be a very 

helpful method to evaluate which crystal system fits best to PXRD data. In the 

case of silicalite-1, the unit cell parameters a and b are very close to each other 

(20.02 and 20.25 Å) and all angles α, β and γ are close to 90o so it is easy to 

assume that the crystal system is tetragonal but by checking the Rint values for 

monoclinic (0.27), orthorhombic (0.45) and tetragonal (0.84), the monoclinic 

system has a significantly lower Rint value and therefore should be considered 

as the first choice. It is important to take into account that the Rint value for 

higher symmetry crystal systems will always be higher because there are more 

symmetry equivalent reflections that are compared. From systematic 

absences, the space group of silicalite-1 can be deduced as P21/n. 

5.1.3. Structure solution and refinement of silicalite-1 

The structure solution and refinement from RED data is based on ED 

intensities and, because of the dynamical scattering and radiation damage of 

beam sensitive materials, it is not so straightforward as using SCXRD data. 

The resolution used for the structure solution was 1.05 Å with data 

completeness of 96.9 % and Rint=0.34. The structure was solved by direct 

methods and converged to a final R1=0.318. The structure could be refined 

against RED data and no geometric restraints were used. All 24 silica and 48 

oxygen atoms could be directly located and Si-O bond distances were in the 

range of 1.48(2)-1.70(3) Å (typical Si-O bond distance is 1.61 Å) and the O-

Si-O angles were in the range of 102.5(14)-116.2(15)o (typical O-Si-O angle 

is 109.5o) (see Table 5.1). The atomic displacement parameters for Si atoms 

were 0.08 Å2 and for O atoms 0.12 Å2 on average. 

 

By increasing the tilt step from 0.10 to 0.20o there were only slight changes in 

parameters but by increasing the tilt step to 0.50o significant changes were 

observed. The structure solution was not so straight forward and one Si atom 

was wrongly assigned as an O atom. The R1 value increased to 0.441 and bond 

distances and angles were too far from ideal ones. Atoms shifted on average 

by 0.06 Å for Si and 0.12 Å for O compared with the original dataset with the 

0.10o tilt step. The average atomic displacement parameters of Si (0.14 Å) and 

O (0.18 Å) were also larger than those in the original dataset. Therefore we 

could conclude that a too large tilt step affects the intensities of the reflections, 

which leads to less accurate atomic positions in the structure refinement and 

increased the R-values. 
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Table 5.1: Comparison of crystallographic data of calcined silicalite-1 refined by 

RED data with different tilt steps. (Reprinted with permission from Microporous 

Mesoporous Mater. 2014, 189, 115-125. Copyright (2013) Elsevier Inc.) 

 0.10° dataset 0.20° dataset 0.50° dataset 
Tilt range (°) −65.3–64.2 −65.3–64.1 −65.3–64.1 
No. of frames 1472 736 294 
Completeness 0.968 0.956 0.913 
Reflections collected 13 544 13 049 12 333 
Reflections detected by RED 7099 6211 4601 
Unique reflections 4734 4687 4471 
Observed unique reflections 

(I > 2 sigma (I)) 1833 1538 959 

R
int
 0.3375 0.3051 0.4535 

R1 for observed reflections 0.318 0.335 0.441 
T–O bond length (Å) 1.48(2)–1.70(3) 1.46(2)–1.71(3) 1.39(6)–1.79(5) 
T–O–T bond angle (°) 102(1)–116(1) 103(2)–117(2) 98(3)–119(3) 
Si mean U

iso
 (Å

2
) 0.08 0.10 0.14 

O mean U
iso

 (Å
2
) 0.12 0.14 0.18 

5.1.4. Summary 

The unit cell parameters and space group of silicalite-1 could be accurately 

derived from the collected RED data. The atomic structure could be solved 

and refined using RED data. The systematic studies of the RED data showed 

that the unit cell could be determined from the data with a tilt range as low as 

8.6o but for more accurate unit cell parameters a large tilt range is necessary. 

Interestingly, parameters such as resolution and tilt step did not influence the 

unit cell parameters significantly. The structure could be solved and all atomic 

positions were found using RED datasets with tilt step up to 0.5o. Increases of 

the tilt step lead to more inaccurate intensities that affected also the atomic 

positions and R-values in the structure refinement of calcined silicalite-1. 

 

For beam sensitive materials, in order to achieve structure determination with 

a high accuracy, strategy of data collection is a crucial step. For accurate unit 

cell parameters a large tilt step and a large tilt range have to be combined. On 

the other hand, for structure refinement, the tilt step has to be as small as 0.1-

0.2o, although it was possible to solve the structure of silicalite-1 with tilt step 
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as large as 0.5o. Therefore, 2 datasets would be necessary to collect – one for 

determination of the unit cell and other for structure refinement. 

 

The RED method has advantages over PXRD for studying multiphasic 

samples. Twinning problems can be overcome for micron- and nano-sized 

samples because the structure can be determined from single-crystal instead 

of powder as in PXRD. The RED method is semi-automated and there is no 

need for highly-skilled persons to collect the RED data and most modern 

TEMs are suitable for this method. 

5.2. Structure determination of extra-large pore zeolites 

Nowadays, zeolite synthesis has been targeting zeolites with different pore 

structures towards different applications. By using different material sources 

and SDAs, desirable properties such as extra-large pores, small-pores, low 

framework density, active sites etc. can be achieved. Extra-large pore zeolites 

(defined by > 12 TO4 tetrahedral units in the pore window) have potential 

application in shape-selective catalysis and adsorption of large molecules.66 A 

common approach to achieve extra-large pore zeolites is to introduce 

germanium into the synthesis and use a large and complex SDA molecule.67 

Because of the large flexibility of Ge-O bond distance and O-Ge-O angle, 

introduction of germanium in fluoride media promotes the formation of 

structures that contain large amount of d4rs, which can produce extra-large 

pore zeolites. In chapter 5.2.1 and 5.2.2, two extra-large pore zeolites are 

presented showing limitations of RED and benefits of cRED. Synchrotron 

PXRD data were used in order to refine the structure and locate SDA 

molecules in the pores of zeolite structures. 

5.2.1. Structure determination of zeolite ITQ-56 (Paper II) 

Structure determination of germanium-rich zeolites is often very challenging 

because they are very beam sensitive materials.68 In this section, the structure 

solution and refinement of germanosilicate ITQ-56 will be presented using 

different techniques, such as RED, cRED and synchrotron PXRD. 

 

ITQ-56 was synthesized by Avelino Corma’s group at Universitat Polytécnica 

de Valencia. It was obtained using (3,5-dimethyl-1-adamantyl)ammonium 

cation (memantinium cation) and silica and germanium sources in a fluoride 

media, heated at 200 oC for 24 hours. The ITQ-56 sample contains plate-like 

crystals with 2-3 µm in lengths. The crystals form aggregates that are 

surrounded by large amounts of amorphous material (Figures 5.2a and b).  
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Figure 5.2 SEM images of ITQ-56 material revealing a) aggregates of plate-like 

crystals surrounded by an amorphous material and b) agglomerated plate-like crystals. 

5.2.1.1. Structure determination of ITQ-56 using RED data 

The sample of ITQ-56 was received by our group in 2014 and at that time, 

RED was already developed and used for structure determination of zeolites. 

For RED data collection, a sample of ITQ-56 for TEM studies was prepared 

by crushing in an agate mortar, dispersed in ethanol and treated by sonication 

for 2 minutes. Because the sample contained a lot of amorphous, the prepared 

suspension was decanted and sonicated several times. A droplet of the 

prepared solution was transferred to a copper grid covered by a holey carbon 

film, which was investigated in a JEOL JEM-2100 microscope operated at 200 

kV. 

 

The RED data were collected using the RED-data collection software27 and an 

upper mount Gatan ES500W Erlangshen CCD camera as well as a high tilt 

tomography sample holder. 576 ED frames were acquired covering a 128.96o 

tilt range with the goniometer step 2.0o and beam tilt step 0.25o. The exposure 

time for each frame was 2 seconds, and the total data collection time was 40 

minutes. The resolution of the RED data reached 1.3 Å. The ED frames in the 

RED data were combined to reconstruct a 3D reciprocal lattice using the 

software RED-data processing8 where shift correction, peak search, unit cell 

determination, indexation of the reflections and intensity extraction were 

done. The resulting hkl intensity list was further used for structure solution by 

direct methods. The structure was solved using the software SIR201469 

followed by refinement using SHELXL-97.70 Details about the data collection 

and structure solution can be found in Appendix A3. 

 

From the 3D reciprocal lattice, the unit cell parameters of ITQ-56 were 

obtained to be a = 13.38 Å, b = 26.02 Å, c=54.87 Å, α = 90o, β = 90o and γ = 

90o. 2D slices 0kl, h0l and hk0 were cut out and used for space group 

determination, which gives four possible space groups Immm (No. 71), Imm2 

(No. 44), I222 (No. 23) and I212121 (No. 24). The space group Immm (No. 71) 
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was chosen because it has the highest symmetry and is centrosymmetric (very 

common among zeolite structures). The structure of ITQ-56 has an 

exceptionally long c-axis that is the fourth longest axis among all zeolites 

published in Database of Zeolite Structures5. Only zeolites IM-571 (b = 57.2 

Å), AlPO-7872 (c = 60.61 Å) and SSZ-5773 (c = 109.8 Å) have unit cell 

dimensions that are longer than 55 Å. 
 

 
Figure 5.3 (a) 3D reciprocal lattice of ITQ-56 reconstructed from the RED data that 

were obtained from the crystal shown in the corner. 2D slices 0kl, h0l and hk0 are 

shown in (b), (c) and (d) respectively. Reflection conditions can be observed and are 

as follow: hkl: h + k + l =2n, hk0: h + k =2n, h0l: h + l =2n, 0kl: k + l =2n, h00: h = 

2n, 0k0: k = 2n. 

 

After the structure solution and refinement of ITQ-56 against the RED data, 

16 T and 26 O (out of 18 T and 47 O) symmetry independent atoms per unit 

cell were determined, marked in yellow and red in Figure 5.4. Later, in order 

to make fully connected structure, it was completed according to chemical 

knowledge about zeolites by adding O atoms between each two T atoms, see 

Fig. 5.4 where manually added T and O atoms are coloured in green and blue 
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respectively. Although the data completeness was only 85 % and Rint and R1 

values were both very high (0.53 and 0.53, respectively), it was possible to get 

an approximate model of the structure. 180 geometric restraints were 

introduced to keep the structure geometrically reasonable. Most ADPs were 

very high (ADP > 0.20) and above those that can be accepted. 

  

 
Figure 5.4 The structure of ITQ-56 along a-axis determined from the RED data and 

completed according to the chemical knowledge about zeolites. Yellow color 

corresponds to T atoms and red color corresponds to O atoms that were found during 

structure solution and refinement using RED data. Green color corresponds to T atoms 

and blue corresponds to O atoms that were manually placed according to chemical 

knowledge in order to make a fully connected zeolite structure of ITQ-56. 

 

The structure of ITQ-56 determined using RED data consisted of two cages – 

‘double’ [425462] cage with one 4-ring in common and four additional dimers 

and [46612] cage. These cages are connected to each other via O atoms making 

d4rs. The framework has a 3D channel system with straight 12-ring channels 

along [100], [110] and [101]. 

5.2.1.2. Rietveld refinement of ITQ-56 based on RED data 

Since the structure of ITQ-56 determined using RED data had very high R-

values and the structure had to be completed by manually adding missing T 

and O atoms, the Rietveld refinement against synchrotron PXRD data was 

performed. 

 

The Pawley fit (Figure 5.5) confirmed the space group and unit cell parameters 

deduced from the RED data. However, Rietveld refinement for the structure 

model of ITQ-56 based on the RED data was not fully successful for such a 
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complex structure involving a lot of parameters to refine. The situation when 

a large amount of refinable parameters – exceptionally large unit cell, large 

amount of T sites (partially occupied by silica and germanium) and oxygen 

atoms per asymmetric unit, many OSDA molecules per unit cell and the 

sample containing large amount of amorphous phase – made a structure 

refinement using synchrotron PXRD data extremely challenging. The first 

significant decrease of resolution for synchrotron PXRD data already started 

to appear at 3.2 Å (~7o 2Theta) that corresponds to T-T distances in the 

structure of zeolites. The second reduction was observed at 2.3 Å (~9.7o 

2Theta) that corresponds to O-O distances and there is almost no information 

after 1.28 Å (19o 2Theta). The provided resolution of PXRD data and 

complexity of the structure of ITQ-56 made a Rietveld refinement too 

challenging and the result was not reliable enough to confirm the structure of 

ITQ-56 obtained from RED data. 

 

 
Figure 5.5 The Pawley fit of the structure ITQ-56, the part from 9 to 13o 2Theta is 

enlarged by a factor of 3 times. The curves from top to bottom are observed (green), 

calculated (red) and difference (black) profiles respectively. Space group Immm, unit 

cell parameters  a = 13.4059 Å, b = 26.3865 Å, c = 55.0702 Å. Rwp=6.2 %. 

 

As described above, the structure of ITQ-56 could not be finalized – the 

structure was completed by manually adding missing T and O atoms, Si/Ge 

ratio refinement was also not reliable by synchrotron PXRD data, ADPs were 

exceptionally high. The high Rint and R1 values indicated that additional 

investigations were needed. 
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5.2.1.3. Structure determination using cRED data 

Meanwhile, in the end of 2016, a fast and hybrid camera Timepix Quad was 

installed and cRED was implemented in our group. The cRED method could 

overcome several 3D ED data collection problems, such as: 

 Data collection time could be decreased to a few minutes which is 

very important for germanium containing zeolites that are very beam 

sensitive. 

 The detector used for cRED data collection is much more sensitive 

for detection of diffraction spots and higher resolution of data could 

be obtained. 

 Finally, integrated intensities are used for structure solution that are 

more precise than the maximum intensities by the step-wise sampling 

obtained by RED. It could provide improved structure solution and 

lower R-values. 

 

The cRED method was applied and the goniometer was tilted continuously 

with a speed of 0.23o per frame; exposure time for each frame was 0.5 seconds. 

The cRED data were collected using the Timepix Quad camera and SoPhy 

software provided by ASI. Additionally, a cryo-transfer sample holder was 

used and the sample was cooled down to -175 oC during the experiment. 

 

The cRED data were collected and merged from six crystals. The resolution 

could be improved up to 1.1 Å and the merged data provided 82 % of data 

completeness. The Rint value for cRED data was 0.233, significantly lower 

than that (Rint = 0.53) for the RED data. The structure could be solved and 

refined by using cRED data, although 39 geometric restraints were necessary 

to refine 246 parameters. The final R1 was 0.284 for the structure of ITQ-56 

determined using cRED data which was significantly lower than that using 

RED data (R1=0.53). Details about the data collection and structure solution 

of ITQ-56 can be found in Appendix A3. 

 

Surprisingly, the structure solution and refinement very clearly showed that 

the structure of ITQ-56 has an interrupted framework, forming a large 22-ring 

channel along a (see Figure 5.6a). The same structural feature was obtained 

even when each of the six cRED datasets was used for the structure 

refinement. This shows that the structural model initially proposed from the 

RED data was incorrect, and only the cRED data gave the correct structural 

model of ITQ-56. 
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Figure 5.6 Structure of zeolite ITQ-56 viewed along a) [100], b) [001] and c) [010]. 

Only the connections of T atoms are shown for clarity. 

 

All 19 T atoms, partly occupied by germanium and silicon (Si/Ge ratio is 1.15 

from cRED data), and 49 oxygen atoms per asymmetric unit were found 

during structure solution.  Just 10 structures of zeolite materials that are 

reported in Database of Zeolite Structures have more than 19 T atoms per 

asymmetric unit. Most of these frameworks are disordered (ITQ-3965, IPC-674, 

SSZ-5773, SSZ-6175, SSZ-31 polymorph I59, SSZ-7076) and/or are interrupted 

(ITQ-3965, SSZ-6175, SSZ-7477, SSZ-7076). 

 

As mentioned before, “the structure of zeolite ITQ-56 is built from two 

different cages. ¨Double¨ [425462] cage with one 4-ring in common and two 

additional dimers at one side (see Figure 5.7a), and [46612] cage in which one 

4-ring is disordered in two different orientations with occupancy 0.5 (see 

Figure 5.7b). The same type of cages are connected to each other via oxygen 

atoms producing chains along a-axis (see Figures 5.7c and d). Two chains 

containing the same type of cages are paired together along c; there is no 

connection between two “double” [425462] cages producing terminal T atoms. 

The paired chains are then shifted by 0.5 along a, b, and c and connected via 

oxygen atoms to form the 3D structure. The structure of ITQ-56 exhibits a 

large 3D channel system and there are straight 12-ring channels along [100], 

[110] and [101]. There are also straight 12-ring channels along [010] and a 

large 22-ring channel along [100] that is created due to terminal T atoms in 

the ¨double¨ [425462] cage.” (Paper II) 
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Figure 5.7 a) Illustrated [46612] cage where different orientations of 4-rings are 

marked in green and pink colour; b) “double” [425462] cage with one 4-ring in 

common and two additional TO4 dimers at one side; c) the cage chain of [46612] by 

connecting via d4rs coloured in blue; d) the cage chain of b) by connecting via two 4-

rings coloured in brown; e) Framework of zeolite ITQ-56 viewed along [100]. Only 

the connections of T atoms are shown for clarity. 

5.2.1.4. Rietveld refinement of the as-made ITQ-56 structure 

derived using cRED data 

It is worth to mention again, that the complexity of the ITQ-56 structure with 

a large number of refined parameters makes the Rietveld refinement very 

challenging. In addition, the relatively low resolution of the synchrotron 

PXRD data - peaks in the PXRD pattern significantly decay at resolution of 

2.2 Å makes the Rietveld refinement of the fine details in the structure very 

difficult. 

 

The Rietveld refinement was performed using software TOPAS Academic 

V5.78 The Pseudo-Voigt (PV) type peak profile function and the zero shift, 

capillary shift, unit cell parameters, atomic positions of T and O atoms, silicon 

and germanium occupancies and atomic displacement parameters were 

refined. Geometric restraints were applied for all T-O distances (1.61 – 1.74 

Å) and O-T-O angles (109.5o), which were significantly released during the 

refinement. This means that the bond distance and angle were strictly fixed to 

the ideal values at the beginning of the refinement. After several cycles of 

Rietveld refinement the geometric restraints are made weaker to allow larger 

flexibility of the structure. Four OSDA molecules were firstly located 
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manually according to the difference Fourier map; the positions of C and N 

atoms were later refined using geometric restraints that were significantly 

released at the end of the refinement. The fluoride ions were found from the 

difference Fourier map and the occupancies were refined. Finally, after 

Rietveld refinement, the structure of ITQ-56 was confirmed and the location 

of four symmetry independent SDA molecules was revealed (Figure 5.8b). 

The Rietveld refinement converged to Rwp=0.149 (Figure 5.9). 

 

 
Figure 5.8 a) The SDA molecule used for the synthesis of ITQ-56, carbon atoms are 

presented in grey, a nitrogen atom in blue and hydrogen atoms in white. b) Locations 

of SDA molecules in the structure of ITQ-56 after Rietveld refinement. Only the 

connections of T atoms are shown for clarity. 

 

 
Figure 5.9 The plots of Rietveld refinement against synchrotron PXRD of as-made 

ITQ-56. The part from 9 to 18o 2Theta is enlarged by a factor of 3. The curves from 

top to bottom are observed (green), calculated (red) and difference (black) profiles 

respectively. 
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There are slight differences in overall Si/Ge ratio derived from cRED data – 

1.15 and synchrotron PXRD data – 1.37. Fluorine content in the d4rs is not 

consistent and differs from 12.2 fluorine ions determined from cRED data to 

9.6 fluorine ions determined from synchrotron PXRD data. It is worth 

mentioning that the cRED data were merged from six individual crystals but 

synchrotron PXRD data were obtained from the entire bulk material and 

thereof the content can be slightly different. 

5.2.1.5. Summary 

The determination of the ITQ-56 structure demonstrates how important it is 

to use high quality data, especially if the structure is very complex, i.e.: 

 contains various types of T atoms - the structure of ITQ-56 contains 

“double” [425462] cage with one 4-ring in common and two additional 

dimers at one side, and [46612] cage in which T atoms are partly 

occupied by silicon and germanium; 

 has exceptionally large unit cell – the ITQ-56 structure has a c-axis of 

55.5 Å; 

 contains disorder - 4-rings at two different orientations with 

occupancy 0.5 are present in the [46612] cage; 

 additionally, the sample contains significant amount of amorphous 

material. 

 

This study presents how method development from stepwise (RED) to 

continuous (cRED) 3D ED data collection leads to the correct model of the 

ITQ-56 structure. Results show that cRED has great benefits comparing to 

RED in terms of obtaining higher quality data. The structure of ITQ-56 could 

be determined and further confirmed against synchrotron PXRD data.  

5.2.2. Structure determination of zeolite SYSU-3 (Paper III) 

The germanosilicate SYSU-3 was synthesized by Jiuxing Jiang’s group at Sun 

Yat-sen University. For synthesis of extra-large-pore zeolites, large and bulky 

SDA molecules are often used. These OSDAs are often synthesized by 

several-step synthesis route which is very time consuming and expensive. The 

aim for this project was to synthesize an extra-large-pore zeolite using a cost-

effective SDA. Sophora alkaloids, extracted from sophora herbs and seeds 

have been widely used as a traditional Chinese medicine for centuries and the 

proper modification of these alkaloids could produce SDA molecules for 

extra-large-pore zeolite synthesis.79 
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Figure 5.10 N,N’-dimethylsophoridinium cation (Me2SOP) used as a SDA molecule 

for synthesis of zeolite SYSU-3. 

 

The SYSU-3 material was synthesized by using the N,N’-

dimethylsophoridinium cation (Me2SOP) as the SDA (see Figure 5.10) and 

silica and germanium sources in fluoride media. The synthesis mixture was 

heated up to 160 oC for two days. The obtained material of SYSU-3 has rod-

like morphology with crystals around 20-100 nm in diameter and >500 nm in 

length (see Figure 5.11). 

 

 
Figure 5.11 The morphology of SYSU-3 crystals revealing their rod-like shape. 

5.2.2.1. Structure determination of SYSU-3 using cRED data 

Because of the nano-size of the crystals, the cRED method was chosen for 

structure determination of SYSU-3. Knowing that germanium-containing 

zeolites are very beam unstable during the acquisition of 3D cRED data, the 

sample was cooled down to -175 oC using liquid N2. The cRED data were 
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collected by continuously tilting the goniometer, continuous data acquisition 

was registered using SoPhy software provided by ASI and high-speed hybrid 

detection camera Timepix Quad. 430 ED frames with exposure time of 0.5 s 

were collected by cRED covering 96.62o of 3D reciprocal space. Details about 

the data collection and structure solution can be found in Appendix A3. 3D 

reciprocal space was reconstructed and data were processed using RED data 

processing software8 and XDS46 (Figure 5.12). The cRED data were indexed 

in a tetragonal unit cell a = b = 28.41 Å, c = 14.89 Å. The possible space 

groups deduced from the systematical absences were - I4/mcm (No. 140), I4c2 

(No. 120), or I4cm (No. 108). The centrosymmetric space group with the 

highest symmetry I4/mcm (No. 140) was chosen. 

 

 
Figure 5.12 a) Projection of 3D reciprocal space reconstructed from the cRED data 

with inset of crystal from which data were collected. The 2D slices of 0kl (b), h0l (c) 

and hk0 (d). The reflection conditions are: hkl: h + k + l=2n; 0kl: k = 2n, l = 2n; h0l:  

h=2n, l=2n; hk0: h + k = 2n; h00: h = 2n; 00l: l = 2n. The space group is determined 

to be I4/mcm (No. 140). (Reprinted with permission from Angew. Chem. Int. Ed. 2018, 

57, 6486-6490. Copyright (2018) John Wiley and Sons). 
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The obtained cRED data have 94.2 % completeness with a resolution of 1.2 Å 

and Rint value of 0.123. The structure solution and refinement were carried out 

without using any geometric restraints and converged to a R1 value of 0.181 

and GoF of 1.82. The T - O distances after the refinement were in the range 

from 1.55 Å to 1.70 Å which is reasonable for silicon (Si-O 1.61 Å) and 

germanium (Ge-O 1.74 Å) containing zeolites. The structure of SYSU-3 

contains 6 T-sites (partly occupied by silicon and germanium) and 12 oxygen 

atoms per asymmetric unit, where one out of six T atoms is terminal. The 

structure is built from [486882] rpa-cages, which are further connected via d4rs 

to construct the interrupted 3D framework, see Figure 5.13a. This zeolite 

structure has an intriguing 3D intersecting channel system consisting of 24 x 

8 x 8-rings and 1D discrete 8-ring channel, see Figure 5.13. The structure of 

SYSU-3 has been assigned with Zeolite Framework Type code -SYT by the 

Structure Commission of the International Zeolite Association (IZA-SC). 

 

 
Figure 5.13 a) 1D tube constructed by rpa-cages and d4rs. b-c) The framework of 

SYSU-3 showing the 8-ring channels along [110] (b) and 24-ring  channels along 

[001] (c). d) The 3D channel system in SYSU-3. The thick purple stick represents the 

24-ring channel along [001] and the blue, cyan and green ones show the 8-ring 

channels along [110], [1-10] and [001], respectively. Only the connections of T atoms 

are shown for clarity. (Reprinted with permission from Angew. Chem. Int. Ed. 2018, 

57, 6486-6490. Copyright (2018) John Wiley and Sons). 
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4.2.2.2. Rietveld refinement of zeolite SYSU-3 

Although the structure refinement of SYSU-3 using cRED data provided good 

geometry and a good fit with the cRED data, the Rietveld refinement against 

synchrotron PXRD data was performed in order to confirm the structure of 

SYSU-3 and locate the SDA molecules in the 3D channel system. The data 

was collected at Argon National Laboratory beamline 11-BM, λ=0.457656 Å. 

 

The Rietveld refinement was performed using TOPAS Academic V5. The 

structural model of SYSU-3 obtained from cRED data was used as an initial 

model for the Rietveld refinement. The Rietveld refinement was performed 

using two separate Pseudo-Voigt (PV) type peak profile functions, one for 00l 

peaks that are much sharper than the other peaks due to the needle-like 

morphology of crystals, and the other for the rest of the peaks in the PXRD 

pattern. The procedure included the refinement of zero shift, capillary shift, 

unit cell parameters, atomic positions of T and O atoms, silicon and 

germanium occupancies and ADPs. Geometric restraints were applied for all 

T-O distances (1.61 – 1.74 Å) and O-T-O angles (109.5o) that were 

significantly released during the refinement. The SDA molecules were firstly 

located by a simulated annealing algorithm; the positions of C and N atoms 

were later refined using restraints that were significantly released at the end 

of the refinement. The fluoride ions were placed from the difference Fourier 

map. The Rietveld refinement revealed that SDA molecules are located in the 

middle of the cross-linked half-supercages (Figure 5.14). The eight SDA 

molecules per unit cell have two configurations that are related by a mirror 

perpendicular to [110].  
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Figure 5.14 The structure of SYSU-3 showing the OSDA positions (a) and in the 

cross-linked half-supercage (b) after the Rietveld refinement against synchrotron 

PXRD data. In order to better illustrate the OSDA location in the cages, the space 

group I4 (79) is applied to the OSDA molecules. The framework of SYSU-3 has the 

space group I4/mcm (No. 140). Only the connections of T atoms are shown for clarity. 

(Reprinted with permission from Angew. Chem. Int. Ed. 2018, 57, 6486-6490. 

Copyright (2018) John Wiley and Sons). 

 

The Rietveld refinement (in Figure 5.15) converged with the final Rwp=0.205. 

Interestingly, both the cRED and synchrotron PXRD data have the same 

resolution with significant intensities up to 1.2 Å. The refined atomic positions 

from cRED and synchrotron PXRD data were very similar and on average 

deviated by only 0.05 Å for T atoms and 0.07 Å for O atoms. 
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Figure 5.15 The Rietveld refinement against synchrotron PXRD data for zeolite 

SYSU-3, the part from 11.5 to 21o 2Theta is enlarged by a factor of 5. The curves 

from the top to the bottom are observed (green), calculated (red) and difference (black) 

profiles, respectively (λ=0.457656 Å). (Reprinted with permission from Angew. 

Chem. Int. Ed. 2018, 57, 6486-6490. Copyright (2018) John Wiley and Sons). 

5.2.2.3. Summary 

The material of SYSU-3 was synthesized using a large and rigid SDA 

molecule (Me2SOP) extracted from widely accessible sophora herbs in China. 

This resulted in the extra-large zeolite structure containing 3D channel system 

of 24 x 8 x 8-rings and discrete 1D channel of 8-rings. The structure of SYSU-

3 was successfully solved and refined using one cRED dataset. SYSU-3 

crystallizes in a tetragonal crystal system with space group I4/mcm (No. 140) 

and unit cell parameters a = b = 28.41 Å, c = 14.89 Å. The position of SDA 

molecules were successfully determined by Rietveld refinement using 

synchrotron PXRD data. Although the resolution of cRED and synchrotron 

PXRD data was around 1.2 Å, all the details – atomic positions, Si/Ge ratio 

and SDA positions could be determined by combining both methods. 

5.2.3. Summary of structure determination of extra-large pore 

zeolites 

The extra-large-pore zeolites that are synthesized using germanium as a source 

material are very beam sensitive materials and structure solution by electron 

crystallography methods can be challenging. The study of ITQ-56 material 
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showed that the RED method was not powerful enough to reveal the complete 

structure of ITQ-56 – possibly the data collection time (40 min) was too long 

for such a beam sensitive material. The crystallinity of material was 

decreasing during the RED data collection affecting the resolution of data (1.3 

Å) and intensities. The cRED method, that provides fast data collection and 

integrated intensities, could significantly improve the 3D ED data quality 

(improved resolution from 1.3 Å to 1.1 Å and R-values). The structure of ITQ-

56 could be determined in good agreement with the structure refined by 

Rietveld refinement against synchrotron PXRD data. Although the structure 

of germanosilicate SYSU-3 could be solved and refined using cRED data, the 

resolution of the data was not higher than for ITQ-56 (the resolution of SYSU-

3 data – 1.2 Å). The successful determination of SYSU-3 was possible because 

the structure does not contain any disorder, as well as the number of unique T 

and O atoms per unit cell were significantly lower. 

 

In both cases, the synthesized germanosilicates contain extra-large pores, 

large number of d4rs and both structures were interrupted containing terminal 

T atoms. Although the structure solution and refinement of germanosilicates 

can be carried out using cRED data alone, still SDA molecules have to be 

located in the pores by Rietveld refinement using synchrotron PXRD data.  

5.3. Structure determination of small-pore zeolite 

Small-pore zeolites are widely present in Database of Zeolite Structures5, 99 

out of 248 zeolite framework types have 8-ring as the largest ring in the 

structure. Small-pore zeolites are especially interesting for industrial 

applications such as kinetic-based separation of small molecules80–82. In this 

section, the structure determination of aluminosilicate EMM-37 will be 

presented revealing the power of cRED. 

5.3.1. Aluminosilicate EMM-37 (Paper IV) 

The material of EMM-37 was synthesized at ExxonMobil Research and 

Engineering Company. For successful synthesis, carefully chosen alumina 

source (metakaolin) and SDA (diquaternary ammonium) molecule played 

essential roles; a slight change of parameters lead to other zeolite materials, 

such as, NU-87 (NES)83, ITQ-3284 or zeolite beta85. The synthesis mixture of 

silica and alumina sources, NaOH and SDA molecule (1,1,1′,1′-tetramethyl-

3,3′-bipyrrolidine-1,1′-dium) was heated up to 160 oC for seven days resulting 

in zeolite EMM-37. 
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Figure 5.16 a) SEM image of as-made zeolite EMM-37 and b) SEM image of sample 

after calcination at 540 oC. 

 

In order to get full understanding about the EMM-37 structure, both calcined 

and as-made versions of the material were examined. The analyzed materials 

were from different batches. The as-made sample contains crystals with small 

sheet-like morphology that are agglomerated (Figure 5.16a), and calcined 

material has larger, more discrete plates (Figure 5.16b). 

5.3.1.1. Structure determination of as-made EMM-37 using cRED 

data 

Because as-made EMM-37 crystallizes with crystals in size of 500 nm, 

cRED was chosen for structure determination. The cRED data were collected 

by continuously tilting the goniometer and recording ED patterns using SoPhy 

software provided by ASI and high-speed hybrid detection camera Timepix 

Quad. Two cRED datasets with resolution of 0.7 Å were processed and 

merged into one hkl intensity file covering 79.8% of complete data and with 

Rint = 0.261. Although the second dataset had higher Rint and R1 values, both 

datasets complement to each other very well (see Figure 5.17) with the 

completeness increased from ~60 % for individual datasets to 79.8% for the 

merged dataset. Details about the data collection and structure solution of as-

made EMM-37 can be found in Appendix in Tables A1 and A3. 
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Figure 5.17 a) 3D reciprocal lattice and 2D slices for Dataset 1 and b) 3D reciprocal 

lattice and 2D slices for Dataset 2. 

 

The cRED data could be indexed with a triclinic unit cell. Triclinic structures 

are very rare among published zeolites in Database of Zeolite Structures.5 

Only three published zeolite structures are triclinic – CIT-7 with framework 

type CSV86, ITQ-39 with framework type *-ITN65 and ITQ-5887. The 

structure of as-made EMM-37 was determined in space group P-1 and unit 

cell parameters refined against synchrotron PXRD data - a = 8.832 Å, b = 

9.635 Å, c = 10.652 Å, α = 104.41o, β = 99.80o and γ = 99.50o. The structure 

contains seven T atoms and 14 O atoms in the asymmetric unit. Although the 

structure of as-made EMM-37 could be solved from individual datasets, the 

merged data provided more accurate atomic coordinates and excellent 

geometry (distance of T-O bonds and O-T-O angles). The structure could be 

refined without any geometric restraints, resulting in an average T-O distance 

of 1.62 Å (an ideal Si-O bond distance is 1.61 Å) and an average O-T-O angle 

of 109.5o (an ideal O-Si-O angle is 109.5o). The final R1 value converged to 

the value of 0.299.  

 

The EMM-37 framework has a 3D pore system with 8-ring channels along 

[100] and [010], and a narrow 10-ring channel along the [011] direction 

(Figure 5.18). 
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Figure 5.18. The structure of as-made EMM-37 viewed along a) [100], b) [010], c) 

[001] and d) [011] directions. Al/Si atoms are shown in yellow and oxygen atoms in 

red. In panels c) and d) the Al/Si atoms belonging to the 10 ring channel are marked 

in blue to show the narrow 10-ring window. (Reprinted with permission from Inorg. 

Chem. 2019, 58, 12854-12858. Copyright (2019) American Chemical Society.) 

 
Figure 5.19 a) The bre and 4-ring CBUs. b) The bre units are connected with each 

other along a (alternatingly light and dark purple to indicate each unit) and further 

connected through 4-rings (yellow) to form a layer in the (01-1) plane. The layers are 

directly connected to form the 3-dimensional framework of EMM-37. Only the 

connections of T atoms are shown for clarity. (Reprinted with permission from Inorg. 

Chem. 2019, 58, 12854-12858. Copyright (2019) American Chemical Society.) 
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The material of EMM-37 is built from bre composite building units (CBUs). 

The bre CBUs contain two 4-rings and four 5-rings, [4254] (Figure 5.19a), 

which are directly connected with each other along the a-axis, forming a rod-

like architecture. The rods are then connected via additional 4-rings to form 

layers in the (01-1) plane. These layers are directly connected to form a 3D 

fully connected framework as in Fig. 5.19b. In total, 13 zeolite structures have 

been previously reported to have bre as a CBU, and five of them are built 

entirely from bre CBUs – Brewsterite88, Heulandite2, RUB-4189, PST-21 

(PWO) and PST-22 (PWW).90 

 

The structure of EMM-37 has been assigned with Zeolite Framework Type 

code ETV by the Structure Commission of the International Zeolite 

Association (IZA-SC). 

5.3.1.2. Structure determination of calcined EMM-37 

In order to detect the changes of EMM-37 structure after removal of the SDA 

molecules, the material after calcination at 540 oC was also studied. Six 

datasets collected using cRED were merged into one hkl intensity file. 

 

Because of the small crystal size, it was very difficult to keep the crystal in the 

SAED aperture during cRED data collection. Normally, when the tilt angle is 

larger than ~50 degrees, the crystal starts to move out of the SAED aperature. 

If one can predict the direction of movement, it is possible to move the crystal 

back into the SAED aperature without stopping the crystal rotation. However, 

the intensities of the diffraction spots may be affected as the volume of the 

crystal in the beam may vary if the crystal partially moves out of the SAED 

aperture. To avoid this problem of inaccurate intensities, for merged data only 

the first 50 degrees of datasets 1, 2, 3, 4 and 5 were used and analysed. The 

dataset 6 had a very low Rint value (Rint=0.05) for the full tilt range (107.3o), 

therefore dataset 6 with the full tilt range was used and merged with the other 

datasets. 

 

The merged data provided 88.7 % of completeness with 0.7 Å resolution. Five 

out of six individual datasets had very low completeness reaching a maximum 

of 27.7 %, dataset 6 had a completeness of 53.6 %. Although the structure 

could be solved even from a dataset that had completeness as low as 25.5 %, 

the dataset merged from all six datasets provided a better structure model that 

could be refined without using geometric restraints. Details about the data 

collection and structure determination of calcined EMM-37 can be found in 

the Appendix in Tables A2 and A3. 
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Figure 5.20 The pore openings along a) [100], b) [010] and c) [011] directions for as-

made sample and d), e), f) along the respective directions for the sample after 

calcination at 540 oC. (Reprinted with permission from Inorg. Chem. 2019, 58, 12854-

12858. Copyright (2019) American Chemical Society.) 

The structure of calcined EMM-37 preserved space group P-1 (No. 2) but with 

slight change of unit cell parameters - a = 8.732 Å, b = 9.617 Å, c = 10.464 

Å, α = 104.81o, β = 99.75o and γ = 98.82o, when refined against synchrotron 

PXRD data. Similar as for as-made EMM-37, the average T-O distance for 

calcined EMM-37 is 1.63 Å (an ideal Si-O is 1.61 Å) and O-T-O angle is 

109.5o (an ideal O-Si-O angle is 109.5o). The final R1 value converged to the 

value of 0.224. 

 

No topological changes of the framework were observed after calcination at 

540 oC but the pore sizes and geometry are changed after the removal of SDA 

molecules, see Figure 5.20. There are no obvious differences between as-

made and calcined sample pores along [001]. However, the window apertures 

of the pores along [100] and [011] become slightly narrower after calcination 

at 540 oC. 

5.3.1.3. Rietveld refinement of as-made EMM-37 

Although the cRED data resulted in a structure of EMM-37 with excellent 

geometry (T-O bond distances and O-T-O angles were very close to ideal), 

the refinement of SDA molecule positions need to be done for complete 
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structure determination of zeolite EMM-37. In order to locate SDA molecules 

in the pores of EMM-37, Rietveld refinement against synchrotron PXRD data 

was applied. 

 

The Rietveld refinement was performed by Allen Burton at ExxonMobil 

company with GSAS software. The results of Rietveld refinement showed that 

the SDA molecule is located at an inversion center of the unit cell covering 

almost all the micropore volume. The final Rwp and Rp values converged to 

0.065 and 0.052, respectively. It is worth to emphasize that the structure of as-

made EMM-37 refined against cRED data agrees very well with the refined 

structure using synchrotron PXRD data. The average differences of the T and 

O atomic positions are 0.04 and 0.07 Å, respectively. It confirms that the 

structure of as-made EMM-37 determined by cRED is of high accuracy and 

that the method can be applied not only for structure solution of unknown 

zeolite structures but also for refinement. 

5.3.1.4. SDA locations in as-made EMM-37 derived from cRED 

data 

Since the as-made structure of EMM-37 could be refined with very good 

geometry and the data have high resolution - up to 0.7 Å, the next challenge 

would be to locate the SDA molecule in the pores of the structure using cRED 

data. 

 

The SDA molecule used for synthesis of EMM-37 is a diquaternary 

ammonium molecule (1,1,1’,1’-tetramethyl-3,3’-bipyrrolidine-1,1’-dium) in 

which the two 5-rings are connected by a single bond, see Figure 5.21. “The 

SDA molecule has two stereocenters providing four possible combinations; 

RS, SR, SS, and RR, with the RS and SR forms being equivalent and the SS 

and RR forms being enantiomers of one another. The mixture of the SS and 

RR forms can be used to make ITQ-32 in fluoride-containing gels84. The new 

aluminosilicate zeolite EMM-37 was synthesized with the RS isomer as the 

SDA. Under identical synthesis conditions, the RR/SS isomers instead make 

NU-87 (NES)83.” (Paper IV) 

 

 
Figure 5.21. The SDA molecule used for the synthesis of EMM-37. 
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In the Rietveld refinement, the common procedure to locate SDA molecules 

into the channel system is to use simulated annealing where the SDA molecule 

is defined as a rigid body and is randomly moved in the channel system of the 

structure in order to find the best fit to the PXRD pattern. When the 

approximate location is found, that agrees well with the difference electron 

density map, the coordinates of each atom are refined, firstly with strong 

geometric restraints that are significantly released by time. Inspired from the 

procedure used in Rietveld refinement with PXRD data, a similar refinement 

procedure of SDA molecules using cRED data was done by SHELXL-97.70 

 

 
Figure 5.22 Potential difference maps of as-made EMM-37 a) before and b) after 

refinement of the SDA molecule using cRED data. 

 

Firstly, the SDA molecule was placed in the pore of EMM-37 covering the 

maximum potential in the electrostatic potential difference map (in Figure 

5.22a) and then the SDA molecule was refined as a fragment. After several 

cycles of refinement when movement of the SDA molecule during refinement 

was minimal, all atomic coordinates were refined separately. The location of 

the SDA molecule after refinement using cRED data can be seen in Figure 

5.22b. The refinement including the SDA molecule converged with R1=0.312. 

 

As previously described, cRED data provides the information about the 

location of SDA molecule. Although it was possible to refine the position of 

SDA molecule using cRED data and the position of SDA molecule is very 

close to the one refined by Rietveld refinement method (Figure 5.23), there 

are some issues that have to be further studied: 

 It is important to find the starting position of the SDA molecule as 

close to the correct location as possible, otherwise the refinement may 

end up with the wrong location. It is especially important to compare 

the SDA position with the difference potential map obtained before 

and after the SDA insertion and.  
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 Geometric restraints for the SDA molecule must be kept until the end 

of the refinement in order to ensure the structure geometrically 

reasonable. 

 The ADP values of atoms in SDA molecule are too high. The 

acceptable value of ADP is up to 0.20 and if the value reaches 2.0 it 

means this atom is assigned in a wrong place or does not exist. The 

ADP value of atoms in the SDA molecule is ~0.45 which indicates 

that the exact position of atom may not be correct. High ADP values 

can be explained by a large free volume that is accessible for SDA 

molecule in the channels and the position of atoms may not be strictly 

fixed as it is for the framework. 

 The R1 value after the structure refinement of EMM-37 is 0.299. One 

should expect to improve the R1 value after the insertion of the SDA 

molecule into the refinement but the R1 value increased to 0.312. The 

reason why the R1 value increased during refinement could be 

because several new parameters (27) and restraints (43) were 

introduced for the SDA molecule that have to fit with the data. 

 

 
Figure 5.23 Comparison of the location of the SDA molecule after refinement using 

synchrotron PXRD data (in grey) and cRED data (in blue). 

5.3.1.5. Summary 

The results of EMM-37 structure determination show that even materials that 

crystallizes in a space group as low as P-1 (No. 2) can be successfully 

determined using cRED data. In such a case, when the structure has very low 

symmetry, it is crucial to merge several datasets for more complete data that 

leads to more accurate atomic positions, even though it may be possible to 
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solve the structure using data with very low completeness (~25 %). There were 

no topological changes observed for the structure of EMM-37 after 

calcination. However, pore size changes after calcination at 540 oC were 

detected which is very valuable information for industry applications. The 

structure of EMM-37 was successfully determined using cRED data and 

shows excellent agreement with the structure refined against synchrotron 

PXRD data, which proves that the cRED method can be used not only to solve 

but also to refine the structure of nano-sized materials. Because cRED 

provided high resolution and completeness for EMM-37, a refinement of 

possible location of the SDA molecule was done. Although the difference 

potential map showed an SDA location that was almost the same as in the 

Rietveld refinement, the complete structure refinement of zeolites using cRED 

data still needs more detailed investigation and improvements.  

5.4. Summary of structure determination of zeolites using 

3D ED methods 

The strategy of 3D ED data collection is very important and the purpose of 

data collection as well as sample complexity have to be analyzed. All 3D ED 

data collection and structure determination details about the studied zeolite 

materials in this thesis can be found in the Appendix in Table A3.  

 

Although the use of RED data for structure determination of highly ordered 

and rather stable zeolite structures, such as silicalite-1 was successful, the 

structure determination of the more complex and beam sensitive zeolite ITQ-

56 was not so straightforward. Nevertheless, improvements in 3D ED methods 

could overcome the challenges and the structure of ITQ-56 could be both 

solved and refined using cRED data. For very beam sensitive materials such 

as germanosilicates the fast data collection provided by the cRED method 

combined with cryo conditions (-175 oC) during data collection could prevent 

the structure of ITQ-56 from too serious beam damage. This resulted in higher 

resolution of the data than that obtained by RED, improved R values for the 

structure refinement and the structure could be derived directly from cRED 

data. The change from stepwise data collection in RED to continuous data 

collection in cRED provides integrated intensities and data with more accurate 

quantification of symmetry equivalent intensities were achieved that improves 

Rint and R1 values. 

 

In the refinement of the disordered and complex zeolite ITQ-56, geometric 

restraints (bond distances and angles) were used in order to keep the geometry 

of the structure during refinement. However, the ordered zeolites SYSU-3 and 

EMM-37 can be refined without any geometric restrains and still the geometry 

is very well defined. 
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Although it is possible to solve the structure of zeolites even with a data 

completeness as low as 25%, accurate atomic coordinates need a significantly 

higher completeness. If the space group is as low as P-1 (No. 2), the best 

strategy is to merge several datasets to increase the completeness. It will result 

in a higher Rint value but the geometry of the structure will be improved. 

 

Interestingly, quality of the refinement is not directly related to the resolution 

of the data. The resolution of the 3D ED data from germanosilicates ITQ-56 

and SYSU-3 did not reach higher value than 1.1 Å while data of 

aluminosilicate EMM-37 easily reached 0.7 Å, which is not directly reflected 

to a lower quality of the refinement of the germanosilicates. The refinement 

of germanosilicate SYSU-3 converged with very good geometry without 

using any geometric restraints. One possible explanation to why the resolution 

for germanosilicates is significantly lower than aluminosilicates can be in 

terms of geometry for alumina and germanium containing zeolites. Alumina 

and silicon containing zeolites still preserve the same bond distances and 

angles as it has in pure silica zeolite, however the geometry of germanium 

containing zeolite is more flexible. Especially, if the same T atom have 

different Si/Ge ratio in each unit cell, in the refined structure of 

germanosilicate the T-O distances can vary from 1.61 – 1.74 Å (1.61Å – Si-O 

and 1.74 Å – Ge-O) and O-T-O and T-O-T angles are also very flexible 

making the structure less well defined than if it would have been for an 

aluminosilicate. Moreover, even the resolution of synchrotron PXRD data 

showed the same trend, reaching 1.2 Å resolution for germanosilicates and 

below 0.9 Å for aluminosilicate. 

 

Zeolite structures refined using cRED data (both merged data for structures 

with low symmetry and individual datasets for structures with high symmetry) 

and synchrotron PXRD data show excellent agreement. The average 

difference for T atom positions was 0.05 Å for germanosilicate SYSU-3 and 

0.04 Å for aluminosilicate EMM-37 and average difference for O atomic 

positions was 0.07 Å for both SYSU-3 and EMM-37. This is a very clear 

confirmation that cRED can be used as a stand-alone method for structure 

determination of well ordered zeolite materials. 

 

SDA molecules play an important role for zeolite structure formation, defining 

the channel system (both size and dimensionality). From the synthesis point 

of view, it is very important to find out where the SDA molecules are located 

in the zeolite channels. So far, Rietveld refinement using PXRD data has been 

used, often applying a simulated annealing approach in order to locate the 

SDA molecules. However, the difference potential map after zeolite structure 

refinement using cRED data clearly shows the location of the SDA molecule, 

which indicates that even cRED data can be used to find the location of the 
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SDA molecule. Further work is needed to develop the 3D ED procedure of 

locating SDA molecules and for refinement of the atomic positions. 
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6. Detailed structure of zeolite ITQ-39 by 

HRTEM images (Paper V) 

The structure determination by 3D ED methods is fast and often 

straightforward  but often for more complex and disordered structures 

additional and local information about the structure is necessary which can be 

provided by HRTEM images.63,91,92 3D ED data can give very useful 

information about the type of disorder, for example, stacking faults often 

produce diffuse lines, twinning can be directly observed in the diffraction 

pattern, HRTEM is needed for more detailed information. In this chapter, one 

of the most complex zeolite materials, ITQ-39, will be presented revealing a 

deep understanding about the structure and its disorders using HRTEM 

images. 

6.1. Earlier work: A brief description of ITQ-39 

The structure of ITQ-39 was previously solved by Tom Willhammar in our 

group using electron crystallography methods combining RED, HRTEM 

images and model building.59,85 The RED data could provide unit cell 

parameters and information about the presence of stacking faults (see Fig. 

6.1b) and twinning (Figure 6.1a). Two main projections along [010] for 

twinning and [100] for stacking disorder were further investigated by HRTEM 

images. From the structure projection images, reconstructed from through-

focus series of HRTEM images by QFOCUS software50, three polytypes, 

named A, B and C, were identified. A 3D electrostatic potential map was 

reconstructed and coordinates of Si atoms were obtained for polytype B of 

ITQ-39. The structure was completed by O atoms and geometrically refined 

using least-squares refinement.94 
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Figure 6.1 a) Section through RED data along b-axis of ITQ-39 showing twinning, 

b) section through RED data along a-axis showing characteristic streaks and every 

third line of sharp diffraction spots representing stacking faults of 10-rings, with 

ABAB…, ABCABC… and CC…. stackings, corresponding to polytypes A, B and C. 

c) The structure of ITQ-39 along b and d) the structure of ITQ-39 along a presenting 

polytypes A, B and C. Only the connections of T atoms are shown for clarity. 

(Reprinted with permission from Nature Chem. 2012, 4 (3), 188-194. Copyright 

(2012) Springer Nature.) 

  

The material of ITQ-39 has a 3D channel system consisting of pairwise 12-

ring intersected by 10-ring channels, see Figures 6.1c and d, and is a good 

candidate for industrial applications.95,96 The three polytypes are built from the 

same layer (marked in grey in Figures 6.1c and d) but with different stacking 

along c*. Polytype C has layers on top of each other without any shift along 

b. In polytype B the layers are shifted by either + or -1/3b and in polytype A 

layers are shifted alternatingly by + and -1/3b. The ITQ-39 material has been 

assigned with the framework code *-ITN in the Database of Zeolite 

Structures.5 

 

Although the structure of ITQ-39 including the three polytypes A, B and C 

and twinning was described in the original publication, the twinning observed 
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in HRTEM images and RED data viewed along b was not studied in detail. A 

further study of the material was necessary in order to gain a deeper 

understanding about this complex structure, especially to investigate the 

twinning in more details. In this chapter, a crystal morphology and surface 

termination will be discussed. A more detailed description about twinning in 

the material is presented. Finally, three new polytypes A Tw, B Tw and C Tw 

are introduced and compared with the already described polytypes A, B and 

C of zeolite ITQ-39. 

6.2. Crystal morphology in ITQ-39 

Crystals of ITQ-39 have needle-like morphology with a length of 1-2 µm and 

cross sections of ~30 nm. These needle-like crystals form bundles, as can be 

seen in SEM images (Figure 6.2). These bundles are 100-200 nm in diameter. 

An interesting triangular shape morphology of cross sections of the bundles 

was observed in SEM and TEM images along [010], as seen in Figures 6.2 

and Figure 6.3. 

 

 
Figure 6.2 a) SEM image of ITQ-39 crystals revealing needle-like morphology. The 

needles grow in bundles. b) Cross section of crystal agglomerates. (Reprinted with 

permission from Cryst. Growth Des. 2017, 17, 1910-1917. Copyright (2017) 

American Chemical Society.) 

 

The cross section of bundles also reveals that there are holes, possibly 

mesopores, formed in between crystals within the bundle (Figure 6.3). The 

presence of mesopores could be an interesting feature for possible industry 

applications, for example, in oil refinery processes.97  
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Figure 6.3 TEM images of cross section of bundles. Sections were prepared by 

ultramicrotome, the sample was embedded in resin. 

 

Further, for a more detailed investigation about how the triangular shape is 

formed, a through-focus series of HRTEM images along b with a constant 

focus step of 106.6 Å were acquired as described in section 3.4.1. Structure 

projection images were obtained with the software QFocus in order to enhance 

the resolution and signal to noise of the images. 
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Figure 6.4 Crystal surface termination along [010] in schematic visualization in a) 

and b) and structure projection image in c). 

 

From the structure projection images along [010], the most common surface 

terminations are along (100) and (-201) planes. A schematic visualization is 

shown in Figures 6.4a and b. There are no specific surface terminations along 

the third direction. Either the crystal expands without well-defined edges or it 

twins. The reconstructed HRTEM images show that there is only one specific 

way of termination at the (-201) plane that cuts a pairwise 12-ring channel, 

while there are several ways how the crystal terminates at the (100) plane – 

the (100) plane can cut the first (Figure 6.4a) or the second (Figure 6.4b) 

pairwise 12-ring channels. There are also some more specific cases, for 

example, after layers of pairwise 12-ring channels, a layer of one separate 12-

ring channel occurs (see Figure 6.4c).  

6.3. Twinning of ITQ-39 

The twinning along [010] was previously identified by RED and later studied 

with HRTEM images.65 In order to understand how twinning is formed and 

how abundant it is in the structure, a more detailed survey was performed and 

will be further explained. 

 

From SAED patterns and structure projection images, it is evident that 

twinning is present at two different length scales: 

 The twinning occurs in a longer range between neighboring needle-

like crystallites within the same bundle of crystals. In this case, the 

needle-like crystallites are related by twin operations as can be seen 

in Figure 6.5a marked in green and red circles. Their respective FTs 

can be seen in Figures 6.5b and 6.5c. The FT from both regions 

presenting twinning can be seen in Figure 6.5d. 
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Figure 6.5 (a) HRTEM image of ITQ-39 viewed along [010]. Fourier transforms 

(FTs) calculated from two neighboring crystallites (b and c), showing that the 

orientations of the crystallites are related by a mirror operation in the plane 

perpendicular to the c*-axis. (d) FT from the region marked with yellow color presents 

an overlap of (b) and (c) from several smaller crystallites, with red color showing 

diffraction spots from region (b) and with green color showing diffraction spots from 

region (c). (e) The SAED pattern taken from the area presented in (a). (Reprinted with 

permission from Cryst. Growth Des. 2017, 17, 1910-1917. Copyright (2017) 

American Chemical Society.) 

 Twinning can also occur within one crystal, where each layer of 

periodic building unit (PBU) in the ab-plane can undergo a mirror 

operation in the (100) plane followed by a translation of 1/2a (Figure 

6.8). After the twinning operation, layers can still be connected and 

the structure of ITQ-39 can be preserved. To preserve a geometrically 

reasonable structure, all PBUs within the same ab-layer must belong 

to the same twin component; otherwise, crystal growth will be 

interrupted. Point defects are also observed where only one 12-ring or 

either three or more 12-rings together are present. Often crystal 

growth is disturbed by such point defects. 
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Figure 6.6 Structure projection images acquired along [010] reveals large domains of 

(a) the same twin component and (b) a domain of strictly alternating twinning. The 

ab-layer is horizontal (marked by a rectangle in panel b) and one pair-wise channel in 

each layer is marked in red or green in order to visualize the twinning. (Reprinted with 

the permission from Cryst. Growth Des. 2017, 17, 1910-1917. Copyright (2017) 

American Chemical Society.) 

 

If larger twin domains within one crystallite occur, then twin boundaries are 

observed that are presented as one twin plane, several twin planes or can be 

disordered, as marked in Figure 6.7 as a), b) and c) respectively. 

 

 
Figure 6.7 Twin boundaries of ITQ-39. a) One twin plane, b) several twin planes and 

c) disordered twin plane. 

 

In some crystals large domains of one type twin can be observed (Figure 6.6a), 

whereas in others, the twinning is more frequent. In some special cases, 

strictly alternating twinning occurs as can be seen in Figure 6.6b. This 

alternating twinning can be considered as a new set of polytypes in the ITQ-

39 family. When viewing along twinning projection [010], it is not possible to 

distinguish which polytype A, B, or C the structure contains, therefore three 
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new polytypes A Tw, B Tw and C Tw were built which include alternating 

twinning along [010] and respective stacking sequence along [100]. 

6.4. Structures of new polytypes A Tw, B Tw, C Tw in 

the ITQ-39 family 

The special alternating twinning case leads to three new polytype structures 

proving that twinning and stacking disorder can coexist simultaneously in the 

crystal of ITQ-39. The twinned polytype structure can be described as a mirror 

operation perpendicular to c* (plane indicated by a black line in Figure 6.8) 

followed by a translation of 1/2a. 

 

 
Figure 6.8 The structure of ITQ-39 including twinning that can be described as a 

mirror operation perpendicular to c* (marked with a black line) followed by a 

translation of 1/2a. Only the connections of T atoms are shown for clarity. (Reprinted 

with permission from Cryst. Growth Des. 2017, 17, 1910-1917. Copyright (2017) 

American Chemical Society.) 

 

The three twinned polytype structures were constructed based on their original 

structures, followed by a geometrical refinement. The geometrical refinement 

was done for all six polytypes based on a least-squares refinement of the 

nearest neighboring Si-O, O-O and Si-Si distances. Refinement was 

performed using the software DLS7694 where the weighted residuals are 

minimized, and their sum represents an overall agreement factor for the 

geometry, called Rdls. 
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Table 6.1: Structural characteristics for the three structures without twinning 

(Polytype A, B and C) as well as the respective structures with alternating twinning 

(Polytype A Tw, B Tw and C Tw). (Reprinted with the permission from Cryst. Growth 

Des. 2017, 17, 1910-1917. Copyright (2017) American Chemical Society.) 

 

Polytype A B C A Tw B Tw C Tw 

Space group P2/c P-1 P2/m P21221 P21/c Pcma 

Unique atoms Si | O 28 | 56 28 | 56 16 | 34 28 | 56 28 | 56 16 | 34 

Unit cell       

a (Å) 24.42 24.50 24.38 24.53 12.61 24.60 

b (Å) 12.61 12.61 12.71 12.60 24.46 12.69 

c (Å) 27.42 14.42 13.70 22.54 28.11 22.53 

α (ᵒ) 90 73.01 90 90 90 90 

β (ᵒ) 124.6 123.1 124.6 90 126.7 90 

γ (ᵒ) 90 90.10 90 90 90 90 

FDSi (T/1000Å3) 16 16 16 16 16 16 

Volume (Å3) 6949 3439 3493 6967 6952 7033 

Channel system 3D 3D 3D 3D 3D 3D 

Rdls (%) 0.237 0.228 0.360 0.225 0.231 0.344 

 

The structural characteristics for the six structures of the ITQ-39 family can 

be found in Table 6.1. All six polytypes in the ITQ-39 family preserve the 3D 

channel system with pair-wise 12-ring channels and two 10-ring channels. The 

Rdls values show that all structural models are geometrically reasonable and 

structures with alternating twinning have equally good geometry as their 

original structures. This explains why twinning is so common in the ITQ-39 

material. However, it is noticeable that Rdls values of both original and twinned 

polytype C structures are significantly higher – 0.360 % and 0.344 %, 

respectively, comparing to polytype A (0.237 % and 0.255 %) and polytype B 

(0.228 % and 0.231 %). The higher degree of Rdls value for polytype C can be 

explained by the strained geometry introduced by the d4rs present in the 

structure. The results also agree well with the structure projection images 

where polytype C is less abundant. 

6.5. Summary about the surface termination and twinning 

occurring in ITQ-39 

A detailed structural study of zeolite ITQ-39 revealed that it contains a large 

amount of twinning and stacking disorder. The crystals are growing as long 

needles and the surface terminates at two well defined specific lattice planes 
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(often (100) and (-201)) and one either expanding or twins creating very 

characteristic triangular cross-sections of the crystals when viewed along 

[010]. The needle-like crystallites tend to grow in bundles creating holes in 

between. Twinning in the structure of ITQ-39 occurs at different levels. Both 

between different crystallites within one bundle and also inside a single 

crystallite. A detailed examination of the HRTEM images also revealed a 

specific case of alternating twinning. Based on this finding, three new 

polytypes A Tw, B Tw and C Tw were built and geometrically refined. The 

refinement results revealed that all six polytypes of the ITQ-39 family are 

geometrically feasible and have comparable Rdls values. The slight increase of 

Rdls value for polytype C is due to the strained geometry of the d4rs in that 

structure.  
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7. Conclusions 

Through the years both zeolite synthesis and 3D ED methods have been 

developed rapidly. The stepwise rotation ED (RED) has been developed 

towards continuous rotation ED data collection (cRED). The quality of 3D ED 

data collected by cRED has been significantly improved and the data 

collection time decreased to a few minutes. These have opened new 

opportunities to study beam sensitive materials. At the same time, new zeolite 

materials targeting towards new pore structures and applications, for example 

extra-large-pores, have been prepared. These materials are often more 

unstable and their structures are often very complex. 

 

In this thesis, structure determination of zeolites using 3D ED methods have 

been presented aiming for a complete structure determination by electron 

crystallography methods. In total, five zeolite structures with different types 

of complexity are presented in order to show the power of the RED, cRED 

and HRTEM techniques. The results show that the RED method is suitable for 

structure solution of stable and rather simple zeolite structures but was not 

able to disclose all structural features in more complex zeolite structures. 

Whereas the cRED method was suitable for determination of complex zeolite 

structures with large unit cell and a larger number of T and O atoms in the 

asymmetric unit. It could also reveal minor disorder in the structure. Most 

importantly – the cRED method is very powerful for structure determination 

including refinement of beam sensitive ordered zeolites. Zeolite structures 

refined using cRED data showed excellent agreement with structures after 

Rietveld refinement using synchrotron PXRD data. This shows that cRED can 

be used as an independent method for structure determination. In order to 

achieve a complete structure determination of zeolites, the position of the SDA 

molecules must also be located and refined using cRED data. There were very 

clear peaks in the difference potential map after zeolite structure refinements, 

but the refinement was unfortunately not fully successful. A more detailed 

study has to be done to improve the procedure of SDA refinement.  

 

Structure with severe and local disorders that do not have long range 

periodicity in zeolite materials are very hard to determine with 3D ED 

methods. A local investigation at the atomic level can be performed and 

HRTEM imaging is perfectly suited for that. One of the most complex zeolites, 

ITQ-39, was studied and detail. A description of the stacking disorder and 

twinning were provided and three new polytypes of the ITQ-39 structures 

were proposed. 

 

This thesis presents the power of electron crystallography methods and shows 

how 3D ED and HRTEM techniques can be used to overcome many obstacles 
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for structure determination of zeolite materials. The structures can be 

determined with high precision. Nevertheless, there are still needs for 

improvements in terms of refinement of SDA positions in zeolite structures. 

The R-values for structure determination still need to be improved. 
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Future Perspectives 

The structure determinations of submicron-sized crystalline zeolite 

compounds using cRED data presented in this thesis have demonstrated that 

cRED data quality is high enough to be used for a complete structure 

determination and  achieve refinement of these structures is of high enough 

accuracy to use it as a stand-alone method. There is no need for synchrotron 

PXRD data for zeolite framework refinement of ordered zeolite materials. 

This saves a lot of time because synchrotron PXRD beamlines are expensive 

and usually not easily and rapidly accessible. For revealing positions of SDA 

molecules in the channel system of zeolites, PXRD data is still necessary. 

Promising results have been obtained using cRED data of as-made EMM-37 

where the difference potential map shows peaks that are consistent with the 

locations of the SDA molecules refined using synchrotron PXRD data. The 

refinement of the SDA position by cRED data was not fully successful, 

however the refinement converged and the SDA molecule was found at almost 

the identical position as using synchrotron PXRD data. Several obstacles in 

order to refine SDA molecules using cRED data still remain to be overcome 

– the starting position of the SDA molecule needs to be close to the correct 

position, geometric restraints have to be used until the end of the refinement, 

ADP values for the SDA molecule are higher than acceptable and R1 values 

increased slightly by adding SDA molecule into the refinement.  

 

Difference maps after the refinement of as-made zeolite structure clearly show 

the potential clouds at the positions of SDAs but the refinement procedure has 

to be improved and possibly new approaches have to be implemented. One 

possibility is to look for similar approach as simulated annealing in Rietveld 

refinement where SDA molecules are randomly moving in the channel system 

in order to find the best fit with the collected data. The 3D ED data have to be 

of high quality and collected at cryogenic conditions in order to ensure that 

the SDA molecules are intact in the channel system and preserve their original 

location.  
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Populärvetenskaplig sammanfattning 

Zeoliter upptäcktes år 1756 av den svenska mineralogen Axel Fredrik 

Cronstedt. Han upptäckte att et mineral producerade ånga när det blev 

upphettat. Ångan skulle kunna komma from vatten som vad adsorberat i 

materialet. Baserat på denna observation myntade han begreppet zeolit vilket 

på grekiskan betyder ”kokande sten”. Zeoliter kan hittas i naturen och det 

finns runt 40 olika typer av naturligt förkommande zeoliter. Idag vet vi att 

zeoliterna är mikroporösa kristallina material som ursprungligen bestod av 

tetrahedriska enheter av alumina (AlO4) och silika (SiO4). Den mikroporösa 

strukturen och dess goda kemiska och termiska stabilitet var egenskaper som 

gjorde dem atraktiva för industriella tillämpningar och senare började fler och 

fler syntetiska zeoliter framställas. 

 

Syntesen av zeoliter har utvecklats mot en design av specifika egenskaper, 

t.ex. zeoliter med små eller extra-stora porer, zeoliter med låg 

ramverksdensitet eller som har specifika aktiva säten. Denna utvekling ställer 

allt större krav på kunskap om både syntes och kristallstruktur hos zeoliterna. 

Den hydrotermala syntesen av zeoliter kan styras genom val av t.ex. kisel och 

aluminium källor, organiska molekyler som styr hur porerna formas och 

tillsättande av kat- eller anjoner. Strukturlösning av de framställda zeoliterna 

är avgörande för att förstå hur materialet bildas och hur de kan användas i 

framtida tillämpningar.  

 

Elektrondiffraktion (ED) upptäcktes 1937 och öppnade upp nya möjligheter 

att lösa kristallstrukturer från kristaller med en storlek på nanoskalan. I början 

av 2000-talet utvecklades metoder för tredimensionell elektrondiffraktion (3D 

ED) så som rotation electron diffraction (RED). RED metoden har använts 

för att strukturen hos ett antal zeoliter och metal organiska ramverks material 

(MOFs). Trots att strukturen hos relativt stabila och välordnade material har 

kunnat lösas har det varit nödvändigt att använda Rietveld-förfining med 

PXRD data för att bekräfta strukturer. Efterföljande förbättringar av metoder 

för datainsamling och detektorsystem har gjort det möjligt att samla in 3D ED 

data med en kontinuerlig rotation, vilket ledde till den nya metoden continuous 

rotation electron diffraction (cRED). Detta ledde till att tiden för 

datainsamling kunde minskas avsevärt och att mer strålkänliga prover kunde 

studeras. 

 

Zeolitstrukturer innehåller ofta oordning. Även om det är möjligt att få viss 

information om vilken typ av oording från 3D ED data så är strukturlösning 

väldigt utmanande eller till och med omöjlig. Högupplösande 

transmissionselektronmikroskopi (HRTEM) är den mest lämpliga tekniken 

för att ta reda på strukturen hos material med oordning på atomnivån. 
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Zeoliter är material med komplexa strukturer och tidigare har 

strukturbestämning, som består av både strukturlösning och förfining, krävt 

att mer än en metod har använts. Målet med denna avhandling är att uppnå en 

fullständig strukturbestämning av zeoliter genom användning av förbättrade 

metode för elektronkristallografi (RED, cRED och HRTEM). Den 

fullständiga strukturbestämningen består inte enbart av bestämning av 

materialets oorganiska ramverk utan även av de organsika molekyler som 

används under syntes och andra gäster i zeoliternas porsystem.  
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Appendix 

Table A1. Continuous rotation electron diffraction data collection and structure 

refinement details of as-made EMM-37. 

 

 Dataset 1 Dataset 2 Merged data 

Crystal system Triclinic Triclinic Triclinic 

Space group (No.) P-1 (2) P-1 (2) P-1 (2) 

a, Å 9.03 8.91 8.8317* 

b, Å 9.84 9.96 9.6347* 

c, Å 10.81 10.91 10.652* 

α, o 104.2 104.7 104.4* 

β, o 98.6 100.0 99.8* 

γ, o 99.6 98.6 99.5* 

Unit cell volume, Å3 899.7 903.0 844.4 

λ, Å 0.0251 0.0251 0.0251 

Tilt range (o) -50.9 to +59.3 -51.7 to +65.8  

No. cRED frames 480 511  

Tilt range step per frame (o ) 0.23 0.23 0.23 

Exposure time per frame (s) 0.5 0.5 0.5 

Completeness, % 60.6 63.7 79.8 

No. refined parameters 191 191 191 

Resolution, Å 0.70 0.70 0.70 

No. restraints 0 20 0 

Rint 0.118 0.157 0.261 

No. symmetry independent reflections 3307 3478 4324 

R1 0.254 0.352 0.299 

wR2 0.515 0.591 0.580 

GoF 1.35 1.08 1.26 

* Unit cell parameters from Rietveld refinement were used for the merged data. 
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Table A2. Continuous rotation electron diffraction data collection and structure 

refinement details of calcined EMM-37. 

 Dat. 1 Dat. 2 Dat. 3 Dat. 4 Dat. 5 Dat. 6 Merged 

Crystal system Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic Triclinic 

Space group P-1 (2) P-1 (2) P-1 (2) P-1 (2) P-1 (2) P-1 (2) P-1 (2) 

a, Å 8.96 9.03 8.96 8.97 9.09 8.78 8.7318† 

b, Å 10.11 9.59 10.02 10.05 10.13 9.81 9.6171† 

c, Å 10.78 10.66 10.68 10.86 10.78 10.51 10.464† 

α, o 105.7 106.0 105.4 104.2 108.0 106.2 104.81† 

β, o 100.5 101.7 99.6 100.7 99.3 99.8 99.749† 

γ, o 97.4 97.0 98.2 96.4 96.4 96.1 98.822† 

Unit cell 

volume, Å3 

907.83 853.30 893.68 919.84 917.77 845.23 819.25 

λ, Å 0.0251 0.0251 0.0251 0.0251 0.0251 0.0251 0.0251 

Tilt range (o) -49.7 to 

-1.61 

-32.5 to 

+17.4 

-48.9 to 

+1.24 

-47.7 to 

+3.36 

-51.4 to 

-1.03 

-52.7 to 

+52.64 

 

No. ED frames 210 218 219 223 220 459  

Tilt range step 

per frame (o) 

0.23 0.23 0.23 0.23 0.23 0.23 0.23 

Exposure time 

per frame (s) 

0.5 0.5 0.5 0.5 0.5 0.5 0.5 

Completeness, 

% 

25.9 26.6 25.5 27.7 27.0 53.6 88.7 

No. parameters 191 191 191 191 191 191 191 

Resolution, Å 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

No. restraints 102 24 36 48 120 6 0 

Rint 0.082 0.072 0.063 0.067 0.056 0.078 0.189 

No. symmetry 

independent 

reflections 

1435 1386 1392 1554 1513 2764 4419 

R1 0.204 0.180 0.212 0.228 0.333 0.212 0.224 

wR2 0.470 0.419 0.489 0.488 0.647 0.507 0.490 

GoF 1.68 1.47 1.94 1.75 2.68 2.08 1.60 
† Unit cell parameters from Rietveld refinement were used for the merged data. 
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