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Abstract 

Solving the structure of a complex material with nanometer crystal size can be very 

challenging as there are no standard procedures or techniques for this. The most 

widely used and very well established method is X-ray powder diffraction (XRPD). 

The data may however exhibit reflection overlap making structure solution difficult. 

To overcome the limitations of structure determination for nanocrystalline materials, 

complementary characterization techniques can be used.  

 

In this thesis I demonstrate the general procedures for ab initio structure elucidation 

of disordered nanocrystals and layered materials using electron crystallography. The 

insight gained about the nature of the structure can inform on the mechanism of the 

crystal growth. Therefore, it is important to connect the structure of a material to its 

properties. In this study, the structures of two complex materials, zeolites IM-18 and 

EMM-28, were determined. The unique disorder in the structure of zeolite IM-18 

made the structure analysis complicated, so a combination of techniques (two-

dimensional (2D) and three-dimensional (3D) electron diffraction, high-resolution 

electron microscopy and synchrotron X-ray powder diffraction) were used to reveal 

the details of the disorder. EMM-28 zeolite is another example where XRPD (X-ray 

powder diffraction) data were of intrinsically low quality and a combination of 

methods (2D and 3D electron diffraction, high-resolution electron microscopy) lead 

to a successful structure determination. Furthermore, by combining the mentioned 

methods, it was also possible to describe the structure evolution of a 2D layered 

zeolitic material PST-9.  

 

The use of 3D electron diffraction methods for structure determination has grown in 

the past years. However, it is still difficult to obtain a good quality dataset and, at the 

end, a good structure refinement. To alleviate this problem, an improvement to data 

collection in the commonly used technique of continuous rotation electron diffrac-

tion (cRED) was proposed. A key problem in this method lies in tracking the crystal 

position while collecting data. A routine to overcome this difficulty was developed, 

and the data obtained using this routine were of good quality and yielded chemically 

sensible atomic displacement parameters. 

 

 

Keywords: Structure determination, 3D electron diffraction, Complex mate-

rials, X-ray powder diffraction, Transmission electron microscopy 
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1. Introduction 

Knowledge of the three-dimensional (3D) atomic structure of materials is 

essential to a fundamental understanding of their properties. The key to un-

derstanding the functionality of many materials, particularly those of com-

mercial and industrial interest, is often hidden in their nanoscale details. For 

this reason, it is very important to choose the right strategy to analyze the 

structures of challenging materials such as zeolites with complex disordered 

framework structures, or of the layered porous materials that are the subject 

of this thesis. Structure analysis can be complicated by unique disorder or 

beam sensitivity.
1–10

 In both cases, routine crystal structure determination is 

obstructed, and it is necessary to use a combination of techniques (such as 

electron diffraction, high-resolution electron microscopy and synchrotron X-

ray powder diffraction) to reveal all the details of the structure. If an un-

known sample is a layered material then it is important to have other ap-

proaches to determine its structure. Since there are no standard ways of do-

ing this, a description of the general procedures for ab initio structure eluci-

dation of disordered nanocrystals and layered materials is introduced in 

Chapter 5. These methods were applied to the study of zeolite IM-18 (Chap-

ter 5.1), EMM-28 (Chapter 5.2), and PST-9 (Chapter 5.3). Some of the in-

sights gained lead to better understanding of how to collect and process con-

tinuous rotation electron diffraction data, which was applied to make data 

collection of challenging samples easier and to obtain higher quality struc-

ture refinements from the data. These developments are laid out in Chapter 

4. 

 

There are a few methods to collect data that can be used to determine the 

structure of crystalline materials. The most common is single crystal X-ray 

diffraction (SXRD). This method can be used when the examined crystal has 

a size of at least 5 μm. Another method is X-ray powder diffraction (XRPD), 

which is powerful for polycrystalline samples.
11

 XRPD is suitable when the 

crystal size is larger than 50 nm. Unfortunately, peaks always overlap for 

compounds with large unit cell dimensions (>10 Å) and/or high symmetries, 

such as zeolites. For unknown compounds, the peak-overlap problem makes 

it challenging to determine the unit cell and space group. Besides, the pres-

ence of defects can cause peaks to broaden, which may also complicate 

structure determination from XRPD. 
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Electron diffraction (ED) is an alternative method for structure determina-

tion.
12–15

 As electrons interact with matter much more strongly than X-rays, 

ED can be used to study crystals smaller than those required for SXRD (i.e. 

<5 μm). Additionally, there is no overlapping problem in electron diffraction 

and all diffraction spots can be indexed unambiguously. Another important 

advantage of electron crystallography is that the crystallographic structure 

phase information, which is lost in diffraction, can be obtained from high-

resolution transmission electron microscopy (HRTEM) images.
16

 Moreover, 

HRTEM is very useful for studying structures with defects as it provides 

information in real space. Therefore, electron crystallography is a very good 

method to solve unknown structures
17

 including zeolites. 

 

HRTEM requires relatively high electron dosage on the sample. This makes 

it challenging to take high quality HRTEM images of specimens that are 

sensitive to the electron beam. Electron diffraction, which requires a lower 

electron dose on the sample, is useful for studies of beam sensitive speci-

mens. 

 

The rotation electron diffraction (RED) method
12,13

 is a technique for the 

collection of three-dimensional electron diffraction data. RED data collec-

tion combines discrete goniometer tilt steps (1–2°) and a very fine step of 

beam tilt (0.1–0.2°) for improved sampling of reciprocal space. If the crystal 

quality is good, more than 1000 ED frames can be collected in less than one 

hour. The geometry of the RED method is similar to the rotation method 

used for SXRD. In this way it turns the TEM into a single crystal electron 

diffractometer. Individual ED frames, which are collected by combining 

goniometer and beam tilt, are used to reconstruct the 3D reciprocal lattice of 

the crystal. After further data processing, using the RED data processing 

software
12

, the unit cell parameters can be determined. Moreover, from the 

2D slices cut from the 3D reciprocal lattice reconstructed from the RED 

data, the reflection conditions and possible space groups can be obtained. 

The intensities of the diffraction spots can be extracted for structure solution. 

 

However, in order to obtain better data for structure determination, further 

development was needed. To this end, we developed new routines for the 

collection of continuous RED (cRED) data.
18–21

 This is a 3D electron diffrac-

tion data collection method in which the crystal is continuously rotated while 

electron diffraction patterns are collected with a fast camera with short 

readout times. With cRED, electron dose during data collection is minimized 

while data quality is improved dramatically owing to the 3D integration of 

diffraction intensities. Data collection times are reduced to 2–5 min. Howev-

er, as data collection was quite rudimentary, it was essential to make an im-

provement to the data collection facet of the cRED technique, which has 

been implemented in the Instamatic software
22

 (Chapter 4). These new pro-
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cedures for cRED data collection greatly help to acquire 3D electron diffrac-

tion data of higher quality by keeping the volume of the crystal in the beam 

constant during the measurement. 

 

Finally, all of the above-described techniques (XRPD, 3D single crystal 

electron diffraction and HRTEM imaging) can be combined as they are 

complementary methods and will each make an essential contribution to the 

structure determination.
23,24

 

1.1 Aim of this thesis 

This thesis aims at investigating the methods for determining the structure of 

poly/nanocrystalline materials and developing new strategies for structure 

determination by combining HRTEM, 3D single crystal electron diffraction 

and XRPD. The power of 3D electron diffraction techniques combined with 

HRTEM imaging and X-ray diffraction analyses of disordered structures is 

demonstrated in the thesis. Chapter 2 covers the background on powder dif-

fraction. Further on, in Chapter 3, the electron diffraction techniques for 

structure determination are highlighted and the available methods for inter-

pretation of 3D electron data and HRTEM imaging are discussed. In Chapter 

4, a detailed description of improved data collection using continuous rota-

tion electron diffraction data is presented, and an application is included 

(Paper I). Chapter 5 extends the methodology to the study of multidimen-

sional disorder in zeolite IM-18 (Paper II), the structure of large-pore, disor-

dered zeolite EMM-28 (Paper III), and the structural evolution of the layered 

zeolitic material PST-9 (Paper IV). Finally, the general conclusions of this 

thesis are highlighted in Chapter 6 and future perspectives are discussed in 

Chapter 7. 
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2. X-ray powder diffraction  

The X-ray powder diffraction (XRPD) technique originated from findings by 

Debye and Scherrer (1916)
25

 and Hull (1917),
26

 and permitted the analysis of 

a bulk material, with its impurities if any existed, from a pattern presented on 

a single photograph. 

 

XRPD has found different applications, e.g. in the identification of unknown 

phases or the determination of an accurate unit cell. However, there are still 

a few parameters that limit the quality of the powder diffraction pattern, 

which generally depends on the nature and the energy of the radiation, the 

resolution of the diffractometer, and the sample itself. Ab initio structure 

solution can be very time consuming, essentially because intensities with 

equal or very similar d-spacings can overlap in the powder pattern. Structure 

refinement may also be relatively sensitive to errors and some problems such 

as peak shape, unit cell parameters, background, zero correction, sample 

displacement etc. Despite that, it is a great method to be combined with other 

complementary ones to reveal the fine details of a structure (Chapter 4).  

2.1 A brief introduction to diffraction 

A crystal can be interpreted as an object built from repeated unit cells in 

three dimensions. Consequently, the arrangement of atoms, ions or mole-

cules from one unit cell is also repeated in a three-dimensional lattice. The 

lattice can be described by the vectors a, b and c. The volume that is created 

by the lattice vectors is called the unit cell. Every vector has its length and 

direction, so a unit cell can be also represented by using the vector lengths 

(a, b, c) and the angles between them (α, β, γ). The lattice vectors or unit cell 

edges can be divided using Miller indices (h, k, l) in reciprocal space. A 

crystallographic plane is described using this triplet of indices. The distance 

between planes is called d-spacing. The crystallographic directions in the 

lattice can be given by a vector passing through the origin of the lattice and a 

point [u v w] in a unit cell. 

 

As the atoms in a crystal are arranged in a certain manner, they can interact 

with X-rays by coherently scattering them. The electrons in atoms will inter-

fere with X-rays resulting in constructive and destructive superpositions of 



 5 

the scattered waves. The constructive scattering that occurs at a certain angle 

is described by Bragg’s law 

 

𝑛𝜆 = 2𝑑 sin 𝜃      (2.1) 

 

where 𝜆 is the wavelength, 𝜃 is the diffraction angle and 𝑑 is the lattice spac-

ing.
27

 In this way a set of diffraction maxima, called a diffraction pattern, can 

be produced.  

 

In a standard diffraction pattern (relative intensity versus 2𝜃 ) all Bragg 

peaks can be labeled with the corresponding Miller indices. Each powder 

pattern shows one-dimensional (1D) information about the three-

dimensional (3D) reciprocal lattice of the crystal.  

2.2 Indexing 

Indexing is a necessary step to determine the unit cell parameters and space 

group of a crystal. It is occasionally possible to do this by hand, as e.g. for 

cubic lattice, but it is inconvenient for structures with large unit cells or low-

er symmetries. Most likely that was a driving force in the development of a 

number of programs to face this challenge. Commonly used programs are 

TREOR
28

 and DICVOL,
29

 or the approach based on singular-value decom-

position implemented in TOPAS.
30

 As a result, a decent number of solutions 

are generated and sometimes it is not straightforward to choose the unit cell 

that gives the best fit to the data. Since reflections can overlap significantly, 

systematically absent reflections could be unclear and indicate several possi-

ble space groups. In this case, a structure refinement provides a great help to 

distinguish the correct space group among very similar options. Once a start-

ing model is obtained, the structure can typically be completed using differ-

ence Fourier maps. The figure of merit and the difference between the calcu-

lated pattern and the observed pattern can also indicate the quality of the 

refinement.  

2.2 Powder pattern decomposition 

Powder pattern decomposition is a method which considers the powder pat-

tern as individual Bragg peaks without any information about the structure 

model. The two most commonly used methods are those of Pawley
31

 and Le 

Bail
32

. Pattern decomposition is carried out by solving the following equa-

tion containing a least squares minimization 

 

𝑌𝑛 = 𝑏𝑛 + ∑ 𝐼𝑘[𝑦𝑘(𝑥𝑘) + 1/2𝑦𝑘(𝑥𝑘 + ∆𝑥𝑘)]𝑚
𝑘=1       (2.2) 
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where 𝑏𝑛 is the background, 𝐼𝑘 is the integrated intensity of the 𝑘th reflec-

tion, 𝑦𝑘 is the intensity contribution to the profile at the point k, 𝑥𝑘 = 2𝜃𝑖 −
2𝜃𝑘 with 2𝜃 as a Bragg angle, ∆𝑥𝑘 is the difference between the Bragg angle 

of the 𝐾𝛼1/𝛼2 radiation doublet, if it exists. Finally, 𝑛 is the total number of 

acquired points from powder diffraction. 

 

Powder pattern decomposition gives the opportunity to refine the unit cell 

parameters. It can also give some idea about the peak shape function which 

can be applied further in the refinement of the structure. Chapter 5.1.5 shows 

the application of the Pawley fitting method.  

2.3 Profile refinement  

To better understand a powder diffraction pattern, it is important to be famil-

iar with how the structure information is embedded in it. This chapter will 

focus on Bragg reflections laying over a background.  

 

There are two kinds of crystallographic parameters that define the character-

ization of the powder pattern: the unit cell and the atomic structure, which 

defines how atoms are distributed in the unit cell. A powder pattern is built 

up from the positions of Bragg reflections which are given by Bragg’s law 

(Eq. 2.1). Every Bragg peak has an individual intensity. The combination of 

the intensities forms the diffraction pattern. An individual shape is presented 

by the peak-shape function and is very often modeled by empirical peak-

shape functions (most common are the Gaussian and Lorentzian peak shape 

functions). 

 

Determining a crystal structure involves extracting a background and further 

adjusting it during the course of the refinement. To get a better signal-to-

noise ratio it is necessary to subtract the information caused by inelastic scat-

tering, scattering from the holder, detector noise, X-ray fluorescence etc.  

 

Once a starting model has been completed using one of the methods de-

scribed in Chapter 3, a profile can be refined to confirm and refine the struc-

ture model.
33,34

 The refinement can be a complex procedure. It is important 

to proceed with the refinement very carefully in sets of only a few steps at a 

time. In this manner it is easier to wisely monitor the progress. At the end the 

refinement should be converged and stable. The fine details of the refine-

ment process are shown in Section 5.1.5, where challenges with occupancy, 

background, peak shape, difference electron density map etc. are included. 
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The quality of a refinement can be evaluated by the difference between the 

observed and calculated profiles. There are several numerical residuals that 

can be used to evaluate the fit quantitatively.
35

 The first one is the profile 

residual, 𝑅𝑝, which shows how reliable the calculated profile is compared to 

the observed pattern. 

 

𝑅𝑝 =
∑ |𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑐𝑎𝑙𝑐|𝑛

𝑖=1

∑ 𝑌𝑖
𝑜𝑏𝑠𝑛

𝑖=1

× 100%        (2.3) 

 

The weighted profile residual, 𝑅𝑤𝑝, considers the estimated standard devia-

tion 𝜎𝑖  of every point, so the more intense data points become more im-

portant than the less intense ones. 

 

𝑅𝑤𝑝 = [
∑ 𝑤𝑖

𝑛
𝑖=1 (𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑐𝑎𝑙𝑐)

2

∑ 𝑤𝑖(𝑌𝑖
𝑜𝑏𝑠)

2𝑛
𝑖=1

]

1/2

× 100%      (2.4) 

 

The expected profile residual, 𝑅𝑒𝑥𝑝, reflects the quality of the data and sug-

gests the best achievable agreement value for 𝑅𝑤𝑝. 

 

𝑅𝑒𝑥𝑝 = [
𝑛−𝑝

∑ 𝑤𝑖(𝑌𝑖
𝑜𝑏𝑠)

2𝑛
𝑖=1

]

1/2

× 100%       (2.5) 

  

The goodness of fit, (GOOF), sometimes named as chi-squared, compares 

𝑅𝑤𝑝 to 𝑅𝑒𝑥𝑝. 

 

𝜒2 =
∑ 𝑤𝑖(𝑌𝑖

𝑜𝑏𝑠−𝑌𝑖
𝑐𝑎𝑙𝑐)

2
𝑖

𝑛−𝑝
= [

𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
]

2

       (2.6) 

 

The Bragg-intensity R value, 𝑅𝐵 or 𝑅𝐼, compares the calculated to the ob-

served intensities. 

 

𝑅𝐵 =
∑ |𝐼𝑗

𝑜𝑏𝑠−𝐼𝑗
𝑐𝑎𝑙𝑐|𝑗

∑ |𝐼𝑗
𝑜𝑏𝑠|𝑗

       (2.7) 

 

The following symbols have been used in equations 2.3–2.7:  

 

𝑌𝑖
𝑜𝑏𝑠, 𝑌𝑖

𝑐𝑎𝑙𝑐 – the observed and calculated intensities of the 𝑖th data point 

𝑤𝑖 – the weight of the 𝑖th data point, commonly taken as 𝑤𝑖 = 
1

 𝜎𝑖
2 = 1/𝑌𝑖

𝑜𝑏𝑠 

𝑛 – the total number of points which can be determined from the powder 

pattern 

 𝑝 – the number of free least-square parameters 
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 𝐼𝑗
𝑜𝑏𝑠, 𝐼𝑗

𝑐𝑎𝑙𝑐 – the observed and calculated Bragg intensities of the 𝑗th reflec-

tion. 
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3. Electron microscopy techniques for 
structure determination 

Modern electron microscopes are versatile machines for materials character-

ization. There are many different electron microscopy techniques such as 

electron diffraction, high-resolution transmission electron microscopy 

(HRTEM) imaging, energy-dispersive X-ray spectroscopy (EDS), electron 

energy loss spectroscopy (EELS), scanning transmission electron microsco-

py (STEM), and dark/bright field imaging; each probes different structural 

characteristics. For example, diffraction is sensitive to long-range order and 

the orientation of a crystalline grain/domain, imaging techniques are used to 

probe the short-range local structure, and spectroscopic techniques are sensi-

tive to the local structure environment and electronic structure of materials. 

In this chapter, two techniques will be introduced: electron diffraction and 

HRTEM imaging. These provide complementary information and are im-

portant for crystal structure elucidation.
16,36

  

3.1 Electron diffraction 

Here I will focus on the electron diffraction patterns which are obtained in 

the transmission electron microscope (TEM). Electrons can behave as waves 

and can be diffracted. The relativistic wavelength of an electron accelerated 

by an electric field can be described by the following equation 

 

𝜆 = ℎ𝑐(2𝑒𝑉𝑚𝑜𝑐2 + 𝑒2𝑉2)−1/2       (3.1) 

 

Where 𝜆 is the wavelength, 𝑒 is the electron charge, 𝑉  is the acceleration 

voltage, 𝑚𝑜  is the electron mass, 𝑐 is the speed of light and ℎ is Planck’s 

constant. The wavelength of electrons that are accelerated for example by 

200 kV is 0.02508 Å, which is much shorter than the wavelength of X-rays.  
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3.1.1 Electron diffraction patterns 

In this section, I will describe the geometry of electron diffraction (ED) pat-

terns starting from a brief discussion of spot patterns and ring patterns in-

cluding the introduction of linear features as streaks.  

 

The indexing of a spot diffraction pattern is a very important task for most of 

the electron microscopists. Firstly, it is important to obtain a diffraction pat-

tern under the correct experimental conditions. A placement of the crystal at 

the eucentric height is needed to obtain correct reflection intensities and to 

be able to see high-angle intensities. A diffraction pattern should be carefully 

tilted to a desired direction. This might be crucial for space group determina-

tion. Furthermore, it is easier to proceed with properly focused diffraction 

spots by using the intermediate lens (IL). If the selected area electron diffrac-

tion (SAED) aperture will be used, it should be done considering the crystal 

size. A bigger SAED aperture allows only a rough ED alignment, while a 

smaller one requires more precise alignment. The next parameter is exposure 

time. A long exposure time might cause the intensity oversaturation of dif-

fraction spots. 

 

Furthermore, most likely we would like to have a diffraction pattern along 

one of the main zone axes. Normally, the crystals are randomly oriented, so 

the crystal must be rotated to orient it along one of the zone axes. To do so, a 

high density of spots (short distance between spots) needs to be visible. Once 

the diffraction pattern is obtained, an image that documents the sample area 

is useful in order to relate the pattern to the morphology. Besides that, if the 

diffraction pattern is aligned along the main zone axis, it is possible to obtain 

a better quality image because the atomic columns will be seen more clearly. 

 

Before I move to the core part of electron diffraction pattern analysis, which 

is the indexing of the reflections, it is important to understand the concepts 

of a zone axis, Laue zones and Ewald sphere. The most intuitive way to un-

derstand this is that a zone axis is a direction in real space along which a 

diffraction pattern is taken. A zone axis can be described as 

 

[𝑢 𝑣 𝑤] = 𝑢𝒂 + 𝑣𝒃 + 𝑤𝒄      (3.2) 

 

where 𝑢, 𝑣, and 𝑤 are integers from the zone axis direction and 𝒂, 𝒃, 𝒄 rep-

resent the unit cell vectors.  

The Ewald sphere construction is a graphical representation relating the re-

ciprocal lattice with Bragg diffraction conditions that are satisfied when lie 

on the surface of the Ewald sphere (Figure 3.1). 
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Figure 3.1. The Ewald sphere construction (𝑘𝑜 is the incident wavevector, 𝑘𝑠 is the 

scattered wavevector, 𝑔ℎ𝑘𝑙  is the reciprocal lattice vector). 

 

Moving on, the spots in the diffraction pattern belong to Laue zones. If they 

arise from the reciprocal lattice plane intersecting the reciprocal lattice origin 

we call it as a zero order Laue zone (ZOLZ) and express it as  

 

𝑢ℎ + 𝑣𝑘 + 𝑤𝑙 = 𝑛;      𝑤ℎ𝑒𝑟𝑒 𝑛 = 0      (3.3) 

 

The spots that lie outside of the zero order Laue zone are said to belong to 

the higher order Laue zone (HOLZ) which is parallel to the ZOLZ and cuts 

the Ewald sphere. 

 

Normally these appear further away from the origin of the diffraction pat-

tern. We call them accordingly first order Laue zone (FOLZ), second order 

Laue zone (SOLZ) and so on. The diffraction pattern showing the zero and 

the high order Laue zones is presented in Figure 3.2. 

 

 

Figure 3.2. Electron diffraction pattern with the FOLZ where the spots are grouped 

around the direct beam and HOLZ where spots are in a ring outside. 
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Finally, all this information can help to go through the steps needed to index 

the SAED pattern. They are presented below: 

 

1) Make a list of hkl values and corresponding d-spacing using the 

crystal geometry equation. 

2) Choose the shortest distance to the origin for two reflections closest 

to the origin (distances and angles). Use a calibrated camera length 

CL. 

3) Calculate the distance in a real space using 𝑑 = 1/|𝒈|, where 𝒈 is 

the reciprocal lattice vector. 

4) Assign the Miller indices to the measured reflections, making sure 

that all three angles are correct. 

5) Calculate the zone axis of the electron diffraction pattern by taking 

the cross product between two reflections. 

 

As an example, a calcium barium niobite (CBN) crystal along the main zone 

axis was used (Figure 3.3). The electron diffraction pattern was obtained on 

a JEOL-2100F equipped with a field emission gun at an acceleration voltage 

of 200 kV, with CL = 120 cm 

 

 

Figure 3.3. An example of selected area electron diffraction pattern from CBN crys-

tal along the c-axis (CL = 120 cm and exposure time = 2 s). 

 

The above discussion dealt with spot patterns, but a ring pattern can also be 

observed. This can arise in a few situations: 

 

1) Random orientation of grains in a polycrystalline material (weakly 

textured). The diffraction pattern will consist of concentric rings or 
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may have many individual reflections (sufficiently large grains) fol-

lowing a ring shape.  

2) Purely amorphous material which does not show long-range transla-

tional or orientational order, and thus gives no Bragg reflections, re-

sulting in diffuse intensities from the scattering. 

3) Structures that are circular by nature, such as carbon nanotubes, can 

also cause partially circular features in the diffraction patterns. 

 

The index of a ring can be assigned on the basis of the d-spacing at which 

the ring occurs. 

3.1.1.1 Streaks caused by disorder  

The diffraction patterns of materials that lack long-range crystalline order 

can contain streaks. Streaking can be caused by different kinds of short-

range order. However, interpreting and understanding streaks are crucial to 

reveal local information. Very often it is difficult to solve the structure of 

such a material ab initio from diffraction data. I will introduce one of the 

common forms of disorder in zeolites—stacking faults (Figure 3.4). These 

cause diffuse scattering perpendicular to the layer in reciprocal lattice.  

 

 

Figure 3.4. An example of (A) a diffraction pattern with (B) a corresponding 

HRTEM image with a stacking fault disorder in zeolite ITQ-39 highlighted in red. 

Adapted by permission from Springer Nature: Nature, Nature Chemistry, Structure 

and catalytic properties of the most complex intergrown zeolite ITQ-39 determined 

by electron crystallography, T. Willhammar, J. Sun, W. Wan, P. Oleynikov, D. 

Zhang et al., Copyright 2012. 
9
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Zeolite beta is the archetypical example of a zeolite with stacking disorder, 

and represents one of the cases where the structure is heavily faulted. It is 

formed by epitaxial stacking of topologically identical building layers. Dif-

ferent polytypes of zeolite beta can be created by applying a shift to neigh-

boring layers.
3,4

 

3.1.2 3D single-crystal electron diffraction 

Over the past decade, several methods have been developed for collecting 

single-crystal electron diffraction data (SCED) by rotating the crystal in the 

electron beam. Methods for collecting SCED data have reached a stage 

where data can be collected routinely, and these data are sufficient to eluci-

date the structures of nanosized organic and inorganic crystals 
17,37

. Initially, 

data were collected with discrete steps of the goniometer 
12–14,38

, typically 1–

2°. However, this leaves a gap between the steps. To achieve improved sam-

pling of the reciprocal space between the tilt steps, goniometer rotation is 

combined with precession 
39,40

 or many small steps of the beam tilt 
12,13

. Re-

cently, with the advent of fast detectors for electron diffraction with low 

read-out times 
18

, data can be collected while continuously rotating the crys-

tal in the electron beam. This was first demonstrated on beam-sensitive ma-

terials such as protein nanocrystals 
18,19,41–43

 and more recently on organic 

and inorganic materials including metal oxides and metal-organic frame-

works 
20,21,44–46

. The benefit of the continuous-rotation method 
47

 is that data 

collection times are greatly reduced, and that the full reciprocal space is 

sampled, with the exception of a small wedge that occurs when the detector 

is being read out. We also integrate the intensities during rotating the crystal.  

The two data collection methods relevant for this thesis are explained in 

more detail below. 

3.1.2.1 Discrete rotation electron diffraction 

Discrete (or stepwise) rotation electron diffraction, traditionally referred to 

as rotation electron diffraction (RED)
12,13

 combines coarse goniometer tilt 

(1–2˚) with a fine beam tilt (0.1–0.4˚) to record 3D electron diffraction data 

(Figure 3.5) in order to get a 3D reciprocal lattice information. 
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Figure 3.5. Discrete steps for data collection by using RED data collection, high-

lighting how the orientation of the goniometer (black lines) can be supplemented by 

beam tilt (red lines) to improve sampling.  

 

At each beam tilt a 2D electron diffraction pattern is recorded. It is important 

to correct the height of the sample during acquisition as this may affect the 

reflection intensities and the accuracy of the unit cell. The beam tilt step is 

adjusted to the goniometer tilt angle. The exposure time can be adapted so 

that the reflection intensities are not oversaturated. Although this method is 

very sufficient for structure determination,
17

 the data can be incomplete be-

cause most of the reflections will be only partially recorded. This has impli-

cations for the precision of the structure refinement.  

3.1.2.2 Continuous rotation electron diffraction 

Continuous single-crystal electron rotation, which is referred to as continu-

ous rotation electron diffraction (cRED), allows the reciprocal space to be 

continuously acquired while the crystal rotates (Figure 3.6). This is achieved 

by running the detector continuously while reading out the data simultane-

ously. In this way much more complete and precise measurements of the 

reflection intensities can be obtained. This approach was introduced together 

with the appearance of specialized electron detectors with fast read-out 

mode,
18,48

 and reduces the data collection time from hours to minutes, while 

the data quality is increased because the reciprocal lattice can be sampled 

continually. It has been already used to study protein nanocrystals,
18,19,41–43

 

and organic and inorganic materials.
20,21,44,45
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Figure 3.6. The continuously sampled 3D reciprocal lattice. 

3.2 High-resolution TEM imaging 

A simplified, conventional transmission electron microscope contains a 

three-lens imaging system: the illumination system, the objective lens/stage, 

and the imagining system (Figure 3.7). It allows an area to be illuminated by 

an electron beam. Then electrons are focused by the condenser lenses that 

allow to obtain proper illumination conditions such as convergence angle 

and spot size. The strength of the condenser lens can be adjusted to obtain 

either parallel (i.e. SAED or HRTEM) or convergent (i.e. CBED or STEM) 

beam conditions. Additionally, a condenser aperture can limit the electron 

beam that reaches the specimen. The objective lens is used primarily to focus 

and initially magnify the image. Then the other two apertures that are below 

the objective lens control the selected fraction of the beam. The first one, the 

objective aperture in the back focal plane, enhances specimen contrast. In 

order to tilt the crystal to the right zone axis we use SAED aperture in the 

image plane of the objective lens. Next the intermediate and projector lenses 

give a magnified image or the diffraction pattern on the screen or a detector.   

 

A great advantage of TEM is that it allows the diffraction pattern (in recipro-

cal space) to be correlated with the high-resolution image (in real space). 

Since both the diffraction pattern and the image contain structural infor-

mation about the sample, both can be used for structure determination. 

 



 17 

 

Figure 3.7. Schematics of simplified ray paths in TEM for (a) diffraction mode and 

(b) image mode. Reprinted by permission from Springer Nature: Springer, The 

Transmission Electron Microscope by D. B. Williams, C. B. Carter, Copyright 

2009.
49

 

3.2.1 Ultramicrotomy for sample preparation  

In this section, only the details that are relevant to the sample preparation 

used for the materials described in the thesis will be emphasized. Ultrami-

crotomy is a technique for cutting a material or crystal into slices several 

tens of nanometers thick. It is useful to obtain samples thin enough for 

HRTEM or to access images along a zone-axis that is otherwise difficult to 

access, such as along the length of a needle-shaped crystal.  

 

In order to section the specimen we first need to embed it in a resin. Firstly, 

it is essential to introduce resin preparation itself. All samples are embedded 

in the epoxide resin, Agar Low Viscosity Resin, which is a replacement for 

SPURR resin.
50

 Low viscosity can help the diffusion of epoxy in between 

aggregates of sample and improve the dispersion. Three components (low 

viscosity resin, low viscosity hardener VH2, and agar low viscosity accelera-

tor from Agar Scientific) were used to prepare an embedding medium. A 
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small amount of powder sample is transferred into a standard form, gelatin 

capsule, and encased in a premixed embedding resin. After curing at 70 °C 

for 16 h, the resin with the embedded crystals is released from the capsule. 

Finally, the end of the resin block containing the sample is trimmed carefully 

to avoid destroying the sample and the trimming block, which should be a 

trapezoid to make slicing easier.  

 

Specimens were sectioned after setting the cutting orientation, the cutting 

window and the sectioning speed. The sections should form a ribbon which 

can fit on the grid. The grids that I used were the holey carbon-coated copper 

grids. The slices are collected using a tweezer holding a grid directly and 

dipping it into the water under the floating sections. Afterwards, the grids 

should be left to dry on a filter paper in a petri dish. In this way, it is possible 

to achieve sections with a thickness of 50–80 nm. As an example, I show the 

TEM images that I obtained from sectioned layered aluminosilicate MWW 

zeolite synthesized by Zhendong Wang (State Key Laboratory of Green 

Chemical Engineering and Industrial Catalysis, Sinopec Shanghai Research 

Institute of Petrochemical Technology) in Fig. 3.8. 

 

 

Figure 3.8. (A, B) TEM images of layered MWW embedded in a resin matrix. 

Cross sections of (C) a single layered MWW and (D) a double layered MWW. 
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3.2.2 Structure projection reconstruction from through-focus 

series of HRTEM images 

 

High-resolution transmission electron microscopy (HRTEM) is a great tool 

for studying structures of porous materials at atomic level.
9
 It is not straight-

forward to take HRTEM images when the electron dose should be low in 

order to minimize radiation damage. Rather, the low electron dose causes the 

signal-to-noise ratio to be very low. Working under these conditions requires 

patience and experience. It is also important to mention that only having a 

very thin crystal makes it possible to interpret the images directly in terms of 

structure projection. There are a few reasons for this. One of them is the 

dynamical effect that describes multiple scattering of electrons as they pass 

through thicker crystals. Another is the optical distortions caused by lens 

aberrations in the TEM. The imaging conditions like the focus of the objec-

tive lens influence the image contrast (Figure 3.9).  

 

 

Figure 3.9. (A) HRTEM images of zeolite IM-18 (Paper II) taken along the a-axis 

of the same crystal with different defocus values. (B) A structure projection image 

was reconstructed from 20 HRTEM images. The defocus determination and struc-

ture projection reconstruction was done by the program QFocus.
51

  

 

A contrast transfer function (CTF) T(u) can show the effect of defocus and 

other optical parameters on an HRTEM image. It can be expressed as fol-

lows: 

 

𝑇(𝒖) = 𝐷(𝒖)𝑠𝑖𝑛𝜒(𝒖) = 𝐷(𝒖)sin (𝜋휀𝜆𝒖2 + 1/2𝐶𝑠𝜆3𝒖4)   (3.2) 

 

where 𝑢 is the reciprocal vector, 𝜆 is the electron wavelength, 휀 the defocus 

value and 𝐶𝑠 the spherical-aberration coefficient of the objective lens. 𝐷(𝒖) 

represents an envelope function that reduces the amplitudes of the high spa-
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tial frequency components. Sin 𝜒 (𝒖) represents an oscillating part between 

−1 and +1 determining the image contrast. The CTF function from Eq. 3.2 

can be calculated once the defocus value is determined.  

 

Principally the CTF describes the contrast of an image as a combination of 

Fourier components with correct and inverted phases. Likely, it is possible to 

determine the contrast transfer function 𝑇(𝒖) experimentally from the nodes 

of the CTF. An example of the CTF is shown in Figure 3.10. 

 

 

Figure 3.10. Contrast transfer function created by the software ctfexplorer
52

 for 

acceleration voltage = 200 keV, Cs = 1.2 mm, defocus = −67 nm. In the inset is the 

corresponding Fourier transform simulated under this defocus condition.  

 

If the crystal is thin enough that it is possible to consider the scattering pro-

cess as kinematical, the Fourier transform of the HRTEM image 𝐼𝑖𝑚(𝒖) is 

related to the structure factor 𝐹(𝒖).
53

 

 

𝐼𝑖𝑚(𝒖) = 𝛿(𝒖) + 𝑘𝑇(𝒖)𝑭(𝒖)     (3.3) 

 

where 𝛿(𝒖) is a delta function representing the unscattered wave, i.e. the 

direct beam. 

 

Under these conditions, the structure factor itself can be directly proportional 

to the Fourier components extracted from the HRTEM image and defined as 

 

𝐹(𝒖) = ∑ 𝑓𝑗(𝒖)𝑒𝑥𝑝2𝜋𝑖(𝒖 ∙ 𝒓𝑗)𝑁
𝑗=1      (3.4) 

 

where 𝑓𝑗(𝒖) is the atomic scattering factor of the 𝑗𝑡ℎ atom in the unit cell, 

and 𝑁 is the total number of atoms. 

 

When the defocus values are determined, the structure factor 𝐹(𝒖) can be 

calculated from the HRTEM image 

 

𝐹(𝒖) =
𝐼(𝒖)

𝑘𝑇(𝒖)
       (3.5) 
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where 𝐼(𝒖) is the Fourier transform of the image and 𝑘 is a constant.  

 

The structure-projection reconstruction method implemented in the program 

QFocus
51

 has been used to overcome such challenges. In this way the signal-

to-noise ratio is greatly improved too. 

 

One approach to reconstruct images is the crystallographic processing of 

HRTEM images.
54

 If the amorphous region is reordered, a Fourier transform 

of the HRTEM images can provide information about the defocus and 

astigmatism. Then such image can be further processed by imposing the 

crystallographic symmetry. All these steps can be performed by the software 

CRISP
54

 which allows work on a single HRTEM image. It is also restricted 

to periodic objects.  

 

For crystals that contain any kind of disorder, this periodicity is interrupted. 

Notwithstanding, sometimes it is possible to retrieve a small area with a 

periodic structure. Alternatively, one final reconstructed image from the 

individual images with a constant defocus can be used as well. An example 

of the reconstructed structure projection processed by CRISP software is 

shown in Figure 3.11. 

 

 

Figure 3.11. (A) Structure projection image of ZSM-5 (MFI) along the b-axis, re-

constructed using the QFocus software from a through focus series of 20 HRTEM 

images. (B) SAED pattern. (C) Enlarged region from the image with the structure of 

MFI along the [010] direction. (D) Projected potential map obtained by crystallo-

graphic image processing showing the region along [010]. The symmetry cmm has 

been imposed. Reprinted with permission from J. Phys. Chem. C 2017, 121, 49, 

27389-27398. Copyright 2017 American Chemical Society. 
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3.2.2.1. Practical issues when taking HRTEM images 

As it was already mentioned a TEM operator should be an experienced 

person, because taking the HRTEM image of a porous, beam-sensitive 

material is not a trivial task at all. However, it gives a great opportunity to 

reveal unique local information that is difficult to obtain from other 

techniques such as XRPD or SCED. This can be structure disorder, an 

intergrowth, or stacking faults, which are common in zeolites.
3,8–10,55

 Over 

time, microscope control is improving. With experience, parameters such as 

the electron dose, exposure time and acceleration voltage can be adjusted to 

obtain higher quality HRTEM images 
56–60

. However, zeolites are sensitive 

to radiolysis which causes bond breakage as a result of the high energy flux 

of electrons
61

. That is why it is preferential to use a high acceleration voltage 

(in this thesis 200 kV) and spread the beam intensity entirely.  

Once the TEM is carefully aligned, we can start searching for our crystals on 

the TEM grid. To minimize the electron dose to which the crystal will be 

exposed, it is helpful to use diffraction mode and apply a strong defocus of 

the intermediate lens. This enhances the contrast of the image for searching, 

which means the dose can be lowered. In this way we can spend more time 

looking for an area of interest. Once the crystal is chosen, it is necessary to 

align the orientation of the electron diffraction pattern, making sure that the 

small area from which we are going to take an image is well-aligned and the 

features of interest (atomic columns and channels in porous materials) are 

parallel to the viewing direction. If some parts are tilted, the feature cannot 

be seen clearly.  

However, sometimes zeolites tend to rotate during exposure, and great 

patience and precision are needed to acquire an image with high resolution. 

Not all zeolite materials are stable enough to align the diffraction pattern 

with a high precision; for example this can be especially difficult for 

germanosilicates with high Ge/Si ratio, which are typically more beam 

sensitive than silicates or aluminosilicates. In this case, relying on the crystal 

morphology itself is greatly helpful. By memorizing the shape of the crystal, 

we can more easily recognize one of the main zone axes of the crystal. Next 

we need to adjust the sample height before start acquiring a through-focus 

series of HRTEM images with an image a little bit underfocused and take the 

rest of the images underfocused too. If I feel that it is necessary to get a more 

appropriate sample height and if it will not involve big changes, I will adjust 

the objective lens defocus a little bit (focus knob). However, a bigger step 

may cause a rotation of a crystal, which we would like to avoid. In a high 

range it is preferable to have the objective lens to the standard focus. 
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This method was used on a JEOL-2100 equipped with a field emission gun 

(FEG) at an acceleration voltage of 200 kV using a Gatan CCD camera (Ul-

traScan1000) and a Digital Micrograph script
62

 that is modified to allow the 

brightness of the image to be adjusted without changing the electron dose on 

the microscope. All images from a through-focus series were recorded with 

an equal focus step and two-fold astigmatism. 
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4. Improved collection of continuous rotation 
electron diffraction data (paper I) 

The fact that the acquisition of continuous rotation electron diffraction 

(cRED) data is still not fully automated and all procedures need an active 

operator to locate crystals and supervise the data collection procedure makes 

it time consuming and less reliable. We know of a few examples of SCED 

data collection with the support of software control. These include automat-

ed diffraction tomography (ADT)
14

, with automatic tracking of the crystal 

position during data collection implemented in the software, and rotation 

electron diffraction (RED)
12,13

, which combines computer-controlled goni-

ometer tilt with beam tilt for fine sampling of the reciprocal space. However, 

both of these use discrete steps of the goniometer for data collection. 

 

To the best of our knowledge, no dedicated software exists to assist with 

data collection of cRED data. Considering that the cRED method has started 

to play an important role for data collection in our lab, we wanted to make it 

more accessible to all users. Besides that, cRED is very simple and time-

efficient, and it provides good quality data. However, the most challenging 

procedure during data collection is trying to minimize the crystal drift. Tak-

ing into account all this information, a new routine was implemented in the 

program Instamatic 
22

 in order to help users make fewer errors when collect-

ing data. 

 

In this chapter a newly implemented routine, and an application of cRED 

using this routine, will be described in detail. 

4.1 A newly implemented routine to minimize the 
crystal drift effect 

The most significant difficulty during data collection has been the manual 

tracking of the crystal, which often moves out of the SAED aperture because 

of goniometer instability and the crystal not being centered on the rotation 

axis. Crystal drift is exacerbated when the sample region is far from the rota-

tion axis (which usually runs close to the centre of the grid), and at high tilt 

ranges. If the crystal is tilted within the relatively low-angle-tilt range (i.e. 
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±30˚) then its movements are usually not so severe. At higher angles, the 

height of the crystal must be adjusted to minimize sample movements during 

rotation 
13,63

. Practically, this is achieved by changing the height in order to 

minimize the movement of the crystal. Despite these efforts, crystal drift is 

still significant. One problem is that the data collection cannot be paused. In 

our first experiments, the position of the crystal was corrected continuously 

during the experiment by manually tracking the stage position during the 

data acquisition. As the crystal cannot be seen, this is achieved by monitor-

ing the shape and intensity of the diffraction pattern during data collection. 

Reflections become weaker when the crystal is moving slightly out of the 

view of the SAED aperture, indicating a need to re-center it. This problem 

was one of the main reasons that data acquisitions would fail, or end prema-

turely resulting in limited data completeness. 

 

To overcome this problem a tracking implementation by defocusing the dif-

fraction pattern via the intermediate lens (IL1) was used. This method, re-

ferred to as the defocus method, for tracking the crystal in diffraction mode 

has been already described in the context of collecting SCED data for the 

RED software using stepwise data collection.
12

 In the implementation in 

Instamatic, every 𝑛𝑡ℎ diffraction pattern is defocused (where typically 𝑛 = 

10). This briefly reveals the crystal image in the primary beam, and can be 

used to help tracking the crystal. This is illustrated in Figure 4.1 and, as an 

example, the corresponding beam paths are shown in Figure 4.2. After the 

𝑛𝑡ℎ pattern, the diffraction focus returns to the previous value. Once data 

collection is finished it is possible to check the diffraction images, which are 

automatically stored in a separate directory from the diffraction patterns. 

 

 

Figure 4.1. (A) Image taken in TEM mode showing a crystal of mordenite (corre-

sponding to dataset 2), (B) diffraction pattern at 0.48°, and (C) diffraction pattern at 

0.25° after defocusing the IL1 lens showing that the sample image is still located in 

the SAED aperture. B and C were acquired as part of a cRED data acquisition using 

Instamatic. Reproduced with permission of the International Union of Crystallog-

raphy (https://journals.iucr.org/).  
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Figure 4.2. Schematic representation of the ray paths in (A) image mode, (B) dif-

fraction mode and (C) defocused diffraction pattern for crystal tracking. The last 

lens is simplified to emphasize defocused diffraction pattern via the intermediate 

lens. Reproduced with permission of the International Union of Crystallography 

(https://journals.iucr.org/). 

 

However, it is important to mention that in this way an empty area is intro-

duced between data sets, and therefore the quality of reflection intensities 

through integration is reduced. High-angle reflections are most affected be-

cause they are not in every frame, whereas the effect is less visible for low-

angle reflections, which are registered on more frames. This compromise 

enables a higher rotation range, better completeness, and greater data redun-

dancy which are important for structure refinement. A successful example of 

data refinement is shown in Section 4.2. 

 

There is also another important concern to note. Frequently switching the 

value of the intermediate lens leads to a hysteresis that affects the position of 

the primary beam in the diffraction pattern on our TEM. Thus, the position 

of the primary beam can drift after a defocus series. To avoid this, the elec-

tron beam is relaxed by toggling between the focused and defocused state a 

few times. In this way, the primary beam is reset to its neutral position. 
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4.2 An example of application: mordenite structure 
analysis 

A small amount of a well-known zeolite, mordenite
64

, was transferred to a 

copper grid with continuous carbon film. Data was collected on a JEOL 

JEM-2100-LaB6 at 200 kV with a Timepix detector. Data were collected 

from two different crystals by using the spot size 2 on the microscope with a 

1
st
 (reffective = 0.75 µm) and a 2

nd
 (reffective = 0.35 µm) SAED aperture respec-

tively for datasets 1 and 2. All cRED measurements were carried out in dif-

fraction mode, where the beam illumination is parallel.  

 

A routine (defocus method) described in Section 4.1 was used during data 

collection. All steps are shown in the Appendix (Figure A1). Two cRED 

datasets were acquired using the software Instamatic with conditions listed 

in Table 4.1. 

 

Table 4.1. Experimental details for the collection of two cRED datasets for mor-

denite. Reproduced with permission of the International Union of Crystallography 

(https://journals.iucr.org/). 

 
 Dataset 1 Dataset 2 

λ (Å) 0.02508 (200 keV) 0.02508 (200 keV) 

Oscillation angle (°) 0.2314 0.2336 

Tilt range (°) −64.06 to 63.91 (127.97) −43.90 to 58.65 (102.55) 

Frames used1 554 430 

No. of images in between frames 55 43 

Defocus for an image interval2 (exposure time) 19993 (t = 0.01 s) 20693 (t = 0.0 1s) 

Exposure time/frame (s) 0.5 0.5 

Acquisition time/frame (s) 0.512 0.512 

Total acquisition time (s) 283.0 224.7 

Spot size 2 2 

Effective aperture radius (µm) 0.75 0.35 

Camera length (mm) 250 250 

1 The last few frames from dataset 2 were excluded because they were obscured by the copper grid.  

2 A defocused image was taken every 10th diffraction pattern. 
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The data reduction was performed using the software XDS.
65

 The last few 

frames from dataset 2 were excluded because they were obscured by the 

copper grid. Both datasets were indexed: dataset 1 using the lattice parame-

ters a = 18.668 Å, b = 20.513 Å, c = 7.691 Å, α = 89.93°, β = 90.31°, γ = 

89.59°, and dataset 2 with a = 18.619 Å, b = 20.838 Å, c = 7.753 Å, α = 

90.20°, β = 90.12°, γ = 90.52°. The results fit with the anticipated ortho-

rhombic, C-centered unit cell of mordenite. They are also close to the known 

lattice parameters (a = 18.13 Å, b = 20.49 Å, c = 7.52 Å). Finally, the soft-

ware XDS helped us to extract reflection intensities in space group Cmcm 

(Table 4.2). 

 

Table 4.2. Data processing details using XDS for the two datasets for mordenite. 

Reproduced with permission of the International Union of Crystallography 

(https://journals.iucr.org/). 

 
 Dataset 1 Dataset 2 

Resolution (Å) 0.80 0.80 

No. of total reflections 6804 5244 

No. of unique reflections 1665 1585 

Completeness (%) 99.3 93.6 

𝐼/𝜎 2.37 6.25 

𝑅𝑚𝑒𝑎𝑠 (%) 33.0 10.8 

𝑅𝑜𝑏𝑠 (%) 28.5 8.8 

𝑅𝑒𝑥𝑝 (%) 28.1 8.7 

 

At this stage, we noticed that dataset 2 appeared to be of higher quality than 

dataset 1. Despite having a lower completeness (99.3% for dataset 1 vs. 

93.6% for dataset 2), dataset 2 has a higher mean I/σ of unique reflections 

(2.37 vs. 6.25) and lower redundancy-independent R-factor, Rmeas (10.8% vs. 

33.0%). The difference may be partly associated with the choice of crystal, 

or a different size of SAED aperture. The advantage of a smaller SAED ap-

erture is not related to the reduction of the electron dose on the crystal, but 

mostly to protection against undesirable local information and (inelastic) 

scattering events that can influence the background. Therefore, the intensity 

of reflections can be extracted more accurately because the contrast from the 

amorphous background is lower. This could be the most important difference 

in quality between the datasets. 
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In both cases the structure was solved using direct methods implemented in 

SHELXS program.
66

 Initial structure solution revealed all Si and O atoms in 

the framework structure. The SHELXL program
67

 was used for structure 

refinement. The known unit cell parameters from Meier
64

 were implemented 

in the structure refinement. We found no sensible positions for sodium cati-

ons or water molecules in the channels, and the difference electron potential 

density map did not support their presence. Therefore, only the framework 

atoms were used for the refinement. All oxygen and silicon atoms were re-

fined anisotropically in both datasets. For dataset 1, rigid-bond restraints
68

 

were applied to all framework atoms using the RIGU instruction to maintain 

reasonable ADPs; dataset 2 did not need any restraints. Moreover, we cut the 

resolution for the refinement of dataset 1 to 0.91 Å to remove the resolution 

shell with low I/σ and therefore achieve better refinement. Finally, an extinc-

tion coefficient (EXTI) was introduced to the refinement. Once we achieved 

the converged results, both examined structures showed good geometry in 

terms of distances and angles when analyzed using PLATON software (Table 

4.3, Tables A1–A3).
69

 

 

Table 4.3. Refined bond distances and angles for mordenite. Reproduced with per-

mission of the International Union of Crystallography (https://journals.iucr.org/). 

 

  

Dataset 1 Dataset 2 

 

Nominal value min max average min max average 

T–O (Å) 1.61 1.59 1.66 1.610(18) 1.59 1.64 1.614(12) 

O–T–O (°) 109.5 107.2 113.0 109.5(1.8) 106.4 112.4 109.5(1.9) 

T–O–T (°) 145.0 142.4 180.0 154.0(11.5) 143.5 180.0 153.3(12.0) 

 

The details of the structure refinement are shown in Table 4.4. The differ-

ence in data quality is reflected in the R value, where the R1 value for dataset 

1 (R1 = 30.07%) is higher than that of dataset 2 (R1 = 17.69%). Even when 

no restraints were applied, the ranges of bond distances and angles were 

reasonable (Table 4.3). It is important to mention that both datasets yielded 

values close to the known values of d(Si–O) = 1.61 ± 0.02 Å and ∠(O–Si–

O) = 109.5 ± 0.8°for zeolites. 
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Table 4.4. Crystallographic data for the refinements of datasets 1 and 2 of mor-

denite.  Reproduced with permission of the International Union of Crystallography 

(https://journals.iucr.org/). 

 
 Dataset 1 Dataset 2 

Unit cell formula (refined) Si48O96 Si48O96 

Space group Cmcm (63) Cmcm (63) 

a (Å) 18.110 18.110 

b (Å) 20.530 20.530 

c (Å) 7.528 7.528 

Resolution (Å) 0.91 0.80 

No. total reflections 4432 5244 

No. of unique reflections (all) 1090 1585 

No. of unique reflections (Fo > 4σ(Fo)) 684 1140 

Refined parameters 96 96 

Restraints 93 0 

𝑅𝑖𝑛𝑡 0.2658 0.0878 

𝑅1 for Fo > 4σ(Fo) 0.2841 0.1602 

𝑅1 for all data 0.3007 0.1769 

GOOF 1.626 1.610 

 

In contrast to the published structure of mordenite we obtained comparable 

refined results for both structures (Tables A1–A3). An important outcome of 

this refinement are the ADPs obtained for dataset 2 (Figure 4.3). Based on 

the anisotropic ADPs we can evaluate the data quality. The ADPs are physi-

cally sensible for dataset 2, and the ADPs for O are slightly larger than those 

for Si (Figure 4.3). They are also elongated perpendicular to the plane creat-

ed by the Si–O–Si bond. The Hirshfeld Rigid-Bond test
70

 was used to check 

the quality of the structure refinement. A root-mean-square (rms) difference 

of only 0.0058 Å was observed for all bonds. We found that the largest dif-

ferences are seen for the Si3–O1 and Si3–O4 bonds, with values of 0.010(5) 

Å and 0.013(8) Å, respectively (Table A5). This example most likely sug-

gests that we can consider the ADPs to be reliably analyzed, but additional 

study is necessary. 
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Figure 4.3. (A–C) Refined structure of mordenite from dataset 2 showing ADPs for 

the Si and O atoms at the 50% probability level along the a-, b- and c-axes, respec-

tively. Reproduced with permission of the International Union of Crystallography 

(https://journals.iucr.org/). 

 

Once the model was parametrized the data were analyzed for outliers, for 

example by looking at a plot of Fobs versus Fcalc (Figure 4.4) constructed us-

ing the software anafcf and loglog.
71

 In this way we could check the data 

quality. An fcf file created from SHELXL (LIST 4) was an input file to make 

the plots.  

 

 

Figure 4.4. Fobs vs. Fcalc plots for mordenite from (A) dataset 1, and (B) dataset 2. 

Common notable outlier reflections are circled in red, and other outliers in green. 

Plots were generated using the program anafcf.
71

 Reproduced with permission of the 

International Union of Crystallography (https://journals.iucr.org/). 
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Examination of the data shows that one of the datasets, dataset 1, has most of 

its inconsistent reflections in the (hk0) plane. This observation could be re-

lated to the rotation which nearly crosses through the [00l] axis. This is the 

region where the dynamical effect is enhanced. Despite that, both analyzed 

plots correspond with each other (Figure 4.5). They also include primarily 

the same reflections and these are approximately proportionate within the 

datasets. 

 

 

Figure 4.5. A comparison of Fobs vs. Fcalc plot for a zeolite mordenite from datasets 

1 and 2. Common notable outlier reflections are circled in red. The plot was generat-

ed using the program loglog.
71

 Reproduced with permission of the International 

Union of Crystallography (https://journals.iucr.org/). 

 

For our curiosity, a result without an extinction coefficient (EXTI) intro-

duced to the refinement was also checked. In this case we could understand 

better how it affects the refined data. 

 

Figure 4.6 shows some outliers with low Miller indices that lie mostly below 

the red line (Fcalc > Fobs). This observation could be associated with the re-

maining residual electrostatic potential that has not been considered and has 

been omitted from the refinement. Referring to our prior knowledge of po-

rous materials, this residual potential could be caused by extra-framework 

species in the channels or cavities. The studied zeolite, mordenite, was pre-

pared by using sodium ions. Additionally, zeolites can absorb atmospheric 

water. All these factors could seriously affect the low-index reflections. The 



 33 

data obtained from mordenite did not support the refinement of sodium ions 

or a water position in the channels, which could mean that the water mole-

cules were disordered, or that they were completely removed by vacuum or 

the electron beam during the experiment. However, another explanation 

could be the occurrence of dynamical scattering events, which have a ten-

dency to reduce strong reflections. From our experience, the extinction pa-

rameter influences a few parameters: it shifts the marked outliers to the left 

side of the red line and lowers the agreement value. These effects could jus-

tify using EXTI at the end of the refinement. 

 

 

Figure 4.6. Fobs vs. Fcalc plots for mordenite from (A) dataset 1, and (B) dataset 2 

showing the correlation before an extinction coefficient (EXTI) was introduced to 

the refinement. Common notable outlier reflections are circled in red, and other 

outliers in green. Plots were generated using the program anafcf.
71

 Reproduced with 

permission of the International Union of Crystallography (https://journals.iucr.org/). 

4.3 Summary 

Our study has shown that even when every 𝑛𝑡ℎ frame is omitted for the pur-

pose of crystal tracking, the quality of electron-diffraction data can be high 

and satisfactory for structure refinement. The discrepancies in bond lengths 

and angles gave information about the accuracy of the refined structure. We 

have obtained meaningful ADPs from dataset 2, and these have been further 

corroborated by the Hirshfeld Rigid-Body test, showing that cRED data can 

support physically meaningful ADPs. This could lead to detailed investiga-

tions of atomic motion and disorder, both static and dynamic, from na-

nosized crystals. 
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5. Structure elucidation using combined 
methods 

It has been already shown that it is possible to benefit from electron diffrac-

tion. However, there are still cases where XRPD and HRTEM bring im-

portant insights to the fine details of structure determination. In this chapter 

it will be demonstrated that a combination of complementary methods may 

lead to immense success in the determination of complex structures, espe-

cially when the crystal contains a disorder (Chapter 5.1 and 5.2) or when it is 

important to understand the evolution of the structure (Chapter 5.3). A crys-

tal containing disorder and another that illustrates the transformation of a 2D 

layered zeolitic material will be illustrated in the following chapter.  

5.1 Multidimensionl disorder in zeolite IM-18 (paper II) 

The structure of a new germanosilicate material synthesized by Yannick 

Lorgouilloux (Université de Haute-Alsace, France), IM-18, was solved by 

combination of three different techniques: 3D electron diffraction, HRTEM 

imaging and XRPD analysis. The structure solution of IM-18 was a crystal-

lographic journey that started from the average structure and ended with a 

complex disordered one. In this chapter I will describe the structure determi-

nation and an effort to understand the present disorder.  

5.1.1 Experimental details 

A small amount of as-made IM-18 was transferred onto a carbon-coated 

copper grid for measurement in a JEOL JEM2100 transmission electron 

microscope (TEM) operated at 200 kV with a single-tilt tomography sample 

holder. The electron diffractions were recorded on a Gatan Orius 200D cam-

era. 649 SAED frames were collected, covering a tilt range of 119.46° with a 

tilt step of 0.20°, using RED–data collection
12

 software. Data were processed 

in the software RED–data processing.
12

 The structure determination of IM-

18 from the extracted intensities was carried out by direct methods using the 

program SHELXS.
66
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A through-focus series of 12 HRTEM images with a defocus step of 85.3 Å 

were acquired along the b-axis of IM-18 on a JEOL JEM2100F TEM operat-

ing at 200 kV. Finally, the structure projection was reconstructed using 

QFocus.
51

 

 

High-resolution XRPD data were collected on the beamline CRISTAL at the 

Synchrotron Soleil in France (wavelength 0.7294 Å).
72,73

 Samples of as-

made IM-18 were prepared in a 1-mm diameter glass capillary. 

5.1.2 Work at early stage: an average structure model 

Firstly, the RED data collected (Table 5.1) on an as-made IM-18 were in-

dexed. It was possible to identify an I-centered unit cell with lattice parame-

ters a = 5.31 Å, b = 15.07 Å, c = 17.06 Å, α = 89.79°, β = 88.81°, and γ = 

90.35°. The two-dimensional (2D) slices cut from the 3D reciprocal lattice 

reconstructed from the RED data show that the reflection conditions can be 

deduced as hkl: h+k+l = 2n, hk0: h = 2n, k = 2n, which correspond with the 

space groups Im2a (No. 62) or Imma (No. 74). Taking into account that most 

zeolite frameworks in the Database of Zeolite Structures
74

 are centrosym-

metric, space group Imma was chosen for further structure determination. 

 

Table 5.1. Crystallographic details for the refinement of the dataset of IM-18. Re-

printed with permission from Cryst. Growth Des. 2018, 18, 4, 2441–2451. Copy-

right 2018, American Chemical Society.  

 

  Tilt range (°) 119.46 (−66.83 to 52.63 ) 

Tilt step (°) 0.20° 

Exposure time/frame (s) 1.0 

Total data collection time (min) 80 

No. of frames 649 

Crystal size (length × width) (µm) 0.66 × 0.74 

Resolution (Å) 1.05 

Completeness (%)* 89.9 

Detected reflections by RED 1265 

*The streaks in the diffraction data were not considered here. 
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Only the intensities of the Bragg diffraction spots at the reciprocal lattice 

points were used for the initial structural determination. The diffuse scatter-

ing observed in the 3D RED data along the b* and c*-axes was not consid-

ered at this stage. The structure was determined using the direct-methods 

approach implemented in SHELXS,
75

 and revealed a highly disordered aver-

age framework structure. From the beginning we could distinguish three 

unique T atoms (T = Si/Ge) in the asymmetric unit directly, each tetrahedral-

ly coordinated and connected to one another via O atoms. The initial model 

consisted of two identical, superposed frameworks, related by a translation 

of a (5.31 Å). To unravel the disorder, we built a new model by doubling the 

unit cell along the a-axis (Imma, a = 2  5.31 Å, b = 15.07 Å, c = 17.06 Å), 

and removing one of frameworks. Missing O atoms were added between the 

Si atoms and the structure was optimized by distance least squares refine-

ment using the program DLS-76.
76

 The new framework model can be de-

scribed by zigzag chains interconnected via d4r (double 4-ring) units, creat-

ing a three-dimensional channel system with two types of 8-ring channels 

along the a-axis, an 8-ring channel along the c-axis, and a 10-ring channel 

along the b-axis (Figure 5.1).  
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Figure 5.1. (A–C) Pore openings of the channels in IM-18. (A) Two different 8-ring 

channels along the a-axis. (B) 10-ring channels along the b-axis. (C) 8-ring channel 

along the c-axis with two different 8-ring openings. All O⋯O distances are in Ång-

ström and an oxygen diameter of 2.70 Å has been subtracted. (D) 3D channel system 

in the structure of IM-18. Reprinted with permission from Cryst. Growth Des. 2018, 

18, 4, 2441–2451. Copyright 2018, American Chemical Society. 

 

The presence of the d4rs was also confirmed by 
19

F MAS NMR, which 

showed signals characteristic of fluoride anions in d4r units. 

5.1.3 Description of disorder from 3D and 2D electron 

diffraction patterns  

Even though the RED could be used to elucidate the average (disordered) 

structure of IM-18, it was difficult to extract information about the local 

structure. We therefore first collected selected area electron diffraction 

(SAED) data, which show diffuse scattering more clearly, to provide de-

tailed information about the nature of the structure disorder. SAED patterns 

along [010] (Figure 5.2B) showed that all reflections with h = 2n are sharp 
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whereas reflections with h = 2n + 1 are only present as streaks along c*. This 

indicates that there are stacking disorders in the crystal, specifically that the 

stacking direction is parallel to c*, and that layers may be translated by ±½a. 

These patterns also contain the information about the potential twin plane 

which is perpendicular to the c*-axis.  

 

 

Figure 5.2. Selected area electron diffraction patterns along (A) [100] and (B) [010] 

and (C) 2D hk0 slice cut from the reconstructed 3D reciprocal lattice showing the 

diffuse scattering. Reprinted with permission from Cryst. Growth Des. 2018, 18, 4, 

2441–2451. Copyright 2018, American Chemical Society. 

 

Unfortunately, we were unable to obtain SAED patterns along the c-axis 

because of preferred orientation of the crystal, but the RED data also showed 

diffuse streaks in the hk0 plane, running along the b*-axis (Figure 5.2C), 

indicating that there is a second stacking direction parallel to b*, and that 

layers may also be translated by ±½a between the layers perpendicular to b*. 

On the other hand, the SAED pattern for this particular crystal along [100] 

does not have streaks (Figure 5.2A). Nonetheless, there are still cases where 

it is possible to observe a weak diffuse scattering in several crystals along 

the [100]. We did not investigate this effect in further detail as only a few 

crystals were examined. However, it is important to mention.  

If we take a closer look at the reconstructed 3D reciprocal lattice of IM-18 

we can clearly see a line along one direction which indicates a 1D order, 

while two other directions are wider due to 2D disorder (available supporting 

movie from paper II). It is also remarkable that the larger crystals may con-

tain disorder, but the smaller ones are mostly ordered.  

 5.1.4 Local disorder revealed by HRTEM images 

To get a better sense of the structure disorder, we turned to the HRTEM 

images. It was very challenging to take HRTEM images of this particular 

zeolite, because it is very sensitive to radiation damage. A number of 

through-focus series of 12 HRTEM images with a constant defocus step of 



 39 

85.3 Å were taken manually along the b-axis of IM-18. The program QFo-

cus
51

 was used to reconstruct the structure projections. This method enables 

the study of beam sensitive and disordered materials by greatly enhancing 

the signal-to-noise ratio and minimizing exposure time. In addition, the con-

trast of the reconstructed HRTEM image was improved and finally the im-

age could be interpreted as the structure projection. 

Structure projections along the b-axis first of all confirmed our structure 

model to be reasonable, and also revealed both ordered and disordered re-

gions, which is corroborated by the inset Fourier transforms (Figure 5.3A). 

The local image verification given by the Fourier transforms indicated a 

monoclinic crystal system, and that IM-18 may consist of two interwoven 

monoclinic structures. Structure projection along the a-axis showed a region 

of ordered structure (Figure 5.3B). 

 

 

Figure 5.3. (A) Structure projections along the b-axis showing the presence of or-

dered regions (top and bottom in A) and a region containing disorder (middle in A), 

as indicated by the inset Fourier transforms. (B) Structure projection along the a-axis 

showing the ordered area. Reprinted with permission from Cryst. Growth Des. 2018, 

18, 4, 2441–2451. Copyright 2018, American Chemical Society. 
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5.1.5 Structure refinement based on XRPD data 

The synchrotron X-ray powder pattern (XRPD) could be indexed using the 

program TOPAS
30

 with an orthorhombic I-centered unit cell (Imma; a = 

5.255 Å, b = 14.952 Å, c = 16.981 Å), comparable to the one found using the 

RED data. Unfortunately, a refinement of the average structure model from 

the coordinates given by the RED data did not converge. We noticed there 

were still some reflections unindexed in the diffraction pattern. At the begin-

ning, when we did not have access to good quality HRTEM images and 

SAED patterns, we thought that it would be worth checking the polytypes 

that could be built from the average structure, so three models were generat-

ed from the orthorhombic average structure with different arrangements of 

the d4r units: a monoclinic one (P21/m; a = 10.336 Å, b = 14.984 Å, c = 

17.734 Å, β = 106.94°), and two orthorhombic ones (Pmna; a = 14.984 Å, b 

= 10.336 Å, c = 16.965 Å and Pnnm; a = 16.965 Å, b = 10.336 Å, c = 14.984 

Å). In the very first stage of the refinement we had been trying to use two of 

the most promising crystalline phases with the space groups Pmna and 

P21/m, respectively. Although the monoclinic cell could not be corroborated 

by the RED data, we already knew that the structure contained a monoclinic 

part because the HRTEM images along the b-axis clearly revealed a mono-

clinic component. However, it was difficult to interpret the local disorder 

from the very first HRTEM images. While new HRTEM images were being 

collected, we were trying to refine the disordered structure in a monoclinic 

phase. Initially, we thought it would be reasonable to refine the XRPD data 

as two crystalline phases, because we noticed a series of reflections and a 

shoulder to the left of the main peak in the low angle part of the pattern. We 

also thought that one of the crystalline phases could have a slightly larger 

lattice parameter, as one could have more germanium than the other one. 

The Pawley profile-fitting procedure was initiated to check all possible com-

binations of the space groups that might be possible in our opinion. Unlucki-

ly, no combination gave the best fit for all peaks, particularly in the low an-

gle range. After all this experience, we continued the structure refinement in 

the space group P21/m, which seemed to be the only model that fit. In this 

case, the new HRTEM images, and in particular the Fourier Transformation 

(FT) of these images, were decisive. 

 

Following this approach, structure refinement in the program TOPAS
30

 was 

initiated in space group P21/m. The background of the diffraction pattern was 

estimated and subtracted manually. It was then improved during the course 

of the refinement. An anisotropic peak broadening model
77

 was introduced 

in order to better model the peak profiles. Geometric restraints were applied 

to all unique bond distances and angles. The scale factor was determined by 

performing only a few refinement cycles with just the high angle data (20–

40°). Then the difference electron density map revealed the eight residual 
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peaks in each channel along the b-axis (Figure 5.4), each having the approx-

imate shape of the d4r belonging to the superposed framework. This obser-

vation confirmed the disorder of the structure. 

 

 

Figure 5.4. A difference electron density map showing the residual electron density, 

which was attributed to the second superimposed framework. Reprinted with per-

mission from Cryst. Growth Des. 2018, 18, 4, 2441–2451. Copyright 2018, Ameri-

can Chemical Society. 

 

The second framework was placed at the expected position with a shift of 

½a. To further stabilize the refinement, all x-coordinates of the second 

framework were constrained to those of the parental model (x’ = x + 0.5). 

 

A molecular model of organic structure-directing agent (OSDA) was created 

and added to the TOPAS input file as a rigid body. An effort was made to 

find a location for the OSDA using the simulated annealing algorithm in 

TOPAS.
30

 However, we could not find a sensible position for the OSDA, 

perhaps due to the disordered framework model. The initial position of the 

OSDA was instead found in the 10-ring channels from the difference elec-

tron density map. Since the OSDA is on the mirror plane, the number of 

parameters to be refined could be minimized by removing three symmetry 

equivalent carbon atoms (two from the pyridine ring and one from the me-

thyl group) and then, to maintain the stability of the refinement, constraining 

the coordinates of the three symmetry equivalent OSDA molecules (out of 

four) to the parent one.  

 

Subsequently, bond and angle restraints were applied for the OSDA, togeth-

er with an anti-bump restrain between the framework O atoms and the C and 

N atoms of the OSDA. We wanted to keep the pyridine ring and methyl 

groups flat. It was also important to keep a reasonable distance between the 
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OSDA and the framework. We also adjusted the weights for the OSDA re-

straints, anti-bumps, and flattening algorithm in order to keep the refinement 

of the OSDA stable. Refinement was done in very small steps at time to be 

able to control the angles and distances between the atoms in the framework 

and OSDA.  

 

After the atomic positions of OSDA had converged to the reasonable ones, 

the Si/Ge ratio was further refined. The final Si/Ge ratio converged to 3.2(1). 

The result agrees with the average ratio of 3.14 determined from EDS (Table 

5.2).  

 

Table 5.2. Si/Ge molar ratio at various crystals of IM-18, determined by energy-

dispersive spectroscopy (EDS). Reprinted with permission from Cryst. Growth Des. 

2018, 18, 4, 2441–2451. Copyright 2018, American Chemical Society. 

 

No. 1 2 3 4 5 6 7 8 Average 

Si/Ge 3.4 2.9 3.7 3.2 3.0 2.9 2.7 3.3 3.1(3) 

 

Ge in IM-18 is located only in the d4r. A difference electron density map 

showed a blob of electron density inside the d4r, and that was assigned as a 

fluoride anion (F
−
). The occupancy of the OSDA finally converged to 

0.370(3), where 0.5 would be full occupancy. We could see some residual 

electron density in a difference map next to the methyl groups of the OSDA, 

and thought that the OSDA itself could also be disordered. However, at-

tempts to model this disorder did not improve the refinement. 

In the final stage of the refinement, we removed the anti-bumping con-

straints and flattening algorithm. The refinement converged with agreement 

values of RI = 0.095 and Rwp = 0.117 (Figure 5.5, Table 5.3). The most sig-

nificant differences between the observed and calculated patterns could be 

assigned to the peak shapes, which we could not model perfectly. 
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Table 5.3. Crystallographic data for as-made IM-18. Reprinted with permission 

from Cryst. Growth Des. 2018, 18, 4, 2441–2451. Copyright 2018, American Chem-

ical Society. 

 

Chemical composition 

(refined) |(C7N2H10)2.96 F2.37|[Si36.57Ge11.43O96] 

Space group P21/m 

a, Å 10.5089(5) 

b, Å 14.9425(5) 

c, Å 17.7775(7) 

β,  107.323(4) 

V, Å3 2664.956(4) 

2Θ range,  2.000–39.984 

λ, Å 0.7294 

Rp 0.210 

Rwp 0.117 

RI 0.095 

Observations  9477 

Reflections  2482 

Parameters  159 

Geometric restraints 148 (framework) and 12 (OSDA) 

 

 

 

Figure 5.5. Observed (blue), calculated (red), and difference (black) profiles for the 

Rietveld refinement of IM-18. Reprinted with permission from Cryst. Growth Des. 

2018, 18, 4, 2441–2451. Copyright 2018, American Chemical Society. 
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5.1.6 Structure interpretation from the results of combined 

methods 

The structure of IM-18 has a 3D channel system. It contains straight 10-ring 

channels parallel to the b-axis, and these intersect with 8-ring channels run-

ning parallel to the a- and c-axes. Two types of 8-ring openings that are al-

ternating and slightly tilted with respect to the c-axis define the channel 

along the c-axis. There are also straight 10-ring channels along the b-axis 

that are ultimately blocked by d4rs because of the stacking disorder. If we 

consider domains of 10–20 unit cells of the material, it is possible to present 

an ideal structure with straight 10-ring channels along the b-axis.  

 

In the refined structure of IM-18, the OSDA molecules are located closely 

between the d4r units (Fig. 5.6C). The occupancy of the OSDA refined to 

0.370(3), where the expected value is 0.5. The shortest intermolecular dis-

tances between the OSDA and the framework O atoms are 3.096 and 3.227 

Å, as shown in the Hirshfeld surface
78

 in Figure 5.7.  

 

 

Figure 5.6. (A and B) The building units in IM-18. (C) Projection of IM-18 along 

the b-axis showing the position of the OSDA, germanium and fluoride in the refined 

structure. T-sites with more than 50% Ge occupancy are highlighted in yellow. Re-

printed with permission from Cryst. Growth Des. 2018, 18, 4, 2441–2451. Copy-

right 2018, American Chemical Society. 

 

The fluoride ions are located inside but slightly off the center of the d4r, 

perhaps owing to the fact that the Si/Ge distribution within the d4r is not 

symmetric (Figure 5.6). Although Ge is located in the d4r exclusively, only 

the positions T3 and T8 in the d4r refined with a significant amount of Ge 

(0.38(1) and 0.28(2), respectively (the maximum occupancy is 0.5)). The 

average Si/Ge ratio in the d4r is 1.8. The final bond distances and angles for 

IM-18 are in Table 5.4. 



 45 

 

 

Figure 5.7. The Hirshfeld surface of the OSDA. Reprinted with permission from 

Cryst. Growth Des. 2018, 18, 4, 2441–2451. Copyright 2018, American Chemical 

Society. 

 

Table 5.4. Framework bond angles and distances after Rietveld refinement of as-

made IM-18. Reprinted with permission from Cryst. Growth Des. 2018, 18, 4, 

2441–2451. Copyright 2018, American Chemical Society. 

 

 Restraint Min. Max. Average 

T–O–T (°) 145.0 135.7 171.5 147.7 

O–T–O (°) 109.5 107.7 111.2 109.5 

T–O (Å) 1.61  1.593 1.638 1.613 

 

Generally, the structure of IM-18 can be constructed from single zigzag 

chains interconnected via d4r units (Figure 5.6A). Structure refinement re-

vealed disorder in which the d4r units connecting the zigzag chains can have 

two positions related by a translation of ½a. In this case the design motif of 

the d4r units can be described as an ABCD-type stacking with c* as the 

stacking direction. There are four independent stacking types:  

 

1) ABCD - the default stacking arrangement of IM-18 (Figure 5.8A), 

2) ADCB - equivalent to 1), but mirrored across the ab-plane (Figure 

5.8B), 

3) ABCD and ADCB stacked along the b-axis (Figure 5.8C), 

4) ADCB and CBAD stacked along the b-axis (Figure 5.8D). 
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Figure 5.8. (A–D) Four main stacking arrangements along c* that can appear in the 

structure of IM-18. (A) ABCD-type stacking, (B) ADCB-type stacking, (C) ABCD–

ADCB stacked along the b-axis, (D) ADCB–CBAD stacked along the b-axis. (E) 

Disorder model of IM-18 viewed along [010] showing the interfaces between do-

mains. Reprinted with permission from Cryst. Growth Des. 2018, 18, 4, 2441–2451. 

Copyright 2018, American Chemical Society. 

 

Here once again based on the diffuse streaks observed in the [010] and [001] 

zone-axis of the diffraction patterns (Figure 5.2B–C) we can say that IM-18 

has 1D long-range order and 2D disorder. This is consistent with the disorder 

models introduced in the text. 

 

In the end, all of our observations have been confirmed by the HRTEM im-

ages (Figure 5.3A). A Fourier filtering of these images using the diffraction 

spots and the diffuse streaks (Figure 5.9), which removes a noise to get a 

better contrast, helped us to reveal the position of domains (Figure 5.10 and 

5.11): 

 

1) ABCD (green) (Figure 5.10) 
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2) ADCB (red) (Figure 5.10) 

3) overlapping domains of the two (purple) (Figure 5.10) 

4) stacking of ABCD (green) and ADCB (red) (Figure 5.10) 

5) stacking faults which show the interface between ABCD- and 

ADCB-type domains (these are rare) (Figure 5.11) 

 

 

Figure 5.9. (A) An original structure projection along the b-axis (B) An image after 

Fourier filtering where (C) the applied masked area contains Bragg reflections and 

diffuse scattering 
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Figure 5.10. Possible stackings in IM-18 viewed along the b-axis that result in 

structure disorder. (A) Fourier filtered image of Figure 5.4A by using sharp diffrac-

tion spots and the diffuse streaks on the FFT that shows various domains; domain A 

in green, domain B in red, and overlapping domains in purple. (B) Enlarged area 

from (A) (marked by the square) showing how different domains of IM-18 can over-

lap. (C) Structure projection along the b-axis showing the disordered region. (D) 

Enlarged area from (C) showing possible stacking faults in IM-18. Reprinted with 

permission from Cryst. Growth Des. 2018, 18, 4, 2441–2451. Copyright 2018, 

American Chemical Society. 

 

 

Figure 5.11. Stacking fault in IM-18 along the b-axis. (B) Fourier filtering of image 

(A) showing a small area with the stacking fault and the interface between the two 

domains. Two different stacking arrangements are shown in green (ABCD) and red 

(DCBA). Reprinted with permission from Cryst. Growth Des. 2018, 18, 4, 2441–

2451. Copyright 2018, American Chemical Society. 



 49 

Based on Rietveld refinement, the domains ABCD and ADCB are equally 

likely, however we cannot say how often the stacking faults happen in the 

crystals. 

5.1.7 Summary 

 

A successful combination of rotation electron diffraction (RED) with high-

resolution transmission electron microscopy (HRTEM) and X-ray powder 

diffraction (XRPD) made it possible to solve the structure of IM-18. The 

average structure model was solved by electron diffraction data. Although 

we could observe some diffuse scattering in the 3D RED data, only the sharp 

reflections were used for the initial structure analysis. Finally, we solved the 

IM-18 structure, which contains three-dimensional intersecting channels 

along the a-, b- and c-axes. Local information about disorder was determined 

from reconstructed structure projections of a through-focus series of 

HRTEM images. Based on this, we can say that IM-18 is disordered in the 

b*- and c*-directions. Despite that a comprehensive refinement was hin-

dered by the complexity of the structure, it helped to understand the average 

disorder in IM-18, which indicated that there were two domains related by a 

shift of ½a. Further refinement revealed the location of the organic structure 

directing agent (OSDA) within the channel system, and the location of Ge in 

the d4r units. 

5.2 Structure of the aluminosilicate zeolite EMM-28 
with extra-large cavities (paper III) 

Another example of a material whose structure was solved by a combination 

of different techniques is a large-pore aluminosilicate EMM-28. XRPD data 

cannot always be easily implemented to reveal a structure. This is the case 

for EMM-28, where XRPD data showed significant peak broadening, which 

can be a sign of possible defects. Since the quality of the data was not suffi-

cient to perform a profile refinement
33,34

, 3D electron diffraction, and 

HRTEM imaging were used as complementary methods for structure deter-

mination In the following chapter I will also show that one electron diffrac-

tion dataset may not have enough information to get a good structure re-

finement. Thus, sometimes multiple datasets are needed.  
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5.2.1 Experimental details 

A small amount of calcined EMM-28 was transferred onto a carbon-coated 

copper grid. Diffraction datasets for EMM-28 were collected using continu-

ous rotation electron diffraction (cRED
18,19,21

) at 200 kV on a JEOL 

JEM2100 transmission electron microscope (TEM) with a single-tilt tomog-

raphy sample holder. Electron diffraction frames were recorded in selected 

area electron diffraction (SAED) mode on a Timepix camera. The datasets 

used for the refinement were acquired by cRED implemented in the software 

Instamatic.
22,79

 Data reduction was carried out using XDS software.
65

 

 

Because of the plate-like shape of the crystals, ultramicrotome was used to 

prepare the sample for through-focus series of HRTEM images to obtain 

projections along [010], the cross-section of the plate-like crystal. A 

through-focus series of HRTEM images with a defocus step of 53.3Å were 

collected on a JEOL JEM2100F TEM operated at 200 kV. The structure 

projection was reconstructed using program QFocus.
51

XRPD data on a cal-

cined EMM-28 were provided by Allen Burton (ExxonMobil). 

5.2.2 Structure determination of calcined EMM-28 from electron 

diffraction data 

Initial attempts to index the XRPD data revealed that the unit cell of EMM-

28 is similar to the one for EUO. It was possible to confirm that the a and b 

parameters are comparable to those parameters in EUO; whereas the c-axis 

of EMM-28 is about double that of EUO. Thus it could be very convincing 

to think that both models can be related to each other.  

 

Unfortunately, the experimental XRPD data were not of optimal quality, 

which caused difficulties in verifying the structure model. A significant peak 

broadening present in the powder pattern might be because of the very thin 

plate like-crystals or a possible disorder (Figure  5.12).   

 

 



 51 

 

Figure 5.12. (A) SEM micrograph of EMM-28 crystal with a thickness of about 20-

40 nm. (B) Experimental XRPD data of calcined EMM-28. 

 

Initial structure determination was derived from the cRED data of the cal-

cined sample of EMM-28,
18,20,21

 with lattice cell parameters a = 14.11 Å, b = 

22.59 Å, c = 41.72 Å, α = 89.07°, β = 89.99°, and γ = 88.85°. This indicated 

a face-centered orthorhombic unit cell. The reconstructed 3D reciprocal lat-

tice displayed the following reflection conditions: hkl: h+k = 2n, h+l = 2n, 

k+l = 2n; 0kl: k,l = 2n; h0l: h,l = 2n; hk0: h,k = 2n, giving the possible space 

groups F222 (No. 22), Fmm2 (No. 42), and Fmmm (No. 69). As most zeolite 

frameworks in the IZA database
74

 are considered to be centrosymmetric, the 

space group Fmmm was adopted for further structure determination. The 

integration of reflection intensities was performed using the software XDS
65

 

(Table 5.5).  

 

Table 5.5. Experimental parameters for the cRED data collection of EMM-28 and 

data processing details from XDS 

 

Parameters Crystal  

Tilt range (°) 52.4 (–37.1 to 15.3) 

Goniometer tilt step (°/frame) 0.13067 

Total data collection time (sec) 60 

No. of frames 376 

Resolution (Å) 1.3 

Completeness (%) 47.8  

No. of unique reflections 430 

No. of observed reflections 1045 

I/σ 8.12 

Rmeas (%) 8.4 

Robs (%) 6.4 

Rexp (%) 6.5 
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Even though the data quality was far from the ideal (data completeness was 

low), the structure solution was routine using the program FOCUS
80,81

. After 

100 000 trials of FOCUS the most frequent result was found 40% of the 

time, which is significant and likely corresponds to the correct framework 

structure. Missing O atoms were added in the expected positions. Nonethe-

less, the data included some streaks. In order to get a better sense of the 

structure, more cRED data were acquired. The aim was to collect a higher 

quality dataset which would better meet the requirements for structure re-

finement. To get more reliable and complete data we used the software In-

stamatic
22,79

, which implements a routine for crystal tracking. A number of 

datasets was evaluated for structure determination and refinement by using a 

Python script (developed at Stockholm University) that makes it easier to 

find the most convenient combination for data refinement. All collected data 

are in Table A6. The previously obtained face-centered orthorhombic unit 

cell was used to index the new data. Once again, the software XDS was used 

to extract the reflection intensities in space group Fmmm (Table A6). The 

structure of EMM-28 could be solved with any of the following programs: 

SHELXT,
75

 SIR2014
82

 and FOCUS
80,81

. The framework structure was equiva-

lent to the one found previously using model building and FOCUS, indicat-

ing that the structure model was likely to be correct. 

 

Subsequently, all eventual combinations of datasets were analyzed in an 

automatic fashion to facilitate the best potential matches. Finally, three da-

tasets (datasets 3, 9 and 13, see Appendix) were merged using the program 

XSCALE to yield a higher completeness and give the most satisfactory struc-

ture refinement.
43

 The subsequent refinement of the merged dataset was per-

formed by SHELXL.
66,67

  Atomic scattering factors for electrons for Si and O 

atoms were implemented. Similarity restraints were applied to all Si–O 

bonds and O–O distances (corresponding to the O–T–O angles) using DFIX 

and DANG combined with free variables (FVAR) in order to keep the ge-

ometry reasonable. In the absence of such restraints, especially the O–T–O 

angles would be too small. The advantage of using similarity restraints is 

that no distance is imposed, which is useful if the unit cell is not accurate (as 

is often the case for electron diffraction data). All Si and O atoms were re-

fined anisotropically. Rigid-bond restraints were introduced to all framework 

atoms using the RIGU command in order to keep the anisotropic displace-

ment parameters (ADPs) reasonable. Finally, an extinction coefficient (EX-

TI) was introduced as it is an empirical correction that is useful when some 

of the most intense reflections have reduced the intensities (e.g. as a result of 

dynamical scattering). The refinement converged with an R1 value of 

16.74%. The distances and angles are reasonable, as analyzed by PLATON 

software
83

 (Table 5.6).  
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Table 5.6. Framework bond angles and distances after refinement of EMM-28. 

 

 
nominal value min max average 

T–O (Å) 1.61 1.565 1.636 1.594 (17) 

O–T–O (°) 109.5 105.1 112.1 109.5 (1.5) 

T–O–T (°) 145.0 140.9 180.0 157(12) 

 

As we used the similarity restraints for bonds and angles, where the target 

value for the distances is not specified, the average T–O bond distance re-

fined to 1.594(17) Å and the average O–T–O angle to 109.5(1.7)° for the 

lattice parameters of a = 13.946(3) Å, b = 22.580(5) Å, c = 40.402(8) Å (Ta-

ble 5.7). 

 

Table 5.7. Crystallographic details for the refinement using the cRED dataset for 

EMM-28. 

 

 Datasets merged 

Unit cell formula (refined) Si224O448 

Space group Fmmm (No. 69) 

a (Å) 13.946(3) 

b (Å) 22.580(5) 

c (Å) 40.402(8) 

Volume (Å3) 12723(5) 

Resolution (Å) 1.03 

Total no. reflections 13664 

No. reflections (all unique) 1697 

No. reflections (Fo > 4σ(Fo) 1055 

Redundancy 8.05 

Completeness (%) 100 

𝑅𝑖𝑛𝑡 0.2275 

𝑅1 for Fo > 4σ(Fo) 0.1674 

R1 for all reflections 0.1945 

Parameters 218 

Restraints 340 

GOOF 1.233 

 

The anisotropic ADPs were validated using the Hirshfeld Rigid-Bond test in 

PLATON software,
69

 indicating that the quality of the examined datasets 

was good and the refined ADPs were sensible (Figure 5.13, Table 5.7).  
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Figure 5.13. Refined structure of EMM-28 viewed along a-axis showing anisotropic 

atomic displacement parameters for T and O atoms. 

 

The cRED data detected diffuse scattering in the hk0 and 0kl plane along the 

b*-axis (Figure 5.14). However, there was no indication of disorder in the 

refined structure, because only the intensities of the Bragg diffraction spots 

were used for the structure determination. 

 

 

 

 

 

 

 

 

 

Figure 5.14. Two-dimensional slices cut from the reconstructed three-dimensional 

lattice showing the (A) (0kl), (B) (h0l) plane and (C) (hk0) planes. Diffuse scattering 

is shown as white lines along the b*-axis. 

 

The framework model of EMM-28 can be represented as a set of intercon-

nected non and cas units connected with a double layer composed of chains 

of TO4 tetrahedra running along the a-axis (Figure 5.15A). The framework 

structure contains straight 10-ring channels along the a-axis (Figure 5.15A). 

In addition, the structure features supercavities ([4
4
5

12
6

20
10

2
]) that are con-

nected to the 10-ring channels (Figure 5.15B). The 10-ring channels have an 

effective size of 4.87  5.74 Å (assuming van der Waals radius of 1.35 Å for 

oxygen) (Figure 5.16). 
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Figure 5.15. (A) The secondary building units of EMM-28: non (red) and cas 

(green) and a double layer constructed from chains of TO4 tetrahedra running along 

the a-axis (yellow). (B) A supercavity connected to the 10-ring channel. 

 

 

Figure 5.16. Pore opening of the 10-ring channel along the a-axis in EMM-28. All 

O⋯O distances are in Ångström and an oxygen diameter of 2.70 Å has been sub-

tracted. 

5.2.3 Structure description derived from high-resolution 

transmission electron microscopy (HRTEM) images 

High-resolution transmission electron microscopy (HRTEM) images re-

vealed local information about the crystals, which was important to get a 

better understanding of the complexity of the material. This also gave some 

indication that quality of the XRPD data was not sufficient to conduct a 

structure refinement.
33,34

 Based on the HRTEM images we noticed that sev-

eral thicker crystals were bent, whereas smaller plate-like crystals could 
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consist of an edge dislocation. The plate-like crystals were sectioned by ul-

tramicrotomy for HRTEM studies.  

 

From the collected HRTEM images combined with electron diffraction data 

we found that the crystals contained disorder. Generally, thicker crystals 

produced significant diffuse scattering whereas thinner ones showed only a 

few streaks or didn’t show evidence of disorder. We noticed that the majori-

ty of studied crystals didn’t yield very serious diffuse scattering. The crystal-

lographic b-axis was perpendicular to the crystal plate. Some of the crystals 

that had thickness of around 100 nm (Figure 5.17) showed a complex behav-

ior with smaller well-ordered domains of slightly different orientations that 

were joined together by intrusions.  

 

 

Figure 5.17. (A) TEM image along the a-axis showing a bent plate-like crystal that 

contains intrusions. (B) HRTEM image showing a structure projection image ac-

quired from the crystal in (A) and showing the disorder within the crystal. An inset 

shows selected area electron diffraction (SAED) pattern from the crystal. 

 

The sample also contained smaller plate-like crystals with a thickness of 

around 40 nm (Figure 5.18). These crystals were not as severely bent and 

less disordered compared to the crystal in Figure 5.17. However, they still 

contained some defects (Figure 5.18A), for example an additional crystal 

plane was inserted in a manner that resembled an edge dislocation. 
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Figure 5.18. (A) Structure projection image along the a-axis, reconstructed using 

QFocus software from a through-focus series of 20 HRTEM images, showing a 

disordered area of (C) the crystal. (B) Fourier transform (FT) from the crystal in (A). 

An arrow in (A) indicates a dislocation. 

5.2.4 Summary 

The combination of electron diffraction and reconstructed projections of 

through-focus series of HRTEM images was applied to elucidate the struc-

ture of EMM-28. Refinement from the electron diffraction data collected 

using cRED (with implemented crystal tracking) resulted in a structure mod-

el with reasonable atomic displacement parameters (ADPs), as confirmed by 

the Hirshfeld Rigid-Bond test and structure geometry. The data quality of 

structure refinement was improved by merging selected datasets.  

 

Local structure information was obtained from reconstructed structure pro-

jections of a through-focus series of HRTEM images, and revealed the na-

ture of the disorder. 

5.3 Structure evolution of layered aluminosilicate PST-9 
(paper IV) 

Electron microscopy techniques can play a very important role not only for 

structure determination; they can also help to analyze possible structural 
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changes that are difficult to reveal using other methods. This chapter will 

focus on the structure evolution of a layered zeolitic material, denoted as 

PST-9. This material can also play a role as a zeolite precursor, which makes 

it possible to describe both differences and similarities with its correspond-

ing 3D material (EU-12). Additionally, the combination of 3D single crystal 

electron diffraction data along with XRPD data could lead to a possible in-

terpretation of the relationship between EU-12 and PST-9 as well as the 

changes accompanying the calcination of PST-9. 

5.3.1 Experimental details 

XRPD data on calcined and as-made PST-9, collected on a PANalytical 

X’Pert diffractometer, were provided by Juna Bae (POSTECH, Korea). 

 

The cRED data (–39.61° to 70.43°) were collected using the software In-

stamatic
22

 on a JEOL TEM JEM-2100 with a Timepix camera. A small 

amount of sample was transferred on a carbon-film copper grid.  

 

A series of through-focus HRTEM images with a defocus step of 53.3Å 

were collected on a JEOL JEM2100F TEM operated at 200 kV. The struc-

ture projection was reconstructed using program QFocus.
51

 

 

The annular dark-field scanning transmission electron microscopy (ADF-

STEM), collected on a cubed FEI Titan microscope at 300 kV, was provided 

by Tom Willhammar (Stockholm University).  

 

An ultramicrotome was used to prepare the sample for both HRTEM and 

ADF-STEM analysis. 

5.3.2 Early work: structure determination 

 

PST-9 is a layered material which makes structure determination challeng-

ing. It is poorly crystalline and almost all diffraction data collected on it is of 

relatively poor quality. Structure determination from low-quality data is a 

very challenging task. Our story with this material began with a high-

resolution transmission electron microscopy (HRTEM) image taken perpen-

dicular to the layer of PST-9. Based on that, a structure periodicity was re-

vealed by lattice vectors (29.3 and 7.5 Å) with an angle of 90° between 

them, as is clarified from the Fourier transform (Figure 5.19A). Knowing 

this information, it was possible to build a feasible model (a = 29.3 Å, b = 
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7.5 Å and c = 50 Å). The studied material didn’t show periodicity in the c 

direction so a nominal value was chosen.  

 

 

Figure 5.19. (A) HRTEM image of PST-9 acquired perpendicular to the sheet. An 

inset shows the Fourier transform of the image which provides information regard-

ing the unit cell of the material. (B) ADF-STEM image of PST-9 after sectioning by 

ultramicrotome. (C) The structure of PST-9 with Si atoms in blue and O atoms in 

red. The channel system enclosed inside the PST-9 layer is visualized in yellow. (D) 

Experimental XRPD pattern from the as-made material (bottom) and simulated 

pattern (top) from the structure model of a single layer of PST-9. 

 

The X-ray powder diffraction pattern from PST-9 appeared to have both 

broad and sharp peaks. Initially, we only focused on the sharp reflections 

which are relatively easier to index. Bearing in mind that there is no perio-

dicity along the c-axis, it would be reasonable that all of the sharp peaks 

would belong to the hk0 family, where the expected reflections are supposed 

to be sharper. In this way, all four sharp peaks were identified (close to 17° 

as (410), two around 24° as (020) and (800), and one at 49° as (040)). The 

unit cell dimensions obtained from the electron diffraction data supported 

this finding (Figure 5.20). 
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Figure 5.20. XRPD pattern of PST-9 where the sharp peaks were indexed to get 

information about a possible unit cell. 

 

For many zeolite structures there is a relationship between unit cell dimen-

sions and building units. Our studied material is a precursor of 3D zeolite 

and is therefore closely related to this family of materials. Following this, it 

has been shown that a unit cell axis of around 7.5 Å suggests that the struc-

ture often is built from saw-tooth chains along a given dimension of the 

structure.
74,84

 

 

TEM could provide information of how the layers are connected in the struc-

ture. To visualize the direction within the sheet of PST-9, it was necessary to 

use ultramicrotomy. From an ADF-STEM image acquired along the b-axis 

we observed that the material is built from sinusoidal layers extending in two 

dimensions. The sinusoidal double layer contained 5-rings, and was some-

times connected in pairs with a second layer to form a double layer. These 

had opposite wave phases. The ordering along the sinusoidal layer is around 

30 Å (consistent with the longest unit cell dimension from the electron dif-

fraction data). To visualize better the 5-rings that compose the layers, an 

electrostatic potential map was created based on the ADF-STEM image 

(Figure 5.19B and Figure 5.21). 
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Figure 5.21. (A) ADF-STEM image of PST-9. (B) Projected potential map con-

structed based on (A) with an imposed symmetry of cmm provides a clearer view of 

the average projected structure. 

 

At this moment, knowing that saw-tooth chains were present and having the 

potential map constructed from the artificial crystal made of the sheets of 

PST-9, we could build more plausible model of the structure.  

 

Later, the possible model was evaluated based on the XRPD pattern (a and b 

parameters from the sharper peaks) and structure projection image. A geo-

metrical refinement of the PST-9 layer was performed, assuming a fully 

siliceous framework. The layer refines to a proper geometry with a geomet-

ric residual of 0.003162. The final structure model was obtained in space 

group Pmma (No. 51) with the unit cell parameters of a = 29.24 Å, b = 7.46 

Å, c = 50.00 Å. 

 

The structure of PST-9 contains two layers of 5-rings encapsulating 8-ring 

channels. There are 8-ring channels along the b- and a-axes. Both 8-ring 

channels are in the plane of the layer (Figure 5.19C). The simulated XRPD 

pattern of a pristine layer of PST-9 is consistent with the experimental pat-

tern (Figure 5.19D). The intensity of the low-angle reflections was overesti-

mated in the simulated pattern, most likely due to the presence of residual 

OSDA or water molecules that are present in the as-made PST-9 material. 

5.3.3 Structure changes based on the XRPD and TEM analyses 

 

Firstly, we investigated the effect of calcination on the structure of PST-9. 

The crystallinity of the material was retained after calcination. Comparing 

the XRPD patterns of calcined PST-9 and as-made material reveal a few 

noticeable differences (Figure 5.22). The most visible is the shift of the first 
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peak (from the 00l family) for the calcined material (from ca. 9° to 10°) and 

the disappearance of the sharp (410) peak around 17°.  

 

 

Figure 5.22. XRPD patterns of the as-made (bottom) and calcined (top) PST-9. 

 

Considering the structure of PST-9, it seems reasonable that the distance 

along the c-axis between the 5-rings became shorter after calcination and 

shifted to low-range angles. This would cause the change in the position of 

00l peak. Although the calcination makes possible structure condensation, 

partially condensed layers are not perfect. The structure cannot be aligned 

perfectly without introducing some strain or disorder. This could be ob-

served from the structure projection images (Figure 5.23); the conversion 

from wavy to flat layers was consistent with a reduction of the interlayer 

distance, as demonstrated by the peak shift in the XRPD pattern. 

 

 

Figure 5.23. Structure projection images of calcined PST-9 (48 h). 

 

PST-9 achieved plausible crystallinity after 48 h and transformed to a well-

crystallized EU-12 after 168 h as can be observed in XRPD patterns (Figure 

5.24A). To understand the morphology and crystallinity of the material, we 

analyzed in more detail samples produced after heating at 150°C at 24, 48, 
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72 and 168 h using a TEM technique. Amorphous sample was observed at 

24 h. Only the crystalline (plate-like shape) phase is present at 48 h, and the 

electron diffraction pattern showed rings corresponding to d-values con-

sistent with the PST-9 structure (Figure 5.24A–K). The ring-like pattern 

shows that the flakes do not have a preferred orientation, but rather stick 

together randomly. After 72 h the layers were no longer randomly oriented 

as they had been in 48 h sample, but rather have started to order themselves, 

as can be seen from the SAED pattern. The layers of PST-9 successively 

form a more and more ordered crystal. Closer to the edge of the material, the 

structure was less ordered, whereas in another region it was more ordered 

(Figure 5.25).  

 

 

Figure 5.24. (A) XRPD patterns from the synthesis of EU-12 via PST-9, and (B–E) 

TEM images with (F–I) SAED patterns from selected samples from the series. (J) 

3D reciprocal lattice of PST-9 (72 h) reconstructed from the cRED data and (K) 2D 

h0l slice cut from the reconstructed 3D reciprocal lattice. (L) Structure projection 

image of the intermediate EU-12 and PST-9 phases (120 h). The two phases are 

aligned with respect to each other, sharing their common 7.5 Å axes (the saw-tooth 

chain). 
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Figure 5.25. (A) Structure projection image along the a-axis, reconstructed using 

QFocus software from a through-focus series of 20 HRTEM images, showing a 

disordered area of the crystal. 

 

A general conclusion can be drawn. Based on contrast in the image obtained 

after 72 h, the direction along 7.5 Å axis has features which are extending. In 

this case, it is possible that the layers maintain their structure but fold per-

pendicular to it. Furthermore, comparing SAED patterns of samples from 72 

h and 168 h, the 7.5 Å dimension of PST-9 is consistent with the longest 

dimension of the EU-12. 

 

On top of that, the cRED data were collected to study more about the struc-

ture change of the 72 h sample, and indicated that it had both a well-defined 

periodicity along one dimension and also arcs around this axis. Based on the 

cRED data, we may expect folding of the layers, which was confirmed by 

the TEM images (Figure 5.24D). It was also possible to index arcs in the 

layer crossing the direct beam (h0l plane) as 400, 600 and 800 (Figure 

5.24K).  

 

Additionally, we have seen from XRPD pattern corresponding to EU-12 

(168 h) and PST-9 (48 h) that primarily peaks belonging to hk0 plane show 

up earlier, in the EU-12 powder pattern. This observation could indicate that 

these are formed first in PST-9 and preserved during the transformation to 

EU-12. 3D reciprocal lattice of PST-9 has already shown that arcs are in the 

plane perpendicular to the b-axis (7.5 Å). This can be related to the chain 

direction that is also perpendicular to the b-axis. 
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The sample synthesized after 120 h was further investigated. It was neces-

sary to study a cross-section to obtain projections along the b-axis (the long-

est dimension), so ultramicrotomy was used to prepare the TEM sample 

(Figure 5.24L). The reconstructed HRTEM image showed mainly EU-12 

which had not yet achieved a desirable degree of crystallinity (observed from 

the XRPD pattern). The wavy lines of, most likely, PST-9 could be seen on 

the surface of EU-12 crystal. In order to coexist, the structures have aligned 

their shortest axes (b-axis for PST-9 and a-axis for EU-12) (Figure 5.24Li 

and Lii), allowing their saw-tooth chains to lie along a common direction. 

This information further supported the idea that zeolite EU-12 evolved via a 

2D zeolitic intermediate. 

5.3.4 Conclusions 

With only XRPD data, it would be extremely time-consuming to draw any 

conclusions about the structural transformation of PST-9, and the less-than-

expected quality of the data would make it very difficult. With this in mind, 

combination of the XPRD data with information from TEM techniques (AD-

STEM, reconstructed structure projections of a through-focus series of 

HRTEM, and SAED) facilitated a description of the structural changes. This 

information was supported by cRED data analysis of PST-9. In this way, a 

new 2D layered porous material, PST-9, was characterized in a feasible 

manner. It was also confirmed that PST-9 is the precursor to EU-12. Of par-

ticular note is the discovery that we could confirm the structural similarities 

by HRTEM imaging. 
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6. Conclusions 

There is no well-defined strategy for structure determination. When poor 

crystal quality cannot be avoided, it is necessary to find the most suitable 

method of structure description, and this generally demands a high degree of 

expertise. Sometimes it is also necessary to develop a new methodology, 

improve an existing one, or combine complementary techniques. 

 

In this thesis, it has been shown that single-crystal electron diffraction 

(SCED) data are sufficient to elucidate the structures of unknown nanosized 

crystals with different complexity. However, there sometimes remain obsta-

cles to obtaining good quality data. Here, I described a solution to the prob-

lem of the crystal moving out of the electron beam during rotation, which is 

a common issue for the cRED method. The adopted solution has greatly 

increased the number of successful experiments, turning cRED into a high-

throughput method for data collection, and making it more accessible to 

novice and irregular users. In an example of the implementation, I showed 

that chemically sensible atomic displacement parameters, which are typically 

ignored or used as a fudge factor with electron diffraction, could be obtained 

for two materials (mordenite and EMM-28). 

 

Besides that, several examples of structure determination of materials with 

different complexity have been given. These cases highlight the importance 

of using hybrid methods. In the first case, IM-18 zeolite, it has been shown 

that rotation electron diffraction allowed us to solve the average structure of 

the material, that structural details such as the location of the organic mole-

cules (OSDA) or the occupancy of elements (Ge) could be derived from 

XRPD data, and the local ordering could be obtained from the HRTEM im-

ages. IM-18 contains different kinds of stacking faults along two directions, 

which were difficult to observe due to the beam sensitivity of the material. 

The structure was described as 1D long-range ordered and 2D disordered, 

which culminates in a mixture of the four types of domains. More than that, 

the approach of using cRED combined with a procedure for tracking the 

crystal was first developed using the data for a well-known zeolite mor-

denite, and then tested on EMM-28 zeolite. This strategy allowed sensible 

atomic displacement parameters (ADPs) to be calculated. Furthermore, dis-

order in EMM-28 was detected from HRTEM images and diffuse scattering 
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was presented on 2D and 3D electron diffraction patterns. Following the 

success achieved in detailed structure determination of 3D materials from 

data derived from multiple methods, a study of the transformation of a 2D 

layered zeolitic material was undertaken.  
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7. Future perspectives 

The described methodology can be used for the structural characterization of 

any kind of submicron-sized crystals, including complex materials. Some-

times, even when we use a very well established method such as XRPD, 

retrieving information regarding disorder from diffuse scattering could re-

quire a high degree of expertise and allow only qualitative analysis. There 

are some obstacles with disordered materials, as it is still challenging to ex-

tract information from diffuse scattering and Bragg reflections give only a 

clue about the average structure. Here, HRTEM imaging comes in as a com-

plementary method to directly show local disorder. The combination of al-

ternative methods helps to obtain more detailed information. It is important 

to remember that such approaches may bring new valuable insights if inde-

pendent, routine methods have been unsuccessful.  

 

A better understanding of the detailed structure of a material is essential to 

deliberately tailor its properties. The next step could be consciously manipu-

lating a structure that contains a special type of defects. Single-crystal elec-

tron diffraction (SCED) has great potential to offer such information, but 

further studies are warranted. Currently, one option is to collect a data by 

rotating the crystal in the electron beam in discrete steps, often combined 

with beam tilt or precession for improved sampling of reciprocal space. Re-

cent developments in detector technology have allowed SCED data to be 

collected by continuously rotating the crystal, which has greatly improved 

data quality. From such datasets it is possible to obtain sensible chemical 

information about the structure. However, this application has not yet been 

explored from other kinds of crystals, so additional work is needed in this 

area. It is also highly important to broaden the purpose of already existing 

methodologies to offer information that goes far beyond the average struc-

ture. Combined methods should offer an approach to study the relevant ma-

terial in a consecutive way to detect and describe the position of domain 

boundaries or any kind of detectable defects at the nanoscale.  
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Populärvetenskaplig sammanfattning 

Kunskap om den tredimensionella atomstrukturen hos material är essentiell 

för att få en grundläggande förståelse för dess egenskaper. Nyckeln till att 

förstå funktionaliteten hos många material, speciellt de som har 

kommersiella och har industriella tillämpningar, är ofta dold i detaljer på 

nanonivå. Det är därför mycket viktigt att välja rätt strategi för att studera ett 

utmanande material med en komplex oordnad struktur eller ett lagerformat 

material, problem som behandlas i denna avhandling. Strukturanalys av 

strålningkänsliga material eller strukturer med en inneboende oordning är 

ofta komplicerade. Trots att det finns etablerade metoder, till exempel 

röntgendiffraktion, kan det ofta uppträda problem, såsom överlappande 

reflexer, vilket kan göra strukturlösning svår. För att övervinna dessa 

begränsningar för nanokristallina material använder vi flera komplementära 

metoder. I denna avhandling kommer jag att fokusera på metoder baserade 

på elektronkristallografi (kontinuerlig rotationselektrondiffraktion och 

högupplösande elektronmikroskopi) vilka har utvecklats till viktiga metoder 

för strukturanalys under de senaste åren. Baserat på ovan nämnda material 

kommer jag att beskriva de huvudsakliga utmaningar som har varit 

drivkraften för metodutvecklingen. Dessutom har vissa av dessa insikter lett 

till en bättre förståelse för hur man bäst samlar in och processar 3D 

elektrondiffraktionsdata. Detta har lett till att det nu är enklare att samla in 

data från utmanande prover och åstadkomma strukturförfiningar med bättre 

kvalitet. Slutligen kommer jag beskriva de generella procedurerna för ab 

initio strukturlösning av oordnade nanokristallina samt lagerformade 

material. 
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Appendix 

 

Figure A1. Flowchart illustrating the basic cRED data collection procedure. The 

grey and white colours indicate manual and automated steps, respectively. 
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Table A1. Refined Si–O bond distances for mordenite structure from datasets 1 and 

2 and the reference structure (Meier, 1961). 

 

  Dataset 1 Dataset 2 Meier (1961) 

Si(1)–O(1)  1.606(16) 1.610(6)  1.628 

Si(1)–O(3)  1.592(15) 1.617(6)  1.614 

Si(1)–O(6)  1.614(9)  1.612(4)  1.645 

Si(1)–O(7)  1.655(9)  1.638(4)  1.629 

Si(2)–O(2)  1.589(16) 1.612(6)  1.604 

Si(2)–O(3)f 1.617(15) 1.599(6)  1.619 

Si(2)–O(5)  1.613(10) 1.615(4)  1.618 

Si(2)–O(8)  1.603(8)  1.604(3)  1.607 

Si(3)–O(1)  1.590(16) 1.621(6)  1.623 

Si(3)–O(1)c 1.591(16) 1.621(6)  1.589 

Si(3)–O(4)  1.628(19) 1.642(10) 1.647 

Si(3)–O(9)  1.598(11) 1.605(5)  1.632 

Si(4)–O(2)  1.603(17) 1.613(6)  1.633 

Si(4)–O(2)c 1.603(17) 1.613(6)  1.605 

Si(4)–O(4)  1.632(19) 1.592(10) 1.645 

Si(4)–O(10) 1.631(11) 1.614(5)  1.629 

Average 1.610(18) 1.614(12) 1.623(19) 

Min 1.590 1.592 1.589 

Max 1.655 1.642 1.647 

Symmetry operations refer to the coordinates: c = x,y,1/2−z; f = 1/2−x,1/2−y,1−z 
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Table A2. Refined O−Si−O angles for mordenite structure from datasets 1 and 2 and 

the reference structure (Meier, 1961). 

 
  Dataset 1 Dataset 2 Meier (1961) 

O(1)–Si(1)–O(3) 112.3(9) 111.9(4) 113.3 

O(3)–Si(1)–O(6) 111.2(9) 110.5(5) 111.5 

O(2)–Si(2)–O(5) 107.7(9) 108.1(4) 105.9 

O(5)–Si(2)–O(8) 111.1(8) 109.8(4) 110.7 

O(1)–Si(3)–O(4) 108.5(8) 110.7(4) 111.3 

O(4)–Si(3)–O(9)  112.8(11) 112.4(6) 113.4 

O(2)–Si(4)–O(4) 108.1(7) 111.2(4) 111.7 

O(4)–Si(4)–O(10)  113.0(11) 112.3(6) 113.0 

O(1)–Si(1)–O(6) 109.1(9) 108.1(4) 106.5 

O(3)–Si(1)–O(7) 107.2(9) 106.4(4) 105.4 

O(2)–Si(2)–O(8) 109.7(6) 111.2(3) 110.5 

O(5)–Si(2)–O(3)f  108.3(9) 109.2(5) 109.3 

O(1)–Si(3)–O(9)  108.0(8) 106.3(4) 105.2 

O(4)–Si(3)–O(1)c 108.5(8) 110.7(4) 111.3 

O(2)–Si(4)–O(10) 107.4(7) 106.9(4) 105.6 

O(4)–Si(4)–O(2)c  108.1(7) 111.2(4) 111.7 

O(1)–Si(1)–O(7) 108.7(8) 109.6(4) 109.6 

O(6)–Si(1)–O(7)  108.2(7) 110.4(4) 110.6 

O(2)–Si(2)–O(3)f 109.6(9) 107.5(4) 109.2 

O(8)–Si(2)–O(3)f  110.4(8) 110.9(3) 111.0 

O(1)–Si(3)–O(1)c  111.0(13) 110.3(6) 110.2 

O(9)–Si(3)–O(1)c  108.0(8) 106.3(4) 105.2 

O(2)–Si(4)–O(2)c  112.8(12) 108.3(6) 109.0 

O(10)–Si(4)–O(2)c  107.4(7) 106.9(4) 105.6 

Average 109.5(1.8) 109.5(1.9) 109.4(2.7) 

Min 107.2 106.3 105.2 

Max 113.0 112.4 113.4 

Symmetry operations refer to the coordinates: c = x,y,1/2−z; f = 1/2−x,1/2−y,1−z 
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Table A3. Refined Si–O–Si angles for mordenite structure from datasets 1 and 2 and 

the reference structure (Meier, 1961). 

 

  Dataset 1 Dataset 2 Meier (1961) 

Si(1)–O(1)–Si(3) 152.5(12) 150.2(6) 144.9 

Si(3)–O(4)–Si(4) 170.9(14) 171.2(7) 166.4 

Si(1)–O(7)–Si(1)a  147.0(14) 143.5(6) 136.5 

Si(4)–O(10)–Si(4)b  142.4(15) 144.1(8) 148.0 

Si(2)–O(2)–Si(4)  147.4(10) 145.3(5) 143.6 

Si(2)–O(5)–Si(2)d   148.4(14) 147.7(7) 144.2 

Si(2)–O(8)–Si(2)f 180.0 180.0 180.0 

Si(1)–O(3)–Si(2)f  155.9(13) 157.0(6) 158.7 

Si(1)–O(6)–Si(1)d 150.8(14) 150.2(6) 149.9 

Si(3)–O(9)–Si(3)b 144.4(17) 144.2(9) 146.5 

Average 154.0(11.5) 153.3(12.0) 151.9(12.3) 

Min 142.4 143.5 136.5 

Max 180.0 180.0 180.0 

Symmetry operations referred to the coordinates: a = x,1−y,1−z; b = −x,y,1/2−z; d = 

x,y,3/2−z; f = 1/2−x,1/2−y,1−z 
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Table A4. Hirshfeld Rigid-Body test of the refined mordenite data from dataset 1 

generated using PLATON (Spek, 2009). 

 

Atom(I) Atom(J) Obsd I to J J to I Difference Sqrt(Diff) 

Si(1) O(1) 1.606(16) 0.059(4) 0.066(7) 0.007(9) 0.0837 

Si(1) O(3) 1.592(17) 0.046(4) 0.059(8) 0.013(9) 0.1140 

Si(1) O(6) 1.614(9) 0.078(4) 0.086(9) 0.008(10) 0.0894 

Si(1) O(7) 1.655(10) 0.057(4) 0.065(9) 0.008(10) 0.0894 

Si(2) O(2) 1.590(15) 0.044(4) 0.049(7) 0.005(9) 0.0707 

Si(2) O(5) 1.612(10) 0.071(4) 0.080(10) 0.009(11) 0.0949 

Si(2) O(8) 1.603(7) 0.073(4) 0.079(11) 0.006(12) 0.0775 

Si(2) O(3)f 1.617(16) 0.038(4) 0.062(8) 0.024(9) 0.1549 

Si(3) O(1) 1.590(16) 0.071(5) 0.080(7) 0.009(9) 0.0949 

Si(3) O(4) 1.628(19) 0.063(5) 0.073(10) 0.010(11) 0.1000 

Si(3) O(9) 1.598(12) 0.037(5) 0.042(11) 0.005(12) 0.0707 

Si(4) O(2) 1.601(16) 0.062(5) 0.071(7) 0.009(9) 0.0949 

Si(4) O(4) 1.632(19) 0.067(5) 0.073(10) 0.006(11) 0.0775 

Si(4) O(10) 1.630(11) 0.035(5) 0.035(11) 0.000(12) 0.0000 

Sqrt(Sum(DelIJ**2)/Nrb) = 0.0087 
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Table A5. Hirshfeld Rigid-Body test of the refined mordenite data from dataset 2 

generated using PLATON (Spek, 2009). 

 

Atom(I) Atom(J) Obsd I to J J to I Difference Sqrt(Diff) 

Si(1) O(1) 1.610(8) 0.0391(18) 0.042(5) 0.003(5) 0.0548 

Si(1) O(3) 1.617(8) 0.0464(18) 0.044(4) 0.002(5) 0.0447 

Si(1) O(6) 1.612(4) 0.0359(18) 0.038(5) 0.002(5) 0.0447 

Si(1) O(7) 1.638(4) 0.0479(18) 0.053(5) 0.005(5) 0.0707 

Si(2) O(2) 1.612(7) 0.0350(18) 0.030(4) 0.005(4) 0.0707 

Si(2) O(5) 1.614(4) 0.0322(18) 0.033(6) 0.001(6) 0.0316 

Si(2) O(8) 1.604(3) 0.0514(18) 0.059(7) 0.008(7) 0.0894 

Si(2) O(3)f 1.598(7) 0.0439(18) 0.044(4) 0.000(5) 0.0000 

Si(3) O(1) 1.621(7) 0.035(2) 0.045(5) 0.010(5) 0.1000 

Si(3) O(4) 1.641(9) 0.048(2) 0.061(8) 0.013(8) 0.1140 

Si(3) O(9) 1.604(5) 0.035(2) 0.036(6) 0.001(6) 0.0316 

Si(4) O(2) 1.614(7) 0.033(2) 0.037(4) 0.004(5) 0.0632 

Si(4) O(4) 1.592(9) 0.052(2) 0.059(8) 0.007(8) 0.0837 

Si(4) O(10) 1.614(5) 0.032(2) 0.032(6) 0.000(6) 0.0000 

    Sqrt(Sum(DelIJ**2)/Nrb) = 0.0058  
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