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Abstract 

Electron crystallography has been proven to be effective for structure deter-
mination of nano- and micron-sized crystals. In the past few years, 3D elec-
tron diffraction (3DED) techniques were used for structure solution of vari-
ous types of complex structures such as zeolites, metal-organic frameworks 
(MOF) and pharmaceutical compounds. However, unlike X-ray diffraction, 
electron diffraction has not yet become an independent technique for a com-
plete structure determination due to relatively poorer diffraction intensities 
and often powder X-ray diffraction data are used for structure validation and 
refinement.  
Electron beam damage to the structures that are sensitive to high energy 
electrons and dynamical scattering are important factors that cause electron 
diffraction intensities to deviate from the squared amplitudes of the structure 
factors. In this thesis, we investigate various aspects around the 3D electron 
diffraction data quality and strategies for obtaining better data and structure 
models. We combine 3D electron diffraction methods and powder X-ray 
diffraction to determine the structure of an open-framework material and 
discuss the difficulties and limitations of electron diffraction for beam sensi-
tive materials. Next, we illustrate the structure determination of a pharma-
ceutical compound, bismuth subgallate, using 3D electron diffraction. While 
severe beam damage and diffuse scattering were observed in the datasets 
collected with the conventional rotation electron diffraction (RED) method, 
the continuous rotation electron diffraction (cRED) method coupled with 
sample cooling significantly improved the data quality and made the struc-
ture solution possible. In order to better understand the potentials and limita-
tions of the continuous rotation method, we collected multiple datasets from 
different crystals of a known structure and studied the data quality by evalu-
ating the accuracy of the refined structure models. To tackle dynamical scat-
tering in electron diffraction data, we explored a routine for structure re-
finement with dynamical intensity calculation using RED data from a known 
structure and discussed its potentials and limitations. 
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Abbreviations 

3D       Three dimensional  
CBU                        Composite building unit 
cRED                      Continuous rotation electron diffraction 
D4R                        Double four-ring  
ED       Electron diffraction  
EDS       Energy dispersive X-ray spectroscopy 
MOF      Metal-organic framework 
OSDA     Organic structure directing agent 
SXRD     Single crystal X-ray diffraction  
PED       Precession electron diffraction  
PEDT      Precession electron diffraction tomography 
PXRD      Powder X-ray diffraction  
RED       Rotation electron diffraction  
SAED     Selected area electron diffraction  
SEM       Scanning electron microscopy 
STI      Zeolite Framework Type STIlbite 
TEM      Transmission electron microscopy 
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1. Introduction 

In August 2012, the Curiosity rover, carrying the Mars Science Laboratory 
landed in the Gale crater on Mars. Field studies began as it drove toward its 
destination – the Mount Sharp. Among the ten instruments it carried within 
its precious 3.839 kg payload, CheMin (short for Chemistry and Mineralogy) 
is a miniaturized X-ray diffractometer. Two months later, the first diffraction 
measurement was performed with the Martian soil, as shown in Figure 1.11. 
The results revealed that the composition of the Martian soil is actually simi-
lar to that of Hawaiian volcanoes. This enables scientists developing cheaper 
and accessible Martian soil alternatives for research such as building life 
support system, optimizing transportation equipment and understanding 
climate patterns. They are critical for the future exploration and habituation 
of Mars.  

      
Figure 1.1 The first on-site diffraction pattern of the Martian soil taken by CheMin 
on the NASA Curiosity rover. The soil sample was collected from a wind-blown 
deposit called “Rocknest” within Gale Crater. The colors represent the intensity of 
the X-rays, in which red means intense. [Ref. 1] - Reproduced with permission of the 
International Union of Crystallography. 
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The example above shows that structural studies using diffraction methods 
remain an essential way to understand the function of materials and expand-
ing their applications. Up to now, the most commonly used diffraction meth-
ods are single crystal X-ray diffraction (SXRD) and powder X-ray diffrac-
tion (PXRD). These methods have been well established and become the de 
facto methods for structure characterization. However, these methods meet 
their limitations when they are applied to novel complex structures such as 
zeolites2 and MOFs3–5. It is generally difficult to obtain crystals from these 
materials that are big enough for SXRD analysis. PXRD, while being a via-
ble method for analysing smaller-sized crystals, suffers from the peak over-
lapping problem which makes diffraction intensity extraction difficult6.  
Electron diffraction, which replaces X-rays with electrons as the beam 
source, provides a promising alternative for studying small crystals with 
complex structures. Due to the strong interactions between electrons and 
matter, very good electron diffraction data can be obtained from crystals 
down to a few tens of nanometers in size. Electron diffraction has been used 
for structure analysis including unit cell and symmetry determination7. How-
ever, complete structure determination using electrons has been very diffi-
cult due to the difficulties in collecting and processing high-quality 3D data. 
Recently, 3D electron diffraction methods, for example rotation electron 
diffraction (RED)8,9 and automated diffraction tomography (ADT)10, have 
significantly simplified the structure determination process. It has been 
proven to be effective with various types of materials such as zeolites11, 
pharmaceuticals12 and proteins13, whose structures are otherwise difficult or 
even impossible to solve by SXRD or PXRD.  
Despite this recent success, 3D electron diffraction methods have not yet 
become an independent technique for complete structure determination as 
the X-ray diffraction methods. While structure solution from electron dif-
fraction data is relatively straightforward, structure refinement using electron 
diffraction data often results in high R-values and less accurate structure 
parameters. Structure validation is thus very difficult. PXRD is often used as 
a complementary method for structure refinement14. However, in practise 
high-quality PXRD data are not always available and structure refinement 
against PXRD data is often demanding and time consuming for complex 
structures.  
There are a number of factors that contribute to the relatively poor data qual-
ity provided by electron diffraction. These include damage to the structures 
by the high-energy electron beam during data collection, especially for or-
ganic compounds, dynamical scattering of electrons that leads to the devia-
tion of diffraction intensities from the squared amplitudes of structure fac-
tors, and data processing routines that do not take all the experimental fac-
tors into  consideration, etc.  
The aim of this thesis is to identify strategies of data collection and pro-
cessing to improve the electron diffraction data quality and explore their 
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potentials and limitations, and to push 3D electron diffraction for applica-
tions to a wider range of types of materials and more accurate structure de-
termination. We hope this study will attract more people to contribute to 
method development of electron diffraction and make electron diffraction 
working as a stand-alone method in the near future.   
The thesis is organized as follows. The second chapter provides a brief in-
troduction to the fundamental crystallography concepts, such as Bragg’s law, 
structure factors, unit cell, and space group, structure solution and refine-
ment methods using 3D electron diffraction data. The third chapter describes 
an application of the RED method combined with PXRD technique in the 
study of the structure of a new open-framework silicogermanate. The limita-
tions of the method are discussed. In the fourth chapter, we apply a faster 
alternative to the conventional RED method called “continuous rotation elec-
tron diffraction (cRED)” and determine the crystal structure of bismuth sub-
gallate. We show the great advantage provided by combining the use of a 
highly sensitive detector and a cooling holder to improve data quality. In the 
fifth chapter we describe the evaluation of cRED data quality by using mul-
tiple datasets from different crystals. The sixth chapter demonstrates a rou-
tine for structure refinement from RED data using dynamical electron dif-
fraction theory applied to RED data. In the last chapters we summarize the 
conclusions from this thesis work and provide future perspectives on the 
application and development of 3D electron diffraction methods.  
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2. Electron crystallography 

2.1 Basic crystallography 
Knowing how atoms arrange themselves in crystals unlocks the door to the 
understanding of their properties and possible applications. Since the loupes 
in jewellery store are not good enough for determining the atom arrange-
ments, crystallographers have used X-ray, electron and neutron diffraction 
techniques for structure characterization during the past century. This section 
aims at introducing the fundamental concepts that will be recurring through-
out the whole thesis. The occurrence of diffraction during the experiments 
can be understood using Bragg’s law. The arrangement of atoms in the crys-
tal and the atomic scattering factors determine how strong the diffraction 
spots will be. Unit cell and space group determine the positions of the dif-
fraction spots. The structure determination methods make use of these rela-
tions to extract structure information from diffraction data, which can be 
understood through basic crystallography concepts.      

2.1.1 Bragg’s law 
X-rays, electrons or neutrons form constructive or destructive interference 
patterns when they are scattered in a crystal. This phenomenon was ex-
plained and formulated by W.H.Bragg and W.L.Bragg in 1913 in their work 
of investigating the scattering of X-ray beams from crystals15. The scattered 
waves will only remain in phase if the path difference is an integer number 
of the wavelength. This leads to the classical Bragg’s law, which formulates 
the condition when the interference becomes maximal: 
 

,                                (eq. 2.1) 
 

where θ is the angle between incident beam and lattice plane, n is a positive 
integer, d is the interplanar distance between the atom planes and  λ is the 
wavelength. Diffraction occurs when Bragg’s law is satisfied. A diffraction 
pattern can be obtained by recording the intensity of the outgoing diffracted 
beams. A diffraction spot or a “reflection” will usually appear in the diffrac-
tion pattern when Bragg’s law is met. The geometry of each reflection is 
determined by the lattice plane with which the diffracted beams interact, as 
illustrated in Figure 2.1. 
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As the equation suggests, diffraction happens only when the wavelengths of 
the incident beam is less than or comparable with the interplanar distances of 
the crystal lattice. X-rays, with wavelength ranging from 0.01 to 10 nanome-
ters, are the most commonly used beam source in diffraction experiments. In 
recent years, electrons16 and neutrons17 are gaining popularity due to their 
advantages for certain types of materials and the development of data collec-
tion and processing methods.   

 
Figure 2.1 Illustration of the Bragg’s Law. The grey disks represent two atomic 
planes with an interplanar distance of d. Two beams with identical wavelength and 
incident angle are scattered from two different atomic planes. The lower beam trav-
els an extra 2dsinθ. Only when this length equals to an integer multiple of the wave-
length can diffraction peaks be generated.   

2.1.2 Structure factors and atomic scattering factors 
Figure 2.1 illustrates the diffraction behaviour of an incident beam with lat-
tices containing only one type of atom. In reality nearly all structures are 
made from different types of atoms located at different positions. The total 
diffracted beam is the superposition of the scattered beams from each atom. 
The so-called “structure factor” F(hkl) is introduced to describe the ampli-
tude and phase of the diffracted beam from a crystal lattice plane represented 
by Miller indices h,k,l:     
 

,    (eq. 2.2) 
 

where the sum is over all atoms in the unit cell,  fj  is the atomic scattering 
factor of jth atom and xj, yj, zj are the fractional coordinates of the jth atom7. 
Fourier transform of the structure factors gives a map (electron density for 
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X-ray and electrostatic potential for electron data) of the structure, in which 
the atoms can be located. 
Under the assumption of kinematical scattering, the measured diffraction 
intensities are proportional to |F(hkl)|2. While the amplitude part of the struc-
ture factor can be obtained directly from the diffraction measurements, the 
phase part must be deducted from phasing algorithms. Once the amplitudes 
and phases of sufficiently many of the strongest reflections are known, the 
original structure can be obtained through an inverse Fourier transform.   
The atomic scattering factor (or atomic form factor) determines the scatter-
ing ability of an atom, which is related to atomic number, scattering angle 
and wavelength. It is usually given as a function of sin(θ)/λ, where θ is the 
scattering angle and λ the wavelength. As the scattering angle increases, the 
atomic scattering factors for electrons18 generally fall off quicker than those 
for X-rays19 (Figure 2.2, produced by scatter20 using tables for electrons18 
and  for X-rays19). The atomic scattering factors for electrons and X-rays 
also vary with atomic number in different ways. For electrons, while the 
atomic scattering factors for heavy atoms are much larger than the light at-
oms at low scattering angles, they fall off faster than those for the light at-
oms do as the diffraction angle increases. For X-rays, the heavy atoms and 
the light atoms fall off at a more or less similar rate. This gives electron dif-
fraction an advantage for detecting light atoms since the light atoms contrib-
ute more to the diffraction intensities at higher angles.      

 
Figure 2.2 Illustrations of the atomic scattering factors for electrons (left) and X-rays 
(right) with Si (blue), O (Green), H (red).  

2.1.3 Determination of unit cell and space group 
The unit cell is the smallest translationally repeating unit of a crystal. Space 
group describes the crystal symmetry and how atoms in a part of the unit cell 
(asymmetric unit) are repeated in the unit cell. Given the unit cell and space 
group information, a crystal structure can be described conveniently since 
only the information about the atoms in the asymmetric unit is needed. De-
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termination of unit cell and space group is thus essential for crystal structure 
determination. 
Unit cells in real and reciprocal spaces are closely related. Therefore the unit 
cell of a crystal can be determined from the basis vectors of the reciprocal 
lattice, which can be constructed from diffraction data. For electron diffrac-
tion, there has been a lack of automated 3D data collection and processing 
methods from a single crystal to reconstruct the reciprocal lattice for unit cell 
determination only7. When 3D electron diffraction methods became availa-
ble in recent years, as will be discussed later, unit cell determination could 
be done in the same way as with single-crystal X-ray diffraction data.  
The symmetry of the diffraction patterns provides information about crystal 
symmetry. Certain diffraction spots may be absent in the diffraction patterns 
due to the symmetries of the crystal. By examining the reflection conditions 
(which reflections that appear) for diffraction patterns from different projec-
tions, it is possible to determine the possible space groups of the crystal. In 
the few cases where the space group cannot be uniquely determined through 
the reflection conditions, structure determination is often tried using the pos-
sible space groups, starting from the ones with higher symmetries, until a 
reasonable structure solution and chemically sound structure model are 
achieved.  

2.2 Structure solution and refinement 
After the determination of the unit cell and space group, we need to deter-
mine the species and positions of the atoms in the asymmetric unit. As can 
be seen from eq. 2.2, the structure factors and thus the diffraction intensities 
are determined by the atomic species and positions. This also means it is 
possible to determine the atomic species and positions from the diffraction 
intensities.  

2.2.1 The phase problem and structure solution 
From a diffraction experiment we can obtain diffraction intensities which are 
the squared amplitudes of the structure factors. The phase part of the struc-
ture factors is unknown and cannot be directly extracted from the diffraction 
experiment. This is widely known as the “phase problem” in crystallog-
raphy. Fortunately, the phases are embedded in the diffraction intensities and 
with the help of phasing algorithms; the “lost” phase information can be 
recovered. It is beyond the scope of this thesis to discuss the details of the 
principles and implementations of different phasing algorithms. In this the-
sis, we mainly use direct methods, which is the most popular phasing meth-
od for small molecules. The basic idea is to use the triplet phase relation to 
generate phases for strong reflections21. The structures included in this thesis 
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fall well into the category of small molecules, where direct methods work 
well. SHELX is a widely used software package which implements direct 
methods mainly for X-ray diffraction. Since electron diffraction works in a 
similar way as X-ray diffraction, with little modifications of the input pa-
rameters, SHELX can be directly applied for structure solution with electron 
diffraction data. The key difference is the atomic scattering factors; for elec-
tron diffraction data the atomic scattering factors for electrons should be 
used instead of those for X-rays.  
The practical process of using SHELX for structure solution starts with the 
preparation of the hkl file and input file. After running SHELX, a structure 
model will be generated from the program. It is up to the user to evaluate the 
reliability of the model with the help of the result statistics. If a structure 
model is chemically reasonable and has promising figure of merit values, the 
model will be considered as a candidate of structure solution and used for 
further structure confirmation.  
Other than direct methods, there are alternative phasing methods for struc-
ture solution. SIR provides an optimized version of direct method for struc-
ture solution and has a user friendly program interface22. JANA implements 
another phasing algorithm called charge flipping23. Since they are all easy to 
use and the running speed is very fast for small molecules, it is recommend-
ed to try other programs if one program does not give satisfactory results.   

2.2.2 Structure refinement 
The atomic positions in the structure solution are obtained from the electron 
density map calculated using the measured intensities of the strong reflec-
tions. Since the information from the diffraction experiments is not fully 
used in the structure solution, the accuracy of the model is limited. It is 
common to miss one or more oxygen atom for complicated structures such 
as zeolites or MOFs. Using all observed reflections in the diffraction exper-
iment, usually allows for re-determining the distribution of the electron den-
sity or electrostatic potential with higher precision so that more accurate 
atomic positions can be derived. The updated atomic positions lead to even 
better phases and so forth. The structure refinement can be done using Least-
Squares refinement with 3D electron diffraction data24 or Rietveld refine-
ment with Powder X-ray diffraction data25. Both methods use the initial 
model from the structure solution as the starting model. 
SHELXL was used throughout the thesis for conducting Least-Squares re-
finement with electron diffraction data26. A complete set of structure factors 
are calculated from the initial model. The calculated intensities are compared 
with the experimental data and the differences are calculated as a sum 

, where w is a weighting factor for individual reflec-
tion,  is the measured structure factor,  is the calculated structure factor. 
M is minimized during the refinement by changing the structural parameters 
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such as atomic coordinates, atomic displacement parameters (ADPs) and 
scale factor. A difference Fourier map can be calculated using the difference 
between the observed and calculated complex structure factors. Missing 
atoms can be assigned from the “Q” peaks listed in the output from 
SHELXL with high electron density/electrostatic potential (“Q” stands for 
unidentified atom type) in the difference Fourier map. The model can also be 
modified based on prior structural knowledge. Then another iteration of 
Least-Squares refinement can be done with the new model. The best model 
is obtained when the figure of merit parameters converge to a minimum and 
the model is chemically sound.    

2.3 3D electron diffraction methods 
X-ray diffraction has been the most used method for structure solution and 
refinement of new crystal structures for one decade. Although electron dif-
fraction has advantages when the crystals are only nanometers in size, 3D 
atomic structure determination with electron diffraction data was until re-
cently very time consuming and could only be done by highly trained per-
sons6. 2D diffraction patterns need to be collected along major zone axes27–

29, which are achieved by accurate crystal alignments. It is also difficult to 
merge 2D diffraction into 3D data. Furthermore, dynamical effects are more 
pronounced in zonal diffraction patterns, which make quantitative analysis 
of 2D data difficult and diffraction intensities not well-suited for structure 
determination.  
In recent years there have been great developments in 3D electron diffraction 
methods towards 3D atomic structure determination. In 1990s Vincent and 
Midgley developed precession electron diffraction (PED) for measuring 
integrated electron diffraction intensities by beam rocking30. PED reduces 
dynamical effects in the diffraction intensities by integrating neighbouring 
reciprocal space with an electron beam precessing around the optical axis in 
a limited range. However, PED patterns are essentially 2D and collecting a 
complete 2D dataset and merging it into 3D was still difficult. The advent of 
CCD cameras and computer controlled TEMs made it possible to collect 3D 
electron diffraction data, with thousands of ED frames from different orien-
tation of the crystal within a short time, in a way similar with the X-ray dif-
fractometers. 3D ED methods can be realized in different ways, for example, 
automated diffraction tomography (ADT)10,31 and rotation electron diffrac-
tion (RED)8,9. These methods have been very successful and the data has 
been used to solve many complicated structures32. However, for beam sensi-
tive materials sample degradation by beam damage limits the data quantity 
and quality. The recently developed continuous rotation electron diffraction 
(cRED) significantly shortens the data collection time from about one hour 
to a few minutes33. When it is combined with sample preparation at low 
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temperature, the beam damage during data collection can be minimized and 
data quality much improved34. Dynamical effects, although reduced by using 
3D electron diffraction methods, are always present in electron diffraction 
data and affect diffraction data quality negatively. Methods and software 
have been developed to take the dynamical scattering of electrons into con-
sideration in the calculation of diffraction for structure refinement35,36. It was 
demonstrated that lower R values and better structure models could be ob-
tained.  

2.3.1 Precession electron diffraction  
Precession electron diffraction (PED) is a technique used for collecting inte-
grated electron diffraction data. PED intensities are closer to the kinematical 
approximation37, which is a prerequisite for a reliable structure solution. 
Furthermore, the PED intensities are less sensitive to thickness variations 
and crystal bending, thus yield more accurate structure parameters35. 
In PED data collection, the incident beam is tilted off the optical axis of the 
TEM and precessed along a cone. A PED diffraction pattern is an integration 
of all individual ED frames with the incident beam moving along the preces-
sion cone. The precession angle is typically 1° to 3°. PED is often done us-
ing a dedicated hardware unit which connects to the microscope and controls 
the beam to scan continuously. With a software-controlled TEM it was 
shown that it is possible to control the scan of the beam using computer 
software and collect still patterns at discrete steps which can be summed up 
into a PED pattern38.   
Although reasonable results have been achieved with approximate kinemati-
cal refinements, quantitative analysis have shown that the PED data remains 
dynamical39. This indicates that a full dynamical diffraction theory is neces-
sary for refining the structures with PED data40. 

 

2.3.2 Electron diffraction tomography 

Precessing electron diffraction tomography and rotation electron diffraction 
3D electron diffraction methods were developed in recent years for collect-
ing and processing 3D electron diffraction data from a single crystal of na-
nometers in size, using TEM in a similar fashion as X-ray diffractometer. Its 
principle idea is to rotate the crystal in the electron beam around an axis 
while continuously collect diffraction patterns from different directions. 
Each ED frame represents a slice of the reciprocal lattice. Data collection 
starts with the crystal in any orientation. The crystal rotation is done at a step 
of a few degrees using the goniometer. The missing information in between 
the goniometer rotations can be filled by using beam precessing (for example 
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ADT10), or precessing electron diffraction tomography (PEDT) or fine beam 
tilt (for example RED8,9). In PEDT, a PED diffraction pattern is taken for 
each tilt step and the reciprocal space volume between each tilt is integrated. 
RED was developed in our group. It utilizes coarse goniometer tilts (2~3°) 
with fine beam tilts (0.1~0.2°), as illustrated in Figure 2.39. For each beam 
and goniometer tilt step an ED frame will be recorded. A small enough fine 
tilting step will ensure we have enough sampling of the reciprocal space. The 
data collection is automated with a standalone RED software package. With 
little training of finding suitable crystal and optimizing data collection pa-
rameters, an average TEM user will easily finish collecting one dataset with-
in one hour.  

 
Figure 2.3 Schematic representation of the concept of RED. ED patterns are collect-
ed as the sample crystals are tilted at small angular increments, which is achieved by 
combining coarse goniometer tilts and fine beam tilts. The 3D reciprocal lattice is 
reconstructed from the 2D ED patterns and visualized. [Ref. 14] - Reproduced with 
permission of Elsevier Inc. 

   
After the data collection, the ED frames are processed with data processing 
software package, for example PETS41 and RED data processing9. The pro-
cessing process often includes shift correction, peak search, unit cell deter-
mination, indexing and intensity extraction. With correct unit cell and space 
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group information, the extracted diffraction intensities (.hkl file) can be used 
for structure solution and refinement. 
Both PEDT and RED are now used as routine techniques for determining 
complex structures of crystals in the form of powder samples. However, 
there are major differences between them. The precession of PEDT allows 
fully integration for all the reflections in 2D, while in RED the reflections 
are sampled with fine beam tilt. The geometry of RED is much simpler than 
the precession method, where data processing generally requires calculation 
of the integrated intensities. Additionally, RED does not require additional 
hardware and can be controlled entirely by software.  
Although the EDT techniques have been successfully used as an electron 
version of SXRD, it is facing challenges both on data collection and data 
processing. For example TEM presents a quite different data collection envi-
ronment compared to X-ray diffractometer. The crystallinity of the samples 
may be degraded by the electron beam or vacuum. The preservation of sam-
ple during data collection is a recurring issue for many structures, for exam-
ple porous materials or organic crystals32,42. In practice, using lower electron 
dose or cooling will usually help. Since the beam damage scales up with the 
total electron dose, it is important to limit the data collection time. In the 
next section we will discuss the data collection technique using continuous 
rotation which significantly boosts the data collection speed33.  

 

Continuous rotation electron diffraction (cRED) 
Typically, a complete RED data collection takes around 30 to 60 minutes. 
Materials sensitive to the high-energy electron beam, for example zeolites 
and MOFs, suffer from severe beam damage during the data collection. Usu-
ally keeping the data collection in a low temperature environment with a 
cooling holder is an option to mitigate the beam damage34. Another option is 
to use a highly sensitive detector that allows a reduced beam dosage for data 
collection. Both measures would improve the sustainability of the samples in 
TEM. Recently, a new data collection technique was developed to collect 
rotation data continuously33,43, The total data collection time can be reduced 
to a few minutes or less per dataset. This technique unlocked new possibili-
ties to obtain datasets with higher quality and completeness. 
During continuous collection of rotation electron diffraction data, data ac-
quisition is run while the goniometer is continuously rotated, without any 
intermittent stop. The rotation of the goniometer is kept at a constant speed. 
Unlike in the case of the conventional RED where the goniometer and beam 
tilting are done sequentially and the speed of the camera is not critical, con-
tinuous data collection requires a high-speed detector with fast readout to 
minimize data loss. In our lab we use a Timepix detector10

 for continuous 
rotation electron diffraction data collection. It has very high signal-to-noise 
ratio, electron counting capability and a high dynamical range. Continuous 
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data collection combined with liquid-nitrogen cooling of samples enables 
high-quality data collection also for materials that are very beam sensitive44.  

 
2.3.3 Combining 3D ED and PXRD 
Although the electron diffraction has advantages over X-ray diffraction on 
studying small sized crystals since electrons interact more strongly with mat-
ter45, its data quality is limited by many factors, among which dynamical 
effects have significant contribution. The Least-Squares refinement with 
electron diffraction data usually results in a high R-value which makes it 
difficult to assess the structure model. Dynamical effects can be reduced by 
using small-sized crystals, or collecting PED and RED/EDT data instead of 
2D zonal patterns. However the dynamical effects are always present in the 
data even if all these measures are taken. For structure models from electron 
diffraction data, powder X-ray diffraction (PXRD) data are often collected 
for refinement and structure validation as PXRD data is more kinematical.  
Structure refinement with the one-dimensional PXRD data can be done with 
the Rietveld refinement25. The idea is similar to the Least-Squares refine-
ment, except a calculated PXRD profile will be compared with the experi-
mental data instead of individual reflections. TOPAS46 was used for PXRD 
refinement during the work in the thesis. For porous materials like zeolites, 
their structures often contain guest molecules in the pores. Generally the 
guest molecules should be refined only after the main structure (framework) 
is reasonably determined. 
PXRD and electron diffraction are complementary for the structure determi-
nation of nanometer-sized crystals32. By using the recently developed 3D 
electron diffraction techniques it has become very easy to collect complete 
data to solve the structures of nanometer-sized crystals. However, the limita-
tions from data quality prevent reliable structure refinement and validation. 
On the other hand, PXRD data generally provides good data quality. How-
ever, uncertainty of peak indexation and peak overlapping in PXRD data 
makes structure solution difficult for complicated structures47. The method 
of using 3D electron diffraction data for structure solution and PXRD data 
for refinement has become a routine for structure determination of compli-
cated structures such as porous materials32. 

2.3.4 Structure refinement including dynamical effects  
Although PXRD can be used to complement electron diffraction in structure 
determination, high-quality PXRD data is not always available and structure 
refinement using PXRD is often time consuming. There is a great interest in 
developing 3D electron diffraction methods into an independent technique 
for complete structure determination, including both structure solution and 
refinement. One of the reasons for the high R values and inaccurate structure 
parameters from structure refinement using electron diffraction data is that 



 26 

the kinematical diffraction theory is used for calculating diffraction intensi-
ties from the structure model during the refinement (‘kinematical refine-
ment’ in short) while the experimental electron diffraction intensities are 
dynamical. A full dynamical theory for diffraction intensity calculation thus 
appears promising for refining structures using 3D electron diffraction data.  
Palatinus et al developed a method for incorporating dynamical theory for  
structure refinement using PEDT data35. This is often called ‘dynamical re-
finement’ in short. Instead of calculating the kinematical diffraction intensi-
ties, where each reflection has one intensity (squared amplitudes of the struc-
ture factor), dynamical diffraction intensities are calculated for the individual 
frames of the data as using the Bloch wave method48, taking into considera-
tion the thickness and orientation of the crystal. The method is proven to be 
effective with multiple inorganic compounds36, resulting in lower R values 
and more accurate structural parameters. The newest result with this method 
showed that hydrogen atom positions for an organic pharmaceutical com-
pound and an inorganic crystal could be located from PEDT data49.  
In practice, dynamical refinement using PEDT data is done in two steps. The 
first step includes routine data processing (intensity integration where inten-
sities belonging to the same reflection are integrated across the frames), 
structure solution and kinematical refinement. In the second step, diffraction 
intensities in the individual frames are integrated and used for dynamical 
refinement. The structure model from the kinematical refinement is used as 
the starting model for the dynamical refinement in the second step. 
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3. Accurate structure determination of JU110 
using RED (paper 1) 

Aluminosilicate zeolites have been widely studied during the past decades 
because of their  potential in industrial applications for ion-exchange, cataly-
sis, adsorption and separation50,51. As the structure is a key factor determin-
ing the properties of any material, novel zeolites with new topologies or 
chemistry are of great interest in the hunt for materials with new or improved 
applications. Although great efforts have been spent on synthesizing new 
zeolites, there are currently only 225 zeolite frameworks2. Open-framework 
germanates have drawn considerable attention in the search for new zeolite 
structures due to the similarity between Ge and Si and also their rich struc-
tural diversity.  
Accurately determining the structure of an open-framework germanate is 
crucial for understanding the material and provides useful information for 
optimizing the synthesis. As common to zeolite materials, open-framework 
germanates are often synthesized in the form of polycrystalline powders. As 
a result SXRD is not a suitable method for their structure determination and 
PXRD is often difficult to apply due to the structural complexity. 3D elec-
tron diffraction methods combined with PXRD has been routinely used for 
structure determination of new zeolite structures14,32 and also showed suc-
cessful applications in open-framework germanates52,53. In this chapter, we 
apply the RED method combined with the PXRD technique to study the 
structure of a new open-framework silicogermanate, JU11054. We show the 
potentials of the method and also discuss the difficulties and limitations.  

3.1 Data collection and processing 
JU110 was synthesized by our collaborators at Jilin University, China, with 
1,1'-(1,4-phenylenebis(methylene))bis(1-methylpyrrolidin-1-ium) hydroxide 
as a template in the presence of fluoride ions in the concentrated gel. The 
SEM image (Figure 3.1) of the as-synthesized JU110 shows that the crystals 
are plate-like and up to a few micrometers in size. Lab PXRD data (not 
shown) indicated it could be a new phase and RED was identified as the best 
method for structure determination.  
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Figure 3.1 SEM image of as-synthesized JU110. The crystals have a plate-like mor-
phology, which indicates a long axis may exist in the unit cell dimensions. [Ref. 54] 
- Reproduced by permission of The Royal Society of Chemistry. 

The data collection includes the sample preparation and the TEM experi-
ment.  The powder sample was crushed in a mortar and dispersed in absolute 
ethanol. For a better dispersion we treated the suspension with ultrasoni-
cation. Then a droplet was taken from the suspension and put on a copper 
grid covered with lacey carbon and dried in air. The grid was loaded into a 
single tilt tomography holder operated at room temperature. The RED data 
collection was done on a 200 kV JOEL JEM2100 LaB6 transmission electron 
microscope equipped with a side-entry Gatan Orius SC200D camera. A RED 
dataset was collected from a crystal of ca. 1 μm in size with a tilt step of 0.2° 
and a tilt range of 95°. In total 528 SAED frames were collected with an 
exposure time of 2.0 s within an hour. The RED data collection was auto-
matically controlled with the REDc software9. Although prior to data collec-
tion the z-height of the sample was optimized for minimizing the crystal 
movement when tilting, manual shift corrections were still necessary for 
keeping the crystal inside the selected area aperture during the data collec-
tion.  
As mentioned in Chapter 2, beam damage and dynamical effects are among 
the main factors that affect the RED data quality. A strategy of using weak 
beam (small spot sizes and low brightness) and long exposure time was ap-
plied to the crystal during data collection in order to limit possible beam 
damage which is common in open-framework silicogermanates. The optimal 
exposure time was determined from a single SAED frame with the criteria 
that no reflection would be saturated while the signal-to-noise ratio of the 
strong reflections is high enough for ab initio structure solution. Dynamical 
effects can be reduced by using a small-sized crystal, which on the other 
hand gives weaker diffraction spots. For JU110, a crystal of around 1μm in 
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size proved to be a good comprise between sufficiently large diffraction 
intensities and small dynamical effects. 

3.1.2 RED data processing 
The 3D reciprocal lattice of a JU110 crystal was reconstructed from 528 
SAED frames using the REDp software, as shown in Figure 3.2. Beam dam-
age could be clearly visible, as the diffraction intensities kept getting weaker 
and the resolution reduced during data collection. Unit cell parameters were 
determined to be a = 13.88 Å, b = 18.56 Å, c = 33.59 Å, α = 89.26°, β = 
89.98°, γ = 89.13°, which indicated the crystal is orthorhombic. The possible 
space groups are deducted from the reflection conditions of the 2D slices 
h0l, hk0, 0kl cut from the 3D reciprocal lattice, as shown in Figure 3.3. The 
possible space groups are F222, Fmm2 and Fmmm. With the unit cell and 
space group determined, a list of hkl intensities was extracted accordingly 
and used for further structure solution and refinement.    

 
Figure 3.2 The reconstructed 3D reciprocal lattice of JU110. The rotation axis is 
perpendicular to the paper through the centre. The upper-left and bottom-right parts 
(the beginning of the data collection) have significantly more reflections than the 
upper-right and bottom-left parts, which indicates significant beam damage in the 
dataset.     
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3.2 Structure solution and refinement 

3.2.1 Structure solution with RED data and refinement 
Diffraction intensities in the hkl list obtained from RED data of JU110 were 
directly interpreted as |F(hkl)|2 and  used for ab initio structure solution. Sev-
eral phasing methods can be applied to retrieve the phase information. Here 
we used the SHELX-97 program55 for structure solution with direct methods 
under the space group Fmmm. A partial model with 6 T atoms and 11 O 
atoms in the asymmetric unit was obtained (T stands for either Si or Ge at-
om). The structure appeared to be constructed by the layers typically found 
in the STI framework56 pillared by double four-rings (D4R), although one O 
atom was missing. Structure refinement was subsequently performed using 
the SHELXL program26. With the chemical knowledge of the T-O bond 
lengths and distances in the SBUs, the one missing O atom was located in 
the D4R in the subsequent refinement against the RED data. The atom as-
signment was done after all atoms of the framework were found. The RED 
data collection, crystal data, structure solution and refinement are summa-
rized in Table 3.1. 
Table 3.1 RED data collection, crystal data and structure refinement details of 
JU110 (resolution up to 1.0Å) 

Tilt angle – 63.59° to + 32.37° 
Tilt step 0.2° 
No. of RED frames 528 
Exposure time/frame 2.0 s 
a / Å 13.88 
b / Å 18.56 
c / Å 33.59 
α / ° 89.26 
β / ° 89.98 
γ / ° 89.13 
Space group Fmmm 
Completeness 0.530 
Rint 0.335 
No. of measured reflections 
No. of independent reflections 

885 
305 

h -13 ≤ h ≤ 13 
k -14 ≤ k ≤ 14 
l -22 ≤ l  ≤ 22 
R11 0.401 
No. of parameters 53 
No. of restraints 65 
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Figure 3.3 (a) 3D reciprocal space reconstruction of JU110 from the RED data. The 
target crystal from which RED data was collected is shown. The 2D slices of 0kl (b), 
h0l (c) and hk0 (d) show mmm symmetry, confirming an orthorhombic system. The 
reflection conditions are deduced to be: hkl: h + k = 2n, h + l = 2n, k + l = 2n; 0kl: k 
= 2n, l = 2n; h0l: h = 2n, l = 2n; hk0: h = 2n, k = 2n; h00: h = 2n; 0k0: k = 2n. The 
possible space groups are F222, Fmm2, Fm2m, F2mm, Fmmm. [Ref. 54] - Repro-
duced by permission of The Royal Society of Chemistry. 

As can be seen from Table 3.1, the quality of this RED data was not suffi-
cient for a reliable refinement and complete structure determination. The 
completeness (0.53) is low. The Rint and R1 values are high. As a result, we 
could not confirm the validity of the structure model. 
The reasons for the problems in the data quality lie in both data collection 
and the nature of electron diffraction. As the reconstructed 3D reciprocal 
lattice already showed, the sample showed obvious beam damage during the 
data collection. The diffraction intensities decayed considerably during the 
data collection, even though a very weak beam was used for increasing sam-
ple stability. Obviously this would at least have a negative effect on Rint. The 
degraded intensities would also make the structure refinement difficult. Fur-
thermore, dynamical scattering complicates the diffraction intensities distri-
bution. In the later chapters, new methods both on data collection and data 
processing are developed and implemented for addressing these problems.  
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3.2.2 Rietveld refinement with PXRD  
To complete the model obtained from electron data, we collected high-
resolution PXRD data through the mail-in system at the experimental station 
11-BM at Advanced Photon Source at Argonne National Laboratory USA57. 
The as-synthesized sample was loaded into a capillary of 1.0 mm diameter 
and radiated with monochromated X-rays of wavelength 0.459255 Å. The 
software used for carrying out Rietveld refinement was Topas Academic 
version 4.146. The Pearson VII type peak profile function was used for pro-
file fitting. The background, unit cell and zero-shift of the PXRD profile 
were refined. We used the structure model from the RED data as the starting 
model. Soft restrains were applied to all unique T-O bond lengths and O-T-O 
bond angles. Through the difference Fourier map Ge7 clusters were found to 
partially occupy the same position as the double 4-rings units and the sym-
metry of the structure was reduced to Fm2m to obtain a more reasonable 
model. The organic structure directing agent was located with the simulated 
annealing algorithm using rigid body. The refinement converged to Rp= 0.09, 
Rwp= 0.119, Rexp= 0.042, and GOF= 2.81, see Figure 3.4. The bond distances 
and bond angles in the refined structure are reasonable. The details of the 
PXRD refinement results are summarized in Table 3.2. 
 
 

           

Figure 3.4 Rietveld refinement of powder X-ray diffraction for JU110. The curves 
from top to bottom are simulated (red), observed (blue), and difference profiles 
(grey), respectively; the bars below curves indicate peak positions. [Ref. 54] - Re-
produced by permission of The Royal Society of Chemistry. 
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Table 3.2 Crystallographic data, experimental conditions for powder X-ray data 
collection and results of the Rietveld refinement of JU110      

Chemical formula C9 H16 F Ge6.11 N O13.75 Si0.64 
Formula weight 837.98 
Crystal system Orthorhombic 
Space group Fm2m 
a/Å 13.9117(2) 
b/Å 18.2980(3) 
c/Å 32.7800(6) 
Z 16 
Temperature/K 100  
Wavelength/Å 0.427654 
2θ range/° 0.6-28.0 
Number of reflections 1501 
Number of structural variables 160 
Number of restraints  36 for T-O and 54 for O-T-O  
Rp 0.090 
Rwp 0.119 
Rexp 0.042 
GOF 2.81 

 
The final structure model, as shown in Figure 3.5, consists of 10 T-atoms, 20 
O atoms, two F ions and one OSDA molecules in the asymmetric unit. The 
structure is disordered. Between the Stilbite (sti) layers are the double four-
ring (D4R) units and Ge7 units, which share the same position with occupan-
cy of 2/3 and 1/3, respectively. The sti layers alongside with the D4R units 
form cavities with the 10-ring openings along [100] and 9-ring openings 
along [110]. While the D4Rs are connected by the bridging tetrahedra, the 
Ge7 units are not connected to other GeO4 tetrahedra, forming large cavities 
with the sti layers.  
The structure of JU110 is closely related to that of germanate STAG-1, syn-
thesized by using a similar synthetic system but with different OSDA58. 
Both are disordered and constructed by the sti layers pillared by D4R and 
Ge7 clusters, but in different space groups (JU110 in Fm2m and STAG-1 
Cmcm). Furthermore, each D4R unit in JU110 is linked to four other D4Rs 
via the bridging tetrahedron (Figure 3.5), while the D4Rs in STAG-1 are not 
connected to each other. The modelling of the OSDAs in the channels was 
not possible due to significant disordering. The full elucidation of the JU110 
structure including the framework and OSDAs provides important 
knowledge for the understanding of the formation of the open frameworks. 
The JU110 structure also suggests that in D4R-pillared structures the D4R 
unit can be replaced by Ge7 to create new structures. We identified a few 
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zeolite framework types listed in the IZA Database of Zeolite Structures 
which can be considered as layers pillared by D4Rs and possible candidates 
for the replacement. These include DFO59, ITG60, ITH61, ITR62, IWR63, 
IWV64, UOV65, UTL66 and UWY67. 

 

 
Figure 3.5 Structure of JU110 viewed along the [100] direction. The Ge7 clusters 
and D4R units (connected by the bridging tetrahedra) occupy the same position with 
occupancies of 1/3 and 2/3, respectively. The Ge7 cluster and D4R unit are illustrat-
ed on the right with the tetrahedral, trigonal bipyramidal, and octahedral polyhedra 
shown in green, yellow, and red, respectively. [Ref. 54] - Reproduced by permission 
of The Royal Society of Chemistry. 

3.3 Conclusions 
The structure of an interrupted open-framework silicogermanate JU110 was 
determined with the RED method combined with high-resolution PXRD 
data. From the RED data the composite building units and the layer structure 
were successfully identified. However, the RED data quality was not high 
enough for revealing the disordered nature of the structure where the D4R 
units and the Ge7 clusters occupy the same position. Rietveld refinement 
with high-resolution PXRD data was necessary for completing the fine de-
tails of the structure, including the guest molecules in the structure. 
The limitation of the RED method becomes obvious when the data quality is 
limited by beam damage and dynamical scattering of electron and in the case 
of complex structures, for example disorder is present. Although a careful 
selection of the target crystal and a reduced electron beam could still make a 
complete dataset possible, the inaccurate intensities often result in an incom-
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plete structure and difficulties in structure validation. Since the inaccurate 
intensities are difficult to correct for during the data processing, it is best to 
prevent the beam damage during the data collection. In the next chapter, we 
will discuss the structure determination of another beam sensitive sample 
and the use of continuous rotation data collection combined with sample 
cooling for reducing beam damage and obtaining high-quality 3D ED data.  
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4. Structure characterization of bismuth 
subgallate by continuous rotation electron 
diffraction (paper 2) 

We have shown in the previous chapter that it is often challenging to collect 
high quality RED data from beam sensitive materials for structure determi-
nation. The cRED method provides a faster alternative for data collection, 
where the goniometer continuously rotates as the ED patterns are collected 
in a sequential way. This method can be combined with using a highly sensi-
tive detector and a cooling holder to further improve data quality. In this 
chapter, the cRED method is applied to solve the crystal structure of bismuth 
subgallate.  
Bismuth subgallate has been used as an active pharmaceutical ingredient for 
over a century to treat wounds and gastrointestinal disorder68,69. But the 
structure is yet unknown due to the fact that they tend to form nanocrystals 
which are too small for single crystal X-ray diffraction and structure deter-
mination from PXRD data was inconclusive. While electron diffraction is 
suitable for characterizing nano-sized crystals, attempts to solve the structure 
with the conventional RED failed. Beam damage, low resolution and severe 
diffuse scattering observed in the datasets prevented a successful structure 
solution. By combining cRED with sample cooling, a dataset with sufficient 
quality for structure determination was obtained. It was revealed that the 
compound is a coordination polymer with open channels, in contrast to the 
previous suggestions that it was a molecular compound. The data collection 
and processing details are discussed in this chapter.    

4.1 Continuous rotation electron diffraction data 
collection 
This section will focus on the experimentation of cRED. Two significant 
changes on data collection have been made compared to the conventional 
methods. Firstly, The TEM was equipped with a Timepix detector for acqui-
sition of high speed electron diffraction frames. Secondly, the sample was 
cooled down to the temperature of liquid nitrogen before insertion for data 
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collection. These changes proved to be effective for improving the data qual-
ity with the bismuth subgallate sample.  

4.1.1 The Timepix detector 
The Timepix detector43 is a member of the Medipix family of detectors 
which aims at improving electron detection compared to the regular CCD 
cameras. The detector has a very high signal-to-noise ratio and is able to 
achieve single-electron-counting. The readout and image saving are extreme-
ly fast compared to the typical exposure time we used in our experiments. 
The detector also features a high dynamical range and excellent linearity. 
These characteristics make Timepix an ideal candidate for the cRED data 
collection.  

4.1.2 Data collection 
Initially, conventional RED data was collected under ambient temperature. 
Similar to what we did with the JU110 sample, the powder sample of bis-
muth subgallate was crushed and dispersed in absolute ethanol. After treat-
ment with ultrasonication, a droplet was taken from the suspension and put 
on a copper grid and then loaded on a single-tilt tomography holder. The 
data collection was done on a 200kV JEOL JEM 2100 LaB6 transmission 
electron microscope. The tilting range was between 100° and 120° with go-
niometer rotation steps of 2° and a fine beam tilt step of 0.4°. The electron 
diffraction frames were collected with a Gatan Orius SC200D camera and 
the exposure time was 1 to 3 seconds per frame. The data collection time for 
individual datasets was around 40 minutes to an hour.        
For cRED data collection, a cryo-transfer holder was used as a cooling hold-
er in order to collect data at low temperatures. The holder was cooled to 
around 173 K before insertion and was further cooled to 98 K inside the 
microscope. In difference with the conventional RED, data collection was 
done with the goniometer continuously rotating at a constant speed of 
0.45°/s. Video frames of the electron diffraction patterns were collected with 
the new Timepix camera. The video frame is essentially an integrated dif-
fraction pattern which sums up the diffraction signals received in total during 
the rotation. The tilting range for the individual datasets was between 90° 
and 100°. The data collection only took a few minutes per dataset.  
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Figure 4.1 Comparison of the projections of 3D reciprocal space reconstructed from 
(a, c) conventional RED data and (b, d) continuous rotation electron diffraction data. 
[Ref. 44] - Reproduced by permission of The Royal Society of Chemistry. 

 

For comparing the difference for the diffraction datasets between the con-
ventional RED and the cRED, we visualized the 3D reciprocal lattices with 
the best dataset from each method using the RED processing program. Fig-
ure 4.1 (a) and (c) show the results from the conventional RED, while (b) 
and (d) show that from the cRED, along the a and b axes. From Figure 4.1 
(a) and (c) we can observe that the resolution of the dataset is very limited 
(ca. 2 Å). The number of reflections is not even enough for confirming the 
unit cell parameters. Moreover, severe diffuse scattering is also observed 
along the c* direction. The diffuse streaks make the intensity extraction dif-
ficult and greatly reduce the data quality. Figure 4.1 (b) and (d) show the 
results with the cRED and the cooling holder deployed. Obvious data quality 
improvements are observed. The streaks along c* disappeared, which means 
the beam damage was minimized. The resolution was also improved from 2 
Å to 0.7 Å. This suggests that the disorder, which is usually indicated by 
diffuse streaks, is suppressed with fast data collection and sample cooling.  
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4.2 Continuous RED data processing 

4.2.1 Data reduction with XDS 
The collected ED frames were pre-processed for correcting the boundary 
pixels at the horizontal and vertical central axes of the Timepix quad. The 
best dataset was selected as having maximal rotation range and good signal-
to-noise ratio. The unit cell parameters were determined to be: a = 8.59 Å, b 
= 4.83 Å, c = 24.67 Å, α = 90°, β = 90°, γ = 90°. The space group was de-
duced to be Pmna based on the observed reflection conditions. RED also 
converted the raw tiff format ED images to SMV format which can be used 
directly in the data reduction program. The pixel size and detector distance 
information were compiled into the SMV file headers.  
X-ray Detector Software (XDS)70 was used for data reduction. It is a pro-
gram used for processing single-crystal monochromatic diffraction data from 
the rotation method. The instrumental parameters including unit cell parame-
ters, rotation axis, beam position and beam orientation were refined. A list of 
hkl intensities were generated for structure solution and refinement. The 
technical details in the processing procedure can be found here.  
We used XDS rather than RED for the data reduction for the following rea-
sons. Every frame collected in continuous rotation is an integration of the 
reciprocal space volume where the Ewald sphere scanned across within the 
exposure time. XRD implemented advanced algorithms for handling contin-
uous rotation data. RED, on the other hand, expects every frame to be a stat-
ic slice of the reciprocal space. There is no Lorentz correction in the conven-
tional RED data reduction.  However, this doesn’t mean RED cannot be used 
for data processing with continuous rotation data. In practice, the RED data 
without Lorentz correction could also yield a reasonable structure solution71. 
However, studies showed that there is no real support for application of a 
Lorentz correction to the precession electron diffraction data and the im-
provement of the structure determination with Lorentz correction is minimal.  

4.2.2 Structure solution and refinement  
The structure solution from cRED data is done in a similar manner as the 
conventional RED data. The hkl file along with the unit cell parameters and 
space group were used as input for SHELX-97 for structure solution. All 
atoms except hydrogen atoms were successfully found in the initial structure 
solution model. The Least-Squares refinement with the electron diffraction 
data was further performed with anisotropic atomic displacement parameters 
for bismuth atoms and isotropic ones for the remaining atoms. The refine-
ment converged to R1 = 0.189 with 1026 independent reflections for 45 pa-
rameters. The dataset details and Least-Squares refinement results are sum-
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marized in Table 4.1. Rietveld refinement was subsequently performed with 
PXRD data in order to further confirm the structure. 
 

 
Figure 4.2 Crystal structure of bismuth subgallate viewed along (a) [010] and (b) 
[100]. Bismuth, carbon and oxygen atoms are coloured in purple, grey and red. [Ref. 
44] - Reproduced by permission of The Royal Society of Chemistry. 

 

The structure determination shows that the bismuth subgallate is a coordina-
tion polymer. Previously, it was considered as a molecular compound, with 
the Bi3+ chelated by two phenolate groups, or with the Bi3+ coordinated by a 
carboxylate group and two hydroxyl ions. With our new findings, as seen in 
Figure 4.2, each Bi3+ is coordinated by two gallate ligands. One water mole-
cule bridges each pair of neighbouring Bi3+.   
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Table 4.1 cRED data collection, crystal data and structure refinement details of bis-
muth subgallate.  

 
Tilt range – 33.3° to + 62.1° 
No. of cRED frames 500 
Tilt speed °/second 0.45  
a / Å 8.51 
b / Å 4.76 
c / Å 24.20 
Space group Pmna 
Completeness (to 0.7Å) 0.643 
Rint 0.190 
No. of independent reflections 
No. of observed reflections 

1026 
708 

h -11 ≤ h ≤ 11 
k -6 ≤ k ≤ 4 
l -18 ≤ l  ≤ 20 
R1 0.189 
No. of parameters 45 
No. of restraints 0 
 
It is evident that the improvement of the electron diffraction data quality 
contributes to the superior results of the structure refinement. With the use of 
cryo-transfer holder, the sample stability was greatly improved and the data 
showed no diffuse scattering. The data collection time was significantly re-
duced and hence the beam damage was kept to a minimum. Furthermore, the 
highly sensitive detector allows for a low dose of electrons. These tech-
niques combined together preserved the structure during the data collection, 
providing high quality data for structure refinement. A stable structure dur-
ing the data collection means the dataset is internally consistent, which is 
essential for a good refinement. 

4.3 Conclusions 
The structure of the bismuth subgallate was solved as a coordination poly-
mer with the combination of cRED and sample cooling. The results gave the 
correct structure and formula which is quite different from those proposed in 
previous research and reshaped our understanding of the sample. 
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The structure determination clearly showed the importance of reducing beam 
damage during data collection. In this sample, we concluded the prevailing 
diffuse scattering being a result of degradation of long-range order from the 
removal of solvent molecules. The reduced data collection time and sample 
cooling minimized beam damage and removed diffuse scattering. The im-
proved data quality gave excellent results, as all non-hydrogen atoms are 
found in the initial structure solution. Even though the high R-values from 
the refinement with the electron diffraction data made it necessary to con-
firm the structure model with the XPD data, it is evident that the cRED 
method and sample cooling greatly improved the RED data quality for beam 
sensitive materials.    
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5. Structure solution and refinement from 
continuous rotation electron diffraction data 
(paper 3) 

In the previous chapters we demonstrated that the quality of electron diffrac-
tion data can be improved by reducing the beam damage by combining 
cRED data collection and sample cooling. The quality of the data was high 
enough for resolving the fine details of the bismuth subgallate structure in-
cluding water molecules in the pores. The improvement in the data quality 
compared to the conventional RED where data is collected as still frames 
pushed 3D electron diffraction one step closer towards an independent tool 
for structure determination where X-ray diffraction data is not necessary for 
the validation of the structure model. While the conventional RED has been 
extensively used for structure determination of a number of structures, 
cRED, being a direct analogue of the rotation method in X-ray crystallog-
raphy, is so far less well explored. 
In this study, we will evaluate the data quality of continuous rotation data by 
collecting multiple datasets from a known structure and using them for struc-
ture solution and refinement. The R values and structure models will be ex-
amined and the atomic positions in the refined models will be compared to 
the known ones. Not only the use of the multiple datasets collected from 
different crystals avoids randomness typically present in experimental data, 
it also provides the possibility of checking dataset merging for possible im-
provement as suggested in other work72,73.    

5.1 Continuous RED data collection and reduction 
We conducted cRED data collection on an oxofluoride FeSeO3F sample. The 
sample was synthesized with a hydrothermal method and was originally 
evaluated for magnetic properties. The structure of the sample was previous-
ly solved with high-quality SXRD data74 and will be used as the reference 
structure model in this study. The space group is P21/n and the unit cell pa-
rameters are a = 4.956 Å, b = 5.202 Å, c = 12.040 Å. The unit cell contains 
six unique atoms: one Fe, Se, F and three oxygen atoms. They are all located 
at general positions.  
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Figure 5.1 TEM images of the six crystals of FeSeO3F from which six cRED da-
tasets are collected. Images (a-f) correspond to datasets 1-6, respectively. 

5.1.1 Data collection  
The powder sample was crushed and dispersed in absolute ethanol for TEM 
sample preparation. The suspension was then treated with ultrasonication. A 
droplet was taken from the suspension and put on a copper grid. The sample 
grid was loaded on a single-tilt tomography holder and then inserted into a 
200 kV JEOL JEM-2100 TEM equipped with a LaB6 electron gun. Six crys-
tals in total were used for cRED data collection. The size of the crystals 
ranged from 100 � 200 nm2 to 300 � 500 nm2 in projection, as shown in Fig-
ure 5.1. Each crystal was illuminated with the electron beam while the goni-
ometer was continuously rotated and electron diffraction frames collected as 
video frames on a Timepix quad hybrid pixel detector, the same as we did 
previously for the data collection from the bismuth subgallate sample. The 
tilting range of the datasets was between 95° and 120°. The rotation speed 
was 1.8°/s for the first dataset and 0.45°/s for the remaining datasets. The 
speed was estimated by dividing the total tilting range (in degrees) with the 
data collection time.       



 45 

5.1.2 Data reduction with DIALS 
Initially, we attempted data reduction with XDS70, as we did in the work 
described in the previous chapter. However, XDS complained “insufficient 
reflections” or simply crashed for 4 out of 6 datasets. The unsatisfying re-
sults from XDS made us find another solution. DIALS is a diffraction inte-
gration software package recently developed with focus on providing exten-
sible framework for the development of algorithms to analyze X-ray diffrac-
tion data75. We attempted to carry out the data reduction with DIALS. The 
data frames were firstly imported into the program for peak hunting. Then 
the unit cell parameters were determined and the strong spots were indexed. 
The unit cell parameters were then refined against each frame. With known 
orientation matrix, intensity integration was performed and an hkl list was 
generated. XSCALE70 was used for Lorentz correction and the corrected hkl 
list was used in subsequent data processing, as shown in the following sec-
tions.  

 
Table 5.1 Data reduction statistics for each of the six cRED datasets using DIALS 
and aimless. Rmeas, Rp.i.m and CC1/2 are calculated as defined by Diederichs & Karplus 
(1997), Weiss (2001) and Karplus & Diederichs (2012). 

 
Data set no. 1 2 3 4 5 6 
Resolution 
range (Å) 

6.02- 
0.80 

5.06- 
0.80 

5.36- 
0.80 

5.03- 
0.79 

6.10- 
0.70 

5.37- 
0.79 

a (Å) 4.97 5.11 5.15 5.09 5.20 5.17 
b (Å) 5.38 5.28 5.36 5.25 5.40 5.37 
c (Å) 12.12 12.25 12.51 12.12 12.33 12.57 
β (°) 96.66 98.34 98.24 98.52 98.51 96.59 
No. of reflec-
tions: to-
tal/unique 

1280 
/503 

1428 
/544 

1450 
/510 

1285 
/509 

1538 
/765 

1179 
/509 

Completeness 
(%) 67.2 71.7 73.1 68.8 73.0 70.3 

Multiplicity 2.5 2.6 2.8 2.5 2.0 2.3 
Rmerge(%) 16.9 16.9 15.0 16.5 18.1 13.9 
Rmeas (%) 21.3 21.2 18.2 20.7 24.6 17.9 
Rp.i.m (%) 12.7 12.5 10.2 12.2 16.6 11.1 
I/σ(I)  3.3 5.2 6.7 4.1 4.0 3.7 

CC1/2 (%) 95.9 92.9 97.0 94.7 87.2 96.2 

  

The data reduction was done for all six dataset. The results are summarized 
in Table 5.1. All six datasets are very similar in terms of data resolution 
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range, number of reflections, completeness, etc. The unit cell parameters we 
obtained from the datasets are close to the SXRD studies. The differences 
are within the range of errors, which is commonly observed for electron 
diffraction data.   

5.2 Structure solution and refinement  
To reduce the randomness and obtain more reliable evaluation of the contin-
uous rotation data, we carried out structure solution and refinement for each 
individual dataset. The structure refinement results gave a direct evaluation 
of the diffraction data quality. In general, better data quality will allow for a 
better structure refinement, which will in turn yield a more accurate model.  
 
Table 5.2 cRED experimental parameters and crystallographic details for the re-
finement of FeSeO3F with all the six datasets. 

 
Data set no. 1 2 3 4 5 6 
No. of frames 127 456 500 454 464 391 
Tilt range (°) 120 110 120 110 110 95 
Tilt speed (°/s) 1.80 0.45 0.45 0.45 0.45 0.45 
No. of collected 
reflections 1357 1419 1529 1285 1495 1205 

No. of 
unique reflec-
tions 

462 487 495 460 582 498 

No. of observed 
reflections 
(I>4σ(I)) 

317 418 400 394 394 400 

Completeness 0.700 0.695 0.650 0.662 0.765 0.645 
Rint 0.212 0.211 0.205 0.199 0.309 0.159 
R1 (observed, 
Fo > 4 σ(Fo)) 0.177 0.274 0.201 0.270 0.367 0.163 

R1 (all) 0.215 0.297 0.225 0.289 0.386 0.185 
ADRA (Å) 0.027 0.038 0.029 0.038 0.038 0.035 
 

5.2.1 Structure solution 
Structure solution was performed by direct methods for all six datasets using 
SHELXS. The initial structure solution result was a list of peak (Q-peaks) 
locations which represents possible atoms in the electrostatic potential map. 
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For all six datasets, the highest and second highest Q-peaks were assigned 
manually to Se and Fe, respectively. The 4 following highest Q-peaks were 
assigned as O or F atoms. Since O and F atoms have similar scattering fac-
tors, it was difficult to distinguish O and F atoms from the electrostatic po-
tential map. With the help of the SXRD model, O and F were identified us-
ing the peak locations. For all six datasets, all atoms were successfully iden-
tified and the structure agreed with the SXRD model. It demonstrated that 
the structure could be solved straightforwardly from each dataset.  

5.2.2 Structure refinement 
Structure refinement was subsequently carried out using SHELXL for each 
of the datasets, using isotropic displacement parameters (ADPs). The SXRD 
model was used as the starting model in the refinement for every dataset. 
Next we compared the atomic positions of the refined models with those of 
the reference model by calculating the deviations of the atomic positions for 
the atoms in the models. To evaluate the quality of the whole model, average 
deviation from the reference atoms (ADRAs) was calculated for each model 
by taking the arithmetic mean of the individual deviations. Table 5.2 in-
cludes the refinement results from all six datasets. The R1 for the observed 
reflections and all reflection are directly given from the refinement results by 
SHELXL. Figure 5.2 shows the refined models from all six datasets stacked 
together, viewed along the b axis. The atomic positions obtained from the six 
different datasets agree very well, no significant deviations are visible from 
the figure. 

 
Figure 5.2 Six refined crystal structures of FeSeO3F from six different datasets 
stacked together, viewed along [010].  
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5.2.3 Model quality 
Compared to the R values, the accuracy of the refined structural parameters 
is more important. The model from SXRD provides an excellent reference in 
terms of atomic positions. The deviations between the atom positions in the 
refined models from those in the reference model are used as indicators of 
the quality of the structure determination using the cRED data.  
The deviations from the reference atoms are plotted for the six unique atoms 
for the six datasets, in Figure 5.3. The values range from approximately 0.01 
to 0.08 Å. For all datasets, the positions of the heavy atom Se and Fe deviate 
only by 0.01 Å to 0.02 Å away from those in the reference structure. The 
lighter atoms O and F, however, deviated much more (0.02 – 0.05 Å, in most 
cases) from those in the reference structure. This is expected since heavy 
atoms contribute to the Least-Squares refinement more than light atoms do. 
It can also be noted that O2 from dataset no. 5, O3 from dataset no.2 and F 
from datasets no.4 have significantly larger errors in their positions. This 
coincides with the observation that the R1 values for these datasets (29% ~ 
39%) for all reflections are much higher than the rest (19% ~ 23%).     

 
Figure 5.3 Atomic deviations between the refined and X-ray model for each atom. 
Each colour denotes an individual dataset used for refinement.  
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The refinements gave unreasonable atomic displacement parameters for all 
six datasets. To investigate the effects of ADPs on the structure refinement, 
we assigned and kept reasonable ADPs for all atoms and did refinement 
again. We used 0.015 Å2 for Se and Fe and 0.025 Å2 for O and F. The results 
of the refinement showed increased R1 values by a few percent on average. 
Although the reasonable ADPs were used in the refinement, the new models 
are slightly worse, since the differences of the atomic positions compared to 
the reference model became larger. The reasons for the unreasonable ADP 
values were unknown to us, but it is most likely related to the quality of the 
electron diffraction data. High-quality structure models were obtained de-
spite the unreasonable ADPs.  

5.3 Conclusions  
By collecting multiple cRED datasets from an oxofluoride FeSeO3F sample 
and using them for structure solution and refinement, we showed that the 
cRED method is very robust and provides excellent data for structure deter-
mination. It is straight forward to solve the structure with each individual 
dataset and refine the structure. We also showed that although the R1 and 
ADP values may still be not optimal from structure refinement against cRED 
data, accurate atomic positions can be obtained and the errors are well below 
0.10 Å on average as demonstrated in this work (0.01 Å to 0.08 Å). The 
difference of the size of crystals could be accounted for the different refine-
ment results between the six datasets. As Table 5.2 and Figure 5.1 suggested, 
dataset no.1 and no.6 have the best R-values and their crystal sizes are obvi-
ously smaller than the rest. In addition, even though the tilt speed we used 
for dataset no.1 was higher than for the others, we achieved similar results 
regarding unit cell parameters, R-values and the quality of the refined struc-
ture model. This work serves as a reference for the quality of cRED data and 
the accuracy of the structural parameters attainable.   
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6. Dynamical structure refinement with RED 
data (paper 4) 

As previously mentioned, dynamical effects were identified as an important 
factor that contributes to the issues in the quality of electron diffraction data 
for structure solution and refinement. Although dynamical refinement has 
given promising results with PEDT data35,36,76, with the limit being pushed to 
the level that it can be used for identifying the hydrogen atoms in organic 
and inorganic materials49, it has not yet been applied to RED data, which has 
been used for determination of many crystal structures32. RED and PEDT are 
similar in both data collection and processing. Structure refinement with 
RED data also has the issue of high R-values. In this chapter, we explore a 
procedure for dynamical refinement using RED data with the aim of obtain-
ing better figures of merit and structure parameters. 
The original dynamical refinement method was developed for EDT data 
collected using precessing, where each frame is an integration of diffraction 
intensities with the electron beam scanning on a cone. RED data, on the oth-
er hand, is collected with beam scanning in a similar angle range (1-3 de-
grees) around the rotation axis. The similarity made it possible to adapt dy-
namical refinement for RED data, with minor modifications in data pro-
cessing and dynamical refinement algorithm and software. For dynamical 
refinement, the beam tilt frames at each goniometer tilt are summed into one 
frame, which is analogous to a PED pattern with intensity integration, the 
only difference being that the electron beam scans around an axis in the 
frame rather than the optical axis perpendicular to the frame, as illustrated in 
Figure 6.1. Accordingly, modifications were also made in the calculation of 
the dynamical intensities in the refinement process in the JANA software23to 
follow the geometries of the RED data. The adaption of the algorithms and 
the JANA software were kindly made by Dr. L. Palatinus at Institute of 
Physics of the Czech Academy of Sciences.  
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6.1 Data collection  
The Ni3Si2 sample was provided by Dr. L. Palatinus on a TEM grid. In order 
to obtain summed beam tilt patterns similar to PED patterns, a small beam 
tilting step of 0.10° was combined with a beam tilt range of +/- 1.20° to col-
lect the RED data. The goniometer tilt step was chosen to be 1.20° (instead 
of ~2.40° for normal RED data collection) which is close to the step of goni-
ometer rotations for PEDT experiments. In the data collection, 2525 SAED 
frames were collected within a tilt range of 121.7°. The experimental details 
are summarized in Table 6.1.  

 
Table 6.1 Details of the RED data collection and crystal data of Ni3Si2. The unit cell 
parameters were obtained using RED data processing with 2525 frames. 

 
Chemical formula Ni3Si2 
a / Å 12.61 
b / Å 11.21 
c / Å 7.07 
α / ° 89.52 
β / ° 89.56 
γ / ° 90.52 
Space group Cmcm 
Total tilt angle – 65.0° to + 56.7° 
Stage tilt step 1.20° 
Beam tilt range –1.20° to 1.20° 
Beam tilt step 0.10° 
No. of frames before summation 2525 
No. of frames after summation 101 
Exposure time s/frame 0.7   
Completeness 0.799 
TEM JEOL 2100LaB6 
Camera Gatan Orius SC200D 

6.2 Data processing and structure refinement  
The first step of the data processing was summing up the 25 beam tilt frames 
for the individual goniometer positions into individual PED-like frames. Due 
to possible misalignment of the microscope, the direct beam may be moving 
slightly in the xy-plane from one beam tilt frame to the next. This is correct-
ed by cross-correlation of the direct beam before the frames are summed up. 
The resultant summed frames were then used as input for PETS data pro-
cessing, including integration for kinematical and dynamical refinement.  
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In the following sections we describe both kinematical refinement and dy-
namical refinement using the RED data and compare the results with those 
from the previous work using PEDT data on the same sample. Finally, the 
limitation and challenges of our current method will be discussed. 

 
Table 6.2 Comparison of the kinematical and dynamical refinement results using 
RED data (this study) and PEDT data77 . The average deviation from the reference 
atomic position (ADRA) was calculated with the SXRD model.  

 

Parameter 
RED         

kinematical 
refinement 

RED 
dynamical 
refinement 

PEDT       
kinematical 
refinement77 

PEDT 
dynamical 

refinement77 
R1(obs)(%) 11.38 7.34 17.95 8.45 
wR(all)(%) 13.17 7.65 21.34 9.98 
Nrefl(obs) 389 1413 549 4681 
Nrefl(all) 661 4343 571 8350 
No. of refined    
parameters 28 129 28 139 

ADRA (Å) 0.030 0.024 0.016 0.006 
 

6.2.1 Dynamical refinement with JANA 
A good kinematical refinement should precede any dynamical refinement. 
Firstly, the ED frames were processed using the program PETS for peak 
hunting, indexing and intensity extraction. The unit cell parameters and ori-
entation matrix were determined at this step. PETS further generated an hkl 
list of 661 reflections for structure solution and kinematical refinement. It is 
worth noting that kinematical scattering is assumed and the reflection inten-
sities are integrated across the frames at this step. Structure solution was 
performed using Superflip78 with JANA. All 10 unique atoms were correctly 
located in the structure solution. Further kinematical refinement converged 
to R1 = 11.38%, as shown in Table 6.2.  
After a good kinematical refinement was achieved, we proceeded to dynam-
ical refinement. The dynamical refinement requires a reintegration of dif-
fraction intensities for each of the 101 summed diffraction patterns as dy-
namical diffraction intensities are affected by both the crystal thickness and 
orientation. By invoking the option of integration for dynamical refinement, 
PETS was able to integrate intensities for each combined (summed) frame 
separately. The output of the PETS at this step was an hkl list of 4343 reflec-
tion with their corresponding frame numbers. The new hkl list replaced the 
previous one used for the kinematical refinement.  
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There are a few important data filtering parameters for dynamical refinement 
in JANA. For example, the partially integrated reflections should be re-
moved from the dynamical refinement. In our dataset, the default values 
provided by JANA were used and the refinement converged. The number of 
integration steps for precession data was replaced by the number of com-
bined frames for each integrated RED frame. For our case, 25 RED frames 
are combined into one frame for the refinement; therefore this number was 
set to 25. Furthermore, an additional command “iedt” was added to Dyngo, 
the software module for calculating dynamical electron diffraction intensi-
ties, for activating dynamical calculation for RED data.  
The thickness of the crystal needs to be estimated for each frame before the 
dynamical refinement starts. The Ni3Si2 crystal used for this study presents 
the simplest case, where it has a needle shape and uniform thickness when 
rotated around its long axis. The weighted R values [wR(all)] for all reflec-
tions in the experimental frames and the calculated ones for thicknesses 
ranging from 0 to 2000 Å were plotted against the thickness. In practise, for 
data of good quality, the thickness plots for most frames would converge to a 
minimum at similar thickness values. For the RED dataset an average thick-
ness of 35 nm was obtained and used as the initial value for the overall 
thickness. This value was further refined in the dynamical refinement later.  
The first refinement was then performed with R1 converging to 0.216. The 
refinement included the optimization of the overall thickness value and scale 
parameters for individual frames, while the orientation of each frame calcu-
lated using the diffraction frame angle and the orientation matrix was used 
and kept fixed. As the orientation is a key parameter for dynamical effects 
and affects diffraction intensities strongly, it is optimized for each frame in a 
similar way as the thickness in the next step. The optimized orientation 
should be in the close vicinity of the orientation defined by the frame angle 
and the orientation matrix. A deviation larger than 0.5° is considered high. 
Unfortunately, as we will discuss later in detail, the goniometer readout an-
gle for our instrument was not very accurate and a larger deviation was pos-
sible. Therefore a command “scanorient 1.0 0.05” was used in Dyngo to 
expand the angle range for optimized orientation searching to 1.0° with a 
step of 0.05°. With the optimized orientation for each frame, refinement was 
improved significantly and the dynamical refinement converged to R1 = 
7.34%, as summarized in Table 6.2. Figure 6.2 compares the refined struc-
ture models after the kinematical and dynamical refinements. The average 
deviation of the atomic positions in the two models is 0.013 Å with the larg-
est deviation of 0.034 Å on Si5. The figures show that the dynamical refine-
ment achieved similar results as the kinematical refinement in terms of mod-
el accuracy for this RED data. Only slight improvement of the structure 
model is observed. 
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Figure 6.2 Comparison of the structure models of Ni3Si2 by kinematical and dynam-
ical refinements, respectively, viewed along [001]. Four out of 10 atomic positions 
deviated by more than 0.010 Å between the two models, as shown in red (by kine-
matical refinement) and yellow (by dynamical refinement). The blue atoms are those 
deviated by no more than 0.010 Å between the two models. 

6.2.2 Dynamical refinement vs. kinematical refinement 
For the RED data, the dynamical refinement gave a lower R-value than the 
kinematical refinement. The kinematical refinement yielded a result of R1obs 
= 11.38%, wRall = 13.17% and GOFall = 4.13 with 28 refined parameters. 
This is already a quite good result for a kinematical refinement considering 
RED data typically gives an R1 over 30%. This could be due to the fact that 
the nanowire gave a uniform thickness during rotation. The thickness is very 
small (~ 35 nm) and as a result the dynamical effects would be weak. Dy-
namical refinement, nevertheless, made further improvements in the struc-
ture refinement by giving a result of R1obs = 7.34% and wRall = 7.65%. 
Compared to the R values, an improvement in the quality of the refined 
structure model would be more important. As a structure model was availa-
ble from SXRD studies, we used it as a reference to assess the structure 
models obtained from refinement against the RED data. Figure 6.3 plots the 
deviations of the individual atomic positions from the reference atomic posi-
tions for the structure models from both the kinematical and dynamical re-
finements. Again the average deviation from the reference atomic position 
(ADRA) was used for indicating the overall quality of the refined structure 
model. The ADRA for the structure model from the kinematical refinement 
was 0.030 Å, and that after the dynamical refinement was 0.024 Å, with only 



 56 

Si5 showing notable improvements; from a deviation of 0.04 Å to 0.01 Å 
towards the SXRD model.      

 

Figure 6.3 Average deviations of atomic positions obtained by the kinematical and 
dynamical refinements, respectively, from those in the SXRD model.  The ADRAs 
are 0.030 Å and 0.024 Å for the structure models using kinematical and dynamical 
refinements, respectively, and the one with the largest deviation between the two 
models is Si5.    

 
 

It is instructive to compare the results from refinement against the RED data 
and those from the PEDT data from the same structure which was published 
previously. As we can see from Table 6.2, dynamical refinement (isotropic) 
against PEDT data showed substantial improvement in terms of figures of 
merits. R1obs was lowered from 17.95% to 8.45%. The ADRA of the refined 
model was also improved from 0.015 Å to 0.006 Å. The results from RED 
showed similar trends in R values. The ADRA of the refined model from the 
RED data, however, did not show significant improvements compared to the 
kinematical results. The absolute values of ADRA are also higher than the 
ones from PEDT data. Possible reasons may include the differences in the 
geometries of intensity integration in RED and PEDT. The number of reflec-
tions for the dynamical refinement against RED data is also much small than 
that for the PEDT data. In the next section, we will discuss the major diffi-
culties and challenges for dynamical refinement using RED data and possi-
ble solutions.  
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6.2.3 Challenges  
This work demonstrates the application of dynamical refinement to RED 
data. Although the structure model obtained from the dynamical refinement 
did not show obvious improvement compared to the one from the kinemati-
cal refinement, the refinement results indicated a better data-model match. 
We have established a possible procedure of data processing for performing 
dynamical refinement with RED data. However, many aspects of the method 
need to be explored before it can be applied to unknown samples to obtain 
better structure models from RED data.  

 

 
Figure 6.4 Differences between the original frame angles and those from a minimi-
zation method (a work of Mr. Bin Wang, see text) and orientation optimization in 
the dynamical refinement. The similar trend of the results from the two methods 
indicates inaccurate goniometer angles obtained from the microscope.   

 
Apart from the complex dynamical electron scattering and dynamical re-
finement themselves, we found that the accuracy of the frame orientation (or 
the tilting angles) had a great impact on the results of the dynamical refine-
ment. Therefore efforts have been made for determining accurate orienta-
tions of the frames. As it is difficult to use an absolute reference for the go-
niometer tilting during data collection, we attempted to determine the frame 
orientation based on the information of the individual frames. After data 
reduction, reflections on individual frames are already indexed. These reflec-
tions fall on, or in the very close vicinity of, the Ewald sphere. This makes it 
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possible to obtain accurate orientations of each of the frames, by minimising 
the distances between the expected 3D positions of the reflections and the 
Ewald sphere (unpublished work of Mr. Bin Wang). The tilting angle should 
be the rotational component of the orientation angle. This method was ap-
plied to the summed frames of the RED data and the differences between the 
original frame angles and the ones from the minimization method are shown 
in Figure 6.4. It shows that the discrepancies could be as large as 1.5°.  
The orientations of the individual frames were also refined during the dy-
namical refinement, which was done simply by carrying out a grid search of 
the orientations and finding the one with the best R-value using the given 
initial structure model. Ideally, if the model is close enough to the true one 
and the orientations of the frames do not deviate significantly from the true 
ones, the refinement would identify accurate tilting angles as from the mini-
mization method. The differences between the original frame angles and 
those from the orientation optimization in dynamical refinement were also 
plotted in Figure 6.4. It can be seen that the results from the two methods are 
closely correlated. This suggests that the frame angles obtained from the 
microscope during data collection are not reliable and the orientations of the 
diffraction frames need to be accurately determined for reliable dynamical 
refinement.  
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7. Conclusions 

Electron crystallography is a powerful method for structure determination. It 
has proved to be feasible for various types of materials. In the past few 
years, RED combined with PXRD has become a routine method for carrying 
out phase identification and structure determination of nano-sized crystals. 
The use of PXRD data for structure refinement is a compromised solution 
because of the inferior data quality of intensities obtained by RED. Great 
efforts have been made within the electron diffraction community to im-
prove the 3D ED quality. Albeit promising progress, the data quality for all 
materials still needs considerable improvement.   
The work included in this thesis demonstrated the application of 3D ED 
methods for solving complex crystal structures, and targeting the problems 
of beam damage and dynamical effects in the RED data. The cRED has been 
proven to be a great improvement compared to the conventional RED. The 
data collection time is shortened from around an hour to only a few minutes. 
We have a much higher chance for obtaining 3D ED data with good data 
quality. Besides the simplified data collection process, cooling also makes 
substantial contribution for sample preservation in the TEM environment. 
Due to the simplified data collection process and the significant improve-
ment of the data quality for beam sensitive materials, cRED might become 
the method of choice in most cases for structure determination using electron 
diffraction data.  
The work on dynamical refinement against RED data provided a feasible 
procedure for adapting RED data for dynamical refinement. We showed that 
as dynamical effects are sensitive to the crystal thickness, orientation and the 
structure itself, applications of the method in the structure determination of 
complex materials require careful determination of the experimental parame-
ters. Due to the similarity between RED data and cRED data, the current 
work provides an important reference for the future development of dynam-
ical refinement methods also for cRED data.  
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8. Future perspectives 

The continuous rotation technique (cRED) provides a great help for improv-
ing electron diffraction (ED) data quality. The bismuth subgallate structure, 
which could not be solved with the previous RED data, was solved with the 
continuous rotation data. A detailed comparison of the datasets obtained by 
continuous rotation and the normal RED dataset should be made. Although 
the continuous rotation technique greatly reduces the collection time and 
seems to improve ED data quality, cRED still needs to be explored and im-
proved in terms of data collection and processing strategies. For example, it 
would be interesting to investigate continuous rotation data processing with 
the XDS software package on optimizing parameters that are relevant to the 
data reduction. The use of cooling of the sample also shows promising re-
sults in reducing beam damage during data collection, thus increasing data 
quality. More work is required to understand the effects of sample preserva-
tion strategy on ED data quality. The ED data quality may also be improved 
by combing different ED datasets and different merging strategies should be 
explored. Although a procedure for dynamical refinement using RED data is 
established, many aspects of the method and important parameters in the 
practical application need to be carefully examined using different samples.  
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Sammanfattning 

Elektronkristallografi är en effektiv metod för strukturbestämning av nano- 
och mikrometerstora kristaller. De senaste åren har ett flertal komplexa 
strukturer lösts med hjälp av 3d-elektrondiffraktion (3DED), till exempel 
zeoliter, metallorganiska ramverk (MOF) och läkemedelssubstanser. Till 
skillnad från röntgendiffraktion (XRD) har elektrondiffraktion inte ännu 
blivit en självständig teknik för strukturbestämning på grund av de mindre 
tillförlitliga intensiteterna i reflexerna. Därför används vanligen pulver-XRD 
för att bekräfta strukturbestämningen. 
De experimentella intensiteterna i elektrondiffraktion skiljer sig framförallt 
från strukturfaktorernas amplitud i kvadrat på grund av två orsaker: att 
materialet skadas av elektronstrålningen och dynamisk spridning av 
elektronerna. I den här avhandligen har vi undersökt olika aspekter av 
datakvalitén för 3DED och strategier för att för att få bättre data och 
strukturmodeller. Vi har kombinerat 3DED -metoder och pulver-XRD för att 
för att bestämma strukturen hos ett material med "open framework"-struktur 
och diskuterat svårigheter och begränsningar för 3DED av strålningskänsliga 
material.Vidare har vi gjort en strukturbestämning av en läkemedelssubstans, 
vismutgallat, med 3DED. Konventionell rotationselektrondiffraktion (RED) 
av ämnet gav data av låg kvalité eftersom materialet strålskadades kraftigt 
under experimentet och på grund diffus spridning av elektronerna. 
Kontinuerlig rotationselektrondiffraktion (cRED) av ett kylt prov i 
kryoprovhållare gav däremot data av betydligt högre kvalité vilket 
möjliggjorde strukturlösning. För att förstå styrkorna och svagheterna hos 
cRED samlade vi in ett flertal dataset från flera olika kristaller med kända 
kristallstrukturer. Genom att jämföra våra förfinade strukturer med de sedan 
tidigare kända kunde vi utvärdera nogrannheten hos strukturbestämningarna. 
För att tackla problemet med dynamisk spridning i 3DED undersökte vi en 
metod med förfining av dynamiska intensiteter med hjälp av RED-data för 
en känd struktur och diskuterade metodens styrkor och svagheter. 
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Interrupted silicogermanate with 10-ring channels:
synthesis and structure determination by
combining rotation electron diffraction and
powder X-ray diffraction†
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Silicogermanate (JU110) with an interrupted open-framework has been synthesized by using a hydro-

thermal method using 1,1’-(1,4-phenylenebis(methylene))bis(1-methylpyrrolidin-1-ium) hydroxide as an

organic structure-directing agent (OSDA). Silicon and fluoride anions were introduced to the concen-

trated-gel synthesis system, and different synthetic parameters influencing the synthesis were discussed.

The structure of JU110 was characterised by using rotation electron diffraction (RED) and high-resolution

powder X-ray diffraction. JU110 crystallizes in the space group Fm2m (No. 42) with a = 13.9117(2) Å, b =

18.2980(3) Å and c = 32.7800(6) Å. The structure is constructed by the sti layers found in the STI frame-

work that are pillared by D4R/Ge7 units to form a large cavity, showing 10-ring openings along [100] and

9-ring openings along [110]. Thermal stability studies showed that the framework was maintained with the

loss of water molecules, but collapsed with the removal of charge-compensating cations.

Introduction

Open-framework materials, typically known as aluminosilicate
zeolites, have been of great interest to both scientific research
and industry for their regular pore systems and unique pro-
perties of ion-exchange, catalysis, adsorption and separ-
ation.1,2 The elemental type of framework highly influences
the chemical and physical characteristics of open-frameworks.3

Recently, open-framework germanates have drawn consider-
able attention due to not only the similarity of Ge to Si but
also their rich structural diversity. They are typically con-
structed by four- (tetrahedron), five- (trigonal bipyramid) or
six-coordinated (octahedron) Ge atoms with oxygen/fluoride
anions.4–6

Open-framework germanates are characteristic of some
large composite building units (CBUs),7–10 with representative
CBUs being Ge7(O, OH, F)19 (Ge7),

5,11,12 Ge9(O, OH, F)26
(Ge9)

13–15 and Ge10(O, OH, F)27 (Ge10) clusters.
10,16 Among the

different Ge clusters, the Ge7 clusters composed of two GeO5 tri-
gonal bipyramids, one GeO6 octahedron, and four GeO4 tetra-
hedra have been frequently observed in the germanates with
chainlike,6 tubular,14,17 layered11,18,19 and 3D open-framework
structures.8,10,20 Notable examples are PKU-17 with a novel
mesoporous structure,21 ASU-165 and SU-1212 with 24-ring extra-
large channels, GeO-JU90 with three-dimensional 12 × 12 ×
11-ring channels,17 JLG-5 with 12-ring channels,22 and JLG-12
with mesoporous 30-ring channels.20 The average bond lengths
of Ge–O (1.76 Å) are notably longer than those of Si–O (1.61 Å),
and the bond angles of Ge–O–Ge (130°) are smaller than those
of Si–O–Si (145°).3 These longer bond lengths and smaller bond
angles play significant roles in the formation of double four
rings (D4Rs), which have been anticipated to facilitate the for-
mation of open-frameworks with low framework density.23

Germanates often suffer from poor stability due to the easy
hydrolysis of Ge–O bonds towards water or even moisture.24 To
improve the hydrothermal stability and modulate the pore size
of germanates, silicon has been introduced to the synthesis
system.25 Meanwhile, the combination of fluoride ions with
silicon and germanium in concentrated gels enables the syn-
thesis of open-frameworks with better thermostability and
lower framework density.25–27 In the concentrated synthesis

†Electronic supplementary information (ESI) available: Experimental details,
structural figures for JU110 and a hypothetical structure based on the UWY

framework. CCDC 1552465. For ESI and crystallographic data in CIF or other
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system, the H2O/T (T = tetrahedral atom) molar ratios are
usually kept below 10.23

Open-framework materials are often obtained as powders
in the concentrated-gel synthesis system. Powder X-ray diffrac-
tion (PXRD) is often used for phase identification and struc-
ture determination. However, it could be challenging for
samples containing multiple and/or unknown phases.
Electron diffraction (ED) has unique advantages as individual
particles in powder samples can be studied as single crystals
by transmission electron microscopy (TEM).28–30 Recently, new
methods for the automated collection of 3D electron diffrac-
tion data, for example rotation electron diffraction (RED),31,32

have been developed. Complete three-dimensional electron
diffraction data can be collected from a sub-micrometer sized
crystal and used for ab initio structure solution.31,32

In this work, we synthesized an interrupted open-frame-
work silicogermanate (denoted as JU110), which was templated
by diquaternary ammonium 1,1′-(1,4-phenylenebis(methyl-
ene))bis(1-methylpyrrolidin-1-ium) hydroxide (denoted as
OSDAOH) under a concentrated-gel system in the presence of
F− ions and a Si source. The structure of JU110 was deter-
mined by combining rotation electron diffraction and high-
resolution powder X-ray diffraction. The structure is built by
the sti layers pillared by double four-rings (D4R) and Ge7 clus-
ters, forming a three-dimensional open-framework with inter-
secting 10- and 9-ring channels. Insight into the synthesis and
construction of open-framework germanates has been
provided.

Experimental section
Materials

All reagents in the synthesis were purchased commercially and
used without any further purification. The source materials
used in the synthesis of JU110 are germanium dioxide
(>99.99%, Yunnan Lincang Xinyuan Germanium Industrial
Co., Ltd), Ludox (SiO2, 40%, Sigma-Aldrich), HF (40%, Beijing
Chemical Works), NH4F (96%, Beijing Chemical Works), α,α′-
dibromo-p-xylene (98%, J&K Scientific Ltd) and 1-methyl-
pyrrolidine (98%, Aladdin Industrial Co., Ltd).

Preparation of OSDAOH (1,1′-(1,4-phenylenebis(methylene))bis
(1-methylpyrrolidin-1-ium) hydroxide)

A total of 15.16 g (60 mmol) of α,α′-dibromo-p-xylene, 10.95 g
(126 mmol) of 1-methylpyrrolidine and 200 mL ethanol were
mixed in a 500 mL flask, and heated to reflux for 48 hours.
Then the solution was evaporated to remove all the remaining
solvent in a rotavapor. The product was washed with 100 mL
ethyl acetate and 100 mL acetone alternatively, and then the
white solid obtained was dried under a vacuum providing the
desired salt OSDABr (yield ca. 90%). 1H NMR (300 MHz, D2O):
δ 7.74 (d, 4H), 4.63 (d, 4H), 3.52(m, 8H), 3.03 (d, 6H), 2.30
(m, 8H).

To obtain the hydroxide form of the organic cation, 22 g of
the bromide salt was dissolved in 150 mL water, and then

100 g of anionic exchange resin was added. The mixture was
maintained under stirring overnight. The solution was filtered
to obtain the desired OSDAOH solution.

Synthesis of the silicogermanate compounds

In a typical synthesis of silicogermanate JU110, GeO2 was
added to the solution of OSDAOH, and then Ludox (SiO2, 40%)
was added into the mixture solution with continuous stirring.
After stirring for 2 hours, hydrofluoric acid was dispersed into
the mixture with stirring. The water content in the gel was con-
trolled by evaporation at 80 °C in an oven until the
desired water ratio was reached. The mixture gel was sealed
in a 20 ml Teflon-lined stainless-steel autoclave and heated
at 170 °C for 24 hours under static conditions. The
optimized molar composition of the starting gel was
10GeO2 : SiO2 : 0.5OSDAOH : 1.0HF : 3H2O. The product was
cooled to room temperature, washed thoroughly with ethanol
and deionized water alternatively, and dried at 80 °C
overnight.

Characterization

PXRD and in situ variable temperature X-ray diffraction ana-
lysis of the JU110 samples were performed on a Rigaku D-Max
2550 diffractometer using Cu Kα radiation (λ = 1.5418 Å, 50
kV). The samples were heated from room temperature to
550 °C with a heating rate of 5 °C min−1. Temperature was
equilibrated for 10 min prior to each measurement. The
experiments were run in air. High-resolution PXRD data were
collected at 100 K at experimental station 11-BM of the
Advanced Photon Source (APS) at Argonne National
Laboratory, USA. The sample was sealed in a Kapton capillary
of 1.0 mm in diameter and radiated with monochromated
X-rays of wavelength 0.459255 Å. Thermogravimetric (TG) ana-
lysis was performed with a TA company TGA Q500 under an
air atmosphere with a heating rate of 10 °C min−1 from room
temperature to 800 °C. The elemental analysis of C, H and N
was performed on a PerkinElmer 2400 elemental analyzer.
Chemical compositions were determined with inductively
coupled plasma (ICP) analysis performed on a PerkinElmer
Optima 3300DV spectrometer. F− ion selective electrode ana-
lysis was performed on a Mettler Toledo instrument. The 29Si
magic-angle spinning (MAS) nuclear magnetic resonance
(NMR) spectrum was recorded on a Varian Infinity Plus 400
spectrometer at a resonance frequency of 79.5 MHz with a
spinning rate of 4 kHz. 13C CP MAS NMR was performed on a
Bruker AVANCE III 400 WB spectrometer at a resonance fre-
quency of 100.6 MHz with a spinning rate of 8 kHz.

For TEM sample preparation for electron diffraction experi-
ments, the powder of the sample was crushed in a mortar and
dispersed in absolute ethanol by ultrasonication, then trans-
ferred onto a copper grid covered with lacey carbon and dried
in air. RED data collection was carried out on a JOEL JEM2100
LaB6 TEM controlled by using the REDc software package.32

528 SAED frames were collected from a crystal of ca. 1 μm in
size with a tilt step of 0.2° and a tilt range of 96°.
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Results and discussion

Silicogermanate JU110 can be prepared with 1,1′-(1,4-phenyl-
enebis(methylene))bis(1-methylpyrrolidin-1-ium) hydroxide
(OSDAOH) as a template in the presence of fluoride ions in the
concentrated gel. The synthesis was optimized and a pure crys-
talline JU110 phase was prepared with a gel composition of
10GeO2 : SiO2 : 0.5OSDAOH : 1.0HF : 3H2O at 170 °C for
24 hours. JU110 can also be synthesized with NH4F as a
mineralizer instead of hydrofluoric acid under the same syn-
thesis conditions.

Fig. 1 shows the phase diagram in the fluoride containing
gel in the presence of OSDAOH. The resultant phases are
identified by PXRD analysis.

The influence of the Ge/Si ratio on the synthesis has been
studied. As shown above, the Ge/Si ratio is the conclusive
factor to synthesize JU110. With Ge/Si < 8, no JU110 phase
appeared. When increasing the Si content to Ge/Si = 1, zeolite
BEC33 (denoted as sample 1) as shown in Fig. S1,† was
obtained with the ratio of H2O/T from 3 to 10. When the water
content in the gel was decreased to H2O/T = 1 (Ge/Si = 1, T =
Ge + Si), ITQ-3734 with BEC as impurities (denoted as sample
2) was formed (Fig. S1†). This result indicates that with the
same content of Ge and Si in the gel, the water content is a key
factor for the synthesis.

With a Ge/Si ratio of 10, a pure phase of JU110 could be
obtained with H2O/T = 3. With the increase of H2O/T from 3 to
10, zeolites BEC and AST35 along with JU110 as an impurity or
only BEC and AST (denoted as sample 3) could be synthesized
(Fig. S1†). When increasing the OSDAOH content (OSDAOH/T)
in the initial gel from 0.25 to 1.0, the crystallinity of the final
product increased to a certain extent. Without adding Si
species in the initial gel, pure germanate JU110 could also be
synthesized under the similar conditions.

The scanning electron microscopy (SEM) image of the as-
synthesized JU110 (Fig. S2†) shows that the sample contains
sheet-like micrometer-sized single crystals. The solid state 13C
MAS NMR spectrum of JU110 in Fig. 2 suggests that the OSDA
cations are kept intact in the final silicogermanate structure.

Table S1† summarizes the results of the chemical and
elemental analyses of the as-synthesized JU110. The (Si + Ge)/
N molar ratio is 6.57, corresponding to 8 OSDA molecules per
unit cell. The elemental analysis gives a C/N molar ratio of 9.0,
which is the same as that of pure OSDA (9.0). This means that
the OSDAs are mostly intact during the synthesis, which is

consistent with the results from NMR. Thermogravimetric ana-
lysis (TGA) of the as-synthesized JU110 shows two steps of
weight loss with a total weight loss of 19.04 wt% from 30 °C to
750 °C (Fig. 3a). The first step of weight loss of 1.74 wt% below
250 °C is attributed to the removal of adsorbed water mole-
cules. The second step of weight loss of 17.30 wt% between
250 °C and 750 °C is a complex process including the dis-
assembling of the OSDA molecules, the condensation of the
terminal OH groups as H2O and the removal of F as HF36

Fig. 1 Products obtained with a composition of xSiO2 : 1 −
xGeO2 : ySDAOH : 2yHF : zH2O (x = 0–0.5; y = 0.25–1; z = 1–10) at
170 °C for 24 h (T = Ge + Si).

Fig. 2 The solid-state 13C MAS NMR spectrum of the as-synthesized
JU110.

Fig. 3 (a) Thermogravimetric curve of the as-synthesized silicogerma-
nate JU110. (b) The in situ variable temperature PXRD patterns of silico-
germanate JU110.
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(cal. 18.64 wt% based on the structural formula
C9H16FGe6.11NO13.75Si0.64). The in situ variable temperature
PXRD analysis indicates that JU110 is stable up to 430 °C.
However, its framework collapses above 450 °C after the
decomposition of OSDA molecules (Fig. 3b). The pure germa-
nate JU110 is stable up to 380 °C, significantly lower than
silicogermanate JU110 (Fig. S3†).

The 29Si MAS NMR measurement of silicogermanate JU110
shows a broad signal between −95 and −112 ppm (Fig. S4†),
which is attributed to the resonance of Q3 silicon related to
the existence of terminal groups.37 As a result of the low
Si content in the as-synthesized sample as well as the intense
overlap of the peaks, it is difficult to identify Si with different
chemical environments.

Crystal structure determination

The electron diffraction data were processed using the REDp
software package32 and the unit cell parameters of the crystal
were determined to be: a = 13.88 Å, b = 18.56 Å, c = 33.59 Å, α =
89.26°, β = 89.98°, γ = 89.13°. RED data collection, crystal data
and the structure refinement details of silicogermanate JU110
(resolution cut to 1.0 Å) are shown in Table S2.† The reflection
conditions were determined by cutting 2D slices h0l, hk0, 0kl
from the 3D reciprocal lattice, as shown in Fig. S5.† The poss-
ible space groups suggested by the reflection conditions are
F222, Fmm2, Fm2m, F2mm and Fmmm. A list of hkl intensities
was extracted and structure solution was attempted under the
space group Fmmm using direct methods with SHELX-97.38

A partial model with 6 T atoms (T was assigned as either Si or
Ge in structure solution) and 11 O atoms in the asymmetric
unit was obtained, which forms typical zeolite composite
building unit (CBU) sti layers with 10 rings. One more O atom
was located in the middle layer in the subsequent structure
refinement against the RED data, which completes the tetra-
hedral coordination of the T-atoms.

In order to obtain a better model, Rietveld refinement was
performed against the high-resolution PXRD data of an as-
synthesized JU110 sample. We used the structure model from
the RED data as the starting model, which was built by D4R
units and sti layers with the space group Fmmm. During the
refinement, Ge7 clusters were found in the Fourier difference
map, which were partially occupied at the same position with
the D4R units. In the space group Fmmm, the Ge7 cluster was
located at the 4b position, which may generate two orientations
of the Ge7 cluster. By reducing the symmetry to Fm2m, only one
Ge7 cluster was located. The symmetry reduction also led to
more favourable T–O bond lengths and T–O–T angles and an
improved profile fit. The OSDA molecules were located as rigid
body using the simulated annealing algorithm, while F−

locations were found using the Fourier difference map, with
solid-state 19F MAS NMR data supporting their encapsulation in
the D4R units (Fig. S6†). Finally, the R-value was converged to
Rp = 0.090, Rwp = 0.119, Rexp = 0.042, and GOF = 2.81. The refine-
ment plots are shown in Fig. 4. The crystallographic data,
experimental conditions for powder X-ray data collection and
the results of the Rietveld refinement are listed in Table S3.†

Structure description

There are 10 T-atoms, 20 oxygen atoms, two F ions and one
OSDA molecule in the asymmetric unit of the structure of
JU110 (CCDC no. 1552465†). The framework can be considered
as the sti layers found in the STI39 framework pillared by D4R
units and Ge7 clusters, as shown in Fig. 5. T1–4 and T7 form
the sti layers, and F2 is located at the center of the CBU sti.
Through T7, the sti layers are connected to D4R units and Ge7
clusters, which occupy the same position with occupancies of
2/3 and 1/3, respectively. The D4R unit, formed by T5, T6 and
T8, and with F1 at the center, is further linked to other four
D4R units via Ge(9)O2X2 (X = OH, F) tetrahedra. The Ge7
cluster is composed of T6, T8 and Ge10, which directly pillared
the sti layers without further linking to any other GeO4 tetra-
hedra. The sti layers pillared by the D4R units form cavities with
10-ring openings along [100] and 9-ring openings along [110].
The effective opening of the 10-ring channel running along
the [100] direction is of 4.1 Å × 5.8 Å, where two OSDAs reside

Fig. 4 Rietveld refinement of the high-resolution powder X-ray diffraction
data for silicogermanate JU110. The curves from top to bottom are
simulated (red), observed (blue), and difference profiles (grey), respectively;
the bars below the curves indicate the peak positions (λ = 0.459255 Å).

Fig. 5 Structure of JU110 viewed along the [100] direction. The struc-
ture can be considered as sti layers pillared by the Ge7 clusters and D4R
units (connected by the bridging tetrahedra), which occupy the same
positions with occupancies of 1/3 and 2/3, respectively. The Ge7 cluster
and D4R unit are illustrated on the right with the tetrahedra, trigonal
bipyramids, and octahedral polyhedra shown in green, yellow, and red,
respectively.
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in. The sti layers pillared by the Ge7 clusters form large cavities
due to the fact that the Ge7 clusters are not connected to other
GeO4 tetrahedra (Fig. 5). The OSDAs are aligned along the
mirror plane perpendicular to the a axis with N1, N2, C3, C6,
C7, C8, C9 and C12 fixed on the mirror plane. The two OSDAs
are related by the mirror plane perpendicular to the c axis,
which show the weak π⋯π interaction between the two
benzene rings with a distance of 4.04 Å.

The structure of JU110 appears to be closely related to that
of germanate STAG-140 synthesized by using a similar synthetic
system with different OSDAs. Both JU110 and STAG-1 are con-
structed by the sti layers pillared by D4R and Ge7 clusters,
while JU110 crystallizes in the space group of Fm2m and
STAG-1 in Cmcm. Furthermore, in JU110 (Fig. 5) each D4R unit
is linked to four other D4Rs via Ge(9)O2X2 (X = OH, F) tetra-
hedra, while the D4Rs in STAG-1 are not connected to each other.
The significant disorder in the STAG-1 sample prevented the
modelling of OSDAs in the channels. The full elucidation of
the JU110 structure including the framework and OSDAs pro-
vides important knowledge for the understanding of the for-
mation of open frameworks. As the structure can be essentially
considered as an intergrowth of two frameworks, one with sti
layers pillared by D4R units and the other with sti layers pil-
lared by Ge7 clusters, it suggests that in D4R-pillared structures
the D4R unit can be replaced by Ge7 to create new structures.
There are a few zeolite framework types listed in the IZA
Database of Zeolite Structures41 which can be considered as
the layers pillared by D4Rs, for example DFO,42 ITG,43 ITH,44

ITR,45 IWR,46 IWV,47 UOV,48 UTL49 and UWY.50 As an example,
we have built a hypothetical structure from the UWY frame-
work by replacing its D4Rs by Ge7 clusters and the resulting
structure shows reasonable bond distances and angles after
optimization using DLS-7651 (Fig. S7†).

Conclusions

An interrupted open-framework silicogermanate JU110, was
hydrothermally synthesized under the concentrated gel con-
ditions using diquaternary ammonium 1,1′-(1,4-phenylenebis
(methylene))bis(1-methylpyrrolidin-1-ium)hydroxide as
OSDAOH. A little amount of silicon was introduced into the
framework of JU110, which can improve the thermal stability
of germanates. Different synthetic parameters influencing the
synthesis were discussed, such as the ratio of Ge/Si, H2O/T and
OSDAOH/T. The Ge/Si ratio is the conclusive factor to syn-
thesize the phase of JU110, and with the same content of Ge
and Si in the gel, the water content is a key factor for the syn-
thesis. The structure of JU110 was determined by a combi-
nation of rotation electron diffraction and high-resolution
powder X-ray diffraction. The framework of JU110 can be con-
sidered as the sti layers pillared by D4R units and Ge7 clusters
occupying the same position with mixed occupancies.
Structurally, the D4R unit in this structure can be replaced by
a Ge7 cluster. This possibility will be explored to synthesize
new open-framework structures in the future.
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Fig. S1 PXRD patterns of the as-synthesized samples and the simulated PXRD patterns.

Fig. S2 The SEM image of as-synthesized JU110.

Table S1. The results of chemical and elemental analysis of the as-synthesised sample JU110 
compared to the theoretical values calculated from the structure model

In wt% In molar ratio
Si Ge N F C Ge/Si C/N N/F (Si+Ge)/N

Observed 1.99 50.08 1.62 2.41 12.55 9.7 9.0 1.1 6.57
Calculated 2.18 52.90 1.67 2.27 12.90 9.5 9.0 1.0 6.75



Fig. S3 The in-situ variable temperature PXRD patterns of Ge-JU110.

Fig. S4 The 29Si MAS NMR spectrum of as-synthesized JU110

Table S2. RED data collection, crystal data and structure refinement details of JU110 (resolution cut 
to 1.0Å)

Tilt angle – 63.59° to + 32.37°
Tilt step 0.2°
No. of RED frames 528
Exposure time/frame 2.0 s
a / Å 13.88
b / Å 18.56
c / Å 33.59
α / ° 89.26
β / ° 89.98
γ / ° 89.13
Space group Fmmm
Completeness 0.530
Rint 0.335



No. of measured reflections
No. of independent reflections

885
305

h -13 ≤ h ≤ 13
k -14 ≤ k ≤ 14
l -22 ≤ l  ≤ 22
R11 0.401
No. of parameters 53
No. of restraints 65

1 The structure refinement was done with a structure model with Ge atoms in all the T-sites. The 
occupancy of Ge/Si at each site could not be refined. 

Fig. S5 (a) 3D reciprocal space reconstruction from the RED data. The target crystal from which RED 
data were collected is shown. The 2D slice of 0kl (b), h0l (c), hk0 (d) show mmm symmetry, 
confirming an orthorhombic system. The reflection conditions are deduced to be: hkl: h + k = 2n, h + l 
= 2n, k + l = 2n; 0kl: k = 2n, l = 2n; h0l: h = 2n, l = 2n; hk0: h = 2n, k = 2n; h00: h = 2n; 0k0: k = 2n. The 
possible space groups are F222, Fmm2, Fm2m, F2mm, Fmmm.

S1. Rietveld refinement of as-synthesised JU110 against PXRD data



High-resolution PXRD data of JU110 was collected at 100 K at experimental station 11-BM at APS, 
using monochromated X-rays of wavelength 0.459255 Å. The sample was sealed in a kapton capillary 
of 1.0 mm in diameter. The structure model of JU110 was initiated using the atomic coordinates 
obtained from RED data and refined by Rietveld refinement using Topas Academic version 4.1. The 
refinement was conducted using a Pearson VII type peak profile function, followed by refinement of 
background, unit cells and zero-shift. Geometric restraints were applied to all unique bond distances 
and angles (1.74 Å for T-O bond lengths and 109.5° for O-T-O bond angles, except the bond lengths 
and bond angles for Ge10). The SDA molecules were located by simulated annealing algorithm, while 
the F- ions and the disordered Ge7 clusters were found from the Fourier difference map. Finally, R-
value was converged to Rp= 0.090, Rwp= 0.119, Rexp= 0.042, and GOF= 2.81.

Table S3. Crystallographic data, experimental conditions for powder X-ray data collection and results 
of the Rietveld refinement of JU110.

Chemical formula C9H16FGe6.11NO13.75Si0.64

Formula weight 837.98 g/mol
Crystal system Orthorhombic
Space group Fm2m
a/Å 13.9117(2)
b/Å 18.2980(3)
c/Å 32.7800(6)
Z 16
Temperature/K 100 K
Wavelength/Å 0.427654
2θ range/° 0.6-28
No. of reflections 1501
No. of structural variables 160
No. of restraints 36 for T-O and 54 for O-T-O 
Rp 0.090
Rwp 0.119
Rexp 0.042
GOF 2.81



Fig. S6 The 19F MAS NMR spectrum of as-synthesized JU110. The resonance at -12.8 ppm suggests 
fluoride inside the D4R units [Pulido et al, ChemPhysChem 2006, 7, 1092 – 1099]. The resonances at -
117.6 ppm and -125 ppm are possibly due to germanium oxyfluoride impurities caused by hydrolysis 

of the materials on washing with water [Villaescusa et al, DaltonTrans., 2004,820 – 824]. 

Fig. S7 [010] projection of the hypothetical structure model built by replacing the D4Rs in the UWY 
zeolite framework by Ge7 clusters (blue: Si, gray: Ge, red: O). The hypothetical structure has space 
group Pmm2 with a = 24.22 Å, b = 11.80 Å, c =12.92 Å.



Fig.S8 The 1H NMR spectra of OSDABr.
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Elucidation of the elusive structure and formula
of the active pharmaceutical ingredient bismuth
subgallate by continuous rotation electron
diffraction†

Yunchen Wang,a Sofia Takki,a Ocean Cheung,b Hongyi Xu,a Wei Wan,a

Lars Öhrström c and A. Ken Inge *a

Bismuth subgallate has been used in wound and gastrointestinal

therapy for over a century. The combination of continuous rotation

electron diffraction and sample cooling finally revealed its structure

as a coordination polymer. The structure provides insight regarding

its formula, poor solubility, acid resistance and previously unreported

gas sorption properties.

When the active pharmaceutical ingredient (API) in a drug has
both an unknown structure and unclear formula, an unsatis-
factory situation results for all stakeholders, from patients to
regulatory bodies. Structure determination is paramount for
understanding physical and chemical properties such as solubility,
which the pharmaceutical properties are often critically dependent
on. However, structure determination is unfortunately not always
trivial. Complications such as crystal size, poor stability during
characterization, and complexity of the structures can impede
structure investigations by conventional techniques. We now
resolve this situation for bismuth(III) gallate (bismuth subgallate)
using a combination of continuous rotation electron diffraction
and sample cooling. The compound has been used inmedicine for
over a century to treat wounds, gastrointestinal disorders and
syphilis.1 Today it is the API of numerous over-the-counter drugs
including Devroms, Stryphnasals N and Sulbogins (Suilet).2 In
addition to efficacy as an antimicrobial agent, drugs containing
the title compound are also used as astringents, haemostatic
agents, and internal deodorants.3 Until now, due to lack of

structural evidence, it has been presented as amolecular compound,
either with Bi3+ chelated by two deprotonated phenolate groups, one
phenol group intact and a coordinated hydroxyl ion, or with Bi3+

coordinated by a carboxylate group and two hydroxyl ions (i.e. in the
US pharmacopeia, Chemspider database etc.). However, we have
discovered that both structure and formula are actually somewhat
different from earlier proposals.

While bismuth compounds have historically been used in
cosmetics and in medicine for over three centuries,4 today
much focus is on their applications in treating Helicobacter
pylori infections due to their implications on society – at least
half of the world’s population is infected with H. pylori.5 These
infections are linked to peptic and duodenal ulcers, gastritis
and stomach cancer.6 Orally administered bismuth compounds
have been reported to form crystalline coatings over ulcers
craters hastening healing.7 Antibiotic resistance is a growing
threat to global health, and it has been demonstrated that the
co-administration of bismuth compounds with organic antibiotics
and proton-pump inhibitors are effective in the treatment of
antibiotic resistant strains of H. pylori.8 Structure determination
of bismuth compounds used as APIs7a,9 has been impeded by their
tendency to form as nanocrystalline powders rather than large
crystals which prevents structure determination by the conventional
method of choice: single crystal X-ray diffraction. Additionally, their
pronounced tendency of oligomerization results in complex species
such as [Bi38O44(Hsal)26(Me2CO)16(H2O)2]�(Me2CO)4,

9d which
complicates structure determination by X-ray powder diffraction
(XPD). Moreover, variations in pH may have a large impact.10

Consequently, despite their current and historical applications
in medicine, details of their structures are just emerging.7a,9d,e

Obviously, this lack of structural information is linked to the
still sketchy knowledge of the mode of action of these drugs.
Therefore it is paramount to develop and implement new
structure characterization methods in order to overcome issues
preventing crystal structure elucidation.

The structure determination of bismuth subgallate required
recently developed crystallographic techniques, as all attempts
by conventional methods failed. Single crystal X-ray diffraction
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was not plausible due to small crystal size (ca. 6 � 4 � 0.2 mm,
Fig. S1, ESI†). From XPD data (Fig. S2, ESI†) unit cell para-
meters, several possible space groups, and Bi3+ positions were
determined, however efforts to locate any other atom in the
structure were unsuccessful. We then turned to electron dif-
fraction (ED),11 where 3D data can be collected from nano-sized
single crystals in a transmission electron microscope (TEM).12

However, a major limitation with crystalline organic or metal–
organic compounds is their tendency to be quickly destroyed
under the high-energy electron beam. Rotation electron diffraction
(RED)11b,c data were initially collected under ambient temperature.
Beam damage, poor resolution and significant diffuse scattering
were observed in all data sets (Fig. 1a and c), and not even the unit
cell parameters could be confirmed with this data. Data collection
was reattempted, but with two significant changes in an effort to
acquire better quality diffraction data. Firstly, continuous rotation
data collection was performed by acquiring electron diffraction
frames on a high-speed hybrid detection camera (Timepix Quad)
in video mode following the method described by Gemmi et al. In
this method the sample is continuously rotated throughout the
entire data acquisition process.13 This significantly reduced the
data collection time from one hour to three minutes. Secondly,
the sample was cooled to 173 K on a cryo-transfer sample holder
before insertion into the microscope, and further cooled down
to 98 K before data collection. As a result of these two actions,
beam damage was minimized, the resolution of the data was
greatly improved, and no obvious diffuse scattering was
observed (Fig. 1b and d and Fig. S3, ESI†) in agreement with
the XPD data (Fig. S2 and S4, ESI†). This suggests that disorder,
as indicated by the presence of diffuse scattering in earlier data
sets, was not present in the original sample, but was introduced
in the TEM without sample cooling and fast data collection.
Metal–organic frameworks14 and coordination polymers15 can

exhibit diffuse scattering as a result of the degradation of long-
range order upon removal of solvent molecules.

The new ED data indicated similar unit cell parameters
as determined by XPD and the extinction symbol, P-na, was
unambiguously determined from the reflection conditions.
Structure determination was performed in the space group
Pmna using the ED data and to our surprise the positions of
all non-hydrogen atoms in the crystal structure, including those
of water molecules in the pores (Fig. S5, ESI†), were determined
in the initial structure solution. Due to high R-values as a
consequence of dynamical scattering common to electron
diffraction data12a and low data completeness, Rietveld refinement
was performed using XPD data (Fig. S4, ESI†).‡

Crystal structure determination revealed that this API is in
fact a coordination polymer.15 All three phenolate oxygen atoms
of the gallate ligand coordinate to Bi3+, while the carboxylic acid
group does not (Fig. 2). The phenolate oxygens in the 3- and
5-positions coordinate to separate Bi3+. The phenolate oxygen in
the 4-position bridges these two Bi3+. Each Bi3+ is coordinated
by two gallate ligands resulting in [–Bi–O–]N rods parallel to the
a-axis (Fig. 1b). The rods appear V-shaped when viewed down
their lengths due to the positioning of the protruding ligands
(Fig. 1d). Additionally, one water molecule also bridges every
pair of adjacent Bi3+. The coordination geometry around Bi3+ is
that of a severely distorted octahedron.

Although hydrogen atoms were not located in the difference
Fourier maps it is evident from the classical hydrogen bond
pattern that the carboxylic acid remains protonated. The carboxylic
acid groups protrude out perpendicular to the lengths of the
rods and form hydrogen bonds with carboxylic acid groups
on neighbouring rods with O(H)� � �O distances of 2.82(3) Å
and CO(H)� � �O angles of 119(1)1 (Fig. 2c and Fig. S6, ESI†).

Fig. 1 Electron diffraction data collected on bismuth subgallate by (a and c)
conventional RED and (b and d) continuous rotation electron diffraction
with sample cooling.

Fig. 2 (a) Gallic acid. (b) [–Bi–O–]N rods in bismuth subgallate. Bismuth,
carbon and oxygen atoms are represented as purple, grey and red spheres.
Hydrogen atoms are omitted for clarity. (c) Hydrogen bonds between
carboxylic acids. (d) Rods viewed down the a-axis.
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This classical hydrogen bond motif holds the rods together into
zigzag-shaped layers (Fig. 3). The layers stack resulting in
channels parallel with the b-axis.

Two water molecules per asymmetric unit were located in
the pores forming hydrogen bonds with one another as well as
with the carboxylic acid and the bridging water molecule in the
rods (Fig. S5, ESI†). The pore volume was determined by the
SQUEEZE routine in PLATON16 as 45 Å3 per Bi3+ which suggests that
fewer than three water molecules can reside in the pores, assuming
non-hydrogen atoms occupy an estimated volume of 18 Å3.

We propose that charge balance of Bi3+ is achieved through
deprotonation of the three phenolate groups. Bi–O distances of
2.03(2), 2.227(8), and 2.03(2) Å are observed (Fig. S6, ESI†)
which are more consistent with Bi3+–O� distances in structures
where two Bi3+ are bridged by a deprotonated phenolate group
(ca. 2.2 Å),17 rather than the longer protonated Bi3+–OH phenol
bridge (ca. 2.6 Å).18 The rather long Bi3+–OH2 distance of 2.83(2) Å
observed in the title compound is more consistent with typical
bond lengths of water bridging two Bi3+ (ca. 2.8 Å)17b,19 rather than
hydroxyl groups (ca. 2.2 Å).20

Thus we propose that the chemical composition of bismuth sub-
gallate should be formulated as [Bi(C6H2(O)3COOH)(H2O)]n�2nH2O.

Thermogravimetric analysis performed in air (Fig. S7, ESI†)
indicated a weight loss of 11% (calc. 12%) between 30–150 1C,
attributed to the loss of the three water molecules per Bi3+ in

agreement with previous reports.21 However we attribute the
loss as two water molecules from the pores and the third as
the bridging water molecule in the rods. Subsequent loss of the
organic ligand occurred between 260–300 1C.

The X-ray thermodiffraction data (Fig. S8, ESI†) indicate a
partial degradation in crystallinity starting at 150 1C, coinciding
with the removal of the water molecules. The material becomes
amorphous at 300 1C. Heating a pristine sample in air to 175 1C
followed by cooling back down to 50 1C and leaving it in air for
one hour allowed full crystallinity to be recovered (Fig. S9 and
S10, ESI†). Alternatively, adding a drop of water immediately
restores full crystallinity. The crystal structure of bismuth
subgallate was found to remain intact after stirring samples
in aqueous HCl solutions at 37 1C (Fig. S11, ESI†) indicating
stability under acidic conditions similar to that of gastric acid
(pH 1.5–3.5). The poor solubility and good stability of the
material in acidic media are attributed to the extended structure
and the strong Bi3+–O(phenolate)

� bonds.
Bismuth compounds tend to crystallize as dense phases and

we are only aware of a few porous bismuth coordination polymers.22

The N2 adsorption isotherm of bismuth subgallate recorded at
78 K showed an IUPAC Type II isotherm indicative of a non-
porous material (Fig. S12, ESI†).23 However, at 273–293 K
noticeable uptake of both CO2 and N2 was detected, with high
selectivity towards CO2 (Fig. 4 and Fig. S13–S15, ESI†). The uptake
of both gases unexpectedly increased when the temperature
was raised from 273 to 283 K (CO2: from 0.94 mmol g�1 to
1.04 mmol g�1, N2: 0.10 mmol g�1 to 0.18 mmol g�1, at 101 kPa).
As adsorption is an exothermic process, such increase in gas
uptake with increasing temperature was unexpected. Both the
uptake of CO2 and N2 reduced when the temperature was
further increased from 283 to 293 K (CO2: 1.01 mmol g�1 N2:
0.16 mmol g�1, at 101 kPa). The unexpected increase in gas
uptake at 283 K suggests that the gas accessible voids of
bismuth subgallate are temperature dependent, which implies
that the structure of bismuth subgallate is slightly expanding or
rearranging with varying temperatures.

Fig. 3 Crystal structure of bismuth subgallate viewed along (a) [010] and
(b) [100]. Bismuth, carbon and oxygen atoms are coloured purple, grey and
red respectively. Hydrogen atoms and water molecules in the pores have
been omitted for clarity.

Fig. 4 Gas adsorption isotherms of bismuth subgallate recorded at 273 K
(CO2: &, N2: ’) and 283 K (CO2: , N2: ).

ChemComm Communication

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
7 

Ju
ne

 2
01

7.
 D

ow
nl

oa
de

d 
on

 1
4/

06
/2

01
7 

23
:1

7:
54

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

Li
ce

nc
e.

View Article Online



Chem. Commun. This journal is©The Royal Society of Chemistry 2017

In conclusion, bismuth subgallate was revealed as a coordi-
nation polymer in contrast to the molecular formulas suggested
in the past. The structure of bismuth subgallate significantly
differs from those of other bismuth-based APIs such as bismuth
subsalicylate,9d,e which forms isolated clusters, and bismuth
subcitrate which can exist as an open framework.7a Thematerial
also displayed interesting gas sorption properties that warrant
further investigations which may open up new application areas
for bismuth compounds. Continuous rotation electron diffraction
performed under low temperature was paramount for collecting
data of sufficient quality. These results lead the way for the structure
determination of other beam sensitive crystals, which is important
for the development pharmaceutical compounds and under-
standing their functions.
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‡ Crystallographic data: C7H9BiO8, Mr = 430.1, orthorhombic, Pmna,
a = 8.5422(2), b = 4.66793(9), c = 23.7131(4) Å, V = 945.54(3) Å3, Z = 4,
l = 0.1.5406 Å (CuKa1), Rp = 11.8, Rwp = 16.43, Rexp = 9.41, GoF = 1.75.
Structure determination with electron diffraction data and Rietveld refine-
ment with X-ray powder diffraction data were conducted using SHELX24

and TOPAS25 respectively. CCDC 1526756 contains the supplementary
crystallographic data for this paper.†
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and T. Friščić, Angew. Chem., Int. Ed., 2011, 50, 7858–7861.

10 N. Yang, Y. An, J. Cai, L. Hu, Y. Zeng, Z. Mao, G. Chen and H. Sun,
Sci. China: Chem., 2010, 53, 2152–2158.
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20, 8024–8029; (c) A. Thirumurugan and A. K. Cheetham, Eur. J. Inorg.
Chem., 2010, 3823–3828; (d) A. K. Inge, M. Köppen, J. Su, M. Feyand,
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Experimental Procedures

Materials

Bismuth nitrate pentahydrate (Merck), gallic acid monohydrate (Sigma-Alrich), bismuth (III) gallate 
basic hydrate (Sigma-Alrich), hydrochloric acid 37% (VWR) and Devrom® (Parthenon) were used 
without further purification.

Synthesis of bismuth subgallate

[Bi(NO3)3]·5H2O (47 mg, 97 μmol) was ground and heated with gallic acid monohydrate (50 mg, 266 
μmol) and distilled water (3 mL) in a 5 mL sealed pyrex tube at 180 °C for 60 mins while being stirred. 
The resultant yellow microcrystalline powder of bismuth subgallate was filtered, rinsed with distilled 
water and ethanol, then dried in air overnight. Elemental analysis in weight %: C 20.24, H 1.95, N 0 
(calc. C19.55, H 2.11, N 0 for [Bi(C6H2(O)3COOH)(H2O)]n·2nH2O). X-ray powder diffraction patterns 
were consistent with commercially available bismuth (III) gallate basic hydrate (Sigma-Aldrich) and a 
chewable tablet of Devrom® (Fig. S1). 

Stability tests in HCl 

100 mg bismuth subgallate was placed in 10 mL of aqueous HCl solutions of various concentrations 
(pH = 0, 1, 2, 3, 4 and 5). The mixtures were sealed and stirred at 37 °C for 2 hours. At pH = 0 the solid 
dissolved leaving a colorless solution. At pH values 2-5 bismuth subgallate remained as a yellow solid 
and XPD indicated no changes to its crystal structure (Figure S11). At pH = 1 the title compound 
remained as the predominant phase however one additional reflection at higher angles was 
observed in the XPD pattern. 

Characterization

Fourier transform infrared spectroscopy was performed on a Varian 670-IR spectrometer (Figure 
S16). 

Thermal analysis including TG and DSC measurements were performed on a Netzsch STA 449 F3 
Jupiter with a heating rate of 5 °C min-1 (Figure S7).

X-ray powder diffraction data for crystal phase identification were collected on a PANalytical X’Pert 
PRO MPD using Cu Kα radiation with automatic divergence slits. Samples were prepared on a zero 
background silicon plate. An Anton-Paar XRK900 reaction chamber was used to heat samples in air or 
under vacuum during the diffraction experiments. Data collection for Rietveld refinement was per-
formed at room temperature on a similar diffractometer but with monochromatic Cu Kα1 radiation 
and fixed slits (Figure S4) with the sample prepared in a well.

Electron diffraction 

The sample was crushed in a mortar and dispersed in absolute ethanol. The suspension was treated 
by ultrasonication for better dispersion. A droplet was then taken from the suspension, put on a 
copper grid covered with lacey carbon and dried in air. Data collection was done on a 200 kV JOEL 
JEM2100 LaB6 transmission electron microscope using two strategies. For rotation electron 
diffraction (RED) data collection, the grid was loaded on a single-tilt tomography holder operated at 
ambient temperature. Data sets were collected in the tilting range of 100° to 120° with goniometer 
rotation steps of 2° and a beam tilt step of 0.4°. The data frames were recorded on a Gatan Orius 
SC200D camera with exposure times of 1 to 3 seconds. The total data collection time for the 
individual data sets ranged from 40 to 60 minutes. 

For continuous rotation electron diffraction data collection, a cryo-transfer holder (Gatan 914) was 
used as a cooling holder to collect data at low temperatures. The sample was cooled to about 173 K 
on the holder before insertion into the microscope. It was further cooled to about 98 K in the 
microscope. Data collection was done by rotating the crystal continuously using the goniometer and 
collecting video frames of the electron diffraction patterns using a high-speed hybrid detection 
camera (Timepix Quad). The rotation speed was 0.45° s-1 and the rotation ranges of the individual 
data sets ranged between 90° to 100°.
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Both the RED and the continuous rotation data were first processed using the RED software for initial 
unit cell and space group determination and visualization. The continuous rotation data were then 
processed using the XDS software package,[1] where the instrumental parameters (rotation axis, 
beam position and beam orientation), unit cell parameters, orientation matrix and intensity profiles 
were refined and the intensities integrated. The resultant list of hkl intensities was used as |F(hkl)|2 
for structure solution and refinement, which was done using the SHELX software package.[2]

Sorption 

N2 adsorption and desorption isotherms at 78 K were recorded using a Micromeritics ASAP 2020 
volumetric gas sorption analyser. CO2 and N2 adsorption isotherms carried out between 273 K and 
293 K were recorded using a Micromeritics Gemini VII 2390 volumetric gas sorption analyser. The 
adsorption/desorption equilibrium at a defined pressure point is reached when the change in 
pressure of the system falls below 0.01% within a 20 s period, with a minimum 200 s delay. Prior to 
gas adsorption analyses, bismuth subgallate samples were pre-treated by heating to 403 K under a 
slow flow (10 cm3 min-1) of dry N2 gas for 30 minutes. Pre-treatment carried out at temperatures 
lower than 403 K did not fully remove the adsorbed water molecules in the material (as compared 
with the expected weight loss and compared with TGA results). Pre-treatment carried out at 
temperatures higher than 403 K, or with heating time at 403 K longer than 30 minutes, as well as in 
vacuum, all caused structural changes of bismuth subgallate (discussed in the X-ray thermodiffraction 
section). 

Results and Discussion

X-ray powder diffraction 

X-ray powder diffraction (XPD) data could be indexed with an orthorhombic lattice with unit cell 
parameters a = 8.542 Å, b = 4.668 Å, c = 23.713 Å, α = β = γ = 90°. However, extinction conditions 
could not be unambiguously determined with the extinction symbols P_na, P_nb and P_nn appearing 
equally plausible. The position of the bismuth cation could be located by Superflip[3] and FOX,[4] but 
all other atoms could not be located in the attempts to solve the structure from XPD data. Thus 
electron diffraction was performed for structure determination. 

Electron diffraction 

The best data set was identified from the continuous rotation data sets according to its large rotation 
range and apparent good signal-to-noise ratio. It contains 500 electron diffraction frames, collected 
from a crystal of about 1 μm in size in a tilting range from -33.3° to 62.1° at a tilting speed of 0.45° s-1. 
The total data collection time was 210 seconds. 

The unit cell parameters were determined to be: a = 8.59 Å, b = 4.83 Å, c = 24.67 Å, α = 90°, β = 90°, γ 
= 90°. Views of the reconstructed 3D reciprocal lattice are shown in Figure S3. The reflection 
conditions were identified from the 2D slices h0l, hk0, 0kl from the 3D reciprocal lattice and the 
space group was determined to be Pmna. The positions of all non-hydrogen atoms, including those 
of solvent molecules positioned in the pores were found in the initial structure solution. Structure 
refinement was performed against the electron data using anisotropic atomic displacement 
parameters for Bi and isotropic ones for all other atoms. The refinement converged at R1=0.189 for 
45 parameters with 1026 independent reflections (708 had I > 3σ(I)). The data collection parameters 
and crystallographic information are summarized in Table S1. The pore volume was determined by 
the SQUEEZE routine in PLATON[5] as 45 Å3 per Bi3+ cation. 

Rietveld refinement 

Rietveld refinement was subsequently performed with XPD data collected at room temperature in 
TOPAS 5.[6] All atoms were refined with isotropic displacement parameters. The gallate ligand was 
modelled using a Z-matrix to constrain some of the geometry. The aromatic ring was constrained to 
retain 6-fold rotational symmetry and all carbon-carbon bond lengths in the ring were refined as one 
parameter. The entire molecule was constrained to be planar. Carbon-oxygen distances were 
allowed to be refined within a range of reasonable distances. As the ligand is bisected by a mirror 
plane, the coordinate of the center of the molecule along the a-axis was fixed to be exactly 0.5. 
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Lowering the symmetry of the structure using the subgroup P2na did not result in improvement in 
the structure solution or refinement nor were noticeable changes to the structure model observed, 
thus suggesting that the ligand and structure as a whole do have mirror symmetry perpendicular to 
the a-axis implying that the ligand was planar without significant rotation of the carboxylic acid 
groups. Distance restraints were applied only to the two solvent water molecules in the pores. 
Hydrogen atoms were excluded in the Rietveld refinement. 

Sorption 

The CO2/N2 selectivity of bismuth subgallate was calculated based on the single component 
adsorption isotherms. In this case selectivity was calculated for a hypothetical flue gas with 
approximately 15 vol.% CO2, 85 vol.% N2 and a pressure of 101 kPa. Selectivity is operationally 
defined by the equation below,.

Temperature (K) CO2/N2 selectivity
273 54
283 30
293 33

The CO2 adsorption isotherms were fitted using the two-sites Langmuir isotherm model in an 
attempt to rationalize the collected data. Where q refers to the quantity of gas adsorbed at partial 
pressure p, and b refers to the Langmuir constants.

Temperature q1max q2max b1 b2 R-squared
273 0.46 0.46 0.67 0.68 0.99019
283 0.83 0.60 0.60 0.01 0.99851
293 0.83 1.26 0.43 0.002 0.99701

The R-squared value for the CO2 isotherm recorded at 273 K was lower than those at 283 K and 293 
K. This corresponded to the changes in the overall shape of the CO2 isotherm (See Figure 4 in main 
text) between these temperatures. The increased value q2max between 283 K and 293 K and the low 
q1max at 273 K, indicated that more CO2 adsorption sites were available at 293 K than at 283 K and 273 
K. This finding further supports the hypothesis that the void space of bismuth subgallate available for 
gas sorption may be temperature dependent. On the other hand, it is important to note that the 
two-site Langmuir isotherm model is used here to get an idea of the gas adsorption behavior of 
bismuth subgallate. More detailed diffraction and sorption studies are required before drawing any 
solid conclusions. The interesting gas adsorption behavior may open up a potential application of this 
material in gas separation after further studies. 



S6

Table S1. Continuous rotation electron diffraction and structure refinement details of bismuth 
subgallate.

Crystal system Orthorhombic
Space group Pmna (No. 53)
a / Å 8.59 (4)
b / Å 4.83 (1)
c / Å 24.67 (7)
Z 4
λ / Å 0.02510
Tilt range – 33.3° to + 62.1°
RED frames 500
Tile speed 0.45 °/second
Completeness (to 0.7 Å) 0.643
Rint 0.1898
Independent reflections
Observed reflections

1026
708

h -11 ≤ h ≤ 11
k -6 ≤ k ≤ 4
l -18 ≤ l ≤ 20
R1 0.1890
wR2 0.4095
GoF 0.861
Parameters 45
Restraints 0
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Table S2. Rietveld refinement details of bismuth subgallate against XPD data. 

Crystal system Orthorhombic
Space group Pmna (No. 53)
a / Å 8.5422(2) 
b / Å 4.66793(9)
c / Å 23.7131(4)
V / Å3 945.54(3)
Z 4
λ / Å 1.5406
T / °C 20
ρcalc / g cm-1 2.958
2θmin / ° 3.01
2θmax / ° 109.98
Observations 8230
Reflections 648
Restraints 9
Constraints 7
Structural parameters 22
Profile parameters 22
Rwp 0.16436
Rexp 0.09405
GoF 1.748
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Figure S1. Scanning electron micrographs of bismuth subgallate. Crystals have plate-like morphology 
and are typically smaller than 6 × 4 × 0.2 μm. 
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Figure S2. X-ray powder diffraction patterns of as-synthesized bismuth subgallate, bismuth subgallate 
purchased from Sigma-Aldrich and of a chewable tablet of Devrom®, an over-the-counter drug sold as 
an internal deodorant, of which the active ingredient is bismuth subgallate. Other inactive 
ingredients of Devrom® include magnesium stearate, microcrystalline cellulose, natural banana 
flavor, starch, talc and xylitol. 
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Figure S3. (a) Projection of 3D reciprocal space reconstructed from the continuous rotation electron 
diffraction data. The target crystal from which the data was collected is shown. The 2D slices of 0kl 
(b), h0l (c), hk0 (d) show the mmm symmetry, confirming an orthorhombic system. The red, green 
and blue lines indicate the a*, b* and c* directions. The reflection conditions are deduced to be: h0l: 
h + l = 2n; hk0: h = 2n; h00: h = 2n. The space group was determined to be Pmna. Violations to the 
reflections conditions are observed in weak reflections and are due to dynamical effects in electron 
diffraction.
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Figure S4. Rietveld refinement plot of bismuth subgallate. Observed, calculated and difference X-ray 
powder diffraction patterns are shown in blue, red and grey respectively. Green tick marks indicated 
the positions of Bragg reflections. The intensity in the region 30° < 2θ < 110° has been magnified by a 
factor of 10 for clarity.
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Figure S5. Positions of water molecules in the pores of bismuth subgallate. Hydrogen bonds are 
represented as transparent dashed magenta lines. 
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Figure S6. Select interatomic distances in the crystal structure of bismuth subgallate based on the 
Rietveld refinement. 
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Figure S8. Thermodiffraction patterns of bismuth subgallate recorded in air with a silicon standard. 
Samples were heated at a rate of 5 °C min-1 and held at the target temperatures for 5 mins prior to X-
ray powder diffraction (XPD) data collection. No significant changes were observed in the XPD 
patterns between 30 – 125 °C. At 150 °C many of the Bragg reflections broadened and shifted to 
higher 2θ values indicating partial degradation in crystallinity as well as contraction of the unit cell. 
The material is nearly X-ray amorphous at 275 °C which is in accord with the results from 
thermogravimetric analysis (TGA) which indicates loss of the organic ligand at this temperature. At 
300 °C the material is completely X-ray amorphous upon completion of the loss of the organic ligand 
as confirmed by TGA. Bragg reflections of the silicon standard are marked. 
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Figure S9. X-ray powder diffraction (XPD) patterns of bismuth subgallate heated in air and cooled 
back to room temperature. (a) XPD of the sample in air at 50 °C showing the expected XPD pattern of 
the highly crystalline material. (b) The sample heated in air to 175 °C showing broadening and a shift 
of the Bragg reflections to higher 2θ values indicating degradation in long-range order. (c) After 
cooling the heated sample down to 50 °C and leaving it at this temperature for one hour, the 
material had returned back to the original highly crystalline form, indicating a reversible structural 
change. Reflections from the silicon standard are marked. 
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Figure S10. X-ray powder diffraction (XPD) patterns of bismuth subgallate heated under vacuum and 
cooled back to room temperature. (a) XPD of the sample under vacuum at 35 °C showing the 
expected XPD pattern of the highly crystalline material. (b,c) The sample heated under vacuum to 75 
°C and 100 °C respectively showing broadening and a shift of the Bragg reflections to higher 2θ values 
indicating a partial degradation in long-range order. (d) After cooling the heated sample down to 45 
°C the material did not immediately return back to the original highly crystalline form. (e) Placing a 
drop of water on the sample immediately returns the material back to its original highly crystalline 
form indicating that water triggers the process of returning the material back to its original form. 
Reflections from the silicon standard are marked.
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Figure S11. X-ray powder diffraction patterns of bismuth subgallate recovered after stirring in HCl at 
37 °C for 2 hours. At pH = 0 bismuth subgallate completely dissolved, however at pH = 1, 2, 3, 4, and 
5 bismuth subgallate remained intact. At pH =1 an additional reflection was observed at 2θ = 33.5° 
which suggests the presence of an additional unidentified minor crystalline phase. 
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Adsorption isotherms
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Figure S12. N2 adsorption isotherm of bismuth subgallate recorded at 78 K.
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Figure S13. CO2 (■) and N2 (●) adsorption isotherm of bismuth subgallate recorded at 273 K.
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Figure S14. CO2 (■) and N2 (●) adsorption isotherm of bismuth subgallate recorded at 283 K.
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Figure S15. CO2 (■) and N2 (●) adsorption isotherm of bismuth subgallate recorded at 293 K.
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Figure S16. FT-IR spectrum of bismuth subgallate. Select absorbance bands are marked. Although the 
C=O stretch of carboxylic acid groups are typically observed between 1680-1750 cm-1 this band is 
shifted to lower wavenumbers when carboxylic acids are conjugated with aromatic rings and if they 
form dimers involved in strong hydrogen bonds with one another which weaken the C=O bond, in 
this case to 1660 cm-1. 
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Figure S17. In situ X-ray powder diffraction data collected during the synthesis of bismuth subgallate 
using a custom-made reactor. Data were collected every 10 seconds at the beamline P09, PETRA III, 
Hamburg, Germany on a Perkin-Elmer XRD1621 Flat Panel detector (λ = 0.5635 Å). [Bi(NO3)3]�5H2O 
(47 mg, 97 μmol) was ground and heated with gallic acid monohydrate (50 mg, 266 μmol) and 
distilled water (3 mL) in a 5 mL sealed pyrex tube. The sample was stirred and heated to 80 °C as data 
collection began. The product already had started to crystallize at room temperature prior to heating 
as shown at the time of 0 minutes. Product formation was in fact complete after 15 minutes. The 
large background is caused by the solvent, water.  



S23

References
[1] W. Kabsch, Acta Crystallogr. Sect. D. Biol. Crystallogr. 2010, 66, 125-132.
[2] G. Sheldrick, Acta Crystallogr. Sect. A: Found. Crystallogr. 2007, 64, 112-122.
[3] C. Baerlocher, L. McCusker, L. Palatinus, Z. Kristallogr. 2007, 222, 47-53.
[4] V. Favre-Nicolin, R. Cerny, J. Appl. Crystallogr. 2002, 35, 734-743.
[5] A. Spek, J. Appl. Crystallogr. 2003, 36, 7-13.
[6] A. Coelho, Bruker AXS, Karlsruhe, Germany 2007.
[7] Y. M. Yukhin, O. Logutenko, I. Vorsina, V. Evseenko, Theor. Found. Chem. Eng. 2010, 44, 749-

754.





III





Acta Crystallographica Section A    research papers 

IMPORTANT: this document contains embedded data - to preserve data integrity, please ensure where possible that the IUCr 
Word tools (available from http://journals.iucr.org/services/docxtemplate/) are installed when editing this document.  1 
 

On the quality of the continuous rotation electron diffraction data 
for accurate atomic structure determination of inorganic 
compounds 
 

Yunchen Wanga, Taimin Yanga, Xiaodong Zoua* and Wei Wana* 
aInorganic and Structural Chemistry, Department of Materials and Environmental Chemistry, 

Stockholm University, Stockholm, SE-106 91 Stockholm, Sweden 

 

Correspondence email: xzou@mmk.su.se; wei.wan@mmk.su.se 

 

 

 

Synopsis The fast data collection using continuous rotation electron diffraction (cRED) greatly 

facilitated the structure solution and refinement of nanosized crystals. We found that refined atomic 

positions using the cRED data collected from different crystals are very similar, on average within 

0.02 Å for heavy atoms and 0.08 Å for light atoms, although the R1-values are relatively high (0.185-

0.386), showing that accurate structures can be obtained from the cRED data.  

Abstract Continuous rotation electron diffraction method provides a faster alternative for 3D 

electron diffraction data collection. While studies have shown excellent data quality and significant 

improvement over the previous 3D electron diffraction techniques, strength and limitations of the 

method in general applications are less well explored. In this work we use multiple datasets from 

different crystals of a known structure for assessment of the data quality for structure solution and 

refinement. We evaluate the quality of the data by examining the R values and the accuracy of the 

atomic positions of the refined models using different datasets. The results serve as a reference for the 

quality of the continuous electron diffraction data and the achievable structural parameter accuracy.  

Keywords: electron diffraction, continuous rotation electron diffraction, structure 
determination, structure refinement, oxofluoride.  

 

1. Introduction  

In recent years, 3D electron diffraction (ED) methods, for example automated diffraction tomography 

(ADT) (Kolb et al., 2007) and rotation electron diffraction (RED) (Zhang et al., 2010; Wan et al., 

2013), have been developed to collect and process 3D electron diffraction data from single crystals of 
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sub-micrometer sizes. The crystals are often rotated around a goniometer tilt axis with a step of a few 

degrees (1°-4°), and the electron beam is tilted with a small step for RED or precessed around the 

optical axis for ADT during data collection. These data have proven effective for ab initio structure 

determination of atomic structures of crystals. They have been used to solve complex structures of 

zeolites(Guo et al., 2015, 2016; Willhammar et al., 2017), pharmaceuticals (van Genderen et al., 

2016) and proteins (Rodriguez et al., 2015).  

Although electron diffraction intensities from the 3D ED methods have been successfully used for 

structure solution, the figures of merits of the refinement results are often high (for example R values 

are 15-40%) and the structure models are not as accurate (Su et al., 2014) as those from X-ray 

diffraction data. One of the important reasons for these is that the methods and software for 

refinement used for structure determination assume the diffraction intensities are kinematical, while 

electron diffraction suffers from dynamical scattering (Dorset et al., 2007). Besides, materials such as 

zeolites, metal-organic frameworks (MOF) and organic materials are often not stable under the 

electron beam in TEM during data collection. Beam damage degrades the accuracy of the electron 

diffraction intensities and hence makes the model obtained from the structure solution less reliable 

(Yun et al., 2015).  

Structure models obtained from 3D electron diffraction data need are often refined against powder X-

ray diffraction (PXRD) data for validation and improved accuracy (Su et al., 2014). However, 

structure refinement against PXRD data is often challenging and extremely time consuming for 

complex structures and in many cases high-resolution High resolution synchrotron PXRD data are 

often needed. High-quality PXRD data is not available for multiphasic samples or disordered 

structures. 

Recently, efforts have been made to develop methods for structure refinement against 3D electron 

diffraction data by taking dynamical effects into consideration. It was first developed for 2D 

precession electron diffraction data (Palatinus et al., 2013) and then for 3D electron diffraction data 

collected by combining with electron beam precession (Palatinus, Petříček et al., 2015). The method 

showed that better R values and improved structure models could be achieved (Palatinus, Corrêa et 

al., 2015). In a recent work it was shown that positions of H atoms could be located in both organic 

and inorganic materials by applying the method to 3D electron diffraction data (Palatinus et al., 

2017).     

3D electron diffraction data can also be collected using the continuous rotation method, where the 

crystal is continuously rotated in the electron beam at a constant speed of the goniometer and video 

frames of diffraction patterns are collected at the same time (Gemmi et al., 2015; van Genderen et al., 

2016; Nannenga et al., 2014). With the continuous method, the total data collection time for one 

dataset is reduced to 15-250 seconds. As a result the total dose of electrons the sample is exposed to is 
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reduced and the data quality is improved compared to that from conventional ADT/RED due to less 

beam damage to the structure (Wang et al., 2017). Continuous rotation data have been proven 

effective for the structure solution of beam sensitive organic pharmaceutical compounds (van 

Genderen et al., 2016). Recently Wang et al showed that continuous rotation data could be used to 

resolve fine details of a pharmaceutical compound including water molecules in the pores (Wang et 

al., 2017), which was  more straightforward as compared to the 3D electron data with a step-wise 

rotation.  

The improvement in the data quality from continuous rotation data means that 3D electron diffraction 

is a step closer to be an independent structure determination method where no supplement X-ray 

diffraction data is required for structure validation. In this study, we investigate the quality of 

continuous rotation electron diffraction data for structure determination by using data collected from a 

known structure and evaluating the quality of the resulted structure model. The evaluation is done on 

six datasets collected from six different crystals.   

2. Experimental 

An oxofluoride FeSeO3F sample was chosen as the reference structure in this study because the 

complexity of the structure is moderate and an accurate structure model from single-crystal X-ray 

diffraction (SXRD) studies is available. The sample was originally synthesized using a hydrothermal 

method and evaluated for magnetic properties (Hu et al., 2014). FeSeO3F crystallizes in the space 

group P21/n and has unit cell parameters of a = 4.956 Å, b = 5.202 Å, c = 12.040 Å, β = 97.87°. There 

are 6 unique atoms in the unit cell, one Fe, Se, F and three oxygen atoms, all located at general 

positions.   

2.1. TEM sample preparation and diffraction data collection 

The powder sample was crushed and dispersed in absolute ethanol. After treated with ultrasonication, 

a droplet was taken from the suspension and transferred onto a copper grid and then loaded on a 

single-tilt tomography holder. The data collection was done on a 200 kV JEOL JEM-2100 

transmission electron microscope equipped with a LaB6 electron gun. Six crystals with sizes ranging 

from 100 nm to 500 nm (Figure 1) were identified on the sample grid and used for continuous rotation 

data collection. The crystals were put in the electron beam and brought to the eucentric height. The 

goniometer was continuously rotated while video frames of electron diffraction patterns were 

captured using a Timepix quad hybrid pixel detector. The total tilting range for the data sets was 

between 95° and 120°.  The rotation speed was 1.8°/s for the first dataset and 0.45°/s for the other 

datasets, which were determined by dividing the total tilting angles by the data collection time.  
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Figure 1 TEM images of the six crystals from which six continuous RED datasets were collected. 

Crystals in (a-f) correspond to datasets 1-6, respectively.  

2.2. Data processing 

The data processing was subsequently done using the DIALS software packages (Waterman et al., 

2016). The data frames were firstly imported into the program for diffraction spots hunting. Then the 

unit cell parameters were determined and the strong spots were indexed using a 3D Fourier transform 

algorithm. Next the unit cell parameters were refined against each frame for compensating for the 

possible errors in tilt angles or beam damage which could occur during data collection. The refined 

parameters were stable across the frames, indicating the refined unit cell parameters are suitable for 

continuing data processing. The integration of the diffraction intensities was performed and the results 

were exported as an hkl list. The hkl list was further processed with XSCALE for Lorentz correction 

and the corrected hkl list was ready for structure solution and refinement. The same data processing 

procedure was repeated for all six datasets. The data reduction results are summarized in Table 1. 

2.3. Structure solution and refinement 

Structure solution was performed for each dataset  with SHELXS (Sheldrick, 2008) using direct 

methods. The space group and the unit cell parameters from the SXRD data were used for all datasets. 

The hkl lists output from the data reduction contain indices with their corresponding observed 

diffraction intensities and standard deviation. The diffraction intensities were directly interpreted as  
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Table 1 Data reduction statistics for the six continuous rotation datasets using DIALS. Rmeas, Rp.i.m 

and CC1/2 are calculated as defined by Diederichs & Karplus (1997), Weiss (2001) and Karplus & 

Diederichs (2012). 

Dataset  1 2 3 4 5 6 

Resolution range (Å) 6.02-0.80 5.06-0.80 5.36-0.80 5.03-0.79 6.10-0.70 5.37-0.79 

a (Å) 4.97 5.11 5.15 5.09 5.20 5.17 

b (Å) 5.38 5.28 5.36 5.25 5.40 5.37 

c (Å) 12.12 12.25 12.51 12.12 12.33 12.57 

β (°) 96.66 98.34 98.24 98.52 98.51 96.59 

No. total/unique of 

reflections:  
1280/503 1428/544 1450/510 1285/509 1538/765 1179/509 

Completeness (%) 67.2 71.7 73.1 68.8 73.0 70.3 

Multiplicity 2.5 2.6 2.8 2.5 2.0 2.3 

Rmerge(%) 16.9 16.9 15.0 16.5 18.1 13.9 

Rmeas (%) 21.3 21.2 18.2 20.7 24.6 17.9 

Rp.i.m (%) 12.7 12.5 10.2 12.2 16.6 11.1 

I/σ(I)  3.3 5.2 6.7 4.1 4.0 3.7 

95.9 92.9 97.0 94.7 87.2 96.2 

 

the square of the structure factor (F2). The resolution for each dataset was cut to 0.77 Å so that all 

datasets have the same resolution. The scattering factors for electrons (Doyle & Turner, 1968) were 

used in the input file. Atom assignment was performed for completing the structure solution after 

running SHELXS. The resultant structure models were confirmed with the model from SXRD data.   

Structure refinement was subsequently performed with SHELXL (Sheldrick, 2008) for each dataset 

with isotropic displacement parameters (ADPs). The known structure was used as the starting model 

in the refinement, so that we can evaluate the refinement without considering the difference in the 

starting models. The refined structure models were then compared to the reference model from the 

SXRD data by calculating the deviations between the corresponding atoms to evaluate the structure 

refinement results. The results are summarized in Table S3.  
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3. Results and discussion 

3.1. DIALS data processing 

From the outcome of the DIALS data processing in Table 1, it can be seen that these datasets are very 

similar to each other in all aspects, including the number of reflections, completeness, etc. The unit 

cell parameters determined from these datasets are close to those from the SXRD studies, with the 

difference attributed to the errors commonly observed for electron diffraction data.  

3.2. Structure solution 

The initial structure solution results were represented by a list of peaks which indicates possible atom 

locations in the electrostatic potential map. For all these datasets, SHELXS did not assign atomic 

types to the peaks. The highest and the second highest Q-peaks were assigned to Se and Fe, 

respectively, and the following 4 highest peaks to O or F. Since the F atoms have similar scattering 

factors as the O atoms, it is difficult to distinguish O and F based on the heights of Q-peaks. The 

structure model from the SXRD data was then used for identifying the F atoms in the structure using 

the peak locations. The resultant structure models from the structure solution of all six data sets 

agreed with the SXRD model provided in the reference (Hu et al., 2014). In other words, the structure 

can be straightforwardly solved from each individual dataset.  

3.3. Structure refinement 

The structure refinement results give a direct evaluation of the diffraction data quality. In general, for 

the same measurements the datasets with better data quality will allow for a better structure 

refinement, e.g., lower crystallographic R values. Although the six datasets were collected from 

different crystals in different orientations, the numbers of collected reflections (1179-1535), unique 

reflections (503-765) and completeness are very similar, between 67.2-73.0% as shown in Table 2. 

Structure refinement against a higher number of reflections usually leads to a more accurate structure 

model but higher R values compared to refinement against a smaller number of reflections.  The total 

number of parameters for the refinement of this structure model is 25, thus the number of unique 

reflections should be ideally above 250. This criterion is met by all six datasets used in this study.  

As shown in Table 2, the R1 for the observed reflections and all reflections are directly given as the 

refinement results from SHELXL. The R1 value for the observed reflections varies between the 

datasets. For 5 out of the 6 datasets, the R1 values for the observed reflections lie below 0.30, which is 

similar or slightly better than those often observed with data from other 3D ED methods (Su et al., 

2014; Mugnaioli & Kolb, 2013). It should be mentioned that the R values depend on the number of 

reflections. Although the first dataset gives a similar R1 for the observed reflection as that from the 

6th dataset, it has much few reflections. Therefore the data quality for the first dataset is worse 

compared to the 6th dataset.   
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Table 2 Continuous RED experimental parameters and crystallographic details of the refinement 

from the six datasets. 

Dataset 1 2 3 4 5 6 

No. of frames 127 456 500 454 464 391 

Tilt range (°) 120  110  120  110  110  95  

Tilt speed (°/s) 1.80  0.45  0.45  0.45  0.45  0.45  

No. of collected reflections 1357 1419 1529 1285 1495 1205 

No. of  unique reflections 462 487 495 460 582 498 

No. of observed reflections 

(I>4σ(I)) 
317 418 400 394 394 400 

Completeness 0.700 0.695 0.650 0.662 0.765 0.645 

Rint 0.212 0.211 0.205 0.199 0.309 0.159 

R1 (observed, Fo > 4 σ(Fo)) 0.177 0.274 0.201 0.270 0.367 0.163 

R1 (all) 0.215 0.297 0.225 0.289 0.386 0.185 

ADRA (Å) 0.0268(4) 0.0383(6) 0.0286(8) 0.0380(6) 0.0383(6) 0.0349(6) 

3.4. Model quality  

Compared to low R values, the quality of the refined structure models (the accuracy of the refined 

structural parameters) are more important. In this work, we compared the atomic positions of the 

refined models with those of the reference model by measuring the atomic deviations of the 

corresponding atoms. The deviations are considered as the errors in the individual atomic positions of 

the refined model. To evaluate the quality of the whole structure model, we follow Palatinus’s work 

(Palatinus, Corrêa et al., 2015) and calculate the average deviation from reference atoms (ADRA), 

which is the arithmetic mean of the individual deviations.  

The refined atomic positions are listed in Table S1 and the deviations between the atoms in the refined 

models and the reference model are listed in Table S2. To visualize the results, the deviations are 

plotted for the six unique atoms in the structure for the six datasets in Figure 2, together with the 

deviations for the individual atoms averaged for the six datasets. As can be seen, the atomic 

deviations between the two models range from approximately 0.01 to 0.08 Å. For all datasets (each 

represented by a connected line), the positions of the heavy atoms Se and Fe are around 0.01 Å from 

those in the reference structure. The positions of the lighter atoms O and F deviate more from the 

reference model compared to those of the heavy atoms, with the average deviations exceeding 0.02 Å 

and more scattered. From the curves it can be seen that O2 from dataset no. 5, O3 from dataset no. 2  
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Figure 2 Atomic deviations between the refined structures and SXRD model for each atom. Each 

colour denotes an individual dataset used for refinement. The average deviations for the individual 

atoms are also shown. 

and F from dataset no. 4 have notably larger errors in their positions compared to the other atoms. 

This is consistent with the observation that their R1 values (29%~39%) for all reflections are notably 

higher than those for the other three (1, 3 and 6) datasets (19~23%). 

In the refined structure models we noticed that some atoms had unreasonably small atomic 

displacement parameters (ADP). For Se, the ADP values after refinement became effectively zero for 

all six datasets. Only dataset 3 and 6 gave meaningful ADPs for Fe. For O and F, while datasets 1, 3, 

6 gave reasonable ADPs, the ones from dataset 2, 4, 5 were zero. Since the poor ADPs after 

refinement may indicate that problems of some refined parameters, we investigated the effect of 

ADPs on the structure refinement. We performed the same refinement for each dataset with ADPs 

fixed to reasonable values and compared the differences of the models. We used 0.015 Å2 for Se and 

Fe as the value of ADPs and 0.025 Å2 for O and F. These are empirical values which are proved to be 

reasonable for the electron diffraction data. The refinement results are summarized in Table S3. As 

expected, the R1 values from the refinement with the fixed ADP values increased, on average by a 

few percent. Although the fixed ADP values are considered more reasonable than the zero ones from 

the previous refinement, the new models were only slightly worse, as can be seen from the slightly 

larger deviations of the atomic positions from the reference model and the ADRAs. The reasons for 

the zero ADP values from the refinement against these datasets may be due to dynamical effects or 
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the overall scale factors were not correctly estimated. We believe that it was most likely related to the 

quality of electron diffraction data, which were affected by a number of factors discussed earlier. 

Despite the unreasonable ADP values, high-quality structure models could still be obtained from the 

refinement, which can be seen in Figure 3, where the six models are superimposed.  

 

Figure 3 Comparison of the six refined structure models of FeSeO3F from six different datasets. The 

structures are stacked together, viewed along [010].  

It has been suggested that dynamical effects affect data quality differently for data at different 

resolutions. We therefore looked into the quality of the datasets at different resolutions by structure 

refinement and comparisons between the refined structure models and the reference model. We 

separated each dataset into a low-resolution part (d > 1 Å) and a high-resolution one (between 1 Å and 

0.77 Å) and performed structure refinement using the reference model against each part of the dataset 

individually. For all six datasets, this resulted in almost equal number of reflections in the low- and 

high-resolution parts of the data. As the total number of reflections in the dataset was not particularly 

high, the number of reflections in the sub-datasets are around 250 or slightly less, which more or less 

fulfils the requirement of number of reflections for structure refinement. The results are summarized 

in Table S4 and S5. The low-resolution and the high-resolution data led to similar refinement results, 

with average ADRA and R1 of 0.0542 Å and 0.2989 for the low-resolution data and 0.0430 Å and 

0.2123 for the high-resolution data. The atomic positions from the refinement against the high-

resolution data are slightly better than those from the low-resolution data, as reflected in the ADRAs. 

The lower R1 values from the high-resolution data also indicate a better agreement between the data 

and structure models, suggesting better data.  

4. Conclusion 

From multiple continuous RED data collected from the oxflouride FeSeO3F sample we show that it is 

straight forward to solve 3D atomic structures from single continuous RED datasets. Different 

datasets collected from crystals of different sizes and in different orientations present similar data 
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quality. The structure refinement results from the different datasets showed that the quality from 

continuous RED data is high. Although refinement statistics such as R values and some atomic 

displacement parameters from the refinement may not be reasonable, atomic positions can be still 

determined with an accuracy of 0.02 Å for heavy atoms to 0.08 Å on average for light atoms. Merging 

the structures obtained from multiple datasets for structure refinement did not present obvious 

improvements in terms of model quality. The conclusions from this work can be extended to a wide 

range of materials and serves as a reference for future applications of the continuous rotation electron 

diffraction method.  
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Supporting information  

Table S1 Atomic positions (in Å) of the FeSeO3F structure refined against each of the six 

continuous RED datasets and the average structure model. The refinement was done using the SXRD 

model as the starting model. 

 

Dataset  Coordinat

e 

Se1 Fe1 O1 O2 O3 F1 

1 (Å) x 0.517(1) 0.458(1) 0.338(3) 0.806(3) 0.621(3) 0.271(3) 

y 0.360(1) 0.256(1) 0.627(4) 0.440(3) 0.425(3) 0.568(3) 

z 0.3333(4) 0.0725(4) 0.350(1) 0.423(1) 0.208(1) 0.011(1) 

2 (Å) x 0.518(1) 0.457(1) 0.333(4) 0.808(3) 0.614(3) 0.270(3) 

y 0.357(2) 0.258(2) 0.619(4) 0.433(4) 0.427(4) 0.572(4) 

z 0.3344(7) 0.0724(7) 0.346(2) 0.424(2) 0.205(2) 0.011(2) 

3 (Å) x 0.5167(9) 0.457(1) 0.327(3) 0.808(3) 0.618(3) 0.268(2) 

y 0.3574(9) 0.2558(9) 0.622(3) 0.432(2) 0.420(2) 0.573(2) 

z 0.3343(6) 0.0723(6) 0.348(2) 0.423(2) 0.209(2) 0.009(2) 

4 (Å) x 0.518(1) 0.458(1) 0.328(3) 0.812(3) 0.619(3) 0.269(3) 

y 0.357(1) 0.255(2) 0.617(4) 0.437(4) 0.426(4) 0.568(4) 

z 0.3344(7) 0.0731(7) 0.347(2) 0.427(4) 0.209(2) 0.016(2) 

5 (Å) x 0.519(2) 0.458(2) 0.325(5) 0.797(5) 0.618(5) 0.276(4) 

y 0.357(1) 0.258(1) 0.628(3) 0.429(3) 0.423(4) 0.570(3) 

z 0.3346(6) 0.0730(7) 0.345(2) 0.419(2) 0.208(2) 0.011(2) 

6 (Å) x 0.5183(8) 0.4596(8) 0.334(3) 0.810(2) 0.616(2) 0.269(2) 

y 0.3596(6) 0.2557(7) 0.620(2) 0.437(2) 0.421(2) 0.570(2) 

z 0.3343(4) 0.0716(5) 0.346(2) 0.424(1) 0.208(1) 0.009(1) 

Average (Å) x 0.5182(4) 0.4582(2) 0.3308(4) 0.8068(3) 0.6176(3) 0.2705(3) 

y 0.3584(3) 0.2568(4) 0.6222(3) 0.4348(3) 0.4235(3) 0.5704(3) 

z 0.3342(6) 0.0725(6) 0.3474(2) 0.4236(2) 0.2082(2) 0.0116(2) 
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Table S2 Differences of the atomic positions (in Å) between the refined FeSeO3F structure models 

(1-6) and the SXRD model. 

 

Dataset Se1 Fe1 O1 O2 O3 F1 

1 (Å)  0.0141 0.0111 0.0542 0.0252 0.0219 0.0344 

2 (Å)  0.0129 0.0200 0.0474 0.0344 0.0660 0.0493 

3 (Å) 0.0076 0.0091 0.0284 0.0403 0.0358 0.0503 

4 (Å) 0.0128 0.0104 0.0510 0.0351 0.0331 0.0853 

5 (Å) 0.0131 0.0119 0.0477 0.0839 0.0302 0.0428 

6 (Å) 0.0113 0.0142 0.0472 0.0105 0.0462 0.0349 

Average (Å) 0.0120 0.0128 0.0460 0.0382 0.0389 0.0495 
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Table S3 Differences of the atomic positions (in Å) between the refined FeSeO3F structure models 

(1-6) with fixed ADPs and the SXRD model. 

 

Dataset Se1 Fe1 O1 O2 O3 F1 ADRA (Å)  R1(obs) 

1 (Å) 0.0153 0.0132 0.0528 0.0281 0.0225 0.0478 0.0299 0.2230 

2 (Å) 0.0228 0.0223 0.0205 0.0226 0.0709 0.0531 0.0354 0.2982 

3 (Å) 0.0082 0.0121 0.0366 0.0370 0.0346 0.0470 0.0293 0.2423 

4 (Å) 0.0200 0.0180 0.0454 0.0280 0.0206 0.0755 0.0346 0.2985 

5 (Å) 0.0156 0.0249 0.0591 0.1111 0.0219 0.0843 0.0528 0.3235 

6 (Å) 0.0078 0.0167 0.0460 0.0201 0.0471 0.0369 0.0291 0.1961 

Average (Å) 0.0150 0.0179 0.0434 0.0412 0.0363 0.0574 0.0352 0.2636 
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Table S4 Refinement results with data resolution cut to 1 Å. The refinement was done using the 

SXRD model as the starting model. 

 

Dataset Se1 Fe1 O1 O2 O3 F1 ADRA (Å) R1(obs) 

1 (Å) 0.0158 0.0172 0.0700 0.0347 0.0294 0.0503 0.0362 0.2380 

2 (Å) 0.0249 0.0138 0.0458 0.0950 0.1247 0.1231 0.0712 0.3326 

3 (Å) 0.0159 0.0141 0.0429 0.0841 0.0629 0.0440 0.0440 0.2107 

4 (Å) 0.0107 0.0140 0.0353 0.0697 0.0671 0.0884 0.0475 0.4069 

5 (Å) 0.0738 0.0273 0.1527 0.1128 0.0707 0.1538 0.0985 0.4391 

6 (Å) 0.0068 0.0092 0.0243 0.0334 0.0584 0.0354 0.0279 0.1662 

Average (Å) 0.0247 0.0159 0.0618 0.0716 0.0689 0.0825 0.0542 0.2989 
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Table S5 Refinement results with data resolution cut from 1 Å to 0.77 Å. The refinement was 

done using the SXRD model as the starting model. 

 

Dataset Se1 Fe1 O1 O2 O3 F1 ADRA (Å) R1(obs) 

1 (Å) 0.0135 0.0134 0.0598 0.0365 0.0140 0.0601 0.0329 0.2019 

2 (Å) 0.0201 0.0393 0.0894 0.0749 0.0766 0.0283 0.0548 0.2023 

3 (Å) 0.0131 0.0167 0.0460 0.0421 0.0586 0.0612 0.0396 0.1879 

4 (Å) 0.0200 0.0168 0.0641 0.0763 0.0894 0.0310 0.0496 0.2194 

5 (Å) 0.0139 0.0373 0.0243 0.1251 0.0624 0.0316 0.0491 0.3060 

6 (Å) 0.0181 0.0133 0.0575 0.0087 0.0448 0.0486 0.0318 0.1563 

Average (Å) 0.0165 0.0228 0.0568 0.0606 0.0576 0.0434 0.0430 0.2123 
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     0. Abstract 
3D electron diffraction including electron diffraction tomography (EDT) and rotation electron diffraction 

(RED) has shown to be powerful for structure solution, but structure refinement against the 3D electron 

diffraction data using kinematical approximation often yields high figures of merit due to the dynamical 

scattering of electrons. Recently, a method for structure refinement against precession election 

diffraction tomography (PEDT) data using dynamical diffraction theory was developed and showed 

promising results. In this work we explore a procedure for adapting the method for rotation electron 

diffraction data (RED). RED data was collected from a test sample of Ni3Si2 with a known structure. The 

structure refinements were performed based on kinematical and dynamical diffraction theories, 

respectively. The refinement results were evaluated in terms of figures of merit and the quality of the 

structure models. Important parameters for structure refinement against RED data using dynamical 

diffraction theory are discussed.   

1. Introduction 
3D electron diffraction (3DED) techniques, for example rotation electron diffraction (RED) and 

precession electron diffraction tomography (precession EDT, or PEDT) have emerged as important tools 

for studying structures of crystals in sub-micrometer sizes1–3. 3D electron diffraction data can be 

collected from a single nanocrystal in less than an hour. The data is used to reconstruct the 3D reciprocal 

space, from which the unit cell and space group can be easily determined. The reflections are indexed 
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and the intensities extracted for ab initio structure determination. These 3DED techniques have recently 

been used for solving a number of complex zeolite structures, organics, even protein crystal structures4. 

3DED data are collected by rotating the crystal in the electron beam around a fixed axis, usually by 

rotating the main axis of the goniometer. The rotation step is often 1-3 degrees. The missing areas of 

the reciprocal space between the goniometer rotations can be filled by either hardware precession, 

where the electron beam is precessed around the optical axis with a fixed angle (1-2 degrees) to it3, or 

by fine beam tilting, where the electron beam is tilted around the rotation axis with a small angle step 

(0.1-0.2 degrees)1,2. Both methods have been used for 3DED data collection, and many unknown 

structures were solved from the 3DED data5,6. Recently, it was demonstrated that 3DED data can be 

collected by continuously rotating the crystal in the electron beam and collecting movie data7,8. In this 

case reflections in reciprocal space are continuously integrated during the exposure of each movie 

frame, resulting in complete data. Recent reports have shown promising data quality from continuous 

rotation diffraction data collection7,9,10. 

3DED diffraction intensities can also be used for structure refinement. However, the R values are often 

high and the structural parameters from the refinement may not be of high accuracy11. This prevents 

structure validation and therefore the structure model is often refined against powder X-ray diffraction 

(PXRD) data using Rietveld refinement12, which is often both demanding and time-consuming.  

The high R values and inaccurate structure models from structure refinement against electron 

diffraction data are partly due to the fact that although the electron diffraction intensities are dynamical 

as a result of multiple scattering of electrons, they are treated as kinematical intensities in the 

refinement using existing software for X-ray diffraction. Recently, a method was developed to take the 

dynamical effects into consideration in the structure refinement using 3D electron diffraction data13. 

This is often called ‘dynamical refinement’ for short. In the new method, diffraction intensities in each 

frame are considered separately as the intensities are functions of crystal orientation and thickness. 

Dynamical diffraction intensities are calculated and used in the refinement. The results have shown that 

lower R values and more accurate structure models could be obtained. In a recent work, it was shown 

that by applying dynamical refinement to precession EDT data, positions of hydrogen atoms could be 

reliably located.14 

The previous work on dynamical structure refinement using electron diffraction focused on EDT data 

combined with precession electron diffraction. Also RED data has been used to solve many new 
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structures. We are interested to see how dynamical structure refinement could be applied to RED data. 

Here we describe an application of the dynamical structure refinement method to RED data which are 

collected by combing goniometer rotation and beam tilt. We use a test sample of Ni3Si2 nanowires with 

a diameter of 20-30 nm and length of 1 – 2 micrometers. As the Ni3Si2 nanowires  were also used as a 

test sample for dynamical refinement of precession EDT data15, we can compare the results of dynamical 

refinements using different types of 3DED data.  

2. Methodology 
RED data is normally collected by combining goniometer rotation of 2-4 degrees with beam tilt in the 

same range with a small beam tilt step, typically 0.1 ~ 0.2 degrees. This strategy allows data collection in 

a large rotation range with a small tilt step. During the exposure of a frame acquisition, neither the 

crystal nor the beam is tilting. The frames are essentially still slices of reciprocal space. On the other 

hand, dynamical refinement works best with precession data where the electron is precessed around 

the optical axis along a cone. Each frame is an integration of a small area in reciprocal space. 

Imperfections of the crystals, for example mosaicity, are averaged out13. In this work, we sum up the 

beam tilt frames collected at the same crystal orientation (goniometer rotation angle) into single frames 

that are analogous to precession electron diffraction. The main difference between the summed frames 

and those of precession electron diffraction is that the summed frames are integration of data with 

electron beam scanning around the rotation axis, while precession frames are integration of data with 

electron beam scanning around the optical axis, as shown in Fig.1. Combining fine, discrete beam tilt 

frames into a summed frame is similar to the ‘software precession’ electron diffraction method, in which 

the electron beam is controlled to scan around the optical axis with a discrete step16. The summed 

frames from the frames of discrete scan were shown to provide similar data quality compared to those 

provided by hardware precession.  

In RED data collection, the beam is tilted away from the optical axis. The resulting shift of the diffraction 

patterns is compensated by beam deflectors below the sample. Inaccuracy of the compensation could 

result in the slight movement of the direct beam and the whole pattern during beam tilt. These shifts 

are determined using cross correlation calculations and compensated for before the frames are summed 

up. 
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applied with a step of 0.10 degree and a beam tilt range from - 1.20 degrees to 1.20 degrees. The beam 

tilt range used here is twice as large as the normal RED data collection, which is about half of the 

goniometer rotation angle, i.e. 0.60 degrees for a goniometer rotation of 1.20 degrees. This was chosen 

to obtain a rotation step similar to that in a PEDT experiment. There are 2525 frames in the dataset. To 

prepare the frames for dynamical refinement, every tilt series consisting of 25 frames was summed into 

a single frame after the shift of the direct beam for each frame was determined using cross correlation 

and corrected for. The summed frames are integrated frames with the electron beam scanning from -

1.20 to 1.20 degrees around the rotation axis. The angles of the summed frames are those of the 

goniometer rotation angles. The experimental details are summarized in Table 1.  

Table 1. Details of the RED data collection and crystal data for the Ni3Si2 sample. 

Chemical formula Ni3Si2 
a / Å 12.61 
b / Å 11.21 
c / Å 7.07 
α / ° 89.52 
β / ° 89.56 
γ / ° 90.52 

Space group Cmcm 
Total tilt angle – 65.0° to + 56.7° (121.7°) 
Stage tilt step 1.20° 

Beam tilt range –1.20° to 1.20° 
Bean tilt step 0.10° 

No. of frames before summation 2525 
No. of frames after summation 101 

Exposure time/frame 0.7 s 
Completeness 0.799 

TEM JEOL 2100LaB6 
Camera Gatan Orius SC200D 

 

Since the original frames are in the floating point format for the pixel counts while PETS requires 16-bit 

unsigned integer data, the summed frames were scaled to the data range of 16-bit unsinged integer 

numbers and negative values due to dark-field and flat-field correction from the camera were set to 

zero. This happens mostly for pixels that have counts at the noise level and does not affect diffraction 

intensity data quality. 

An input file for PETS was prepared for the summed frames and data processing was performed 

following the standard procedure required by PETS, including the refinement of the rotation axis 
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orientation, peak hunting, unit cell determination, orientation matrix refinement and intensity 

integration. Intensity integration was first performed across the summed frames for structure solution 

and kinematical structure refinement, then later on individual summed frames for dynamical intensities 

by using the option of integration for dynamical refinement in PETS. The hkl file for dynamical 

refinement includes the indices and the intensities of the reflections on individual summed frames.  

4. Results and discussion 

4.1 Kinematical and dynamical refinement against the RED data 

In the data processing with PETS the unit cell parameters were determined to be a = 12.612 Å , b = 

11.316 Å, c= 7.071 Å, as summarized in Table 1. Intensities of 661 unique reflections were extracted 

after intensity integration. The intensities could be directly used to solve the structure by Superflip19 in 

Jana2006 using the charge flipping algorithm20. All 10 unique atoms were correctly located. The 

structure model was then refined assuming kinematical intensities. The refinement converged to R1(obs) 

= 0.1138 for 389  observed reflections and R1(all) = 0.1317 for all 661 reflections with 28 parameters, as 

summarized in Table 2. 

Table 2. Comparison of kinematical and dynamical refinement results using the RED data in this study 

and those using the PEDT data in the previous study15. 

Parameter RED 
kinematical 

RED 
dynamical 

PEDT* 
kinematical 

PEDT* 
dynamical 

R1(obs)(%) 11.38 7.42 17.95 8.45 

wR(all)(%) 13.17 7.62 21.34 9.98 

Nrefl(obs) 389 1413 549 4681 

Nrefl(all) 661 4343 571 8350 
No. of refined   
parameters 28 129 28 139 

ADRA (Å) 0.030 0.024 0.016 0.006 
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The thickness of the crystal needs to be estimated for each frame before the dynamical refinement 

starts. The sample crystal has a shape of nanowire and the thickness is uniform when rotated around 

the nanowire direction. wR(all), i.e. the weighted R value, was calculated between all the reflections in 

each experimental frame and those in the simulated pattern using the same orientation for different 

crystal thicknesses. In principle the wR(all) will show a minimum at similar thickness values when plotted 

for all the frames. In our case, an average thickness of 35 nm was obtained from the RED dataset and 

used as the initial value for overall thickness. This value was further refined in the dynamical refinement 

procedure later.   

The first cycle of dynamical refinement converged to a R1 value of 0.216. The refinement included the 

optimization of the overall thickness value and scale parameters for individual frames, while the 

orientation of each frame was calculated using the diffraction frame angle, and the orientation matrix 

was used and kept fixed. As the orientation is a key parameter for dynamic effects and affects dynamical 

diffraction intensities strongly, it is optimized for each frame in a similar way as the thickness in the next 

step. The optimized orientation should be in the close vicinity of the orientation defined by the frame 

angle and the orientation matrix. A deviation larger than 0.5° is considered high. Unfortunately, as we 

will discuss later in detail, the goniometer readout angle for our instrument was not very accurate and a 

larger deviation was possible. Therefore a command “scanorient 1.0 0.05” was used in Dyngo to expand 

the angle range for optimized orientation searching to 1.0° with a step of 0.05°. With the optimized 

orientation for each frame, refinement was improved significantly and the dynamical refinement 

converged to R1 = 0.0742.  After the optimization of thickness value and orientation for each frame, 

structure refinement was then started by refining the atomic coordinates using isotropic atomic 

displacement parameters. After 100 cycles, the refinement converged with an R1 value of 0.0735 with 

4343 reflections for 129 parameters, as summarized in Table 2. The refined structure model was then 

compared to the model from kinematical refinement as well as to the reference structure. The very 

small reduction of the R1 value before and after the refinement of the atomic structures shows that the 

starting model obtained using kinematical approximation is already very accurate. The dynamical 

refinement mainly reduces the R1 value, from 0.1317 to 0.0742. 

4.2 Comparison to refinement against PEDT data 

It has been shown in this work that dynamical structure refinement could be applied to RED data 

collected by combing beam tilt and goniometer rotation. It is instructive to compare the refinement 
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results from the RED data to those from the PEDT data reported earlier15. Table 2 summarizes the 

kinematical and dynamical refinement details from RED and PEDT data, respectively. From the table we 

can observe that the kinematical refinement using RED already achieved a reasonably good R1 value 

(0.1317), considering typical R1 values from the refinement with RED data are typical over 0.30. This 

could be due to the fact that the nanowire has a uniform thickness in projection during rotation. The 

thickness is relatively small (~ 35 nm) and as a result the dynamical effects are expected to be weak. It is 

interesting to note that the R values based on the kinematical refinements are significantly better for 

RED data compare to those for the PEDT data, as shown in Table 2. 

The dynamical refinement with RED data gave better refinement statistics than those with the 

kinematical refinement. The kinematical refinement converged to R1(obs) = 0.1138, wR(all) = 0.1317 for 

28 parameters. Although the results are satisfying for a kinematical refinement with RED data, the 

dynamical refinement made further improvement by giving a result of R1(obs) = 0.0742 for 1413 

reflections and wR(all) = 0.0762 for 4343 reflections. Although the results from RED are on par with the 

PEDT results in terms of R values, the number of reflections in the dynamical refinement against the RED 

data is much smaller. This could be due to the differences in the geometries in data collection, i.e., 

intensity integration around the rotation axis for RED data versus intensity integration around the 

optical axis for precession data.  

4.3 Structure model quality 

Compared to lower figures of merits from refinement, improvement in the quality of the refined 

structure model would be more important and meaningful. As a structure model of the structure was 

available from SXRD studies, we used it as a reference for the structure models obtained from 

refinement against the RED data. Figure 2 plots the deviations of individual atomic positions in the 

structure models obtained by the kinematical and dynamical refinement, respectively from the 

corresponding atomic positions in the reference structure. Again the average deviation from the 

reference atomic position (ADRA) was used as an indicator on the overall quality of the refined structure 

model and the values are given in Table 2. The calculated ADRA of the structure model from the 

kinematical refinement was 0.030 Å and for the dynamical refinement 0.024 Å. Figure 3 compares the 

refined structure models from the kinematical and dynamical refinement. The average deviation of the 

atomic positions in the two models is 0.013 Å with the largest deviation of 0.034 Å on Si5. The figures 
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show that the dynamical refinement achieved similar results as the kinematical refinement in terms of 

model accuracy for this RED data. Only slight improvement of the structure model is observed.  

 

Figure 2. Average deviations of atomic positions obtained by the kinematical and dynamical refinements, 

respectively, from those in the SXRD model.  The ADRAs are 0.030 Å and 0.024 Å for the structure models using 

kinematical and dynamical refinements, respectively, and the one with the largest deviation between the two 

models is Si5.  

 

Figure 3. Comparison of the structure models of Ni3Si2 by kinematical and dynamical refinements, respectively, 

viewed along [001]. Four out of 10 atomic positions deviated by more than 0.010 Å between the two models, as 

shown in red (by kinematical refinement) and yellow (by kinematical refinement). The blue atoms are those 

deviated by no more than 0.010 Å between the two models. 



10 
 

4.4 Challenges 

In the dynamical refinement process we noticed that the accuracy of the frame orientation (or the tilt 

angles) had great impact on the results of the dynamical refinement. Therefore efforts had been made 

for determining accurate orientations of the frames. As it is difficult to use an absolute reference for the 

goniometer tilting during data collection, we attempted to determine the frame orientation based on 

the information of the individual frames. After data reduction, reflections on individual frames are 

already indexed. These reflections fall on, or in the vicinity of, the Ewald sphere. It is possible to obtain 

accurate orientations of the frames by minimizing the distances between the expected 3D positions of 

the reflections and the Ewald sphere21. The tilt angle should be the rotational component of the 

orientation angle. This method is applied to the summed frames of the RED data and the difference 

between the original frame angles and the ones from the minimization method is shown in Figure 3. It 

shows that the discrepancies between the original frame angles and those from the minimization 

method and orientation optimization in the dynamical refinement could be as large as 1.5°.  

The orientations of the individual frames were also refined during the dynamical refinement, which was 

done simply by carrying out a grid search of the orientations and finding the one with the best R-value 

using the given initial structure model. Ideally, if the model is close enough to the true one and the 

orientations of the frames do not deviate significantly from the true ones, accurate tilt angles can be 

obtained from the minimization method. The differences between the original frame angles and those 

from the orientation optimization in dynamical refinement were also plotted in Figure 4. It can be seen 

that the results from the two methods are closely correlated. This suggests that the frame angles 

obtained from the microscope during data collection are not reliable and the orientation of the 

diffraction frames need to be accurately determined for reliable dynamical refinement.  
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Figure 4. Differences between the original frame angles and those from a minimization method21 and orientation 

optimization in dynamical refinement. The similar trend of the results from the two methods indicates inaccurate 

goniometer angles obtained from the microscope.  

5. Conclusions 
This work shows that it is possible to apply dynamical structure refinement to rotation electron 

diffraction data. Due to the fact that the dynamical structure refinement method was originally 

developed for precession electron tomography data where each frame is an integration of diffraction 

intensities around a small angle range, and that precession is likely to reduce the effects of crystal 

mosaicity and the uncertainty of crystal orientation on the refinement algorithm, the beam tilt series in 

RED data need to be combined into a pseudo-precession pattern. This work showed that, apart from the 

initial process of combining beam tilt series, the rest of the data processing and dynamical refinement 

procedure is the same as those with precession electron diffraction tomography (PEDT) data. While the 

dynamical refinement against RED data converged with a reasonable model and lower R values were 

obtained compared to kinematical refinement, no obvious improvement in the model was observed. 

This could be attributed to the thin sample used in the data collection, which resulted in data that are 

only weakly affected by dynamical effects. Nevertheless, the current work serves as an important 

example for the feasibility of dynamical refinement against RED data and possibly continuous rotation 

diffraction data in the future. 
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