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Abstract 

This thesis focuses on the application of 3D electron diffraction (3D ED) in studying the crystal 

structures of natural products that may exist in nanocrystalline forms, as well as cocrystals 

synthesized via mechanochemistry. The 3D ED technique offers an alternative for crystal 

structure elucidation of submicron-sized crystalline samples that are unsuitable for the 

conventional single crystal X-ray diffraction (SCXRD) technique. The first part of the thesis 

introduces the fundamentals of 3D ED, including instrumentation, diffraction geometry in 

electron diffraction, data collection and data processing strategies. Sample preparation methods 

for either stable, beam or vacuum-sensitive samples are also discussed. Building on this 

foundation, the application of the technique in the round robin project was reported to establish 

the reproducibility of 3D ED. The results of 3D ED analysis by various laboratories 

demonstrated the reliability of the technique regardless of the instrument used in the analysis. 

3D ED was then applied for the investigation of crystal structures of unreported phases of the 

natural product oxyresveratrol. Two new phases were found, including one anhydrate phase 

and a novel hydrate polymorph. Additionally, the crystal structures of three oxyresveratrol 

cocrystals synthesized using mechanochemistry were uncovered using 3D ED.  To address the 

problem of beam sensitivity, which is a common challenge during data acquisition on organic 

samples, a novel method of data collection serial electron diffraction (SerialED), has been 

applied for the collection of diffraction data on a well-known active pharmaceutical ingredient, 

L-dopa. Preliminary results after the data analysis have been reported, showing a promising 

future for SerialED method of data collection. 
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Introduction 

1.1. 3D Electron Diffraction 

Over the last 20 years, electron diffraction has undergone impressive developments. From 

being a niche technique for crystallography, it has become a reliable and powerful structure 

solution method. If it was originally used mainly to obtain qualitative information on the crystal 

structure through the collection of single selected area zone axis patterns, nowadays, in its 3D 

electron diffraction (3D ED) version, it is a single crystal diffraction technique for nanocrystals 

which can be used in the same way as single crystal X-ray diffraction, but on crystals that are 

two orders of magnitudes smaller. In this thesis, we exploit this remarkable characteristic of 

3D ED for studying the crystal structures of natural products that may exist in nanocrystalline 

forms, as well as cocrystals synthesized via mechanochemistry. 

The standard technique used for structure determination is single crystal x-ray diffraction 

(SCXRD). However, SCXRD cannot be used for characterizing crystals that are smaller than 

a few microns unless a very powerful synchrotron beamline is available, Powder X-ray 

diffraction (PXRD) is applied in such scenarios. PXRD is another X-ray diffraction technique 

that is used for the analysis of crystalline materials that are small-grained powders, which are 

not suitable for SCXRD. An ideal sample for PXRD analysis is made up of crystallites with 

sizes between 1 to 10 microns with random orientations (Altomare et al., 2017). In this case, 

the weak diffraction signal arising from each small grain is enhanced by the large number of 

grains that are simultaneously diffracting at the same time. This technique is widely used in the 

pharmaceutical industry as an efficient way of screening polymorphs and multicomponent solid 

forms of APIs during early-stage development (Ticona Chambi et al., 2024) (Chernyshev, 

2023). It is also used for crystal structure determination and understanding temperature 

dependent phase transformations (Harry G. Brittain, 2009). This diffraction method however 

also comes with some setbacks. If the sample is not a single crystalline phase or contains some 
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minor phases it can be hard to define the different phases due to overlapping of peaks. The 

PXRD diffraction signal is in fact, a one-dimensional signal in which we record the number of 

diffracted photons vs. the scattering angle, therefore the diffraction signals coming from all the 

grains in the samples are superimposed in the powder pattern. This makes the crystal structure 

analysis of unknown compounds containing multiple phases an extremely challenging task(Li 

& Sun, 2017). (Altomare et al., 2017). To overcome this limitation, 3D Electron Diffraction 

(3D ED) has proven to be the technique of choice for analyzing nano-sized crystals (Gemmi & 

Lanza, 2019).  

3D electron diffraction (3D ED) is a single crystal diffraction technique that allows for the ab 

initio structure solution of small crystals (smaller than 1 micron and thinner than several 

hundreds of nanometers) including organic nanocrystals (Andrusenko & Gemmi, 2022). 3D 

ED for organic nanocrystals however presents several challenges during data collection. Firstly, 

due to the presence of light atoms, these samples are susceptible to beam damage. Very rapidly, 

the effect of the electron beam can amorphize the crystals leading to low data quality and 

completeness. In this work, low-dose and fast data acquisition methods have been applied to 

make data collection feasible for organic nanocrystals. The instrument used for 3D ED data 

collection is the transmission electron microscope (TEM), therefore the sample inside the TEM 

is in a high vacuum environment. Some samples may experience amorphization in these 

extreme vacuum conditions and are known as vacuum-sensitive materials. This thesis also 

applies a classical sample preparation employed in cryo-EM, cryo-plunging method for 

protecting vacuum-sensitive samples. 3D Electron Diffraction (3D ED) has been combined 

with other characterisation methods such as Differential Scanning Calorimetry (DSC), Thermal 

Gravimetric Analysis (TGA) and PXRD.  DSC and TGA were used to understand the thermal 

behaviour of the different crystal forms of the sample. PXRD has been used as a preliminary 

sample screening by comparing the experimental patterns with those simulated based on known 
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phases to check the presence of new unknown polymorphs. In case of detection of new phases, 

3D ED has been used for their structure solution and refinement. The structural model obtained 

were cross checked through Rietveld refinement on the experimental PXRD that in some cases 

were multiphase patterns. This methodology has been successfully applied in this thesis to two 

relatively unexplored areas: crystal structure analysis of natural products and nanocrystalline 

cocrystals synthesized through mechanochemistry.   

1.2. Active Pharmaceutical Ingredients(APIs) 

Active Pharmaceutical Ingredients (APIs) small molecules can be administered in their 

amorphous forms, but some show better physicochemical properties and stability in their 

crystalline forms (Joshi et al., 2019). As a result, investigating and understanding the crystal 

structures of APIs is a key tool in drug development. This gives information about how to 

choose the correct crystal form for various therapeutic applications. Crystal forms of APIs 

(Figure 1.1) include polymorphs, hydrates/solvates, salts and cocrystals. An API in different 

crystal forms can exhibit different physicochemical properties, thereby influencing their 

potential use (Braga et al., 2022) (Couillaud et al., 2019).  

 

Figure 1. 1  Scheme of the various crystal forms of APIs 
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Crystal forms can exist with a single component such as anhydrous polymorphs or 

multicomponent including solvates, salts and cocrystals. 

Polymorphs are the different crystal forms created due to the polymorphic tendencies of APIs. 

This phenomenon is described as polymorphism and occurs when a crystalline compound can 

have different molecular arrangements, which causes different unit cell parameters and crystal 

structures while its elemental composition remains the same (Healy et al., 2017). 

Polymorphism is very common in APIs and are present in about 80% of crystalline APIs (Yao 

et al., 2023). As a result, polymorphic screening is a routine in drug development, which is a 

requirement by the US FDA and for patent applications. This phenomenon can occur due to 

different factors such as temperature, humidity, mechanical stress and even light. The most 

thermodynamically stable polymorphs are selected for the market after various characterization 

is done (Harry G. Brittain, 2009). Thermodynamically unstable polymorphs are called the 

metastable forms which tend to appear or exist amongst other stable polymorphic forms.  Salts, 

cocrystals, hydrate and solvates can all have different polymorphs (Braga et al., 2022) (Byrn et 

al., 2017). It has been reported that molecules that can form polymorphs also have a high 

likelihood of forming solvates (Couillaud et al., 2019). Solvated crystals or solvates are 

crystalline forms that contain molecules of solvents such as water, ethanol and acetone in their 

crystal lattice. Solvates that contain one or more molecules of water are known as hydrates. 

While APIs without any solvent or water in their structures are known as anhydrates. 

Anhydrates can transform into hydrates when stored in a high relative humidity condition 

(Couillaud et al., 2019). Research suggests that one-third of all APIs tend to form either a 

hydrate or a solvate. To give an example of how frequent and complex can be the formation of 

solvates, sulfathiazole is reported to have more than 100 solvated forms (Boothroyd et al., 

2018). Although some APIs are marketed in their hydrated or solvated forms, they come with 
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some challenges such as poor thermal stability and inconsistencies with the stoichiometric ratio 

(Aitipamula & Vangala, 2017).   

Studies show that about 40% of drugs on the market and 90% of APIs undergoing screening 

show low solubility which directly affects their bioactivity (Dhaval et al., 2025) (Hossain Mithu 

et al., 2021). To address this problem, many approaches have been used to improve the 

solubility using crystal engineering methods to form salts and cocrystals. Salts are a popular 

choice for administered API in solid form because of their improved solubility compared to 

their original pure state. Salts are made up of a basic and an acidic component held together by 

ionic interactions (Aitipamula & Vangala, 2017) (Byrn et al., 2017) (Hossain Mithu et al., 

2021). A recent method of improving the solubility of orally administered drugs is by 

modifying their crystal structures through cocrystallization (Savjani et al., 2012) (Saha et al., 

2023). Cocrystals are made up of at least one API combined with one or more coformers in 

their crystal lattice without altering their therapeutic properties. Coformers are small molecules 

which can sometimes fall under Generally Recognized as Safe (GRAS) compounds as defined 

by the US FDA (Bolla et al., 2022) (Artusio et al., 2024). GRAS compounds are typically 

amides and carboxylic acids (Qiao et al., 2011).  Cocrystallization occurs because of non-

covalent interactions such as hydrogen bonding, van der Waals force and pi-pi stacking 

interaction between coformers and the API molecules (Pal et al., 2022).  

Characterization methods such as thermal studies (Differential Scanning Calorimetry (DSC), 

Thermogravimetric analysis (TGA)) and spectroscopy (Nuclear Magnetic Resonance (NMR), 

Raman, Infrared) (Jayant & Yusuf, 2024) (Southern & Bryce, 2021) (Pindelska et al., 2017) are 

necessary to understand crystal forms. The standard crystallographic techniques widely used 

for crystal structure analysis are Powder X-ray Diffraction (PXRD) and Single Crystal X-ray 

Diffraction (SCXRD). 
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1.3. Natural Products 

Natural products and their derivatives are bioactive compounds sourced from plants that have 

played an important role throughout the history of human medicine (Harvey et al., 2015)(Dias 

et al., 2012). For example, Artemisinin is a natural product that can be extracted from Artemisia 

annua L. and has been used as an antimalarial drug since its discovery in 1987. This led to the 

award of half of the 2015 Nobel Prize in Physiology or Medicine for this development of 

artemisinin and the other half for avermectin/ivermectin complexes which are also of natural 

origin (J. Wang et al., 2019) (Newman & Cragg, 2016). Another example is the API aspirin, a 

household drug for the treatment of pain and inflammation. It is a derivative of the natural 

compound salicylic acid which can be extracted from the bark of the willow tree. However, 

salicylic acid had side effects like causing gastric irritation, so its acetyl derivative aspirin was 

created with a lower level of this side effect  (Chopra & Dhingra, 2021). Natural compounds 

like most of the APIs exhibit polymorphism and exist in various crystal forms as seen in 

quercetin. Quercetin is a natural compound which can be extracted from many kinds of fruits 

such as tomatoes and onions and one of the most studied flavonoids with many desirable 

benefits. It is shown to exist in different crystal forms such as hydrates, solvates and cocrystals. 

It has also been reported to have two anhydrous polymorphs (Klitou et al., 2023). Curcumin is 

another natural product which is an anti-HIV agent and so far, has been shown to be 

polymorphic. It is reported to have three crystalline polymorphic and one amorphous phase 

(Sanphui et al., 2011). The potential biological activities of natural products are heavily reliance 

on their 3D crystal structure and the possible functional groups in the molecules (Chhetri et al., 

2018). Many characterization methods of unknown natural products already exist such as NMR 

spectroscopy and mass spectrometry. The structural elucidation methods like X-ray 

crystallography have been used as a standard for crystalline natural products just like other 

APIs (Nicolaou & Snyder, 2005). The crystal structure determination of natural products using 
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3D electron diffraction is still a growing field (Danelius et al., 2021). Kim et al. in 2021 

combined genome mining and 3D ED for revising the structure of fischerin. The crystal 

structure co-metabolite, austinol in the sample quantities below the detection limit of NMR 

analysis was solved using 3D ED (Kim et al., 2021). In 2024, Gurung et al. determined the 

crystal structure and absolute configuration of beauveriolide I, a natural fungal product that 

crystallizes in fibrous morphology (Gurung et al., 2024). Natural products are challenging to 

crystallize large enough for SCXRD and can also exist in polyphasic mixtures hence 3D ED is 

a key tool for their structural analysis. 

In Chapter 4, we will discuss the crystal structure determination of two new crystal structures 

of oxyresveratrol solved ab initio using 3D ED by combining room and cryo temperature data 

collection. 

1.4. Mechanochemical Synthesis for Crystal Engineering  

There are different methods of synthesis used in the crystal engineering of API to create crystal 

forms with improved properties including solvothermal synthesis, sublimation and 

mechanochemical synthesis (Carstens et al., 2020). Mechanochemistry is a method of synthesis 

that involves the use of mechanical force to cause chemical reactions through grinding with 

little or no solvent. This synthesis route has several advantages over other methods. Firstly, due 

to the use of a low amount of or no solvent, there is minimal waste, which makes it a greener, 

less toxic and environmentally friendly method. The equipment for synthesis; ball mill device, 

mortar and pestle; are cost-effective (Figure 1.2) but also efficient and can be used in large-

scale production (Hasa & Jones, 2017) (Basoccu et al., 2024) (Galant et al., 2022). 
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Figure 1. 2 Workflow of mechanochemical synthesis 

Mechanochemical synthesis or mechanosynthesis includes neat grinding and liquid-assisted 

grinding (LAG) (Carstens et al., 2020). A limited amount of solvent is used to initiate reactions 

in LAG in cases where neat grinding is not successful (Do & Friščić, 2017).  This synthesis 

route leads to the formation of nanocrystalline solids which are consequently difficult to 

characterize with the standard X-ray diffraction methods especially if new unknown crystal 

structures are formed. Efforts are made to grow larger single crystals after mechanosynthesis 

using other synthesis route for structure determination which can be unsuccessful or lead to the 

formation of different polymorphs. With crystals smaller than a few microns, the traditional 

XRD methods cannot be applied to the materials produced by mechanochemistry due to the 

reasons explained earlier. To tackle this, 3D ED can be the solution and has been used in various 

works with different materials including pharmaceuticals (Gogoi et al., 2023), Metal Organic 

Frame works (MOFs) (Sala et al., 2024), Supramolecular Organic Frameworks (SOF) 

(Marchetti et al., 2023) and coordination polymers (Marchetti et al., 2021). 

 In Chapter 5, we will discuss how 3D ED combined with PXRD, was used for the crystal 

structure analysis of three unknown cocrystals of oxyresveratrol synthesized using LAG 

mechanosynthesis. 

1.5. Summary 

The main scope of this thesis is to demonstrate that 3D ED has reached a sufficiently mature 

state, and is a reliable method for structure solution, even for samples that are challenging to 
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analyse due to their beam sensitivity to the illumination of an electron beam, such as organic 

crystals. We aim to demonstrate that 3D ED can free the organic chemist from the constraint 

of needing to synthesize and produce large crystals if they want to have a precise idea on which 

crystal structure/polymorph is obtained. We foresee that this could open a lot of new scenario 

in organic chemical synthesis with valuable applications, especially in pharmacology. The 

results of the thesis say that this is definitely possible. By going through the following chapters, 

3D ED is able to provide a structure accuracy that is now better than PXRD and is approaching 

that of SCXRD. The results also show that organic structures can be investigated by 3D ED to 

a high degree of detail. Challenges such as the detection of the hydrogen or the determination 

of hydrated polymorphs, usually amorphized by the vacuum, can be addressed if proper sample 

preparation is considered. The example of the oxyresveratrol polymorphs crystal structure 

determination will also show how the method is ready for quality control. This is because two 

new polymorphs have been determined directly on the commercial batch bought from the 

chemical provider.  
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CHAPTER 2 

3D Electron Diffraction 
2.1. Introduction 

3D Electron Diffraction (3D ED) or Microcrystal Electron Diffraction (Micro ED) is a 

technique for collecting single-crystal diffraction data on nanocrystals by recording patterns 

while the sample is rotating around a goniometer axis using accelerated electrons as a radiation 

source (Gemmi et al., 2019). The collected diffraction patterns can be analyzed like a single 

phi scan in a single crystal X-ray diffraction (SCXRD) for obtaining a reconstruction of the 

reciprocal space (Gemmi et al., 2015). This diffraction technique is ideal for the crystal 

structure characterization of single nanocrystals due to the stronger interactions between 

electrons and matter compared to X-ray-matter interaction (Gemmi et al., 2019). Electron 

diffraction was among the first proof of the wave-like nature of matter through the famous 

Davisson-Germer experiment. In their work, electrons were scattered by a nickel crystal by 

forming Bragg diffraction rings (Zettili, 2009). The electron beam interacts with the nuclei and 

electron clouds of the atoms via Coulomb forces. These are electrostatic forces that occur 

because of repulsion or attraction between charged particles (J. M. Zuo & Spence, 2016). The 

deflection induced by the force onto the electron beam is between 3 to 4 orders of magnitude 

stronger than that produced on a photon beam in the case of X-ray diffraction (Dorset, 1995). 

As a result, electron diffraction produces detectable diffraction signals from crystals of volumes 

10-6 times smaller than those usually analyzed with SCXRD (Clabbers & Xu, 2020). To give a 

clearer comparison, a perfect crystal for laboratory SCXRD has a size of around 100 m while 

a perfect crystal for electron diffraction is smaller than 500nm.  3D ED has other advantages: 

it can be used to easily identify the positions of light atoms such as carbon, nitrogen, oxygen, 

and hydrogen which are prevalent in organic structures and it is more sensitive than X-ray to 

determine the absolute structure of a chiral crystal (Klar et al., 2023). 3D ED has been 
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instrumental in the structure determination of small molecules such as pharmaceuticals whose 

structures had not been previously known due to their nanocrystalline form (Andrusenko & 

Gemmi, 2022).   

The main instrument used for collecting 3D ED data is the Transmission Electron Microscope 

(TEM) since it can be used as a diffraction instrument with the accelerated electrons as  probe 

(Dorset, 1995). The versatility of the TEM has been valuable for understanding nanostructured 

materials exploiting at the same time its capabilities of observing the sample in image mode at 

high magnification (Escalante et al., 2019)  and in diffraction mode to directly probe the crystal 

structure. In the following paragraph, this peculiar characteristic of the TEM will be reviewed 

and with a focus on how it can function as an electron diffractometer. 

2.2. Transmission Electron Microscope (TEM) 

The TEM can be divided into four main parts: the electron gun, the illumination system, the 

objective lens and the projector system. The electron gun produces electrons which are 

accelerated to form the electron beam (Figure 2.1) (R. F. Egerton, 2005). Thanks to the fact 

that a magnetic field can deflect accelerated electrons, the illumination system can focus, 

through magnetic lenses, the electrons into a small bright electron beam with variable size, 

dose and convergence. The illumination system, an important part of TEM, is made up of 

condenser lenses and different-sized condenser apertures that determine different beam sizes 

(J. M. Zuo & Spence, 2016). The electron beam can be either convergent or parallel producing 

different illumination types at the level of the sample. When the condenser lens is used to 

defocus or spread the beam, a quasi-parallel beam is created with a small convergence angle 

on the sample plane. On the contrary, a convergent beam is created when the beam is focused 

into a point to form an almost conelike probe (J.-M. Zuo, 2006) (Cowley, 1992). Below the 

illumination system is the imaging system which consists of the objective lens. With the 

objective lens, magnified images of thin electron-transparent samples can be produced 
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(Williams & Carter, 2009). The magnified image can be studied to get detailed information at 

the atomic level of the sample when the microscope functions in imaging mode. Remarkably, 

as is the case with every optical system, the objective lens produces at its back focal plane a 

diffraction pattern of the illuminated area. Below the objective lens is the projection lens system 

which has two important functions. The first is to serve as a tool for adjusting the magnification. 

The second function is to help switch the TEM from a traditional microscope for imaging to a 

diffractometer. When the projection system images on the screen the image plane of the 

objective lens, the operator sees the image of the sample. Meanwhile, when the projection 

system images the back focal plane, the operator can see the diffraction pattern (Figure 2.1). 

While a lot can be said about the imaging theory in the TEM, the samples studied in this thesis 

are usually quite beam-sensitive and have completely unknown structures, therefore they can 

be hardly studied in image mode at high magnification. In fact, if we want to obtain a high-

resolution image, we need to focus the beam onto the small area we are imaging exposing it to 

a high dose, which usually amorphized beam-sensitive samples. For these reasons, the samples 

investigated in this thesis are studied in diffraction mode and imaging is only used at small or 

medium magnifications for searching the crystals of interest and to highlight only their 

morphology. 
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Figure 2. 1 TEM illumination system and diffraction mode configuration 

2.2.1. Selected Area Electron Diffraction and Nanobeam Electron Diffraction 

When the TEM operates in diffraction mode, with the projection system bringing the back focal 

plane of the objective lens onto the screen, two types of electron diffraction configurations are 

possible: Selected Area Electron Diffraction (SAED) and Nanobeam Electron Diffraction 

(NED) (Figure2.2). SAED is a type of electron diffraction in which the diffracting area is 

selected by positioning an aperture at the image plane of the objective lens, allowing the beam 

to illuminate an area larger than the diffracting crystal (J. M. Zuo & Spence, 2016). Different 

aperture sizes of SAED determine varying sizes of diffracting areas. NED is performed with a 

smaller parallel beam formed by the condenser lens, whose sizes are determined by the inserted 

condenser aperture. In this case, the size of the beam directly determines the diffracting area 

and only the diffracting area is illuminated and nothing else. The beam size can sometimes be 

smaller than the crystal, as a result, it can be directed to a specific region of the crystal during 

diffraction. This gives the advantage of minimizing beam damage on crystals that are not of 

interest during the data collection of a selected crystal. Since the beam size is relatively smaller 

than in SAED, there is also a reduction of the background from other crystals close to the 
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measured one or the continuous carbon film of the grid during the data collection (Plana-Ruiz 

et al., 2020).  

 

 Figure 2. 2 Scheme of SAED vs NED configurations  

2.2.2. STEM and TEM Imaging for Crystal Search 

Although the TEM is used as a diffractometer in 3D ED data collection, the imaging capability 

of the TEM is still exploited to search for suitable crystals for diffraction. Given this, there are 

two modes of imaging for crystal search: the TEM and STEM mode (Figure 2.3). 

 

Figure 2. 3 TEM and STEM imaging modes for crystal search involving the use of different 

beam illumination 



22 

 

TEM mode uses a large parallel beam to illuminate an area of interest and is the standard 

imaging mode present in every TEM. It is used for crystal search when diffraction is performed 

in SAED (Goodhew, 2011). A major setback of the TEM mode is the high electron dose which 

damages organic samples. If we want to search a certain area, the entire area is illuminated with 

a certain exposure while inspecting it for suitable crystals. This means accumulating the 

electron dose on all the crystals in the area. Scanning Transmission Electron Microscopy 

(STEM) mode is a method of obtaining high-contrast images using a smaller electron beam as 

a probe combined with the High-Angle Angular Dark Field (HAADF) detector. The main 

advantage of this technique is that a fast scan of a region of interest can be done to produce an 

image after which the scan is frozen, and the beam is blanked. This means the scanned region 

is no longer illuminated hence a search for a suitable crystal is done on the image without 

beam-damaging the crystals.  The STEM mode can use either a small convergent or a larger 

parallel beam. In the STEM convergent, the beam is converged at an angle α to form a scanning 

probe having a very narrow size which allows sub-nanometric resolution (which reaches the 

Ångström size in the best microscopes). 

 

Figure 2. 4 Different visibility levels for crystal search in STEM convergent and STEM 

parallel beam imaging modes 



23 

 

The STEM parallel mode employs a small parallel beam, which is usually larger than the 

convergent one and produces blurred images (Figure 2.4). Consequently, there is reduced 

visibility of the crystals but still sufficient to complete a crystal search as shown in Figure 2.4. 

This is the modality we use when we are working in NED, since without changing any electron 

optical configuration we can locate the beam onto every crystal in the image and check its 

diffraction with our direct electron detector. This can be done by directly clicking with the 

mouse on the frozen image with the beam still blanked, avoiding then any extra electron dose.   

After data collection, the STEM convergent beam can be used for imaging crystals to check 

the morphology and sizes of the crystals using the best image performances available in the 

microscope.  

2.3. Electron Diffraction Theory 

As mentioned earlier in the chapter, electrons have both particle and wave-like properties, 

therefore their wavelength, λ in vacuum can be calculated using the relation proposed by Louis 

de Broglie expressed as: 

λ=
ℎ
𝑝

=
ℎ

√2𝑚𝐸0

 (1) 

   

where m is the electron relativistic mass, h the Planck’s constant, and E0 the kinetic energy 

given to the electrons by the accelerating voltage of the TEM (J. M. Zuo & Spence, 2016). The 

electrons in a TEM with an accelerating voltage of 120 kV will have λ= 0.03350 Å while with 

200 kV they have λ= 0.025079 Å. It is also important to note that the wavelength of the 

electrons in a TEM is around one hundred times smaller than photons used in a laboratory X-

ray diffractometer. For instance, the standard Cu Kα source has a wavelength of 1.5406 Å. 

Although electron diffraction is produced by a different interaction with matter with respect to 

X-ray diffraction, its diffraction geometry is analogous to X-ray and follows the same laws. In 

crystalline materials, the atoms and molecules are arranged in a three-dimensional periodic 
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manner, hence, any scattered radiation interferes to form diffraction spots. The diffraction spots 

also follow a periodic three-dimensional order which is known as the reciprocal lattice.  

The diffraction phenomenon (X-ray or electrons) can be well described by Bragg’s law which 

states that:  

2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆 (2) 

  

Where 2θ is the scattering angle, d is the interplanar spacing, n is a positive integer indicating 

the diffraction order and finally λ is the wavelength. 

According to Bragg's law, there will not be scattered particles along any direction of sight 

except when the crystal is oriented in such a way that a set of direct lattice planes satisfies the 

equation above (Figure 2.5). In that case, if the detector is oriented along a 2θ angle with respect 

to the incoming beam it will pick up the corresponding diffraction signal. 

 

Figure 2. 5 Scheme of the Bragg diffraction law 

Remarkably, this is valid for both X-ray and electrons provided the correct wavelength is 

inserted into the formula. To better visualize and understand the geometry of diffraction, a 

geometric construction has been adopted called Ewald sphere. Since diffraction is an elastic 

phenomenon, the energy of the diffracted electrons is the same as the incoming beam. Quantum 

mechanics states that the energy of a free particle is proportional to the square modulus of its 
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wave vector defined as |𝑘| =
1

𝜆
  therefore, the wave vector of the incoming (k0) and diffracted 

(k) particles must have the same length. This implies that they must lie on a sphere surface 

known as the Ewald sphere (Figure 2.6). 

 

Figure 2. 6 Ewald sphere geometric construction 

From a mathematical treatment of diffraction, it turns out that the Bragg law can be better 

expressed using a reciprocal lattice, whose vectors are normal to sets of reciprocal lattice planes 

and have a length equal to 1/d, where d is the interplanar distance.   

The formal mathematical description of the basis vectors of the reciprocal lattice, a*, b*, c* is 

as follows: 

𝒂 ∗·  𝒂 = 1 ;  𝒂 ∗·  𝒃 = 0 ;  𝒂 ∗·  𝒄 = 0 (3) 

𝒃 ∗·  𝒂 = 0 ;  𝒃 ∗·  𝒃 = 1 ;  𝒃 ∗·  𝒄 = 0 (4) 

𝒄 ∗·  𝒂 = 0 ;  𝒄 ∗·  𝒃 = 0 ;  𝒄 ∗·  𝒄 = 1 (5) 

where the bold notation indicates the vectors. Each reciprocal lattice vector can then be 

expressed as a linear combination of these three basis vectors, with integer coefficients h,k,l  

𝒈ℎ𝑘𝑙 = ℎ𝒂∗ + 𝑘𝒃∗ + 𝑙𝒄∗ (6) 
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Each set of direct lattice planes can then be identified by its integer components with respect 

to the reciprocal basis vectors of the lattice, reported in rounded brackets as (hkl). The length 

of this vector will be the inverse of the d spacing between these planes 

𝑔ℎ𝑘𝑙 = ℎ𝑎∗ + 𝑘𝑏∗ +  𝑙𝑐∗ =
1

𝑑ℎ𝑘𝑙
 (7) 

Since Bragg’s law states that |k-k0|= 
2 sin 𝜃

𝜆
=

1

𝑑ℎ𝑘𝑙
  , it is equivalent to saying that the difference 

between the incoming and diffracted wave vector should coincide with a reciprocal lattice 

vector (Laue conditions), once the reciprocal lattice is drawn according to the actual crystal 

orientation. This dramatically simplifies the construction of any expected diffraction pattern. It 

is merely a matter of constructing it as the intersection between the reciprocal lattice and the 

Ewald sphere. Since λ is around one hundred times greater in X-ray diffraction than in electron 

diffraction, the Ewald sphere for electrons is so large that, locally, it can be considered almost 

flat, while the corresponding scattering angles are of the order of just 1°. 

If we consider the possible intersections between a large sphere and the reciprocal lattice of the 

crystal, we see that two possible electron diffraction patterns can be observed. A common 

pattern in which the spots are usually arranged in groups following large circles if the crystal 

is oriented in a random orientation. The other is a geometric pattern in which the spots are 

arranged in a two-dimensional lattice if the incoming beam direction coincides with a direct 

lattice vector. In the second case, the Ewald sphere is tangent to a reciprocal lattice plane and 

since it is almost flat it practically coincides with it. We refer to these two cases as off-zone and 

zone axis patterns respectively (Figure 2.7).  



27 

 

 

Figure 2. 7 (a) Zone axis pattern (b) off-zone axis pattern in electron diffraction 

The description of the diffraction arising when a reciprocal lattice node passes through the 

Ewald sphere is valid only for perfect infinite crystals. In real cases, a crystal is finite and its 

coherent domains are reduced by crystal imperfections referred to as mosaicity. A real crystal 

can then be modelled with reciprocal lattice nodes that are not points but small volumes 

(usually elongated along the beam direction where the crystal is thinner) (Figure 2.8). We 

therefore also see diffraction if a reciprocal lattice point is in the proximity of the Ewald sphere.  

 

Figure 2. 8 The reciprocal lattice nodes are not discrete but elongated (black) 

 thereby diffraction can still be observed when the nodes are close to the surface of the Ewald 

sphere (red) 
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The distance of each reciprocal lattice point from the Ewald sphere is measured with a vector 

as depicted in Figure 2.8 called excitation error, Sg (J. M. Zuo & Spence, 2016). The Sh value 

is related to the incoming wave vector as; 

𝑆𝑔 =
|𝑘0|2 − |𝑘0 + 𝑔|2

2|𝑘0|
 (8) 

    

 

When Sg is equal to zero the reflection is in exact Bragg condition and its intensity is in most 

cases at the maximum. The variation of the reflection intensity with Sg, known as the rocking 

curve, directly depends on the size of the coherent domain whose main limiting factor is the 

mosaicity (an example several rocking curves vs. excitation error is depicted in Figure 2.9). 

 

Figure 2. 9 The rocking curve or the ‘camel plot’ is the plot is the plot of the intensities of the 

reflections at different resolution vs. the excitation error on the x-axis 

 

2.3.2. Electron Diffraction Intensities 

The intensity of a reflection in electron diffraction according to the first order approximation, 

known as kinematical, is equal to the square modulus of the Fourier transform of the 
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electrostatic potential since for electrons this is the “scattering agents”. This quantity is known 

as the structure factor. The same approximation also holds for X-ray diffraction, however in 

this case, since the “scattering agent” is the electron density they therefore the X-ray structure 

factors are different and correspond to the Fourier transform of the electron density. As 

described above, the combination of mosaicity and crystal size blurs the reflection intensities 

in reciprocal space. As a result, the measured intensity of the reflection 𝑔ℎ𝑘𝑙 can be expressed 

as a function of Sg as: 

𝐼(𝑔ℎ𝑘𝑙) = |𝐹(𝑔ℎ𝑘𝑙)|2 𝑅(𝑔ℎ𝑘𝑙  , 𝑆𝑔) (9) 

 

 

where R is the rocking curve of the reflection. This makes it then clear that any diffraction data 

collection aiming to correctly estimate the structure factor amplitude through the reflection 

intensity needs to sample the rocking curve by properly scanning the reciprocal space around 

each reflection. Assuming we can perform such a scan, the electron diffraction analysis would 

be quite like any SCXRD experiment once we consider the different nature of the “scattering 

agent”. Unfortunately, the strong interaction of electrons with matter, which allows us to 

measure nanocrystals, has the drawback that even for very thin specimens, that is, electrons are 

scattered multiple times inside the sample. This phenomenon is known as dynamical scattering 

in electron diffraction and can be considered negligible in X-ray diffraction. Dynamical 

scattering alters the simple relation between diffraction intensity and structure factors 

expressed by the first order approximation.  An example of these effects can be seen in the 

Figure 2.10 below where a zone axis diffraction pattern is compared with its kinematical 

simulation. Therefore, if we want to use electron diffraction for solving crystal structures, we 

need to design data collection strategies to be able on one side to properly sample the reciprocal 

space and on the other to minimize the dynamical scattering. 
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Figure 2. 10 [100] Zone axis electron diffraction pattern collected on a calcite crystal (left) 

and its kinematical simulation (right). Note how in the experimental pattern all the reflections 

have a more uniform intensity compared with the corresponding kinematical values, like if the 

dynamical scattering is distributing evenly the intensity between them. 

 

2.4. 3D Electron Diffraction Data Collection Methods 

Historically, before the 3D ED era, electron diffraction data were acquired by collecting single 

zone axis patterns using a precessed electron beam in a method known as Precession Electron 

Diffraction (PED) and the data collected in this way were treated as quasi-kinematical. PED 

was a method first proposed in 1994 by Vincent et al. to help reduce dynamical effects in 

electron diffraction (Vincent & Midgley, 1994). In PED, diffraction patterns are collected while 

the electron beam is precessing on a cone with a fixed vertex at the sample surface (Midgley 

& Eggeman, 2015) (Figure 2.12). The diffraction intensities collected in different zone axes 

were merged into a three-dimensional data set that was used for solving the structure in 

kinematical approximation  (Gemmi & Nicolopoulos, 2007). This method however had some 

limitations. Firstly, while precession reduced the dynamical effects, the sampling of the 

reciprocal space, especially for low symmetry structures remained low. This type of data 

collection is also time-consuming since the microscopist must undergo the long and tedious 

process of orienting the crystal in zone axis, which is a disadvantage for beam-sensitive 

samples like organic nanocrystals (Gemmi & Lanza, 2019).  
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Figure 2. 11 Sketch of the reciprocal space sampling in zone axes data collection (a) PED or 

(b) ADT (Gemmi & Lanza, 2019) 

Later in 2007, the idea of collecting both on and off-zone axis diffraction patterns without beam 

precession by crystal tilt was proposed by Kolb et. al. with a technique called Automated 

Diffraction Tomography (ADT). A stepwise tilt series was used to collect diffraction patterns 

with an angular step between 1º and 2º for a total angular range between 60º and 120º (Kolb et 

al., 2007a). Although more reciprocal space was sampled compared to the PED method making 

it possible to determine easily the unit cell parameters, some challenges remained such as the 

data gaps between tilt steps. In this case, since the reflections are not fully integrated over the 

excitation error their intensities were not correctly estimated and the structure solution proved 

to be difficult.  

Mugnaioli et al. in 2009 then proposed a new method of data collection by combining the 

stepwise tilt in ADT with the precessed beam method PED called Precession Electron 

Diffraction Tomography (PEDT). PEDT solves at the same both problems of PED and ADT: 

due to the multiple patterns data collections increase the completeness to an angular range of 
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about 120º; secondly, the lack of the integration of the intensity in ADT is solved by the beam 

precession which allows the Ewald sphere to sweep missing gaps between the frames (Figure 

2.12). The first structure solved ab initio using PEDT was on an inorganic salt BaSO4 

(Mugnaioli et al., 2009). 

 

Figure 2. 12 Scheme of PEDT data collection. In blue the reciprocal space using a precessed 

beam in green the beam movement.  

The resulting diffraction patterns collected include more reflections that would not otherwise 

be present in the ADT technique. The beam is precessed at an angle called the precession angle, 

and that corresponds to the semi-angle of the precession cone. It is usually set between 0.5º and 

1.5º. PEDT can be done with almost all microscopes with a dedicated device produced by 

NanoMegas called Spinningstar (the old model) or Digistar P1000.  

The stepwise crystal tilting method for data collection was then modified by using beam and 

goniometer tilts in small steps between 0.05- 0.2º and 2-3º respectively on an axis in a technique 

called Rotation Electron Diffraction (RED).  
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Figure 2. 13 RED data collection, in blue, is the tilt step during rotation combined with the 

beam tilt in green for sampling the reciprocal space 

The data is collected utilizing the RED data collection program, that is used to control both the 

beam tilt and the rotation of the goniometer. It is not a complete integration of the reciprocal 

space however the small tilts between the frames minimize the missing gaps. This was a 

technique that could be implemented in any TEM instead of PEDT because it does not require 

the use of an additional device (Zhang et al., 2010). 

A more recent approach to data collection involves recording diffraction patterns continuously 

while the crystal is rotated and was introduced by Nederlof et al, using the new Medipix 

detector (Nederlof et al., 2013). Subsequently, the same approach was proposed as MicroED 

(Nannenga et al., 2014), Integrated Electron Diffraction Tomography (IEDT) (Gemmi et al., 

2015), Continuous Rotation Electron Diffraction (cRED) (Y. Wang et al., 2018)  by other 

research groups. 
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Figure 2. 14 Scheme of the cRED, with green representing the fixed electron beam. In blue is 

the sampled reciprocal space and in yellow are the missing gaps due to dead time of the 

detector. 

In the rest of the thesis, we refer to this technique as continuous rotation electron diffraction or 

cRED. cRED as the name suggests involves continuously rotating the crystal with a stable 

goniometer and a fixed beam while collecting the diffraction patterns by shooting continuously 

with the detector which is the same method used in SCXRD data collection.  By combining the 

speed of the goniometer with the exposure time of the detector we obtain the angular step 

between the frames which corresponds also to the angular integration of each frame. If the 

detector has a significant readout time, a missing gap is obtained between the frame which 

must be minimized by using a slower rotation speed (Figure 2.14). Fortunately, these days, the 

new detectors have high read-out rates and sensitivity with an almost negligible dead time 

(Gemmi & Lanza, 2019). This has made data collection fast and thereby suitable for beam-

sensitive materials like organics, the subject of this thesis. 

There are still some materials that are so beam sensitive for data collection using cRED leading 

to the loss of high-resolution data by the time the data collection is completed. A solution for 

this has been implemented to further push boundaries called Serial Electron Diffraction 

(SerialED) (Smeets et al., 2018) (Bücker et al., 2020). 
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Figure 2. 15 Scheme of SerialED data collection with blue lines representing the sampling of 

the reciprocal space by collection of single diffraction shots of different crystals 

SerialED is an adaptation of the serial X-ray Crystallography data collection method (Spence, 

2017) where an automated data collection is performed on thousands of crystals randomly 

oriented. A single diffraction shot is acquired for each single crystal and all the collected 

patterns are finally merged into one data set. Therefore, even if the crystals are amorphized 

after a few seconds of exposure to the beam in a single shot the high-resolution diffraction data 

can be recorded before crystal deterioration. So far, SerialED has been used for the ab initio 

solution of materials with already known unit cell parameters (Hogan-Lamarre et al., 2024). 

This is because all diffraction patterns are randomly oriented which makes indexing a daunting 

task. A proposed approach is to combine a rotation in a small angular range with the serial 

sequence in order to collect small reciprocal wedges large enough for proper indexing. This 

method is called Serial Rotation Electron Diffraction (SerialRED) (B. Wang et al., 2019). 

In this thesis, the two data collection methods used are the continuous rotation, cRED and the 

PEDT for Chapter 3 to 5, while preliminary work on SerialED was done in Chapter 6. 

2.5. 3D ED Data Analysis and Processing 

Once the diffraction patterns have been collected, the next important step is to extract the 

information from them by data processing. 3D ED data processing is done on the 3D 

reconstructed reciprocal space obtained from the collected patterns. The first step to carry out 
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is to find the unit cell of the investigated material by indexing the collected patterns. The 

software and protocol for indexing diffraction data for unit cell and space group determination 

used in SCXRD are adaptable for 3D ED data since the geometry follows the same principles 

described the Bragg’s law (Gemmi et al., 2019). XDS (Kabsch, 2010) and DIALS (Winter et 

al., 2018) used for processing diffraction data of macro, micro molecules and inorganic 

compounds obtained from SCXRD can be used to process 3D ED data as well. PETS2 

(Palatinus et al., 2019a), Redp (Wan et al., 2013) and ADT3 (Kolb et al., 2007b) are software 

specifically designed for processing 3D ED data instead. In this thesis, Pets2 was the software 

of choice for data processing and analysis therefore its workflow will be discussed.  

2.5.1. 3D ED Data Analysis with PETS2 

To process 3D ED data in PETS2, it is necessary to know several parameters that must be 

included in the input file. One of these is the wavelength (λ), which differs from microscope to 

microscope depending on the accelerating voltage used. The type of data collection must also 

be specified for example whether it is cRED, PEDT or ADT (static frame) this will determine 

how the data is processed which is relevant for the integration of intensities step. After these 

parameters have been given the next step is to load the diffraction data. The diffraction patterns 

readable by PETS2 are in the .tiff format and must be loaded sequentially specifying the rotation 

angle alpha (α) frame. Normally, this is easily achieved by giving the starting angle and the 

angular step. In the case of cRED, the angular step required is half the integration angle.  The 

next parameter to be included is the location of the projection of the tilt axis onto the diffraction 

plane given by its azimuthal angle ω calculated starting from the horizontal direction. Usually, 

this value, which is camera length dependent, is known by the user however if for some reason 

it is not available a global search option can be activated to calculate it during the data 

processing. Another mandatory and important parameter is the value of the pixel size of the 

images in reciprocal space, Å-1 (aperpixel). This value is known as calibration parameter and 
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allows the software to directly measure the position of the spots in reciprocal units and 

ultimately to determine the lengths of the reciprocal lattice vectors. It changes if we change the 

camera length and its values are calibrated once for all with a standard. The signal-to-noise 

ratio (I/δ) parameter is the threshold that determines which detected spots will be retained for 

indexing. It is usually set between 5-10 unless the data show quite streaking disorder when it 

is set to higher values to avoid interpreting as peak the diffuse scattering. Lastly, the reflection 

size in pixels is set. In our experiments, it is usually set to 8 pixels in diameter. The diameter 

should be able to contain the reflections but should not be too large to prevent overlapping.  

After all this information has been added to the input file the data processing can then begin. 

The first step is to launch a peak search to pick up reflections that meet the threshold (I/δ) that 

is set in the input file with the ‘Peak search’ button on the menu. The central beam is masked 

therefore it is not included in the calculations as reflection however its position is determined 

in every pattern as the origin position. Figure 2.16 below is the graphical interface opened on 

the peak search procedure. The peak search is performed in a resolution range (max d* for peak 

search) selected by the user. 
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Figure 2. 16 An example of a peak search window in PETS2. The reflections picked up by the 

software are in the green circles based on the value of the I/sigma on the panel on the left. 

The central beam is masked in the blue circle and not included in the peak search and 

calculations. The x and y coordinates of the central beam can be calculated automatically or 

determined manually. 

The next step is the refinement of the rotation axis azimuth ω, if already provided in the input 

file. If a preliminary estimation is not known, then the global search option can be activated to 

calculate the value of the orientation axis using the ‘Tilt axis’ tab. The tilt axis is refined based 

on the concept that it remains constant throughout the data collection. After the tilt axis is 

refined, the 2D cylindrical projection of the data should display sharp discrete peaks located 

along sinusoidal lines which can be the first indicator of a good quality data set (Figure 2.17). 

The following step is the peak analysis. The first step of the peak analysis is to calculate the 

distribution of the distance positions of the peaks identified during the peak search process.   
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 Figure 2. 17 In this window, the cylindrical projection of the data after refining the ω 

value. 

This can then be used to analyze the inter-peak distance, displayed in red in Figure 2.18, and 

its derivative, displayed in green. The green graph should be a series of sharp distinct peaks 

which testifies that the data collection is formed by sharp well separated peaks. 

Peak analysis calculates the 3D clustering of the centres of all the reflections in XYZ and serves 

as a step to have a proper 3D distribution of single peaks for the unit cell determination. 

 

Figure 2. 18 An example of the 3D difference space distance plot where in red a smooth curve 

of the interpeak distance and a sharp peak is observed in green for its derivative  
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With all the prior steps in place, the reciprocal space can then be reconstructed which will allow 

us to determine the unit cell parameters and to index each collected pattern. 

The unit cell parameters are defined by their reciprocal lattice basis vectors a*, b* and c* 

together with the angles between them defined as α*, β*, ɣ*.  The software can automatically 

calculate the unit cell parameters and the orientation matrix from the 3D reconstruction of the 

peak positions. This can also be done manually by defining three reciprocal lattice plane which 

will correspond to the three main direct lattice directions (Figure 2.19). Once the unit cell 

parameters have been found, they are refined to reduce the effects of distortions in order to 

obtain more accurate cell parameters. In the microscope used in this thesis the accuracy in the 

unit cell parameters is affected by lens distortion and usually is within 1% in the parameter 

length and 0.5° to 1° for the angles.   

 

Figure 2. 19 The graphical interface of PETS2 software shows the unit cell determination 

step before further data processing 

The next step in the data processing is the ‘Process frames for integration’ routine. As the name 

suggests, this is a crucial stage for the integration of intensities. The positions and intensity of 

each peak in all the frames are calculated based on the orientation matrix determined during 

the previous indexing step. There are two ways the integration of intensities is done, either by 
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using ‘sum count’; which sums the total measured intensity inside the peak area or by ‘fit 

profile’; where the average intensity profile of the reflections is calculated based on the 

strongest ones and it is then fitted to every reflection for the intensity extraction. The ‘fit profile’ 

is a better way for the integration especially when there are some weak or saturated reflections 

in some of the frames. After this process is run, it is possible to see on each frame the integrated 

peaks which are marked by the green circles. The gold circles are the predicted positions of the 

reflections that are unobserved (Figure 2.20). 

 

Figure 2. 20 ‘Process frames for integration’ step in the data processing with the green 

circles indicating observed reflections the algorithm found after the prediction and the gold 

circle showing the predicted position of unobserved reflections 

Once the reflections are integrated in every frame, it is possible to access the rocking curve 

which is, as stated above, the dependence of the reflection intensities vs. the excitation error. 

PETS2 at the end of the integration process directly displays the rocking curve for different 

resolution shells. This plot is the named camel plot for its characteristic shape in the case of 

PEDT.   
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Figure 2. 21 Camel plot of (a) cRED data and (b) PEDT data with the excitation error 

plotted against the resolution and intensity. The red graph plots are the calculated while the 

blue are the experimental values 

The shape of the rocking curve is directly dependent on the geometry of the experiment as 

displayed in Figure 2.21. For example, in cRED, a single maxima appears at Sg= 0 (Bragg 

condition) with a width that increases at high resolution due to the mosaicity. PEDT on the 

other hand has a camel-like plot as the resolution increases. It is as if at each resolution there 

are two replicas of the cRED single peak at Sg ≠ 0 with their separation which increases with 

the resolution. The reason relies on the integration of the reciprocal space done with the 

precession of the beam. Basically, reflections at high resolution stay longer time close to Bragg 

condition if their excitation errors satisfy the equation, 

 

|𝑆𝑔| = 𝑔  𝜑 (10)  

where 𝜑 is the precession angle. This happens twice for Sg positive and negative which explains 

the double peak. Also, for the camel the width of the peak depends on the mosaicity.  

In the plot, the calculated profiles in red and the experimental in blue in Figure 2.21 should 

have a similar shape and position showing an agreement which will also imply that the data is 

of good quality. After the plots have been calculated, the next thing is to do the optimization of 
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the reflection profile to give a better fit of the camel plot and ultimately improve the intensity 

extraction. The first step is carried out in the ‘Optimize Frame Geometry’ and it precisely 

correct the orientation of each frame allowing for the optimization of two possible tilt angle of 

the frame and of the central beam position to ensure the precision in the position of the 

reflections for the integration of the intensities. This is necessary since the crystal can have a 

local bending and movements of the beam position onto the crystal can probe areas of slightly 

different orientations. After having performed this optimization, the ‘process frames for 

integration’ should be run again to apply the corrections to the integration step. The last step 

for completing the integration is the ‘Finalize integration’ routine. At this stage, an .hkl output 

file is produced containing a list of reflections and their intensities integrated across all the 

frames to be treated as kinematical for the structure solution step. A file called .cif_pets is also 

generated which contains the cell parameters and other information about the experiment.  A 

second option is present in case the user is interested in performing a dynamical refinement of 

the structure. This option generates additional files necessary to run dynamical refinement. In 

this case the integration of intensities is not performed across all the frames but is considered 

only frame-by-frame (Palatinus et al., 2019b). For cRED data, the frames are summed to form 

a series of virtual frames like a simulated PEDT integration, while the frames in PEDT are each 

considered as a single frame since they are already integrated in reciprocal space by the 

precession movement of the Ewald sphere. This generates an additional output called 

pets_dyn.cif file which is needed as input for JANA2020 for running a dynamical refinement 

(Palatinus, Petříček, et al., 2015). A piece of crucial information that can be obtained after the 

‘Finalize Integration’ step is the reflection statistics showing the figures of merit (Rint) for each 

Laue class, resolution range and the completeness of the data. The values of the Rint observed 

Rint(obs) in the statistics should be as low as possible and the completeness value must also be 

high. A first indication of the possible Laue classes can be seen from the Rint(obs). Then the 
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space group can distinctively be determined afterwards by observing the reciprocal space 

sections and analysing the possible systematic absences. Sometimes it can be useful to check 

if the cell can be transformed into a higher symmetry one through a transformation matrix. This 

can be computed with Lepage(Carson & Bugg, 1986), using the online platform of the 

Computational Crystallography Toolbox (cci) (Grosse-Kunstleve et al., 2002) or manually.  

2.6. Crystal Structure Determination  

The outputs of the data processing step (unit cell parameters, the .hkl file containing all the 

reflections and their respective intensity) can then be used for the structure solution. In electron 

diffraction data, like SCXRD data, only the squared amplitudes of the diffracted waves 

(intensity) can be measured while their phases are lost, thereby, the structure cannot be directly 

observed. This is known as the phase problem in crystallography and all the structure solution 

methods try to derive ab initio the phases from the determined amplitudes following the 

kinematical approximation. Once the phases are available with an inverse Fourier transform it 

is possible to reconstruct the scattering quantity (the electrostatic potential for electron) which 

is a positive function peaked where the atoms are located. These methods are quite complex, 

and it is beyond the scope of this thesis to revise them, so we just list briefly the most important 

ones. Ab initio methods include Patterson, Direct Methods and Charge flipping (Oszlányi & 

Sütõ, 2004) all methods that do not require prior crystal structural knowledge but only the 

elemental composition. There are non-ab initio methods used mainly for organic molecules 

that require a starting rigid body model of the molecule with an algorithm that tries to find a 

3D model by varying the different positions and orientations of the molecules and in some 

cases allowing also some possible torsion. Typical non-ab initio methods include simulated 

annealing (Bollweg et al., 1997) and molecular replacement. Software like Sir2019 (Burla et 

al., 2015) has the option for either ab initio or non-ab initio for phasing and structure solution. 

Superflip (Palatinus & Chapuis, 2007)  is based on the charge-flipping algorithm, while Shelxt 
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(Sheldrick, 2015b) uses the dual space method. In this thesis, the unknown crystal structures 

were solved ab initio phasing by dual space method using Shelxt.  

2.7. Crystal Structure Refinement 

The initial structural model is a rough estimate of the real structure, which creates the need to 

determine more accurate atomic coordinates and other parameters such as thermal factors and 

partial occupancies. Crystal structure refinement is therefore necessary to obtain a more 

accurate model. The goal of any refinement type is to minimise the difference between the 

observed and the calculated intensities. Restraints can be placed on the interatomic distances, 

angles, planes and the geometry for aromatic rings for example. For 3D ED data, either the 

kinematical or the dynamical refinement can be performed. 

2.7.1. Kinematical Refinement 

Kinematical refinement is a least square method refinement which uses the kinematical 

approach that compares the calculated intensities with the measured and tries to find the best 

fitting. The quality of the final model is calculated using the Residual factors or the RFactors 

or RValues, where R calculated as follows: 

𝑅 =
∑|𝐹𝑜𝑏𝑠| − |𝐹𝑐𝑎𝑙𝑐|

∑|𝐹𝑜𝑏𝑠|
 (11) 

   With Fobs as the observed structure factors obtained from the experimental data and Fcalc the 

calculated structure factors (Giacovazzo et al., 2013). This refinement can be done in Shelxl 

(Sheldrick, 2015a) with electron wavelength and scattering factors or in Jana2020 (Petříček 

et al., 2023). The initial refinement is done with only the non-hydrogen atoms together with 

some restraints and constraints when necessary. The hydrogen atoms are later added to the 

structure on a riding model before the final run of refinement. The Rfactors are typically high 

for electron diffraction datasets in kinematical refinement compared to those from SCXRD 

because of the dynamical effects. A good dataset very rarely reaches 15%.  
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2.7.2. Dynamical Refinement 

Although electron diffraction data can be treated as purely kinematical, dynamical effects are 

strong and non-negligible compared with SCXRD (Palatinus, Corrêa, et al., 2015). Therefore, 

a refinement method that wants to obtain accurate structures needs to include them in the 

modelling of diffraction. Lukas Palatinus has implemented inside JANA2020 software the 

dyngo package to run dynamical refinement on 3D ED data. The algorithm uses the Bloch wave 

approach to solve the Schrödinger equation and calculate the diffraction intensities of each 

frame going well beyond the first order approximation of kinematical scattering (Palatinus, 

Corrêa, et al., 2015).  

2.7.2.1. Dynamical Refinement in JANA2020 

The intensities calculated on the single frames (PEDT) or on the virtual frames (cRED) and the 

orientation matrix are previously processed by PETS2 and are stored in the dyn.cif_pets file, 

which is the input required by JANA2020. During the dynamical refinement, several relevant 

parameters that should be optimized that are characteristic of 3D ED. Some of them are directly 

listed in the software tab in Figure 22.2 below. Firstly, the virtual frames used in the refinement 

are also referred to as zones in the software (Palatinus, Petříček, et al., 2015). All the zones are 

included in the calculations at the start of the refinement. In the window, there is an option to 

specify the type of diffraction geometry, but other parameters such as the orientation matrix, 

rotation semi-angle, alpha and beta are automatically loaded which are already in the input file. 
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Figure 2. 22 Parameters that are refined in dynamical refinement with a set excitation error 

value in Jana2020 

Some crucial parameters that affect the dynamical refinement calculations must be specified at 

the beginning of the process: 

• the maximal diffraction vector g(max) is the maximum resolution of the reciprocal 

space used in the calculations and is already defined during the data reduction and 

remains fixed.  

• the excitation error values, Sg which determines the intensities on each frame that will 

be used in the refinement (Palatinus, Petříček, et al., 2015). These threshold values are 

set with the ‘Maximal excitation error (Matrix) which is the threshold for the reflections 

included in the structure matrix which is kept around 0.01 Å-1. The second is the 

‘Maximal excitation error (Refine)’ set at a fixed value of 0.1 Å-1 which limits the 

intensities considered in the minimization routine.  

• the parameter RSg(max). RSg is defined as the ratio between the excitation error and the 

DSg as; 

𝑅𝑆𝑔 =
|𝑆𝑔|

𝐷𝑆𝑔
+ |𝑆𝑔|

 (12) 
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Figure 2. 23 Scheme showing the Ewald sphere with the g showing the diffraction vector 

whose limit is set as gmax, the Sg range in green and the RSg range whose limit is set at RSg 

max in Jana2020(Palatinus et al., 2013) 

 

• the ‘Number of integration steps’ which is a key point for properly simulate a single 

pattern as a sum over several orientations, the number of steps. This is because either a 

PEDT pattern or a virtual frame from cRED are not steady patterns having a single 

orientation, but they are integrated over a continuous movement over a cone or a line 

of orientations respectively. The number of integration steps is the number of 

orientations considered for simulating this integration.    

Apart from standard refinement performed on the usual structural parameters (atomic positions 

and occupancies, thermal parameters) in the case of dynamical refinement on 3D ED data, the 

thickness and the orientation of the crystal with respect to single zones are also refined. Before 

starting the thickness refinement, a preliminary thickness for each pattern is roughly calculated. 

For each pattern, a plot of the agreement factor between calculated and observed reflections vs 

the thickness can be displayed with the minimum corresponding to the optimal thickness for 

that pattern (Figure 2.24). If the data collection is of good quality this minimum should not 

vary much from one pattern to the other and can be used to determine the starting thickness in 

the refinement.   
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Figure 2. 24 In (i) the modelling of the intensity with irregular crystal (a) is an example of an 

irregular crystal (b) sorting of the crystal into small sections (c) the sections are sorted in 

increasing order of thickness. (ii) The thickness plot against the wR1% with the red showing 

the minimum thickness (Palatinus, Petříček, et al., 2015). 

The orientations of the crystal, because of the tilting during the 3D ED data collection are 

important for the calculation of the dynamical intensities of diffraction. This can be derived 

from the combination of the orientation matrix and the angular position of the goniometer 

during the rotation. The experimentally estimated orientation matrix for each zone may be 

imprecise due to an unstable goniometer or a slight movement of the crystal during the data 

collection. There is a need then to refine and optimize the orientation matrix directly during the 

refinement. This if necessary is done in an optimization step in which all the other parameters 

are kept fixed to avoid correlation and eventually divergence of the refinement.  

The resulting model from dynamical refinement is more accurate than the kinematically refined 

one and with better Rfactors typically almost half of what is observed in kinematical 

refinement. The difference between the results of the two types of refinement is also observable 

in the difference Fourier maps, where the maps after dynamical refinement have less noise. An 

example of how accurate and how sensitive dynamical refinement to small structural details 

can be found in the papers by  Klar et al. and Brázda et al. in 2023 and 2019 respectively, where 

the authors demonstrate the possibility of determining the absolute structure of chiral organic 

crystals.  
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2.8. Sample Preparation Techniques 

2.8.1. Room Temperature Sample Preparation  

Most organic samples come in their dry state as powders and the simple experiment that we 

can perform is to prepare them and observe them at room temperature (Figure 2.25). The 

powder is crushed gently between two glass slides and deposited on a carbon-coated copper 

grid. The grid is secured onto the sample holder with the help of precision tweezers. After 

gently tapping the sample holder to ensure the grid is fully secured, it is inserted into the 

microscope. 

 

Figure 2. 25 Room temperature sample preparation workflow 

2.8.2. Cryo Cooling Sample Preparation 

A problem related to the data collection of organic nanocrystals can be their vacuum sensitivity. 

This is due to the high vacuum in the TEM (10-7 mBar) necessary to bring an electron beam 

onto the sample. Some samples experience structural collapse or dehydration under such a high 

vacuum, leading to amorphization (Andrusenko & Gemmi, 2022).  To address the problem of 

vacuum sensitivity a cryo-plunging sample preparation can be used (Dobro et al., 2010). The 

cryo plunging sample preparation involves making a suspension of crystals in liquid and by a 

fast immersion in liquid ethane or nitrogen to form an amorphous/vitrified layer of iced solvent 

(usually water) which protects the crystals from direct contact with the vacuum (Figure 2.27). 

The plunge freezing done in the liquid ethane is a preferred choice because of its higher cooling 

capacity, it is less probable to have crystalline ice formation. A simple protocol is displayed in 
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Figure 2.26.  First, a crystal suspension is sonicated in a sonication bath for five minutes to 

ensure an even dispersion of the crystals. Then a drop of suspension is placed on a TEM carbon-

coated grid that has been made hydrophilic by a glow discharge plasma treatment. The grid is 

blotted by filter paper to produce a tiny film of liquid with the crystal inside and then is plunge-

frozen in the liquid ethane. The entire procedure can be done manually or automatically in 

sample preparation devices called plunge-freezers like the Thermo-Fisher Vitrobot or the Leica 

EMPG. Once the grid is frozen, it is kept in liquid nitrogen and stored in a special cooling 

station that at the same time can also host the cryo-transfer sample holder. The grid is then 

mounted on the cryo-transfer sample holder that was already pre-cooled and rapidly inserted 

into the TEM column. The TEM column is pre-cooled to -180°C to avoid the sample 

contamination, which otherwise will work as a cold finger, and to improve the column vacuum. 

The standard temperature at which the sample is kept is the same as the column or higher 

depending on the needs of the experiment.   
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Figure 2. 26 Cryoplunging sample preparation workflow 

This method of sample preparation was originally invented in cryo-EM and used for the first 

time in 3D ED for collecting data on protein crystals which must be in the hydrated state but 

experience dehydration in the TEM (Clabbers & Xu, 2020).  

 

Figure 2. 27 STEM image of a crystal encapsulated by vitrified ice after cryo-plunge freezing 

with red showing where the data can be collected 

Cooling experiments can also be done on dry samples, in this case, the samples are prepared 

as for a room temperature protocol. No sonication or plunging is done but cooling the column 

before the cryo-holder is transferred into the TEM. The cryo holder is usually cooled outside 

the microscope before transferring it into the microscope. This method is used for samples that 

deteriorate quickly after being exposed to the electron beam. This is because cooling slows 

down the degradation process of the sample (Andrusenko & Gemmi, 2022). 



53 

 

2.9. Application of 3D ED on Organic Structures 

3D Electron Diffraction has been used for the determination of crystal structures of 

pharmaceuticals and organic small molecules. Initially, this technique was predominantly used 

to solve the crystal structures of inorganic materials due to the beam sensitivity of organic 

crystals. With the development and evolution of low-dose acquisition methods, the number of 

organic structures solved using 3D ED began to increase significantly (Andrusenko & Gemmi, 

2022). The introduction of the first Timepix detector was a major milestone for the structure 

solution of organics. The Timepix hybrid detector is a fast single-count electron detector for 

collecting low-dose data. Work done by  (Van Genderen et al., 2016) used the first Timepix 

detector to solve the structures of carbamazepine and nicotinic acid. The goal was to compare 

the resulting statistics with those solved after collecting data using the CCD detector. They 

observed that the sensitivity of the Timepix detector to diffraction signals was ten times greater 

than the traditional CCD and had a higher readout rate. 3D ED was also validated by comparing 

the structures of teniposide, paracetamol and biotin obtained from 3D ED with those from 

literature obtained using SCXRD (Bruhn et al., 2021). 3D ED played an important role in 

determining the crystal structure of orthocetamol, a well-known molecule. Orthocetamol is an 

anti-arthritic drug and a regioisomer of paracetamol which was first reported in 1876. Yet, its 

crystal structure was not solved until 2019, when Andrusenko et al. approached the problem 

using 3D ED. This is because orthocetamol crystallizes as agglomerated ‘quadrilateral 

platelets’ which are a very tiny intergrowth of twinned domains. This posed a problem when 

the SCXRD structure solution was attempted (Andrusenko et al., 2019). The identification of 

different polymorphs that can only be present in submicron sizes is another advantage of 3D 

ED for crystallography in the pharmaceutical world. δ-Indomethacin is one of the many 

polymorphs of indomethacin and was reported more than 50 years ago (Borka, 1974) however 

its crystal structure was not reported until 2021. Both (Andrusenko et al., 2021; Lightowler et 
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al., 2021) solved the crystal structure of δ-Indomethacin independently by 3D ED. This is 

because δ-Indomethacin forms crystals with hairlike morphology after crystallization which 

are too thin for SCXRD characterization. 

Olanzapine is an antipsychotic drug with 60 polymorphs, counting also hydrates and solvates, 

but only four anhydrous forms are known. While form I, II and IV are known, form III of had 

been difficult to isolate and up to now could only be synthesized in phase mixtures with two 

other phases (Reutzel-Edens & Bhardwaj, 2020). The Form III had not been reported until 

recently Anyfanti et al. in 2024 were able to identify all three phases present in the phase 

mixtures. The unit cell parameters of form I were found, and the crystal structures of the other 

two phases present were solved by 3D ED with form III being the unreported structure 

(Anyfanti et al., 2024) All these successes have encouraged us to use the same technique to 

investigate the crystal structure of other organic nanocrystals.  

The incredible development of 3D ED has had many commercial fallouts. Two different 

companies have already introduced to the market dedicated electron diffractometers capable of 

collecting 3D ED data in an optimized way. In 2022, Rigaku introduced its first dedicated 

electron diffractometer known as the XtaLAB synergy-ED. It operates with an accelerating 

voltage of 200 kV and uses the CrysAlis Pro software used also for SCXRD for cRED data 

collection, automated data processing and structural analysis (Ito & Yamano, 2022). Cryo 

cooling was also included which makes data collection on beam-sensitive materials possible. 

Later, in 2023, Eldico Scientific also introduced another electron diffractometer with a 160 kV 

accelerating voltage and features a horizontal beam of 40nm diameter in imaging and between 

200 nm and 1000 nm beam size in diffraction mode. STEM is used for low-dose crystal search 

and cRED data collection, ideal for data collection on beam-sensitive materials. Additionally, 

it is equipped with a highly stable goniometer that reduces the movement of the crystal during 

rotation (Simoncic et al., 2023).  
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CHAPTER 3 

Test on the accuracy of 3D electron diffraction on round-

robin samples 

3.1.  Introduction 

3D ED is still a growing field therefore, assessing how reproducible and accurate its results are 

still a debated topic.  For this reason, the NanED (Electron Nanocrystallography) project 

conducted a round-robin experiment on unknown samples to be carried out blindly between 

seven laboratories. As a NanED PhD student, I was involved in characterising the samples that 

I report here. The round robin was implemented by giving to all labs three samples in the form 

of powder, without any prior information on them, including their chemical composition. The 

data collection was performed using different microscopes (Table 3.1) and at different 

laboratories within the consortium. Each of the labs had a different experimental setup for 3D 

ED data collection and software for data processing and structure solution. The results obtained 

from the analysis were compared after with the structure obtained on the same samples using 

SCXRD.  

Table 3. 1 All the instruments and their respective parameters were used for data collection 

on the round-robin samples. Highlighted in red is the setup used in our laboratory in IIT with 

TEM Accelerating 

voltage (kV) 

Technique Detector Illumination 

Zeiss Libra 120 120 PEDT/CRED Timepix NED 

Fei Tecnai G2 200 EDT FEI Eagle SAED 

Fei Tecnai G2 20 200 PEDT/CRED Medipix3 NED 

Fei Tecnai F30 300 PEDT Ultrascan4000 NED 

Jeol 2100 200 CRED Timepix SAED 

Jeol F200 200 PEDT Medipix3/Rio16 NED 

Jeol F200 200 CRED Medipix3 SAED 
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the Zeiss Libra 120 TEM having an accelerating voltage of 120kV and a Timepix hybrid 

detector. 

 

The samples consisted of two inorganic and one organic material. The crystal structures of 

these samples are already known, but the project aimed to compare the statistics obtained after 

the crystal structural analysis with the different instruments. In this chapter, focus will be placed 

on applying 3D ED on the crystal structure solution of these samples; natrolite, epidote and 

ibuprofen using the Zeiss Libra 120 TEM which is the instrument used in our lab. The unit cell 

parameters obtained were compared to those from SCXRD reference data. The SCXRD 

reference data was collected and analyzed from the same batch of samples using a Rigaku 

XtaLAB Synergy with Mo source at the Crystallography and Materials Sciences Laboratory 

(CRISMAT) in France. A summary of the outcomes of the round-robin experiment from the 

other labs will be discussed at the conclusion of the chapter. 

3.2. Methodology 

The two inorganic samples (natrolite and epidote) were obtained by crushing the large crystals 

seen in Figure 3.1 and Figure 3.4.  to form poweder. The powders, were then diluted with 

isopropanol, after which a drop was deposited onto the grid and left to dry. It was then 

transferred to the microscope and data was collected at room temperature. Energy Dispersive 

X-ray (EDX) spectroscopy was performed on the two inorganic samples to discover their 

elemental composition.  The organic sample also arrived in a powder form and was first 

prepared using the room temperature sample preparation protocol discussed in Chapter 2. 

However, due to the beam and vacuum sensitivity of the crystals, the cryo sample cooling 

protocol for dry samples listed in Chapter 2 was implemented to address it. For all the samples, 

STEM mode was used for crystal search and data was collected using PEDT and cRED with a 

NED illumination with a beam size of approximately 150 nm. PEDT was collected with a 

precession angle of 1° using a tilt step of 1° at an exposure time of 1 second. For the cRED, 
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the data was collected at a 0.5° tilt step with an exposure time of 450 ms. The best datasets 

were used for the crystal structure solution and refinement (kinematical and dynamical).  

3.3. Epidote (Ca2Al2(Fe3+;Al)(SiO4)(Si2O7)O(OH)) 

The first sample analyzed was a mineral and inorganic material called epidote, which originated 

from Val d’Ossola, located in Italy. The epidote crystal structure has a monoclinic space group 

of P21/m. It contains 19 atoms in the asymmetric unit, with atomic species; Si, Al, Ca, Al/Fe, 

O and H.  

 

Figure 3. 1 An image of the epidote crystal originating from Val d’Ossola (Italy) used for the 

round-robin crystal structure analysis 

For this sample, the goal was not only to solve the crystal structure using 3D ED, but also to 

see if it is possible to directly detect and refine the position of the H atom in the structure. In 

most crystal structures, each atomic site is occupied by one atom, however, in some situations, 

it can be occupied by two different atom types known as mixed occupancy. This is the case for 

epidote which has an atomic site with mixed occupancy between the Al and Fe. Therefore, 

another goal for this sample was to see if by using 3D ED, the occupancy of both atoms at the 

site can be refined and the corresponding ratio be determined. 

The cRED data collection on the sample was successful, with the crystals remaining stable 

throughout a total angular range of 120°. The data were processed using PETS2, after which 

the cell parameters obtained were a= 8.8618(3) Å, b=5.6237(4) Å, c=10.1104(4) Å with a beta 

angle of 115(14)° and a volume of 455.49(6 )Å3 which is comparable to what was obtained 

from SCXRD where a=8.8947(10) Å, b=5.6248(10) Å c=10.1562(2) Å with β=115.40(11)°. 



58 

 

The final data processing statistics showed a maximum resolution of 1.3 Å, completeness of 

89% and Rint(obs) of 22.96% for the Laue class 2/m. The space group was determined to be 

monoclinic P21/m by examining the reciprocal space sections in Figure 3.2. which is the correct 

space group. 

 

Figure 3. 2 Reciprocal space sections showing the main crystallographic directions in blue of 

epidote data 

 

The structural model of epidote was then obtained by ab initio by direct methods using Sir2019 

with all the correct positions of the non-hydrogen atoms. The chemical composition for the 

direct methods attempt was estimated based on EDX data. The next step was to refine the 

structure which was initially done without the H atom. For the kinematical refinement, the H 

atom was not detected in the Fourier difference maps. The H atom was added automatically 

and refined kinematically in a riding model obtaining a final RValue (Robs) of 29.02% with a 

goodness of fit of 4.81. On the other hand, in the dynamical refinement, a residual peak was 

observable directly from the calculated Fourier difference maps approximately at a 1 Å distance 

from the oxygen, O8 after the initial refinement run without H atoms. This was clear evidence 

of the H atom which was added to the structural model, and its position was refined. In addition, 

the mixed occupancy of the Al/Fe was refined and was determined to be 0.66 to 0.34 with a 

ratio of 2:1 which is consistent with what was obtained from SCXRD (0.67/0.33) as seen in 

List 3.1. The results after dynamical refinement are seen in Table 3.2, giving a final RValue 

(Robs) of 12.6%. 
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Figure 3. 3 On the left is the atomic arrangement of epidote when viewed along the a 

direction while on the right is the tetrahedral coordination of Ca, Fe, Si and Al with the O in 

the unit cell  

The final model can be seen in Figure 3.3 and in List 3.1 all the atomic positions, atomic 

displacement parameters (ADPs) and occupancies are noted. 

 

Table 3. 2 Results after both kinematic and dynamical refinement of the crystal structure of 

epidote  

Crystal data

Chemical formula Al2Ca2FeH2O13Si3

M r 484.2

Crystal system, space group Monoclinic, P 21/m

Temperature (K) 293

a, b, c  (Å) 8.8618 (3), 5.6237 (4), 10.1104 (4)

β  (°) 115.313 (14)

V (Å
3
) 455.49(6)

Radiation type Electron, λ = 0.0335 Å

Data collection

Data collection instrument (TEM) Zeiss Libra 120 

Data collection type PEDT

Precession angle(°) 1

Angular Range (°) 120

Angular step 1

Beam size (nm) ≈150

Measured, independent and observed [I > 3σ(I) ] reflections 12213, 3585, 1671

(sin θ/λ)max (Å−1) 0.651

Kinematical Refinement

R(obs), wR(all), S 0.2902, 40, 4.81

No. of reflections 1024

No. of parameters 55

Dynamical Refinement

R(obs), wR(all), S 0.127, 0.259, 2.11

No. of reflections 3585

No. of parameters 177
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Atoms x y z Uiso*/Ueq Occ.  

Ca1 −0.7589 (8) 0.25 −0.1527 (4) 0.0019 (9)* 1 

Fe1 −0.2951 (9) −0.25 −0.2252 (5) 0.0050 (16)* 0.66(4) 

Al1' −0.2951 (9) −0.25 −0.2252 (5) 0.0050 (16)* 0.34(4) 

Ca2 −0.6059 (9) 0.25 −0.4246 (5) 0.0103 (11)* 1 

Si1 −0.1858 (11) −0.75 −0.3191 (6) 0.0017 (9)* 1 

Si2 −0.3221 (12) 0.25 0.2735 (6) 0.0017 (9)* 1 

Al1 −0 −0 −0 0.0019 (13)* 1 

Si3 −0.3327 (12) 0.25 −0.0440 (6) 0.0025 (13)* 1 

Al2 0 0 −0.5 0.0020 (13)* 1 

O1 −0.0429 (18) −0.75 −0.1447 (10) 0.0052 (18)* 1 

O2 −0.5079 (19) 0.25 −0.1756 (10) 0.010 (2)* 1 

O3 −0.2341 (12) 0.0077 (11) −0.0423 (7) 0.0066 (14)* 1 

O4 −0.0698 (18) −0.75 −0.4069 (10) 0.0050 (18)* 1 

O5 −0.0498 (16) −0.25 −0.1291 (9) 0.0015 (18)* 1 

O6 −0.2085 (12) 0.4848 (11) 0.3404 (7) 0.0055 (12)* 1 

O7 −0.2995 (12) −0.5215 (11) −0.3533 (7) 0.0059 (12)* 1 

O8 −0.9209 (17) 0.25 −0.5735 (9) 0.0051 (19)* 1 

O9 −0.3642 (18) 0.25 0.1043 (10) 0.008 (2)* 1 

O10 −0.522 (2) −0.25 −0.3057 (11) 0.014 (2)* 1 

H1o8 −0.917 (10) 0.25 −0.683 (5) 0.0061* 1 

List 3. 1 Fractional atomic coordinates and isotropic or equivalent isotropic displacement 

parameters of epidote 

3.4. Natrolite (Na2Al2Si3O10·2(H2O)) 

Natrolite is the next inorganic sample that was analyzed in the round-robin experiment. 

Natrolite is a mineral whose crystals were sourced from Marianska Skala, Usti nad Labem, 

Czechia seen in Figure 3. 4 below. It is part of the zeolite family made up of a 3D framework 

of (SiAl)O4 with Na and coordinated water. It crystallizes in an orthorhombic space group 

Fdd2, with its asymmetric unit containing 12 atoms. Although it has an orthorhombic 

symmetry it shows a pseudotetragonal symmetry. Therefore, since no knowledge of the sample 
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was given initially, the task for this sample was to see if it was possible to determine the correct 

space group after the data collection and analysis using 3D ED. The crystal structure contains 

Si and Al which are close in atomic weight that are so very difficult to distinguish based only 

on their atomic scattering factor. Therefore, the second task is to determine the correct positions 

of Al and Si in the crystal structure, exploiting the correct distance with the oxygens in their 

tetrahedral coordination which is significantly different. Since the framework contains 

coordinated water, naturally another thing to do will be to see if it is possible to identify all the 

H atoms directly during the structure solution or in the Fourier maps during the refinement. 

Finally, natrolite is non-centrosymmetric, so we were asked to investigate how sensitive the 

data will be for determining the absolute structure using dynamical refinement.  

 

Figure 3. 4 An image of the natrolite crystal originating from Marianska Skala (Czechia) 

 

During the data collection, the sample did not show any significant signs of beam sensitivity, 

which allowed for a total angular range of 114° using PEDT. The data were then processed and 

indexed with an orthorhombic unit cell having a=18.8278(10) Å, b=18.667(3) Å, c=6.6414(10) 

Å which is very close to what was observed in SCXRD where a=18.6323(3) Å, b=18.2877(2) 

Å c=6.5831(10) Å. The results obtained after the final integration in PETS2 showed an 

Rint(obs) of 19.14% for the mmm Laue class. The possible space group was assigned as 

orthorhombic Fdd2 when the reciprocal space sections (Figure 3.5) were carefully examined. 
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Figure 3. 5 Reciprocal space sections showing the main crystallographic directions for 

natrolite data 

With all the information needed for the next step, the structural model was obtained with the 

location of all the non-hydrogen atoms by structure solution with direct methods using SIR2019 

solved in the assigned space group. The positions of Si and Al were confirmed based on their 

distance from the O atoms measured to be approximately 1.67 Å and 1.73 Å respectively.  The 

peaks observed in the calculated positive difference Fourier maps after dynamical refinement 

were assumed to be signals of the H of the water molecules, based on their distances from the 

O atom which occupies the Na channels. Based on this, the H atoms were added to the structure 

and their positions were refined in the step of the final refinement. In Table 3.3 we obtain a 

kinematical refinement RValue (Robs) of 19.26% which was more than halved at 9.42% after 

dynamical refinement. Remarkably it seems that dynamical refinement is super sensitive to the 

chirality of inorganic structure. By the handiness of the structure in dynamical refinement the 

RValue (Robs) increases by 6%.  The final model can be seen in Figure 3.6 with the different 

coordinations of Si, Al and Na with O. 
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Figure 3. 6 On the left is the atomic arrangement of natrolite when viewed along the c 

direction while on the right is the coordination of Al, Si and N with O in the crystal structure 

 

Table 3. 3  Results after both kinematic and dynamical refinement of the crystal structure of 

natrolite  

Crystal data

Chemical formula Na2Al2Si3O10·2(H2O)

M r 304.2

Crystal system, space group Orthorhombic, Fdd 2

Temperature (K) 293

a, b, c  (Å) 18.8278 (10), 18.667 (3), 6.6414 (10)

V (Å
3
) 2334.2 (5)

Radiation type Electron, λ = 0.0335 Å

Data collection

Data collection instrument (TEM) Zeiss Libra 120

Data collection type PEDT

Precession angle(°) 1

Angular Range (°) 114

Angular step 1

Beam size (nm) ≈150

Measured, independent and observed [I > 3σ(I) ] reflections 24010, 4356, 2086 

(sin θ/λ)max (Å
−1

) 0.667

Kinematical Refinement

R(obs), wR(all), S 0.1926, 0.3253, 3.48

No. of reflections 1281

No. of parameters 39

Dynamical Refinement

R(obs), wR(all), S 0.0942, 0.189, 1.72

No. of reflections 4356

No. of parameters 151

Absolute structure 568 of Friedel pairs used in the refinement
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In List 3.2 all the atoms with their atomic coordinates, occupancies and ADP can be seen. On 

List 3.3 are the hydrogen bonding distances and geometry between the H and O atoms with a 

distance 0.96 Å. 

Atoms x y z Uiso*/Ueq Occ.  

Si1 0.5 0 −0.3847 (5) 0.0009 (10)* 1 

Si2 0.53794 (13) −0.0952 (2) −0.0068 (4) 0.0033 (6)* 1 

Al1 0.59413 (14) 0.5376 (2) 0.7384 (4) 0.0011 (7)* 1 

O1 0.4626 (2) −0.1004 (4) 0.1248 (7) 0.0099 (11)* 1 

O2 0.5231 (2) −0.0683 (4) −0.2385 (7) 0.0145 (11)* 1 

O3 0.5683 (2) −0.1808 (4) −0.0150 (7) 0.0080 (10)* 1 

O4 0.5688 (2) 0.0219 (4) −0.5161 (7) 0.0121 (11)* 1 

Na1 0.71925 (19) 0.4707 (4) 0.4853 (7) 0.0167 (10)* 1 

O5 0.5980 (3) −0.0421 (4) 0.0958 (7) 0.0142 (12)* 1 

O6 0.5603 (3) −0.1926 (5) −0.5135 (10) 0.0307 (14)* 1 

H1o6 0.6172 (15) −0.196 (3) −0.579 (4) 0.023 (8)* 1 

H2o6 0.554 (2) −0.129 (4) −0.440 (6) 0.067 (16)* 1 

List 3. 2 Fractional atomic coordinates and isotropic or equivalent isotropic displacement 

parameters of epidote 

Hydrogen-bond geometry (Å, °)  

D—H···A D—H H···A D···A D—H···A 

O6—H1o6···O4xvii 0.96 (3) 1.98 (3) 2.897 (10) 159 (2) 

O6—H2o6···O2 0.960 (10) 2.113 (9) 3.015 (13) 156.1 (6) 

  

List 3. 3 Hydrogen bonding present in the natrolite with their respective distances  

3.5. S-Ibuprofen (C13H18O2) 

The last sample for analysis in the series of experiments was ibuprofen which is a well-known 

pharmaceutical molecule with anti-inflammatory properties. Ibuprofen is a chiral molecule 

with two enantiomers; S and R . They can form a racemic crystal which crystallizes in the space 

group of P21/c or, if crystallized as pure enantiomers, they form a chiral crystal structure in the 

non-centrosymmetric chiral space group P21  (Freer et al., 1993). 

https://istitutoitalianotecnologia-my.sharepoint.com/personal/mauro_gemmi_iit_it/Documents/PREVIOUS/Documents/Paperi/Vincy_thesis/I%20_geom_hbond_atom_site_label_D
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The initial attempt at data collection was not successful, since the crystals were sublimating in 

the vacuum which was a clear indication of vacuum or beam sensitivity. As a result, the first 

task for this sample was to address the problem of beam and vacuum sensitivity which is very 

common in organic small molecules. Since ibuprofen is chiral, the next goal was to determine 

the correct enantiomer in case the sample had a crystal structure with a non-centrosymmetric 

space group. Organic molecules contain a substantial number of hydrogens in their crystal 

structure which may be hard to detect. As a result, the last task for this sample was to see if 

there was a possibility to directly see the hydrogen in the structure in Fourier maps.  

The problem of sublimation was addressed by using the cryo-plunging sample preparation 

described in Chapter 2 followed by an observation in cryo conditions. 

Data collection on this sample although challenging, was successful and resulted in a total 

angular range of 104° collected in PEDT mode. We found the unit cell parameters to be a=12.21 

(3) Å b=8.006(3) Å c=13.565(19) Å and   β= 111.65(12)°. These values were comparable to 

what was obtained with the SCXRD data that is cell a=12.1051(3) Å b=7.9464(2) Å 

c=13.3610(4) Å, β= 111.923(3)°. A non-centrosymmetric space group of monoclinic P21 was 

found. After checking the reciprocal space sections (Figure 3.7) we see the extinctions 

characteristic of a 21 screw axis along b. With a unit cell volume of 1327.761 Å3, the asymmetric 

unit could host two molecules of ibuprofen. 

 

Figure 3. 7 Reciprocal space sections showing the main crystallographic directions of 

ibuprofen  
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A structural model was then obtained after structure solution using Shelxt completely ab initio 

without any previous knowledge of the molecule involved and all the non-hydrogen atoms 

were correctly located.  Both kinematical and dynamical refinements were run on the structural 

model. The kinematical refinement resulted in an RValue (Robs) of 17.9% and a goodness of fit 

of 1.14 however, signals from H atoms were not strong enough to be added and refined. With 

the dynamical refinement, 8 of the hydrogen out of 34 were detected in the difference maps 

which were then added to the structure and refined.  We checked the refinement for the L and 

S molecules obtaining the best RValue (Robs) of 11.3% for S-ibuprofen (Table 3.4). The other 

enantiomer gave an RValue (Robs) 1.5%. Remarkably, the sample was a pure crystalline 

synthesis of S-ibuprofen.   The model obtained with 3D ED is displayed in Figures 3.8 and 3.9. 

In the first picture, the asymmetric unit formed by two S-ibuprofen molecules can be seen, in 

the second picture the crystal packing viewed along a and b directions is displayed.  

 

Figure 3. 8 The asymmetric unit of S-ibuprofen crystal structure containing two molecules of 

ibuprofen  
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Figure 3. 9 Crystal packing of S-ibuprofen on the left viewed along b and on the right viewed 

along c  

 

Table 3. 4 Results after both kinematic and dynamical refinement of the crystal structure of S-

ibuprofen  

Crystal data

Chemical formula C13H18O2

M r 206.3

Crystal system, space group Monoclinic, P 21

Temperature (K) 93

a, b, c  (Å) 12.21 (3), 7.98 (3), 13.520 (19)

β  (°) 111.041 (12)

V (Å
3
) 1228 (6)

Radiation type Electron, λ = 0.0335 Å

Data collection

Data collection instrument (TEM) Zeiss Libra 120 

Data collection type PEDT

Precession angle(°) 1

Angular Range (°) 104

Angular step 1

Beam size (nm) ≈150

Measured, independent and observed [I > 3σ(I) ] reflections 14101, 2805, 635 

(sin θ/λ)max (Å−1) 0.5

Kinematical Refinement

R(obs), wR(all), S  0.179, 0.457, 1.14

No. of reflections 1873

No. of parameters 104

Dynamical Refinement

R(obs), wR(all), S 0.113, 0.278, 1.35

No. of reflections 4224

No. of parameters 171

Absolute structure 963 of Friedel pairs used in the refinement
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Conclusion 

To have an idea of the accuracy obtained in our structures we compared them with respect to 

the SCXRD reference structures obtained at CNRS. To do this, we used the COMPSTRU utility 

of the Bilbao Crystallographic Server (De La Flor et al., 2016), which delivers the distance 

between the corresponding atomic positions of the two compared structures. In COMPSTRU, 

“the difference between the two models is quantified by evaluation of the global distortion 

decomposed into a spontaneous strain (lattice deformation) and atomic displacement field 

representing the distances between the paired atoms of the two structures.” Therefore, before 

comparing the atomic positions of the checked structure with the reference structure, the 

software deforms its unit cell to make it most similar to the reference, and then it evaluates the 

atomic shifts. This compensation of different unit cells is particularly necessary for 3D ED 

data, where the accuracy in the unit cell determination is low.  As key parameters for the 

comparison, the maximum (dmax) and the average shift (dave) given by COMPSTRU were 

considered, which are a sort of maximum distance and average distance between the 

corresponding atomic position in the determined model and the reference model. The 

comparison for the three analyzed sampled is displayed in Table 3.5 

 Sample Kinematical Dynamical 

 dmax (Å) d ave (Å) dmax (Å) dave (Å) 

Epidote 0.119 0.066 0.060 0.024 

Natrolite 0.126 0.061 0.065 0.038 

S-Ibuprofen 0.2675 0.1013 0.1161 0.0602 

Table 3. 5 Comparison of the three structures obtained with COMPSTRU 

As can be seen, dynamical refinement always increases the accuracy by almost a factor of two. 

We can also state that the errors in the located atoms are better than 0.04 Å on average and 

around 0.06 Å for the organics because of their beam sensitivity is more challenging. Our 

results are in line with those obtained in the other laboratories.  
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The two inorganic structures were solved by all seven laboratories ab initio and refined using 

kinematical and dynamical refinement. The RValue (Robs)  after refining the crystal structure of 

the epidote ranged between 17.5% - 27.4% for kinematical and 8.7%-14.3% for dynamical 

refinement. In the case of natrolite, the RValue (Robs)  was slightly lower, with a range of 12.4% 

- 21.6% kinematical and an impressive range of 5.9% - 17% for dynamical refinement. The 

data collection for the S-ibuprofen was done by five labs with cryo-cooling capabilities. The 

final models obtained were refined kinematically resulting in an RValue (Robs)  between 16% - 

27%. Only 3 labs however run dynamical refinement resulting in RValue (Robs)  of 11.3%, 

10.6% and 14.5% respectively. The accuracy of the structure dynamical refinement averaged 

over all labs was 0.012 Å for epidote 0.027 Å for natrolite and 0.042 Å for S-ibuprofen. 

These numbers can be considered the actual accuracy we can expect from a 3D ED analysis. 

The results of this chapter show which kinds of challenges can be faced by 3D ED. It is possible 

to solve most inorganic and organic structures provided they are not super beam sensitive, 

without any prior chemical knowledge (which can eventually be derived by EDX analysis). It 

is possible to refine mixed occupancies, to determine hydrogen positions, both in inorganic and 

organic structures, it is possible to determine the absolute structure.    

The consistency in the results from the different laboratories in this work also confirms how 

reproducible 3D ED is regardless of the type of setup used. It is also worthy to note that the 

unit cell parameters obtained from the 3D ED may be slightly different from those from 

SCXRD and PXRD and that they are typically reliable only to two decimal places due to lens 

distortions and other instrumental factors (the errors reported here are numerical estimate 

coming from the least square refinement on the data and cannot estimate the real errors which 

are of the order of 0.5 %).  
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CHAPTER 4 

Oxyresveratrol polymorphic forms studied using 3D ED 

Background 

In this chapter, we will apply 3D ED for the crystal structure solution of different polymorphs 

of a natural compound. The structural characterization will be based on a combination of 3D 

ED with other characterisation techniques to explore the possible phases of oxyresveratrol 

present in a nanocrystalline phase mixture. Thanks to this synergy, we successfully determined: 

the crystal structure of the first unreported anhydrate phase (A-ORV) of oxyresveratrol from 

3D ED data collected at room temperature and the crystal structure of a new hydrate polymorph 

of oxyresveratrol (H-ORV) which was identified and studied thanks to the cryoplunging sample 

preparation method. All these phases existed in a polyphasic mixture purchased from a 

chemical company which testifies how 3D ED can identify phases in challenging powder 

samples and can be used as a quality control technique. Thermal and calorimetric analyses were 

conducted to understand the thermal behaviour and dehydration pathways of the identified 

phases. Furthermore, density functional theory (DFT) calculations were used to investigate the 

rotational conformations of the molecule and the stability of the conformers. The combination 

of 3D ED and other solid-state analyses method for studying nanocrystalline natural 

compounds was established as a powerful tool to be applied in the pharmaceutical industry.  

4.1. Introduction 

Natural products come in different classifications such as alkaloids, terpenoids, flavonoids, 

stilbenes etc. (Springob & Kutchan, 2009). Stilbenes are a family of polyphenolic compounds 

with a basic structure containing two phenyl rings. They have been shown to have antifungal, 

antioxidant and anti-inflammatory properties (Springob & Kutchan, 2009) (Teka et al., 2022)   

(Suzuki et al., 2019). One of such stilbenes is oxyresveratrol which like other stilbenes have 

some anti-inflammatory properties, antimicrobial activities (Likhitwitayawuid, 2021) and even 
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recently a potential anti-cancer effect (Thaklaewphan et al., 2024). Oxyresveratrol (ORV) is a 

natural product that can be extracted from different plants including mulberry Morus alba L. 

(Figure 4.1) and in significant amounts from heartwood of Artocarpus lacucha. The different 

parts of the mulberry plant have been used in traditional Chinese medicine for treating various 

health problems (H. Wang et al., 2024) (Chatsumpun et al., 2016). Chemically, ORV is trans-

3,5,2′,4′-tetrahydroxystilbene and in Figure 4. 1 we can see its chemical structure. 

 

                           

Figure 4. 1 On the right is the mulberry plant from which oxyresveratrol can be extracted, 

and on the right is the chemical structure of oxyresveratrol 

Its chemical structure contains two aromatic rings held together by an olefinic bond and on 

each aromatic ring there are two hydroxyl groups. Oxyresveratrol has a similar chemical 

structure as resveratrol, another naturally occurring stilbene. However, in resveratrol one of the 

two aromatic rings has only one hydroxyl group.  Resveratrol also shows similar 

pharmacological activities and can be extracted from the same plants as oxyresveratrol (Zeng 

et al., 2021). Due to the presence of an extra hydroxyl group, oxyresveratrol is slightly more 

effective than resveratrol in its application as an inhibitor and a biological binder (Zeng et al., 

2021). However, the crystal chemistry of oxyresveratrol has not been widely studied probably 

because it tends to exist in powder form and large single crystals are difficult to grow.  So far, 

the only crystal structure of oxyresveratrol reported is in the hydrated form, by Deng et al. in 

2012 with the CCDC code ZAPDOL (Figure 4.2).  
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Figure 4. 2 Crystal structure of ZAPDOL with the asymmetric unit containing two molecules 

of water 

The structure was solved using SCXRD by first obtaining resveratrol from mulberry and then 

further converting it to oxyresveratrol. It crystallized in a triclinic space group, P-1, with a 

volume of 654.509 Å3 and unit cell parameters a=6.6523 (5) Å b=9.2005 (9) Å c=11.5294 (8) 

Å with angles α=72.533 (7)º β=78.686 (6)º and ɣ= 79.651 (7)º. There are two molecules of 

water in the asymmetric unit in disordered positions. Hydrogen bonding was observed between 

both the hydroxyl groups and the water molecules. Although other multicomponent crystalline 

forms of oxyresveratrol like cocrystals have been reported (Suzuki et al., 2019), no other 

polymorph has been reported, and any anhydrous form was unknown. In this chapter, we 

explore oxyresveratrol polymorphism by combining 3D ED, PXRD, TGA, DSC and DFT 

techniques. Remarkably, this study started as side research of the main project of this thesis, 

which was the structure determination of oxyresveratrol cocrystals. However, the 

characterization of the purchased starting oxyresveratrol reagent showed already a powder 

pattern that did not match the known crystal structure, and this triggered all the following 

research on the crystal structure of this molecule.  
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4.2. Molecular Modelling 

The ORV molecular conformations were investigated using molecular modelling studies, DFT 

theory level with a B3LYP functional and a 6-311+(3d, p) basis set. It was performed using the 

energy scan calculation by fixing the dihedral angle and gradually increasing it by 2° while 

optimizing the geometry on each step using the Gaussian 16 software (Frisch et al., 2016). Two 

stable conformations of the ORV molecule were found, attributed to the rotation of one of the 

aryl groups up to 180º about the single C-C bond with respect to the other aryl ring.  The two 

conformations are labelled 1 and 2 in Figure 4. 3 below. The DFT calculations showed a total 

activation energy (Ea) for the rotation of the aryl group to be 22.72 kJ mol-1. It also revealed 

that the interconversion energy from conformation 1 to 2 as ΔE=1.94 kJ mol−1 is seen in Graph 

4.1 and shows that the ORV conformation 1 is twice as likely to form as conformation 2. 

 

Figure 4. 3 Molecular modelling studies of the conformations of oxyresveratrol 

 

 Graph 4. 1 Stabilization energies of the two conformations against their torsion angles of 

oxyresveratrol 
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4.3. Anhydrate Oxyresveratrol Crystal Structure 

An oxyresveratrol sample was purchased from Sigma Aldrich and used as received for PXRD 

analysis to check the phase present. All the PXRD data were collected using the STOE Stadi P 

diffractometer with a Cu -Kα1 radiation source of wavelength λ=1.5406 and a Debye-Scherrer 

geometry. All samples in this work were prepared by loading them into a borosilicate glass 

capillary with a diameter of 0.5mm. The data were acquired in the 2θ range of 3−90° which 

corresponds to a maximum resolution of 1.09 Å with an interval of 0.03° between the 

consecutive points. The only exception is the data collection on the as-received ORV sample; 

since the purpose was only the phase quantification, it was characterized in the 3−70° angular 

range which corresponds to a maximum resolution of 1.34 Å. Data were preliminarily 

processed using WinXPOW software (by STOE & Cie). In Figure 4.4, we see the PXRD pattern 

of our starting material (black) and the simulated PXRD pattern of ZAPDOL (red). It was clear 

that the two patterns did not fully match giving a strong indication that the sample was hosting 

of a different phase. 

 

Figure 4. 4 Experimental PXRD pattern of ORV sample as received in black compared to the 

simulated PXRD pattern of ORV ZAPDOL from the database in red 
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 3D ED data collection was then acquired on the as-received ORV sample after an unsuccessful 

initial attempt to synthesize large crystals for SCXRD. 3D ED data were collected on the 

samples at room temperature with cRED. cRED data collection was done with a parallel beam 

size of approximately 570 nm using a fast acquisition enabled by the LibraEDT software (Faye 

et. al, 2025 manuscript under preparation). Room temperature sample preparation for 3D ED 

was performed with the protocol listed in the previous Chapter 2. More than 10 data sets were 

collected, with the crystals being relatively stable under the electron beam during the 

acquisition. The crystals had morphology appearing like layered thin platelets (Figure 4.5). All 

the indexed data sets pointed to a monoclinic unit cell with parameters  a=5.05 (1) Å b= 12.7 

(1) Å, c=18.1(1) Å,   β= 91.4 (1)º and volume V=1115.3(2) Å3. These were different unit cell 

parameters compared to those of ZAPDOL. After analysing the reciprocal space sections, a 

monoclinic space group of Pc was chosen due to the presence of a glide plane given by the 

reflection condition h0l:l=2n (Figure 4.6).  

 

 Figure 4. 5 HAADF-STEM image of typical A-ORV crystals comprising of layers of platelets 

with the red dot indicating possible points for data acquisition 
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Figure 4. 6 Reciprocal space sections of ORV data of as-received sample.  

 

The structure was then solved ab initio in the monoclinic space group Pc (7) using Shelxt and 

all 36 non-hydrogen atoms in the asymmetric unit were detected. The structure that was solved 

appeared to be a new anhydrate ORV (A-ORV) polymorph, with two ORV molecules in the 

asymmetric unit. The ORV molecules in the asymmetric unit assumed conformation 1 which 

was the same conformation  as the ORV molecule in the ZAPDOL crystal structure. 

 

Figure 4. 7 The asymmetric unit of the A-ORV in ellipsoid of 50% probability containing two 

molecules of ORV assuming the conformation 1   
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The first run of dynamical refinement was performed without the hydrogen atoms against |F|2. 

The interatomic bond distance angles, the flatness of the two different aryl rings and the 

geometry of the aromatic rings were restrained. The thermal parameters of all the atoms were 

refined anisotropically. The hydrogen atoms were then added automatically and constrained to 

a riding model for the second run of refinement. The dynamical refinement resulted in an Robs 

of 12.45% with the resulting parameters listed in Table 4. 1.  The final model can be seen in 

Figure 4.7, which is drawn with the anisotropic thermal ellipsoids for the non-hydrogen atoms 

and 50% probability for the H atoms. The arrangement of the molecules in the crystal structure 

along different directions is seen in Figure 4.8.  A-ORV molecules in the crystal structure have 

an arrangement that appears as layers of chains stacked along the b-axis Figure 4.8 (b). Each 

chain layer is formed by one of the two independent molecules of the asymmetric unit. Along 

the [401] or [-401] direction (Figure 4.8 (c)), the chains run parallel to each other depending 

on which molecule belongs to the layer. However, when viewed along a in Figure 4. 8 (a), the 

layers have an alternate stacking attributed to the staggered configuration of the molecules. The 

molecules are disposed in a head-to-tail fashion along the chains and are held in place by H 

bonds involving the OH groups that are present in the para and para′ position of the aromatic 

ring and the OH situated in the meta position of the other ring. Only one H bond is between 

two consecutive molecules of the same chain (O3−H3A···O4), while all the others connect 

adjacent layers laterally and the chains in the same layers interact with each other through π−π 

interactions. 
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Figure 4. 8 The molecular arrangement of oxyresveratrol in different crystallographic 

directions in (a), a direction in (b) the b direction and in (c) the [401] direction 

To study the thermal behaviours of the as-received sample, DSC and TGA thermal analysis 

were performed. The DSC analysis was done using the calorimeter PerkinElmer model 8500 

which is equipped with the Intracooler III as the refrigerating system. The samples were loaded 

into a 40μL aluminium pan and sealed with masses ranging from 5 mg to 10 mg. The 

temperature and enthalpy scale calibrations were done with indium. Nitrogen was used as the 

purge gas with a flow rate of 20mL/min. The TGA measurements were performed with a 

PerkinElmer instrument, model TGA 8000 only on the starting sample. All calorimetric 

measurements were carried out at a rate of 10K/min. In Graph 4.2, we see the results of the 

thermal analysis of the starting ORV sample. It can be seen on the TGA plot that there was a 

mass loss of about 5% between the temperatures of 298K−393K. A corresponding endothermic 

peak was observed between 350-383K in the DSC scan which reached a maxima at 367K. This 

can be associated with the loss of bound water in the sample. This was the first indication of 

the presence of a hydrated phase in the sample. Between temperature ranges of 457 and 487 K, 

it was observed that one endothermic peak merged with an exothermic peak. This phenomenon 

is associated with the melting and the onset of the decomposition of the compound. 
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 Graph 4. 2 DSC in green and TGA in blue analysis and the 1st derivative of the TGA in red of 

ORV received sample  

 

Since there was a clear indication of water in the starting sample, a Variable Temperature PXRD 

(VT-PXRD) analysis was done to get a deeper understanding of how the structure is modified 

by the loss of water (Graph 4.3). The sample was loaded into a 0.5 mm quartz capillary and 

then mounted in a STOE capillary furnace. The detector was kept fixed at 20° while recording 

since the peaks of interest were in the 2θ range of 12−32°. After every 10°C, an isotherm of 3 

min was done, after which data collection was performed. This in-situ analysis was carried out 

from room temperature up to 390 K at a heat rate of 10k/min. This corresponded to the range 

of temperatures where water is lost according to the TGA profile (Graph 4.2). According to our 

observation, the crystalline state of the ORV as received sample was stable until 370 K. Once 

the temperature range went further up to 370−390 K, some of the peaks lost their intensities, 

but some remained unchanged. The peaks which remained unchanged were noted to belong to 

the pure A-ORV phase which could be obtained, as pure phase as the final product at a 

temperature of 403 K. It was also confirmed by comparing the experimental PXRD pattern 

obtained to the simulated PXRD pattern from the A-ORV 3D ED crystal structure.  



80 

 

 

Graph 4. 3 VT-PXRD pattern of ORV obtained from heating the sample from room 

temperature up to 403 K  

Based on this information, we were able to synthesize the pure A-ORV phase in any desired 

quantity after heating the as-received ORV sample at 403 K with reduced pressure overnight. 

A thermal study was then done on the pure A-ORV sample to affirm its behaviour further. In 

the DSC scan of the pure A-ORV in Graph 4.4a, we see a small bump at around 355 K during 

the 1st scan (in blue). This can be associated with the loss of some residual loose water which 

is present in a smaller quantity in comparison to what was seen in the same region in the scan 

of the as-received ORV in Graph 4.2.  Interestingly, no other peak is detected before the sample 

melts which testifies to the fact that the phase is anhydrous.   
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Graph 4. 4 DSC scans of A-ORV at a heating rate of 10 K/min with a) consecutive heating 

scans of A-ORV and b) consecutive heating scans where the first heating (blue line) was 

interrupted during melting. The second(red) and third(green) heating scans are restricted to 

the glass transition region 

The experimental PXRD data of the pure A-ORV could be indexed with the 3D ED A-ORV 

primitive monoclinic cell parameters. Le Bail fit was performed to get the precise unit cell 

parameters’ estimation, which refined the cell parameters to a = 4.9417(6) Å, b = 12.4553(15) 

Å, c = 18.1194(18) Å, β =89.9094(18)° and V = 1115.3(2) Å3. The refinement converged to 

final Rp = 3.54 % and wRp = 6.02 % with the calculated and observed profiles seen in Figure 

4.9 

 

Figure 4. 9 Profile fit from Le Bail refinement on PXRD data of A-ORV. The ranges shown 

are limited to 2θ values of 5-70° for clarity, whereas the refinement was carried out in the 

range 3-90°.  

After the Le Bail refinement, Rietveld refinement against PXRD data was conducted using the 

A-ORV crystal structure from 3D ED as the starting model to allow for the refinement of the 

atomic positions. Both refinements were carried out in JANA2020. The ORV molecules were 

refined as semirigid bodies and the torsion angles related to single bonds were freely refined. 

The structural model from the Rietveld refinement resulted in the same conformation as the 

initial 3D ED model, highlighting the accuracy of the 3D ED technique. The refinement 



82 

 

converged to a final Rp = 8.20 %, wRp = 12.45 % and the profiles of the observed and the 

calculated are seen in Figure 4.10. 

 

Figure 4. 10 Profile fit from Rietveld refinement on PXRD data of A-ORV. The ranges shown 

are limited to 2θ values of 5-70° for clarity, whereas the refinement was carried out in the 

range 3-90°.  

4.4. Hydrate Oxyresveratrol Crystal Structure 

Based on the thermal studies conducted on the as-received ORV sample, we could confirm that 

there was a hydrated phase present together with A-ORV in the as-received sample. Therefore, 

we synthesized the pure hydrated form by dissolving the precursor in a methanol and 

chloroform mixture in a 1:4 ratio.  The resulting liquid had a yellowish hue which was 

evaporated slowly under a chemical hood. To ensure the full evaporation of the solvents, the 

sample was left in a vacuum oven at 40ºC.  PXRD data were collected on the resulting powder, 

which showed a different pattern that did not match with the simulated PXRD pattern of 

ZAPDOL, pointing to a possible new ORV hydrate polymorph. 

During the first set of 3D ED data collection on the as-received ORV sample, no crystalline 

hydrated phase was observed inside the TEM. However, we did detect several amorphous 

grains now and then on the grid.  The synthesized pure H-ORV phase was also amorphized 
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when 3D ED room temperature data collection was attempted. This could be due to the high 

vacuum in the TEM causing dehydration and structural collapse of the hydrated phase. For 

protection by the amorphous ice, the cryoplunging sample preparation listed in Chapter 2 was 

used to successfully preserve the hydrated phase. PEDT data collection with a parallel beam 

size of approximately 150 nm was used in a stepwise acquisition with a 1° precession angle on 

a cryoplunged sample at -180 °C with a cryo-transfer sample holder. The crystal search was 

done in STEM mode after 3D ED data was acquired on three crystals appearing as thin large 

platelets as seen in Figure 4.11. 

 

Figure 4. 11 HAADF-STEM image of typical H-ORV crystals for the 3D ED data collection 

All three data sets had similar unit cell parameters with a= 8.87(1) Å b= 8.11(1) Å c= 9.29(1) 

Å with a volume V=668.28(1) Å3 and a beta angle of 90.9(1)°. Although the volume was like 

ZAPDOL, a higher symmetry space group was observed (Figure 4.12). The presence of 

extinction condition h0l=2n suggests the presence of a c glide plane pointing towards a possible 

monoclinic space group Pc (also P2/c would be possible but due to the molecule shape we first 

try the non-centrosymmetric one). Interestingly, this phase has the space group, Pc, as the A-

ORV but with half of its cell volume.  
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Figure 4. 12 Reciprocal space sections of the H-ORV 3D ED data 

The crystal structure of a new hydrate ORV polymorph, H-ORV was then solved ab initio in 

the monoclinic Pc. The model was then refined kinematically with isotropic thermal factors 

resulting in Robs of 24.5%. Unfortunately, the data quality was not high enough for dynamical 

refinement to accurately determine the hydrogen positions of the water molecules. In the 

resulting crystal structure, H-ORV had an asymmetric unit containing two molecules of water 

and one molecule of ORV (Figure 4. 13a). The hydrogen bonding network in the structure could 

only be guessed based on the interatomic distances between the O atoms of the water molecules 

with the O atoms from the hydroxyl group of ORV molecules (Figure 4. 13b) found to be 

between 2.7 Å to 2.9 Å.  
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Figure 4. 13 (a) Asymmetric unit of H-ORV with the two water molecules displayed without 

hydrogens. (b) The hydrogen bonding network of the water molecules in the H-ORV structure  

 

The ORV molecules in the H-ORV crystal structure form what appear to be chains on planes 

parallel to [10−1] in Figure 4.14 (left). The bonding between the molecules along the chain and 

within the chains is held together by a network of hydrogen bonds from the water molecules. 

The network has a distorted tetrahedral geometry which is formed by each water interacting 

with four other oxygens of ORV molecules.  

  
Figure 4. 13 Crystal structure of H-ORV viewed along b without hydrogens (left). Tetrahedral 

coordination of the water molecules in H-ORV crystal structure (right). 

In adjacent planes, the chains run along two different directions, [111] and [1−11] forming an 

angle close to 65° (Figure 4.14). It is important to compare the structure of the new H-ORV 
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polymorph with that of the ZAPDOL crystal structure. H-ORV and ZAPDOL both contain two 

molecules of water in their asymmetric unit, however, the ZAPDOL crystallized in the triclinic 

centrosymmetric space group P-1 while the H-ORV had a higher symmetry space group, Pc 

but it is not centrosymmetric. A comparison of the packing of H-ORV with ZAPDOL can be 

seen in Figure 4.15. The ORV molecules in H-ORV are arranged in a head-to-tail fashion inside 

each plane like those in the A-ORV crystal structure. Although in ZAPDOL the ORV molecules 

are also packed similarly, due to the presence of the centre of symmetry, the adjacent chains of 

molecules run in opposite directions, while in the H-ORV they run in the same direction. 

Another interesting difference between the two structures is that in H-ORV, the hydrogen 

bonding is only between the water molecules and the O atoms of the four OH groups. In 

contrast, in the ZAPDOL structure, there is also a direct hydrogen bonding between the two 

water molecules. 

 

Figure 4. 14 Crystal packing of one layer chain of ZAPDOL (left) compared to H-ORV 

(right).  

 

Finally, the conformation of the ORV molecule in the H-ORV structure showed conformation 

2 that is one of the two aryl rings is rotated 180° around the C−C bond compared to the 

ZAPDOL, which has conformation 1 like that in the A-ORV structure (Figure 4.16). 
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Figure 4. 15 The ORV molecule in ZAPDOL (left) had a conformation 1 compared to H-ORV 

with conformation 2.  

A thermal investigation was then conducted on the pure H-ORV phase that was synthesized. 

In the first DSC scan (Graph 4.5 in red), a broad and intense peak can be seen in the temperature 

range of 350−425 K which can be attributed to the loss of water from the crystal structure. The 

sample was quenched after full dehydration at a temperature of 425 K. This intense peak was 

also seen in the DSC scan of the as-received ORV sample in the same temperature range. In 

the second DSC scan (Graph 4.5 in blue), a peak can be seen at a temperature of 486 K which 

is associated with the melting of the sample followed by an exothermic peak. A similar thermal 

behaviour is exhibited by A-ORV which shows that after water loss the sample remains 

crystalline due to the absence of a glass transition, unless melting is reached and then the 

sample is reheated.  
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Graph 4. 5 DSC scans of H-ORV. First, the sample was brought to 425 K for its full 

dehydration and quenched (red line). The second scan brought the sample beyond the melting 

point (blue line).  

Since we were able to understand the thermal behaviour of H-ORV, we wanted to confirm 

whether the crystal structure obtained from 3D ED was the phase obtained from the experiment 

PXRD data of the pure hydrated phase. First, the unit cell was confirmed when we successfully 

indexed and performed a Le Bail fitting of the PXRD profile. This led to a refined lattice 

parameters of a = 8.7224(3) Å, b = 8.0157(4) Å, c = 9.3326(3) Å, β = 91.3848(17)°, and V = 

652.31(5) Å3.  The 3D ED structural model of H-ORV was then refined against the PXRD data 

using the Rietveld approach. In the refinement, the ORV molecule was considered a semirigid 

body, in which the aryl group was left free to rotate around the single C-C bond. Then, the 

positions of the oxygen atoms of the water were left free to refine without any restraint. This 

refinement converged to Rp = 8.02% and wRp = 11.68%. The resulting structural model was in 

agreement with the 3D ED model (Figure 4.12a) and the profile fit can be seen in Figure 4.16. 
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Figure 4. 16 Profile fit from Le Bail refinement on PXRD data of H-ORV. The shown range is 

limited to 2θ values of 5-70° for clarity, whereas the refinement was carried out in the range 

3-90°. 

4.5. Quantification of the Phases in the ORV as Received Sample 

To confirm that the as-received sample was a phase mixture, we compared the simulated PXRD 

patterns of new phases (A-ORV and H-ORV) with the experimental PXRD pattern of the as- 

received sample as shown in Figure 4.18. It was confirmed that just a single phase could not 

fully account for all the peaks in the PXRD pattern of the as-received sample. 

 

Figure 4. 17 Comparison of PXRD patterns of the A-ORV (red), H-ORV (black) and the as 

received ORV (blue) which supports the conclusion that there was a phase mixture in the 

starting sample 

We then performed a Rietveld refinement using the 3D ED model of H-ORV and A-ORV.  After 

the Rietveld refinement, we concluded that the phase mixture was composed of 58.9% A-ORV 

phase and 41.1% H-ORV phase (Figure 4.19). The refinement converged to Rp = 7.50% and 
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wRp = 10.92%. Since the composition of the phase mixture consists of H-ORV, which is 

dihydrated, we can also estimate that the maximum weight loss in the case of full dehydration 

of H-ORV is 5.6%, which is in good agreement with the 5.5% weight loss seen in TGA data of 

the as-received sample. 

 

Figure 4. 18 Profile fit from Rietveld refinement on PXRD data of H-ORV and A-ORV mixed 

phase product. revealing a volumetric phase fraction H-ORV/A-ORV of 41.4:59.9. 

Experimental details 

(Crystal Data) 

Anhydrate ORV Dihydrate ORV 

Chemical formula   C14H12O4 C14H12O4 • 2H2O 

Crystal system, space 

group 

Monoclinic, Pc Monoclinic, Pc 

Temperature (K) 293 103 

a, b, c (Å) 5.056 (4), 12.712 (11), 18.103 (12) 8.872 (6), 8.112 (6), 9.292 (8) 

β (°)  91.37 (2) 90.929 (4) 

Volume (Å3) 1163.2 (16) 668.6 (9) 

Radiation type Electron, = 0.0335 Å Electron,  = 0.0335 Å 

3D ED data collection  cRED PEDT 

Tilt range (°) 120 90 

Data resolution (Å) 1.4 1.25 

 Dynamical Refinement Kinematical Refinement 

No. of: measured, 
independent and 
observed reflections 

 

27061, 4636, 2265 

 

 

2649, 1931, 1293 

Parameters 86 66 

(sin )max (Å-1) 0.620 0.619 

Thickness (nm) 253.43 - 

Robs, wRobs (%), S 12.45, 23.51, 2.86 24.5, 52.5, 1.72 

Rall, wRall (%) 16.70, 24.65 27.1 

max, min (e Å-3
) 0.19, -0.16 0.38, -0.23 
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Table 4. 2 Unit cell parameters, data collection information and the refinement statistics after 

dynamical refinement for A-ORV and kinematical refinement for H-ORV  

 

Conclusion 

In this chapter, we have shown how 3D ED can be instrumental in studying the crystal 

chemistry of natural compounds. Oxyresveratrol is an example of such a natural compound 

that has not been fully characterized due to its nanocrystalline nature. In the case of 

oxyresveratrol, the sample that was investigated was purchased from a chemical dealer but still 

exhibited new crystal forms that had never been reported before. Thanks to 3D ED, two new 

phases were detected, and their crystal structures were solved. The first phase was an anhydrous 

oxyresveratrol form whose crystal structure had never been reported. The second phase is a 

new dihydrated polymorph that is vacuum-sensitive. Thanks to the cryo-plunging sample 

preparation procedure, data collection was performed, and the H-ORV crystal structure was 

solved. The procedure for obtaining the pure phases was listed, after which their PXRD patterns 

fully fitted with a Rietveld refinement procedure. The thermal behaviour of the phases was also 

fully studied and the different conformations of the oxyresveratrol molecule were found 

through DFT calculations. 

In conclusion, the workflow of our study can be considered as a model that could be applied to 

the crystal structure characterization of many other natural compounds and for finding their 

possible new polymorphs. 
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CHAPTER 5 

Crystal structures of oxyresveratrol cocrystals solved 

using 3D electron diffraction 

Background 

Mechanochemical synthesis is one of the methods of synthesis identified for crystal 

engineering of pharmaceutical compounds to form new pharmaceutical compounds with 

desirable properties. The products obtained after synthesis are powders made up of thousands 

of single crystals with sizes in the submicron range, whose crystal structures can be solved and 

analyzed using 3D electron diffraction. The application of 3D electron diffraction on 

pharmaceutical and organic crystals synthesized using mechanosynthesis has not been fully 

explored. We take on this task by solving the structures of three cocrystals of oxyresveratrol 

with coformers: nicotinamide, isonicotinamide, and urea. The structures were successfully 

solved ab initio using 3D electron diffraction. To validate the reported crystal structures, PXRD 

Rietveld refinement was performed on the PXRD data using the 3D electron diffraction model 

as the starting rigid body. Additionally, the different interactions of oxyresveratrol with the 

coformers in the crystal lattice have also been studied through their non-covalent interactions, 

crystal packing, and dihedral angles. 

5.1. Introduction  

In the previous chapter, we discussed the potential application of oxyresveratrol because of its 

various benefits. Oxyresveratrol (ORV), like some other natural compounds and APIs, has been 

limited in its therapeutic application due to its low solubility, bioactivity, and low oral 

availability (Likhitwitayawuid, 2021). In the search for ways to improve the solubility of 

oxyresveratrol, cocrystallization with various potential GRAS coformershas been identified as 

a viable option. A successful synthesis of ORV cocrystals was achieved by Suzuki et al. in 

2019, who reported the formation of ORV-citric acid and ORV-glutaric acid cocrystals (Suzuki 
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et al., 2019). In 2020, Ouiyangkul et al. also reported the synthesis of two new ORV cocrystals: 

ORV-L-proline and ORV-nicotinamide (Ouiyangkul et al., 2020). Finally, in 2021, Sakamoto 

et al. screened 67 potential coformers and reported the formation of six new oxyresveratrol 

cocrystals with coformers betaine (ORV-BTN), L-proline (ORV-PRL), isonicotinamide, 

nicotinamide, urea, and ethyl maltol. In their work, only two of the ORV cocrystal structures 

were reported: ORV-betaine with a ratio of 2:3 and a hydrated ORV-L-proline with a ratio of 

1:2:1. Their crystal structures were solved by SCXRD after first using mechanosynthesis to 

create cocrystals and then growing single crystals from the nanocrystalline powder produced 

after mechanosynthesis. They reported an increase in the solubility of the cocrystals when 

compared to the pure ORV sample. A dissolution test was conducted on the sample for 120 

minutes, resulting in the ORV-PRL and ORV-BTN having a dissolution rate of approximately 

820µg/ml and 750µg/ml respectively. Oxyresveratrol with urea also showed a dissolution rate 

of about 700µg/ml while the one with nicotinamide and Isonicotinamide showed a rate of about 

680µg/ml and 620µg/ml respectively while the pure oxyresveratrol had a 550µg/ml (Sakamoto 

et al., 2021). 

 The crystal structures of the other ORV cocrystals remain were not reported after the 

mechanosynthesis. Since the ideal crystal sizes for 3D ED crystal structure are in the submicron 

range, we wanted to uncover the crystal structures of three of the ORV cocrystals using the 

technique. In this chapter, we report on the crystal structures of cocrystals of oxyresveratrol 

with nicotinamide (ORV-Nic) and isonicotinamide (ORV-Iso), and urea (ORV-U), solved by 

3D ED after mechanosynthesis.  Below in Figure 5. 1 are the chemical structures of the ORV 

together with the coformers used in the cocrystallization. 
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Figure 5. 1. Chemical structure of oxyresveratrol and coformers used in the study with their 

respective abbreviations 

 

5.2. Mechanosynthesis of ORV Cocrystals 

Oxyresveratrol (ORV), nicotinamide (Nic), isonicotinamide (Iso), urea (U), and ethyl acetate 

were purchased from Sigma Aldrich and used as received. The mechanochemical synthesis of 

the cocrystals was conducted in a molar ratio of 1:1 for isonicotinamide and nicotinamide, and 

1:2 for the oxyresveratrol-urea cocrystals. The synthesis was performed in a Mixer Mill 400 

IST (InSolido Technologies) using 14 mL zirconia jars and 2 balls of ZrO₂ (5 mm diameter). 

The mechanosynthesis was performed using liquid assisted grinding method (LAG) by using 

ethyl acetate and the mixtures were ground at a frequency of 15 Hz for 40 minutes at room 

temperature. After grinding, the jars were covered with pinhole parafilm and left to dry under 

a hood. The phase changes of the cocrystals were monitored using powder X-ray diffraction 

(PXRD) data. 

5.3. Powder X-ray diffraction   

PXRD data were acquired using a STOE Stadi P in Debye-Scherrer geometry equipped with 

Cu-Kα1 radiation (λ = 1.5406 Å), a Ge (111) Johansson monochromator from STOE & Cie 

and a MYTHEN2 1 K detector from Dectris. All studied samples were loaded in a borosilicate 



95 

 

glass capillary with 0.5 mm external diameter. The data were acquired in the range 3-70 ° 2θ 

with an interval of 0.03° between consecutive points.   

The PXRD patterns from the ORV samples, the respective coformers and the final products 

after the synthesis were analysed to see if there was a phase change in all the three samples. 

This was done by comparing their PXRD patterns in the 2θ ranges of 5° to 40°. For the ORV-

Nic PXRD pattern, a new peak was observed at 2θ = 5.38º, along with the sharpest peaks at 2θ 

values of 16.545º, 22.8º, and 25.335º (Figure 5.2a), which were absent in both ORV and Nic 

PXRD patterns. A new peak was detected at 2θ = 5.41º for ORV-Iso when compared with the 

starting material, with sharpest peaks at 20.43º, 26.68º, and 25.425º (Figure 5.2b) compared to 

the PXRD of the precursors. The first visible peak was observed at 2θ = 11.55º for ORV-U, 

with one characteristic peak at 23.775º (Figure 5.2c). With the observed phase change in the 

PXRD of the product compared with the precursors, we could conclude that there were new 

phases present after synthesis. 

(a) 
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(b) 

 

(c) 

 

Figure 5. 2 Comparison of the PXRD patterns of the starting precursors and the resultant 

products. In purple is ORV for all the cocrystals and in (a) ORV-Nic is shown in green with 

the Nic in red (b) ORV-Iso in blue with Iso in red, and (c) ORV-U is in red with urea in blue. 

5.4. 3D Electron Diffraction Analysis  

The PXRD analysis confirmed a phase change when compared to the starting materials 

therefore, the next step was to determine whether the crystal structures of these samples could 

be obtained using 3D ED and to confirm if they were that of the cocrystals. To collect the data, 

we had the opportunity to use two different microscopes. The first was our lab microscope, the 
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Zeiss Libra 120 and the second was the JEOL JEM2100 (thermionic) LaB6 Transmission 

Electron Microscope (Stockholm University), which had a 200 kV accelerating voltage. In both 

microscopes, cRED data collection was automated: LibraEDT with the Zeiss and the 

Instamatic software (Smeets et al., 2018) for the JEOL JEM2100. In our microscope, 3D ED 

was collected in NED mode with a beam size of 570 nm and the crystal search was performed 

in both STEM and TEM mode, while in the second microscope, a SAED aperture and a beam 

size of 700 nm was used for diffraction while using TEM mode for the crystal search. The 

samples were prepared according to the dry sample preparation protocol for room temperature 

data collection. An average angular tilt range of -60° to +60° with a tilt step of 0.5° was used. 

All the data were processed with PETS2, the structures were solved ab intio using Shelxt and 

the dynamical refinement was run in JANA2020 against |F|2. 

5.4.1. Crystal Structure of ORV-Nic Cocrystal 

The crystal sizes of the ORV-Nic ranged from approximately 200 nm to 500 nm and appeared 

to have a rod-like morphology as shown in Figure 5. 3 (right) from images taken in STEM. The 

crystal search for this sample was done in TEM mode and cRED data collection was done using 

both microscopes. Since the crystals were relatively stable under the beam, this allowed for 

more than 20 datasets from both microscopes. All the unit cell parameters found pointed to 

a=15.770(3) Å, b=7.025(2) Å c=34.342(7) Å,  =97.28(3)º with a unit cell volume of 

3773.9(15) Å3 and suggested a monoclinic symmetry. For the space group determination, we 

evaluated the reciprocal space sections to check for systematic absences (Figure 5.3). The 

reflection conditions h+k =2n for hkl, and h,l =2n for h0l, consistent with the C1c1 extinction 

symbol and the two possible space groups C2/c or Cc were observed. 
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Figure 5. 3 Reciprocal space sections for ORV-Nic 3D ED data with the STEM image of 

ORV-Nic crystal (right) 

 

The structure of ORV-Nic was solved ab initio in a centrosymmetric space group, C2/c, using 

ShelxT. All the non-H atoms were correctly located in an asymmetric unit formed by one 

independent molecule of ORV and one of Nic giving then a 1:1 ratio as expected by the ratio 

of the chemical ingredients. The best data set used for the refinement was from the JEOL 

JEM2100 microscope. The ORV-Nic structure obtained was refined using dynamical 

refinement firstly on the non-H atoms, with restraints on bond distances, angles, and the 

geometry of the aromatic rings of ORV and the pyridine of Nic. Planar restraints were also 

placed on the two different aryl rings of ORV, as well as on the pyridine ring and amide group 

of Nic molecule. All the non-H atoms were refined with anisotropic thermal parameters. The 

H atoms were then automatically added to the structure and refined using a riding model and 

distance restraints. The refined converged to a final Robs of 10.96% and final crystal structure 

of ORV-Nic after dynamical refinement, can be seen in Figure 5.4, with the results after the 

analysis listed in Table 5.2 in the last section of this chapter.  
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Figure 5. 4 Asymmetric unit of ORV-Nic containing one molecule of ORV and one molecule 

of Nic. The atoms are represented through their ellipsoids except for the H atoms. 

5.4.2. Crystal Structure of ORV-Iso Cocrystal 

The data collection on ORV-Iso cocrystal was much more challenging than ORV-Nic, since it 

was needed to perform the crystal search in low dose STEM crystal search with the Zeiss Libra 

120 microscope. In a typical STEM image taken on the ORV-Iso sample (Figure 5.5), the 

crystals can be seen to be made of layers of thin platelets. After the data were collected on the 

thin edges of the crystals, the indexing was consistent with unit cell parameters of a=7.067(2) 

Å b=8.59(2) Å c=16.32(3) Å and angles α=77.28(3)°, β=84.21(3)°, ɣ=70.59(3)° with a volume 

of 910.9(4) Å3. None higher symmetry super cell was found so the structure should be 

considered triclinic with possible space groups P1 or P-1. In Figure 5.5 the three fundamental 

(0kl, h0l, hk0) reciprocal sections are displayed. 

 

Figure 5. 5 Reciprocal space sections from ORV-Iso and on the right, a STEM image of a 

typical ORV-Iso grain.  
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In the next step, the structure was solved ab intio in the P-1 space group using Shelxt obtaining 

the correct location of all the non-H atoms. In the asymmetric unit, we observed one molecule 

of ORV and one of Iso hence giving a 1:1 ratio. The positions of all the non-hydrogen atoms 

were then refined using dynamical refinement with anisotropic thermal parameters. Restraints 

were placed on the interatomic bond distances, angles, geometry of the benzene rings of the 

ORV molecule and the pyridine of the Isonicotinamide molecule. A planar restraint was also 

placed on the aryl group of ORV molecules, the pyridine and amide group of isonicotinamide. 

After the initial run the hydrogens were added and refined using the riding model with restraints 

on their distances. The dynamical refinement resulted in a good figure of merit converging with 

Robs= 11.1%. The asymmetric unit of the final crystal structure of ORV-Iso can be seen in the 

Figure 5.6 drawn with ellipsoids for the non-H atoms. 

 

Figure 5. 6 The asymmetric unit of ORV-Iso containing one molecule of ORV and one 

molecule of Iso. 

5.4.3. Crystal Structure of ORV-U Cocrystal 

Structure solution data were collected also on ORV-U cocrystal in cRED with the Zeiss Libra 

120. ORV-U crystals were slightly beam-sensitive compared to the ORV-Nic sample, but a low 

dose data collection resulted in some datasets good enough for the indexing and subsequent 

structure solution. In Figure 5.7, the typical morphology of the ORV-U crystals can be seen 
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made up of some thin platelets on top of each other with some isolated crystals. Data were 

therefore collected on isolated thin crystal platelets with sizes in the ranges of 200nm to 500nm 

(Figure 5.7). After indexing the cRED data sets we saw that ORV-U had unit cell parameters 

consistent with a= 8.299(2) Å b=8.859(2) Å and c=13.9(3) Å with angles α=76.51(3)° 

β=78.97(3)° ɣ= 72.56(3)° and volume of 940.4(4) Å3. It had triclinic symmetry when the 

reciprocal space sections were carefully examined, as seen in Figure 5.7. 

 

Figure 5. 7 Reciprocal space section of ORV-U after 3D ED data analysis and an image of 

typical ORV-U crystals taken in TEM mode with the pink circle indicating the approximate 

beam size for diffraction relative to the crystals  

The crystal structure of ORV-U was then solved ab initio in the P-1 space group using Shelxt. 

The space group is the same as ORV-Iso and with a similar unit cell volume. Interestingly, there 

appeared to be a ratio of 1:2 between ORV and urea in the asymmetric unit, while the other 

cocrystals had a ratio of 1:1 between ORV and the correspondent coformers. One dataset was 

good enough to run dynamical refinement initially on all the non-H atoms which had been 

correctly located after the structure solution step. Restraints were placed on the interatomic 
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distances, angles and planarity on both the ORV and urea molecules, then on the geometry of 

the rings of the ORV to obtain a more accurate structure. The H atoms were added automatically 

and refined in a riding model with distance restraints for those of urea and angular restraints 

for those on the OH groups of the ORV molecule. The final model in the asymmetric unit after 

the refinement with anisotropic thermal parameters can be seen in Figure 5.8. The dynamical 

refinement converged to an Robs of 11% with the final details about the data collection and 

refinement in Table 5.2. 

 

Figure 5. 8 Asymmetric unit of ORV-U containing one molecule of ORV and two molecules of 

urea 

5.5. Comparison of the ORV Cocrystal Structures 

After a successful structure solution of all the three cocrystal structures, we thought it to be 

interesting to compare the crystal packing of the cocrystal structures. Firstly, we observed a 

similarity between the crystal packing of ORV-Nic in the [010] direction with ORV-Iso [100] 

direction at first glance. The ORV molecules in both structures we arranged similarly appearing 

to be alternating with the coformers in layers normal to [001]. The main difference is how the 

coformers are arranged. In both situations, the coformers interact with each other by π-π 

stacking apart from the hydrogen bonding interactions between the OH groups of the ORV 
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molecules and the coformers.  Both Nic and Iso are from the same amide group with the main 

difference being the position of one of the N in the pyridine ring. While in ORV-Iso the Iso 

molecules are arranged in the same way in each consecutive layer with ribbons of molecules 

running along [100], with their oxygen atoms pointing alternatively along the positive and 

negative a direction in each ribbon stacked along [010]. In the case of ORV-Nic two 

consecutive Nic layers are not equivalent: in the first one all the ribbons have the oxygens 

pointing in the same direction while in the second they point in the opposite. This results in a 

doubling of the unit cell along both directions with respect to ORV-Iso (see Figure 5.9).     

 

Figure 5. 9 Crystal structure of ORV-Nic is viewed along a direction close to [010] (top) and 

the crystal structure of ORV-Iso is viewed along a direction close to [100]. The layers formed 

by ORV and the coformers are indicated at the top of each picture. The blue arrows indicate 

the directions towards the oxygens of the coformers are pointing. 
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To compare the crystal packing of all the three ORV cocrystals, we can use the ORV molecules 

in the structure as the main point of reference to achieve this. Firstly, we can discuss the 

conformation of the ORV molecules in the different cocrystals. We have already established in 

the previous chapter that the ORV molecule has two conformations (Husanu et al., 2024). We 

observed that ORV-Nic and ORV-Iso had a conformation 1 while ORV-U cocrystal had the 

second conformation. To better visualize the difference in the molecular arrangement, the 

structures were viewed along the chains of the ORV molecules. As stated above both ORV-Nic 

and ORV-Iso have similar arrangement with ORV and the coformers lying in layers. The 

different setting of the coformers has an influence also in the ORV stacking.  For the ORV-Nic, 

when the structure is viewed on the [1-30] direction, the ORV molecules appear to have layered 

stacking arrangement with alternate orientation along in adjacent planes with a relative 

orientation of the molecules of around 90°. These two arrangements of the ORV molecules in 

the ORV-Nic alternate along the [001] direction.  This alternate stacking is absent in ORV-Iso.  

ORV-Iso viewed along [-210] and ORV-U viewed along [100] have similar crystal packing of 

the ORV molecules. The arrangement is made up of  ORV ribbons moving in the same direction 

as the coformers in between them. The main difference between the two is that in the ORV-U, 

the coformers lie on the same plane as the ORV chains and form face-to-face dimers, while in 

ORV-Iso the ORV and the Iso are perpendicular to each other, they lie on different planes 

(Figure 5.10). Hydrogen bonding is seen between all four of the hydroxyl groups of the ORV 

molecules with the coformers bonding with the distance between 2.6 Å to 3 Å.  
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Figure 5. 10  Crystal packing of the three cocrystals structures viewed along the ORV 

molecule planes with a focus on the different arrangement of the ORV molecules (in pink for 

the three cocrystal structures) (a) ORV-Nic viewed along [1-30] and (b) ORV-Iso viewed 

along [-210] (c) ORV-U [100] directions. 

Due to the flexibility of the ORV molecule, the aryl group can lie on slightly different planes 

measured by their dihedral angle. The dihedral angles of the ORV cocrystals were measured 

and compared with the ones existing in the reported structures.  

Dihedral Angles comparison of aryl groups in Oxyresveratrol  

Cocrystals/Compound  Angle (°)  Source  

Oxyresveratrol-Nicotinamide (ORV-Nic)  31.21 (3)    

This work  Oxyresveratrol-Isonicotinamide (ORV-Iso)  26.18 (2) 

Oxyresveratrol-Urea (ORV-U)  13.06 (2) 

Hydrated oxyresveratrol (ZAPDOL)  9.39 (9)  Deng et al, 2012  

Monohydrate bis(proline) oxyresveratrol 

(YUYDAA)  

7.1 (2)    

Ouiyangkul et al 2020  

  Bis (proline) oxyresveratrol (YUYDEE)  14.15 (19)  

Table 5. 1 Dihedral angles of ORV comparison 
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5.6. Rietveld Refinement of ORV Cocrystals 

Given the 3D ED model obtained from the single nanocrystals, we had to check if the model 

was representative of the powder obtained after the mechanochemical synthesis at ambient 

conditions. To do this, Rietveld refinement was performed on the experimental PXRD data of 

all the cocrystals. In all three PXRD data sets, the refinements were carried out in a 2θ range 

of 3° to 90°.  Topas Academic (Coelho, 2018) was the software of choice for refinement. The 

3D ED models were used as a starting rigid body with their respective lattice parameters being 

used before refining.  The molecules were refined as semirigid bodies, and the torsion angles 

related to single bonds in ORV, Nic and Iso were freely refined. This allowed for the rotation 

of the flexible parts of the molecules to move to ensure more accurate structures. 

5.6.1. Rietveld refinement of ORV Nic  

ORV-Nic the same space group C2/c was used in the refinement, however, there was a slight 

difference in the volume of the cell from 3773.9(15) Å3 to 3577.6(4) Å3. The resulting cell 

parameters were a=15.7331(8) Å b=6.9488(6) Å c=33.069(2) Å and β= 98.283(3)°. The 

resulting profile fit is seen in Figure 5.11 after the Rietveld refinement. The model obtained 

after refining the structure against the PXRD is overlayed  with the  3D ED structural model in 

Figure 5.12 . The Retvield refinement resulted in  an Rwp of 4.56% confirming the presence of 

the ORV Nic phase in the sample. 
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Figure 5. 11 Profile fit after Rietveld refinement of ORV-Nic model against PXRD data 

 

Figure 5. 12 Crystal structure overlay of the 3D ED model (blue) and the model obtained 

after Rietveld refinement (blue) of ORV-Nic 

 

5.6.2. Rietveld refinement of ORV-Iso   

The presence  of the ORV Nic phase  obtained from 3D ED was confirmed with a profile fit in 

the P-1 space group which resulted in an Rwp 5.34% after the Rietveld refinement. We did also 

observe a cell volume of 881.03(9) Å3 from the volume of 910.9(4) Å3. The resulting cell 

parameters were a=6.8369(5) Å b=8.3943(4) Å c=16.5123(9) Å with angles α=79.874(3)° 
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β=85.756(3)° ɣ=70.828(3)°. In Figure 5.12, we can see the profile fit of the observed against 

the calculated after the Rietveld refinement. A structural overlay was done to compare the 

model obtained from 3D ED to the refined structure against the PXRD data shown in Figure 

5.14. 

 

Figure 5. 13 Profile fit after Rietveld refinement of ORV-Iso model against PXRD data 

 

 Figure 5. 14 Crystal structure overlay of the 3D ED model (pink) and the model 

obtained after Rietveld refinement (blue) of ORV-Iso 

5.6.3. Rietveld refinement of ORV-U 

A successful refinement was achieved with our starting 3D ED model confirmingthe presence 

of the ORV U phase in the sample. The refinement converged to an Rwp of 6.44% in the P-1 
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space group. Here, again, we also see a slight change in the cell volume from 940.4(4) Å3 to 

877.68(5) Å3 after the refinement. The cell parameters obtained a=8.0490(2) Å b=8.5759(2) Å 

c=13.6575(6) Å with angles of α= 78.332(3)° β =79.240(3)°  ɣ =73.710(4)°. The PXRD profile 

of the observed against the calculated can be seen in Figure 5.13 and an overlay of the 3D ED 

model and the model obtained after Rietveld refinement (5.16) below. 

 

Figure 5. 15 Profile fit from Rietveld refinement of ORV-U model against PXRD data 

 

Figure 5. 16 Crystal structure overlay of the 3D ED model (orange) and the model obtained 

after Rietveld refinement (blue) of ORV-U 
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Experimental details   Oxyresveratrol-Nicotinamide  
(ORV-Nic)  

Oxyresveratrol-Isonicotinamide  
 (ORV-Iso)  

Oxyresveratrol-Urea 

 (ORV-U)  
Chemical formula    C20H28N2O5  C20H16N2O10  C16H20N4O6  

Crystal system, Space group   Monoclinic, C2/c Triclinic, P-1  Triclinic, P-1  

Temperature (K)  293  293  293  

a, b, c (Å)  15.770 (3), 7.025 (2), 34.342 (7)  7.067 (2), 8.591 (2), 16.315 (3)  8.299 (2), 8.859 (2), 13.907 (3)  

α, β, γ (°)    90, 97.28 (3),90  77.28 (3), 84.21 (3), 70.59 (3)  76.51 (3), 78.97 (3), 72.56 (3)  

Volume (Å3)  3773.9 (15)  910.9 (4)  940.4 (4)  

Transmission Electron Microscope 

(TEM.) type  
Joel 2100F  Zeiss Libra 120  Zeiss Libra 120  

Radiation type  Electron, λ = 0.02508 Å  Electron, λ = 0.0335 Å  Electron, λ = 0.0335 Å  

Tilt range (°)  120  110  100   

Data resolution (Å)  1.25 1.4  1.4 

Dynamical refinement  

No. of measured, independent 

and observed reflections  
21745, 4560, 1287 23836, 5148, 1106  8720, 2624, 1085 

Parameters  232  183 72  

(sin θ/λ)max (Å−1)   0.75 0.620  0.474  

Thickness (nm)   440 304.98   404  

Robs, wRobs (%), S  10.96, 21.46, 1.6433 11.1, 22.7, 1.67 11, 21.8, 2.47  

Δρmax, Δρmin (e Å
−3

)  0.19, -015  0.16, -0.12  0.10, -0.10  

Table 5. 2 Table S2. Selected parameters after data collection and dynamical refinement 

 

Conclusion 

3D electron diffraction has played a significant role in the structure determination of small 

molecules, especially for organic and pharmaceutical nanocrystals. Mechanosynthesis is a 

method of synthesis of small molecules such as cocrystals and leads to the formation of 

submicron crystals. It is important to address the problem of the structure determination of 

powder samples obtained with this method of synthesis which plays a significant role in crystal 

engineering of pharmaceutical products. A successful ab initio crystal structure solution of 

cocrystals of ORV with nicotinamide, isonicotinamide and urea of nanosized single crystals 

synthesized using mechanosynthesis was done by exploring the 3DED combined with PXRD 

as powerful tools. We have shown that 3D ED can be used for solving structures of crystals 

obtained by mechanosynthesis.  
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CHAPTER 6 

 

Serial Electron Diffraction on Beam-Sensitive Organic 

Nanocrystals 

Background 

Organic nanocrystals very often have shown beam sensitivity, which is expressed by the loss 

of the high-resolution intensities during a 3D ED data acquisition.  A proposed data collection 

method called Serial electron diffraction (SerialED) was introduced in Chapter 2. In this 

chapter, this method of diffraction data acquisition was applied to a pharmaceutical API called 

Levodopa or L-Dopa whose crystal structure is already known in literature as a test of the 

technique. After a long data collection, the data was processed and the crystal structure of the 

L-Dopa was solved ab initio using SerialED. In this work, we present the preliminary results 

of what could be a way of applying SerialED on pharmaceutical nanocrystals that are too beam-

sensitive for 3D ED.  

6.1.  Introduction 

The concept of serial crystallography involves collecting one diffraction pattern per crystal on 

tens of thousands of crystals which are very beam-sensitive (Chapman et al., 2011). This is 

based on the idea of obtaining diffraction from the samples before their degradation has time 

to occur, so the data are collected in very fast single shots (Chapman et al., 2014) (Zhu et al., 

2020). This technique was originally developed for data collection on synchrotron radiation 

facilities or X-ray Free-Electron Lasers (XFELs) which are either not easily accessible or 

expensive to operate. 

The ED in a TEM is a possible alternative technique to be used in the SerialED approach that 

in principle is affordable for a relatively small lab. It is used in many research institutions and 

universities and has components that are customizable to perform such experiments. 
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Advantages such as having the ability to change: the beam sizes, the different movements of 

the stage and the beam dose, provide the opportunity to perform SerialED in a quite flexible 

way. Although 3D ED has proven useful for unveiling the crystal structures of numerous 

materials, there are some limitations for beam-sensitive materials such as MOFs, 

macromolecules and organic nanocrystals. SerialED has the potential to expand and fill some 

of these gaps in the application of 3D ED. Some work, however, has already been done using 

SerialED but the technique has remained not widely used (Bücker et al., 2021; Hogan-Lamarre 

et al., 2024; Smeets et al., 2018).  This is because processing of all the tens of thousands of 

randomly oriented frames comes with some challenges. To index the frames, the unit cell 

parameters must already be known. since each frame almost contains only 2D information. 

However, if for some reason the cell unit cell is known, for example, it can be taken from 

literature or from a short 3D ED analysis the indexing step can be simplified.  

This chapter will therefore focus on the application of SerialED for solving the crystal structure 

of L-Dopa as a preliminary work on applying the technique to an organic sample. 

6.2. Sample preparation and data acquisition 

The sample preparation method used followed the room temperature dry sample protocol listed 

in Chapter 2, however this time, more crystals were loaded onto the grid, compared to sample 

preparation for 3D ED, to ensure that data could be collected on the many crystals. 

The data collection follows a similar protocol to the one used in serial crystallography with a 

fixed target. To acquire the data, LibraEDT software was used which has a SerialED data 

collection section added recently. The interface of the software can be seen in Figure 6.1 and 

contains four main panels, one of which is dedicated to SerialED. In this panel, several 

parameters must be inserted, which determines the scanning procedure of the sample, and 

which collected patterns must be retained and saved avoiding disk space overflow.  Firstly, the 

beam is located on a few crystals and the diffraction patterns are collected to determine the 
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threshold parameters.  For example, if the ‘Peaks’ value is set to 3, ‘d_max’ is set to  Å-1 and 

‘I/Sig’ is set to 5, only frames with more than 3 reflection peaks beyond the 1.25 Åresolution 

having an intensity-over-sigma ratio larger than 5 are saved. This ensures that only high-quality 

and high-resolution data are saved during the data collection. Before starting the data 

collection, the areas that will be scanned for the data collection are selected through a panel 

that displays a sketch of the entire grid (Figure 6 top left, TEM stage map). During the data 

collection, the recorded patterns can be seen live on a window with the resolution rings drawn 

on top. In the last window, the number of all the frames saved out of all the frames collected is 

displayed. Data collection can take up to 10 hours and is performed by the detector recording 

patterns while the stage is continuously moving. A typical example can be the stage moving at 

a speed of 10 μm/s and an exposure time of 150 ms giving a frame-to-frame displacement of 

1.5 μm, which should correspond to the average crystal size in the sample. A data collection of 

10 hours, depending on the quality of the frames, can range between 6000-10000 retained 

patterns or more with a total of more 200,000 captured frames. 
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Figure 6. 1 The interface of the LibraEDT software for the data collection of SerialED data 

with highlights on the different windows. The orange window shows the grid, with the green 

highlighting the selected areas on the grid that will be mapped. The blue dot shows the 

position of the beam at the actual point of the data collection. The yellow shows the log of the 

number of images saved and the total number of images collected. In the large pink window, 

we see the data collection parameters. A smaller box in purple shows the settings needed for 

the SerialED data collection. Lastly in the red, the diffraction patterns collected can be seen 

with the resolution rings in white and the detected spots in green circles. 

6.3. Processing of SerialED Data 

The workflow of SerialED data processing is displayed in Figure 6.2. The critical step of the 

entire procedure is the indexing process. The software CrystFEL (White et al., 2012) is the 

most used for this step in the case of X-ray data. Bücker et. al. in 2021 used CrystFEL to process 

SerialED data using diffractem (Bücker et al., 2021). Other data software such as nXDS  

(Kabsch, 2014) a package from the XDS software suite for processing serial crystallography 

data, is also adaptable for SerialED data. 3D ED data processing software, PETS2 has also 
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SerialED data processing software capabilities. In this work, the data were processed using the 

nXDS data processing software. The following section will list how the input file for nXDS is 

prepared for data analysis of L-Dopa. The next steps, which are structure determination and 

refinement follow the same routine as in 3D ED. The workflow for data processing, structure 

solution and refinement can be seen in Figure 6.2. 

 

 Figure 6. 2 Workflow for data processing of SerialED data 

6.4. Serial Electron Diffraction on L-Dopa 

The sample selected for the SerialED analysis was L-Dopa or L-3,4-dihydroxyphenylalanine 

whose crystal structure has already been reported in literature (A. Mostad et al., 1971) (Figure 

6.3). To start the analysis, 3D ED data were collected on the L-Dopa sample. This sample 

although diffracted nicely at the start of the data collection, lost some of the high-resolution 

reflection after exposure to the electron beam in about 3 seconds which made it an ideal 

candidate for the SerialED data collection.  The 3D ED data collected were sufficient for the 

unit cell determination which resulted in a monoclinic space group with a=13.093(3) Å 

SerialED data processing
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b=5.3560(11) Å c=6.1840(12) Å with β=90.733(3)° showing extinctions compatible with space 

group P21 and unit cell parameters similar to what was reported in the literature. 

 

Figure 6. 3 Crystal structure of L-Dopa 

The unit cell parameters obtained from the 3D ED analysis were then used in the data 

processing using nXDS. 

For the data collection, the sample was prepared as described earlier. Figure 6.4 below shows 

the morphology of the L-Dopa crystals  ranging in size between 300 nm to 1000 nm.  

 

Figure 6. 4 Typical morphology of the L-Dopa crystals with sizes between 300nm to 500nm 

taken in TEM mode  

 

After a fast check that the crystals were uniformly distributed on the grid and an optimization 

of the collecting parameters on a few selected crystals, the data collection was started.  The 

data acquisition parameters in the case of L-Dopa are listed in Table 6.1. To ensure the 
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maximum variety of the orientations, a 10° rotation of the stage was performed after every 

2000 frames retained. In total, about 40,000 diffraction patterns were collected for a total 

experiment time of 15 hours in which the TEM collected data completely unsupervised (most 

of the experiment was carried out overnight). Typical diffraction patterns that were saved can 

be seen in Figure 6.5 

Parameter Value 

Data Acquisition Software  

Data Acquisition Mode  

Acquisition Duration  

Stage Movement Speed  

Exposure Time  

Total Images Captured  

Retained Frames  

Filtering Conditions  

 

LibraEDT 

Stage movement 

≈ 15 hours 

20 μm/second 

50 ms per frame 

over 200,000 

40,000  

At least 7 peaks with I/σ > 4 and resolution higher 

than 1.25 Å 

Table 6. 1 Parameters that were set for the SerialED data collection of L-Dopa 
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Figure 6. 5 Six diffraction patterns randomly selected from the data sets that were kept during 

the data collection by the LibraEDT software 

 

6.5. Data Processing using nXDS 

Similarly to XDS, nXDS requires an input file, nXDS.INP, which contains all the parameters 

including the wavelength. The diffraction patterns are uploaded in a specified directory where 

the software is launched. The JOB line in the input contains a line of tasks that are run which 

are XYCORR, INIT, COLSPOT, IDXREF, DEFPIX, and INTEGRATE. The first task that is run 

is the XYCORR which picks up the strong reflections based on the peak search values set in the 

input file. These values are set in the MINIMUM_NUMBER_OF_SPOTS line set to 5 in this 

data set. The IDXREF task is then run to determine the orientation of each diffraction pattern. 

This is done by refining the crystal orientations based on the given unit cell for each frame in 

other to index all the reflections present in the frames. This step is successful for all the frames 

and the success or not of the indexing is controlled by the ‘MINIMUM FRACTION OF 

INDEXED SPOTS’ which was set to 0.4 in our case. This resulted in a total of 2900 successfully 

indexed frames. Once the indexing has been completed the next step is the integration of 

intensities, performed in the task called INTEGRATE. The last step is the CORRECT step in 

which the scaling and error calculations are performed. A typical input file of nXDS can be seen 

in Figure 6.6 
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Figure 6. 6 Input file for nXDS for the SerialED data processing of L-Dopa 

The resulting statistics after the data processing of our data are listed in Table 6.2. The data are 

grouped in different resolution shells (each indicated by the resolution in Å in the RESLIM 
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column) with the corresponding figures of merits and completeness. The resulting output file 

is an .hkl that can then be used for the subsequent structure solution step. 

 

Table 6. 2 Final statistics after analysis of the SerialED data of L-Dopa in nXDS 

6.6. Structure Solution and Refinement 

The structure of L-Dopa was solved fully ab initio using ShelxD (Schneider & Sheldrick, 

2002). All the non-H atoms in the structure were found, but their chemical species were not 

assigned correctly. After assigning correctly each atom, the model was refined kinematically 

using OLEX2 (Dolomanov et al., 2009). AFIX 66 command was used to put restraints on the 

geometry of the benzene ring of the molecule. Restraints were also placed on some interatomic 

distances and angles. We see the crystal structure together with the observed electrostatic 

potential (Fobs) in Figure 6.7. 
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Figure 6. 7  Fourier maps of the observed electrostatic potential after the kinematical 

refinement of the L-Dopa structure.  

The thermal parameters were isotropic however they were all negative after the refinement. 

The kinematical refinement converged to Robs of 45.47% which is high for what is typically 

obtained from 3D ED. 

Conclusion 

In this work, we have shown the potential of SerialED data on pharmaceutical crystals which 

can be extremely beam-sensitive. We have demonstrated that it is possible to obtain a model 

ab initio, however, the data processing is still critical in delivering data that yield quite high R-

values. This was a preliminary test done in the very last period of the thesis. Possible future 

improvements, that are about to be set up, will involve SerialED data collection in precession 

mode. The precession should increase the integration over the excitation error of the reflection 

in each pattern, which will make it easier the indexing step and deliver more reliable reflection 

intensities. This we believe will also reduce the number of rejected frames during the indexing 

of the data. The potential of the PETS2 software will further be exploited in the data process. 

Further expansion in SerialED will be instrumental in the analysis of beam-sensitive materials 

with unknown crystal structures. 
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CONCLUSION AND FUTURE PERSPECTIVES 

This work has shown that 3D ED is a powerful tool for the structural characterization of organic 

nanocrystals, where traditional methods fail due to crystal size limitations. This was 

demonstrated by applying the technique on two areas of pharmaceutics not widely explored in 

3D ED: on nanocrystalline natural products and on cocrystals obtained by mechanochemical 

synthesis. One of the challenges associated with 3D ED is the beam and vacuum sensitivity of 

the samples being investigated. This was addressed in this work by exemplifying how 3D ED, 

combined with cryo-cooling and cryo-plunging sample preparation, along with routine solid-

state analysis, can elucidate the crystal structures of crystalline samples that are sensitive to 

beam and high vacuum conditions.  It was also demonstrated that 3D ED can play an important 

role in identifying and exploring the polymorphic landscape of APIs and natural compounds, 

whose crystalline forms can exist as phase mixtures of submicron crystal sizes. 

While significant progress has been made in the electron diffraction field since it was first 

introduced, further developments can still be achieved, which can focus on potentially 

increasing the areas of application. This can be done combining the recent advancements in 

Artificial Intelligence (AI) for crystal recognition to fully automate the data acquisition 

workflows for the different diffraction data collection methods such the PEDT, cRED, and 

SerialED. This will significantly increase the efficiency of the 3D ED technique and can 

address the problem of beam sensitivity of the samples. Automation of the technique will also 

facilitate the adoption of  3D ED into the industrial world as a possible industrial platform for 

quality control of chemical syntheses.   

 Another challenge faced in 3D ED involve samples that diffract only to low resolution which 

makes crystal structure solution difficult. Applying AI in 3D ED for solving the phase problem 

by using machine learning algorithms can be instrumental for ab-initio structure solutions in 

such cases. 
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Ultimately, the potential of the 3D ED technique remains far from being fully realized. With 

ongoing works being done by different institutions in the field, the future remains bright.  
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