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Abstract

The elucidation of accurate 3D structures is of vital importance in chemistry and is fundamental to
understanding the chemical and physical properties of a material. Thus far, X-ray crystallography has
stood as the gold standard method for structure determination. However, obtaining sufficiently large
crystals of quality suitable for single-crystal X-ray diffraction (SCXRD) experiments can prove
prohibitively difficult. Three-dimensional electron diffraction (3DED) provides an alternative means
for structure determination, enabling data collection from crystals of sub-micrometre size, which are
too small to study by SCXRD. As such, 3DED is emerging as a valuable technique to explore a wide
range of materials and is of particular interest to synthetic chemists studying small molecule

organometallic compounds.

3D electron diffraction was implemented at the University of York and a data collection and processing
workflow were established. 3DED was then utilised to determine the structures of a range of
challenging small molecule organometallic complexes, exploring the possibilities and limitations of the
technique. Specifically, 3DED was used to determine the structures of: (i) a beam and air sensitive o-
alkane species that was difficult to study via SCXRD (Chapter 4), (ii) bulky planar porphyrin complexes
that could not be studied by SCXRD (Chapter 5), (iii) a series of manganese complexes and their
precursor ligand where only a scarce quantity of material was available (Chapter 6), and (iv) palladium
complexes derived directly from reaction mixtures, where further purification and recrystallisation
had not been attempted (Chapter 7). Finally, this thesis also describes the identification and
characterisation of a rare and previously undiscovered crystal form of a palladium complex (Chapter

7).
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1 General introduction

1.1 History of electron diffraction

The field of electron crystallography emerged in the early twentieth century thanks to the
groundbreaking work of Davisson and Germer? and Thomson and Reid.? (See also a historical account
of the discoveries of Davisson and Germer published on the 50" anniversary.)* Their work earned
Davisson and Thomson the Nobel Prize in Physics a mere 10 years later. The concept of electron
diffraction was first demonstrated by Davisson and Germer in 1927.%2 They fired a parallel beam of
electrons, accelerated by a potential of ~15-65 V, at a single crystal of nickel and observed that the
electrons were reflected at discrete scattering angles, akin to X-ray scattering. This was a monumental
discovery, as it substantiated that electrons could behave like waves, in addition to behaving like
particles. From their experiments, Davisson and Germer,'? were able to use Bragg’s law’ to calculate

the wavelength of the electrons. See Chapter 3, Section 3.1.2. The calculated values were found to be
in agreement with the theoretical value predicted by the de Broglie equation: 1 = %.6 See Chapter

2, Section 2.1.1. These results experimentally confirmed the de Broglie hypothesis put forward in

1924.%

In the experiments of Thomson and Reid in the same year,® a higher energy electron beam,
accelerated by a potential of ~13 kV, was fired at a polycrystalline celluloid film. They observed a
central spot surrounded by diffuse continuous rings, similar to what would be observed when a
polycrystalline material was bombarded with X-rays in powder X-ray diffraction (PXRD). Further work
by Thomson utilised polycrystalline films of platinum,” gold, and aluminium.® The structure of these
metals was known, allowing for a more accurate calculation of the wavelength of electrons using the
de Broglie equation. As the electrons were accelerated by a high voltage (~13 kV), they travelled at
~22% the speed of light (6.6362 * 107 m/s). This meant that relativistic effects had to be considered
when calculating the de Broglie wavelength. See Equation (2.5). As such, these experiments not only

further validated the de Broglie hypothesis® but also supported Einstein’s theory of relativity.®

These discoveries led to numerous studies of crystalline materials via electron diffraction.'°*2 Notably,
a large proportion of research on structural analysis by electron diffraction was taking place in the
Former Soviet Union as early as 1937.1371> Unfortunately, these works did not receive as much interest

or acclaim as deserved, and were often treated with outright suspicion.® Early research by Pinsker in

14



1937-1938 began to establish methods for independent, full structure determination from electron
diffraction data.’>* Following this, Vainshtein and co-workers were able to develop a diffractometer
capable of recording diffraction patterns.'® Various types of diffraction patterns exist, these can be
classified as, spot patterns, texture patterns, and polycrystalline patterns.'® Spot patterns are obtained
from a single crystal, their reflections appear as “spots”. Polycrystalline patterns are obtained from
multiple randomly oriented crystals, the resulting patterns appear as concentric rings, as in PXRD.
Texture patterns are obtained from multiple crystals that are uniformly oriented with respect to the
specimen support (i.e., all crystals are parallel to it), but randomly distributed with respect to one
another. The resulting diffraction patterns are comprised of ring or arc reflections.?® Using these
texture patterns, Vainshtein and co-workers were able to solve the 3D structures of over 30
materials.’® The book; “Structure Analysis by Electron Diffraction” published in English in 1964, details

the experimental technique and the series of materials studied.*”

1517222 alectron diffraction faced a

Despite the initial excitement and progression of the field,°"
significant setback due to the growing unease surrounding the dynamical scattering of electrons. Fears
about the intrinsic multiple scattering events associated with electrons, stagnated the progress of the
field. Electrons can be elastically scattered multiple times as they pass through a crystal. This breaks

the approximation of the linear relationship between the squared structure factor amplitudes and the

observed intensities (|Fy;l oc\/m), that holds true when a single elastic scattering event
(kinematical diffraction) occurs. As a result, the intensities of the observed reflections become
redistributed, with the intensity of weak peaks becoming more intense, and the strong peaks
becoming less intense.?>?4, Further, dynamical scattering violates Friedel’s law?>™?’ (the intensities of
the h, k, [ reflections are equal to the intensities of the h, k, [ reflections) and enables symmetry
forbidden reflections, resulting from screw axes and glide planes, to be present in diffraction
patterns.'®2830 See Chapter 3, Section 3.2 for further information. There were concerns that as a
result of dynamical effects, the intensities of the reflections would be entirely meaningless and unable

to yield reliable crystal structures.t’

It was long believed that due to dynamical scattering, electron diffraction was an inferior technique
to its X-ray and neutron counterparts.’®’3! The negative association with electron diffraction only
began to relent when Dorset and Hauptman released a paper in 1976, in which they were able to
determine the structures of two organic compounds from electron diffraction data using ab initio

phasing.3? This work showed that it was possible to solve electron diffraction structures using the
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kinematical approximation.3? This demonstrated that the impact of multiple elastic scattering events
was not as catastrophic as previously suspected, as structure determination from electron diffraction
data was possible. In the 1990s, the scepticism was further dispelled when Dorset released a series of
publications retroactively validating the research of early crystallographers such as Vainshtein.333°
Dorset was able to apply direct methods to the original data and replicate the structures assuming a

kinematical approximation. This validation led to a boom in the field that was facilitated by the

availability of superior transmission electron microscope (TEM) hardware.

1.2 Advances in data collection methodology

Once it was shown that electron diffraction data could be collected on a TEM,?*323840 there was a
resurgence in the field that led to the development of a plethora of different data collection strategies,
designed to minimise the dynamical effects of electrons. Up until 2007, electron diffraction data were
typically collected with the crystal oriented on a low-index zone-axis.?>?*%042 A zone axis is a lattice
row that is parallel to the intersection of at least two families of lattice planes. These are typically high
symmetry orientations of a crystals. This was done to aid crystal indexing that required determination
of unit cell parameters and orientation of crystallographic axes. Unfortunately, this strategy had
unintended consequences due to the dynamical effects. When the crystal is oriented along a zone-
axis, the probability of multiple scattering events increases, as many geometrically related reflections
are excited simultaneously.?>* This causes the intensities of the reflections to become redistributed.
As such, strong reflections appear less intense and weak reflections appear more intense.?2* This
breaks the kinematical assumption of the linear relationship between the squared structure factor
amplitudes and intensities (see Chapter 3, Section 3.2.1). This can hinder the crystal’s symmetry

determination, its indexing, structure determination and structure refinement.**

1.2.1 Precession electron diffraction

The technique, precession electron diffraction (PED), was developed to reduce dynamical
scattering.*>% Initially data were still collected from crystals that were oriented so that one of the
crystallographic axes (often a zone-axis) was oriented along one of the principal experimental axes
i.e., either the beam or perpendicular to it. PED data are collected by rocking the beam around the
optical axis in a conical fashion above the sample and then de-rocking it below the sample. The motion
of the beam, replicates what would occur if the sample were precessed around a fixed electron

beam.*>*® More reflections are present in the resulting diffraction patterns, than if a non-precessed
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beam were used i.e., in a standard still-frame zone-axis pattern.* This is because off-zone reflections
are also recorded in addition to the in-zone reflections.*® Another advantage to the precession
technique, over still-frame zone-axis data collection, was that the intensities were averaged
(integrated) over the sections encompassed by the precession motion. However, the key advantage
of precession was the reduction in dynamical scattering. This was achieved because the motion of the
beam excited reflections sequentially rather than simultaneously. As such, geometrically related
reflections are not excited concurrently, and the probability of dynamical scattering occurrences is

reduced.*>*®

1.2.2 Automated diffraction tomography

The primary disadvantage of PED data collection was that it typically still required crystals to first be
oriented on a zone-axis, and only a small number of off-zone reflections could be recorded. In 2007,
Kolbe and coworkers**® proposed that data should instead be collected while tilting the sample
around the goniometer axis in discrete steps, with the goniometer axis and crystal orientation being
arbitrary to one another. The advantage of this was that diffraction patterns were recorded from a
randomly oriented crystal, so overlap with a zone-axis was unlikely and thus the probability of
dynamical scattering was reduced. The technique developed by Kolb et al. in 2007 was coined
automated diffraction tomography (ADT).%” This data acquisition strategy involved collecting a series
of diffraction patterns as the goniometer was tilted in discrete steps. As such, a larger portion of
reciprocal space, conveniently typically away from a zone-axis, could be sampled compared to PED.
The only limitation to this being the maximum tilt angles allowable by the goniometer, due to
microscope configuration and pole piece positions. In reality, the maximum tilt range is further limited
by the increased thickness of the crystal at high tilt angles and, other species on the grid entering the
beam. The key disadvantage of ADT is that, despite having improved coverage of reciprocal space
compared to zone-axis or PED, portions of reciprocal space are still missed in between tilt steps, as

illustrated in Figure 1.1.

To combat this, in 2009 Mugnaioli et al. combined ADT with PED creating a hybrid technique known
as precession-assisted electron diffraction tomography (PEDT).* The addition of precession, elevated
the technique as the precession movement enabled the Ewald sphere to sweep reciprocal space in

between the goniometer tilt steps, giving large reciprocal space coverage, and integrating the
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intensities over the precession movement. As such, PEDT data can be processed using the kinematical
approximation, despite not being truly kinematic. Figure 1.2 illustrates the collection scheme for PEDT.
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Figure 1.1. Data collection scheme for automated diffraction tomography. The crystal is randomly oriented with respect to
the goniometer axis. The goniometer is tilted in discrete steps. A diffraction pattern is recorded after each tilt step. Data is
recorded while the beam remains static. Black lines represent slices of reciprocal space at which diffraction patterns are

recorded. In addition to the missing wedge of data due to the maximum tilt angle limitation (yellow wedge), the portions of

reciprocal space between tilt steps are also not sampled (white space between black lines).
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Figure 1.2. Data collection scheme for precession-assisted electron diffraction tomography. This collection scheme is a
hybrid of ADT and PED. The goniometer is tilted in discrete steps (black lines) and the beam is precessed in a conical shape on

the sample (blue cones), allowing for increased coverage of reciprocal space. The missing wedge of data is highlighted in

yellow. For clarity, only half of the reciprocal space sampling (blue cones) is shown.
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The coverage of such a high proportion of reciprocal space was a huge leap forward in the field of 3D
electron diffraction, and PEDT was the first 3D electron diffraction technique to gain popularity and
acceptance as a means of structure determination.*®*° An additional advantage of PEDT was that
dynamical refinement of the data was possible, as the dynamical effects could be modelled.>™>®
Detection of hydrogen atoms was also possible with this technique.>® Unfortunately, however PEDT
was a specialised technique that required additional instrumentation to enable beam precession.>’
The device required to achieve this does not come as standard with a typical TEM. Specialised software

was also required to process PEDT data.

1.2.3 Rotation electron diffraction

An alternate data collection approach is rotation electron diffraction (RED).*®° This is another
stepwise method in which the goniometer is tilted in discrete increments. To achieve improved
reciprocal space sampling, the electron beam is tilted in small angular steps (< 0.1°) in between the
goniometer tilt steps (2-3°).** See Figure 1.3. This allows for a greater precision than is attainable with
discrete goniometer tilts alone. While this method does not require external hardware, custom

software is required to synchronise the beam tilt and microscope hardware.*
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Figure 1.3. Data collection scheme for rotation electron diffraction. The goniometer is tilted in discrete steps. The electron
beam is tilted in between the mechanical goniometer tilts. This allows for increased coverage of reciprocal space, beyond
what the precision of the goniometer would allow through mechanical tilts alone. Black lines represent goniometer tilt,
maroon lines represent beam tilt, sampled reciprocal space is shown in blue and the missing wedge is highlighted in yellow.

For clarity, only the beam tilts for the first goniometer tilt, and only half of the reciprocal space sampling (blue) are shown.
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1.2.4 Continuous rotation electron diffraction

These methodological advances culminated in continuous rotation electron diffraction. As the name
suggests, this technique involved continuously collecting data while the crystal rotated in a static
electron beam. Figure 1.4 illustrates the data collection scheme for continuous rotation. Unlike PEDT
or RED, no additional hardware or software were required for data collection. The key requirement
was for goniometer stability and a constant, known rotation speed. As the crystal continuously rotates
throughout data collection, the resulting diffraction patterns are integrated ranges of reciprocal space
defined by the exposure time (t.y,) and goniometer rotation velocity (w). The thickness of the

reciprocal space wedges (47,yy) is defined by the following equation:

Anexp = W * Loxp (1.1)

An additional factor to take into consideration is the detector readout time (t4.44). This is the time in

which the crystal is rotating but no data can be recorded as the prior data is being read out and stored.

Mgeaa = ® * tageaa (1.2)

This modifies the thickness of the reciprocal space wedges such that:

AMtotar = W * (texp + tdead) (1.3)

In modern, fast detectors the readout time becomes negligible. (See Chapter 2, Figure 2.8) However,
in older, slow-scan detectors the diffraction patterns (47,,,) are separated by the angular range
(AN geaq)- This needs to be carefully accounted for to allow successful data processing and avoid

mistakes during data indexing.
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Figure 1.4. Data collection scheme for continuous rotation electron diffraction data collection. The goniometer is
continuously rotating while the beam remains static. Diffraction patterns are recorded while the sample is continuously
rotating. The blue wedge represents the exposure time, the red wedge represents the readout time. Data are lost during
readout time as the detector can record no further diffraction patterns. The shorter the readout time, the more reciprocal

space can be sampled. For clarity, only half of the reciprocal space sampling (blue) and readout time (red) are shown.

The continuous rotation technique for electron diffraction was developed almost concurrently by
Nederlof et al. in 2013%° and Nannenga et al. in 2014.% The rotation method had existed many years
prior to this, and had been the standard approach for X-ray crystallography for several decades,%>%
but had not previously been used for electron diffraction. Numerous different names and acronyms
exist to describe this technique: microcrystal electron diffraction (microED),%! integrated electron
diffraction tomography (IEDT),%* and continuous rotation electron diffraction (cRED).%>®® Perhaps the
most popularised of these terms is microED.®! The abbreviation 3DED (three-dimensional electron
diffraction) was formulated as a means to describe any electron diffraction data collection strategy
involving the sampling of 3D reciprocal space by tilting the sample around an arbitrary axis.*® Including
ADT,**8 PEDT,* RED,>®*° microED,®! IEDT,* and cRED,%®® among others. 3DED is a helpful, generic,

umbrella term which shall be used henceforth in this thesis to describe the continuous rotation

technique.
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1.3 Recent resurgence of 3DED

The development of 3DED provided an alternative means of structure determination in cases where
X-ray diffraction was difficult or unsuitable. Obtaining crystals of sufficient size and quality for single-
crystal X-ray diffraction (SCXRD) experiments can be prohibitive. For in-house SCXRD experiments, the
volume requirement for crystals is on the order of ~10° um3,*° with a minimum crystal side length of
~50 um.%” This volume requirement is reduced to ~10% pm?3 for synchrotron sources.*® Electrons and
X-rays interact with matter differently. X-rays are scattered by the electron density, whereas
electrons, being charged particles with mass, interact with the electrostatic potential of molecules.
The electrostatic potential is comprised of both the negatively charged electron clouds and the
positively charged protons in atomic nuclei. As electrons are also charged, they interact with the
matter more strongly, resulting in a significantly larger scattering cross section, allowing data
collection from significantly smaller crystals than attainable with X-rays, in the volume range of 102

um?3.%° Further differences between electrons and X-rays are detailed in Chapter 3, Section 3.2.

Due to electrons interacting more strongly with matter than X-rays, they are also more likely to be
elastically scattered multiple times. This is known as dynamical diffraction. The 3DED data collection
protocol reduces dynamical effects as rotation of the crystal ensures that the geometrically related
reflections are not excited simultaneously. See Chapter 3, Section 3.2. As 3DED data are collected in
a means that is analogous to SCXRD, 3DED data can be processed using the same software and
routines utilised in X-ray crystallography with minimal changes.®®7> 3DED data can be treated

assuming the kinematical approximation of scattering, despite this technically not holding true.

The development of the 3DED technique led to a resurgence in the field of electron crystallography.
3DED data could be collected with relative ease on standard TEMs.®%616367.76 The ability to collect data
from such tiny crystals on the nanometre to sub-micrometre size range was a huge advantage of
electron diffraction. In addition to this, 3DED could be used to determine the structures of species

where multiple crystal forms or crystalline species are present in a single sample.®7.76780

3DED has been used to study a wide range of materials. Metal organic frameworks (MOFs) are an
example of a group of materials that are particularly amenable to study via 3D electron diffraction.
This is because MOFs are often synthesised as polycrystalline powders, comprised of crystals that are

too small or of too poor quality to study using SCXRD.8#2 MOFs have a wide variety of applications
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including: catalysis, ion exchange, gas storage and separation, and as bio-medical agents.®8° For these
applications, it is essential to know the structure of the MOF and its atomic arrangement in order to
understand its physical and chemical properties.?#2 3DED has been successfully used to characterise
the structures of numerous different MOFs, providing vital information on their structure-property

relationships.5°81,82,90-104

Another area of interest in which the 3DED technique has been applied is macromolecular structure
determination. Obtaining sufficiently large and high quality protein crystals for SCXRD can be difficult

105-

and time-consuming, if not entirely impossible.1% 1! |t has been found that failed crystallisation trials,

i.e. crystallisation attempts that failed to yield suitably large crystals for SCXRD experiments, may

112-114 potentially suitable for study via 3DED. These

contain micrometre sized protein crystals,
micrometre sized crystals may be more ordered and contain fewer defects than larger crystals of the
same material.1*%7 |n order to establish and validate 3DED as a technique to study proteins, standard
proteins that have been well-studied and previously characterised by X-ray crystallography have been
used. As such, a large proportion of the macromolecular structures that have been solved by 3DED
are those of proteinase K,16118123 |ysozyme,1161247130 3nd catalase.bv1317133 Ag of 2021, standard

proteins such as these accounted for over 40% of the electron diffraction structures deposited in the

protein databank (PDB).>° Few novel protein structures have so far been solved using 3DED.>%134

A drawback of 3DED as a means to study protein crystals is sample preparation. Protein crystals
contain channels filled with disordered solvent. These solvent molecules are often volatile and as such,
the crystal structures are highly likely to collapse when exposed to the high vacuum present within a
TEM. Protein crystals can also desolvate under ambient conditions, destroying their order and leading
to a loss of diffraction.'> To prevent desolvation, crystals require treatment. A traditional approach
to this issue involved substituting the solvent with sugar solutions.*® A more modern approach, that
is typically used today, utilises vitrification.®3”~24° The vitrification process involves rapidly freezing

1377140 This preserves the solvent

samples in liquid ethane to prevent formation of crystalline ice.
channels in the proteins in their disordered (amorphous) states and inhibits solvent removal under

vacuum conditions.

An additional step, often utilised in protein sample preparation for 3DED, is focused ion beam (FIB)

milling.12:123.128,141-145 | this process, a focused beam of ions is repeatedly scanned over the crystal
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surface removing layers of atoms to generate crystalline lamella of ~100 — 300 nm thickness, ideal for
3DED experiments.!® This is a time consuming process that requires specialised equipment and
extensive operator experience and expertise.'* Another potential disadvantage of requiring a FIB
milling step in protein sample preparation is that it requires relatively large crystals (that may be of
suitable size for SCXRD) that are subsequently thinned to form lamella, this somewhat negates the

benefit of not having to grow large crystals for SCXRD experiments.

In contrast, sample preparation for small molecule compounds for 3DED is often remarkably simple.
Crystalline powders can be deposited directly onto grids (sometimes with prior grinding), cooled if
required, and inserted directly into a TEM.®¥%776 3DED has successfully been used to characterise a

wide range of small molecule compounds including: active pharmaceutical ingredients

(AP|S),24’56'63’65'67’76’146_152 76,153 154-156

natural products, supramolecular complexes, organometallic

157,158

compounds, and organic compounds.5367.7677.146159-163 Thjg thesis focuses exclusively on small

molecules, specifically organometallic species.

In 2016, 3DED was used to determine the structures of beam-sensitive organic compounds.®® A low
flux electron beam (~0.013 e" As™!) was used, enabling data collection from beam-sensitive
compounds at room temperature.®® The data were then processed, and the structures determined ab
initio, using standard X-ray crystallographic software (XDS’* and SHELX!®*"1¢), Two papers, published
in 2018, by Gruene et al.’’ and Jones et al.”® ignited substantial excitement, particularly among
synthetic chemists, about 3DED and highlighted the extraordinary potential of the technique as a
means to study small molecules. The two papers demonstrated that 3DED could be an invaluable tool
to synthetic chemists.®”7® Structure determination from “seemingly amorphous” powders containing
microcrystalline material was possible with minimal sample preparation on a commercially available
instrument, already in use at many institutions.®””’¢ Here, the term microcrystalline is used to mean
comprised of small crystals.®” “Micro” is perhaps a misleading misnomer here, as most of the crystals

in such powders are typically on the nanometre size range.”®

Gruene et al.’” demonstrated the applicability of the technique on pharmaceutical products
comprised of a blend of powders. They were able to determine the structure of paracetamol
(acetaminophen) from a sample comprised of a mixture of other crystalline and non-crystalline

species. The localisation of some hydrogen atoms was also achieved. They also demonstrated the
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speed with which 3DED could be used to determine structures was comparable to that of X-ray
crystallography, determining the structure of a methylene blue derivative, MBBF, in a mere 4 hours.
In a similar vein, Jones et al.”® were also able to determine the structure of paracetamol from a
commercially available medication. In addition to this, they also studied ibuprofen and a series of
other commercially available bioactive species. Structure determination from all the species studied
was possible without any further synthesis or crystallisation attempts. Additionally, Jones et al.”®
created a heterogenous mixture of carbamazepine, biotin, cinchonine, and brucine. Heterogenous
mixtures are typically not suitable for study via X-ray crystallography or nuclear magnetic resonance
(NMR) spectroscopy.’® However, using 3DED it was possible to rapidly determine the structures of all
the small molecules present in the heterogenous mixture by collecting data from several different
crystals on the TEM grid. These papers further demonstrated that for ideal cases, structure

determination was possible in less than an hour.5”7¢

1.4 Applications of 3D electron diffraction in organometallic chemistry

A field in which 3DED could have a substantial impact is organometallic chemistry and the study of
elusive transition metal complexes. The potential of 3DED to characterise reactive organometallic
species was demonstrated in 2019 by Jones et al.**’ The structures of six transition metal complexes,
including reactive intermediates, were determined using 3DED to illustrate the wide applicability of
the technique. Remarkably, it was also possible to determine the first crystal structure of Schwartz’s
reagent (chloridobis(n®-cyclopentadienyl)hydridozirconium).> Despite being an important and

167,188 ho crystal structure of this compound

commonly used reagent, first prepared over 50 years ago,
had previously been obtained. The low solubility of Schwartz’s reagent in common solvents, and its
reactivity with polar chlorinated solvents, precluded structure determination by X-ray crystallography
due to the inability to obtain suitably sized crystals.'® Additionally, characterisation by NMR studies
also proved difficult. Using 3DED Jones et al.»>” were able to determine the structure of Schwartz’s
reagent directly from a commercially available powder without any additional purification and
crystallisation efforts. This, in combination with the determination of other transition metal
structures, highlighted the power of 3DED as a structure determination technique where
characterisation by other means is inaccessible. The interest in the 3DED technique from synthetic

chemists continued to rise.’%17
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1.5 Scope of the thesis

1.5 and Jones

Following the success and excitement surrounding the papers released by Gruene et a
et al.’® in 2018, we wanted to ascertain whether it would be possible to collect our own 3DED data
and eventually establish 3DED as a technique at the University of York. Initial studies, not presented
in this thesis, were conducted on a Tecnai T12 microscope fitted with a Ceta 16M camera. Data
collection with this instrument proved to be a manual and time-consuming process. Additionally, the
stability of the side entry goniometer and the noisy camera proved less than ideal for data collection.
See Chapter 2 for further information on TEMs. Despite this, it was possible to replicate the work of

Gruene et al.” and Jones et al.”® and successfully determine the structure of paracetamol from data

collected on the T12. Further test species, including biotin, were then studied on the T12.

There was substantial interest in 3DED from the Chemistry Department at the University of York. This
led to several fruitful collaborations that were initially inspired by the Jones et al. paper entitled:
“Characterization of Reactive Organometallic Species via MicroED”.®” We wanted to establish

6776157 \ere as the

whether the previous successes of this technique with small molecule compounds
result of using carefully selected test samples that diffracted well, 77457 or whether 3DED could be
applied more broadly to derive structural information in a high-throughput manner for most
compounds synthesised in chemistry laboratories. If this proved to be possible it would allow us to
investigate challenging and novel complexes that were difficult, if not impossible to characterise via

X-ray crystallography.

The installation and commissioning of the Thermo Fisher Scientific Glacios microscope in April 2021,
helped to rapidly accelerate progress. It allowed for a semi-automated data collection protocol to be
established using the EPU-D software, making data collection considerably faster and easier. The data
collection workflow is presented in Chapter 9. Initial experiments on the Glacios instrument, worked
to replicate Jones et al.’s work®” with [1,1-bis(diphenylphosphino)ferroceneldichloronickel(ll) and its
palladium counterpart, [1,1-bis(diphenylphosphino)ferrocene]dichloropalladium(ll). These samples
were obtained directly from the supplier, Sigma-Aldrich. When structure determination from these
compounds proved to be possible, we then investigated a range of materials synthesised in the lab by

our collaborators.
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The aim of these collaborations were to characterise the structures of challenging samples using 3DED,
to explore the limitations of 3DED, and to establish the possibilities of the technique when working
with novel organometallic samples. 3DED was used to determine the structures of: (i) a beam and air
sensitive o-alkane species that was difficult to study via SCXRD (Chapter 4), (ii) bulky planar porphyrin
complexes that could not be studied by SCXRD (Chapter 5), (iii) a series of manganese complexes and
their precursor ligand where only a scarce quantity of material was available (Chapter 6), and (iv)
palladium complexes derived directly from reaction mixtures, where further purification and

recrystallisation had not been attempted (Chapter 7).

1.6 Thesis aims

The aims of this PhD project were to:

1. Implement 3D electron diffraction as a technique at the University of York.

2. Establish a data collection and processing workflow for 3D electron diffraction data based on

the available instrumentation at the University of York.

3. Explore the limitations of 3D electron diffraction in determining the structures of small

molecule organometallic compounds.

4. Utilise 3D electron diffraction to study small molecule organometallic compounds,
synthesised in the chemistry laboratories, which were precluded from structure

determination using X-ray crystallography.
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2 Introduction to Transmission Electron Microscopy

2.1 The transmission electron microscope

A transmission electron microscope (TEM) utilises a series of electromagnetic lenses to manipulate
the path of a beam of accelerated electrons. The electron beam then strikes the sample and,
depending on sample thickness, a portion of these electrons pass through the sample, interacting with
it and being scattered as they do so. The transmitted electrons are then focused, and the image
formed is magnified by further electromagnetic lenses to form an image or a diffraction pattern which
can be observed on a phosphor screen or recorded on a detector. Electron microscopy is analogous
to light microscopy, with a few key differences. Instead of using visible light, electron microscopy
employs electrons. These have a much shorter wavelength, meaning samples can be imaged at much
higher resolution. In light microscopy, glass lenses are used to deflect the photons in a beam of visible
light, with electrons, electromagnetic lenses are required. The magnetic field generated by these
lenses bends the electron beam. The degree to which the electron beam is deflected can be changed
by altering the electric current supplied to the electromagnetic lens. The other key difference is that
a vacuum is required in electron microscopy, this is to allow the electrons to pass to the sample and
then to the detector unimpeded. If no vacuum was present the electrons would be scattered by air

molecules in the column.

The TEM used for all work in this thesis was a Thermo Fisher Scientific Glacios microscope. A schematic
of the optics of this microscope is given in Figure 2.1. Further details on the components of a TEM will
be explored in subsequent sections. The Glacios was operated in bright field mode. In bright field
images, areas where no diffraction of the beam has occurred appear bright, and areas that absorb or
scatter electrons are darker. Bright field images are produced by the transmitted beam. In contrast,
when using dark field mode, the transmitted beam is blocked by an aperture and scattered electrons
create the image. In dark field images the areas where no diffraction has occurred appear black and,

the areas where absorption or scattering have occurred appear white.
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Figure 2.1. Schematic diagram of the optics of a two-condenser transmission electron microscope. The components of a
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TEM are labelled on the left and the functions of the components are given on the right.



2.1.1 Electron source

Electrons are generated by an electron source, colloquially referred to as a gun. Various types of
electron sources exist. The Glacios utilises an X-FEG (extreme field emission gun), created by FEI (Field
Electron and lon Company), as its source. This is a Schottky thermally assisted FEG. Field emission guns
emit electrons by using a strong electrostatic field which is applied to a sharpened tip of a tungsten
wire. As the field emission source is a Schottky FEG, the tip is also coated in zirconium oxide. When
heated, this allows the emission of thermally generated electrons. The electron source acts as a
cathode. The electrons are accelerated towards the first anode due to the voltage difference between
the anode and the cathode. The second anode then focuses the electron beam. The combination of
the two anodes acts as an electrostatic lens (the gun lens), causing the ray paths of the electrons
emitted from the FEG to crossover. The electrons are then sped up through the accelerator stack. The
accelerator stack is a series of discs connected together by resistors. The final plate is grounded and
thereis a graded drop in potential between each of the plates. As the electrons pass through the stack,
they gain energy. When the electrons emerge, they have gained 200 keV of energy (the operating
voltage of the TEM). A diagram of a Schottky field emission source, the gun lens (anodes) and the

accelerator stack are given in Figure 2.2.

Tungsten filament

/Zroz reservoir

~——_Tungsten tip

Anode 1
Gun lens

Anode 2

Accelerator stack

Figure 2.2. Schematic of a Schottky field emission gun. Zirconium oxide coats the tungsten tip. The two anodes work together
to act like an electrostatic lens to create a crossover point, this is the gun lens. The electrons are then accelerated through

the accelerator stack.
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Electrons have wave particle duality; they can act as both particles and waves. The energy E of an

electron can be defined both as a particle and as a wave.

Particle:

E = myv? (2.1)
Where:
mo = electron mass

v = frequency

Wave:

Wave: E = hv (2.2)
Where:
h = Planck’s constant

v = frequency

Setting these equations equal to one another and substituting u/A (velocity/wavelength) for

frequency yields the de Broglie equation:®

A=— (2.3)
mou

Where:

u = velocity

The wavelength of electrons can be calculated using the acceleration voltage in V using the following

version of the de Broglie equation:

A=—— (2.4)

Where:

h = 6.626 * 1073% Js = Planck’s constant

mgy = 9.109 * 10731 kg = mass of an electron
e = 1.602 * 1071° C = elementary charge

V, = acceleration voltage in V

Electrons accelerated by potential of 200 kV have an energy of 200 keV and are travelling at ~70% the
speed of light (2.0845 * 108 m/s), because of this, a relativistic correction needs to be applied to the

de Broglie equation. This results in the following version of the equation:

31



2y 2 (2.5)

Where:
c = 2.998 x 108 m/s = speed of light

The wavelength of electrons with an energy of 200 keV is 0.025079 A.

2.1.2 Electromagnetic lenses and apertures

Light microscopy utilises glass lenses to deflect a beam of light. Electrons are blocked by glass, but due
to their charged nature, they interact with magnetic fields and as such can be deflected and focused
by them. In light microscopy, the focus of the glass lenses is fixed. In contrast, in electron microscopy
the focus of the electromagnetic lenses can be changed by varying the current supplied to them.
Electromagnetic lenses consist of a solenoid encased within soft iron. A solenoid is a type of
electromagnet, comprised of a coil of tightly wound copper wire. When supplied with an electric
current, the current flows through the copper wire generating a strong magnetic field which is then
concentrated by the soft steel encasing it. The magnetic field is concentrated in the gap between the
soft iron pole pieces. This is where the electron beam is deflected as it passes through the lens. A

cross-sectional representation of an electromagnetic lens is given in Figure 2.3.

By varying the electric current supplied to the lens, the strength of the magnetic field can be varied,
allowing the extent to which the electrons are deflected and focused to be carefully controlled. The
weaker the lens, the longer the focal length (f1) and the greater the magnification. The stronger the

lens, the shorter the focal length (f;) and the weaker the magnification, as can be seen in Figure 2.4.
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Figure 2.3. Cross-section of an electromagnetic lens, showing how the magnetic field generated deflects the electron beam.
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Figure 2.4. lllustration showing how changing the lens strength alters focal distance and magnification of the electron ray

path. f = focal length, d, = distance between lens and object plane, d; = distance between lens and image plane, M =

magnification.

Magnification (M) is calculated using the following equation: M = % (2.6)
o

Where:

d; = distance between lens and image plane

d, = distance between lens and object plane
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A TEM is comprised of a series of these electromagnetic lenses, that each serve a specific function
(Figure 2.1). The condenser lenses demagnify the beam, reducing the diameter of the beam. The
Glacios has a double condenser lens system. The first condenser lens is used to control the spot size
and the second condenser lens controls the convergence of the beam on the sample, the diameter of
the illuminated area and the centring of the beam. An aperture sits immediately below the C2 lens.
The aperture is a hole in a strip of non-magnetic metal that physically blocks fractions of the electron
beam from passing through and impacting the sample. The C2 aperture helps control the intensity of
illumination on the sample. There are multiple different sized holes in the C2 aperture strip, meaning
the size of the opening, and therefore how many electrons are able to pass through it can be varied.
Typically, a C2 aperture strip will have aperture sizes of 150, 100, 70 and 50 um. The Glacios at York
has an extended aperture strip, with additional apertures of 30, 10 and 5 um diameter. A diagram
showing how an aperture works is given in Figure 2.5. An example illustration of an aperture strip is
shown in Figure 2.6. The apertures need to be carefully centred to ensure they do not block desired

parts of the beam.

Maximum aperture
collection angle

Lens
/

Aperture

Excluded electrons

Figure 2.5. Diagram showing how an aperture works. Electrons that are above the maximum aperture collection angle are

blocked from passing through the aperture, these electrons are represented by dotted arrows.

Figure 2.6. lllustration of an aperture strip with four holes. The strip is made of a non-magnetic metal and has mechanical

holes.
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In addition to the two condenser lenses there is also a mini-condenser lens. The polarity of this lens
can be inverted to switch between microprobe and nanoprobe mode. More details on this, and its

usefulness for electron diffraction studies will be given in Section 2.2.3.

The next lens in the system is the objective lens. The Glacios is equipped with a split pole piece
objective lens, meaning there is an upper and lower lens between which the sample sits. The objective
lens generates the first intermediate image of the sample and focuses it. An objective aperture can be
inserted here. It is not used when collecting electron diffraction data but is used during microscope

alignments to ensure the diffraction focus is set so the back focal plane is at focus.

The intermediate lens magnifies the image formed by the objective lens. Varying the power of the
intermediate lens determines whether an image or diffraction pattern is observed on the viewing
screen. For imaging, the intermediate lens is focused on the initial image formed by the objective lens
(in the image plane). For diffraction, the intermediate lens is focused on the back focal plane of the
objective lens and a diffraction pattern is observed on the viewing screen. Figure 2.7 shows schematic

ray diagrams highlighting the difference between imaging and diffraction mode.

Sample
Objective Lens
; g) : Back Focal Plane

Image Plane

Intermediate Lens

Projector Lens

Screen + i L

Image Diffraction Pattern

Figure 2.7. Schematic ray diagrams of imaging mode (left) and diffraction mode (right). The strength of the intermediate

lens determines whether an image or diffraction pattern will be observed on the viewing screen.
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The final lenses ina TEM are a series of projector lenses. For simplicity, in figures only a single projector
lens is shown. Varying the strength of the projector lenses varies the magnification. Magnification is

controlled by both the projector lens and the intermediate lens.

2.1.3 Detectors

The electrons then hit the viewing screen forming an image or diffraction pattern. To capture the
image or diffraction pattern, the screen can be lifted, and a detector used instead. A variety of
detectors exist, including photographic film, CCDs (charged coupled devices), CMOS detectors
(complementary metal-oxide semiconductor), hybrid pixel detectors, and direct electron detectors.
The Glacios at York is equipped with a Ceta-D camera (CMOS device), a Falcon-IV (counting direct
electron detector) and segmented STEM (scanning transmission electron microscopy) detectors used

specifically for STEM applications. The Ceta-D camera is used for electron diffraction data collection.

The Ceta-D is a scintillator coupled CMOS camera, it is highly sensitive and has a short readout time,
making it suitable for collecting continuous rotation electron diffraction data. If readout times are
long, large portions of reciprocal space are not sampled as the detector is not able to record further
data while previous data is being read out. All the while, the sample keeps rotating. See Chapter 1,
Figure 1.4 for a visualisation of this. An illustration of the continuous rotation electron diffraction data

collection scheme using a detector with a negligible readout time is shown in Figure 2.8.

Static beam
Reciprocal space sampled

Continuous
rotation

N

Figure 2.8. Data collection scheme for continuous rotation electron diffraction data collection. The crystal is continuously

Readout time

rotating while the beam remains static. Diffraction patterns are recorded while the sample is continuously rotating. Each
wedge represents a single frame, the wedges are separated by black lines, these represent the readout time of the detector.

If the readout time is short, less information is lost during readout.
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In a scintillator coupled CMOS device (henceforth abbreviated to CMOS), the incoming electrons hit a
scintillator and are converted into photons. The photons then are transferred to a sensor via a fibre
optic plate. The signal is then detected by the sensor. The charge is then converted to a voltage per
pixel. This process is illustrated in Figure 2.9. In CMOS detectors, each pixel is read out individually.
This confers a significant advantage over CCD cameras which are also scintillator-coupled detectors.
Whereas in CMOS cameras, the architecture is set up such that each pixel is connected to column
wires and whole rows of pixels can be read out simultaneously, in CCDs, the charge is not immediately
read out. Instead, it is transferred from pixel to pixel and charge is converted to voltage at an output
node. This leads to long readout times, making CCD cameras unsuitable for collecting continuous
rotation electron diffraction data. Large wedges of reciprocal space would not be sampled due to dead

time when the detector is in readout. A comparison of detector architecture is given in Figure 2.10.

Electrons Electrons

Fibre optic coupling

Sensor Image Sensor Image
Cooling device _ Cooling device
Scintillator-Coupled Detector Direct Detector

Figure 2.9. Schematic of a scintillator-coupled detector, such as a CCD or CMOS device (left) and a direct electron detector
(right). Scintillator based detectors detect electrons indirectly, the electrons hit the scintillator and are converted into photons
and transferred to the sensor via fibre optics. This conversion and transport process is inefficient and lowers the detective

quantum efficiency of the detector.

A disadvantage of CMOS detectors is that they detect electrons indirectly, electrons are converted
into photons and then transferred to the detector via fibre optics. Photon conversion and photon
transport are not entirely efficient processes. Direct electron detectors forgo scintillators and fibre
optic coupling altogether and instead electrons are detected directly by a radiation hardened sensor
(Figure 2.9). As there is no signal conversion or transport, these detectors are more efficient and have
a higher detective quantum efficiency (DQE). DQE is a measure of how much noise a detector adds to
an image, i.e., the worse the DQE of a detector, the more noise will be present in the images and the
lower the signal to noise ratio will be. It is a measure of how efficiently a detector is able to detect an

electron. DQE is calculated using the following equation:’2
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SNRzout (2.7)

DQE =
¢ SNRZ?,,

Where:
SNR,,: = signal to noise ratio of the output

SNR;, = signal to noise ratio of the input

While conferring an advantage over CMOS detectors in terms of DQE, collecting electron diffraction
data on direct electron detectors comes with other difficulties. Primarily, incredibly low fluxes are
required when operating in counting mode to allow individual electron events to be distinguished.”®
In counting mode, individual electrons are identified (counted), by the detector and summed over the
full exposure. Separating electron events temporally requires that only one electron hits the detector
in a given position during a frame. If multiple electrons hit the detector in the same place in rapid
succession, they may be counted as a single event. As such, incredibly low fluxes are required.’® A
consequence of this is that the signal to noise ratio becomes very low and it may not be possible to
observe diffraction peaks. To combat this, long exposure times are required. This makes data
collection a slow process and the stability of the sample stage may become problematic. Direct
electron detectors are typically used in counting mode for imaging purposes, where the electrons are
randomly distributed over the detector. When collecting electron diffraction data, the electrons are
concentrated into Bragg peaks. Even lower fluxes are required to ensure the Bragg peaks do not
become saturated. This is particularly challenging for small molecule crystals that diffract strongly. An
additional means of reducing the flux is to spread the beam over a large area on the sample and use

a selected area aperture to reduce the area from which diffraction is recorded.

Direct electron detectors can also be operated in integrating mode. In integrating mode, electrons hit
the detector and charge is accumulated over the course of an exposure. The readout signal from each
pixel can then be converted to the number of electrons hitting the pixel using a conversion factor. This
requires calibration. Compared to counting mode, integrating mode suffers from a loss in DQE but
does not require the same extensive setup or long exposure times to ensure that individual electron

events can be counted individually.'”*

While the Glacios is equipped with both a Ceta-D and Falcon-IV detector, the Ceta-D camera was used
for electron diffraction data collection in work presented in this thesis, instead of the Falcon-IV direct

electron detector. This was because the Ceta-D was significantly less expensive than the Falcon-IV.
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Additionally, the Falcon-IV was used for high resolution imaging in cryoEM. While the detector of the
Falcon-IVis radiation hardened, hitting it with the direct beam, or even a particularly intense deflected
beam could cause a decrease in the DQE of the impacted pixels. This may eventually lead to damage
to the detector, and defective or dead pixels. This would negatively affect high resolution imaging

work.
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Figure 2.10. The architecture of a CCD detector (left) and a CMOS detector (right). In both devices, the electrons have been
previously converted into photons by a scintillator (not pictured). In a CCD device, the photons are then converted to a charge
and the charge from each pixel is transferred from pixel to pixel row by row to an output node where the charge to voltage
conversion occurs. In a CMOS device, both the photon to charge conversion and the charge to voltage conversion occur in

each pixel individually and full rows of pixels are then read out simultaneously. The yellow pixel marks where an electron hits.

Most 3DED studies are performed using CMOS detectors due to their fast readouts, high sensitivity,
wide availability, and relative low cost. Data have however also been collected on hybrid pixel

detectors®06267.126127.175 gnd direct electron detectors'’#17¢,

2.2 Microscope alignments for 3DED data collection

Exposing crystals to the electron beam in a TEM, exposes them to radiation damage. This damage can
accumulate, reducing the crystal’s diffraction quality and eventually destroying it. In order to collect
3DED data, the electron flux (the flow of electrons per unit area) should be minimised, while still
allowing a sufficient signal to noise ratio such that diffraction peaks can be identified, and electron

diffraction patterns can be processed. The TEM can be set up in such a way to minimise how many
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electrons are able to pass through the column and impact upon the sample. This will be discussed

further here, and the specific set up used to collect data for this thesis will be explained.

2.2.1 Gunlens

By altering the strength of the gun lens, and using a C2 aperture, the amount of electrons incident on
the sample can be reduced. Increasing the gun lens causes the first crossover to occur higher in the
column, as a result the cone of electrons is wider and more electrons are blocked by the C2 aperture,
reducing the electrons in the column. Schematic ray diagrams illustrating this are given in Figure 2.11.

A 30 um C2 aperture was used when collecting diffraction data.

Electron Source

Gun Lens

Condenser Lens 1 ' ‘ Spot size

Condenser Lens 2
and Aperture

Beam size,
intensity, centring

Weak Gun Lens Strong Gun Lens

Fewer electrons blocked More electrons blocked

Figure 2.11. Schematic ray diagrams demonstrating weak gun lens (left) and strong gun lens (right). Increasing strength of
the gun lens causes the first crossover to occur higher in the column, as a result the cone of electrons is widened, and fewer
electrons pass through the condenser lens aperture. The black dashed lines represent the electrons able to pass through the

aperture. A higher proportion of the total electrons are able to pass through the aperture when the gun lens is weak.

2.2.2 Spot size

Condenser lens 1 (C1 lens) controls the spot size, i.e., the minimum diameter of the beam incident

upon the sample. As with the gun lens, changing the strength of the C1 lens, alters the height at which
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crossover occurs and hence how many electrons are able to pass through the 30 um C2 aperture
(Figure 2.12). The Glacios is aligned at the highest possible spot size, spot size 11, for 3DED

experiments to minimise the electron flux on the sample.

Condenser Lens 1 Spot size

Condenser Lens 2 h
and Aperture

Beam size,
intensity, centring

Low spot size High spot size

Fewer electrons blocked More electrons blocked

Figure 2.12. Schematic ray diagrams demonstrating low spot size (left) and high spot size (right). Increasing the strength
of the C1 lens (increasing spot size) causes the crossover to be higher, as a result the cone of electrons is widened, and fewer
electrons pass through the condenser lens aperture. The black dashed lines represent the electrons able to pass through the
aperture. A higher proportion of the total electrons are able to pass through the aperture when the C1 lens is weak (low spot

size).

2.2.3 Microprobe and nanoprobe mode

Electron diffraction data can be collected using multiple collection modes. The collection modes used
in this body of work were selected area electron diffraction and nanobeam electron diffraction. In
both of these modes, the electron beam is parallel on incident with the sample. All data were collected
using nanobeam electron diffraction, with the exception of the o-alkane and diene complexes in
Chapter 4, which utilised selected area electron diffraction. The difference between these collection
modes will be explained here. Selected area electron diffraction typically employs microprobe mode,
generating a large illuminated area at parallel illumination, and a selected area aperture is inserted
post sample. Nanobeam electron diffraction uses nanoprobe mode, this results in a smaller
illuminated area on the sample compared to microprobe mode. Whether the microscope is operating
in microprobe or nanoprobe mode is controlled by a single lens; the mini-condenser lens. The polarity
of this lens is reversed to change between the two modes, i.e., the mini condenser lens is turned on
in microprobe mode and turned off in nanoprobe mode. Schematic ray diagrams showing the

difference between these microscope configurations are shown in Figure 2.13.
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Figure 2.13. Schematic ray diagrams of microprobe mode (left) and nanoprobe mode (right). Microprobe/nanoprobe mode

is controlled by the mini-condenser lens. The mini-condenser lens is switched on in microprobe mode (left, indicated by full
blue box), and is switched off in nanoprobe mode (right, indicated by empty blue box). This results in a smaller illuminated

area on the sample stage using nanoprobe mode.

In selected area electron diffraction, microprobe mode is typically used, and the electron beam needs
to be spread over a relatively large area to achieve parallel illumination on the sample. This means a

relatively large area is illuminated while diffraction data are recorded. The diameter of the illuminated
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area in our selected area electron diffraction was 4 um (Chapter 9). Generally, the target crystal is
much smaller than the illuminated area and is suspended on a layer of carbon film. As a result, the
signal to noise ratio without a selected area aperture is poor. A selected area aperture can be inserted
post sample to reduce the area from which diffraction is recorded. When a selected area aperture is
inserted, the overall signal is reduced however, the signal to noise ratio improves as there is no longer
(or less of) a contribution from the carbon film. Additionally, insertion of a selected area aperture
prevents diffraction being recorded from other diffracting species in the illuminated area that are not

the target crystal.

With nanobeam electron diffraction, nanoprobe mode is utilised, the electron beam is spread over a
much smaller area to achieve parallel illumination. As such, a selected area aperture is not required.
Nanoprobe mode makes the beam smaller, while still having the same current as in microprobe mode.
This means that the sample experiences a greater electron flux. This would be unsuitable for collecting
electron diffraction data as the target crystals would be exposed to more radiation, causing damage,
and rapidly reducing diffraction quality. To combat the higher flux, the strength of the gun lens is
increased, causing more electrons to be blocked by the C2 aperture, as explained in Section 2.2.1.
Increasing the strength of the gun lens from gun lens 4 to gun lens 8 reduces the electrons in the

column by approximately half.

Further details on the specific conditions used for data collection are given in the methodology

chapter, Chapter 9, Section 9.2.3.
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3 Introduction to Electron Diffraction and Crystallography
3.1 Crystallography

3.1.1 Crystal symmetry

A crystal is a periodic solid structure comprised of a repeating arrangement of atoms in three
dimensions. A unit cell is the smallest and simplest repeating group of atoms within a crystal, from
which the entire crystal lattice can be described by translating this unit in all three dimensions. The
unit cell is defined by the length of its three axes (a, b, c) and the angles (a, B, y) between them. In
order to describe a crystal structure, information on the contents of the unit cell and the symmetry of
the crystal are required. A crystal can be described in terms of its crystal system, Bravais lattice, point

group and space group.

By imposing rotational symmetry on the crystal lattice (in addition to the translational symmetry
inherent to the unit cell), 7 crystal systems are generated for 3D crystals. These are: triclinic,
monoclinic, orthorhombic, tetragonal, trigonal, hexagonal, and cubic. The crystal systems are
classified on the basis of the unit cell lengths, angles, and the direction of the symmetry axis. See Table
3.1. Combining the 7 crystal systems with lattice centring generates 14 possible lattice types, known

as Bravais lattices (Table 3.2).

Table 3.1. The 7 crystal systems with their characteristic symmetry and unit cell parameters.

Crystal System | Characteristic Symmetry Unit-Cell Parameters
Triclinic 1x 1-fold azbzc azf#y
Monoclinic 1x 2-fold azb#c a=y=90%B#90°
Orthorhombic 3x 2-fold azb#c a=B=y=90°
Tetragonal 1x 4-fold a=b#c a=B=y=90°
a=b#c a=p=90° y=120°
Trigonal 1x 3-fold or
a=b=c a=B=y=290°
Hexagonal 1x 6-fold a=b#c a=p=90°% y=120°
Cubic 4x 3-fold a=b=c a=B=y=90°
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Table 3.2. The 14 Bravais Lattices as defined by their crystal system and lattice centring. The Bravais Lattice symbols are

given in shorthand where the first letter refers to the crystal system and the second denotes the lattice centring.

Key: P=primitive, C=C-face centred, F=Face centred, I=body centred, R=rhombohedrally centred. a=triclinic, m=monoclinic,

o=orthorhombic, t=tetragonal, h=trigonal/hexagonal, c=cubic.

N° Crystal System Lattice Centring | Lattice Symbol
1 Triclinic P aP
2 Monoclinic P mP
3 Monoclinic C mC
4 Orthorhombic P oP
5 Orthorhombic C oC
6 Orthorhombic F oF
7 Orthorhombic I ol
8 Tetragonal P tP
9 Tetragonal I tl
10 Trigonal R hR
11 Hexagonal & Trigonal P hP
12 Cubic P cP
13 Cubic F cF
14 Cubic I cl

There are only 32 distinct combinations of symmetry operations, these leads to the 32 crystallographic
point groups. A point group is a mathematical concept defined by which symmetry operation can be
applied to a crystal and leave it unchanged, i.e., without any apparent change to the position of the
atoms within a crystal. A symmetry operation is the movement of a molecule that results in the
molecule appearing the same as it did prior to the movement. Symmetry operations include identity,
rotation, reflection, and inversion. The point groups can be represented by symbols that are
comprised of numbers and letters. A point group symbol with a number present has a rotational axis,
the number refers to how many folds the rotation axis has (1, 2, 3, 4, or 6). Inversion axes are denoted

I ll_ll

with the symbol “-“. m stands for mirror plane. A point group with a “/” before m, represents a mirror
plane that is perpendicular to the main rotation axes. The 32 crystallographic point groups are shown

in Table 3.3.
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Table 3.3. The crystallographic point groups.

Crystal System 32 Crystallographic Point Groups
Triclinic 1 -1
Monoclinic 2 m 2/m

Orthorhombic | 222 mm?2 mmm

Tetragonal 4 -4 4/m 422 4mm -42m 4/mmm
Trigonal 3 -3 32 3m -3m

Hexagonal 6 -6 6/m 622 6mm -62m 6/mmm
Cubic 23 m-3 432 -43m m-3m

There are 230 possible space groups. Space group symmetry combines the translation symmetry of
the lattice with additional symmetry elements. A symmetry element describes the location at which a
symmetry operation is applied, such as a point, axis, or plane. The symmetry elements that exist in
crystalline structures are: mirror planes, glide planes, rotation axes, screw axes, inversion centres, and
their combinations. For simplicity, a table showing all 230 space groups is not given. If the space group
symmetry is known, describing the full contents of the unit cell is unnecessary, as the full contents can
be inferred by applying symmetry operators. This reduces the information required to fully

characterise the contents of the unit cell to the asymmetric unit (ASU).

3.1.2 Bragg's law

When electrons (or X-rays) of fixed wavelength are incident on a crystalline sample, they can be
scattered by the atoms within it. As crystals are comprised of repeating atomic motifs stacked on top
of one another, the incident beam can be scattered by the Miller planes of atoms within the crystal
lattice. This leads to constructive or destructive interference of the scattered waves (Figure 3.2). When
Bragg’s law, Equation (3.1), is satisfied,” constructive interference of the scattered waves from
successive planes of atoms occurs (Figure 3.1). This leads to an intense diffracted beam being

registered by the detector as a Bragg reflection.

niA = 2dsinf (3.1)
Where:
n = integer number of wavelengths
A = wavelength of the incident beam
d = lattice spacing

6 = half the scattering angle
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Figure 3.1. Origin of Bragg's law. Electrons or X-rays are scattered by atoms within the crystal lattice with a scattering angle
of 28. This is the angle between the incident beam and scattered waves. Constructive interference of the scattered waves
occurs when the difference in path length between the scattered waves is equal to an integer number of wavelengths. This

leads to the derivation of Braggs law: nA=2d sin®.

= Amplitude -

I

Constructive Destructive

Figure 3.2. Constructive and destructive interference. In constructive interference (left), the waves are in phase and the
amplitudes add together, the resulting wave is the sum of the waves. The amplitude of the wave is indicated by a black arrow.

In destructive interference (right), the waves are out of phase and the amplitudes cancel out completely.

In diffraction experiments, the wavelength of the incident electrons (or X-rays) is known, and the
intensity of the scattered waves are measured while the crystal is rotated. When the reciprocal lattice
and the Ewald sphere intersect (see 3.1.3), this gives rise to a diffraction pattern which can be

recorded by a detector. A diffraction pattern is a pattern of regularly spaced spots (reflections) that
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results from the constructive interference of scattered waves. A reciprocal lattice is related to the real
space lattice of the crystal by the Fourier transform, i.e., reciprocal space is the Fourier transform of
real space. As the crystal rotates, different planes of atoms will satisfy the Bragg condition and
generate Bragg peaks. Diffraction patterns recorded at different rotations can be combined together

to generate a 3D model of reciprocal space.

A diffraction pattern contains information about the intensity of the scattered radiation however,
phase information of the diffracted wave is lost. This is known as the phase problem. The phase
information needs to be reconstructed in order to determine the structure of the crystal. This will be
discussed in Section 3.3. Using a kinematical approximation, where electrons or X-rays are scattered
elastically only once, the intensity of the diffracted beam is proportional to the structure factor

amplitude:

| Frgil o€ \/Inke (3.2)

Where:
Fyy1 = structure factor

In = intensities

The structure factor is a mathematical function that describes both the amplitude and phase of the
diffracted wave, scattered by crystal lattice planes with Miller Indices: h, k, |. The structure factors will

be explored in more detail in Section 3.3.2.

3.1.3 The Ewald sphere

Bragg’s law can be represented in reciprocal space using an Ewald sphere construction. The Ewald
sphere is a representation in reciprocal space of all the reflections that satisfy Bragg’s law. When a
reflection lies on the Ewald sphere it meets the Bragg condition and will be excited. The concept of
the Ewald sphere was formulated by Paul Peter Ewald.”” The radius of the Ewald sphereis 1/4, where
A is equal to the wavelength of radiation used. For simplicity, the Ewald sphere is often represented
two-dimensionally as a circle. Bragg’s law is satisfied when the incident beam vector |k;| is equal to
the diffracted wave vector |k, | (Figure 3.3). By trigonometry, the reciprocal lattice vector, 1/dyy; is
equal to 2sinf/A, which can be rearranged to give Bragg’s law. As the crystal rotates, different

reflections intersect the Ewald sphere and are excited.
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Figure 3.3. The Ewald sphere. The radius of the sphere is 1/A. Bragg's law is satisfied when the incident beam vector |k,| and
the diffracted wave vector |kD| are equal. Bragg’s law can be derived by setting the reciprocal lattice vector 1/dhkl equal

to 2sin@/ 2.

3.2 Electrons versus X-rays

The elucidation of crystal structures is of critical importance in chemistry. X-ray crystallography is the
gold standard for structure determination of small molecules. Unfortunately, obtaining crystals of
sufficient size and quality for single crystal X-ray diffraction can be prohibitively difficult. For
synchrotron sources, the size requirement for crystals is that they need to have a minimum volume of
5x5x5 um3.%” For laboratory sources, the crystal size requirement increases and a minimum crystal
side length of at least 50 um is required.®’” PXRD can be used in characterisation of crystalline powders.
This technique has a reduced crystal size requirement, in that crystals of only 10s to 100s of
nanometres are required.*® However, as a structural determination technique, PXRD is limited due to
the fact that the diffraction data are compressed into one-dimension. In a crystalline powder, the
crystals lay in different orientations. Instead of seeing individual peaks, the reflections from many
crystals form a continuous circle. In some instances, these circles are in close proximity and overlap.
This is known as peak overlap. Extracting information and intensities from the overlapping peaks is
complicated. As such, PXRD is typically used for identification of known samples due to its distinctive
“fingerprint” region or in qualitative analysis. An alternate technique that has a low crystal size
requirement is small-molecule serial femtosecond crystallography using an X-ray Free-Electron Laser

(XFEL). XFELs produce a high-flux X-ray beam with an ultrashort duration. A crystal is hit with the high-
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flux beam and a diffraction pattern is recorded before radiation damage occurs. Individual snapshots
from many crystals are needed in order to obtain a complete dataset. This technique not only requires
a large quantity of sample, which may be prohibitive or impossible to produce, but also access to XFEL
facilities which can be particularly expensive and difficult to acquire time on. Additionally, indexing

small molecule diffraction patterns from individual still images is non-trivial process.

Electrons provide an alternative means of structure determination from crystals on the nanometre to
sub-micrometre size range. Electrons interact strongly with matter, they are negatively charged
particles that interact with the electrostatic potential of molecules, i.e., the negatively charged
electron clouds and positively charged atomic nuclei (protons). Generating high energy electrons for
diffraction experiments does not require specialised large scale facilities such as synchrotrons or
XFELs. Electrons can be generated using TEMs. Comparatively, TEMs are easier to access and also have

a much lower cost compared to synchrotron sources or XFELs.

3.2.1 Scattering events

3.2.1.1 Radiation damage per elastic scattering event

The size requirement for crystals from X-ray diffraction experiments is determined by radiation
damage. X-rays can be scattered either elastically or inelastically. X-ray photons that are elastically
scattered give the high resolution information needed to determine the crystal structure. During an
elastic scattering event, the energy of the X-ray photon is unchanged, but the X-ray is scattered at an
angle of 26. Unfortunately, for every useful elastic scattering event that occurs, there are additional
inelastic interactions taking place that cause radiation damage. In an inelastic scattering event, the X-
ray photon is absorbed, and its energy is deposited in the sample. With 12 keV X-rays (A = 1.0332 A),
elastic scattering only occurs once in every 20 scattering events, this results in an approximately 200
keV radiation damage per every useful elastic scattering event.19%17817% These metrics are based on

hydrated protein crystals.

The interaction of electrons with matter is markedly different to X-rays. Elastic scattering of electrons
is typically localised on the positively charged nuclei, with a negligible loss in the energy of the
electron. Electrons are scattered inelastically by the electron clouds. During an inelastic event, 40 eV
are deposited on average, there is a small change in the scattering angle of inelastically scattered

electrons, however this is much smaller than the scattering angle of elastically scattered electrons.!®°
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With electrons of 200 keV energy (A = 0.02508 A), it is expected that elastic scattering should occur
once in every 5 scattering events. The collateral damage per useful elastic scattering event is therefore
only 200 eV."8 This is three orders of magnitude less damaging than X-rays. Once again, these figures
pertain to protein crystals. As fewer damaging interactions occur with electrons compared to X-rays,
and because these interactions deposit less energy into the sample, diffraction data can be collected

from much smaller crystals (on the nanometre to sub-micrometre range).

An important caveat here is that although electrons are less damaging than X-rays, radiation damage
still occurs. This damage is particularly noticeable the smaller the crystal.}’® Data collection conditions
need to be optimised to ensure as much data as possible is collected before diffraction quality reduces
due to radiation damage. Another way in which radiation damage is minimised is by maintaining a low

temperature (80 K) during data collection.

3.2.1.2 Inelastic and multiple scattering events

When X-rays are inelastically scattered, they are absorbed by the sample and do not reach the
detector. This is not the case for inelastically scattered electrons. Inelastically scattered electrons
continue to pass through the sample and can be detected. Additionally, as electrons are efficient
scatterers, they will likely undergo multiple scattering events as they pass through the crystal. The
probability of multiple scattering increases with increasing sample thickness. The electrons can be
scattered either elastically or inelastically during multiple scattering events, meaning a single electron
could be scattered both elastically and inelastically. Electrons that have been scattered inelastically
and then elastically contribute to the radially symmetric ring of diffuse background scattering in
diffraction patterns. This negatively impacts the signal to noise ratio of Bragg peaks. Diffuse scattering
from a crystal can be seen in Figure 3.4. This diffraction pattern comes from a thick organometallic
crystal. This diffraction pattern was recorded during early 3DED experiments at York before the data

collection conditions had been optimised.
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Diffuse scattering
around the direct beam

Figure 3.4. A diffraction pattern from an organometallic crystal showing diffuse scattering in addition to Bragg reflections.
This is caused by electrons that have been scattered multiple times, first inelastically and then elastically. The diffuse
scattering is centred around the direct beam and is radially symmetric. The additional rings visible are likely due to scattering

from the carbon film.

As electrons that are inelastically scattered lose energy, they can be removed using an energy filter.
An energy filter is comprised of a magnetic prism. As electrons of different energy pass through the
magnetic field generated by the energy filter, electrons of different energies are accelerated at
different rates and are therefore deflected differently. An adjustable slit can be inserted, such that
only electrons with a given energy pass through the filter. Electrons that have lost energy during
inelastic scattering events can be excluded and prevented from reaching the detector. The Glacios at
York is not currently equipped with an energy filter, as such care should be taken to select thin crystals

to minimise multiple scattering events.

3.2.1.3 Dynamical scattering

Electrons can also be scattered elastically multiple times; this is known as dynamical diffraction. In X-
ray crystallography, kinematical scattering is the norm, where the X-rays are only elastically scatted
once. With electrons on the other hand, the electrons can be elastically scattered multiple times as
they pass through the sample. The probability of an electron being dynamically scattered is dependent
on sample thickness, sample composition, accelerating voltage of the microscope and how the crystal

is aligned with the beam (i.e., if the beam is aligned with a zone-axis).®® The multiply elastically
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scattered electrons experience no loss in energy due to these multiple events and the position of the
Bragg peaks remains unchanged. However, the intensities of the Bragg peaks are affected. This is due
to redistribution of the intensities. When an electron is elastically scattered by an atom, the point at
which it was scattered acts as a secondary direct beam position from which further elastic scattering
events can occur. This leads to the intensities of Bragg peaks in a diffraction pattern all appearing to
be similar to one another. The intensity of weak peaks become more intense, and the strong peaks
become less intense.?*?* This effect is particularly pronounced when the beam is aligned with the

23,43

zone-axes and many reflections are excited simultaneously. As such, the kinematical

approximation for the linear relationship between the squared structure factor amplitudes and
intensities (|Fy;| o \/E), Equation (3.2) no longer holds true in the presence of dynamical
scattering.’?® The intensities of weak reflections are overestimated as a result.1?® Additionally, due to
dynamical scattering, reflections that are symmetry forbidden because of screw axes or glide planes
can appear in diffraction patterns.'®?73% As g result of dynamical diffraction, performing symmetry

determination, structure solution and structure refinement can become challenging.**

Dynamical theory can be used to perform dynamical refinement of electron diffraction data. This
calculates the diffracted intensities, while considering dynamical scattering. Previous dynamical
refinement approaches focused on precession-assisted 3DED.*%8! A protocol for the dynamical
refinement of continuous rotation 3DED data now exists.'®? Using dynamical refinement significantly
improves results (decreased R; values) and can even be used to better locate weak scatterers such as

hydrogen atoms and to determine absolute configuration.82

For work presented in this thesis, dynamical refinement was not performed, and standard approaches
using the kinematical approximation were used instead. This was because procedures for dynamical
refinement of continuous rotation 3DED data were still in progress at the time work was carried out,*8?
specialised data processing software (PETS2#2 and JANA®¥) were required, and dynamical refinement
was computationally expensive. Despite not performing dynamical refinement, it was still possible to
determine and refine small molecule structures by selecting thin crystals from which to collect data,

thus minimising the effect of dynamical scattering.
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3.2.2 The Ewald sphere

Electrons have a much shorter wavelength than X-rays. The wavelength of electrons at 200 keV is
0.02508 A, compared to X-rays generated from Cu K-o which has a wavelength of 1.5406 A. As the
wavelength of electrons is much shorter, the radius of the Ewald sphere (1/4) becomes exceptionally
large and appears to be almost flat. Figure 3.5 shows the difference between the Ewald spheres of Cu
K-a X-rays and 200 keV electrons interacting with the same reciprocal lattice. As the Ewald sphere of

electrons is so flat, many reflections can be excited at once.

X-rays
Cu K-a
A =1.5406 A

000 \

Electrons
200 kV
A = 0.02508 &

Figure 3.5. The Ewald spheres of 200 keV electrons and Cu K-a X-rays interacting with the same reciprocal lattice. The
radius of the Ewald sphere for electrons is over 60 times larger than the radius of the Ewald sphere for X-rays, as such only a
small portion of the electron Ewald sphere is shown. For simplicity, the Ewald sphere for electrons and X-rays have different

origins, this is so they can both be represented in a single figure.

A consequence of the flatness of the Ewald sphere is that a single electron diffraction pattern can
typically only give information on two of the three unit cell dimensions. Information on the reciprocal
lattice in the direction of the incident beam is missing, as can be seen in Figure 3.5. As such, multiple
electron diffraction patterns, collected as the crystal is rotated are required to determine the full unit
cell parameters. This is unlike X-ray diffraction patterns, from which all unit cell dimensions can usually
be determined from a single pattern. An illustration of a crystal lattice rotating and new reflections

meeting the Bragg condition is given in Figure 3.6.
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Figure 3.6. lllustration showing a crystal lattice rotating in a static beam. As the crystal rotates, new reflections intersect

the Ewald sphere and are excited.

3.3 Structure determination

The data processing workflow is described in the Methods Chapter (Chapter 9). Data processing
generates the unit cell parameters, determines the space group, and integrates and scales the
intensity of the reflections. The scaled, unmerged data can then be supplied for structure

determination.

3.3.1 Atomic scattering factors

The atomic scattering factor describes the scattering power of an individual atom. It is dependent on
the source of radiation used. For X-rays, the scattering factor is a Fourier transform of the electron
density of an atom. For electrons, the scattering factor is a Fourier transform of the electrostatic
potential of an atom. Electron scattering factors can be calculated from X-ray form factors using the
Mott-Bethe formula. Electron atomic scattering factors can be represented by the following

equation:!

_mge? [Z—f*(s)] (3.3)
"~ 8m2h? s?

fe(s)

Where:

mg = mass of electron

e = charge on electron

h=nh/2n

Z = atomic number

f*(s) = X-ray atomic scattering factor
s =sin8/2
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3.3.2 Structure factor

Each atom has an individual atomic scattering factor. A crystal is made up of various atoms in a periodic
arrangement. Each of these atoms can scatter electrons. The structure factor results from all of the

scattered waves diffracted by all of the atoms within the unit cell. The structure factor is described as:

N
F(hkl) = Z £; (k) e2mi(hxjkyj+iz)) (3.4)
j=1
Where:
N = number of atoms in the unit cell
fj(hkl) = atomic scattering factor of the jth atom

xj + yj + z; = fractional coordinates of the jth atom

3.3.3 Electrostatic potential

As aforementioned (Section 3.1.2), phase information is lost during diffraction experiments. This is
known as the phase problem. In order to reconstruct the electrostatic potential ¢(xyz) and thus solve
the crystal structure, both the structure factor amplitudes |F(hkl)| and the phases ¢ (hkl) are
required. The amplitudes and phases of all the individual structure factors for all the reflections hkl
are required in order to construct the full electrostatic potential map of the crystal. The electrostatic

scattering potential ¢ (xyz) of a crystal can be described by a summation of cosine wave functions:*&®

ZIF(hkl)l cos[2m(hx + ky + lz) — ¢p(hkD)] (3.5)
hkl

2
pxyz) = -0

Where:

A = wavelength of radiation

__ 2mmel

.z — interaction constant

() = unit cell volume
|F (hkl)| = structure factor amplitude

¢ (hkl) = structure factor phase

The structure factor amplitudes are proportional to the intensities of the reflections, Equation (3.2).

Unfortunately, the structure factor phases are lost and need to be retrieved through phase retrieval.
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3.3.4 Structure determination using SHELXT

To determine the phases, several approaches can be applied. In this body of work, direct methods
have been used, specifically the program SHELXT* which utilises a dual-space algorithm. SHELXT
reads the unit cell, Laue group and expected elemental composition from the supplied .ins file.%*
Command line switches can be applied to aid structure determination. For the organometallic

molecules studied in this body of work, the switches -a -y -m500 have typically been applied.

-a ensures the program tests all space groups in the specified Laue group. -m500 forces the program
to run 500 macrocycles for each dual-space iteration. -y is useful for dealing with organometallic
compounds, particularly with incomplete data, as it focuses on the CHEM, (chemical figure of merit)
rather than Ryeak in the CFOM (combined figure of merit) calculation.'®* The default CFOM calculation

is:
CFOM = 0.01CC — XR\yeqx (3.6)

Where, X = 1.0 unless otherwise specified

When-y is specified, this calculation is used instead:

CFOM = 0.01CC * CHEM (3.7)

This favours the generation of solutions where peaks in the map are at distances and angles from each
other that are chemically feasible for the placement of organic atoms in organic molecules. CHEM is
the fraction of peaks at distances 1.1 — 1.8 A away from one another whose vectors have defined bond
angles between 95 and 135°.'® It is not helpful for inorganics because these bond lengths and

distances are much less constrained.

3.3.4.1 Dual-space recycling

Dual-space methods reconstruct the phases of the structure factors by iteratively modifying the
phases in reciprocal space and the electrostatic potential in real space.'® The starting point can be
either random phases or a Patterson superposition minimum function. By default, the Patterson

function is the starting point. Two copies of the Patterson function are superimposed upon each other,
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displaced by a Patterson vector. This results in a map that can be used as the initial electrostatic

potential map.

The Patterson function removes the term containing the phases from the electrostatic potential
calculation and the structure factor amplitudes are replaced by their squares. As such, the Patterson
function does not show the atomic positions but instead a map of the interatomic vectors, or the
positions of the atoms relative to one another. The height of the peaks is proportional to the scattering

from the atom. Patterson methods are particularly useful when heavy atoms are present.

The initial electrostatic potential map (Patterson superposition) can then be Fourier transformed to
obtain initial phases ¢, and structure factors G.. The structure factors are then modified G,. The
calculated structure factors G, and the modified observed structure factors G, are compared and a
new electrostatic potential map ¢ is generated by Fourier transform. A mask is then applied and new
phases ¢, and structure factors G, are generated. This process is repeated until the desired number

of iterations is reached. A schematic showing how dual-space recycling works is given in Figure 3.7

Patterson Random
superposition phases

AN

| mGo_(m_l) Gu ¢c

N iterations
FFT
completed FFT

Apply mask to
electrostatic «——|¢ (potential map)
potential @

Use ¢. to find
space group
and origin shift

FFT Peak search and
element assignment

Isotropic refinement
and Flack parameter

Figure 3.7. Flow chart summarising the SHELXT dual-space structure solution for electron diffraction data.®* Dual space
recycling is indicated by the blue box. FFT = Fast Fourier Transform, G .= Calculated structure factors, G,= modified observed

structure factors, ¢ = phase of G, m=figure of merit. Space group assignment and isotropic refinement are run in parallel.

This figure is adapted from Sheldrick 2015.164

58



3.4 Structure refinement

Structure refinement is a mathematical process by which the differences between the experimental
observations and their calculated equivalents are minimised. Specifically, the differences between the
observed and calculated structure factors, and the differences between the ideal and real geometry.
For small molecule data, geometrical restraints are not always required, unlike in macromolecular
crystallography where geometrical restraints are almost always used. This is because there are few
atoms in the unit cell of small molecule crystals and thus more observations per atom are made.
Geometrical restraints for small molecule data may be required when the resolution of the dataset is
limited, or parts of the model are not well defined due to disorder. In these instances, geometrical

restraints may be required.

For every atom there are three coordinates to refine (x,y,z) and six atomic displacement parameters.
This totals nine parameters to be refined for each atom. An additional parameter is the atom type,
this is not refined during refinement. For refinement to be stable, there must be a sufficient data to
parameter ratio. The data to parameter ratio should be higher than 7 for a structure containing atoms
with Z less than 18,8 and higher than 8 for structures containing heavy atoms with Z greater than
18.1%° For small molecule crystals that diffract to high resolution (better than 0.8 A), there is usually
surplus data. Constraints and restraints improve the data to parameter ratio. Constraints remove

parameters and restraints add to the data.

3.4.1 Atomic scattering factors

Once the structure has been determined, it then needs to be refined. The process of structure
refinement ensures the best fit of the model to the data. The first step of structure refinement is to
supply the correct atomic scattering factors. Electrons and X-rays interact with matter differently, and
therefore X-ray scattering factors are not representative of the interaction between electrons and
matter. Eight parameter fits for electron atomic scattering factors from Peng 1999%° were used in

refinement of electron diffraction data in this thesis.

Gaussians can be summed together to make an analytical approximation of the electron atomic

scattering factors.'®192 Eight parameter fits are used as an approximation of the electron atomic
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scattering factors f¢(s), see Equation (3.3). Four Gaussians are summed together using the following

approximation, where n=4:1%

n

fe(s) = ) ajexp(—b;s?) (3.8)
2
Where:

a; and b; = fitting parameters

s =sin8/2

While 10 parameter fits have been tabulated for the electron atomic scattering factors for all neutral
atoms,®3 crystallographic software originally designed for X-ray diffraction studies, generally only use

8 parameter fits to represent the scattering factors.

Presently, in our work, only neutral atom scattering factors are applied. However, it is known that
electrons interact differently with charged atoms than with non-charged atoms of the same element.
At low resolutions, this difference is marked, with cation scattering factors diverging to infinity and
anion scattering factors diverging to negative infinity.19#1% |n future, scattering factors of charged ions
could be considered but most refinement programmes are currently unable to model this divergence
at low resolution. Additionally, atoms are placed individually into the refinement program and formal
charges would need to be applied to each atom, which may not be an accurate representation of what
is happening within the molecule. A more sensible way of dealing with partial charges is required. This
is an exciting potential application of electron diffraction as, in future, it may also be possible to

differentiate charge states using this technique.%

3.4.2 Anisotropic displacement parameters and restraints

The motion of atoms in small molecules is best described anisotropically, i.e., the thermal motion of
each atom is different in all 3 dimensions. The thermal motion of the atoms during scattering and the
static disorder of the crystal are described by anisotropic Atomic Displacement Parameters (ADPs).
The ADPs are refined for all non-hydrogen atoms. ADP restraints may be used to help obtain a
physically sensible model. The ADP restraints commonly applied in this thesis were: DELU, SIMU, ISOR.

Each of these and their impact on the ADPs will be described here.
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DELU is a rigid bond restraint that is applied to the ADPs along bonded 1,2-directions or 1,3 directions.
It restrains the ADPs in the direction of the bond to be equal within an effective standard deviation.
The DELU restraint is not often used here as it has been replaced by the enhanced rigid bond restraint,
RIGU which generates 3 or 6 restraints as opposed to the 1 or 2 restraints generated by DELU.” The
RIGU restraint was typically applied to all atoms in a molecule. It is a restraint that limits the relative
motion of atoms connected by a rigid bond, so that the motion of the two atoms forming the bond
are at right angles to the bond itself. This is a realistic descriptor of atomic motion. SIMU is another
ADP restraint that sets U;j components (essentially the ADPs) as equal for atoms that are spatially
close. The SIMU restraint is often applied to 5- or 6-membered rings. The ISOR restraint forces the
ADPs of specified atoms to become approximately isotropic. This restraint can be particularly helpful
to prevent atoms from becoming non-positive-definite (NPD). A two-dimensional representation of

how the ADP restraints affect the ADPs is given in Figure 3.8.

P
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or RIGU
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Figure 3.8. A two-dimensional schematic demonstrating how the application of DELU, RIGU, SIMU and ISOR restraints

SIMU ISOR

affects the anisotropic atomic displacement parameters. The blue ovals represent the ADPs, the black circles are the mean

atomic positions, and the black lines represent bonds between atoms.

3.4.3 Geometric restraints

Additional restraints, which relate to the physical geometry of the model and not the ADPs may be
applied if required. These are known as geometric restraints. In this body of work, the only geometric
restraint utilised was SADI. SADI is a geometrical restraint which restrains the distance between the
first and second named atoms to be equal to the distance between the third and fourth named atoms,

and any subsequently named atom pairs. This restraint has been particularly useful when handling
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complexes that have fluorous counter ions present, for example the complexes in Chapter 4 which

contain an S-BArf; anion.

3.4.4 Refinement of the extinction parameter

The EXTl instruction was used in refinement of all compounds presented in this thesis. This refines the

extinction parameter x where F. is multiplied by the following expression:

1
0.001 x x = FZ x 23] 4 (3.9)

fil+ sin(26)

Where:
k = overall scale factor
x = scattering factor
F. = calculated structure factor
A = wavelength

260 = scattering angle

EXTI typically refines to large values for electron diffraction data, such that SHELXL will typically
generate a warning: (** Warning: unusual EXTI or SWAT parameter **). As EXTI has a A
dependence, and the wavelength for electrons is much smaller than the wavelength of X-rays, this is
unsurprising. Refinement of the EXTI parameter stops the ADPs refining to non-physical values by

absorbing some of the systematic errors in the measured reflections.

The Ry values for electron diffraction (15-30%)%%'%, are still much larger than those of X-ray diffraction
which are typically less than 5%. The reason for this discrepancy is partially due to dynamical effects
not being considered. Refinement of the EXTI parameter accounts for this somewhat, but it is not a
robust method for doing so as the correction was not designed for this purpose. Dynamical refinement
of continuous rotation electron diffraction data is possible,'® but this is a computationally expensive
process that currently requires specialist software, as such dynamical refinement has not been

performed in this work.
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3.4.5 R-factors and statistics

To evaluate the quality of the structural model, R-factors are used. During refinement, these R-factors
should converge to a minimum. The most common statistic reported is Ry, this is often simply referred
to as the R-factor. The term R; will be used throughout this thesis. The R; is a measure of how well the
observed structure factors F,,; match the calculated structure factors F,4;.. The structure factor is

defined in Equation (3.4). R; is defined by the following equation:

_ Z“Fobsl - |Fcalc|| (3.10)
! 2| Fops|

Where:
F,ps = observed structure factor

F.q1c = calculated structure factor

R1 values are often quoted as a percentage. As mentioned in the previous section, typical R; values for
electron diffraction data are 15-30%,°%*® this is much larger than the R; values of X-ray diffraction
data. Ry is an unweighted R-factor. R; values are typically quoted for all data and also for reflections
with intensity greater than 20(I). This removes weak, poorly measured reflections from the

calculation.

A weighted R-factor (wR;) is generally also reported for all data. This considers the uncertainties of
each reflection by using a weighting scheme. wR; is based on the squared structure factors F? and is

defined as:

Y w(Fopsl? = [Feaqicl?)? (3.11)
ZW(lpobslz)Z

WRZ =

Where:

w = weighting scheme
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Additional measures of structure quality are reported in this thesis and are defined below. The
goodness of fit (GooF) is a measure of how well the calculated model fits the observed data, taking
into account the number of observed reflections and the number of parameters used in the
refinement. SHELXL encourages adjustment of weighting scheme so that the GooF is equal to one.
This is because unlike wR;, the weighting scheme is only in the numerator of the GooF equation. If the
value of GooF is significantly less than one, this suggests that sigmas of the measured data have been
overestimated. If the value is significantly higher than one, this indicates that aspects of the structure

may be missing or unmodelled.

2 W(Fopsl? = [Feqicl?)? (3.12)
n—p

GooF =

Where:
n = number of reflections

p = total number of parameters refined

Rint is @ measure of whether the intensities of symmetry equivalent reflections are in fact equivalent.
The value of Ryt should be low. High values of Rin indicate poor quality data or incorrect space group

assignment.

Z”Fobsl2 - |Fobs|2(mean)| (3'13)
2|Fops?

Rine =

The residual potential is a measure of the most positive and most negative peaks in a map of
Fops — Feaic» @caic - The largest differences are then reported as the highest peak and deepest hole.
These map values are reported in unit of A2 and can be converted to units of electrostatic potential
(e/A) by multiplication by the value 3.32494.1%° Details on the origin of this conversion factor are

described in Chapter 9, Section 9.5.
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4 Characterisation of a o-alkane complex via on-grid solid/gas single-crystal

to single crystal reactivity

The structure of the diene complex [Rh(Cy,PCH,CH,PCy,)(norbornadiene)][S-BAr4], [S-BArf4] = [B(3,5-
(SFs)2C6H3)4]” (Compound 4.1) and the o-alkane complex [Rh(Cy,PCH,CH,PCy,)(norbornane)][S-BArf,]
(Compound 4.2) formed from its hydrogenation had been previously determined using single-crystal
X-ray diffraction. This however, was particularly challenging as the synthesis of Compound 4.1 almost
always resulted in the formation of microcrystalline material.?®® Additionally, when exposed to
hydrogen during the solid/gas single-crystal to single-crystal reaction, the crystals would crack and
fragment. This made it particularly difficult to obtain suitably large, diffracting crystals of the o-alkane
complex Compound 4.2 for single-crystal X-ray diffraction and many crystals had to be screened
before the structure was determined. 3DED has previously been used to determine the structures of

organometallic materials®®’

and it was hoped that this technique could provide a complementary
structural solution, establishing electron crystallography as a possible alternative to single-crystal X-

ray crystallography when the formation of suitably sized crystals is prohibitory.

4.1 Methods

4.1.1 Sample Preparation

The synthesis of Compound 4.1 and Compound 4.2, grid preparation and hydrogenation reaction
were performed by Dr Laurence Doyle, working under the supervision of Professor Andrew Weller at
the University of York. Details of the synthesis are provided in our paper, 3DED characterization of a
robust cationic o-alkane complex stabilized by the [B(3,5-(SFs)>CeHs)4]™ anion, via on-grid solid/gas

single-crystal to single-crystal reactivity.?®

c TJIS-BArF] c ~|[S-BArT,]
P-)-/-.Z .- H2 P Y2 B
[F,/Rm.~ — [ "=Rnh=
c 5 mins P »
Y2 Cy,
Compound 4.1 Compound 4.2

Figure 4.1. Reaction scheme for the single-crystal to single-crystal hydrogenation of the diene complex Compound 4.1 to

form o-alkane complex Compound 4.2. Red circles = hydrogen atoms.
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4.1.1.1 Compound 4.1

The diene complex Compound 4.1 was ground under an argon atmosphere to create a fine
microcrystalline powder. The resulting powder was deposited onto pre-clipped Quantifoil Cu R1/4
grids. These grids were then stored in separate glass vials and transported to the microscope under
an atmosphere of argon. The individual grids were plunged into liquid nitrogen and transferred to the
cassette before loading into the TEM. See Chapter 9, Section 9.1 for further details on grid

preparation.

4.1.1.2 Compound 4.2

The remaining Compound 4.1 grids were treated with H, gas at 1.3 atm pressure for 5 minutes (Figure
4.1) to form a o-alkane complex: Compound 4.2. This work was performed by Dr Laurence Doyle.
Initial 3DED studies on this material indicated it was particularly air sensitive or that the crystals may
have experienced temperature shock and fragmented when plunged into liquid nitrogen. Poorly
diffracting crystals were observed on Compound 4.2 grids that had been transported to the
microscope following the same protocol as described above for the diene complex. To remedy this, a
new transfer method was developed. Freshly hydrogenated grids were placed into an autogrid box
and transported to the microscope under an argon atmosphere. The transfer station was filled with
liquid nitrogen (Figure 4.2) and the transfer station was allowed to cool to liquid nitrogen temperature
creating a protective nitrogen atmosphere in the transfer station. The autogrid box was placed in the
cold metal holder under a nitrogen blanket and was allowed to cool conductively to liquid nitrogen

temperature. The individual grids were then transferred to the cassette and loaded into the TEM.

Figure 4.2. The TEM Transfer station. Left: TEM Transfer station right: Inside of transfer station, the white circular autogrid

boxes are sat within the metal holder. Note: No liquid nitrogen is present, the transfer station pictured is at room temperature.
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4.1.2 Data acquisition

Electron diffraction data were acquired using a Thermo Fisher Glacios microscope operating at a
voltage of 200 kV as described in Chapter 9 Section 9.2. A Ceta-D camera was used. Data were
collected at 80 K. Selected area electron diffraction using microprobe mode was utilised with the
following illumination conditions to achieve a low flux of ~0.01 e A2 s™%: gun lens 4, spot size 11, 30
pum C2 aperture. These illumination conditions resulted in a parallel beam of 4 um diameter. The area
from which diffraction was observed was reduced further by the insertion of a 40 um selected area
aperture (1.4 um on the sample plane). This improved the signal to noise ratio of diffraction events
and ensured diffraction was only observed from the target crystal. Further details on the selected area
electron diffraction set up are provided in Chapter 2, Section 2.2.3. Data were collected while the
stage was rotating continuously. Due to the configuration of the Glacios microscope, and to prevent
collision with the pole pieces, the maximum allowable tilt angles were £69°. In practice, the rotation
range is further limited as at high tilt angles crystal centring is challenging and other species (other
crystals, contaminants, or grid bars) may obstruct the beam. EPU-D was used to collect data in a semi-
automated fashion with the following settings: 2x binning, a rotation speed of 0.5°/s and an exposure

time of 2 s, resulting in a A of 1°/frame.

A total of 28 datasets were collected from the diene complex, Compound 4.1. These datasets typically
covered a rotation range of 60-90° with minimum and maximum tilt angles of -45°/+55° respectively.
Crystals of the o-alkane complex, Compound 4.2, were found to be much more sensitive to radiation
than their diene counterparts, with a visible loss of diffraction quality occurring after only 20-30° of
rotation. The sample preparation and data collection protocols for this species were optimised to
collect the highest quality data. Over the course of this optimisation, a total of 111 datasets were
collected from the o-alkane complex. The highest quality datasets were recorded in a single 24-hour
microscope session from 29 crystals across 2 duplicate grids, which were prepared following the
modified sample preparation and loading protocol described in Section 4.1.1.2. An example crystal

and corresponding diffraction pattern are shown in Figure 4.3.
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Figure 4.3. Example Compound 4.2 crystal and diffraction pattern. Left: TEM brightfield image of a Compound 4.2 crystal,
red circle represents the beam diameter (4 um), blue circle shows the area from which diffraction was recorded (1.4 um).

Right: Representative electron diffraction pattern, these crystals diffracted to 0.95 A (pink circle).

4.1.3 Data processing and structure determination

Data were processed using DIALS software.?’! To enable data processing, several parameters needed
to be defined. A pedestal value of 64 ADU (analog-to-digital units) was added to each individual pixel
value, to reduce issues during background modelling caused by negative pixel values. The detector
distance, calibrated from aluminium powder, was set to 958.5 mm. The correct goniometer rotation
axis was also specified, for the York Glacios this was 1,0,0 for positive rotation about the horizontal

axis.

The data processing workflow is detailed in in Chapter 9, Section 9.3. A semi-automatic processing

script?%?

was used which processed each dataset individually up to the integration stage by running
through a standard series of DIALS commands. The integrated datasets were then scaled together,
selecting the fewest datasets, which led to the best statistics. Datasets were selected based on
primarily on their impact on CC/%, Rmerge and completeness of the data. Further explanation of this
selection process is given in Chapter 9, Section 9.3.6, The strong reflections from the combined
datasets were then filtered for joint refinement of the detector distance and unit cell parameters from
each dataset, see Chapter 9, Section 9.3.7. The mean refined detector distance for the diene complex

Compound 4.1 was found to be 956.87(22) mm, and the o-alkane complex Compound 4.2 was

958.33(24). Both values were within 0.2% of the initial estimate suggesting the camera length
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calibration was accurate. The unit cell parameters for each of the combined datasets were then

refined by fitting calculated to observed 26 values.

The structures were then determined ab initio using SHELXT%* as described in Chapter 3, Section 3.3.4
and Chapter 9, Section 9.4. Structure determination was trivial as the combined datasets were of high
completeness and quality and both structures contained heavy atoms. Structure refinement was
performed with SHELXL!®® using electron scattering factors from Peng!®®. General information on
structure refinement is provided in Chapter 3, Section 3.4, and information on how the structures
within this thesis were refined is given in Chapter 9, Section 9.5. The ADPs were refined for all non-
hydrogen atoms. Hydrogen atoms were placed using the HFIX function in SHELXL. The internuclear X-
H distances were changed to match the idealised distances determined from neutron diffraction
data.?® A riding model was used for hydrogen atom placement. To reflect any uncertainty in the
model position, hydrogens attached to C1, C2, C4 and C5 in the o-alkane complex Compound 4.2 had

their isotropic ADPs set to 5x that of their attached carbon atoms, rather than the default of 1.2x.

The only distance restraints applied were to make the S-F bond distances in the SFs groups of the
counterion equal. A combination of rigid body restraints was used on different fragments of the
structures. The use of SIMU, RIGU and DELU restraints, alongside the use of the EXTI instruction,
negated the need for ISOR and XNDP instructions to prevent any atoms becoming non-positive
definite in the refinement. Information on the impact of using the geometric and ADP restraints

described above is given in Chapter 3, Section 3.4.

4.2 Results and Discussion

4.2.1 Compound 4.1

4 datasets from 4 crystals were merged together to give 96.6% complete data to a resolution of 0.95
A. Crystallographic and refinement data for this complex are presented in Table 4.1. Determining the
structure with SHELXT was trivial and almost all atoms for the diene complex Compound 4.1 were
placed in the correct positions. However, some atoms were misassigned at this stage. This is a
relatively common problem when using SHELXT to assign elements with electron diffraction data. This
is due to several factors: poor data quality (compared to X-ray diffraction), use of X-ray scattering

factors in SHELXT, and the smaller difference in the electron scattering from different atoms
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(compared to X-ray scattering factors).>° Refinement resulted in a good structural solution (R; = 15.7%,
C2/c space group), the structure model and electrostatic potential map are shown in Figure 4.4. The

thermal ellipsoids with a 50% probability are shown in Figure 4.5.

Table 4.1. Crystallographic and refinement data for Compound 4.1.

Empirical formula Cs7HssBF40P2RhSg
Formula weight 1945.25
Temperature (K) 80

Crystal system monoclinic
Space group C2/c

a (A) 19.603(3)

b (A) 18.393(3)
c(A) 20.438(2)
B(°) 92.355(12)
Volume (A3) 7362.8(18)
VA 4

Pealc (g/cm?3) 1.755
Reflections measured 19560
Independent reflections (with | > 2 o(l)) | 4380 (2563)
Resolution (A) 0.95
Completeness (%) 96.6
Restraints/parameters 585/494
Rint 0.2348

Ry [I>2 o(1)] 0.1565

R: [all data] 0.2194

WwR; [all data] 0.3584
GooF 1.718
Residual potential (e/A) 0.828/-0.632
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Figure 4.4. 3DED structure of Compound 4.1. Fo map contoured at 1.13 e/A. For clarity, thermal ellipsoids are not shown.

Key: black=C, white (small)=H, blue=B, green=F, pink=P, white (large)=Rh, yellow=S. Yellow dashed line represents hydrogen

bonding.
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Figure 4.5. 3DED structure of Compound 4.1 with thermal ellipsoids are shown at a probability level of 50%. For clarity,

hydrogen atoms are not shown. Key: black=C, blue=B, green=F, pink=P, white (large)=Rh, yellow=S. Yellow dashed line

represents hydrogen bonding.
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The bond distances and bond angles of the 3DED structure of Compound 4.1 were compared to those
of the X-ray structure of the same compound from Doyle et al.,’” see Table 4.2. There were no
significant differences in the bond distances and angles of the 3DED structure and the reported X-ray
structure, with the exception of the C5—C5 bond.?®® 3DED was capable of generating a crystal
structure of Compound 4.1 with very few significant differences in bond distances and bond angles
compared to its X-ray counterpart. This shows that the 3DED technique can be used to generate crystal
structures with comparable accuracy in bond distances and bond angles to X-ray structures. Further,
obtaining a 3DED crystal structure with the same bond distances and bond angles as X-ray structure
indicated that the detector distance had been correctly calibrated and the data processing workflow

allowed for the determination of correct unit cell parameters.

Table 4.2. Selected bond distances and angles from the reported X-ray structure of Compound 4.1 and the corresponding

3DED structure obtained in this work.

cz' _l[S' BAFF4]

cs PCy2 C1
L T=Rh-". ca
1
Cy» €2 g3
. 2 X-ray

Bond distance (A) Doyle et al2%° 3DED
Rh—P1 2.2892(16) 2.280(7)
Rh—C1 2.211(7) 2.246(15)
Rh—C2 2.224(6) 2.231(15)
c1—C2 1.361(10) 1.393(18)
C1—-C3 1.562(10) 1.571(18)
Cc2—C3 1.566(10) 1.584(19)
C3—C4 1.552(9) 1.609(19)
C5—P1 1.852(7) 1.831(14)

C5—C5 1.508(13) 1.59(2)

Bond angle (°) X-ray

Doyle et al.?® 3DED

P1—Rh—P1 85.25(8) 85.5(3)
C1—Rh—C2 35.7(3) 36.3(5)
C1—Rh—C2 67.1(3) 66.5(5)
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4.2.2 Compound 4.2

4.2.2.1 |Initial transfer method

The data that were collected from the o-alkane complex Compound 4.2, before the optimised transfer
protocol was introduced, could be processed in P2, /n space group. However, the structure could also
be processed in C2/c, the same space group as the starting material, this is because the majority of
the structure is still related by the inversion centre, the only part of the structure that breaks this
symmetry element is the o-alkane ligand. As the symmetry around the inversion centre should change
during hydrogenation, data processing was continued using the P2, /n space group. More detail on
space group determination is given in Section 4.2.2.3. 5 datasets were merged together to give a
completeness of 99.1% to 0.95 A. The P2, /n cell had the following unit cell parameters: a=19.5385 A,
b=18.9606 A, c=20.3499 A, a=90°, B=92.391°, y=90° and reasonable merging statistics (Rmerge=0.286,
CC %£=0.994). The unit cell parameters determined for this material were notably different from the

ground state diene complex suggesting that a transformation had occurred on hydrogenation.

Structure determination was conducted using SHELXT®* and it was possible to refine the structure
(R1=0.1612, wR,=0.3737). However, SHELXT had difficultly placing the carbons in the o-alkane ligand.
Refinement using SHELXL generated an electrostatic potential map that did not clearly indicate the
arrangement of carbon atoms. Suggesting that there was significant disorder in this fragment due to
sample degradation, meaning it was not possible to resolve the ligand of interest. This could be as a
result of air exposure, beam damage or temperature shock. The electrostatic potential maps for this
fragment are shown in Figure 4.6. It is likely that the potential shown here is a superposition of

different, degraded forms of the ligand.

Figure 4.6. Fobs map for the ligand of interest in the initial Compound 4.2 structure. Right image is rotated ~90° from Left.
Q peaks are represented by coloured hexagons, these show the regions of highest electrostatic potential that has not been
included in the model. Unfortunately, it was not possible to model the ligand as carbon atoms could not be placed in a

chemically sensible manner, without breaking bond length and geometry requirements. Fo map contoured at 1.20 e/A.
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A limitation of 3DED is that multiple datasets need to be merged together to have sufficiently
complete data to enable structure determination. Some crystals may exhibit more disorder than
others so even if a particularly well diffracting crystal of Compound 4.2 was found that exhibited no
disorder or degradation at the o-alkane site, this could be masked by disorder at this site introduced

from other datasets.

4.2.2.2 Optimised transfer method

Optimising the transfer process was key to fully determining the structure of the o-alkane ligand.
There was a marked improvement in the diffraction quality of the crystals compared to the previous
transfer method. However, these well diffracting crystals were also more beam sensitive and only ~20°
of data could be collected before there was a notable drop in diffracting resolution. As a result, it was
necessary to merge data from more crystals to achieve a relatively complete dataset. 20° wedges from
9 datasets were merged together to give a completeness of 94.0% to 0.95 A. Crystallographic and
refinement data for this complex are presented in Table 4.3. Refinement resulted in a good structural
solution (R; = 16.4%, P2, /n space group), the structure model and electrostatic potential map are
shown in Figure 4.8. The thermal ellipsoids with a 50% probability are shown in Figure 4.9. It was
possible to fully determine the structure of Compound 4.2 as it was possible to resolve the ligand of

interest from the higher quality diffracting crystals (Figure 4.7).

o =

Figure 4.7. Fobs map for the ligand of interest in the optimised Compound 4.2 structure. Right image is rotated ~90° from
Left. Carbon atoms were easily placed by SHELXL, and it was possible to resolve the structure of the ligand. Hydrogen atoms

have been removed for clarity. Fo map contoured at 1.83 e/A. Key: black=C, white=Rh.
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Table 4.3. Crystallographic and refinement data for Compound 4.2.

Empirical formula Cs7H72BF40P2RhSg
Formula weight 1949.29
Temperature (K) 80

Crystal system monoclinic
Space group P2 /n

a (A) 19.5339(11)
b (A) 19.0160(14)
c(A) 20.3007(9)
B(°) 91.727(5)
Volume (A3%) 7537.4(8)

yA 4

Pealc (8/cm?3) 1.718
Reflections measured 35027
Independent reflections (with | > 2 o(l)) | 8652 (4374)
Resolution (A) 0.95
Completeness (%) 94.0
Restraints/parameters 1476/983
Rint 0.1906

Ry [I>2 o(1)] 0.1640

R: [all data] 0.2369

WR; [all data] 0.3800
GooF 1.672
Residual potential (e/A) 0.845/-0.768

Figure 4.8. 3DED structure of Compound 4.2. Fo map contoured at 1.40 e/A. For clarity, thermal ellipsoids are not shown.

Key: black=C, white (small)=H, blue=B, green=F, pink=P, white (large)=Rh, yellow=S

75



Figure 4.9. 3DED structure of Compound 4.2 with thermal ellipsoids are shown at a probability level of 50%. For clarity,
only the hydrogen atoms involved in bonding to the rhodium are shown. Key: black=C, white (small)=H, blue=B, green=F,

pink=P, white (large)=Rh, yellow=S

Table 4.4. Selected bond distances and angles from the reported X-ray structure of Compound 4.2 and the corresponding
3DED structure obtained in this work.

Cc4

F
s\ . [S-BArF]

%Fc,:}iz .- C c7
p) Rh'_'_ c6
Pl/ C1 \
Cys
. o X-ray
Bond distance (A) Doyle et a2 3DED
Rh—P1 2.184(2) 2.229(7)
Rh—P2 2.195(2) 2.222(7)
Rh—C1 2.408(10) 2.479(19)
Rh—C2 2.416(11) 2.46(2)
c1—C2 1.597(14) 1.74(2)
C4—C5 1.538(15) 1.67(2)
c8—P1 1.840(10) 1.820(16)
c9—P2 1.842(10) 1.807(16)
C8—C9 1.538(13) 1.572(16)
Bond angle (°) X-ray
Doyle et l.?® 3DED
P1—Rh—P2 85.54(9) 86.0(3)
C1—Rh—C2 38.7(3) 41.3(6)
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The bond distances and bond angles of the 3DED structure of Compound 4.2 were compared to those
of the X-ray structure of the same compound from Doyle et al.,?®° see Table 4.4. Significant differences
in the bond distances and bond angles were noted for the o-alkane ligand. These differences could be
as aresult of the different methods of hydrogenation used to prepare the crystals for 3DED and SCXRD.
Alternatively, as previously mentioned, the 3DED structure is an amalgamation of multiple datasets
from multiple crystals. Some crystals may exhibit more disorder or degradation at the o-alkane site,

impacting the overall geometry of the ligand in the combined crystal structure.

4.2.2.3 Space group determination

Reliably determining unit cell parameters is challenging when indexing small wedges of electron
diffraction data. Unlike in X-ray crystallography, where a single diffraction pattern typically contains
information about all three reciprocal lattice dimensions, with a single electron diffraction pattern it
is usually only possible to elucidate two of the three unit cell vectors. This is due to the flatness of the
Ewald sphere resulting due to the short wavelength (0.02508 A at 200 kV) of electrons. Further details
on this are provided in Chapter 3, Section 3.2.2. Determination of unit cell parameters from electron
diffraction data requires the indexing of consecutive frames in a rotation series, typically covering a
15-25° wedge of reciprocal space.® Indexing solutions may be unstable when only small wedges of
reciprocal space are sampled, as was the case for Compound 4.2 where only 20° of data could be

collected before there was a decrease in diffraction quality and resolution.

An additional challenge for indexing Compound 4.2 was that the majority of the compound was
structurally identical to Compound 4.1, with only the ligand changing upon the hydrogenation
reaction. During hydrogenation, the symmetry around the inversion centre changed as the diene was
hydrogenated. As the inversion symmetry breaks upon reaction, the space group should no longer be

C2/c and should instead be P2, /n (Figure 4.10).
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Figure 4.10. Changes to ligand of interest in single-crystal to single-crystal hydrogenation. Only rhodium centre and ligand
shown for clarity. Left: Compound 4.1 (before hydrogenation), Right: Compound 4.2 (after hydrogenation) atoms in the ligand

are no longer symmetry related. Key: black=C, white (small)=H, white (large)=Rh.

Indexing the Compound 4.2 datasets proved somewhat challenging. Firstly, the majority of the
structure was still related by the inversion centre and only the relatively weakly scattering carbon and
hydrogen atoms in the ligand break this. Secondly, only small wedges of reciprocal space could be

sampled. This meant it was possible to index the datasets in both P2;/n and C2/c space groups.

When indexing the data without specifying space group, two indexing solutions were possible. A
triclinic cell with unit cell parameters a = b = 13.5 A, and ¢ = 20.3 A, which could be reindexed to give
a centred monoclinic cell resembling the starting Compound 4.1 complex, and a second triclinic cell
with unit cell parameters a =19 A, b = 19.5 A, and ¢ = 20.3 A, which could be reindexed to a primitive
monoclinic cell (xtal04 and xtal05, Table 4.5). The crystals that indexed to the second triclinic cell when
processed in P1 (xtal04 and xtal05) give a higher percentage indexed spots than the other indexing
solutions. Early attempts at manual processing had also shown it was possible to change the indexing
solution obtained by changing how many images were used in indexing, or by supplying rough unit
cell parameters of the primitive monoclinic cell. By supplying rough unit cell parameters during
indexing (unit_cel1=19.5,19,20.5,90,91.5,90) and specifying the space group (P2) it was possible to
index all crystals with the primitive monoclinic space group. There was a marked improvement in the
percentage of reflections indexed in almost all datasets. With the exception of xtal01, all other
datasets now had over 90% of reflections indexed, and over 95% of reflections were indexed for most
(Table 4.6). Notably, the B angle for xtal05 was now acute, this could be rectified using a simple change

of basis operator command; -h,-k,I. Alternatively, dials.symmetry can be used in conjunction with the
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other datasets and then all datasets can be scaled together and solved with SHELXT!®* to yield a

solution with a P2; /n space group presented in Section 4.2.2.2.

Table 4.5. Initial indexing solutions of Compound 4.2 crystals when processed in P1.

. . . Number of | Number of | Percentage
Dataset | a(A) b(A) | c(A) a(°) B(°) v (°) spots spots of spots

indexed unindexed | indexed (%)
xtalO1 13.65 13.71 | 20.29 | 88.86 | 88.53 | 88.90 153 39 79.7
xtal02 13.65 13.72 | 20.21 | 88.88 | 89.03 | 88.45 351 24 93.6
xtal03 13.42 | 13.65 | 20.32 | 88.60 | 89.13 | 88.05 680 88 88.5
xtal04 19.05 | 19.63 | 20.30 | 91.77 | 90.19 | 89.62 851 22 97.5
xtal05 19.02 19.35 | 20.32 | 91.62 | 90.03 | 89.89 724 27 96.4
xtal06 13.62 13.65 | 20.25 | 88.45 | 88.92 | 88.61 453 37 92.4
xtal07 13.60 13.55 | 20.31 | 88.59 | 88.58 | 88.08 585 52 91.8
xtal08 13.52 13.61 | 20.25 | 88.44 | 89.22 | 87.76 467 69 87.1
xtal09 13.62 13.89 | 20.30 | 88.50 | 88.89 | 88.57 611 96 86.4

Table 4.6. Indexing solutions of Compound 4.2 crystals when processed in P2 with rough unit cell parameter supplied.

Number of | Number of | Percentage
Dataset | a(A) | b(R) | c(A) | a(® | B() | v() spots spots of spots

indexed unindexed | indexed (%)
xtal01 19.53 19.05 | 20.29 90 91.88 90 154 38 80.2
xtal02 19.48 19.07 | 20.20 90 91.10 90 362 13 96.5
xtal03 19.51 19.34 | 20.32 90 91.69 90 744 24 96.9
xtal04 19.49 19.02 | 20.27 90 91.41 90 851 22 97.5
xtal05 19.44 19.02 | 20.31 90 88.35 90 724 27 96.4
xtal06 19.52 19.14 | 20.28 90 91.91 90 473 17 96.5
xtal07 19.50 18.83 | 20.31 90 91.93 90 612 25 96.1
xtal08 19.58 18.99 | 20.27 90 91.78 90 494 42 92.2
xtal09 19.53 19.01 | 20.29 90 91.56 90 664 43 93.9

4.3 Conclusions

3DED has been successfully used to characterise the structure of a challenging to isolate, air-sensitive
o-alkane complex without structural decomposition. The compounds studied here had already been
fully characterised by single-crystal X-ray diffraction, however 3DED provided a complementary

solution. This sets the precedent for the study of other materials generated by single-crystal to single-
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crystal reactions where obtaining an X-ray structure is not possible due to small crystal size and

reduction in diffraction quality on reaction.

Optimisation of sample preparation and microscope transfer allowed the structure of the c-alkane
ligand to be fully resolved. Additionally, direct feedback on beam damage from the data collection
allowed the data collection strategy to be adapted on the fly to ensure the highest quality data was

obtained. This required reducing the angular range at which datasets were collected to 20°.

For Compound 4.1, the 3DED structure and X-ray structure had the same bond distances and bond
angles, with one exception. This showed that the 3DED technique could be used to generate crystal
structures with comparable accuracy in bond distances and bond angles to X-ray structures.
Unfortunately, the 3DED structure of Compound 4.2 showed significant differences in bond geometry
compared to the X-ray structure. Compound 4.2 contained a weakly binding ligand of interest that
was prone to degradation, either as a result of air exposure, beam damage or temperature shock.
Merging multiple datasets from multiple crystals together, in cases where binding is particularly weak

or the sample is prone to degradation, may result in less reliable structure solution.
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5 Characterisation of gold (lll) porphyrin complexes using powder X-ray

diffraction to pre-screen for crystallinity

A requirement for electron diffraction is that the sample must contain suitably thin diffracting
material. The individual crystals should have a thickness no greater than 540 nm, when collecting data
with 200 keV electrons.?** This is to allow the electron beam to pass through the crystal without
prohibitive amounts of inelastic scattering.?%* As such, it is typically not possible to visualise whether
a sample contains suitably sized crystals in advance, via light microscopy. The maximum resolution of
an idealised optical microscope is 200 nm, due to the wavelength of light. It is therefore difficult to
determine whether a sample will contain crystalline material of suitable thickness, without screening
in a TEM. While the process for recording diffraction data on a TEM is fast, once diffracting material
of suitable thickness is found, finding well diffracting, thin crystals can take several hours, particularly
for poor or challenging samples. Frustratingly, despite lengthy TEM screening, sometimes no
diffraction is observed. PXRD experiments may provide an indicator of sample crystallinity prior to
screening and data collection on a TEM. The inclusion of a pre-screening step to test for sample

crystallinity would enable a more efficient use of valuable microscope time and resources.

Previous attempts to solve the structures of a series of gold (lll) porphyrin complexes using single-
crystal X-ray diffraction, had been unsuccessful. This was due to difficulty in obtaining large crystals.
Additionally, any diffraction patterns observed when a home X-ray source was used, contained weak,
smeared reflections, characteristic of a structure in which layer slipping had occurred. Electron
diffraction could provide an alternative means of studying such complexes, when SCXRD does not yield

a structure.

5.1 Methods

5.1.1 Sample Preparation

The porphyrin samples were prepared by Alice Jane McEllin, of Professor Duncan Bruce’s group at the
University of York and received as a dry powder for PXRD and 3DED analysis. The details of the
synthesis are provided in Alice Jane McEllin’s PhD thesis.??®> The structures of the di-substituted zinc
porphyrin (Compound 5.1) and tetra-substituted zinc porphyrin (Compound 5.2) are given in Figure

5.1. The gold (lll) complex units used to substitute the porphyrins utilised n-butoxy-chains (OCsHs).
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Zinc was subsequently removed from the porphyrins to give free base porphyrins (Compound 5.3 and

Compound 5.4) shown in Figure 5.2.

Compound 5.2

Figure 5.1. Structures of the di- and tetra-substituted zinc porphyrin complexes.

Compound 5.4

Figure 5.2. Structures of the di- and tetra-substituted free base porphyrin complexes.

5.1.2 Powder X-ray diffraction screening

The porphyrin samples were finely ground using a mortar and pestle, and a small amount (~1 micro-
spatula tip) of each sample was deposited on a PXRD sample holder. PXRD data were collected at room
temperature using a Panalytical Aeris powder X-ray diffractometer equipped with a 600 W copper

source and a PIXcel1D-Medipix3 detector. The instrument was operated in reflectance mode with the
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sample on a silicon single crystal low background plate. A scan range of 5-45°was used. Figure 5.3

shows an example gold porphyrin sample deposited on the sample holder.

/

Figure 5.3. A PXRD sample holder with an example gold porphyrin sample.

The powder patterns were examined visually for an indication of crystallinity. PXRD provides
information on the crystallinity of the bulk material. If a powder pattern contains numerous, strong,
sharp peaks, this shows the bulk material is crystalline. From this, it may be expected that suitably thin
diffracting crystals are already present in the bulk material, or that they may be formed upon further
sample grinding. Alternatively, if a powder pattern from a sample contains no peaks, this suggests that
no crystalline material is present in the bulk material, and that the sample is amorphous. It is possible
that crystalline material could be present in trace amounts below the detection limit of the
diffractometer. For such samples, finding diffracting material using a TEM is technically possible, if
trace amounts of crystalline diffracting material are indeed present. However, searching for diffracting
material in a sample where the bulk material is amorphous would likely be an arduous and time-
consuming process that would likely not be successful. Instead of inefficiently using valuable
microscope time, efforts could be redirected to optimising sample preparation or recrystallisation of

the sample.

In the middle of these extremes, samples that produce powder patterns with weak, broad, or few
peaks may warrant investigation by 3DED, with the understanding that screening for well diffracting,
single crystals may be difficult or unsuccessful. With weak, broad, or scarce peaks, there is an
indication of some crystallinity in the bulk material but that some form of disorder exists. In such
circumstances, it should be carefully considered whether pursuing 3DED analysis is worthwhile or if

sample optimisation is required
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5.1.3 Single crystal X-ray

By altering the crystallisation conditions,?%

it was possible to obtain needle-like crystals of Compound
5.1, from which X-ray data could be collected. Details of the changes to crystallisation conditions are
provided in Alice Jane McEllin’s PhD thesis.?% However, the quality of the single crystals still proved
to be poor for SCXRD, resulting in weak, streaked reflections. While it was possible to determine the
structure from this data, the SCXRD structure had very large and elongated ADPs for all atoms. A
comparison of the SCXRD and 3DED structures for Compound 5.1 could be made. However, it is
important to note that crystals suitable for each method were formed via different crystallisation
methods, which may result in different crystal packing. It was not possible to obtain SCXRD structures

of any of the other compounds (Compound 5.2 - 5.4), due to difficulty in growing sufficiently large

crystals, even with the alternate crystallisation method.

SCXRD data collection and structure refinement were performed by Theo Tanner as described in Alice
Jane McEllin’s PhD thesis.?®> Data were collected at 110 K using an Oxford Diffraction SuperNova dual-
source X-ray diffractometer with Cu Ka radiation (A=1.54184 A). An EOS CCD camera was used. Crystal
cooling was achieved using an Oxford Instruments CryoJet. CrysAlisPro?°® was used for diffractometer
control, data collection and initial unit cell determination, frame integration and unit-cell refinement.
OLEX22%7 was used for overall structure solution and refinement. Within OLEX2, structure solution was

achieved using SHELXS® and refinement was performed using SHELXL®.

The crystal diffracted poorly with streaked reflections. This led to very poor, elongated ADPs of all
atoms. The ADPs for all atoms were restrained to be approximately isotropic with particularly hard
restraints for 2 carbon atoms which were bonded to the gold. These carbon atoms are highlighted in
Figure 5.4. The two phenyl rings bonding to the gold were constrained to be regular hexagons with C-
Cbond lengths of 1.39 angstroms. The two gold-carbon bond lengths were restrained to be equal. The
bridging CeHs unit was disordered and modelled in two positions with refined occupancies of

0.56:0.44(2).
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Figure 5.4. SCXRD structure of Compound 5.1 showing the carbon atoms to which hard restraints have been applied. For
clarity, the thermal ellipsoids are not shown. The bridging CsH4 unit was disordered and modelled in two positions with refined
occupancies of 0.56:0.44(2). Symmetry equivalent atoms have been removed for clarity. Atom Key: black=C, white=H,

yellow=Au, blue=N, red=0, green=Zn

5.1.4 Electron diffraction data acquisition

The gold porphyrin samples were ground to a fine powder between two microscope slides and
deposited onto pre-clipped Quantifoil Cu R1/4 grids. The grids were cooled to liquid nitrogen
temperature, transferred to the cassette, and loaded into the TEM. See Chapter 9, Section 9.1 for
further details on grid preparation. The individual grids were screened for diffracting material using a
Thermo Fisher Glacios microscope operating at a voltage of 200 kV and temperature of 80 K, as
described in Chapter 9, Section 9.2. Data were collected using nanobeam electron diffraction with the
following illumination conditions: gun lens 8, spot size 11, 30 um C2 aperture. These illumination
conditions resulted in a parallel beam with a diameter of 1.05 pm. This resulted in a flux of ~0.07 e” A"
251, Further details of the nanobeam electron diffraction set up are provided in Chapter 2, Section
2.2.3. An example crystal from Compound 5.1 and corresponding diffraction pattern are shown in
Figure 5.5. The detector used for both screening and data collection was a Ceta-D. Data were collected
while the stage was rotating continuously. EPU-D was used to collect data in a semi-automated fashion
with the following settings: 2x binning, a rotation speed of 1.333°/s and an exposure time of 0.75 s.

This resulted in a A of 1°/frame.
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Figure 5.5. Example Compound 5.1 crystal and diffraction pattern. Left: TEM brightfield image of Compound 5.1 crystal, red
circle represents the beam diameter (1.05 um). Right: Representative electron diffraction pattern, with resolution rings. Outer

resolution ring is 0.83 A.

Typically, each sample was allocated 1 hour of screening time. During this time, if no data are
collected, ~40-50 targets can be screened by taking single test diffraction images of each target. If no,

or only poor, diffraction was observed during this period, the next sample was loaded.

5.1.5 Electron diffraction data processing and structure determination

Datasets were processed using DIALS software.?! To enable data processing, several parameters
needed to be defined. A pedestal value of 64 ADU was added to each individual pixel value. The
detector distance, calibrated from aluminium powder, was set to 958.5 mm. The correct goniometer
rotation axis was also specified, 1,0,0 for rotation about the horizontal axis in a positive direction. This

is further detailed in Chapter 9, Section 9.3.1.

A script was used to run through a series of DIALS commands to process the individual datasets.?%

This improved the speed and reproducibility of data processing. The script had no intelligence or
decision making capabilities and required manual data input and examination of the output by
researchers. Integrated datasets with the same space group and unit cell parameters were then scaled
together. This was a manual process where the results of scaling were carefully analysed and full

datasets, or frames from datasets, were removed to achieve the best solution. The selection process
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for scaling multiple datasets is described in Chapter 9, Section 9.3.6. Datasets selection was based on

improvements in the overall completeness of the data without compromising CCY% or Rmerge.

For Compound 5.1, 6 datasets from 6 crystals were combined to give 94.8% complete data to 0.83 A
resolution. For Compound 5.3, 5 datasets from 5 crystals could be combined resulting in 91.7%
complete data to 0.83 A resolution. The strong reflections from the combined datasets were then
filtered for joint refinement of the detector distance and unit cell parameters from each dataset. The
unit cell parameters for each of the combined datasets were then refined by fitting calculated to
observed 20 values. This allowed estimation of the estimated standard deviations on the ‘best’ cell

parameters for the combined datasets, see Chapter 9, Section 9.3.7.

The structures were then determined ab initio using SHELXT.'®* Further details on structure
determination are given in Chapter 3, Section 3.3.4 and Chapter 9, Section 9.4. Structure refinement

L!> using electron scattering factors from Peng.?*® General information on

was performed with SHELX
structure refinement is provided in Chapter 3, Section 3.4, and information on how the structures
within this thesis were refined is given in Chapter 9, Section 9.5. Anisotropic ADPs were refined for all
non-hydrogen atoms and all hydrogen atoms were geometrically placed using the idealised
internuclear X-H distances used in refinement of structures against neutron diffraction data with

SHELXL.2% A riding model was used for hydrogen atom placement. The recommended SHELXL

weighting schemes were used in refinement.

ADP restraints were applied in refinement, which, together with refinement of the extinction
parameter (EXTI), enabled anisotropic refinement of all non-hydrogen atoms without using XNPD
instructions to prevent ADPs of some atoms becoming non-positive definite. For refinement of both
Compound 5.1 and Compound 5.3, RIGU restraints were applied to all non-hydrogen atoms. For both
compounds, ISOR restraints were applied to particular atoms to prevent them having unacceptably
anisotropic ADPs. The atoms which have had the ISOR restraint (ISOR ©.005 ©.01) applied are shown
in Figure 5.6. The use of geometric restraints was not required for either structure and the bridging
CsH4 unit was not disordered. Further information and explanation of the ADP restraints used are given

in Chapter 3, Section 3.4.
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Compound 5.1 »

Compound 5.3

Figure 5.6. 3DED structure of Compound 5.1 and 5.3 showing which atoms have ISOR restraints applied during refinement.
Left: Compound 5.1. Right: Compound 5.3. For clarity, thermal ellipsoids are not shown. The blue boxes around the carbon
atoms represent atoms to which the ISOR restraint (ISOR ©.005 0.01) has been applied. Symmetry equivalent atoms have

been removed for clarity. Atom Key: black=C, white=H, yellow=Au, blue=N, red=0, green=Zn

5.2 Results and Discussion

5.2.1 Powder X-ray diffraction

The PXRD patterns for each of the gold porphyrin complexes are shown in Figure 5.7. Notably, the
presence, or absence, of zinc did not appear to have an impact on crystallinity. Conversely, the level
of substitution appeared to have a marked effect. The powder patterns for the di-substituted species
(Compound 5.1 and Compound 5.3) both showed numerous clear, sharp diffraction peaks, a strong
indicator of crystallinity, while the tetra-substituted species (Compound 5.2 and Compound 5.4) only
showed a few weak, broad peaks at low scattering angles. This suggests that the bulk material of

Compound 5.2 and Compound 5.4 was largely amorphous.

Assuming the hypothesis from Section 5.1.2 holds true, Compound 5.1 and Compound 5.3 are
promising targets for analysis via electron diffraction, while Compound 5.2 and Compound 5.4 will

likely not be suitable candidates for 3DED and will require further optimisation of crystallisation.
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(di, +Zn)
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(tetra, +Zn)
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Figure 5.7. PXRD patterns of the gold porphyrin complexes. Where (a) is the powder pattern of Compound 5.1, (b) of
Compound 5.2, (c) of Compound 5.3 and (d) of Compound 5.4.

5.2.2 Single crystal X-ray diffraction

The structure of Compound 5.1 was determined using SCXRD. Data were collected from a single crystal
resulting in data completeness of 99.9%. Only a 0.95 A resolution was attained. Refinement resulted
in a poor structural solution for X-ray diffraction data (R1=12.3%, P2, /c space group). The structure
model with thermal ellipsoids at 50% probability is given in Figure 5.8. The crystallographic and

refinement data are provided in Table 5.1.

The quality of the single crystals of Compound 5.1 proved to be poor for SCXRD. The diffraction
observed was weak and smeared, characteristic of a structure in which layer slipping has occurred.
The ADPs were particularly large and elongated, as can be seen in Figure 5.8. The phenyl groups (C¢H4
linkers) were disordered and were modelled across two positions. The alkyne groups appear to be
distorted from linearity (C-C-Au and C-C-C bond angles were 174° and 163°/166° respectively (see
Table 5.4), accounting for the two potential carbon positions in the phenyl group). However, it is
believed that this is an artefact of the poor data quality. The zinc porphyrin core was planar, with the

gold complexes being almost coplanar to the porphyrin core (~5 -7°).
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Figure 5.8. SCXRD structure of Compound 5.1. Thermal ellipsoids are shown at a probability level of 50%. For clarity, hydrogen
atoms are not displayed. The bridging CeH4 unit was disordered and modelled in two positions with refined occupancies of

0.56:0.44(2). Atom Key: black=C, yellow=Au, blue=N, red=0, green=Zn

Table 5.1. SCXRD crystallographic and refinement data for Compound 5.1.

Empirical formula C102H104AU2N6O0sZn
Formula weight 2001.21
Temperature (K) 110

Crystal system monoclinic
Space group P2,/c

a(A) 11.6257(13)
b (A) 27.837(8)
c(A) 13.3257(10)
B(°) 99.291(10)
Volume (A3) 4255.9(14)
YA 2

Pealc (8/cm?) 1.562
Reflections measured 12339
Independent reflections (with | > 2 o(l)) | 5182 (2182)
Resolution (A) 0.95
Completeness (%) 99.9
Restraints/parameters 402/528

Rint 0.0839

Ry [I>2 o(1)] 0.1228

R: [all data] 0.2173

WR; [all data] 0.4004
GooF 1.088
Residual potential(e/A) 1.747/-1.422
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5.2.3 Electron diffraction sample screening

During sample screening, it was found that the di-substituted complexes (Compound 5.1 and
Compound 5.3) contained numerous well diffracting crystals that were easy to find and abundant on
the grid (Figure 5.9 (a) and (c)). It was possible to collect electron diffraction data from these species
and determine their structures. Conversely, sample screening for Compound 5.2 and Compound 5.4,
the tetra-substituted species, proved less successful. Although a few targets of these samples did
produce diffraction patterns, finding diffracting material was challenging and time consuming as most

of the targets were amorphous, i.e., they did not produce diffraction patterns.

When diffraction patterns were observed from Compound 5.2 and Compound 5.4, the resolution was
substantially lower than for the di-substituted complexes (~2.49 A compared to ~0.8 A). The
reflections observed for the tetra-substituted complexes was streaked (Figure 5.9 (b) and (d)). This is
consistent with a planar structure in which layer slipping has occurred. This may be as a result of the
high degree of planarity of the tetra-substituted complexes. Some disorder may be introduced due to
dislocations or slipping of the stacked, large planar molecules. Stacked, planar molecules may be prone
to shear. Grinding the samples between two microscope slides to generate suitably thin material may
have exacerbated this, introducing more disorder. However, it was not possible to grow crystals of
Compound 5.2 and Compound 5.4 that were large enough and of sufficient quality for structure
determination via SCXRD suggesting this disorder was intrinsic to the complexes and not as a result of
sample grinding. The tetra-substituted complexes are large, planar molecules with a high number of

n-butoxy-chains in the gold complexes, that likely impede crystal packing.
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(tetra, +2Zn)

Compound 5.4
(tetra, -Zn)

Figure 5.9. Representative crystals and diffraction test images from each of the gold porphyrin samples. Left: TEM
brightfield image of a crystal, red circle represents the beam diameter (1.05 um). Right: Representative diffraction test image,
outer resolution ring is 0.83 A. Where (a) is a crystal and test image from Compound 5.1, (b) from Compound 5.2, (c) from

Compound 5.3 and (d) from Compound 5.4.
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5.2.4 Electron diffraction structures of di-substituted gold porphyrin complexes

For Compound 5.1, 6 datasets from 6 crystals were combined to give 94.8% complete data to 0.83 A
resolution. Crystallographic and refinement data for Compound 5.1 are presented in Table 5.2.
Refinement resulted in a good structural solution (R1=17.6%, P1 space group), the structure model is
shown in Figure 5.10. The structure model of the ASU with the electrostatic potential map is presented
in Figure 5.11. The zinc porphyrin core was planar, and the gold complexes were almost coplanar with
the porphyrin core (2.41°). Distortion of the alkyne group from linearity was observed about the triple
bond. With C-C-Au and C-C-C bond angles measuring 176.9° and 176.2° respectively. This was however
consistent with the linker starting material, suggesting there was little change in linker structure on
binding to the porphyrin.?®® A table of selected bond distances and bond angles for the 3DED structure

of Compound 5.1 is presented in Table 5.4.

Table 5.2. Electron diffraction crystallographic and refinement data for Compound 5.1.

Empirical formula Ci02H104AU;N60sZn
Formula weight 2001.21
Temperature (K) 80

Crystal system Triclinic
Space group P1

a(A) 10.3836(12)
b (A) 14.4055(8)
c(A) 16.6489(9)
a(®) 114.396(4)
B(°) 90.968(7)

v (%) 110.053(6)
Volume (A3) 2093.6(3)

VA 1

Pealc (g/cm?3) 1.587
Reflections measured 34782

Independent reflections (with | > 2 o(l))

8025 (6411)

Resolution (A)

0.83

Completeness (%) 94.8
Restraints/parameters 508/543

Rint 0.1419

R: [1>2 o(l)] 0.1763

R: [all data] 0.1996

WwR; [all data] 0.4078

GooF 1.239
Residual potential (e/A) 1.220/-0.884
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Figure 5.10. 3DED structure of Compound 5.1. Thermal ellipsoids are shown at a probability level of 50%. For clarity, hydrogen

atoms are not displayed. Atom Key: black=C, yellow=Au, blue=N, red=0, green=2n.
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Figure 5.11. 3DED structure of Compound 5.1. Fo map contoured at 1.20 e/A. Thermal ellipsoids are shown at a probability

level of 50%. Atom Key: black=C, yellow=Au, blue=N, red=0, green=Zn, white=H. For clarity, only the ASU is shown.
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For Compound 5.3, 5 datasets from 5 crystals could be combined resulting in 91.7% complete data to
0.83 A resolution. Crystallographic and refinement data for this Compound 5.3 are presented in Table
5.3. Refinement resulted in a good structural solution (R1=17.2%, P1 space group), the structure
model is shown in Figure 5.12. The structure model of the ASU with the electrostatic potential map is
presented in Figure 5.13. The zinc porphyrin core was slightly distorted from planarity by a singular
pyrrole. The gold complexes were almost coplanar with the porphyrin core (9.87°). Distortion of the
alkyne group from linearity was observed about the triple bond. With C-C-Au and C-C-C bond angles
measuring 167.2° and 175.6° respectively. This was a strong distortion from linearity. A table of
selected bond distances and bond angles for the 3DED structure of Compound 5.3 is presented in

Table 5.4.

Table 5.3. Crystallographic and refinement data for Compound 5.3.

Empirical formula C102H106AU2N60s
Formula weight 1937.86
Temperature (K) 80

Crystal system Triclinic
Space group P1

a (A) 12.1045(6)
b (A) 14.7327(17)
c(A) 15.1904(11)
a(®) 115.601(6)
B(°) 93.921(6)

v (%) 113.621(6)
Volume (A3) 2140.5(3)

VA 1

Pealc (8/cm?) 1.503
Reflections measured 26561

Independent reflections (with | > 2 o(l))

7196 (5631)

Resolution (A)

0.83

Completeness (%) 91.7
Restraints/parameters 475/537
Rint 0.1237
Ri[lI>20o(l)] 0.1722

R: [all data] 0.1971

WR; [all data] 0.4169

GooF 1.026
Residual potential (e/A) 1.277/-0.791
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Figure 5.12. 3DED structure of Compound 5.3. Thermal ellipsoids are shown at a probability level of 50%. For clarity, hydrogen
atoms are not displayed. Atom Key: black=C, yellow=Au, blue=N, red=0.
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Figure 5.13. 3DED structure of Compound 5.3. Fo map contoured at 1.13 e/A. Thermal ellipsoids are shown at a probability

level of 50%. Atom Key: black=C, yellow=Au, blue=N, red=0 white=H. For clarity, only the ASU is shown.
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Table 5.4. Selected bond distances and angles from the X-ray and 3DED structures of Compound 5.1 and the 3DED

structure of Compound 5.3.

OC4Hg
OC,4Hs

OC,4Hg
OC,Hg
Compound 5.1 Compound 5.3
. 2 Compound 5.1 Compound 5.1 Compound 5.3
Bond distance (A) ’;(-ray gDED gDED
Zn—N1 2.06(3) 2.085(9) —
Zn—N2 2.03(3) 2.052(9) —
N1—C4 1.31(4) 1.385(14) 1.379(12)
C4—C5 1.32(4) 1.392(13) 1.370(13)
C5—C6 1.51(5) 1.412(13) 1.401(14)
C6—N2 1.30(4) 1.381(14) 1.360(14)
N2—C9 1.46(4) 1.376(12) 1.377(14)
Cc9—C10 1.28(4) 1.433(14) 1.385(14)
C10—cC1 1.33(5) 1.421(13) 1.441(13)
C10—C11* 1;1‘53 1.491(12) 1.494(14)
C14—C17* 1:22&3 1.421(13) 1.421(15)
C17—C18 1.21(4) 1.240(13) 1.259(15)
C18—Au 1.98(3) 1.953(9) 1.936(11)
Au—N3 2.04(2) 1.997(8) 2.009(9)
Au—C19 1.951(15) 2.033(11) 2.021(10)
Au—C35 1.910(14) 2.055(10) 2.061(11)
Bond angle (°) Compound 5.1 Compound 5.1 Compound 5.3
X-ray 3DED 3DED
88.7(12 88.6(4
N1-=zn—N2 91.3E12§ 91.4:43 -
C14—C17—C18* 163(4) 176.2(13) 175.6(13)
166(5)
C17—C18—Au 174(4) 176.9(10) 167.2(10)

*Two conformations are modelled in the X-ray structure due to disorder of the phenyl group linkers, as such two

numbers are reported for the X-ray bond distances and angles.
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5.2.5 Comparison of X-ray and electron diffraction experiments

5.2.5.1 Compound 5.1

In the SCXRD studies, a single crystal of Compound 5.1 gave a structure with a monoclinic unit cell in
a P2,/c space group, with unit cell parameters: a=11.6257 A, b=27.837 A, ¢=13.3257 A, a=90°,
B=99.291°, y=90°. However, the quality of the crystal proved to be poor. The diffraction from the
crystal was weak and smeared, yielding a structure with very large and elongated ADPs. By

comparison, the structure obtained from 3DED was of higher quality and had smaller ADPs.

In the 3DED studies, a total of 14 datasets were collected from 14 crystals of Compound 5.1. The final
structure resulted from the combination of 6 of these datasets to give a triclinic unit cell in a P1 space
group. The unit cell parameters of this structure were: a=10.3836 A, b=14.4055 A, c=16.6489 A,
a=114.396°, B=90.968°, y=110.053°. Of the 14 datasets collected, 11 indexed to give this solution. It
was not possible to reindex these datasets to obtain a solution with P2 symmetry. This suggests that
the crystals studied in SCXRD experiments and electron diffraction experiments had different crystal
packing. This is not entirely surprising as the crystals were formed via different crystallisation methods.
The crystals suitable for SCXRD were grown via slow diffusion, whereas the microcrystals suitable for
electron diffraction were formed much more rapidly. While the packing of these structures is similar,
the slow diffusion crystallisation method may have allowed the molecules to pack more efficiently,
however as the crystals grew larger, disorder was introduced due to the planarity and size of the

molecules, reducing the diffraction quality.

The remaining 3 datasets collected by electron diffraction could be indexed to give a solution that
appeared to be similar to the SCXRD structure. The dataindexed in a P2 space group with approximate
unit cell parameters: a=11.7 A, b=28.2, c=13.4 A, a=90°, B=99°, y=90°. Unfortunately, like the crystal
from the SCXRD experiment, the diffraction from these crystals was poor and characterised by low
resolution, smeared reflections. Due to the poor quality, low resolution, and low completeness of the
data, structure determination from these datasets was not possible. This does however suggest that

multiple crystal forms were present in the sample.
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Powder patterns were simulated for the SCXRD and 3DED structures of Compound 5.1. These
simulated patterns were then compared with the actual PXRD data from the sample of the material
later used in 3DED studies. The simulated and actual PXRD patterns for Compound 5.1 are shown in
Figure 5.14. It should be noted that data were collected at different temperatures for each of the
diffraction methods. PXRD data were recorded at room temperature, 3DED data at 80 K, and SCXRD
data at 110 K. Another point of consideration is that the peak positions for the simulated 3DED powder
pattern may be affected by inaccuracies in the calibration of the detector distance. Detector distance
and unit cell parameters are intrinsically linked. The simulated peak positions for 3DED data result
from the best estimate of the average unit cell parameters from multiple crystals. As such, the unit

cell parameters may not be a reflection of a single crystal.

The simulated powder patterns for SCXRD and 3DED data appear to be similar. Each having three
peaks of similar intensity and distribution in the 5.92° — 7.7° 20 region. In the PXRD powder pattern,
there are only 2 peaks present in this region, however peak broadening is observed. While the peak
maxima (6.29° and 7.49°) and peak intensities more closely match the peak maxima of the SCXRD data
(6.34° and 7.42°) than the 3DED data (5.92° and 7.06°), the broadness of the peaks does encompass
the 20 region in which the 3DED peaks lie. The remainder of the peaks are of lower intensity. However,
in the PXRD pattern, peaks are present in the region of 25.5° to 26.5° and 27.3° and 28.2° that appear
to correspond, albeit at a slight offset with peaks in the 3DED pattern at 26.04° and 27.8°. These peaks

are not present in the simulated SCXRD pattern.

The PXRD pre-screening of Compound 5.1 confirmed that the sample contained crystalline material.
While peak broadening made it difficult to directly compare and match the simulated and actual peak
positions in the powder patterns, a visual comparison indicates that the P2;/c crystal form
determined by SCXRD is likely the bulk component in the sample. Additionally, it appears that the
P1 crystal form determined by 3DED may also be present and detectable in the bulk material by PXRD.
In 3DED experiments, the best diffracting crystals found were those with a P1 space group. 11 of the
14 datasets collected indexed to give this crystal form. An additional 3 crystals were found that
indexed to give a solution with similar parameters as the structure determined by SCXRD. Despite
being a bulk component in the material as identified by PXRD, the P2,/c crystal form was less

prevalent on the scale of 3DED data collection.
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5.2.5.2 Compound 5.3
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A powder pattern was simulated from the 3DED structure of Compound 5.3. This simulated pattern
was then compared with the actual PXRD pattern of the bulk sample of Compound 5.3. The simulated

and actual diffraction patterns are presented in Figure 5.15.

The PXRD experiment performed on Compound 5.3 indicated that the sample contained crystalline
material. This was confirmed during the 3DED studies. A total of 6 datasets were collected from 6
different crystals present on the grid. All datasets indexed to give the same solution. 5 of the 6 datasets

were merged to give the final solution in a P1 space group.

The simulated and actual powder patterns do show similarities. The peak positions of the largest peaks
(6.74° and 8.14°) in the 3DED pattern are similar to those in the PXRD patten (6.84° and 7.99°). The
broadness of the peaks in the PXRD pattern may have led to the intermediate peaks (7.18° and 7.56°)
being obscured by the baseline. Additionally, there are similarities in the peaks located in the region
of 11.3° and 13.0° in both patterns, as well as peaks in the 24.0° to 25.5° areas. Conversely, there are
peaks present in the PXRD patterns that are absent from the simulated pattern. Notably the peaks
with maxima at 26 angles of 14.27°, 15.60°, 15.96°, and 22.88°. This may suggest that an alternate
crystal form or impurity is present in the bulk material. No alternate crystal forms were observed
during electron diffraction data collection, however only a small number of datasets (6) were collected

from this sample, so alternate crystal forms or impurities may have been missed.

This raises an interesting discussion point. When screening samples, researchers aim to target crystals
that produce high quality diffraction patterns. Once well diffracting crystals have been found,
researchers then search for targets with similar attributes, such as size, thickness, morphology, and
edge sharpness, in the hopes of collecting further data. In the case of Compound 5.1, needle-like
crystals were found to produce the best quality diffraction patterns, as such needle-like crystals were
subsequently targeted in preference to other morphologies from which no or poor diffraction patterns
were previously observed. This may introduce a selection bias, and other diffracting crystal forms may
be missed, as such the data collected in 3DED experiments may not be representative of the bulk

material.
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5.3 Conclusions

Structure determination of two di-substituted gold porphyrin complexes (Compound 5.1 and
Compound 5.3) using electron diffraction was successful. It was possible to grow crystals of
Compound 5.1 of sufficient size for characterisation via SCXRD, however the quality of the crystals
proved to be poor, resulting in a poor SCXRD structure with particularly elongated ADPs. It was not
possible to grow crystals of Compound 5.3 suitable for SCXRD. It was not possible to determine the
structures of the tetra-substituted gold porphyrin complexes (Compound 5.2 and Compound 5.4) via
SCXRD or 3DED. This is likely due to the nature of the complexes. The tetra-substituted gold porphyrin
complexes are large planar complexes with a high number of n-butoxy-chains, that likely impede
crystal packing. Using 3DED, it was possible to determine the structure of Compound 5.1 to a higher
quality than that which could be achieved using SCXRD. Additionally, it was possible to determine the
structure of Compound 5.3 using 3DED when the quality and size of the crystals proved insufficient

for SCXRD.

PXRD provided a valuable insight into the crystallinity of the samples prior to screening and data
collection on a TEM. The PXRD studies showed that samples of the di-substituted complexes
(Compound 5.1 and Compound 5.3) were crystalline, this was confirmed when well diffracting crystals
were found in 3DED experiments, and the structures of Compound 5.1 and Compound 5.3 could be
determined via electron diffraction studies. Conversely, the PXRD patterns showed that samples of
the tetra-substituted complexes (Compound 5.2 and Compound 5.4) were not crystalline. During
3DED experiments, only poorly diffracting material was observed, and it was not possible to solve
these structures. These results suggest that PXRD can be used as a valuable pre-screening tool for
electron diffraction to indicate crystallinity before microscope screening. This enables a more efficient
and effective use of valuable microscope time and researcher resources. PXRD is a fast and effective

test for crystallinity when sufficient quantity of sample is available.

In some cases, it may be possible to find trace amounts of well diffracting material via electron
diffraction even if PXRD studies indicate the bulk sample crystallinity is poor. Unfortunately, finding
diffracting material in a sample that is largely comprised of amorphous material will likely be a difficult

and time consuming process that may not result in success.
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PXRD is the study of bulk material, whereas electron diffraction utilises individual, tiny crystals. As
such, the crystals studied in 3DED experiments may not be representative of the bulk material. This
may be further exacerbated by human bias introduced during target selection. If particular
morphologies are favoured when selecting crystals, other crystal forms may be missed. However,
selecting targets with similar attributes to well diffracting crystals that have been previously found,
may be the most efficient way to collect data and achieve structures with high completeness. It is
important to note, that in this study, the samples provided for 3DED experiments had gone through
an attempted recrystallisation step, rather than being freshly synthesised. The aim of the experiment
was to determine whether structural determination could be performed on these materials using
3DED. As such, an extensive search for alternate crystal forms or impurities was not performed once
structures had been determined. As such, it would not be a valuable use of researcher time to continue
to screen targets with unfavourable morphologies similar to those which had not produced diffraction

patterns during the sample screening.

This could be a case of interest for future automation, in instances where the sample contains multiple
species or crystal forms that need to be identified, for instance, in an as synthesised sample where
further purification and crystallisation have not been performed. Chapter 7 provides an example of
such a case. Target selection could be performed in an automated fashion, and data would be
collected from all targets, in an attempt to identify as many crystal forms as possible. This would,
however, likely lead to many poor quality, unusable datasets being collected. This automated
approach could be performed by collecting a single diffraction image from each crystal in a method
known as serial electron diffraction (SerialED) as developed by Stephan Smeets et al.?°?% The
downside of the SerialED approach is that indexing individual electron diffraction patterns can be
particularly difficult as all three unit cell dimensions cannot usually be determined from a single
diffraction image due to the flatness of the Ewald sphere, see Chapter 3, Section 3.2.2 for further
details. This difficulty would be exacerbated if multiple crystal forms or impurities were present.
Alternatively, data could be collected via a serial rotation electron diffraction (SerialRED) as developed
by Wang et al.2¥ SerialRED has been successfully used to identify multiple phases of a polycrystalline
material.?!! This is a high throughput method and confers an advantage over the SerialED approach as

indexing rotation electron diffraction data is easier than indexing single diffraction images.
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6 Characterisation of a series of manganese complexes of relevance to

catalysis

A series of manganese complexes and their precursor ligand were studied by electron diffraction. Only
a scarce quantity of each sample was available for 3DED analysis (<1 mg). Due to the minimal
guantities, no PXRD pre-screening, or sample grinding were performed prior to TEM screening and
data collection. Additionally, the small size of the crystals precluded their characterisation by in-house,
SCXRD, as such, analysis by 3DED was the only way to provide structural information. The six
previously uncharacterised samples provided a valuable test set, allowing the throughput and
efficiency of our electron diffraction workflow (See Chapter 9) on the York Glacios to be examined.
The samples were allocated two days of microscope time, all data were collected over the course of
two 12-hour sessions. Preliminary data processing and structure solution were performed
concurrently to data collection. This ensured whether structure determination was possible for each
sample and verified whether the sample was the expected complex. On the fly data processing also
gave an indication of when sufficient data had been collected from an individual sample to achieve a
high completeness merged dataset for each structure. The target completeness for combined datasets
from each individual compound was ~90-95%. Once this was achieved, the next compound could be
loaded, enabling efficient use of microscope time by avoiding collection of tens of unnecessary

datasets.

6.1 Methods

6.1.1 Sample Preparation

The manganese complexes, and precursor ligand shown in Figure 6.1 were prepared by Thomas
Burden, of Professor lan Fairlamb’s group at the University of York. While the synthesis of these
complexes is beyond the scope of this thesis, as the primary focus is their characterisation by electron

diffraction, details can be found in Thomas Burden’s Thesis.?*?

Pre-clipped Quantifoil Cu R2/4 grids were placed directly in individual vials containing samples of
Compounds 6.1 — 6.6. The vials were gently shaken to allow sample transfer. The grids were cooled
to liquid nitrogen temperature, transferred to the cassette, and loaded into the TEM. See Chapter 9,
Section 9.1 for further details on grid preparation. For Compound 6.4, initial screening indicated that

there had been insufficient transfer of sample to the grid, as the grid was sparsely populated with
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sample. However, diffraction from the few targets that were present and of suitable thickness
indicated that the sample was crystalline. On visual inspection of this sample in the vial, it appeared
to have formed larger aggregates (<1mm in diameter), whereas the other samples were fine powders.
The size and thickness of the aggregates were prohibitively large for study by electron diffraction.
Additionally, the large size of the aggregates likely inhibited sample transfer. To remedy this, the
sample was gently crushed in the vial using a micro-spatula. Once crushed, a second grid with this
sample was prepared as described above. This improved the transfer of sample to grid, as such more
targets of suitable thickness were present on the grid. Brightfield, low magnification images of the first
and second grids prepared of Compound 6.4 are shown in Figure 6.2, highlighting the improved
sample transfer. This simple optimisation would have been impossible without feedback from

preliminary screening using the TEM to observe the extent of sample transfer.

NF
\ \
(o] o] MeO
Compound 6.1 Compound 6.2

Compound 6.3 Compound 6.4
[ B
7\ 7\
Mn(CO), Mn(CO),
\ \
HO o] o) MeO 0 o)
Compound 6.5 Compound 6.6

Figure 6.1. Structures of the ligand and manganese complexes (Compounds 6.1 — 6.6).
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Figure 6.2. TEM brightfield low magnification images of grids containing Compound 6.4. Left: first grid prepared from
unground sample, the grid is sparsely populated, with a few large materials that are too thick to study by electron diffraction.
Right: second grid prepared after sample grinding, the grid is better populated and contains numerous targets of suitable size

for electron diffraction.

6.1.2 Data acquisition

Electron diffraction data were acquired using a Thermo Fisher Glacios microscope operating at a
voltage of 200 kV using a Ceta-D camera, as described in Chapter 9, Section 9.2. Data were collected
at 80 K. Nanobeam electron diffraction with the following illumination conditions was used to achieve
a low flux of ~0.07 e* A2 s gun lens 8, spot size 11, 30 um C2 aperture. The illumination conditions
resulted in parallel beam with a diameter of 1.05 um. Please see Chapter 2, Section 2.2.3 for further
details. EPU-D was used to collect data in a semi-automated fashion with the following settings: 2x
binning, a rotation speed of 1.333°/s and an exposure time of 0.75 s, resulting in a A@ of 1°/frame. A
representation of the beam diameter on the sample and an example electron diffraction pattern from

Compound 6.1 are shown in Figure 6.3.

Notably, in the top right-hand corner of brightfield image in Figure 6.3, the edge of a curled piece of
carbon film is visible. This is more clearly shown in a lower magnification brightfield image of the same
area (Figure 6.4). Collecting datasets from crystals on film that has been damaged and as a result, has
curled, or from crystals which overhang broken film, can significantly increase the overall data
completeness.?'? This is especially important when crystals lie on the grid in a preferred orientation
and therefore data completeness is not improved by collecting data from additional crystals on
unbroken film. Crystals on damaged film are often in completely different orientations to those on

flat, unbroken film. Despite this being excellent for collecting data from different wedges of reciprocal
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space, it can be particularly challenging to centre such crystals at eucentric height, as such it may only

be possible to collect small wedges of data from them.

a8

Figure 6.3. Example Compound 6.1 crystal and diffraction pattern. Left: TEM brightfield image of Compound 6.1 crystal, red

circle represents the beam diameter (1.05 um). Right: Representative electron diffraction pattern, with resolution rings. Outer

resolution ring is 0.83 A.

Figure 6.4. Low magnification brightfield image of a grid square with curled film. On the curled film there are crystals of
Compound 6.1. The red cross is centred on the same crystal as seen above in Figure 6.3. Note, the image is flipped compared

to Figure 6.3, this is as a result of changes to the projector lens system when changing magnification from SA mode to low

mag mode. Details of the projector lens system are given in Chapter 2, Section 2.1.2.
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6.1.3 Data processing and structure determination

Data processing was performed using DIALS software.?°! Full details of the data processing workflow
are presented in Chapter 9, Section 9.3. For each of the datasets, a pedestal of 64 ADU was added to
each pixel value. The detector distance of 958.5 mm, as calibrated by aluminium powder was
specified, as was the goniometer rotation axis of 1,0,0, for rotation of the goniometer in a positive
direction around the horizontal axis. Explanation of these terms and why they needed to be specified

is given in Chapter 9, Section 9.3.1.

The semi-automatic processing script?®? processed each dataset individually up to the integration
stage by running through a standard series of DIALS commands. This required input datasets to be
manually added. Once all datasets for a compound had been integrated, the results were manually
inspected and datasets with the same space group and unit cell parameters could be scaled together.
To achieve the best solution, the results of scaling were carefully analysed and entire datasets, or
frames from a dataset could be removed. Dataset selection was based on maximising completeness,
while negating a detrimental impact on CC% or Rmerge. The selection process and terms ACCY and Rmerge

are described in Chapter 9, Section 9.3.6.

For Compound 6.1, 5 datasets from 5 crystals were combined to give a completeness of 92.5% to 0.83
A resolution. For Compound 6.2, a single dataset from 1 crystal gave a completeness of 93.1% to 0.83
A resolution. For Compound 6.3, 3 datasets from 3 crystals were combined to give a completeness of
86.6% to 0.83 A resolution. For Compound 6.4, 5 datasets from 5 crystals were combined to give a
completeness of 99.9% to 0.83 A resolution. For Compound 6.6, 5 datasets from 5 crystals were
merged together to give a completeness of 91.7% to 0.83 A resolution. Unfortunately, for Compound
6.5, no diffracting material was observed during sample screening and as such no datasets could be

collected from this material.

The strong reflections from the combined datasets were then filtered for joint refinement of detector
distance and unit cell parameters for each dataset. The unit cell parameters for each of the combined
datasets were then refined by fitting calculated to observed 26 values. This allows estimation of the
estimated standard deviations (ESDs) on the ‘best’ cell parameters for the combined datasets, see

Chapter 9, Section 9.3.7 for more details.
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Structure determination was performed ab initio using SHELXT.!®* General information on structure
determination by direct methods using SHELXT is presented in Chapter 3, Section 3.3.4 and
information on how structures within this thesis were phased is given in Chapter 9, Section 9.4. The
command line switches -a -y -m500 were applied when phasing data for Compounds 6.1 - 6.4 and

Compound 6.6.

Structure refinement was performed using SHELXL!®> using electron scattering factors from Peng.!®

General information on structure refinement is provided in Chapter 3, Section 3.4, and information
on how the structures within this thesis were refined is given in Chapter 9, Section 9.5. For all
compounds, anisotropic ADPs were refined for all non-hydrogen atoms and all hydrogen atoms were
geometrically placed using a riding hydrogen model at the idealised internuclear X-H distances used

in refinement of structures against neutron diffraction data with SHELXL.2%3

For Compound 6.1 and Compound 6.2, no restraints were applied during refinement. Refinement of
the EXTI parameter alone was sufficient to prevent any atoms from becoming non-positive definite.
For the other compounds, ADP restraints were applied in refinement, which together with the
refinement of EXTI prevented atoms from becoming non-positive definite without resorting to the use
of XNPD or ISOR instructions. For Compound 6.3 and Compound 6.4, RIGU restraints were applied.
Compound 6.6 was refined using a combination of RIGU and SIMU restraints. The use of geometric
restraints was not required for any of the structures. Further information on the ADP restraints applied

is provided in Chapter 3, Section 3.4.

For all compounds presented below, the default weighting scheme was used, as opposed to the
recommended SHELXL weighting scheme. The reasoning for this will be explained in further detail in

Section 6.2.7.
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6.2 Results and Discussion

6.2.1 Compound 6.1

For Compound 6.1, 5 datasets from 5 crystals were combined to give a completeness of 92.5% to 0.83
A resolution. Crystallographic and refinement data for this compound are given in Table 6.1.
Refinement resulted in a good structural solution (R1 = 13.3%, Pbca space group). The structure model
with thermal ellipsoids from the anisotropic refinement and electrostatic potential map are shown in
Figure 6.5. Structure determination for this compound was trivial. No restraints were applied during
structure refinement. A refinement of the EXTI parameter was performed to account for some of the

deficiencies of kinematical refinement against electron diffraction data.

Table 6.1. Crystallographic and refinement data for Compound 6.1.

Empirical formula C14sH9NO>
Formula weight 223.22
Temperature (K) 80

Crystal system orthorhombic
Space group Pbca

a(A) 7.0778(2)

b (A) 13.7315(8)
c(A) 21.3139(11)
Volume (A3) 2071.47(17)
VA 8

Pealc (g/cm?3) 1.432
Reflections measured 25596
Independent reflections (with | >2 o(l)) | 2219 (1649)
Resolution (A) 0.83
Completeness (%) 92.5
Restraints/parameters 0/155

Rint 0.1939
Ri[l>20o(l)] 0.1338

R: [all data] 0.1601

wR; [all data] 0.3268
GooF 1.952
Residual potential (e/A) 0.539/-0.645
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Figure 6.5. 3DED structure of Compound 6.1. Fo map contoured at 1.76 e/A. Thermal ellipsoids are shown at a probability

level of 50%. Atom key: black=C, white=H, blue=N, O=red.

6.2.2 Compound 6.2

For Compound 6.2, a single dataset from a single crystal gave a completeness of 93.1% to 0.83 A
resolution. Crystallographic and refinement data for this compound are presented in Table 6.2.
Refinement gave a good structural solution (R; = 14.4, Pbca space group). The structure model with
thermal ellipsoids and electrostatic potential map are shown in Figure 6.6. As with Compound 6.1,
structure determination with SHELXT was trivial and no restraints were applied during refinement of

this structure. A refinement of the EXTI parameter was performed.
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Table 6.2. Crystallographic and refinement data for Compound 6.2.

Empirical formula Ci9H10MNNO7
Formula weight 419.22
Temperature (K) 80

Crystal system

orthorhombic

Space group Pbca

a (A) 17.1134(9)
b (A) 7.2889(4)
c(A) 27.560(2)
Volume (A3) 3437.8(4)

Z 8

Peale (g/cm3) 1.620
Reflections measured 12732
Independent reflections (with | > 2 o(l)) | 3012 (1862)
Resolution (A) 0.83
Completeness (%) 93.1
Restraints/parameters 0/255

Rint 0.1628
Ri[l>2o(l)] 0.1441

R: [all data] 0.1877

WR; [all data] 0.3323
GooF 1.640
Residual potential (e/A) 0.652/-0.565
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Figure 6.6. 3DED structure of Compound 6.2. Fo map contoured at 1.60 e/A. Thermal ellipsoids are shown at a probability
level of 50%. Atom Key: black=C, white=H, blue=N, O=red, Mn=pink. Yellow dashed line represents hydrogen bonding.

6.2.3 Compound 6.3

For Compound 6.3, 3 datasets from 3 crystals were combined to give a completeness of 86.6% to 0.83
A resolution. Crystallographic and refinement data are shown in Table 6.3. Refinement resulted in a
good structural solution (R1 = 16.1, P2, /n space group), with 2 molecules present in the asymmetric
unit (ASU). The 2 molecules are shown separately in the same orientation in Figure 6.7. The structure
model with thermal ellipsoids and electrostatic potential map are shown in Figure 6.8. Structure
determination with SHELXT was trivial. RIGU restraints were applied to the ADPs of all non-hydrogen

atoms and the EXTI parameter was refined.
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Table 6.3. Crystallographic and refinement data for Compound 6.3.

Empirical formula C26H16MNNOg
Formula weight 493.34
Temperature (K) 80

Crystal system monoclinic
Space group P2{/n

a(A) 16.1523(5)
b (A) 13.7390(5)
c(A) 20.648(3)
B(°) 104.036(5)
Volume (A3) 4445 .3(6)

Z 8

pealc (8/cm?) 1.474
Reflections measured 54390
Independent reflections (with | > 2 o(l)) | 8160 (5793)
Resolution (A) 0.83
Completeness (%) 86.6
Restraints/parameters 660/616
Rint 0.1383
Ri[l>2o(l)] 0.1611

R: [all data] 0.1909

wR; [all data] 0.3631
GooF 2.139
Residual potential (e/A) 1.303/-1.034

Figure 6.7. 3DED structure of Compound 6.3 with the 2 molecules in the asymmetric unit displayed separately, in the same
orientation. The coumarin ligand is displayed mostly in plane. In the lefthand molecule, the manganese and carbonyl groups
point into the plane and the nitrogen containing ring points out of the plane. In the righthand molecule, the manganese and
carbonyl groups point out of the plane and the nitrogen containing ring points into the plane. For clarity, hydrogens are not

displayed. Thermal ellipsoids are shown at a probability level of 50%. Atom Key: black=C, blue=N, O=red, Mn=pink.
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Figure 6.8. 3DED structure of Compound 6.3. Fo map contoured at 1.73 e/A. Thermal ellipsoids are shown at a probability
level of 50%. Atom Key: black=C, white=H, blue=N, O=red, Mn=pink.

The 3DED study of Compound 6.3 confirmed that the manganese coordinated to the ligand via the
carbon atoms in the nitrogen containing ring. This arrangement is shown in Figure 6.1, and is observed

in the subsequent figures, Figure 6.7 and Figure 6.8.

6.2.4 Compound 6.4

For Compound 6.4, 5 datasets from 5 crystals were combined to give a completeness of 99.9% to 0.83
A resolution. The crystallographic and refinement data are shown in Table 6.4. Refinement yielded a
good structural solution (R; = 17.5, P1 space group). There were 2 molecules present in the ASU. The
2 molecules are shown separately in the same orientation in Figure 6.9. The structure model with
thermal ellipsoids and electrostatic potential map are presented in Figure 6.10. As with previous
compounds in this chapter, structure determination with SHELXT was trivial. RIGU restraints were
applied to the ADPs of all non-hydrogen atoms and the EXTI parameter was refined to account for

ignoring the dynamical contribution to scattering during refinement.
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Table 6.4. Crystallographic and refinement data for Compound 6.4.

Empirical formula Ci9H7F3sMnNOg
Formula weight 457.20
Temperature (K) 80

Crystal system triclinic
Space group P1

a (A) 11.7401(10)
b (A) 11.9216(14)
c(A) 14.2162(9)
a(°) 103.081(8)
B(°) 112.798(6)
v (°) 91.078(9)
Volume (A3) 1774.1(3)

Z 4

pealc (8/cm?) 1.712
Reflections measured 30719
Independent reflections (with | > 2 o(l)) | 7934 (5415)
Resolution (A) 0.83
Completeness (%) 99.9
Restraints/parameters 540/542
Rint 0.1646
Ri[l>2o(l)] 0.1749

R: [all data] 0.2129

WR; [all data] 0.3987
GooF 2.197
Residual potential (e/A) 0.961/-0.811

Figure 6.9. 3DED structure of Compound 6.4 with the 2 molecules in the asymmetric unit displayed separately, in the same
orientation. The coumarin ligand is displayed in plane. For clarity, hydrogens are not displayed. Thermal ellipsoids are shown

at a probability level of 50%. Atom Key: black=C, blue=N, O=red, F=green, Mn=pink.
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Figure 6.10. 3DED structure of Compound 6.4. Fo map contoured at 1.13 e/A. Thermal ellipsoids are shown at a probability
level of 50%. Atom Key: black=C, white=H, blue=N, O=red, F=green, Mn=pink. Yellow dashed line represents hydrogen

bonding.

6.2.5 Compound 6.5

It was not possible to determine the structure of Compound 6.5 using 3DED. This was because no
diffracting material was found during sample screening, despite the grid being well populated with
material and containing targets of suitable thickness. An example atlas image of the grid on which

Compound 6.5 was deposited is shown in Figure 6.11.

Figure 6.11. TEM brightfield low magnification image of a grid containing Compound 6.5. No diffracting material was found

on this grid
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6.2.6 Compound 6.6

For Compound 6.6, 5 datasets from 5 crystals were merged together to give a completeness of 91.7%
to 0.83 A resolution. The crystallographic and refinement data are provided in Table 6.5. Refinement
yielded a good structural solution (R; = 15.7, P2, /¢ space group). The structure model for Compound
6.6 with thermal ellipsoids and electrostatic potential map is presented in Figure 6.12. Determining
the structure with SHELXT was trivial. During refinement, a global RIGU restraint was applied,
alongside a SIMU restraint pertaining to the carbon and nitrogen atoms present in the aromatic ring

with a nitrogen hetero atom. A refinement of the EXTI parameter was also performed.

Table 6.5. Crystallographic and refinement data for Compound 6.6.

Empirical formula C19H10MNnNO;
Formula weight 419.22
Temperature (K) 80

Crystal system monoclinic
Space group P2,/c

a (A) 13.4331(8)
b (A) 10.3241(3)
c(A) 14.0700(4)
B(°) 117.209(4)
Volume (A3) 1735.37(14)
z 4

pealc (8/cm?) 1.605
Reflections measured 25824

Independent reflections (with | > 2 o(l))

3298 (2724)

Resolution (A)

0.83

Completeness (%) 91.7
Restraints/parameters 285/255

Rint 0.1777

R: [1>2 o(l)] 0.1568

R: [all data] 0.1788

wR; [all data] 0.3778

GooF 2.465
Residual potential (e/A) 0.884/-0.731
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Figure 6.12. 3DED structure of Compound 6.6. Fo map contoured at 1.43 e/A. Thermal ellipsoids are shown at a probability
level of 50%. Atom Key: black=C, white=H, blue=N, O=red, Mn=pink.

Selected bond distances and bond angles for all the 3DED structures presented in this chapter are
given in Table 6.6. No X-ray data for these complexes were available. Notably, the C3—C4 bond of
Compound 6.3 is elongated compared to the other complexes. This is likely as a result of the
coordination of the manganese ligand to the nitrogen containing ring at four of the carbon positions,
including C3 and C4. Additionally in Compound 6.3, the C7—C8 bond is significantly elongated
compared to the corresponding bond of the free ligand, Compound 6.1. This could be as a result of
the electron donating OMe group attached to the C7 position in Compound 6.3. However, Compound
6.2 and Compound 6.4 are also substituted with an OMe group at the C7 position and the bond is not

significantly elongated in these structures.
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Table 6.6. Selected bond distances and angles for the 3DED structures of Compounds 6.1 — 6.4 and Compound 6.6.

8
Compound 6.1 Compound 6.2: R=0Me
Compound 6.4: R=CF,

Compound 6.3 Compound 6.6

Bond (dAi?tance Compound 6.1 Compound6.2 Compound6.3 Compound6.4 Compound 6.6
C3—C4 1.356(7) 1.396(11) 122282; 11_'337793((193) 1.395(11)
C5—C6 1.396(6) 1.353(10) 1;388:; 12;;8(1); 1.404(14)
c8—C9 1.416(6) 1.399(10) 12528;; 11.;141162((19(:) 1.422(12)
c6—C7 1.414(7) 1.412(10) 13328; 123;18(1); 1.423(10)
C7—C8 1.384(6) 1.396(11) 12?283 1:3288; 1.401(13)

Bond angle (°) | Compound 6.1 Compound6.2 Compound6.3 Compound6.4 Compound 6.6

C5—C6—C7 119.4(4) 121.0(9) ﬁ;g; ﬁ?:gg; 120.9(8)
C7—C7—C8 118.5(5) 119.2(7) ﬁ%g; Eg;g; 117.1(8)
C7—C8—C9 121.4(4) 118.9(7) 123:‘222; ﬁ;;g; 121.1(6)

There are two molecules in the ASU of Compound 6.3 and Compound 6.4, as such the bond distances and bond

angles for both molecules are reported.

6.2.7 Weighting Scheme

For refinement of the above structures (Sections 6.2.1 to 6.2.6), the weighting scheme was not
optimised, and the default weight in SHELXL (WGHT @.1) was used. Typically, SHELXL recommends a
weighting scheme. The GooF is a measure of how well the data calculated from the model fits the data
observed. The GooF value should be close to unity (1). For all compounds presented here, when using
the default weighting scheme, the GooF values were not close to unity. With the best GooF value
being 1.64 for Compound 6.2, and the worst of 2.465 for Compound 6.6. The formula used to calculate

GooF (Equation (3.12)) and further details on GooF are presented in Chapter 3, Section 3.4.5.
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GooF values that are much higher than 1, indicate that aspects of the structure may be unmodelled.
In the case of electron diffraction data refined assuming kinematic scattering, the contribution from
dynamical scattering is ignored. In an attempt to account for some of this discrepancy, the EXTI
parameter is refined. This can compensate for some of the deficiencies in refinement due to the
dynamical effects not being considered. Electrons can scatter elastically multiple times as they pass
through a crystal; they experience no loss in energy during these events. As a result, the position of
the Bragg peaks remains unchanged while the intensities of the Bragg peaks are redistributed. See
Chapter 3, Section 3.2.1. This leads to the intensity of weak peaks becoming systematically stronger,
and the strong peaks becoming systematically weaker.?>?* EXT| has a dependence on sin(26), as such
EXTI refinement weights reflections differently depending on their intensity, as low resolution
reflections are typically stronger than high resolution reflections. See Chapter 3, Section 3.4.4. This is
similar to what an empirical dynamical scattering correction?* would achieve, where the transfer of
intensity due to dynamical scattering would be addressed properly. Full dynamical refinement would
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be preferable'* instead of compensating for the dynamical effects using refinement of the EXTI

parameter, however this was beyond the scope of this work.

The structures of Compounds 6.1 — 6.4 and Compound 6.6 were refined again using the weighting
scheme suggested by SHELXL. All other variables in the refinement were kept the same. Only the
weighting scheme was changed, and a single round of refinement (10 least squares refinement cycles)
was performed. The results of refinement with the default and recommended weighting schemes are
presented below in Table 6.7. As expected, when utilising the SHELXL recommended weighting
scheme, the GooF values for all structures become closer to unity. For all compounds, the R; values
decreased, an apparent improvement, while the wR; values increase compared to refinement with

the default weighting scheme.

While using the SHELXL recommended weighting scheme does improve the R; values and GooF for all
structures. It was decided that the default weight would be used instead here. By utilising the SHELXL
weighting scheme, the GooF for almost any dataset can be made close to unity, making GooF an
essentially meaningless measure of data and model quality. It would be beneficial to have a
standardised means of reporting the GooF values on deposited electron diffraction structures so that
the values can be comparative and meaningful. The models refined with SHELXL weight optimisation
are not necessarily better refined than the models refined without weight optimisation. For X-ray data,

where it can generally be reasonably assumed that the data have been reliably recorded, if GooF is
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still much higher than 1 following weight optimisation, this provides a strong suggestion that the
model is deficient. For electron data, treated kinematically, this assumption does not hold true as the

data contain systematic errors.

Table 6.7. Comparative table showing the refinement data for Compounds 6.1 — 6.4 and Compound 6.6 when the default

weighting scheme and SHELXL recommended weighting scheme are utilised.

Compound 6.1 | Compound 6.2 | Compound 6.3 | Compound 6.4 | Compound 6.6
Default | SHELXL | Default | SHELXL | Default | SHELXL | Default | SHELXL | Default | SHELXL
R:'H >2 0.1338 | 0.1317 | 0.1441 | 0.1422 ] 0.1611 0.158 | 0.1749 | 0.1721 ] 0.1568 | 0.1555
o
zliail 0.1601 | 0.1581 § 0.1877 | 0.1844 | 0.1909 0.187 | 0.2129 | 0.2088 | 0.1788 | 0.1771
ata
:;Vil ][all 0.3268 | 0.3391 } 0.3323 | 0.3851 | 0.3631 | 0.3963 | 0.3987 | 0.4426 | 0.3778 | 0.3995
data
GooF 1.952 1.21 1.64 1.077 2.139 1.183 2.197 1.134 2.465 1.296
Residual
densit 0.539/ | 0.492/]) 0.652/ | 0.638/ | 1.303/| 1.317/] 0.961/ | 0.964/ | 0.884/ | 0.861/
(e/A) ¥ -0.645 -0.648]1 -0.565 -0.562]1 -1.034 -1.001] -0.811 -0.788] -0.731 -0.738

6.3 Conclusions

Compounds 6.1 — 6.6 provided an excellent test set to allow the throughput and efficiency of our
workflow to be investigated. Data were collected over the course of two 12-hour sessions. During this
time, the structures of five of the six compounds were successfully determined, to a high resolution
(0.83 A) and high completeness (>90%). With the exception of Compound 6.3 which only reached a
completeness of 86.6%. Data collection and data processing were performed concurrently. This
allowed the microscope time to be utilised efficiently, minimising wasted time as further datasets
were not collected once the structure had been determined and achieved a high completeness.
Performing collection and processing simultaneously also allowed for rapid feedback on the as
synthesised samples and allowed us to answer the following questions. Was diffracting material
present? Was data collected from the compound that was expected? Or was other material present
on the grid? This can occur when impurities or contaminants were present. In some instances, it was
possible to determine the structure from a single crystal, even the first crystal that was collected, as
was the case for Compound 6.4. Although this resulted in low completeness, it was possible to solve
the structure in SHELXT. The final structure of Compound 6.4 came from data collected from a total

of 5 crystals, as this yielded a solution with higher completeness. On the other hand, although multiple
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datasets were collected for Compound 6.2, the final solution came only from the penultimate crystal

from which data were collected.

A key advantage of using 3DED to study these compounds is that further workup or recrystallisation
were not required, as would be necessary for in-house single crystal X-ray diffraction. Only scarce
guantities of sample were available (<1 mg), and this was sufficient to successfully characterise the
structures of the samples, as synthesised, that contained crystalline material. If microscope time is
available, rapid characterisation of samples containing crystalline material is possible without
additional, time consuming, experimental steps required to grow crystals of sufficient size or quality

for X-ray diffraction.

3DED allowed for the unambiguous assignment of the manganese coordination position in Compound
6.3. 3DED proved essential in confirming the coordination of the metal to the ligand in a complex

where multiple coordination positions were possible.

Compounds 6.1 — 6.6 (excluding Compound 6.5), all diffracted to high resolution and were radiation
hard, i.e., the diffraction quality did not reduce over the course of the data collection. For well
diffracting crystals, our workflow was effective and provided an efficient means of collecting data and
determining structures. The workflow established for data collection at York is not a limiting factor in
electron diffraction data collection, rather the limitation is sample quality itself. If diffraction from a
target crystal is not observed, this is a reflection of the poor quality, non-crystalline nature of the
sample. It would be better, and more efficient to optimise the sample preparation process, rather

than use the TEM to continue to search for diffracting material from a poor sample.

The workflow is a manual process that requires researcher input during screening, selecting, and
centring the crystals. In future, the workflow could be further optimised by automating these steps.
However, automation would likely not confer an advantage in these circumstances. The aim of these
experiments was to characterise the as synthesised samples and provide rapid feedback to the
chemists by determining their structure and verifying the expected complexes had been formed. The
researcher was able to centre a target crystal and rapidly assess whether it produced a high quality

diffraction pattern in the test image, and whether it warranted full data collection. With an automated
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system, there would need to be accurate auto-targeting and robust auto-eucentric procedures,
tailored to crystal data collection. Even with this in place, the automated system would still likely
collect many low quality datasets from crystals that produce poor diffraction patterns, as is seen in
single particle cryoEM where automated data collection has become routine.?!* With manual data
collection, the researcher is able to assess diffraction quality, meaning the datasets collected are likely
to be good, usable datasets. Additionally, the researcher is able to determine when sufficient data has
been collected and the structure can be determined to high resolution and completeness. The
researcher can then stop collecting further datasets and load the next sample, maximising the
efficiency of precious microscope time, whereas an automated system could go on collecting further
datasets unnecessarily unless a sophisticated feedback mechanism was in place. Without researcher
input and concurrent data collection and data processing, it may not be possible to rapidly determine
the structures and verify the expected compound has been made. An automated system could
continue to collect data unnecessarily. For instance, if the expected structure could be solved to a high
completeness from the first crystal or, if the wrong material had been produced or the reaction were
not successful, the automated system could collect many datasets from an impurity or starting
material. This could take many hours and would waste microscope time. Screening samples and

collecting data manually is more convenient in these circumstances and allows for rapid feedback.?*
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7 Characterisation of materials derived directly from reaction mixtures

Isolating products from a reaction mixture and subsequently crystallising them can be a particularly
challenging, if not impossible process, especially if crystals large enough for SCXRD are required. For
synchrotron sources, the size requirement for crystals is to have a minimum volume of 5x5x5 um?3.%’
For laboratory sources, the crystal size requirement increases and a minimum crystal side length of at

least 50 um is required.®’

The reaction mechanism for the transformation of a linear palladium species to a cyclic palladium
species was studied by 3DED. This reaction had previously been studied by SCXRD; however,
characterisation of the starting materials, impurities, and products had taken over 2 years to achieve.
Separation and crystallisation of the desired product proved challenging. Additionally, the full reaction

mechanism was unknown, and the generation of various side products was possible.

It was hoped that by placing TEM grids directly into the reaction vessel containing dry material, it
would be possible to find crystalline material and characterise the different species present via 3DED,
with the ultimate goal being to characterise the desired product species while negating additional
purification and recrystallisation steps. 3DED allows for the rapid determination of crystal structures
when diffracting material is present. It can be used to provide chemists with direct feedback on the

success of a reaction and identify what crystalline species are present in the reaction mixture.

7.1 Methods

7.1.1 Sample Preparation

Freshly synthesised, as prepared samples of the reaction mixtures containing palladium species were
provided by Neda Jeddi of Professor lan Fairlamb’s group at the University of York. Details of the
synthesis are provided in Neda Jeddi’s PhD thesis.?'> The samples provided had not undergone any
purification or crystallisation attempts. The aim of the reaction was to generate cyclic palladium
cluster complexes via the transformation of linear Pds cluster complexes. Two samples were provided,
these were attempts to synthesise the same cyclic palladium species. The differentiating factor
between the samples was the counter ion used. Reaction 7.1 utilised a triflate (CF3SO3™ ) counterion,

henceforth abbreviated to OTf, while Reaction 7.2 utilised a tetrafluoroborate (BFs’) counterion. The
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reaction schemes are presented in Figure 7.1. Further details on the synthesis are provided in Neda

Jeddi’s PhD thesis.?*®

®®|[X]
®6|[X]2 j o proposed Pd; complex PPhy _®|
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Figure 7.1. Reaction scheme for the formation of cyclic palladium clusters. The reaction to generate the linear palladium
cluster leads to the formation of unknown species whose characterisation has not yet been possible. The reaction mixture
containing the linear Pd; cluster was exposed to adventitious air over a few days. This resulted in the complete consumption

of the intermediates and generated the cyclic PdsCl cluster in addition to colloidal Pd.

Solvent was removed from the samples to generate a powder. Grids were then placed directly into
the reaction vessels with the dry powder, in a glove box under an argon atmosphere. The grids were
transferred to separate glass vials and transported to the microscope under an atmosphere of argon.
The individual grids were plunged into liquid nitrogen and transferred to the cassette before loading
into the TEM. Chapter 9, Section 9.1 contains further details on grid preparation. In total, 6 grids were
prepared and loaded into the TEM, 2 of these contained samples of Reaction 7.1 and the remaining 4

were of Reaction 7.2.

The aim of the 3DED experiments were to identify and characterise any diffracting species present on

the grids, whether this be the starting material, product, side product or impurities.

7.1.2 Data acquisition

The individual grids containing samples from Reaction 7.1 and 7.2 were screened for diffracting
material using a Thermo Fisher Glacios microscope operating at a voltage of 200 kV and temperature
of 80 K, as described in Chapter 9, Section 9.2. Electron diffraction data were acquired with nanobeam
electron diffraction using the following illumination conditions: gun lens 8, spot size 11, 30 um C2
aperture. This resulted in a beam with a diameter of 1.05 pm and a flux of ~0.07 e A2 s’X. EPU-D was
used to collect data in a semi-automated fashion with the following settings: 2x binning, a rotation
speed of 1.333°/s and an exposure time of 0.75 s, resulting in a Ag of 1°/frame. A representation of

the beam diameter on the sample and an example electron diffraction pattern from Compound 7.1a

127



are shown in Figure 7.2. The thickness of the crystal is prohibitively large in places, as can be observed
by the opaque, black colour. This indicates no electrons can penetrate. However, the edge of the
crystal is much thinner and appears to be grey in colour. Data were collected from the edge of the

crystal, the area from which data were collected is highlighted by a red circle.

Figure 7.2. Example Compound 7.1a crystal and diffraction pattern. Left: TEM brightfield image of Compound 7.1a crystal,
red circle represents the beam diameter (1.05 um). Right: Representative electron diffraction pattern, with resolution rings.

Outer resolution ring is 0.83 A.

7.1.3 Data processing and structure determination

Data processing was performed using DIALS software.?’? For full details of the data processing
workflow, see Chapter 9, Section 9.3. To enable data processing, a pedestal of 64 ADU was added to
each pixel value, the detector distance was specified to be 958.5 mm, and the goniometer rotation
axis was set to 1,0,0, for rotation of the goniometer in a positive direction around the horizontal axis.

Further details on importing the data are provided in Chapter 9, Section 9.3.1.

A semi-automatic processing script?®? was used to process the individual datasets up to integration.
The script utilised a standard series of DIALS commands to achieve this. The individual datasets were
then inspected. The unit cell parameters were examined to determine whether they matched any of
the known products, starting materials or impurities expected in this reaction scheme. Datasets with
the same space group and unit cell parameters were scaled together. Datasets were removed or
added as required to obtain the best solution. This was achieved by examining the impact on
completeness, CCY%, and Rmerge as datasets were removed. This procedure is described in more detail

in Chapter 9, Section 9.3.6.
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The strong reflections from the combined datasets were then filtered for joint refinement of detector
distance and unit cell parameters for the individual datasets. The unit cell parameters for each of the
combined datasets were then refined by fitting calculated to observed 26 values. This allowed
estimation of the estimated standard deviations on the ‘best’ cell parameters for the combined

datasets, see Chapter 9, Section 9.3.7.

SHELXT*®* was used to determine the structures. This utilises direct methods. See Chapter 3, Section
3.3.4for general information on ab initio structure determination, and Chapter 9, Section 9.4 for more
specific details on how the structures in this body of work were determined. The command line
switches -a - y -m500 were used. SHELXL!> was used for structure refinement. Instead of the default
X-ray scattering factors, the electron scattering factors from Peng!®® were applied. Further details on
structure refinement are provided in Chapter 3, Section 3.4, for general information, and Chapter 9,
Section 9.5 for refinement of structures in this thesis. For all compounds in this chapter, the default
weighting scheme was used, as opposed to the recommended SHELXL weighting scheme. The reasons

behind this are described in Chapter 6, Section 6.2.7.

7.2 Results and Discussion

Finding diffracting material on these grids proved difficult. Over the course of a 13 hour screening and
data collection period, only 17 datasets were collected. 10 datasets came from samples of Reaction
7.1 across two grids, and 7 datasets came from samples of Reaction 7.2 across 3 grids. The final grid

containing Reaction 7.2 was bent and broken, and as such was not used.

7.2.1 Reaction 7.1 - Triflate counterion

7.2.1.1 Compound 7.1a

A total of 10 datasets were collected from the sample of Reaction 7.1. Of these, 9 datasets indexed to
yield the same solution with a P1 space group and approximate unit cell parameters: a=9.5 A, b=12.8
A, c=14.8 A, a=80.8°, p=80.8°, y=72.7°. The structure of this material (Compound 7.1a) could be
determined. Compound 7.1a was found to be the linear starting material, [Pds(PPhs)4][OTf].. For the
final solution, a total of 5 datasets from 5 crystals were merged to give a completeness of 98.0% to

0.83 A. Crystallographic and refinement data for Compound 7.1a are presented in Table 7.1.
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Refinement resulted in a good structural solution (R1=17.6%, P1 space group). No restraints were used
during refinement. The structure model is shown in Figure 7.3. The structure model of the ASU with
the electrostatic potential map is presented in Figure 7.4. The crystal packing of Compound 7.1a is

displayed in Figure 7.5.

It was not possible to determine the structure of the crystal from the single dataset that did not index

to give the above solution. This was due to the low resolution and low completeness of the data.

Table 7.1. Crystallographic and refinement data for Compound 7.1a.

Empirical formula C74H60P4Pd3S,F60s
Formula weight 1666.42
Temperature (K) 80

Crystal system Triclinic
Space group P1

a (A) 9.4953(6)
b (A) 12.7863(7)
c(A) 14.7518(8)
a(®) 80.844(6)
B(°) 80.819(6)
v (%) 72.713(5)

Volume (A3)

1676.30(18)

Z 1

Pealc (8/cm?) 1.651
Reflections measured 25015
Independent reflections (with | > 2 o(l)) | 6036 (4822)
Resolution (A) 0.83
Completeness (%) 98.0
Restraints/parameters 0/431

Rint 0.1730

R [1>2 o(l)] 0.1756

R1 [all data] 0.1991

WR; [all data] 0.3892
GooF 2.327
Residual potential (e/A) 1.001/-1.011
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Figure 7.3. 3DED structure of Compound 7.1a. Thermal ellipsoids are shown at a probability level of 50%. For clarity,

hydrogen atoms are not displayed. Atom Key: black=C, yellow=S, green=f, red=0, purple=P, white=Pd.
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Figure 7.4. 3DED structure of Compound 7.1a. Fo map contoured at 1.23 e/A. Thermal ellipsoids are shown at a probability
level of 50%. For clarity, only the ASU is shown. Atom Key: black=C, yellow=S, green=f, red=0, purple=P, large white=Pd, small

white=H.
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Figure 7.5. Packing of Compound 7.1a as viewed along the a* crystallographic axis. For clarity, hydrogen atoms are not

displayed, and depth cueing is enabled. Atom Key: grey=C, yellow=S, green=f, red=0, purple=P, white=Pd.

7.2.2 Reaction 7.2 — Tetrafluoroborate counterion

A total of 7 datasets were collected from the sample of Reaction 7.2 across 3 grids. These yielded a
total of 4 different indexing solutions. It was not possible to determine the structures of all of these
materials. This was primarily due to poor data quality or low completeness. The resolution to which
the crystals diffracted, or the nature of the diffraction (e.g. streaked/smeared) proved prohibitory to
structure determination. Additionally, two of the indexing solutions could not be matched to the unit
cell parameters of the expected structures (starting material, impurity, or product) that were

previously determined using SCXRD.

7.2.2.1 [PPhy4]BF4 impurity

A single dataset from 1 crystal yielded a solution in an I4 space group with unit cell parameters:
a=b=12.0079 A, b=6.8886A, a=B=y=90°. The single crystal gave a completeness of 85.4% to a
resolution of 0.83 A. These unit cell parameters were used to search the Cambridge Structural
Database (CSD) and were found to match previously identified [PPhs] species. Including a [PPh4]BF,4

species (Database identifier: KOVBIJ).?1
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It was possible to determine the 3DED structure of the single crystal (I4 space group). The single
crystal was indeed found to be a [PPh4]BF, impurity. The structure model of the [PPh4]BF, impurity is
given in Figure 7.6. Refinement of this structure was not performed. This was due to the identity of

the species, being a known impurity, and as such not a species of interest, as starting materials or

products would be.

Figure 7.6. 3DED structure of [PPh4]BF,impurity. Thermal ellipsoids are not shown as refinement of this structure was not

performed. Hydrogen atoms are not displayed. Atom Key: black=C, purple=P, blue=B, green=F.

7.2.2.2 Streaky diffraction

Several needle-like crystals were found from the sample of Reaction 7.2. These are usually promising
targets for 3DED data collection. Unfortunately, these crystals, despite diffracting to high resolution
of 0.83 A, yielded streaky, smeared diffraction. As such, structure determination was not possible.
Additionally, the spacing between the diffraction planes suggested a unit cell with the shortest
parameter of ~3.45 A. This is much shorter than would be expected for the starting material or product
which would contain multiple palladium atoms and bulky ligands. A brightfield image of one of these

needle-like crystal and a diffraction pattern from it are provided in Figure 7.7.
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Figure 7.7. Example needle-like crystal and diffraction pattern from sample of Reaction 7.2. Left: TEM brightfield image of
needle-like crystal, red circle represents the beam diameter (1.05 um). Right: Representative electron diffraction pattern, with

resolution rings. Outer resolution ring is 0.83 A.

7.2.2.3 Compound 7.2a

A single crystal was found that yielded a solution with an R3 space group and unit cell parameters of
a=b=40.05 A, c=14.19 A, a=p=90°, y=120°. The structure of this crystal (Compound 7.2a) could be
determined. Compound 7.2a was found to be the linear starting material, [Pds(PPhs)4][BFa]..
Unfortunately, it was not possible to resolve the BF, counterions in the structure due to their disorder.

Additionally, it was not possible to resolve any solvent ions that may have been present.

The structure of the linear starting material, [Pd3(PPhs)4][BF4],, had previously been determined using
SCXRD, however the previously determined structure crystallised with triclinic symmetry in a P1 space
group, with markedly different unit cell parameters: a=12.41 A, b=12.62 A, c=14.41 A, a=95.15°,
=103.28°, y=110.47°. The SCXRD structure could not be transformed to yield a solution with trigonal

symmetry, suggesting the structures were indeed different.

The 3DED solution for Compound 7.2a came from a single crystal. The data completeness was 96.2%
to a resolution of 1.2 A. Despite the relatively low resolution, structural solution was possible
(R1=21.9%, R3 space group). Crystallographic and refinement data are presented in Table 7.2. During

refinement, RIGU restraints were applied to all non-hydrogen atoms and SIMU restraints were applied
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to all phenyl rings. The structure model is given in Figure 7.8. The structure model of the ASU with the

electrostatic potential map is displayed in Figure 7.9.

Table 7.2. Crystallographic and refinement data for Compound 7.2a.

Empirical formula (ASU) CssH30P2Pd1.50
Formula weight (ASU) 684.14
Temperature (K) 80

Crystal system Trigonal
Space group R3

a(A) 40.052(3)
c(A) 14.1941(14)
Volume (A3) 19719(3)

VA 18

pealc (8/cm?) 1.037
Reflections measured 7193

Independent reflections (with | > 2 o(l))

2560 (1249)

Resolution (A)

1.2

Completeness (%) 96.2
Restraints/parameters 567/359

Rint 0.2180
Ri[l>20o(l)] 0.2191

R1 [all data] 0.3013

WR; [all data] 0.4935

GooF 2.198
Residual potential (e/A) 1.473/-0.685

The 3DED structure of Compound 7.2a showed an intriguing arrangement. Compound 7.2a
crystallised in such a way that was unlike the previously determined SCXRD structure of the linear
starting material, [Pds(PPhs)4][BF4].. Additionally, the crystal packing was unlike that observed in the
3DED structure of Compound 7.1a, which, like the SCXRD structure, crystallised in a P1 space group

despite having a different counter ion. See Figure 7.5.

The structure of Compound 7.2a was comprised of 11 clusters of [Pd3(PPhs)s]?* in a hexagonal
arrangement forming two pores, with one clusters connecting both pores. The pore structure is shown
in Figure 7.10. Unfortunately, it was not possible to resolve the structure of the solvent or counterions.
This was likely due to their disorder. As such it was not possible to determine the contents of the

pores.
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Figure 7.8. 3DED structure of Compound 7.2a. Thermal ellipsoids are shown at a probability level of 50%. For clarity,
hydrogen atoms are not displayed. Atom Key: black=C, purple=P, white=Pd. It was not possible to model the anions due to

their disorder.
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Figure 7.9. 3DED structure of Compound 7.2a. Fo map contoured at 0.964 e/A. Thermal ellipsoids are shown at a probability

level of 50%. For clarity, only the ASU is shown. Atom Key: black=C, purple=P, large white=Pd, small white=H.
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Figure 7.10. Packing of Compound 7.2a as viewed along the c crystallographic axis. The molecules arrange to form a
hexagonal structure comprised of 11 [Pd3(PPhs)4]?* clusters forming two pores. For clarity, hydrogen atoms are not displayed.

Atom Key: grey=C, purple=P, white=Pd.

7.2.3 Comparison of 3DED structures with existing X-ray structures
The 3DED structures of Compound 7.1a and Compound 7.2a showed no significant differences in the

Pd—Pd, Pd—P, and Pd—C bond distances compared to the [Pds;(PPhs),][OTF], and [Pd3(PPhs)4][BF4]2

I 217 I 218

structures previously reported by Fairlamb et a and Sharp et a respectively. A comparative
table detailing selected bond distances and bond angles for the X-ray and 3DED structures of the

[Pd3(PPhs)4]?* salts is given in Table 7.3.
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Table 7.3. Selected bond distances and angles from reported X-ray structures of the [Pds(PPhs)s]** salts and the

corresponding 3DED structures obtained in this work.

@‘
Ph)_—ci Jca
hiT\\ ‘\I‘ \Ps_c‘sjr
Ph,P gd;Eq(n—gd(z)—PPha
0 e
>
Ph
. 2 Pd3(PPhs)4][OTf Pds(PPhs)4][BF
Bond distance (A) ([Faiarfambsg[al.u];) [(S;grp ;t)‘gg.ug)]z Compound 7.1a Compound 7.2a
Pd1—P1 2.857(9) 2.875(1) 2.866(5) 2.907(17)
Pd1—Pd2 2.631(8) 2.659(4) 2.679(2) 2.654(8)
Pd1—C1 2.192(4) 2.183(4) 2.208(9) 2.16(3)
PD2—C4 2.299(4) 2.287(4) 2.310(10) 2.23(3)
Pd2—C5 2.387(6) 2.396(5) 2.383(11) 2.47(4)
Pd1—C6 2.265(4) 2.318(5) 2.266(9) 2.44(3)
Bond angle (°) [Pd3(PPhs)4][OTf]2 [Pd3(PPhs)a][BFa]2
(Fairlamb et al.?'’) (Sharp et al.?*8) Compound7.1a Compound 7.2a
P1—Pd1—Pd2 48.165(9) 47.89(2) 48.31(10) 48.7(4)
Pd1—Pd2—P2 175.268(12) 172.27(3) 172.73(13) 173.7(5)

7.3 Conclusions

It was possible to determine the structures of samples directly from their reaction mixtures for
Reaction 7.1 and 7.2 without further purification or recrystallisation. Structure determination of the
starting materials from each of the reactions was successful, alongside a [PPh4]BF, impurity from
Reaction 7.2. A novel crystal form of the salt [Pds(PPhs)4][BF4]2 was identified (Compound 7.2a) from

a single crystal.

The discovery of the single crystal of the linear starting material, [Pds(PPhs)4][BF4]2, which crystallised
in the novel trigonal arrangement, highlights the power of 3DED to find previously unknown and
unexpected crystal forms. Akin to finding a needle in a haystack. The advantage of 3DED is that it
allows for structure determination on such a small scale. Data can be easily collected from crystals of
only a few hundred nanometres in diameter; crystals that are too small to study by conventional
SCXRD methods. It is possible that crystals such as these may have a limit on how large they can grow,

so obtaining crystals large enough to study by SCXRD may prove difficult, if not impossible. Attempts
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to yield sufficiently large crystals of these novel species would likely be difficult and involve convoluted
purification and recrystallisation steps. Additionally, these tiny crystals found by 3DED may not make
up the bulk of the material, so they may not be detectable by methods such as PXRD. 3DED may be

the only means by which discovery of these crystal forms is possible.

Finding novel crystal forms such as these could also provide mechanistic insight into the reaction
taking place. Formation of the 11 membered [Pds(PPhs).] clusters may be a key step in the reaction
process. Conversely, formation of these clusters may hinder the reaction by resulting in the formation
of palladium nanoparticles. Formation of these particles may use up starting material and prevent the
reaction from progressing to the desired product. Knowledge of the mechanism would help inform

experimental design, potentially leading to improved reaction conditions and higher product yields.

While it was unfortunately only possible to determine the structures of the starting materials and
impurities, instead of the products, the 3DED studies were able to find a previously unknown crystal
form. Additionally, the reaction process studied was the culmination of over 2 years of work reliant
on structure determination by SCXRD. Using 3DED it was possible to determine structures directly
from the reaction mixture without additional lengthy or complicated recrystallisation steps, in a single
day. 3DED could be utilised as a helpful tool for chemists to obtain immediate feedback on the success
of a reaction and which species are present in reaction mixtures. This may give a more representative

overview of what materials are present in a sample, and which species spontaneously crystallise.

As aforementioned in Chapter 5, Section 5.3, an automated serial data collection approach?%®-210
would likely be useful in cases such as these, where the sample contains multiple species or different
crystal forms.?!! In the cases of samples from Reaction 7.1 and 7.2, the sample quality was a limiting
factor. Over the course of a 13 hour screening and data collection period, only 17 datasets were
collected, despite the screening of hundreds of crystals. An overnight, automated data collection may
be able to collect further datasets and potentially allow for the discovery of further rare crystal forms.
However, if the target crystals do not produce diffraction patterns or only diffract poorly this may not

be a valuable use of microscope time and resources, or researcher time during data analysis.
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8 Conclusions and future perspectives

The initial aim of this PhD project was to participate in implementing 3D electron diffraction as a
technique at the University of York. At this time, no dedicated instrumentation for the 3DED technique
was available, and it hadn’t yet been implemented in the UK for routine structure determination. At
the start of the project, it was unknown whether 3DED data collection from small molecule organic
and organometallic compounds would be possible on the instrumentation available. Once it had been
established that data collection from well-studied test compounds was possible, studies of small
molecule organometallic species using 3DED commenced. The project experienced a significant
acceleration with the installation and commissioning of the Thermo Fisher Scientific Glacios

microscope in April 2021.

The secondary aim of this project was to establish a data collection and processing workflow for 3D
electron diffraction data based on the instrumentation available at the University of York i.e., a
Thermo Fisher Scientific Glacios microscope equipped with a Ceta-D camera. This workflow is
presented in full in Chapter 9. The workflow includes an optional PXRD pre-screening step, where the
crystallinity of a sample is assessed prior to insertion into the microscope. The PXRD pre-screening
step proved to be a valuable indicator of crystallinity, as seen in Chapter 5, where 3DED was used to
attempt to characterise a series of bulky planar porphyrin species that proved difficult to crystallise
and could not be studied by SCXRD. The PXRD pre-screening was able to determine which porphyrin
samples contained crystalline material, and which did not. These results were reflected in the 3DED
experiments where well-diffracting crystals were only found in the samples shown to be crystalline by
PXRD. As such, PXRD was demonstrated to be a fast and effective test for crystallinity and it should be
used when sufficient quantity of sample is available, to enable efficient and effective use of valuable

microscope time and researcher resources.

The data collection and processing workflow was validated by successfully collecting 3DED data from
a range of organometallic (and some organic) small molecule compounds, some of which have been
presented in Chapters 4-7 of this thesis, or released as publications.?!° The throughput and efficiency
of the workflow were tested using a series of manganese complexes and their precursor organic
ligand, see Chapter 6. A total of six compounds were investigated over the course of two 12 hour
sessions. Only a scarce quantity of each of these samples were available (<1 mg) and as such PXRD

pre-screening was not performed. However, the initial screening and crystal targeting steps of the
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workflow were able to quickly confirm whether the grids contained well distributed, crystalline
material of suitable thickness for 3DED data collection. During the two sessions, the structures of five
of the six compounds were successfully determined, to a high resolution (0.83 A) based on highly

complete (typically >90%) datasets.

Exploration of the limitations of 3DED in determining the structures of small molecule organometallic
compounds was the next aim. A range of organometallic compounds, synthesised in the chemistry
laboratories, were studied and the primary limitation to structure determination was found to be the
sample itself. If well diffracting material was present, it was possible to consistently collect data to a
resolution better than 0.83 A and achieve a high data completeness by collecting and merging data
from multiple crystals. The caveats to this were entirely dependent on the sample. If no crystalline
material was found, and the sample was deemed to be amorphous, diffraction patterns could not be
obtained and the structure could not be solved by 3DED, as was the case for Compounds 5.2, 5.4, and
6.5 in this thesis. A base requirement for 3DED is the presence of crystalline material. 3DED data
cannot be collected from amorphous materials. If the sample was found to be beam sensitive, with
diffraction quality reducing over the course of the data collection, the conditions were adapted to
allow for the collection of the highest quality data possible. The c-alkane complex in Chapter 4
provides an excellent example of such adaptations. In which, the adaptations implemented made it
possible to fully characterise the structure of the o-alkane complex, including the weakly binding

ligand of interest.

Full reciprocal space sampling from each crystal was typically not possible, as such data from multiple
crystals were typically merged together to obtain a dataset with high completeness. This was due to
the tilt angle limitation imposed by both the microscope configuration and prevention of the occlusion
of the target crystal by other species on the grid, or grid bars. As datasets can be collected from
multiple crystals and merged together this typically doesn’t create a problem in itself, However, in
instances of rare crystal forms, where only one or very few crystals of this type are found on the grid,
this could become problematic. An example of a rare crystal form discovery is presented in Chapter
7. Fortunately, in this case, the molecules in the rare single crystal that was found had crystallised in
a trigonal arrangement. Thanks to the high symmetry of this crystal, it was possible to obtain a high

completeness dataset (96.2% to 1.2 A resolution) and determine the crystal structure.
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Traditional TEM grids are comprised of a flat carbon film supported by metal grid bars. This is not the
optimal sample support for 3DED data collection. Due to the flatness of the film, crystals were often
found to lie in preferred orientations. Additionally, the metal grid bars were opaque to electrons,
reducing the rotation range from which diffraction data could be collected from a crystal. To maximise
data completeness, strategies were implemented to collect data from crystals in unusual orientations
on traditional TEM grids. An example of such a strategy was to intentionally yet carefully damage the
film after crystal deposition.?*3 This could be achieved with delicate contact from a small paintbrush.??
The aim of this was to break the film so that data could be collected from crystals overhanging the
broken film or from crystals positioned on curled pieces of broken film. Despite challenges in centring
these crystals at eucentric height, data collection from such crystals often improved data
completeness. An example of this is given in Chapter 6. Alternative sample supports better suited to
3DED are being developed. Wennmacher et al. proposed a sample support comprised of ~100 nm
diameter nylon fibres deposited on lacey carbon grids.?’® The resulting grids were comprised of a
“chaotic network” of nylon fibres atop lacey carbon creating holes of various sizes. The deposition of
nylon fibres could be controlled such that the holes and the crystals were of comparable size. The aim
of this was for the crystals to become entangled in the nylon fibre network and lay in random
orientations.?'* While this was successful, increased sensitivity to the beam was noted compared to
conventional grids. Additionally, the sample support was still comprised of a metal mesh impenetrable
to electrons.? Future efforts could be focused to creating an idealised sample support for 3DED

without opaque areas, although with the limitation of current hardware, this could prove challenging.

While structure determination of small molecule organometallic compounds was shown to be routine
for the well diffracting crystals studied, the resulting structures had significantly larger R; values than
those typical of X-ray structures. The R; values for electron diffraction data typically lie in the 15-30%
range while those from X-ray diffraction data are generally <5%.5¢'% The range of R; values for
reflections with intensity greater than 20 (I) for compounds studied in this thesis was 13.4-21.9%. The
reason for the elevated R; values can be partially attributed to the dynamical effects not being
considered. All data in this thesis were refined assuming the kinematical approximation. As a result,
the calculated structure factor amplitudes (| Fy;|) are likely to be systematically inaccurate.?® As such,
the elevated R; values for electron diffraction structures do not necessarily represent inaccurate

atomic models.
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The discrepancy in R; values can be somewhat reduced by performing dynamical refinement. These
approaches utilise dynamical diffraction theory to calculate the intensities.>>*28218 T completely
model experimental electron diffraction intensities requires extensive knowledge of the crystal shape,
orientation, mosaicity, bending and defects.'®? Knowledge of the crystal to this level is not typically
possible, and even if it were, the expense of the computation of this calculation would be substantial.
To enable calculation of the dynamical intensities, without extortionate computational cost,
assumptions need to be made. It is assumed that the crystal is a perfect block shape with no
mosaicity.'®? Despite dynamical refinement significantly reducing R; values, it is not yet routinely
utilised. This is in part due to the computational expense of such calculations, and the requirement
for specific software to perform the calculations. 8184 An important consideration about dynamical
refinement is that it involves treating the data differently compared to kinematical refinement. Due
to the orientation dependence, symmetry equivalent reflections cannot be merged, making it difficult
to draw direct comparisons to kinematically refined electron diffraction data. This raises the question
of whether improvements in Ry values are entirely due to accounting for dynamical effects or whether
they arise as the result of the different treatment of the data. While dynamical refinement was not
performed for the compounds presented in this thesis, it was still possible to obtain accurate atomic

models.

One of the challenges encountered during structure determination and refinement was the inaccuracy
of atom assignment. Currently, SHELXT* utilises X-ray scattering factors when determining electron
diffraction structures. This often leads to the misassignment of atoms in initial structure models. If
there is some knowledge of the expected structure of the compound in question, either from
predictions based on knowledge of the reaction mechanism or from other analytical techniques (e.g.
NMR studies or mass spectrometry), these misassignments can be corrected. During structure
refinement, electron scattering factors are applied,®® another issue arises here due to the small
difference between electron scattering factors for atoms of different elements. The electron
scattering factors for carbon, nitrogen and oxygen atoms are markedly similar.?®® This can make it
difficult to discern whether atom assignment is correct. This difficulty can be observed in the
difference map (the map of F,ps — Feqicr @calc )- For X-ray data, when an atom is misassigned a peak
is observed in the difference map, for electrons this peak can be non-existent with atoms incorrectly
assigned. As such, unambiguous atom assignment, particularly for compounds containing carbon,
nitrogen, and oxygen atoms, may not be possible from electron diffraction data alone.>>*>*22° Atom
assighnment may be inferred from knowledge of the wider structure. For instance, SHELXT misassigned

some of the carbon and oxygen atoms in the n-butoxy-chains of the porphyrin complexes in Chapter
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5. No peaks were present in the difference map for these atoms however, some hydrogen positions
were observable. In such cases, model building can be facilitated by prior knowledge about
geometrical parameters (bond lengths and angles) of expected hydrogen atoms attached to carbon

and oxygen.

Despite the challenges outlined above, it was possible to complete the final aim of this PhD project
and characterise small molecule organometallic compounds whose structures could not be
determined using SCXRD. This was vital in establishing whether 3DED was a technique that could be
used routinely to aid synthetic chemists in determining structures of compounds synthesised and
provide rapid verification that the expected complexes had been formed. The first indication, from
this project, that 3DED could be used to study complexes precluded from characterisation by SCXRD
was the study of the o-alkane complex formed via a single-crystal to single-crystal hydrogenation
presented in Chapter 4.2%° The hydrogenation reaction caused the crystals to crack and fragment,
forming microcrystalline material largely unsuitable for study via SCXRD. While it was eventually
possible to determine the structure of the o-alkane complex (Compound 4.2) via SCXRD, this was a
difficult and frustrating process that required the screening of many crystals until a suitable candidate,
of sufficient size and diffraction quality was found. 3DED provided an attractive alternate means of
structure determination. Following optimisation of the sample preparation and data collection

protocols, 3DED was able to provide a high quality, complementary crystal structure.

Following this success, a series of four bulky planar porphyrin species were studied in Chapter 5.
Crystallisation of these materials was particularly challenging and as such only one of the porphyrin
complexes, Compound 5.1, had been characterised by SCXRD. To obtain this SCXRD structure, an
alternate crystallisation method from that used to produce suitable 3DED crystals was required.
However, the SCXRD structure was of poor quality with very large and elongated ADPs for all atoms.
3DED was used to determine the structure of Compound 5.1 to a higher quality than that which could
be achieved using SCXRD. The structure attained with 3DED had crystallised in a different arrangement
to that of the SCXRD structure. This is not entirely surprising as different crystallisation methods were
used. Interestingly, alternate crystal forms could be observed via 3DED. Overall, this chapter
demonstrates the superior power of 3DED over SCXRD, allowing the derivation of accurate structural

information from tiny crystals.
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In Chapter 7, the discovery of a rare crystal form of a palladium species is presented. A single crystal
was found where the complex had crystallised in a novel arrangement with trigonal symmetry. This
crystal form had not previously been encountered and as such had been studied by no other means.
3DED can be advantageous in discovering novel crystal forms undetectable by other analytical

methods, highlighting the power of the 3DED technique.

3DED has been extensively used to study small molecule organometallic compounds.1°7:158:200.219 Thjg

is becoming increasingly routine as more researchers begin to explore this technique. The work
presented in this thesis shows that 3DED can be used to characterise a range of small molecule
organometallic compounds, some of which were difficult or impossible to study using SCXRD. 3DED
can be used in complement to X-ray crystallography and in some instances surpass what is attainable
with SCXRD. Limitations to structure determination using 3DED were found to be primarily dependent
on sample quality, although other issues such as the inability to unambiguously assign atoms,>%153:220
and difficulty fully sampling reciprocal space arose. 3DED structures refined assuming a kinematical
approximation have larger R; values than those typical of X-ray structures.®®'%® Improvement in Ry

values is observed when a dynamical model is used during refinement,’®? however dynamical

refinement is not yet routinely implemented.

Despite much pessimism in the past, the future of the field of 3D electron crystallography looks
promising, and the technique continues to draw more and more interest from synthetic
chemists. 1701712217223 Adyvances in hardware, and the creation of specialised hardware specifically
designed to collect 3DED data should help to alleviate some of the current challenges associated with
data collection and help elevate the technique further.?2* The first commercialised dedicated electron
diffractometers, the ELDICO ED-1%2>22 from ELDICO Scientific AG, and the XtaLAB Synergy-ED?27:228
from a Rigaku and JEOL collaboration, are now available. Methodological advances, including further
development of dynamical refinement approaches, may also help to improve electron diffraction
structures and bridge the current statistical gap between electron and X-ray structures. As dynamical
refinement becomes more accessible and routine, R; values for electron diffraction data should
become more comparable to their X-ray counterparts.’®? Depositing raw, unprocessed datasets
alongside refined structures is critical, as it not only increases transparency in the field, but will also
empower method developers to use those datasets when establishing and validating new protocols

and software.?29230
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An intriguing area of future development lies in the automation of the 3DED technique. However, the
usefulness of automation will depend entirely on the question to which 3DED is being applied to solve.
Currently, our workflow requires manual input from researchers during screening, selecting, and
centring the crystals, then assessing whether diffraction quality warrants data collection. The initial
steps (screening, selecting, and centring) have potential to be automated, as has been done with
software such as SerialED?%®2%° and SerialRED?'° (see Chapter 5 for further details), however this would
require accurate auto-targeting and robust auto-eucentric procedures specifically designed for data
collection from crystals. Assessment of diffraction quality may be more difficult to automate, an
automated system would likely collect many low quality datasets from crystals that produce poor
quality diffraction patterns. A similar trade off occurs for single particle cryoEM where automated data

collection has become routine.?*

In cases where rapid verification that the expected complexes have been formed and data collection
is stopped once sufficient data has been collected, such that the structure can be determined to high
resolution and completeness (see Chapter 5 and Chapter 6), automation would likely not be
beneficial. The manual approach allows the researcher to stop collecting further datasets once the
structure has been satisfactorily determined. This maximises the efficiency of precious microscope
time. An automated system on the other hand, could go on collecting further datasets unnecessarily
unless a sophisticated feedback mechanism was in place. Conversely, an automated system could be
extremely useful when assessing polycrystalline materials or samples that contain multiple
species.”??!! The automated system could be used to select and collect data from many targets
without human bias. Although many of these datasets may not contain high quality diffraction, the
automated system could be used to identify as many different crystal forms as possible. This could
have significant implications for the pharmaceutical industry, where polymorph screening is essential
as different polymorphs of the same species can have vastly different properties. This can affect the
efficacy and safety of a pharmaceutical agent. Pharmaceutical agents are often available as
microcrystalline powders. An automated 3DED approach could be used to assess the safety of a drug
by identifying whether any harmful, crystalline polymorphs or impurities are present. These may not
be detectable by other methods. It has been suggested that it is even conceivable that 3DED structures
of drugs will be required before they can be given FDA (U.S. Food and Drug Administration)
approval.”®?! More significant implications of 3DED for the pharmaceutical industry may lie in
intellectual property, whereby pharmaceutical companies could test competitor’s products to

determine whether traces of patent protected APIs are present.
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9 Methodology

All electron diffraction data presented in this thesis were collected in house on a Thermo Fisher
Scientific Glacios microscope equipped with a Ceta-D camera. This chapter will detail how data were
collected and processed. The schematic in Figure 9.1 gives an overview of this process, further

information on the individual stages of this workflow will be given throughout this chapter.

Is sample

Dos the sample diffract well by Powder X-ray Diffraction? —N_> precious or

= 5| o of key
“———— interest?
Yes T i

Does the target diffract

and does the diffraction

appear clean? i.e. from
a single crystal.

lYes

i |

Adjust conditions if needed:

- Lower flux
- Shorter exposure time

- Smaller tilt range

Does the crystal diffract throughout the entire tilt series?

Yes

L—— Continue collecting and adding datasets until sufficient completeness for <«—
structure determination achieved.

If structure determination fails: try other SHELXT instructions, collect more
data if completeness low, or trial different dataset combinations. -

I

Figure 9.1. A schematic showing the electron diffraction data collection and processing workflow utilised in this thesis.
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9.1 Specimen preparation for 3DED experiments

9.1.1 Sample Preparation

Sample and grid preparation for dry, non-air sensitive, small molecule organometallic powders is a
relatively trivial process. The key sample requirements are that the sample must be crystalline and
thin enough to allow the incident electron beam to pass through, without prohibitive amounts of
inelastic scattering®®. Crystals should have a thickness of less than a few hundred nanometres, or as
suggested by Martynowycz et al.,?®* be less than twice the inelastic mean free path (MFP) length.
Equating to a maximum crystal thickness of 540 nm at 200 kV (MFP=270 nm).?%* It is worth noting this
calculation is likely to be dependent on crystal composition and is based on protein crystals which
have much larger unit cells than small molecule crystals and contain solvent channels. Unfortunately,
it is not possible to quantitatively determine the thickness of crystals using a TEM prior to data
collection. This is because the crystals would be destroyed by radiation damage in the process of tilting
and reconstruction by tomography, so subsequent data collection would not be possible. Crystal
thickness is qualitatively assessed by examining differences in grey scale levels on brightfield TEM
images. To minimise microscope screening time and ensure efficient use of resources, PXRD
experiments can be used to assess sample crystallinity prior to insertion into the microscope.'*° See
Chapter 5. To produce crystals of a suitable thickness, small molecule organometallic crystalline
powders often require grinding.”® This can be achieved using a mortar and pestle or grinding between

two microscope slides.

Adaptations can be made to the specimen preparation process as required for samples that are

particularly air sensitive or difficult to handle. An example of such an adaptation is given in Chapter 4.

9.1.2 Grid preparation

The ground sample is then transferred to a pre-clipped TEM grid. This is typically done by placing a
pre-clipped grid into a vial containing the sample and gently flicking the vial to coat the grid in sample
or, by placing a grid directly on top of the ground sample on a slide or in a mortar and pestle. Excess
powder is removed to ensure the grid is not oversaturated with sample. The grid is then cooled to
liquid nitrogen temperature ready for insertion into the TEM. This process is shown in the schematic

in Figure 9.2.
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Grind sample Transfer to grid Remove excess Cool to liquid N,
temperature

Figure 9.2. Specimen preparation for small molecule organometallic powder samples. The sample is crushed to obtain
crystals of a suitable thickness, transferred to a pre-clipped TEM grid (typically by direct application or by transfer to a vial).
The excess powder is removed by turning the grid several times on a piece of filter paper. The grid is then cooled to liquid

nitrogen temperature ahead of insertion into the TEM.

In order to study samples in a TEM, the samples need to be deposited onto a support medium
compatible with the microscope, a TEM grid. A TEM grid is comprised of a fine metal mesh, typically
copper, overlain with a carbon film. The grids are 3.05 mm in diameter. In this work, Quantifoil R1/4
200 mesh copper grids and R2/4 200 mesh copper grids were used. The carbon film of these grids is
punctuated with a regular pattern of holes. R1/4 means that the carbon film has holes of 1 pum
diameter separated by a distance of 4 um. In R2/4 grids, the 2 um diameter holes are separated by
film with a distance of 4 um. Mesh refers to the number of grid squares per inch. Common grids have
meshes of 200, 300 and 400 grid squares per inch. It was decided that 200 mesh grids were most
suited to 3DED as the larger grid squares allow for the sample stage to be tilted to a greater extent
than the 300 or 400 mesh grids before the beam becomes blocked by a grid bar. A Quantifoil 200 mesh
grid is shown in Figure 9.3. The grid has been visualised from both the film side and the grid side by

light microscopy.

Figure 9.3. A Quantifoil 200 mesh grid visualised by light microscopy. Left: Film side - side of grid with carbon film overlain.

Right: Grid side - side of grid with copper mesh only. A 1 mm scale bar is shown.
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The Glacios at York utilises autoloader technology, as such, the TEM grids need to be clipped to form
an “autogrid” prior to insertion into the microscope. Typically, for cryoEM experiments with aqueous
samples, the grids are clipped after the sample has been loaded and the grids have been vitrified in
liquid ethane. For these 3DED experiments, dry powders were used. As the powders did not require
vitrification, the grids were clipped prior to sample loading. In the process of clipping, a grid is inserted
into a clip ring film side down. The grid is secured in place using a C-clip. This forms an assembled

autogrid. Images of an assembled autogrid are shown in Figure 9.4.

Figure 9.4. An assembled autogrid visualised by light microscopy. Left: Top of an autogrid, the grid has been placed in the
clip ring film side down. Right: bottom of an autogrid, the C-clip securing the grid in the clip ring can be seen. A 1 mm scale

bar is shown

Pre-clipping increases the rigidity of the grids, which are flimsy and easily broken or damaged, making
it easier to load the grids with sample. A disadvantage of pre-clipping is that the clip ring does not sit
flush with the grid, it creates a lip around the edge of the grid. As such, the powdered sample may

become trapped at the edge of the C clip and not be dispersed on the grid itself.

9.2 Microscope screening and data acquisition

All data in this thesis were acquired using a Thermo Fisher Scientific Glacios microscope equipped with
a Ceta-D camera. Data were collected using the Thermo Fisher Scientific software, EPU-D. Data were
typically collected using nanobeam electron diffraction. Microscope alignments were performed prior
to screening and data collection. Further details on the microscope configuration for data collection

are given in Section 9.2.3.
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9.2.1 Initial screening

Once loaded into the microscope, a low magnification overview image of the grid is taken. In EPU-D,
this image is referred to as an atlas. Individual images of areas of the grid (tiles) are taken at 155x
maghnification and the software then stitches these together to create an image of the entire grid
(atlas). The atlas created is not an exact representation of the grid as the image stitching is often
imperfect. However, it is a useful tool for grid navigation and quickly assessing the distribution and

thickness of samples.

In order to collect electron diffraction data, crystalline material of ~<500 nm thick needs to be
present.?®* Additionally, the individual crystals need to be separated from other material on the grid,
and at a sufficient distance from the grid bars. This ensures that the target crystal can be isolated
throughout the full course of a rotation data collection, with no additional material obstructing the
beam. Examining the atlas image allows for a rapid assessment of whether the grid is likely to be
suitable for 3DED data collection. Examples of unsuitable grids are those with a very scarce distribution
of sample (Figure 9.5(a)), grids containing material that is too thick to allow the electron beam to
penetrate (Figure 9.5(b)) or grids where the majority of the film is damaged (Figure 9.5(c)). An
example of a grid with well distributed, small targets is shown in Figure 9.5(d). If grids are found to be

unsuitable at this stage, further grids can be prepared. For instance, samples which contain overly

thick material can be further ground before application to a new grid.

, 100 um

Figure 9.5. Example tiles from atlas images showing potential issues with grids that can be identified during initial
screening. (a)-(d) are TEM brightfield images, a 100 um scale bar is shown. (a) shows a grid that is very sparsely populated
with sample. (b) shows a grid containing crystalline material that is too thick for electron diffraction. The crystals are large
and appear completely black, as such, no transmission is recorded from these areas on the detector. (c) shows a damaged
grid with lots of areas of vacuum due to broken film. (d) is a grid with ideal sample distribution and size. There are lots of

small, grey targets that are well distributed on the grid.
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9.2.2 Crystal targeting and centring

Crystals can only be visualised and centred using the electron beam. This means that they are
accumulating radiation damage whenever they are exposed to the beam, potentially reducing
diffraction quality. Exposure to the beam should be minimised prior to data collection to reduce
damage. However, crystalline targets need to be identified and these must then be centred in order
to collect electron diffraction data. Using EPU-D, this is achieved by taking a short exposure brightfield
image of the centred target crystal. The red cross on the TEM brightfield images in Figure 9.6 indicates
where the centre of the field of view is. During setup, the beam is aligned with the centre of the field
of view. The red circle visualised in the TEM brightfield images represents the beam diameter. This
does not appear on EPU-D and has been added post data collection. A test diffraction image is then
taken using the same lens conditions and exposure time that will be used during data collection. The
stage remains stationary for this test image. The test image is used to determine whether a diffraction
pattern is observed from the target and whether this is of sufficient quality to warrant a full data
collection. Examples from a well diffracting crystal and a poorly diffracting crystal are shown in Figure
9.6(a) and Figure 9.6(b) respectively. In (a) sharp spots are observed that follow a repeating pattern
of even spacing, and only one orientation of spots is observed indicating these originate from a single
lattice. The resolution of this diffraction test image is better than 0.83 A. In contrast, diffraction
observed from the crystal in (b) is much poorer. The spots are streaked and smeared rather than sharp,
indicating that they originate from multiple different lattices. The resolution is also lower indicating

poor quality diffraction. Data would not be collected from crystals such as this.

If high, or reasonable quality diffraction patterns are observed. The crystal is then centred at eucentric
height. This is the height at which the stage axis intersects the optic axis at the specific point, such that
when the sample is placed there, it is at focus when the objective lens current is optimal. This can be
performed automatically in EPU-D using the auto eucentric function which utilises the stage tilt
method. The stage is moved to progressively higher tilt angles, fluctuating between positive and
negative tilt angles, and brightfield images of the crystal are taken. EPU-D then attempts to correlate
the images and adjusts the Z height in an attempt to ensure the target crystal remains centred at tilt
angles £30°. A higher magnification than suggested in the EPU-D manual was used to ensure that Z
height was more accurate and that the crystal remained centred throughout data collection. Z height
will need to be adjusted manually in cases where auto eucentric fails, care should be taken to minimise
exposure to the beam during this process. Auto eucentric may fail for numerous reasons, including

when the target crystal is in close proximity to the grid bars or other crystals, if the target is oddly
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shaped, or if the film is bent or broken. Often the auto eucentric function fails due to low signal, when
the cross-correlation fails to produce a single clear peak. If the target crystals are particularly sensitive
to damage from the electron beam, Z height adjustments should be performed on an alternative area
of the grid, close to the target crystal. This ensures that data are collected while the target is at (or at
least close to) eucentric height but precludes the target from exposure to unnecessary radiation prior

to data collection.

Figure 9.6. TEM brightfield images and example diffraction patterns from a) a well diffracting crystal, and b) a poorly
diffracting crystal. The red circle on the brightfield images represents the size of the beam used during data collection. The

pink circles on the diffraction patterns indicate resolution.

Once the target crystal is at eucentric height, an additional brightfield image of the target should be
taken with no stage tilt to ensure the crystal remains in the centre of the screen and will be illuminated
during data collection. Images should also be taken at the start and final tilt angles to ensure the crystal
remains centred and will not be obscured by other material on the grid or by the grid bars themselves.
The maximum allowable tilt angles were +69° to avoid collision with the pole pieces, account for
backlash correction, and allow the stage to accelerate to a constant speed prior to the start of data
collection. Practically, data cannot typically be collected from this full range as the target does not
remain isolated and centred in the beam. Data were typically recorded between +45°. The rotation
range varies for each target and should be adjusted accordingly. Once this has been checked, data

collection can commence.
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Finding, centring, and testing target crystals for diffraction is currently a manual process in this
workflow. This is a stage of the process that has potential to be automated.?1%232 At the time of our
data collection sessions, it was possible to perform a batch data collection using EPU-D. However, this
still required the manual finding of targets, taking test shots and centring of crystals. This is the most
time consuming stage of data acquisition and once complete, performing the data collection only
takes a couple of additional minutes. Therefore, it was sensible to collect data immediately rather
than adding targets to a queue. Additionally, when using batch mode, all datasets were collected
between the same tilt angles and customisation of the starting and final tilt angles for each crystal was

not possible.

9.2.3 Data collection

All data were recorded at 80K with the microscope operating at 200 kV. For all datasets 2x binning
was applied, rolling shutter was used, and noise reduction mode was enabled. Binning refers to the
process by which signals from neighbouring pixels are combined together. As each pixel has its own
readout element, the signals are combined through software after readout. This leads to a faster
readout time and reduces the file size so datasets can be exported and processed more rapidly, and
less space is required for dataset storage. The sacrifice of binning is that spatial resolution is reduced.
2x binning provides a compromise that makes data collection more rapid and accessible without
inhibiting data processing due to reduced image resolution. With 2x binning, a total of 4 pixels (2x2)
are combined together to make one pixel (Figure 9.7). On the Ceta-D detector, there are 4096x4096
unbinned pixels (16.78 megapixels), with 2x binning applied the number of pixels reduces to
2048x2048 (4.19 megapixels). Rolling shutter refers to the fact that the pixels are read out line by line.
Noise reduction mode means that detector readout is recorded twice, once with signal and once after
the signal has been reset. The readout when there is no signal is subtracted from the total signal to

give the actual signal. This helps to reduce noise compared to the Ceta-D’s predecessor, the Ceta.

No binning 2x binning
4 pixels 1 pixel

Figure 9.7. Schematic representing 2x binning.
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Further details on specific data collection conditions for each compound are provided in the relevant
chapters. The majority of datasets were collected using nanobeam electron diffraction, with the
exception of the complexes in Chapter 4, for which selected area electron diffraction was used

instead. The difference between these collection modes is explained in Chapter 2, Section 2.2.3.

The conditions for the selected area electron diffraction set up were as follows; gun lens 4, spot size
11, 30 pm C2 aperture, 40 pum selected area aperture. This resulted in a flux of ~0.01 e A2 s, an
illuminated area of 4 um and a sample plane area of 1.4 um from which diffraction was recorded. An
illustration of the resulting beam conditions for this setup is shown in a brightfield TEM image in Figure

9.8(a). The typical exposure time under such conditions was 2s.

The conditions for the nanobeam electron diffraction set up were as follows; gun lens 8, spot size 11,
30 pm C2 aperture. This resulted in a flux of ~0.07 e A% st and an illuminated area of 1.05 um. This
flux is still relatively high compared to the selected area electron diffraction set up. To counter the
higher flux, a shorter exposure time of 0.75 s was utilised. A TEM brightfield image is given in Figure

9.8(b) which shows the size of the resulting illuminated area in nanobeam electron diffraction.

SA aperture

Beam

Figure 9.8. TEM brightfield images illustrating the illuminated areas for a) selected area electron diffraction mode and b)
nanobeam electron diffraction mode. The beam diameters are indicated by the red circle and are ~4 um and 1.05 um for a)
and b) respectively. Image a) also depicts a blue circle of 1.4 um diameter. This is the area from which diffraction data are

collected when the 40 um selected area aperture is inserted.
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Data were collected while the stage rotated at a constant speed between the starting and final tilt
angles specified above in Section 9.2.2. During data collection the crystal should remained centred
and illuminated by the beam and the crystal should diffract throughout the full data collection. In
some instances, diffraction may not be recorded over the full rotation range. This may be because the
crystal was no longer centred in the beam, or could be as a result of radiation destroying the
crystallinity of the lattice. The first step to rectifying this problem was to determine whether the crystal
remained centred by taking brightfield images from the tilt angle where diffraction was no longer
observed. If the crystal remains centred but diffraction does not continue, this indicates substantial
radiation damage has occured. For crystals that are particularly radiation sensitive, data collection
conditions may need to be adapted to allow for collection of high quality data. This can be achieved
in a number of ways. Firstly, the exposure time for each image can be shortened, as long as each
exposure still allows sufficient signal to noise ratio. Secondly, the rotation range can be reduced so
only data before significant reduction in data quality are collected. This method was utilised in the

collection of data from the beam sensitive c-alkane complex in Chapter 4.

9.3 Data processing

Data were processed with DIALS?!

using a semi-automatic processing script, process_datasets.py,
authored by Dr Huw Jenkins.2%? All datasets were processed using the same, standard sequence of
DIALS commands. The script simply allowed the data to be processed more reproducibly and rapidly,
but manual data input and subsequent examination of data processing was required. The script reads
a JSON file where options for processing and the image paths for the datasets were specified. A
template datasets. json file is given below (Figure 9.9). The script processes the datasets individually
up to the integration stage and organises the output by grid and crystal number. Once all datasets

have been integrated, their outputs can be manually inspected and datasets with the same space

group and unit cell parameters can be scaled together.

Further details on the individual stages of data processing are given in the following sections.
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{"parameters": {
"sample":"Compound Name",
"spacegroup":"P1"
"njobs":2,
"nproc":4,
"import":"distance=958.5 goniometer.axes=1,0,0 panel.pedestal=-64",
"generate mask":"untrusted.circle='1031 1023 50' untrusted.polygon='0 1010 600 1010 976 1004 988 998
986 1044 978 1041 650 1051 O 1051'",
"search_beam":true,
"find spots":"d min=0.8",
"index":"detector.fix=distance",
"refine":"detector.fix=distance",

"integrate":""
by
"datasets": [
{"template":"Compound Name xtall/Compound Name xtall ####.mrc", "image range":null, "grid":1, "xtal":1},
{"template":"Compound Name xtal99/Compound Name xtal99 ####.mrc", "image range":null, "grid":1, "xtal":99}

1

Figure 9.9. Template input file for auto-processing script.

9.3.1 Importing

The images collected were in MRC format, this format is native supported in dxtbx from DIALS-3.5
onwards 233, As such, DIALS can read the metadata in the headers of the MRC files to obtain most of
the information needed to process the datasets. However, key parameters need to be specified in
order to give DIALS the correct information about the detector setup. One of these parameters is the
detector distance. The detector distance displayed in EPU-D may not be correctly calibrated and as
such must be determined using an aluminium powder standard. The detector distance and unit cell
parameters are intrinsically linked so it is important that the detector distance is well calibrated. An
additional parameter that requires specification is the goniometer rotation axes, for the York Glacios

this is 1,0,0 when the stage is rotated in a positive direction.

As a result of an unspecified correction the Ceta-D camera applies, and due to the noisy nature of the
detector, the images recorded contain pixels of negative intensity value. These pixels still contain
valuable information, but negative pixel values can cause problems during profile fitting in integration.
This happens because background modelling for profile fitting fails when there are too many pixels of
negative value in the background of a reflection. This means that weak, high resolution spots can be
excluded from integration. To prevent the systematic loss of weak, high resolution reflections, an
offset (pedestal) is applied to all pixel values to artificially inflate the intensity of all pixels, reducing
the number of negative pixels. The behaviour of our detector has been observed and is relatively
consistent. A dataset was collected on the Ceta-D camera with the screen inserted, no beam and no
sample present. 0.5 s exposures were taken with 2x binning to observe detector behaviour and
negative pixel values. The intensities of the individual pixel values were then plotted against the count

for each frame, a representative frame from this series is shown in Figure 9.10. The resulting graph
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shows a curve of intensity values, centred around zero, extending visibly to around +50. For a perfectly
noiseless detector, one would expect to see all pixels with a value of 0 as there is no electron beam
incident on the detector. A pedestal value of 64 ADU was added to each individual pixel value. This
value was chosen as it encompassed the majority of negative pixel values while excluding further

negative outliers that were likely anomalous, as such some negative pixels would still be present in

the images.
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Figure 9.10. A graph showing individual pixel intensity against pixel count for a representative frame of a series of 0.5 s

exposures recorded on the Ceta-D detector with no beam and 2x binning.

A mask was then generated to cover the beam stop, preventing DIALS from finding spots in the area
blocked by the beam stop. The beam stop was used for all data collections in this thesis and had a
fixed position, after the lenses, as such the mask did not need to be changed for different camera

lengths. A mask was applied to all images using the following command:

dials.generate_mask imported.expt untrusted.circle=1031,1023,50
untrusted.polygon=0,1010,600,1010,976,1004,988,998,986,1044,978,1041,650,1051,
90,1051
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9.3.2 Spot finding

The next step is spot finding. Due to the low flux used when collecting electron diffraction data, the
intensity of the Bragg peaks can be weak. This means it is often possible for DIALS and other processing
programs to detect background noise as spots in addition to finding spots corresponding to the lattice
points. Spot finding parameters should be carefully checked and adjusted to ensure that spots are
being identified correctly. Typically, for data collected in this thesis, only d_min (high resolution limit)
was changed. This was altered depending on how well crystals diffracted, or on the resolution limit at

the edge of the detector.

Prior to data collection, the direct beam was manually aligned with the centre of the detector using
the aluminium standard as a guide. As this was a manual alignment, it was prone to user error and the
beam may not have been perfectly centred. Additionally, the beam may move somewhat (by a few
pixels or less) between datasets when the lens configuration changes between the various imaging
modes and diffraction mode. When a beam stop is present, DIALS can use the results of spot finding
to search for a better beam centre.?** The function: "search_beam":true, was used to account for
the potential variation in direct beam position. If no beam stop is present, the beam can be tracked

directly.

9.3.3 Indexing

The spots were then indexed in P1 symmetry to find the lattice parameters of the triclinic unit cell.
The detector distance, and 1, and T3 rotations of the detector were fixed using:
detector.fix=distance. This stabilises the refinement of diffraction geometry, preventing the
detector distance, and subsequently the unit cell distances, refining to unreasonable and incorrect
values. Itis essential that the detector distance is carefully and accurately calibrated as a result of this.

No other parameters were specified during indexing.

The aim of indexing is to obtain a unit cell whose predicted reflections match the observed reflections.
This can be checked visually using dials.image_viewer. Additionally, the log file contains information
on how well the geometry model fits the observed spots (RMSD_X (fast axis) , RMSD_Y (slow axis) and

RMSD_Z (tilt angle direction)) and the percentage of spots indexed. Generally, the lower the RMSDs
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and the higher the percentage of spots indexed, the better the solution. If these statistics are poor, it

may indicate that the correct indexing solution has not been reached.

9.3.4 Refinement

Although a refinement was performed during indexing, further refinement is required to ensure the
best fit of predicted spots to the observed data as possible. The refinement stage is split into two
parts. First a scan-static refinement is performed, followed by a scan-varying refinement. The detector
distance and t; and 13 angles are once again fixed to prevent refinement of detector distance and unit

cell lengths to unfeasible values.

The scan static refinement refines a static unit cell for the entire dataset. This refinement step focuses
on refinement of the orientation of the beam and detector. As the name suggests, scan varying
refinement allows parameters (excluding detector distance and 1; and 13 angles) to change over the
course of the dataset. This is valuable because it allows the unit cell parameters to change over the
course of the dataset, improving the ratio of predicted to observed reflections as the dataset
progresses. During data collection, as the crystal is being exposed to the electron beam, the unit cell

lengths will expand as the crystal accumulates radiation damage.

9.3.5 Integration

Default parameters were used for integration. Integration is the process by which the intensity of the
spots is measured. To accomplish this, the background noise must be calculated and removed from
the contribution to intensity for each spot, this is particularly important for noisy data with weak
reflections. DIALS utilises both profile and summation fitting. For strong reflections, the contribution
from the background is very small and as such is obscured by the reflection itself. For these spots,
summation integration is the best measurement of intensity. Whereby the pixel values of pixels
contributing to the spot are simply added together. For weak reflections, summation is not a good
estimate of spot intensity as the contribution from the background is greater. A better measure of

intensity can be achieved using profile fitting. Profile fitting generates a predicted Gaussian?*®

shape
of the reflections from strong, well measured spots. This distribution can then be fitted to the raw

data for weak reflections, greatly improving the intensity measurement.
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9.3.6 Scaling multiple datasets

A single reflection will be measured multiple times, either during the course of a single data collection,
via symmetry related reflections, or the same reflection may be measured from multiple different
crystals. However, the intensity values of different measurements of the same single reflection will be
different. This is due to experimental effects, primarily radiation damage. As the dataset progresses
and the crystal is exposed to the electron beam, it accumulates radiation damage, reducing the
intensity of high resolution spots. Merging multiple measurements of the same reflection together
allows for the best estimate of the intensity of the reflection. Scaling attempts to accomplish this by
determining a scale factor that can be applied to each reflection from a smoothly varying function (a

scale model) that is dependent on rotation.

Until now, all datasets have been processed individually. After integration, the processed datasets are
inspected manually, and datasets with the same space group and unit cell parameters can be scaled
together. An additional step can be included here to search for compatible higher symmetry space
groups using dials.symmetry. Often, the datasets have already been processed manually during data
collection to ensure enough data has been collected to solve the structure with sufficient
completeness, so there is already an indication of whether the high symmetry space group leads to a

solvable structure.

The symmetrised datasets can then be scaled using dials.scale with the following parameters
specified: intensity choice=profile physical.absorption_correction=false min_Ih=1.The
high resolution limit (d_min) is also specified. This is typically set at the same limit used in spot finding
but may be adjusted depending on the quality of the scaling statistics. The intensity choice was set to
include profile fitted reflections only, due to a bug in the dials.scale code where the weighted
combination of profile and summation reflections was incorrect. This has now been rectified so the
intensity choice no longer needs to be specified. The physical absorption correction was set to false,
as this model applies to X-ray absorption. Additionally, this correction has a 26 dependence and as the
scattering angles for electron diffraction data are much smaller than X-ray scattering angles, the
correction term is tiny and meaningless for electron diffraction data. In future, this correction may be
automatically removed when processing electron diffraction data in DIALS. When optimising the error
model, DIALS uses reflections with expected intensities above a set threshold (min_Ih=25 by default).

By setting min_Ih=1, more reflections are used in error model refinement. This is necessary because
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for small molecule compounds with low symmetry and small unit cells, there are few reflections that
are symmetry equivalent. The cut off is set to a low value to ensure as many reflections as possible

are used in error modelling to ensure the best possible o(l) estimates.

The scaling step in our workflow is currently a manual process. With the results being carefully
analysed and individual datasets or frames being removed to achieve the best solution. Datasets are
selected that improve the overall completeness of the data without sacrificing ACCY% or Rmerge. Rmerge iS
defined by the following equation, where (I(hkl)) is the average of the symmetry related

observations of the same unique reflection.?*®

o Zwa X (kD) ~ (kD)) 9.1
merge Skt 27 (kD

CCY% is typically calculated by dividing the unmerged data into two parts. The two parts each contain
half of the measurements of the unique reflections. The intensities of the unique reflections are
randomly assigned to each half, and the correlation coefficient between the average intensities in
each half is then calculated to give CC%.%” CC¥% can be calculated in a different way such that the
intensities of the unique reflections are not randomly assigned to each half.2*® This method was
utilised by DIALS, as random assignment of the reflections would add an additional factor that would
cause CCY% to change when recalculating CCY% when datasets are added or removed. The quality of the
data can be assessed as datasets are added and removed by calculating the change in CC¥% (ACC)).

ACCY is defined by the following equation:?38

ACCy/p—; = CCyya—i — CC1/2(0verat) (9.2)

Where:
ACCy/,-; = the change in correction coefficient when dataset i is excluded
CCy/2-; = CCy/p when dataset i is excluded

CC1/2(0verairy = the average CCy /, when all datasets are included
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If ACCy/,—; is positive, dataset i improves the overall CCy/,. If ACCy/,_; is negative, dataset i has a
detrimental impact on the overall CC; /,. The dataset that results in the most negative ACC; /,_; can

be removed and the data can then be rescaled.

Datasets that do not add to overall completeness and negatively impact ACC% and Rmerge are usually
removed. The dials.scale.html file is particularly helpful for deciding which frames or datasets to
remove, as it includes a graph which plots scale and Rmerge against each of the individual datasets and

their frames, so it is easy to visualise which frames lead to poor statistics and should be removed.

Further data can be collected if the completeness or quality of the combined datasets is low. Once
satisfied, data can be exported to SHELX hkl format to establish if structure determination is possible

and results in a feasible structure. It is often valuable to do this before performing a joint refinement.

9.3.7 Joint refinement

Detector distance and unit cell parameters are intrinsically linked. Until this point, detector distance
was fixed to prevent refinement to unfeasible values. Joint refinement attempts to allow detector
distance and unit cell lengths to stably refine simultaneously, in the hopes of obtaining a best estimate
at an average unit cell that best describes the data. This process also generates errors for the unit cell
parameters that are meaningful. The errors don’t reflect variance in the cell parameters themselves
but how well the refinement converges based on the input data. If a new dataset was compared with
the results of joint refinement, the cell parameters for the new dataset would likely be outside of
these expected errors. Uncertainty in cell parameters affects uncertainty in bond lengths. These errors
are more important in small molecule crystallography than in macromolecular crystallography (MX),
in MX restraints are applied to the bond lengths, this isn’t typically the case for small molecule

crystallography.

To perform a joint refinement, the scaled reflections are first filtered to ensure only reflections in the

final dataset are included:

dials.filter_reflections scaled.refl flag _expression="scaled&integrated_prf"
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The filtered reflections are then used in a scan-static refinement for all the datasets, the t; and 13

angles remain fixed:

dials.refine scaled.expt filtered.refl output.experiments=joint_refined.expt
output.reflections=joint_refined.refl detector.fix_list=Tau2,Tau3

scan_varying=false

After this refinement, the detector distance and unit cell parameters should be checked to ensure
they have not refined to unreasonable values. This can be achieved using the dials.show commands
below. If the detector distance changes dramatically (more than a few mm difference between
datasets and calibrated detector distance) a limit may need to be applied to the maximum number of
iterations allowed for refinement. Examining the refinement steps in the LOG file can aid with this.

The number of iterations after which the RMSDs stop converging can be observed.

dials.show joint_refined.expt | grep distance

dials.show joint_refined.expt | grep Unit

A 20 refinement can then be performed. During a 20 refinement, the 26 values for each reflection are
calculated and compared to the observed 20 values. The difference between the observed and
calculated values was then minimised. Dependence on crystal orientation was removed. 26

refinement yields a refined unit cell with optimised unit cell parameters.

dials.two_theta_refine joint_refined.expt joint_refined.refl

The data are then rescaled, specifying the new unit cell parameters with best_unit_cell. The data
are rescaled because changes to the unit cell parameters may cause slight changes in resolution, this
may have an impact on the nominal resolution cut off (e.g., changing from 0.83 A to 0.829 A). Once
the data had been rescaled, it was ready for export to SHELX format. Further details on joint
refinement, and a tutorial including troubleshooting advice for when refinements do not converge can
be found on Github.?*® For work presented in this thesis, all joint refinements converged naturally or

with a limit to the maximum number of iterations.
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9.3.8 Export

The scaled, unmerged data are then converted into a SHELX hkl format, ready for structure

determination:

dials.export scaled.* format=shelx shelx.hklout=Compound_Name.hkl shelx.ins=

Compound_Name. ins

9.4 Structure determination

In order to determine the structure of the compound, information about the amplitude and phase of
the structure factors are required. The amplitude of the structure factor is directly related to the
intensity of a given reflection, but the phase information is lost in diffraction experiments. This is
known as the crystallographic phase problem. The phases must be experimentally determined.
SHELXT'®* was used to perform structure determination, this utilises a dual-space algorithm to

determine the phases. This process is described in Chapter 3, Section 3.3.4.

The .ins file generated during export is edited to contain information about the elemental composition
of the compound (SFAC), UNIT is set to 0, and HKLF 4 command is used. The unit cell parameters and
electron wavelength are automatically supplied. It is important to ensure the correct wavelength for
electrons is used, in this case 0.02508 A for electrons at 200 kV. Structural determination can then be
performed using SHELXT!®*. When phasing data from our organometallic molecules, the command line
switches -a -y -m500 were typically applied. The function of these switches is described in Chapter

3, Section 3.3.4.

If successful, SHELXT will generate an initial structure model. This structure model should then be
visualised and checked to ensure it makes chemical sense and that SHELXT hasn’t generated a non-
sensical solution. This visualisation can be performed using software such as Coot?*. If a reasonable
structure is suggested, i.e. atoms in a sensible arrangement, the structure is then ready for structural

refinement using SHELXL'®®, after modifying the .ins file. This will be explained in the following section.
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9.5 Structure refinement

All structures were refined using SHELXL!®>, SHELXLE®® is a useful programme for simultaneously
editing .ins files, performing refinement using SHELXL, and visualising the structural model.
Refinement is essential to ensure the best possible fit of the data to the model. By default, as SHELXL
is typically used for X-ray data, the SFAC command applies the neutral atom X-ray scattering factors
from the International Tables for Crystallography, Volume C.2*! As electrons and X-rays interact
differently with matter, eight parameter fits for electron atomic scattering factors from Peng 199919
were used instead. These were manually added to the .ins file for each element present. Using
electron scattering factors over the default X-ray scattering factors drastically improves the resulting
Rivalues (See Chapter 3, Section 3.4). The SFAC command is now split over multiple lines for each
individual element, care should be taken to ensure that the elements are listed in the same order as

before and the UNIT command should be updated to reflect the number of atoms of each element in

the unit cell.

The anisotropic ADPs were refined for all non-hydrogen atoms. Hydrogen atoms were then
geometrically placed at the idealised internuclear X-H distances used in refinement of structures
against neutron diffraction data in SHELXL.2%® Neutron diffraction distances were used as opposed to
X-ray distances as the X-ray X-H bond lengths are shorter than those of neutron or electron bond
lengths. This is because X-rays are scattered by the electron cloud, located on the X-H bond, whereas
neutrons are scattered by the H nuclei themselves. Electrons are scattered by both electrons as well
as the protons in the nuclei, so neutron X-H bond distances are a more representative reflection of
electron X-H bond distances. A riding model was used for hydrogen atom placement. This means that
the hydrogen atoms ride their parent atoms, i.e., the hydrogen atom and its parent atom have the
same coordinate shifts. This is particularly useful as it allows the hydrogen atoms to be easily added

without requiring extensive, additional parameters.

Restraints may be required to obtain a chemically sensible model. The most commonly applied
restraint in this work is the extended rigid body restraint, RIGU. Additional restraints were also applied
where needed, these included: DELU, SIMU, ISOR and SADI. These restraints are described in Chapter
3, Section 3.4. These restraints, together with refinement of an extinction parameter (EXTI

instruction), typically enable anisotropic refinement of all non-hydrogen atoms without resorting to
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XNPD instructions to prevent ADPs of some atoms becoming non-positive definite. The EXTI

instruction was used in refinement of all compounds presented in this thesis.

For electron crystallography, the scattering amplitude has a unit of A. As such, the map units become
A/ A3, simplifying to A2. Map values, A2, were converted to units of electrostatic potential, e/A.**° This
was achieved by using a conversion factor of 47.87801 A2V from International Tables for
Crystallography (2006) Volume C Section 4.3.1.7,%** followed by a conversion factor of 1V =
0.069446154 e/A. The conversion factor is based on recommended values from CODATA 2018.24

Overall, the map values generated by SHELXL were multiplied by a value of 3.32494.
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List of Abbreviations

3DED
ADP
ADT
ADU
API
ASU
C1

C2
CC%
CCD
CFOM
CHEM
CMOS
cRED
cryoEM
CODATA
DIALS
DQE
EPU-D
FDA
FEG
FEI

FFT
FIB
IEDT
JANA
JSON
MBBF4
MFP
microED
MOF
MRC
MX

Three-dimensional electron Diffraction

Atomic Displacement Parameters

Automated Diffraction Tomography

Analog-to-Digital Units

Active Pharmaceutical Ingredients

Asymmetric Unit

Condenser 1

Condenser 2

Correlation Coefficient between the average intensities in two sets of intensities
Charged Coupled Device

Combined Figure of Merit

Chemical Figure of Merit

Complementary Metal-Oxide Semiconductor and Scintillator Coupled CMOS Device
Continuous Rotation Electron Diffraction

Cryogenic Electron Microscopy

Committee on Data of the International Science Council

Diffraction Integration for Advanced Light Sources — Processing software
Detective Quantum Efficiency

Electron diffraction acquisition software from Thermo Fisher Scientific
U.S. Food and Drug Administration

Field Emission Gun

Field Electron and lon Company

Fast Fourier Transform

Focused lon Beam

Integrated electron diffraction tomography

A crystallographic computing software

File format - JavaScript Object Notation

Methylene Blue Derivative

Mean Free Path

microcrystal Electron Diffraction

Metal Organic Framework

File format common in electron microscopy

Macromolecular Crystallography
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NMR
NPD
OLEX2
PDB
PED
PEDT

PETS2

PXRD
RED
RMSD
[S-BArF]
SCXRD
SHELX
SHELXL
SHELXLE
SHELXS
SHELXT
SNR
STEM
TEM
XDS
X-FEG
XFEL

Nuclear Magnetic Resonance

Non-Positive-Definite

A crystallographic package for small molecule crystallography

Protein Databank

Precession Electron Diffraction

Precession-assisted Electron Diffraction Tomography

Process Electron Tilt Series, version 2 - Computer program for processing a series of
diffraction images

Powder X-ray Diffraction

Rotation Electron Diffraction

Root Mean Square Deviation

[B(3,5-(SFs)2CsH3)al

Single-Crystal X-ray Diffraction

A crystallographic software package

A program for the refinement of crystal structures from diffraction data
Graphical user interface for SHELXL

A structure solution program designed for the solution of 'small moiety' structures
A structure solution program

Signal to Noise Ratio

Scanning Transmission Electron Microscopy

Transmission Electron Microscope

A crystallographic software package

Extreme Field Emission Gun

X-ray Free-Electron Laser
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