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Abstract
Abstract
The study of crystals and associated phase transitions has numerous
applications in areas such as energy storage, optoelectronics and
pharmaceuticals. Understanding and characterizing these crystals is central to
any solid-state research activity and the screening of different polymorphs is
an expensive and time-consuming activity. Recent improvements to hardware
and software have fuelled developments in electron crystallography, where
crystal structures from crystals with dimensions of less than 1 micron is
possible. Presently, there are over 150 small molecular structures deposited on
the Cambridge Structural Database and this number is rapidly increasing. An
attractive feature of electron diffraction is the strong interaction of electrons
with matter which allows characterization of sub-micron sized crystals as well
as routine location of H atoms in the resulting Fourier difference map. One
drawback is that as result of this strong interaction, the diffraction patterns can
exhibit dynamical effects caused by multiple scattering events.
Chapter 2 outlines a comprehensive and detailed workflow for
collecting 3D electron diffraction (3D ED) data via the continuous rotation
method

on

a

Tecnai

F20

transmission

electron

microscope.

This

developmental chapter describes sample preparation, data collection, and
hardware and software usage. Successful data collection is detailed as well as
structure refinement. Further developments and upgrades are also proposed
to optimise the platform for routine data collection on micron and sub-micron
crystallites.
Chapter 3 details how 3DED has been used to follow polymorph
evolution in the crystallization of glycine from aqueous solution. The three
polymorphs of glycine which exist under ambient conditions follow the
stability order β < α < γ. The least stable β polymorph forms within the first
three minutes, but this begins to yield the α-form after only one minute more.
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Both structures could be determined from continuous rotation electron
diffraction data collected in less than 20 seconds on crystals of thickness ∼100
nm. Even though the γ-form is thermodynamically the most stable
polymorph, kinetics favours the α-form, which dominates after prolonged
standing. In the same sample, some β and one crystallite of the γ polymorph
were also observed.
Chapter 4 details how time-resolved carbamazepine crystallization
from wet (‘bench‘) ethanol has been monitored using a combination of
cryoTEM and 3D ED. Carbamazepine is shown to crystallize exclusively as a
dihydrate after 180 seconds. When the timescale was reduced to 30 seconds,
three further polymorphs could be identified. At 20 seconds, the development
of early-stage carbamazepine dihydrate was observed through phase
separation. This work reveals two possible crystallization pathways present in
this active pharmaceutical ingredient.
Chapter 5 is a study of the crystal structure of Blatter’s radical (1,3diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl)

investigated

between

ambient pressure and 6.07 GPa. The sample remains in a compressed form of
the ambient pressure phase up to 5.34 GPa, the largest direction of strain being
parallel to direction of π-stacking interactions. The bulk modulus is 7.4(6) GPa,
with a pressure derivative equal to 9.33(11). As pressure increases, the phenyl
groups attached to the N1 and C3 positions of the triazinyl moieties of
neighbouring pairs of molecules approach each other, causing the former to
begin to rotate between 3.42 to 5.34 GPa. The onset of the phenyl rotation may
be interpreted as a second order phase transition which introduces a new
mode for accommodating pressure. It is premonitory to a first order,
isosymmetric phase transition which occurs on increasing pressure from 5.34
to 5.54 GPa. Although the phase transition is driven by volume minimisation,
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rather than relief of unfavourable contacts, it is accompanied by a sharp jump
in the orientation of the rotation angle of the phenyl group. DFT calculations
suggest that the adoption of a more planar conformation by the triazinyl
moiety at the phase transition is owed to relief of intramolecular H∙∙∙H contacts
at the transition. Although no dimerization of the radicals occurs, the πstacking interactions are compressed by 0.341(3) Å between ambient pressure
and 6.07 GPa.
Chapter 6 details the response of two different polymorphs of Blatter’s
radical derivatives to increasing pressure. The polymorphs’ principal
differences are centred around how the π-stacks are formed from their
respective symmetry elements, causing differences in the distribution of voids.
Under increasing pressure, there is continuous change in the lattice
parameters, with substantial compression via the π-stacks present in both
polymorphs. Further analyses of the interacting dimers and unit-cell volume
partitioning via Monte Carlo procedures reveal a subtle second order phase
transition at 2.84 GPa. Preliminary calculations suggest the π-stacks’
compressibility in both polymorphs is due to the volume minimisation and
hence free energy contribution.
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Lay Summary
Lay Summary
Crystals are formed when molecules pack together in a highly ordered
structure. The properties of crystals depend on both on both the molecules that
compose them and how they are packed. Crystals are ubiquitous in our daily
lives, such as the sugar you put in tea or the salt you sprinkle on chips. In
addition, they exhibit differences not only in how they taste, but also their
physical properties such as solubility, melting and boiling points.
Considerable research effort is dedicated to the synthesis of different
molecules for different desirable properties in their crystalline solid state.
When two or more crystal forms are composed of the same molecules but
display different properties they are known as polymorphs and the specific
interactions between the molecules in each polymorph dictate their chemical
and physical properties. One area where these properties are of particular
importance is the pharmaceutical industry where one polymorph of a drug
compound could be safe and yield the desired therapeutic result while another
polymorph may not be. The drug Ritonavir is an infamous example of this,
with one polymorph displaying greater efficacy than the other.
The process of formation of a crystal from a solution is known as
crystallization and it is here where the molecules aggregate and form the
ordered structure of the crystal. The process of crystallization is dynamic and
not fully understood, but it well-documented that different polymorphs can
arise from the same crystallization conditions. Investigations have been made
to control the conditions and to characterise the resulting the crystals.
Polymorph transformation can also occur either spontaneously or as
a result of external changes, such as an increase in temperature or pressure.
The interactions that hold the molecules within a crystal together dictate the
crystal structure’s stability. We can alter these interactions by subjecting the
crystal to high pressure and induce phase transitions from one polymorph to
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another. We can study theses phase transition looking at the intermolecular
interactions to work out relationships between the structure and the
properties.
Determination of the structures of crystals is therefore critical if we
wish to understand these processes of transition from one polymorph to
another. We have developed the tools we need to study crystal structures in a
high level of detail. By directing an X-ray beam at our sample crystal we can
measure the intensities and positions of the spots in the diffraction pattern.
From this pattern, we can determine the exact molecular composition in our
crystal. This is now routine for X-ray diffraction, but we can also use an
electron beam in a similar way, allowing characterisation of crystals much
smaller in size than would be possible with X-rays. This is due to the strong
interaction of electrons with the crystal sample.
This thesis examines the early stages of the crystallization of two
systems displaying polymorphism, one is a simple amino acid while the other
is an active pharmaceutical ingredient. The exploration of how a crystal
sample may transform from one polymorph to another due to external
pressure, and the implications for magnetic bistability is also detailed.
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Introduction
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Chapter 1
1.1 Polymorphism
The word polymorphism is derived from the Greek in which poly = many and
morph = shape. The word is used across many disciplines, but in the context of
crystallography it is defined as the ability of a compound to crystallize in more
than one crystal structure.1 The phenomenon was first recorded nearly 200
years ago2 and the one of the earliest examples was the compound benzamide3
(Figure 1.1). The crystal structure of the stable form was solved in 19594 while
the structure of the originally observed metastable form was solved as recently
as 2007.5

Figure 1.1: The structure of benzamide has the Cambridge Structural
Database (CSD)6 refcode BZAMID. An early example of a molecule displaying
polymorphism.
The field of study of polymorphism is extensive and diverse owing to
the many different materials that can display polymorphism and the different
physical and chemical properties that it affects (solubility, melting point,
bioavailability, stability). Polymorphism in organic chemistry is of critical
importance to pharmaceutical companies where one polymorph (or form) of
a compound may exhibit desirable properties, but another may not.
One infamous example of this was the case of the drug Ritonavir
(Table 1.1). Ritonavir was found to exhibit conformational polymorphism with
two unique crystal forms having significantly different solubility properties.
Form I crystallizes in the monoclinic crystal system, while form II crystallizes
in the orthorhombic crystal system. Although form II is a more stable packing
arrangement, its nucleation from solution is unfavoured and form I is usually
obtained. The coincidence of a highly supersaturated solution and a probable

2

Chapter 1
heterogeneous nucleation by a degradation product resulted in the sudden
appearance of the more stable form II polymorph. The result was that the
supplies of this antiretroviral medication were severely threatened in the
summer of 1998 as the efficacy of the oral capsules stopped, as most of the
stock produced by Abbott laboratories was in fact the ineffectual form II. The
company lost an estimated $250 million in sales as a result and another two
years of further research was required before it was re-released onto the
general market.7
Table 1.1: Crystal structure information on the two polymorphs of Ritonavir,
chemical formula C37H48N6O5S2.
CSD REFCODE
Crystal system, space
group
a, b, c (Å)
α, β, γ (°)
V (Å3)
Polymorph

YIGPIO

YIGPIO01

Monoclinic, P21

Orthorhombic, P212121

13.438(3), 5.288(1),
27.055(5)
90, 103.15(2), 90
1872.12
I

10.0236(3), 18.6744(4),
20.4692(7)
90, 90, 90
3831.52
II

Another case of polymorphism within pharmaceutical research
involves the compound Ranitidine.8 The reaction with HCl forms Ranitidine
hydrochloride, a medication used to reduce the production of stomach acid,
also known as Zantac. Ranitidine hydrochloride crystallizes in two different
space groups (Table 1.2).

Table 1.2: Crystal structure information on the two polymorphs of Ranitidine
hydrochloride, chemical formula C13H23N4O3S+Cl−.
CSD REFCODE
Crystal system, space group
a, b, c (Å)
α, β, γ (°)
V (Å3)
Polymorph
Year

TADZAZ01
Monoclinic, P21/n
12.1918 (6), 6.5318 (3),
22.0382 (8)
93.985 (3)
1750.76
I
2000

3

TADZAZ02
Monoclinic, P21/n
18.80845 (11), 12.98041 (9),
7.21077 (4)
95.0477 (4)
1753.62
II
2003
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A seminal publication on the applications of polymorphism within
pharmaceutical research was published by Haleblian and McCrone9 and
remains consistently cited within the field. An increase in citation numbers
was observed in 1995, in part due to the patent litigation case surrounding
Zantac.10, 11
Crystalline Ranitidine (refcode POPFAC), the precursor compound to
Ranitidine hydrochloride, is polymorphic and exists in two crystalline forms.8
Form I crystallizes from an ethanolic solution after addition of ethyl acetate,
while form II crystallizes from isopropanol-HCl. Ranitidine was first patented
by Glaxo in 1978 and a method for production was given. After scaling up to
a plant process, one batch was found to be a new polymorph and named form
II, with the original form named form I. A new patent was granted for a
process to produce form II. Prior to expiry of the patent for form I, several
companies, including Novopharm, attempted to produce form I but failed to
do so, instead producing form II. Novopharm and other companies attempted
to invalidate the second patent by claiming that the method used by Glaxo in
the first patent inherently produced form II and that the second patent did not
accurately describe the method that was used to produce form II.
Glaxo successfully argued that the unsuccessful attempts by
Novopharm had been contaminated by seed crystals of form II and went on to
provide independent evidence of the production of form I by the original
method in the first patent. Novopharm later went on to find a method for
reliable production of form I and filed a new application to market this
product. Glaxo challenged this application, claiming that the product
produced by Novopharm would contain a mixture of form I and form II and
so would infringe on the second patent. Novopharm proved there were no
detectable amounts of form II in their product and so were allowed to market
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the product.12-14 The two forms have almost equal solubilities and there is no
difference in bioavailability.15, 16 Zantac has recently been withdrawn from
production owing to concerns of increased contamination with Nnitrosodimethylamine after prolonged storage which can rise to unacceptable
levels for safe administering.17
Polymorphic forms may be related in one of two different ways:
monotropically or enantiotropically. In terms of thermodynamic definitions,
an enantiotropic system is one where the thermodynamic transition point (the
point on a plot of free energy against temperature at which the curves for each
polymorph intersect, representing the temperature at which the two
polymorphs co-exist in equilibrium) is at a temperature below the melting
point of the lower melting polymorph. Similarly, a monotropic system is one
for which the thermodynamic transition point is at a temperature higher than
the melting point of the lower melting polymorph. These two types of
relationship are illustrated in Figure 1. If two forms are related monotropically,
the transformation of one to the other is irreversible (polymorph A can
transform into polymorph B, but polymorph C will never transform into
polymorph A). If two forms are enantiotropically related, the transformation
between the two is reversible (polymorph A can transform into polymorph B
and polymorph B can transform back into polymorph A) (Figure 1.2).

5

Chapter 1

Figure 1.2: Plot showing how the Gibbs free energy of three polymorphs
(termed A, B and C) and the liquid phase of a compound may vary with
temperature. Labelled are the melting points of the three polymorphs
𝑇𝑚,𝐴 , 𝑇𝑚,𝐵 , 𝑇𝑚,𝐶 , the temperature of the transformation from A to B (𝑇𝑡 ) and the
temperature of the transformation of A to C (𝑇𝑡′ ). A and B demonstrate an
enantiotropic relationship as 𝑇𝑡′ is below the melting point of the two
polymorphs. C demonstrates a monotropic relationship to the other
polymorphs as any transformation lies above the melting point of C.18
Polymorph energy differences are usually less, and often much less,
than 10 kJ mol−1.18 This observation is based on a number of different
determinations of polymorph relative energies such as differential scanning
calorimetry,19 melting data,20 sublimation enthalpies,21 relative solubilities22,
high-pressure X-ray diffraction23-26 and computational methods.27-31 How these
are obtained is outlined below.
1.1.1 Differential scanning calorimetry
Differential scanning calorimetry (DSC)32 is a technique for studying the
thermal properties of a sample. The sample (of known mass on the order of a
few milligrams) is held within a sealed aluminium pan, which is placed on a
plinth within the calorimeter. An empty reference pan is placed on a second
plinth. The calorimeter then measures the difference in heat flow into the
sample pan compared to the reference pan. Measuring this heat flow allows
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calculation of the heat capacity of the sample and the enthalpy and entropy
change of any phase transitions, for example a polymorphic transformation,
melting or crystallization. This arrangement of a heat flux “turret-type”
differential scanning calorimeter is shown in Figure 1.3.

Figure 1.3: Schematic of a heat flux, turret differential scanning calorimeter.
Temperatures are measured by the thermocouples indicated by black circles.
Examples of different features that may be observed in DSC data are
shown in Figure 1.4. This example shows, on heating, a glass transition (the
transformation of a glass to a supercooled liquid or rubber state), a phase
transformation (the transformation of one polymorph to another) and finally
a melting peak. On cooling, a crystallization peak is observed. In DSC data,
the peak value of thermal events is often found to vary depending on
heating/cooling rate and the sample used. It is possible to calculate an onset
temperature for the event by finding the point where the tangent of the peak
crosses the interpolated baseline. The onset temperature does not generally
depend on heat/cooling rates or sample and so is a more reliable value to
report.
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Figure 1.4: Schematic demonstrating various thermal events that may be
observed using differential scanning calorimetry (DSC). Exothermic events are
shown plotted upwards.
1.1.2 Melting Data
Melting data can be provide information on the stability relationship between
two polymorphs via calculation of the value 𝛥𝐺0 and temperature slope
(d𝛥𝐺/d𝛥𝑇)0 at the melting temperature of A 𝑇𝑚,𝐴 . The subscript “0” indicates
the value of a thermodynamic function at 𝑇𝑚,𝐴. 𝛥𝐺0 is the free energy change
of the following process in Eqn 1
𝐹𝑜𝑟𝑚 𝐴 (𝑇𝑚,𝐴 ) → 𝐹𝑜𝑟𝑚 𝐵 (𝑇𝑚,𝐴 )

(1)

This process can also be accomplished via an alternative pathway (Eqns 2-5)
𝐹𝑜𝑟𝑚 𝐴 (𝑇𝑚,𝐴 ) → 𝐿𝑖𝑞𝑢𝑖𝑑 (𝑇𝑚,𝐴 )

(2)

𝐿𝑖𝑞𝑢𝑖𝑑 (𝑇𝑚,𝐴 ) → 𝐿𝑖𝑞𝑢𝑖𝑑 (𝑇𝑚,𝐵 )

(3)

𝐿𝑖𝑞𝑢𝑖𝑑 (𝑇𝑚,𝐵 ) → 𝐹𝑜𝑟𝑚 𝐵 (𝑇𝑚,𝐵 )

(4)

𝐹𝑜𝑟𝑚 𝐵 (𝑇𝑚,𝐵 ) → 𝐹𝑜𝑟𝑚 𝐵 (𝑇𝑚,𝐴 )

(5)
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In Figure 1.5, process 1 corresponds to the route a-b, while the
alternative pathway 2-5 corresponds to a-c-b. Step 3 exists in a supercooled
liquid where stable liquid exists above 𝑇𝑚,𝐵 .

Figure 1.5: Expanded view of Figure 1 at the melting points. The route a-b is
equivalent to a-c-b. This is used for calculating the enthalpy and entropy
changes of process 1.
The two processes have the same initial and final states and the
enthalpy 𝛥𝐻0 and entropy 𝛥𝑆0 changes of the process (Eqn 1) can be computed
by summing the corresponding changes in each step of the process (Eqns 2-5)
to give Eqn 6 and 7
𝑇𝑚,𝐵

𝛥𝐻0 = 𝛥𝐻𝑚,𝐴 − 𝛥𝐻𝑚,𝐵 + ∫

d𝑇(𝐶𝑝,𝐿 − 𝐶𝑝,𝐵 )

(6)

𝑇𝑚,𝐴

𝛥𝑆0 =

𝑇𝑚,𝐵
𝛥𝐻𝑚,𝐴 𝛥𝐻𝑚,𝐵
−
+∫
d𝑇(𝐶𝑝,𝐿 − 𝐶𝑝,𝐵 )/𝑇
𝑇𝑚,𝐴
𝑇𝑚,𝐵
𝑇𝑚,𝐴

(7)

Where 𝐶𝑝,𝐵 and 𝐶𝑝,𝐿 are the heat capacities of form B and the
supercooled liquid, respectively. 𝛥𝐻𝑚,𝐴 and 𝛥𝐻𝑚,𝐵 are the latent heats of
melting for forms A and B, also called the enthalpy of fusion. As the range of
integration 𝑇𝑚,𝐴 to 𝑇𝑚,𝐵 is not too large (typically > 20 K), 𝐶𝑝,𝐿 − 𝐶𝑝,𝐵 is assumed
to be constant. Therefore Eqns 6 and 7 become Eqns 8 and 9
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𝛥𝐻0 = 𝛥𝐻𝑚,𝐴 − 𝛥𝐻𝑚,𝐵 + (𝐶𝑝,𝐿 − 𝐶𝑝,𝐵 )(𝑇𝑚,𝐵 − 𝑇𝑚,𝐴 )
𝛥𝑆0 = (

𝛥𝐻𝑚,𝐴 𝛥𝐻𝑚,𝐵
𝑇𝑚,𝐵
−
) + (𝐶𝑝,𝐿 − 𝐶𝑝,𝐵 )ln (
)
𝑇𝑚,𝐴
𝑇𝑚,𝐵
𝑇𝑚,𝐴

(8)
(9)

A term for 𝛥𝐺0 can also be obtained (Eqn 10) using the relationship
𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆
𝛥𝐺0 = (

𝑇𝑚,𝐴
𝑇𝑚,𝐴
− 1) + (𝐶𝑝,𝐿 − 𝐶𝑝,𝐵 ) [𝑇𝑚,𝐵 − 𝑇𝑚,𝐴 − 𝑇𝑚,𝐴 ln (
)]
𝑇𝑚,𝐵
𝑇𝑚,𝐵

(10)

Now the term (d𝛥𝐺/d𝛥𝑇)0 (Eqn 11) can be obtained from Eqn 9 and
the following relationship
(d𝛥𝐺/d𝛥𝑇)0 = −𝛥𝑆0

(11)

If 𝛥𝐺 is approximately linear in temperature, its value at some
temperature 𝑇 below 𝑇𝑚,𝐴 can be obtained (Eqn 12)
𝛥𝐺(𝑇) = 𝛥𝐺0 − 𝛥𝑆0 (𝑇 − 𝑇𝑚,𝐴 )

(12)

Where 𝛥𝐺0 and 𝛥𝑆0 can be calculated via eqns 8 and 9. Equation 12
indicates that if 𝛥𝑆0 > 0, 𝛥𝐺 approaches zero as 𝑇 decreases and it is possible
a transition point 𝑇𝑡 existis below 𝑇𝑚,𝐴 and enantiotropy is likely. 𝑇𝑡 can be
obtained by setting Eqn 12 to zero, which gives Eqn 13
𝑇𝑡 =

𝛥𝐻0
𝛥𝑆0

(13)

On the other hand, if 𝛥𝑆0 < 0, 𝛥𝐺 becomes more negative as 𝑇
decreases and it is not likely there is a transition point below 𝑇𝑚,𝐴 and
monotropy is expected. The melting data of 96 different polymorph cases were
analysed via this method by Yu.20 Of these, 90 agreed with the experimental
data, correctly distinguishing between enantiotropy or monotropy.
1.1.3 Sublimation Enthalpy
Sublimation enthalpy is the enthalpy change that is required to transform one
mole of a solid substance into a gas. The enthalpy needed to do this is
particular to a substance at a certain temperature and must be sufficient to:
excite the solid substance so that it reaches its maximum heat (energy) capacity
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in the solid state; sever all the intermolecular interactions holding the
molecules together; and excite the unbonded molecules of the substance so
that it reaches its minimum heat capacity in the gaseous state.33
Methods for measuring the sublimation enthalpies can be split into
two categories, direct or indirect. Direct methods generally involve the use of
some form of (micro)calorimeter which operates either isothermally (constant
𝑇) or adiabatically (isolated from the surroundings). The sublimation enthalpy
is measured by the magnitude of heat flow necessary to account for the mass
loss.
For materials with vapour pressures of the order of 𝑃 = 100 Pa, flow
calorimeters

using

an

inert

carrier

gas

have

been

designed.34 Microcalorimeters operating at reduced pressures have been
designed for less volatile substances exhibiting vapour pressures ranging from
roughly 𝑃 = 0.1 to 20 000 Pa.35 For materials with vapour pressure much lower
than 1 Pa at ambient temperatures, Calvet calorimeters have been developed.36,
37

Indirect methods of evaluating sublimation enthalpies generally
include measurement of the vapour pressure of the solid as a function of
temperature. Knudsen effusion and transpiration are among the most
common methods used. In Knudsen effusion, mass loss through a small hole
is measured in an enclosed cylindrical vessel over a convenient period of time
and as a function of temperature. The assumption that the condensed and
vapour phases are in thermal equilibrium is tested by demonstrating that the
results are independent of the size of the hole when measured under identical
conditions of temperature and reduced pressure.38 More recently, Knudsen
effusion has been combined with a quartz crystal microbalance to measure
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vapour pressures of small samples using short effusion times over a wide
temperature range.39
1.1.4 Solubility
The comparison between relative solubilities of two different polymorphs is
useful in revealing their bioavailability.40-43 The free energy difference between
two polymorphs can be directly related via their difference in solubilities (Eqn
14)
𝛥𝐺 = −𝑅𝑇ln𝐾𝑠 + 𝑅𝑇ln𝐾𝑠 ′

(14)

Where 𝛥𝐺 is the difference in free energy, 𝑅 is the universal gas
constant and 𝐾𝑠 is the solubility coefficient of one polymorph of 𝐴 and 𝐾𝑠 ′ is
the solubility coefficient of another polymorph (Figure 5a). Eqn 14 can be
modified for two component cocrystals shown in Eqn 15 (and Figure 5b)
𝛥𝐺 = −

𝑚
𝑛
𝑅𝑇ln𝐾𝑠 (𝐴) −
𝑅𝑇ln𝐾𝑠 (𝐵)
𝑚+𝑛
𝑚+𝑛
1
+
𝑅𝑇ln𝐾𝑠 (𝐴𝑚 𝐵𝑛 )
𝑚+𝑛

(15)

Where 𝐴 and 𝐵 are different species and 𝑚 and 𝑛 are their relative
mole ratio. These equations are summarised graphically in Figure 1.6. The
method was applied by Hunter and Prohens44 to 55 different polymorphic and
25 cocrystal systems and one of conclusions reached was that the free energy
differences between polymorphs are generally small (≤ 2 kJ mol−1).

Figure 1.6: Relationship between solubility products in a specific solvent, 𝐾𝑠 ,
and the free energy difference between two different solid forms, 𝛥𝐺 𝑜 , at a
given temperature. a) Two polymorphs of 𝐴. b) The 𝑚 : 𝑛 cocrystal of 𝐴 and
𝐵. Adapted from Hunter and Prohens.44
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1.1.5 Computational Methods
Experimental collection of a large quantity of accurate polymorph energy
differences is challenging. Computational methods of which, the PIXEL
method is one, can be applied to molecular crystals to calculate lattice
enthalpies which are commonly approximated to sublimation enthalpies.45-47
Lattice enthalpies can be calculated either with force field or electronic
structure methods, such as dispersion-corrected periodic DFT29, 30 or fragmentbased approaches.31 One technique devised by Gavezzotti involves
partitioning the electron density of a unit cell into pixels and calculating a
Coulombic, London dispersion and Pauli repulsion terms for each pixel.
Gavezzotti termed this method the CLP-PIXEL method (see Chapter 2 for
further details).28, 46-48
A survey undertaken by Chickos and Gavezzotti,45 utilized the PIXEL
method to calculate lattice energies and compared them to a database of
sublimation enthalpies and found 1655 sublimation enthalpies of organic
compounds, of which 737 matched to an X-ray crystal structure in the CSD.
Lattice energies were calculated for 679 crystals by atom−atom potentials and
for 500 crystals by the Pixel method. Of these 500 crystal structures, lattice
energies were calculated and 87% of sublimation enthalpies-lattice energies
matched by less than 15% with a rmsd of 8.7 kJ mol−1. The intrinsic accuracies
of calculated lattice energies and experimental sublimation enthalpies were in
the 5-10 kJ mol−1 range, shown in Figure 1.7.
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Figure 1.7: Pixel lattice energy (LE) vs experimental sublimation enthalpy (SE)
(kJ mol–1) for 490 crystals. The least squares line for 332 data with −10 < D <
+ 10% is LE = 0.989 SE with R2 = 0.945. D = (SE – LE)/SE. Reproduced with
permission from Chickos, 2019.
While accurate lattice energies can be achieved via the Pixel method,
this ignores the energetic contributions related to the vibration of molecules
about their equilibrium positions. The justification for this was the claim that
the difference in vibrational energy between polymorphs is so small that it
never causes a re-ranking of the relative stability.48 This is because lattice
vibration frequencies invariably fall within a rather narrow range (10 – 150
cm−1) for the substances considered here and, indeed, for most if not all organic
crystals.
Another computational study used a hybrid computational method
that combines density functional theory (DFT) intramolecular energies with
an anisotropic atom–atom intermolecular model. The published results
reported that of the 1061 polymorphic pairs published in the CSD, 52.7% were
found to be within 2 kJ mol−1 of each other.27
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1.2 Controlling Polymorphism
In 1897, Ostwald proposed that “when leaving a metastable state, a given
chemical system does not seek out the most stable state, rather the nearest
metastable one that can be reached without loss of free energy”.49 This was
based on many examples of crystallizations of organic and inorganic materials
yielding a metastable form that was replaced by a stable structure. There are
enough cases of successive crystallization of polymorphic forms to consider
the principles behind Ostwald’s Rule as guidelines for understanding the
successive crystallization of different polymorphs.18
During the crystallization process, the formation of different
polymorphs or an amorphous phase through to the final stable crystalline
product can be described in terms of 𝛥𝐺 by Figure 1.8. The crystallization can
proceed through the kinetic pathway; where multiple polymorphs (forms B,
C and possibly more) are formed en route to the final, stable crystalline
material; if, at each transition, the free energy of the system (𝛥𝐺) is equal to the
free energy of transition (𝛥𝐺𝑡 ). If the initial 𝛥𝐺 is significantly more than 𝛥𝐺𝑡 ,
there is a possibility that 𝛥𝐺 = 𝛥𝐺𝑡 + 𝛥𝐺𝑛 + 𝛥𝐺𝑔 and the final crystalline
material will be formed via the thermodynamic pathway in Figure 1.8.
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Figure 1.8: The crystallization pathways under thermodynamic and kinetic
control. B and C represent subsequent observed phases with the quantity
being sample dependent. 𝛥𝐺𝑔 , 𝛥𝐺𝑛 𝛥𝐺𝑡 are the Gibbs free energy of growth,
nucleation and transition, respectively. The thermodynamic pathway is
dependent on the 𝛥𝐺𝑛 and 𝛥𝐺𝑔 , while the kinetic control is only influenced by
the 𝛥𝐺𝑡 of the transition. Adapted from Cölfen and Mann, 2003.50
For any crystallization experiment, it is possible to define the solvent
used, temperature range, rate of evaporation or cooling, and many of the other
conditions under which it will crystallize. This collection of conditions has
been called the occurrence domain51 and its contents are rarely entirely known.
The contents of the occurrence domain for any polymorph are not necessarily
unique and in regions in which there is an intersection of domains, two or
more polymorphs would crystallize under essentially identical conditions. On
the other hand, determining which regions of the domain are unique to a
particular polymorph can be advantageous in determining crystallization
strategy.
1.3 Crystallization
Crystallization is a process that is exploited daily on a huge scale in research
and industry, from the preparation of single crystals for structural analysis to
the separation and purification of compounds. The complex process of
crystallization is composed of two distinct events, crystal nucleation and
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crystal growth. Of these two events, much less is known about nucleation i.e.,
the step that sees the first formation of a crystalline nucleus from the parent
phase. The entire process is of critical importance to the formation of different
polymorphs and greater understanding of both crystal nucleation and crystal
growth is required.
1.3.1 Classical Nucleation Theory
Classical nucleation theory (CNT) was established over 100 years ago by
Gibbs, Volmer, Becker and Doring.52-54 They provided a theoretical account of
condensation of water vapour to form liquid droplets. Soon after, the theory
was extended to provide a description of the formation of crystalline nuclei
via ion-by-ion attachment. For homogeneous crystal nucleation, CNT
describes the free energy change required to form a spherical crystalline
nucleus of radius (𝑟). The total free energy change is the sum of two
components: the surface free energy 𝛥𝐺s and volume free energy 𝛥𝐺v . The
surface term describes the energy penalty associated with formation of a
surface of a new phase in solution and the volume term accounts for the
favourable contribution due to the formation of a solid particle of the new
phase. The equation describing this (Eqn 16) is below
4
𝛥𝐺 = 𝛥𝐺s + 𝛥𝐺v = 4𝜋𝑟 2 𝛾 − 𝜋𝑟 3 𝐴ln𝑆
3

(16)

Where 𝑟 = cluster radius, 𝛾 is the cluster-solution interfacial tension,
𝐴 = 𝜌𝑅𝑇/𝑀 where 𝜌 is the mass density, 𝑀 is the molar mass of the solid and
𝑆 is the supersaturation defined as 𝑐/𝑐0 ; 𝑐 is the absolute solute concentration
and 𝑐0 is the saturation concentration. This equation is shown graphically in
Figure 1.9. The figure shows that overall free energy (blue line) increases up to
a point with increasing radius 𝑟 until a critical radius 𝑟𝑐 is reached. The surface
free energy (red line) is the dominating term in this region. After the critical
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radius, the volume free energy contribution (green line) dominates and the
overall free energy decreases.55, 56

Figure 1.9: The free energy curve obtained from classical nucleation theory
(CNT). The green curve (bottom) represents the volume free energy (𝛥𝐺v ) and
the red curve (top) represents the surface free energy (𝛥𝐺s ). The blue (middle)
is the resultant free energy profile (𝛥𝐺). The position 𝑟𝑐 indicated on the x axis
indicates the critical cluster radius which is the size that a cluster must reach
to nucleate.
1.3.2 Non-Classical Crystallization
Situations where CNT cannot adequately describe crystallization has led to the
development of models of non-classical crystallization mechanisms where the
resulting bulk crystal is formed from the aggregation of intermediate
nanoparticles (Figure 1.10).
Crystallization in this way can take place by the arrangement of
oriented crystalline particles, aggregation of precursors with no or little order,
or via an initial liquid phase that agglomerates as it progresses to the final
crystalline material.57-62 The ions, atoms or molecules can form various species
en route to the final bulk crystal. This can range from oligomers and complexes
to nanocrystals. Nanocrystals can undergo oriented attachment,63 whereas
liquid phases form during liquid-liquid phase separation.64, 65
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Figure 1.10: The different crystallization pathways. Monomer-by-monomer
crystal growth is described by classical nucleation theory. The other routes to
the bulk crystal are via intermediates of varying morphology and
characteristics and cannot be reasoned by classical models. Reproduced with
permission from De Yoreo et al., 2015.
It is important to note that the final appearance of a crystal in terms of
morphology and microstructure does not conclusively prove that formation
occurred via classical or non-classical nucleation.65,

66

Investigation of the

mechanism of the formation therefore requires characterisation of the
intermediates prior to the formation of the final stage to provide evidence of
either route. It has also been shown that both these routes can occur
simultaneously within the same system, as has been shown for calcium
carbonate, further complicating the models used to distinguish these
crystallization mechanisms.67
Recent work from Nakamuro et al.,68 captured the first fleeting
moments of the formation of the NaCl within a carbon nanotube. The initial
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particle was 1 nm across and formed a cluster fluctuating between featureless
and semi-ordered states, and which suddenly formed a crystal within 40 ms
of recording the images. Subsequent crystal growth at 298 K and shrinkage at
473 K took place in a stochastic manner. This work is an excellent example of
the specific challenges that are presented when attempting to study the
nucleation process.
1.4 Characterization methods
Since polymorphs represent different crystal structures essentially every
physical or chemical property may vary among the polymorphic structures of
a material. A consequence of this is the fact that virtually any technique that
measures the properties of a solid material may in principle be used to detect
polymorphism and to characterize the similarities and difference among
polymorphic structures. Some techniques are more sensitive to the differences
in crystal structure as opposed to molecular structure and these are preferred
in detecting and characterizing polymorphs.
1.4.1 Vibrational spectroscopy
Raman and Infrared (IR) spectroscopy are two complementary methods of
vibrational spectroscopy often used to characterise crystals. However, the two
spectroscopic techniques are based on different physical principles.
Transitions between vibrational energy levels in a molecule are IR active if
they involve a change in dipole moment and Raman active if they involve a
change in polarizability. The dipole moment is a separation of positive and
negative charges. When this separation changes during the vibrational motion
of a molecule it is IR active. Polarizability is the relative tendency of a charge
distribution, like the electron cloud of a molecule, to be distorted from its
normal shape by an external electric field, like the one in an electromagnetic
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wave. If the polarizability changes during the vibrational motion of a
molecule, it is Raman active.
The number of spectroscopically active vibrational modes of a
molecule depend on its point group. The vibrational modes can be defined as
either stretching (symmetrical and asymmetrical), bending or torsional modes.
For non-symmetrical molecules, both spectroscopically active Raman and IR
vibrational modes are likely, but their relative intensities will differ. The more
symmetrical molecules will give higher Raman intensities, while the less
symmetrical molecules exhibit higher IR intensities.69-71
The case is different for a crystal as translational symmetry is now
considered and the number of spectroscopically active vibrational modes of a
crystal depends on its space group. Molecular crystals are distinguished by
two types of vibrations: intramolecular vibrations (also known as internal
molecular vibrations or modes) and external vibrations (also called
intermolecular

vibrations,

lattice

vibrations,

or

phonon

modes).72

Intramolecular vibrations are observed in the typical IR and Raman spectra in
the region 4000–200 cm−1. Phonon modes occur where many atoms or
molecules in the crystal oscillate coherently about their equilibrium positions
at the same frequency.72-74 Because organic molecules have large masses, weak
intermolecular

interactions

in

comparison

to

intramolecular

and

corresponding moments of inertia, their phonon modes in a crystal are
typically low in energy (40 – 400 cm−1). In molecular crystals, the phonon
modes include both translational and rotational (librational) vibrations or
mixed translation–libration vibrations.
The phase transition from form II to III in pyridine was recently
studied by Raman spectroscopy owing to some confusion in the literature
regarding the nomenclature used in the literature for the phase transition. The
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onset of the pyridine III to II phase transition can been seen on decompression
from 2.50 to 1.97 GPa from the emergence of the phase II band at 71 cm−1.75 In
the review by Vankerirsblick et al.,76 more than 40 important pharmaceutical
active ingredients (APIs) that were analysed with Raman are listed with the
corresponding references.
Some of the advantages to these techniques is that they are quick to
run and obtain results, requiring little sample specific preparation. They are
usually non-destructive and provide definitive differentiation between
crystalline forms which exhibit sharp peaks in the spectrum and amorphous
phases, which exhibit broad peaks. They are considered complementary and
usually combined with other methods as they do possess shortcomings. The
techniques essentially only reveal molecular parameters, mainly the strengths
of bonds as represented by characteristic frequencies and do not reveal
anything regarding the relationship of the atoms with respect to one another
in the solid state or the periodic nature of the solid.
1.4.2 Solid state nuclear magnetic resonance spectroscopy
The nuclear spin quantum number, 𝑙, is a fixed characteristic property of a
nucleus and is either an integer (including zero) or a half-integer. There is
angular momentum, 𝜇, associated with a nuclear spin, 𝑆, related via the
gyromagnetic ratio (Eqn 17)
𝜇 = 𝛾𝑆

(17)

The z component of angular momentum 𝜇𝑧 is therefore 𝛾𝑆𝑧 and can be
equated to (Eqn 18)
𝜇𝑧 = 𝛾𝑆𝑧 = 𝛾𝑚𝑙 ħ

(18)

where 𝛾 is the gyromagnetic ratio, ħ is the reduced Planck’s constant
and 𝑚𝑙 is the magnetic quantum number. The energy associated with a
nucleus in an external magnetic field is given by Eqn 19
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𝐸 = −𝛾𝑚𝑙 ħ𝐵0

(19)

Where 𝐵0 is the strength of the external magnetic field. The difference
in energy between the two spin states is given by (Eqn 20)
𝛥𝐸 = 𝛾ħ𝐵0

(20)

This energy difference can be measured as it is close to radio
frequency. Nuclear magnetic resonance (NMR) measures this energy as a
frequency. Nuclear spins can also interact with each other and split the signal
observed, as the spin can now be oriented over other possible states. Electrons
on the atom also interact with external magnetic field and cause a shielding
effect on the atom, termed chemical shift. A unique chemical shift can be
associated with atoms in a particular chemical environment.77
NMR is typically undertaken in the liquid state. Here, the fast motion
of the molecules allows for complete orientational averaging and the sample
is isotropic. In solid-state NMR, there is generally significantly less molecular
motion (on the time scale of NMR spectroscopy) and so the sample is
anisotropic. Chemical shift depends on the orientation of the crystal with
respect to the external magnetic field. Solid-state NMR is generally performed
on powder samples containing many randomly oriented crystallites. Each
crystallite orientation, due to the chemical shift anisotropy, will have a
different chemical shift and so the peaks within a solid-state NMR spectrum
become broadened. In addition, the peaks are broadened by dipolar coupling
of both heteronuclear (such as 1H − 13C dipolar coupling) and homonuclear
varieties (1H − 1H dipolar coupling). To reduce the line widths observed in
solid-state NMR magic-angle spinning (MAS) is used. High-power
decoupling can also be used but won’t be discussed here.
When performing magic-angle spinning, the solid-state NMR sample
(contained within a sample rotor) is spun about an axis forming an angle of
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54.74° (the “magic angle”) with respect to the applied magnetic field. The
anisotropic part of the spin Hamiltonian (excluding large quadrupoles) is
averaged to zero by spinning at this angle. 54.74° is the value for 𝑅 (the angle
between the spinning axis of the rotor and the external magnetic field) that
satisfies the expression (Eqn 21)
3𝑐𝑜𝑠 2 𝑅 − 1 = 0

(21)

Provided that the spinning frequency is significantly greater than the
static line width caused by the anisotropy, the peak will be narrowed.
Solid state NMR provides information on the environment of
individual atoms. The change in environment of any atom can arise from two
factors, which are independent but not separable in the resulting spectra. As
different polymorphs are different crystal structures, it is expected that the
crystal environment of at least some atoms will vary between them. In
addition, since the molecular conformation may also vary among polymorphs
the change in the environment of an atom due to conformational differences
will also be reflected in the NMR spectra.78, 79
Forms I, II and III of paracetamol were studied via 13C and 15N crosspolarization magic angle spinning NMR (CPMAS). The sample of form III was
prepared in a NMR rotor by melting form I at 190 °C and cooling to produce
a glass, followed by warming to 50 °C. The form III spectra show unambiguous
splitting of the signal from the carbon attached to the –OH group (13C data, ca.
150 ppm), and from the nitrogen signal (15N data, ca. −270 ppm).80
A combination of liquid and solid-state NMR, termed CLASSIC NMR
by Harris and co-workers81-84 uses 13C NMR and alternately measures the NMR
spectra of a solution of material in the solid and liquid state as function of time.
Glycine was studied using this method with the polymorph α reported to
crystallize first and then over a period of ca. 4 hours, transforms to the γ form
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in a solution with D2O.84 m-ABA crystallized as Form I and did not undergo
any further polymorph transformation when crystallized from DMSO.82
While specific functional groups within the molecular structure can be
probed and some relationship to the surrounding molecules can be measured
via coupling constants, the results still lack information on the periodic nature
of the crystal. Diffraction techniques, discussed below, reveal the true chemical
and spatial information regarding crystals and the species that compose them.
1.4.3 Single crystal X-ray diffraction
The current definition of a crystal is ‘a material which exhibits essentially a
sharp diffraction pattern’.85 The word essentially means that most of the
intensity of the diffraction is concentrated in relatively sharp Bragg peaks,
besides the always present diffuse scattering.
Diffraction is a geometric phenomenon, which can only occur when
the atomic spacing within a crystal is equal to the wavelength of the incident
radiation used. X-rays with wavelengths between 0.3 and 2.3 Å are commonly
used in crystal-structure determination, but similar results are also obtained
using neutrons and electrons.86
The incident X-ray photons interact with the electron clouds of the
atoms within the crystal. In Thomson’s model of elastic scattering, the
electrons start to oscillate giving out spherical waves of X-ray radiation, at the
same frequency as the incoming beam. These interfere with one another to
yield a three-dimensional (3D) diffraction pattern. In the diffraction
experiment, a mathematical model of the crystal structure is used to reproduce
as closely as possible the position and intensity of each spot in the diffraction
pattern of the crystalline sample.
The relationship between the geometry of the direct lattice and that of
the diffraction pattern is ‘reciprocal’ and can be expressed quantitatively using
Bragg’s law (Eqn 22)87-89
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𝜆 = 2𝑑(ℎ𝑘𝑙) sin𝜃

(22)

Where 𝜆 is the wavelength of the incident X-rays, 𝑑(ℎ𝑘𝑙) is the spacing
between the parallel planes that pass through the entire crystal and 𝜃 is the
angle made by the incident radiation and the ℎ𝑘𝑙 planes at which constructive
interference effects among waves scattered from the regular array of atoms
produce the ℎ𝑘𝑙 spot, also called Bragg reflection (Figure 1.11).

Figure 1.11: Schematic of Bragg’s Law.
The position of the spots in the diffraction pattern, combined with the
use of Bragg’s law, yields the size of the unit cell but offers no information
about the atoms contained in the crystal or their relative position in the unit
cell. This information is obtained from analysis of the intensities of the spots
in the diffraction pattern, which also define the symmetry of the crystal
structure.
In the kinematical model X-ray diffraction, the intensity of each spot
is proportional to the square of the sum of the structure factor. The structure
factor 𝐹(ℎ𝑘𝑙) is the sum of the scattered waves by all 𝑗 atoms in the unit cell
with coordinates (𝑥j , 𝑦j , 𝑧j ) and is given by (Eqn 23)
𝑁

𝐹(ℎ𝑘𝑙) = ∑ 𝑓j exp[2𝜋𝑖(ℎ𝑥j + 𝑘𝑦j + 𝑙𝑧j )] exp (
𝑗=1
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−8𝜋 2 𝑈𝑗 sin2 θ

where 𝑓j is the scattering factor of the atom and exp (

𝜆2

) is the

modification used when the thermal motion of the atoms within the unit cell
are modelled isotropically during crystal structure refinement. The anisotropic
case and more discussion of scattering factors is available in Chapter 2.
One limitation of single crystal X-ray diffraction is that it requires
crystals of a suitable size, approximately 50 μm in any dimension for a
laboratory diffractometer and 5-10 μm for strong synchrotron radiation, to
achieve reliable agreement between the structural model and measured data.
In cases of crystals with smaller dimensions (> 5 μm), powder X-ray diffraction
can be used.
1.4.4 Powder X-ray diffraction
An ideal powder sample is composed of a large number of randomly oriented
crystallites (small crystals). In this situation, there is a random distribution of
crystallite orientations within the powder. Due to this random distribution,
unlike the diffraction “spots” produced in the case of single-crystal X-ray
diffraction, powder X-ray diffraction (PXRD) produces 3D diffraction cones.
These cones are observed as rings on the detector. The fact that the diffraction
data from powder is effectively compressed into one dimension in PXRD
(compared to the three dimensions in the single-crystal case), there is usually
significant overlap of diffraction peaks in the PXRD pattern. This is especially
true for materials with large unit cells and/or low symmetry (as found for most
molecular solids), where there is a very high density of peaks in the PXRD
pattern.
Preferred orientation of crystallites can also lead to some diffraction
peaks are stronger while others are weaker or absent, further complicating the
analysis of PXRD data. Crystallites will have a characteristic morphology,
including shapes such as plates or needles. Due to this, crystallites will often
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lay preferentially in certain orientations, for example, plates stacking flat on
top of one another other or needles aligning along the same direction (Figure
1.12).

Figure 1.12: Schematic of a) preferred orientation in a powder and b) a powder
in which the crystallites do not exhibit preferred orientation.
The non-random distribution of orientations causes the measured
relative peak intensities to differ from their predicted values (Eqn 23) and so
can cause difficulty during structure determination. This preferred orientation
effect can prevent structure solution from PXRD data. Efforts must therefore
be made to reduce or remove it. Preferred orientation is less pronounced in
samples contained within glass capillaries than those held flat between pieces
of tape within a foil type sample holder. Preferred orientation may be reduced
further by mixing the sample with an amorphous phase (amorphous to avoid
observing diffraction peaks from the second phase).
In cases where PXRD is not suitable, such as when there is not enough
quantity of powder, the crystals exhibit preferred orientation or the crystal is
too complex to be solved due to lots of overlapping peaks (unit cell lengths >
40 Å), then alternatives are needed. In 2018, two publications reported the
structure elucidation of crystals smaller than 5 μm as well as the complex
structure of a methylene blue derivative from electron diffraction data. The
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crystals were able to be selectively chosen out of a mixed phase sample, rather
than a bulk measurement.90,

91

These experiments were carried out in a

transmission electron microscope, allowing both image and diffraction data to
be exhibited. There was much anticipation and excitement around these
results and the technique was among 10 nominations for a “Breakthrough of
the Year” in Science Magazine.92
1.4.5 3-Dimensional electron diffraction (3D ED)
Until 2007, electron diffraction (ED) data were mostly always acquired after
orientation of a target crystal along a low-index crystallographic axis. This
procedure cuts down the number of recorded reflections, but in low-index inzone patterns, dynamical effects (see chapter 2) are more prevalent by the
simultaneous excitation of many, geometrically related reflections. Kolb and
co-workers93-96 proposed an alternative strategy for collection of ED data
collection by rotating the sample in fixed angular steps (referred to as the α
angle). This procedure mimics data collection on samples in a simple,
monoaxial X-ray diffractometer equipped with an area detector. Individual
diffraction pattern cannot be easily interpreted alone, but once the angular
relationship between the patterns is known, the whole dataset can be
reconstructed in three dimensions from which unit cell parameters and
reflection intensities are conveniently extracted. Since successful structure
solutions have been reported in the literature and demonstrations of the
success of this data collection strategy, the technique has started to interest
research groups worldwide.
Structure analysis of crystals using ED was first studied by a group in
the former Soviet Union led by Pinsker and Vainshtein from 1937. They
dedicated their time to developing the technique into an independent
structure analysis method and the first Fourier map based on electrondiffraction data from crystals of BaCl2∙H2O was published in 1949.97 Cowley
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and Moodie introduced the dynamical ED theory in 1957 and work on crystal
structure analysis by ED lost popularity as a result, citing fears over the
intrinsic errors associated with the data.98 The advent of X-ray diffraction also
directed resources away from the field as it was cheaper and the systematic
errors associated with it were far less than compared with ED. Nevertheless,
Vainshtein and co-workers were still able to elucidate crystal structures,
mainly of inorganic minerals.97 In 1953, Hauptman and Karle99 applied directmethods for solving the phase problem for X-ray data, leading to structure
solution. Later, Dorset and Hauptman applied the same method to electron
data leading to agreement with previous determinations via Patterson maps.100
Since 1996, Dorset101 and Hovmoller et al.102, 103 have continued to solve organic
and inorganic crystal structures from ED data ab initio from crystals of sizes
that would be unsuitable for traditional X-ray methods. Gonen et al.
demonstrated structure determination of protein crystals at almost atomic
resolution,104 but the presence of multiple scattering105 and difficulty merging
intensities between ED patterns106 restricted the technique as it was very timeconsuming and expensive. It remained only accessible to a few academic
groups.
ED measurements have unique characteristics that are advantageous
when undertaking research activities in crystallography. The main benefit is
that as electrons are charged particles, they interact strongly with matter and
allow diffraction patterns to be collected on crystals roughly 200 nm in size.107109

Steps are taken to deal with this during data collection and/or processing

(Chapter 2). Recently, these dynamical effects have been successfully
modelled during refinement to allow for absolute structure determination and
unambiguous hydrogen atom placement. These advancements have
generated much interest in the technique of 3-dimensional electron diffraction
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(3D ED) and is now a well-known, complementary alternative for
crystallographic studies.
As of September 2021, there are 116 structures determined from 3D
ED reported in the CSD. Some are new polymorphs while others are single
structure determinations. These are detailed in the appendix. One particular
structure (refcode VISXED) has a large unit cell volume of 91695.84 Å 3 and
contains 146 Au atoms in a cluster-like arrangement. The core atoms are
organized in a twinned FCC structure, whereas the surface gold atoms follow
a two-fold rotational symmetry about an axis bisecting the twinning plane.
The complexity detailed was the result of data collected on crystal area of 2
μm in size.
1.4.6 In situ methods
In situ methods have been widely exploited in solid state chemistry. The
obvious advantage of an in situ method is the ability to observe the solid forms
directly during the occurrence of some type of transformation, without
removing it from the conditions under which the transformation occurs. Some
in situ methods also allow this observation to be carried out as a function of
time, either continuous monitoring or snapshot of samples. This can allow
insight into the presence, for example, of transient intermediate phases during
crystallization processes or forms which are simply not stable under ambient
conditions and so could never be removed for ex situ analysis.
In the context of in situ electron microscopy, there are physical
constraints on the instrumentation for transmission electron microscope
(TEM). The need for a near vacuum and penetrating ability of electrons
requires hardware that is unsuitable for analysing liquids in a similar way to
light microscopy. As a result there is much development directed at in situ
TEM sample preparation techniques such as liquid cell transmission electron
microscopy or liquid phase transmission electron microscopy (LPTEM)
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(Figure 1.13).110 This method involves the encasing of a liquid sample of
interest within a membrane, usually SiN, and then imaging within the
microscope, allowing imaging or spectroscopy of any dynamic processes that
occur.111

Figure 1.13: Schematic diagram of the liquid cell for electron microscopy.
Reproduced with permission from Ross, 2015.
Clamped chip LPTEM was in 2012 proven capable of resolving
protein-based fibre structures to 2.7 nm image resolution.112 Despite LPTEM
being very actively developed for materials science, studies of biological
samples have lagged behind due to the low contrast of the samples in thick
liquids and beam sensitivity. With low dose imaging becoming an LPTEM
standard, studies of biological samples have begun.113 ED in LPTEM is rarely
discussed in the literature, apart from recent ED work on lithium battery
cathode materials in LPTEM.114 ED in LPTEM is very much in its infancy as a
result of the expensive TEM hardware requirements.
An alternative method of sample preparation for transmission
electron microscopy, involves the use of liquid ethane, cooled to its boiling
point (−183 °C) by liquid N2.115-117 The high cooling rate of liquid ethane rapidly
converts water to amorphous ice upon contact and protects the sample to the
vacuum and electron beam during study, this is called cryogenic transmission
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electron microscopy (cryoTEM). As this process is instantaneous, it affords
opportunities for time-resolved studies by preparation of samples after
specified timepoints. Walker et al. revealed a solid-state transformation from
amorphous calcium carbonate to aragonite using this method.118 The method
cannot be strictly described as in situ but there are publications which detail
the use of the same method using this term, mainly regarding single particle
analysis of protein structures, such as Strack et al. and references cited
therein.119
The combination of cryoTEM and 3D ED is perfectly suited to the
study of polymorphism as it allows characterization of crystals that would be
too small to see as well as capturing transient polymorphic forms during
crystallization and preventing the transformation to further forms before
being able to characterize them.
1.5 Examples of Polymorphism studied by 3D ED
Continuous rotation ED (cRED) is one technique within the “umbrella” term
3D ED and has been used to successfully study polymorphism and is the only
one used in this thesis. A recent example is the study of the compound
indomethacin (Figure 1.14). Indomethacin (IDM) is a non-steroidal, antiinflammatory pharmaceutical drug and is highly polymorphic with at least
seven distinct polymorphs.120
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Figure 1.14: Molecular structure of indomethacin. From Kistenmacher et al.121
Yamamoto reported three polymorphs of IDM, α, β and γ in 1968.122 β
was later confirmed to be a solvate by Joshi et al. in 1998.123 In 1974, Borka
reported the third true polymorph of IDM designated as form III.124 Borka
synthesised form III by two methods: spontaneous crystallization from melt
between 70 − 90 °C and from a warm methanol solution. The desolvation of
the IDM solvates leads to form III, Joshi was the first to report the PXRD data
for this polymorph.123 In 2002, Crowley et al. reported the use of Joshi’s method
to prepare form III and renamed this as δ.125 After this publication, form III of
IDM obtained by melt and solution crystallization methods was referred to as
δ.126-128 Forms ε, η and ζ were obtained by recrystallization of amorphous IDM
in solution under different pH values.127 The seventh polymorph was
discovered in 2018 by recrystallization of IDM from a polyethylene glycolbased solid dispersion.120 Efforts to characterise the δ form have been difficult
and only the γ and the α forms are reported on the Cambridge Structural
Database (CSD).6 This is due to the long, needle-like morphology that has
ensured the structure has remained unknown for 47 years. 3D ED was used to
correctly elucidate two separate polymorphs from the reported same
polymorph, with the solutions being obtained by simulated annealing, and
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named δ and θ. These display plastic deformations during the melt
crystallization at 120 °C.129
One final case of polymorphism studied by 3D ED was reported in the
hen egg-white lysozyme (HEWL) by Xu et al.130 and Lanza et al.131 Both groups
used cRED and the hanging drop vapour diffusion method for crystallization.
One adopted the space group P21212 while the other was P21. HEWL was first
enzyme to have its three-dimensional structure determined and has become
one of the most studied enzymes in structural biology to date.132, 133 The reason
for this is that it can be easily crystallized and yields diffraction data to high
resolution and in high quality.
1.6 Thesis Aims
The overall theme of this thesis is the study of polymorphism, split broadly
into two parts associated with ED during crystallization and high-pressure Xray diffraction. This was on account of access to instrumentation during the
ongoing Covid pandemic from April 2020.
Chapter 2 is a materials and methods chapter that is primarily focused
on the intricacies of converting a TEM, in this case the Tecnai F20 based in the
School of Biological Sciences, University of Edinburgh for use with 3D ED
measurements shown in Figure 1.15. This chapter details the best practice for
collection of 3D ED data.
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Figure 1.15: Image of the TEM used for this work, based in the School of
Biological Sciences, University of Edinburgh.
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The first system studied was the simple amino acid glycine. Glycine is
a highly polymorphic system with three polymorphs at ambient and three at
high pressure.26,

134

Under ambient conditions, γ is the most stable form,

followed by α and then β. Harris and co-workers monitored the crystallization
of glycine from water using 13C solid state NMR. Crystallization of glycine
from H2O (with natural isotopic abundance) generally gives the α form. They
reported that crystallization from H2O,  is quickly formed followed by no
further change in the solid-state (within ca. 14 hours).84 There was no reported
instance of the β form appearing from pure water before α, even though it is
expected based on Ostwald’s rule of stages. The work detailed in Chapter 3
attempts to answer this point raised.
The second system for study is carbamazepine, an anticonvulsant and
antiepileptic drug. It is highly polymorphic and an excellent conformer in
crystallisation studies. There are five known anhydrous polymorphs with the
most recently discovered form, V, reported in 2011.135 Preliminary experiments
revealed a stable crystal structure of carbamazepine dihydrate. The powerful
combination of imaging data and 3D ED measurements is demonstrated here
in Chapter 4.
Blatter’s radical was first prepared in 1968136 and the diversity in the
number of applications has been increased as a result of improved synthesis
methods.137 Organic radical materials can exhibit magnetic bistability under
pressure138 and the work detailed in Chapters 5 and 6 explores the Blatter’s
radical and a polymorphic derivate’s response to compression via high
pressure X-ray diffraction measurements combined with molecular geometry,
unit cell volume partitioning and intermolecular interaction energy
calculations.
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2.1 Synopsis
This chapter provides an overview of the key experimental and theoretical
methods used throughout this thesis and precedes four research studies that
form the experimental body. Both electron and X-ray diffraction methods have
been central to the research undertaken herein, thus an outline of the
experimental set‐ups utilized is presented, including the conversion of a
transmission electron microscope (TEM) for use with 3D electron diffraction
(3D ED) data collection and structure refinement (Chapters 3 and 4) and
diamond anvil cell technologies for high pressure X-ray diffraction (Chapters
5 and 6). Details for access to the ESI are given at the end of this thesis.
2.2 Conversion of a TEM for 3D ED data collection
Modifications are needed for 3D ED data collection on a laboratory TEM. The
relatively simple conversion for usage requires some hardware additions and
practical knowledge of the data collection process. The hardware
requirements include: an electron source (field emission gun or LaB6) with
ability to vary the wavelength; the ability to tilt the stage (through an angle, α)
at a constant speed; a detector with a high dynamic range, linear response to
incident electrons and fast frame readout in a “movie” mode (10 frames per
second is ideal). The first consideration is a suitable sample preparation
protocol to obtain ideal crystals for 3D ED. What follows is a further discussion
of this and other technical considerations.
2.2.1 Sample preparation
The major advantage of electrons is they interact strongly with matter and
allow smaller crystals to be studied compared to those required for X-ray
diffraction.1 This eliminates the usual need to grow crystals of suitable size for
single crystal X-ray studies. The preparation of 3D ED samples on a TEM grid
is similar to sample preparation for normal TEM. In general, a TEM grid is flat
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disc made of metal (usually Cu or Au) with a mesh pattern or other shaped
holes used to support thin sections of a specimen. A layer of carbon and
Formvar®, a type of resin, is deposited onto this disc to support the sample
while still allowing electrons to pass through (Figure 2.1). Grids are available
in a wide variety of patterns and materials for various applications. These can
be cleaned using plasma to increase hydrophilicity.2

Figure 2.1: Composition of a grid used for TEM sample preparation.
Individual crystals are not picked, rather the main goal is to achieve a
balanced density of crystals on the grid that is high enough for easy location,
but not so high that data are collected from multiple crystals. It is difficult to
assess whether the method of sample preparation has been successful prior to
insertion into the TEM, as the small crystals are invisible under a light
microscope. An alternative could include checking the grid with a scanning
electron microscope (SEM). Once a suitable preparation method has been
found, multiple crystals on one grid can be used for data collection.
One reproducible and controllable method to prepare samples is to
suspend crystals in a volatile liquid, such as ethanol or H2O, apply this
suspension to the TEM grid and allow the liquid to evaporate. Sonication of a
mixture can achieve a uniform suspension with a narrow size distribution,3-5
this mixture can then be applied by pipetting onto the grid or dipping the grid
into the mixture. The sample can also be applied by brush which can create
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texture on the grid and within the sample to eliminate preferred orientation
and affect data completeness of the resulting 3D ED data. The grid can also be
shaken in a sample vial containing a polycrystalline sample.
One consideration in sample preparation is the thickness of crystal
sample. It is important to note that the optimal sample thickness depends on
the type of compound; for organic molecules, less than 1 μm, for
organometallic complexes, less than 500 nm, and for inorganic materials, less
than 100 nm.6 For protein crystal samples, proteinase K crystal structures were
reliably determined with similar quality from crystalline lamellae up to twice
the inelastic mean free path, typical values for protein crystal thickness is 100
nm.7 The probability of scattering relates to a physical property known as the
mean free path (MFP). This is the average distance travelled through a sample
by a moving particle before an interaction takes place. The inelastic MFP refers
to the typical distance that a high-energy electron travels through a specimen
before losing energy in an inelastic-scattering interaction.8, 9 As the thickness
of the sample increases, so do the dynamical effects. These dynamical effects
are observed in the diffraction pattern, where the distinction between strong
and weak reflections is reduced by multiple scattering, an effect which grows
more serious with increasing thickness (Figure 2.2).
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Figure 2.2: Three separate diffraction patterns of crystals with increasing
thickness. With increasing thickness, the dynamical effects of the electron
beam and resulting diffraction pattern are increased. Electron diffraction
pattern images reproduced with permission from X. Zou, 2011.
The effect of multiple scattering results in loss of crystal structure
information through changing of relative intensities. Dynamical effects refer
to the physical phenomenon that the electrons can undergo multiple scattering
events leading to a breakdown of the kinematical approximation where the
intensities are approximately equal to the square of the structure factor
amplitudes.10, 11 This is one of the primary reasons for the elevated R factor in
the crystal structure determination. If the sample is too thick, neither images
nor diffraction patterns will be detected as electrons will be unable to pass
through the sample.
2.2.2 Electron sources
There are two types of electron source used in TEMs: thermionic sources and
field-emission guns (FEGs). Thermionic sources work on the principle that if
a material is heated to high enough temperature, electrons are emitted as the
thermal energy overcomes the work function Փ, typically having a value of a
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few eV. The current density from the source, J, can be related to the operating
temperature, T, in Kelvin by Richardson’s Law (Eqn 24)
Փ

𝐽 = 𝐴𝑇 2 𝑒 − 𝑘𝑇

(24)

Here 𝑘 is Boltzmann’s constant (8.6 x 10−5 eV K−1) and 𝐴 is Richardson’s
constant (A m−2 K−2), which applies to a given source material. Since the
material must be heated (2270 K for Tungsten) it requires high thermal
stability or have a low work function. The early TEMs used tungsten, but
modern TEMs use lanthanum hexaboride (LaB6) on account of their low work
functions (For W, 𝐴 = 60 and Rh, 𝐴 = 90 A m−2 K−2)
FEGs operate on the principle that the strength of an electric field 𝐸 is
increased at sharp points. For a particular voltage 𝑉 at a (spherical) tip of
radius r on tungsten wire then (Eqn 25)
𝐸=

𝑉
𝑟

(25)

As 𝑉 is increased, the electric field increases, lowering the work
function of the material, until electrons can tunnel out of the tip of a tungsten
wire. Tungsten wire is used because it can be shaped into a very fine tip as
well as coated with zirconium oxide and heated to reduce and overcome the
work function. The energy bandwidth (𝛥𝜆/𝜆) is about 0.2 – 0.7 eV for a FEG
and 1 – 2 eV for a LaB6 source. At 200 keV, the energy spread of the LaB6 source
corresponds to the energy spread of a perfect silicon monochromator used at
X-ray synchrotron beamlines.12 Thus for general 3D ED, the advantages of a
FEG versus a thermionic source are effectively negligible and a TEM equipped
with an LaB6 source delivers comparable results at a reduced cost.
Nevertheless, there are some specific cases where a FEG source is
advantageous as a result of greater coherence.
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2.2.3 Choice of wavelength
The choice of wavelength is also an important consideration when
using electrons for imaging and diffraction experiments. The wavelength of
the diffraction energy is related to the acceleration voltage of the electron
beam. The wavelength (𝜆) results from the de Broglie equation (Eqn 26)
𝜆=

ℎ
2 2
√2𝑒𝑚𝑒 𝑈 + 𝑒 𝑈
𝑐2

(26)

where 𝑈 is the accelerating voltage in eV, ℎ is the Planck’s constant =
6.626 × 10–34 J s, 𝑐 is the speed of light in a vacuum = 2.998 x 108 ms−1, 𝑚𝑒 is the
mass of electron = 9.109 x 10−31 kg and 𝑒 is the elementary charge = 1.602 x 10−19
C. The common energies 120, 200, and 300 keV correspond to the wavelengths
0.03349 Å, 0.02508 Å, and 0.01969 Å, respectively. Higher accelerating voltages
can penetrate thicker samples better and reduce multiple scattering events. 13
The choice of wavelength may be dictated by how sensitive a sample is to
damage from the electron beam; however this is not clear-cut and though 200
keV is common, 120 keV has been shown to give good results.14, 15
The energy of the electron beam also determines the extent of
radiation damage during sample search and data collection. At energies below
80 keV, ‘knock-on effects’ (removal of an entire atom) cannot take place for
carbon. However, even at higher energies, knock-on effects only play a small
role for radiation damage. A major contribution to radiation damage comes
from radiolysis, even if the specific radiolysis damage (deposited energy per
elastic scattering event) is orders of magnitude lower for electrons than for Xrays.16 Radiolysis the inelastic scattering (mainly electron–electron interactions
such as ionization) breaks the chemical bonds of certain materials. The effects
of radiolysis by electrons are similar to X-rays and can be reduced by cooling
the sample to cryogenic temperatures. Besides choice of wavelength and
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cooling the sample, other practical measures can be taken to reduce the effects
of radiolysis. One example is to align the instrument with the crystal sample
just out of view and only move it into position when the data collection is
about to begin.
2.2.4 Detectors
Traditionally, 3D ED patterns were recorded by charge-coupled device (CCD)
cameras. Due to the limited dynamic range and the sensitivity, a beam stop is
normally required. The read-out time and the read-out noise of CCD cameras
may also hinder full data acquisition from very beam-sensitive materials.
Relatively modern complementary metal–oxide–semiconductor (CMOS)
detectors have the significant advantages of better sensitivity, lower
background, and faster output time compared to CCD cameras. The
improvements in sensitivity and background are attributed to better
scintillator layer and fibre optic coupling (between the scintillator layer and
the integrated circuit). Most CMOS detectors are not specifically designed for
ED experiments and may suffer a certain deterioration after extensive
diffraction data experiments. They remain popular however, and reports from
different academic groups using CMOS detectors are available with full
integration into the instrument software.17-19
Hybrid pixel detectors (HPDs) are another alternative and have been
widely exploited in the field of X-ray crystallography since their introduction
two decades ago. Their excellent suitability for the detection of electrons was
investigated soon after with the Timepix camera.20, 21 HPDs stand out with their
high dynamic range of typically 20 bit or more, zero read-out time, zero readout noise, and high imaging rate above 1 kHz. In addition, HPDs are resistant
to electron radiation and do not require a beamstop which is beneficial for data
processing as the direct beam position can be read directly from the diffraction
images. Even the use of long exposure times with electrons at 200 keV and
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below creates no damage, and they even withstand 300 keV electrons, when
the exposure time and beam intensity are not extreme.22 HPDs are excellent
also for imaging, crucial for suitable sample selection even at low-dose
conditions. Dose in electron microscopy is a measure the amount of charge
density on the sample. As an example, if the current measured at the TEM was
25 pA (spot size 9), the dwell time on the detector was 4 μs per pixel, the image
size of 512 x 512 pixels and the magnification was 1500 (corresponding to a
pixel size of 194 nm). The dose per image is: [(25 x 10−12 x 6.2 x 1018 e− s−1) / (1940
Å)2] x 4 x 10−6 s = 1.66 x 10−4 e− Å2.23
Several companies offer hybrid pixel detectors for TEMs: ASI,
DECTRIS, Quantum Detectors, Rigaku, and X-Spectrum. The JUNGFRAU
detector by DECTRIS, developed at the Paul Scherrer Institute (PSI) in
Switzerland, was recently used to discriminate silicon from aluminium in 3D
ED data from aluminosilicates.24 The JUNGFRAU detector is a charge
integrating detector designed for studies at free electron lasers. It can be
operated with a 1 kHz or 2 kHz frame rate. Each pixel switches its gain
automatically when a certain charge threshold is reached. This way it covers a
very large dynamic range of 120 MeV per pixel and frame. For data processing,
50 – 100 frames can be summed to get an effective frame rate of 100 Hz. This
still yields very fine-sliced frames and greatly reduces the data volume.
The Timepix is another type of HPD and is able to count only those
electrons that have an energy that is higher than a user-defined threshold. As
the Timepix detector can discriminate between different types of quanta based
on their energy, the noise signal from the abundantly present lower-energy Xrays is filtered out. As a consequence, the detector has a very high signal to
noise ratio. The chip has a dynamic range of 11.8k electron counts with a linear
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range of 10k electron counts per acquired frame.20 These characteristics make
the Timepix detector ideal for 3D ED.
2.2.5 Stage
The sample on the TEM grid must remain within the electron beam during 3D
ED data collection, this is done via alignment of the eucentric height (z axis) in
the TEM before data collection. The stage which holds the grid on a typical
TEM is not optimized for precise crystal alignment for 3D ED and in most
cases, a good eucentric alignment is only suitable for 40 – 60° of rotation. In
some cases, ab initio structure solution and robust structure refinement from
3D ED data requires an α tilt range of 60 – 100° providing a large sample of
reciprocal space. Examples of these samples are crystals that exhibit preferred
orientation or low symmetry crystal systems (monoclinic and triclinic). The
coverage of all theoretically possible unique reflections within the measured
data set is termed completeness and is quoted as a percentage. Specifics of
steps taken to address the low completeness of 3D ED and high pressure data
will be discussed below.
As the TEM can only be operated in either imaging or diffraction
mode, it is not possible to monitor the crystal sample during 3D ED data
collection and eucentric height alignment must be done beforehand. One
solution is to defocus the beam every 20 frames during data acquisition,
allowing tracking of the crystal in real space as the data are collected. This can
be implemented using the program Instamatic.21 Inconsistent speed of rotation
during 3D ED data collection will result in inaccurate measured intensities and
while it may not affect indexing, the data quality for structure solution will be
compromised. If the alignment is incorrect, the crystal will move out of the
electron beam during continuous rotation, reducing the number of visible
Bragg peaks, or causing the diffraction pattern to disappear altogether (Figure
2.4).
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A sample sensitive to the beam or vacuum can be vitrified in a thin
layer of ice via rapid cooling using liquid ethane.25-27 This requires a cryogenic
holder operating at 100 K to hold the sample in the TEM. This allows imaging
and collection of 3D ED data on a sample in its native, hydrated state whilst
minimising the effects of radiolysis caused by inelastic scattering of electrons.
This causes local heating which can damage the sample further. The TEM
column is also held at vacuum (≈ 10−6 Pa) and this can damage samples, via the

evacuation of guest molecules (such as solvent) from within. This can cause
loss of crystallinity (see Chapter 4).
Figure 2.4: Change of eucentric height in a tilted specimen, x axis is from L to
R and the y axis is along the viewing direction. a) The area marked in orange
is at eucentric height and the sample is aligned. b) The area marked in red is
misaligned and not at eucentric height.
2.2.6 Summary
The main features described here set out the instrumentation for an idealized
3D ED experiment. For TEM users, the ability to understand these and their
use is crucial to successful 3D ED data collection. Further information
regarding detector upgrades have also been given and the gold standard
HPDs and their function relating to 3D ED has been explained. Many of the
hardware technicalities, the primary being the stage alignment, have been
addressed by dedicated electron diffractometer companies such as ELDICO
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with the ED-1 instrument and Rigaku with their XtaLAB Synergy-ED
instrument and their results continue to excite interest in the chemical
community.6, 28, 29
2.3 The 3D ED experiment
The section that follows is a summary of the use of a TEM for collection of 3D
ED datasets. A manual-like guide, available in the appendix, is deliberately
written in the form of a step-by-step protocol describing the use of a Thermo
Fisher Scientific Tecnai F20 electron microscope (200 keV, field emission gun)
equipped with a 3k x 3k CMOS camera (Gatan Rio 9) and Gatan K2 direct
electron detector. This TEM is based in The School of Biological Sciences at The
University of Edinburgh. The material presented in the appendix is not
available elsewhere and is included here in the hope that that it will be of use
to the wider academic community.
There are two features that must be in place before efforts to collect 3D
ED data can begin. The first is the ability to collect frames continuously in a
“movie mode”, controlled in this work through the program insteaDMatic.30
The second is the stable, continuous rotation of the sample stage in the TEM.
The selection of a suitable standard with which to collect the first 3D
ED datasets is required. Practically, the crystal sample must have known unitcell dimensions, be resistant to the environment of a TEM such as the electron
beam and low pressure of the TEM column and crystallize in a high-symmetry
crystal system to increase the completeness of the 3D ED data collected. The
zeolite ZSM-5 was used in this work. The crystal structure of ZSM-5 was first
reported in 1981 by Olson et al.31 It is an aluminosilicate zeolite with a chemical
formula of NanAlnSi96–nO192·16H2O (0 < n < 27). Mobil Oil Company patented
the material in 197532 as a heterogeneous catalyst for hydrocarbon
isomerization reactions. ZSM-5 crystallizes in the orthorhombic space group
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Pnma with unit-cell dimensions a = 20.160(30), b = 19.970(30), c = 13.44(2), V =
5410.88 Å3 (Figure 2.5).

Figure 2.5: The crystal structure of ZSM-5, showing well-defined pores and
channels. Si = yellow and O = red.
To achieve suitable crystal distribution on the TEM, the crystals of
ZSM-5 can be ground between two glass slides or in a pestle in mortar to
reduce the size of crystals if larger than 1 μm.6, 28 The resulting crystallites can
then be shaken with a TEM grid and then inserted into TEM, via the sample
holder. Cryogenic conditions are not required as the sample is not beamsensitive.33 Suitable single crystals are then selected, ensuring minimal dose is
administered to the rest of the sample. Thicker crystals should be avoided as
dynamical effects are more prevalent in these crystals. The collection of 3D ED
data begins by centring a crystal at the correct eucentric height and rotating
the sample stage to the selected starting angle. The beam is defocused to
diffraction mode and the sample is rotated at a constant speed while frames
are outputted. The entire process takes less than ten minutes and repeating the
process allows many crystallites to be sampled. In one session of three hours,

57

Chapter 2
approximately twenty 3D ED datasets can be collected as well as images
revealing information on morphology, depending on the user and exact TEM
instrumentation.
Since 2007, different academic groups and have been recording their
own 3D ED data in this way on instruments with a range of different detectors.
As a result, there are many different frame formats. Though attempts have
begun to standardize within the community, the frames outputted normally
require conversion to be used with processing software.34 Some programs used
for the processing of 3D ED are XDS,35 DIALS,36 MOSFILM,

37

REDp,38 and

eADT.39
2.4 Structure solution and refinement
Popular X-ray crystal structure solution programs perform well for 3D ED
data, providing the data is collected to high resolution, high completeness and
dynamical effects are minimized. Solutions to the phase problem by Patterson
methods,40 direct methods41,

42

and charge flipping43,

44

result in atomic

coordinates which are then optimised by least-squares refinement. The most
common statistic reported from the structure refinement is an 𝑅 factor (Eqn
27)
𝑅=

∑||𝐹𝑜𝑏𝑠 | − |𝐹𝑐𝑎𝑙𝑐 ||
∑|𝐹𝑜𝑏𝑠 |

(27)

This equation compares the observed structure factors (Fobs) with the
calculated structure factors (𝐹𝑐𝑎𝑙𝑐 ) and is quoted as a percentage. An additional
weighted 𝑅 factor (𝑤𝑅) (Eqn 28) is usually defined with 𝐹 squared coefficients.
𝑤𝑅 = √

∑ 𝑤(|𝐹𝑜𝑏𝑠 |2 − |𝐹𝑐𝑎𝑙𝑐 |2 )2
∑ 𝑤|𝐹𝑜𝑏𝑠 |2

(28)

Without taking into account dynamical effects, typical values for 3D
ED data are between 15 – 30% (Eqn 4).1 The section examines some of the
characteristic traits of structure refinement against 3D ED data.
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2.4.1 Low data completeness
One of the issues that is prevalent across 3D ED and high-pressure datasets is
low completeness. This is the coverage of all theoretically possible unique
reflections to a given resolution and is quoted as a percentage. In 3D ED,
crystal samples sometimes exhibit preferred orientation and as 3D ED is
limited to one axis of rotation, this can reduce the completeness of the 3D ED
data. Preferred orientation is also a familiar problem in powder X-ray
diffraction.45 There are a number of ways of to address this issue. One popular
method in 3D ED is to merge (average) reflections from different data
collections,20 commonly achieved using XSCALE35 but this can also be done
from within XPREP.46 Typical experimental details of a single 3D ED dataset
are shown in Table 2.1.
Table 2.1: Experimental details of a single 3D ED data collection. Data from
Chapter 4.
Crystal data: Carbamazepine dihydrate
Chemical formula
C15H16N2O3
Mr
272.30
Crystal system, space
Monoclinic, P21/c
group
Temperature (K)
100
10.381 (2), 27.787 (6), 5.0749
a, b, c (Å)
(10)
β (°)
102.52 (3)
V (Å3)
1429.1 (5)
Z
4
Radiation type
electron, 200 keV = 0.02508 Å
Data collection
Diffractometer
Tecnai F20 3D ED
No. of measured,
independent, and observed
1193, 644, 518
[I > 2s(I)] reflections
Rint
0.080
Resolution (Å)
0.622
Completeness (%)
24.5
Refinement
R [F2 > 2s(F2)], wR(F2), S
0.216, 0.545, 2.10
No. of reflections
644
No. of parameters
87
H-atom treatment
H-atom parameters constrained
Δρmax, Δρmin (e Å-3)
0.11, -0.12
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In a high pressure data collection, the crystal sample is inside a
diamond anvil cell (DAC) and the body of the cell limits the angles available
for collection of diffraction frames.47-49 Samples in low symmetry crystal
systems such as primitive monoclinic or triclinic further reduce the number of
reflections that can be observed. Merging is not uncommon in high-pressure
experiments, though requires loading multiple crystals into a single DAC.
2.4.2 Kinematical theory of diffraction
The kinematical model of diffraction used in this work makes assumes the
intensity (𝐼) is proportional to the square of the structure factor 𝐹(ℎ𝑘𝑙) (Eqn 29)
𝐼 ∝ 𝐹(ℎ𝑘𝑙) 2

(29)

The structure factor is described by the equation (Eqn 30)
𝑁

𝐹(ℎ𝑘𝑙) = ∑ 𝑓j exp[2𝜋𝑖(ℎ𝑥j + 𝑘𝑦j + 𝑙𝑧j )]

(30)

𝑗=1

𝑓j is the atomic scattering factor for the jth atom in the unit cell, which has
fractional coordinates 𝑥j , 𝑦j , 𝑧j . The integers ℎ𝑘𝑙 are the indices for one
reflection, occurring in a certain direction. 𝜆 and θ is the incident wavelength
and angle, respectively. The structure factor (Eqn 30) is the sum of the contents
of one unit cell containing atoms of different types at fractional coordinates 𝑥,
𝑦, 𝑧. The atom type determines the value of 𝑓j (Eqn 30) and describes the
scattering power of that atom. The scattering factors used in conventional
refinements against X-ray data are the Fourier transforms of the electron
densities. It follows that for atoms with higher electron densities, the scattering
factor increases and as a result the amplitude of the diffracted radiation is
increased.
Electron densities are calculated via quantum mechanics and are
sometimes referred to as ‘spherical atom scattering factors’, and do not include
any distortions due to covalent bonding, lone pair formation, or any other
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feature leading to a non-spherical electron density distribution about an atom.
In other cases, such as that of the non-spherical Hirshfeld atom refinement
method,50-52 atoms are considered interacting entities involved in interatomic
bonding as well as in valence effects, and their atomic electron densities
depend on the geometry of the whole structural model. As shown in Figure
2.6 for the O atom in the X-ray case, the atomic scattering factor equals the
number of electrons belonging to the atom at θ = 0° but, due to the destructive
intra-atomic interference, it decreases with increasing sinθ/. In the case for
electron radiation, the O atoms displays a reduced atomic scattering factor.
The atomic scattering factor also varies depending on the incident radiation
(X-rays, electrons, and neutrons).
9

Atomic scattering factor
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Figure 2.6: The differences in the electron and X-ray scattering factors for the
Oxygen atom. The X-ray values are from International Tables of
Crystallography, Volume C, Table 6.1.1.1, pg 555.53 The values used for the
electron case are from Table 4 in Doyle & Turner.54
The exponential term, exp[2𝜋𝑖(ℎ𝑥j + 𝑘𝑦j + 𝑙𝑧j )], defines the phase of
the scattered wave. Phase is a relative quantity to assess how the peaks and
troughs of the scattered waves are aligned. Fourier syntheses can be used to
describe the summation of these scattered waves. An Argand diagram can be
used to represent the problem schematically with the summation of waves
scattered via a carbon (𝐶) and phosphorous (𝑃) atom shown in Figure 2.7.
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Figure 2.7: The scattering of two atoms depicted as vectors. The angle made
by the overall structure factor with the horizontal axis is Փ.
The magnitude of structure factor is therefore (Eqn 31)
|𝐹(ℎ𝑘𝑙) | = √(𝑓C cos𝜑C + 𝑓P cos𝜑P )2 + (𝑓C sin𝜑C + 𝑓P sin𝜑P )2

(31)

The overall phase Փℎ𝑘𝑙 is given by (Eqn 32)
𝑇𝑎𝑛Փℎ𝑘𝑙 =

𝑓C sin𝜑C + 𝑓P sin𝜑P
𝑓C cos𝜑C + 𝑓P cos𝜑P

(32)

These equations can be simplified to give the original equation (Eqn 30).48 The
phases of all of the structure factors cannot be measured and is at the centre of
the challenge of structure solution, known as the ‘phase problem’.
2.4.3 Atomic displacement parameters
Eqn 30 can be modified to account for thermal motion of the atoms in the unit
cell (Eqn 33)
𝑁

𝐹(ℎ𝑘𝑙)

−8𝜋 2 𝑈𝑗 sin2 θ
= ∑ 𝑓j exp[2𝜋𝑖(ℎ𝑥j + 𝑘𝑦j + 𝑙𝑧j )] exp (
)
𝜆2

(33)

𝑗=1

𝑈𝑗 is the mean squared amplitude of vibration with units Å2, and is
related to the average displacement of the atom from its equilibrium position.
The Debye-Waller factor, 𝐵𝑗 , expresses 𝑈𝑗 as 𝐵𝑗 = 8𝜋 2 𝑈𝑗 . In the simplest model
of thermal motion in a crystal, atoms are assumed to sit in isotropic harmonic
potentials leading to vibrational motion which is equal in all directions
(isotropic thermal motion). However, 𝐵𝑗 may not be spherically symmetric and
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up to six independent anisotropic displacement parameters may be refined in
a single crystal diffraction experiment and visualised in the form of an
ellipsoid, with diagonal terms 𝑈𝑖𝑖 = 𝐵𝑖𝑖 /8𝜋 2 and off-diagonal terms 𝑈𝑖𝑗 =
𝐵𝑖𝑗 /8𝜋 2 . Another form of this anisotropic model can be defined (Eqn 34)
−2𝜋 2 (𝑈11 ℎ2 𝑎∗ 2 + 𝑈22 𝑘 2 𝑏 ∗ 2 + 𝑈33 𝑙 2 𝑐 ∗ 2 + 2𝑈23 𝑘𝑙𝑏 ∗ 𝑐 ∗
+ 2𝑈13 ℎ𝑙𝑎∗ 𝑐 ∗ + 2𝑈12 ℎ𝑘𝑎∗ 𝑏 ∗ )

(34)

Where ℎ, 𝑘, 𝑙 are reciprocal lattice points and 𝑎 ∗ , 𝑏 ∗ , 𝑐 ∗ , 𝛼 ∗ , 𝛽 ∗ , 𝛾 ∗ are
reciprocal cell constants. The six terms in Eqn 34 have the integers ℎ𝑘𝑙 for one
reflection and so it follows that the lack of ℎ𝑘𝑙 reflections (low completeness)
can lead to distortion of the ellipsoids along directions where data is missing
as a result. Rigid-body restraints are used to make the displacement
parameters of atoms more physically reasonable. By using a rigid bond
restraint, the difference in the displacement parameter components along a
bond are said to be equivalent. Two separate enhanced rigid-body restraints
have been implemented in the refinement programs SHELXL and
CRYSTALS.55, 56
2.4.3 Hydrogen atoms
One interesting feature of crystal structures solved and refined using 3D ED
data, is the treatment of H atoms. H atoms can often be found in a Fourier
difference map and when allowed to refine freely, the distances are often the
same or longer than distances derived from neutron data. Incident electron
radiation is scattered by both nuclei and electron clouds of atoms and can be
interpreted as an electrostatic potential map.57,
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Chemical bonds, cause a

difference in electrostatic potential as the electrons are shifted away from the
atomic nucleus when forming a bond. Therefore, hydrogen atom position
refined using the model of an independent neutral hydrogen atom are
expected to be different from both the X-ray diffraction case, which is
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governed solely by the electron density, and neutron diffraction based
distance given by the position of just the proton.59
2.5 Dynamical refinement
2.5.1 Dynamical theory of diffraction
Typically, the interaction of X-rays and neutrons is treated as a kinematical
interaction and the approximation is made that only a small quantity of the
incident beam is diffracted. The intensities observed are a result of a single
scattering event in each layer of the crystal. Multiple scattering events occur
with X-rays when the crystal is nearly “perfect”, and planes of atoms are wellordered, ensuring the overall crystal has a very low mosaicity (Figure 2.8). A
mosaic crystal is an idealized model of an imperfect crystal, imagined to
consist of numerous small perfect crystals (crystallites) that are to some extent
randomly misoriented. The incident X-ray is scattered by the second layer
onwards has the potential to undergo another scattering event with the layer
directly above it. This causes a primary and secondary extinction effect.
Primary extinction occurs when diffracted X-rays act as a primary beam for
further scattering events. Secondary extinction occurs when a substantial
fraction of the primary beam is diffracted as it passes through the first few
layers of a crystal, so that the remaining parts of the crystal effectively
experience an attenuated primary beam. Both types of extinction reduce the
observed intensities, and it is most severe for low-angle, strong reflections.
Extinction is usually handled using an empirical correction with one refined
parameter.48, 60
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Figure 2.8: The effect of diffraction by successive planes in a perfect crystal. ξ
is known as the extinction distance. Colouring of the arrows corresponds to
characteristically different X-rays. Grey = incident beam, Blue = X-rays
scattered only once (primary extinction) and Red = X-rays scattered more than
once (secondary extinction).
The case is different for electrons however, and due to their strong
coulombic interaction with matter, multiple scattering is a more likely to occur.
This results in a far stronger primary effect in electron diffraction than in Xray diffraction. Dynamical scattering in 3D ED increases the intensity of
weaker reflections, whereas strong reflections become less intense on
average10, 11, 61 and can give the effect that all the diffraction spots have nearly
the same intensity in the resulting diffraction pattern. Crystal size is an
important factor affecting dynamical scattering, as the probability of multiple
scattering events increases with sample thickness (Figure 2.2). This leads to a
breakdown of the kinematical approximation that the intensities recorded are
approximately equal to the square of the structure factor, leading to elevated
R factors in the structure refinement.
2.5.2 Corrections post data-processing
Dynamical effects of electrons can lead to uncertainties regarding correct
molecular structure and methods to account for the dynamical effects after
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data-processing has been reported. Clabbers et al. reasoned that because
dynamical scattering increases the intensity of weaker reflections at the
expense of the strong reflections, the observed structure-factor amplitudes
(|𝐹o (𝐡)|) will be overestimated for the weaker reflections.62, 63 The observed
intensities (|𝐹o,corr (𝐡)|) are corrected via Eqn 35
2

|𝐹o,corr (𝐡)| =

|𝐹o (𝐡)|2
𝜀𝑚 (𝑑)

(35)

Where 𝜀𝑚 (𝑑) is equal to (Eqn 36)
𝜀𝑚 (𝑑) =

|𝐹o (𝐡)|2 + ⟨|𝐹𝑒 (𝑑)|2 ⟩
|𝐹c (𝐡)|2

(36)

Where 𝑑 is resolution, ⟨|𝐹𝑒 (𝑑)|2 ⟩ is the strength of the dynamical effect,
|𝐹o (𝐡)|2 is the expected observed intensity and |𝐹c (𝐡)|2 is the intensity that
would be observed in the absence of the errors (Eqn 35).64
Refining the extinction coefficeint can lead to improved R factors. This
is still not the ideal case as the values tends to overestimate the atomic
displacement parameters (see 2.4.3), sometimes rather strongly. Figure 2.9
shows the equivalent isotropic parameter calculated from the final
refinements of carbamazepine dihydrate of the X-ray case in the CSD (refcode
FEFNOT09) and the 3D ED data from Chapter 4. This correction was only
intended to correct the small dynamical effects in X-ray diffraction and is
described by (Eqn 37)
𝐼𝑐∗ =

𝐼𝑐
3

√1 + 0.001 𝑥𝐼𝑐 𝜆
sin2θ

(37)

where 𝐼𝑐∗ is the corrected calculated intensity, 𝐼𝑐 is the original
calculated intensity, 𝑥 is the extinction coefficient, 𝜆 is the wavelength and
sin2θ is the diffraction angle.65 This has been implemented in SHELXL.
The dynamical theory of electron diffraction describing multiple
scattering was established almost a century ago.66 The early work of Zuo and
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Spence demonstrated the refinement of structure factors from intensities
obtained via convergent-beam electron diffraction (CBED).67 Structure
refinement against electron data using dynamical diffraction theory on
oriented static patterns was demonstrated by Jansen et. al.68 Use of dynamical
refinement on oriented precession electron diffraction (PED) patterns for
structure refinement was reported by Dudka and Palatinus.69,
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implementation and feasibility of dynamical refinement to 3D ED PED data
was reported in 2015.10
2.5.3 Precession electron diffraction
Precession electron diffraction (PED) was introduced 20 years ago as a way of
recording electron diffraction intensities. PED (Fig 2.10) was more suited to
structure solution than those acquired with conventional methods.71
Alongside sample rotation, the electron beam is also rotated in a hollow cone
(at a fixed angle to the optic axis) above and below the sample, the net effect
being equivalent to precessing the sample about a fixed electron beam parallel
to the optic axis. An outline of PED schematic is shown in Figure 2.10a. The
resultant pattern is composed of many more reflections than would be the case
for an unprecessed beam, and these PED reflections have intensities that are
determined by integrating through the Bragg condition of each reflection.72
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Figure 2.9: Analysis of the displacement parameters of 3D ED data with the
extinction correction. a) Graph shows the equivalent isotropic parameter of
each atom on the main residue of carbamazepine dihydrate. b and c show the
graphical comparison of the anisotropic displacement parameters, drawn as
ellipsoids at 50% probability of the carbamazepine dihydrate comparing the 3D
ED and X-ray case, respectively. The O1/N3 and N1/O2 sites are modelled as
disordered at 50% occupancy and both structures were determined at 100 K.
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Figure 2.10: a) A schematic ray diagram for precession electron diffraction
(PED), illustrating the rocking/de-rocking action of the beam before and after
the specimen. b – e) Illustrations of how precession alters the recorded
diffracted intensities, here from the [001] zone axis of Er2Ge2O7: b) without
precession, c) with a precession angle of 20 mrad, d) with a precession angle
of 47 mrad. The pattern of diffracted intensities seen in d) is similar to that seen
in the kinematic simulation shown in part e). Reproduced with permission from
Midgely, 2015.
The dynamical refinement method used by Palatinus et al.59, 73, 74 uses
the idea of overlapping virtual frames to compare experimental and calculated
intensities. Experimental intensities are difficult to model due to imperfections
in the crystal leading to high mosaicity. When precession is performed, the
intensities are integrated and there is good agreement with the integrated and
calculated intensities (Figure 2.11a), but in the continuous rotation case, part
of the intensities are missed and are not integrated (Figure 2.12b). To preserve
the information from simultaneously excited reflections, integration is
achieved by summing experimental diffraction patterns into a set of so-called
overlapping virtual frames (OVF). Each OVF is characterized by its average
goniometer angle and the angular range covered by the virtual frame.
Dynamical calculations based on the structure model are then performed for
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dozens of crystal orientations covering the angular range of the OVF, resulting
in idealized rocking curves for all reflections assigned to the OVF. Numerical
integration of these rocking curves then yields the model integrated intensities
for each OVF. This has now been successfully integrated into the program
PETS 2.0 and leads to a reduction in final 𝑅 factor of between 10 – 20%.59, 75

Figure 2.12: Plots of reflection intensity as a function of alpha tilt angle. Red is
the calculated intensities and blue is the measured. a) The case for precession,
where each frame records overlapping intensities with the previous frame. The
orientation of the crystal can be accurately calculated as a result. b) The
continuous rotation case where some of the intensity is lost due to continual
recording.
2.6 High-pressure X-ray diffraction
The early works of Bridgman received recognition in 1946 in the form of a
Nobel Prize in Physics for research of materials of high pressure and
temperature.76 The development of the diamond anvil cell (DAC) fuelled the
evolution of high-pressure research into the mature science it is today. High
pressure is used widely in fields from geoscience, biology, condensed matter
physics as well as materials science and chemistry.77 Particularly since the
developments of the Merrill−Bassett cell (Figure 2.13), DACs have opened up
the possibility of performing a variety of experiments on samples under
conditions of extreme pressures higher than 1 kbar (0.1 GPa).78 Recently, the
structure of threonine at 22 GPa was reported.79
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DACs can be subject to spectroscopic measurements (Raman, IR, UV),
magnetic measurements (SQUID) and of course X‐ray diffraction experiments,
both powder and single crystal. Recently, the development of a miniature
DAC has allowed collection of both neutron and X-ray diffraction data on the
same sample at the same pressure, removing the need for two separate highpressure experiments.80, 81
Typically, the design of a DAC is such that force is applied to the
opposing anvils by screws, and pressure is generated about the flat faces
(culets) of the diamonds. The diamonds are separated by a hard gasketing
material such as tungsten or rhenium, which supports the anvils and
comprises the cylindrical sample chamber that contains the solid sample of
interest in a hydrostatic pressure transmitting medium (PTM). Pressure is
transmitted isotropically to the sample from the anvils and gasket by the PTM.
The backing seats that contain the diamonds are conically cut to accommodate
Boehler–Almax diamonds which are wedged into the backing seats. This set
up provides additional support to the anvils while allowing a wider angular
access to the sample chamber than other typical cell geometries.82 Such
considerations are vital for successful high pressure diffraction experiments,
as the cell opening dictates the limiting angle of diffraction and accessible
reciprocal-space volume. The backing seats are typically made from tungsten
carbide.
The Merrill–Bassett cells comprise two metal plates containing the
anvils that are pushed together by three screws, with a cell opening angle of
80° (Figure 2.13a).

78

The Merrill–Basset cells are small, and easily

accommodated by most lab-source diffractometers. However, shading from
the body of the DAC results in incomplete data collections. Therefore,
optimised collection strategies, such as that of Dawson et al.83 must be used to
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maximise the quality and quantity of data collected, while avoiding
instrument collisions.

Figure 2.13: a) Exploded view of the Merrill−Bassett diamond anvil cell.
Reproduced with permission.82 b) DAC loaded on the X-ray diffractometer,
ready for data collection.
The choice of PTM must be considered for high pressure
experimentation. Commonly used PTMs are liquids at 300 K but gases such as
Neon or Argon can also be used. Some PTMs exhibit solidification above a
certain pressure and hence pressure application is no longer isotropic. The
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PTM chosen must not interact with the crystal sample of interest either. Table
2.2 lists common hydrostatic limits for PTMs used in high pressure research.
Table 2.2: Hydrostatic limits of common PTMs used in high pressure
experiments.84
Pressure Transmitting Medium
Silicone Oil
1:1 iso-n-pentane
4:1 methanol-ethanol
Argon
Neon
Helium

Hydrostatic limit (GPa)
2.5
7.4
10.5
10
15
23

A small chip of ruby, or synthetic ruby sphere, is placed inside the cell
alongside the sample for measurement of the pressure by the ruby
fluorescence method. Ruby is irradiated with green or blue laser light which
excites Cr3+ impurities into an excited state giving rise to a ruby doublet (R1,
R2) in the fluorescence spectrum at ca. 694.3 nm. The application of pressure
shifts the doublet to high wavelength and the pressure is measured relative to
the shift in the R1 peak. This shift is calibrated against known pressure
standards, Cu, Mo, and Pd, which provide an accurate measurement of the
internal pressure.85 The work detailed here, uses the Merrill−Bassett DAC,
PTM of 4:1 methanol:ethanol and ruby fluorescence method for the work
detailed in Chapters 5 and 6.
2.7 Intermolecular interactions
The internal energy of a crystal structure can be calculated using the semiempirical PIXEL method devised by Gavezzotti.86 This has been shown to have
an accuracy comparable to quantum mechanical methods87, 88 which are more
computationally demanding, though it is limited to calculation of interactions
which do not involve transfer of electron density. The calculations provide the
total lattice energy partitioned into molecule−molecule energies out to a
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defined cut-off distance, each of which is divided into four energy terms:
coulombic, polarization, dispersion and repulsion.89
PIXEL uses the undistorted electron density of a single molecule,
calculated by a standard quantum chemical package such as GAUSSIAN09,90
using DFT with the 6-31G** basis set and the B3LYP functional. The
calculations produce an electron density model on a three-dimensional grid
typically of step size 0.08 Å. Electron densities are then condensed into cubes
of n x n x n super-pixels to reduce the overall number of pixels. A typical choice
of condensation level is n = 4, the smaller the value of n, the finer the resolution
of the calculation and more accurate the result, although this comes at the
expense of increased computation times. Any condensed pixels that have a
charge below a specified threshold (10−6 electrons) are removed from the
calculation to improve the computational efficiency. The remaining pixels are
then renormalized to have an overall neutral charge. The calculations of the
constituent energy terms (given below) are then performed between pairs of
pixels in a central reference molecule and those generated by the space group
symmetry in a cluster of a given radius (typically 18 Å).
The electrostatic or Coulombic energy, 𝐸𝑒𝑙𝑒𝑐 , can be calculated using
Coulomb’s Law (Eqn 38) as the distance (𝑟𝑖𝑗 ) between the two pixels is known
𝐸𝑒𝑙𝑒𝑐 =

𝑄𝑖 𝑄𝑗
4𝜋𝜀𝑜 𝑟𝑖𝑗

(38)

where 𝜀𝑜 is the permittivity of free space. 𝑄𝑖 and 𝑄𝑗 are the charge of
pixels

𝑖

and

𝑗, respectively. The

total electrostatic energy

of a

molecule−molecule interaction is the sum of terms for all pixel−pixel,
pixel−nucleus and nucleus−nucleus pairs. The total electrostatic contribution
to the lattice energy is obtained by summing the contributions to all other
molecules in the cluster.
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The polarizability of any given pixel, 𝑖, is calculated by assigning the
pixel to a specific atom in the molecule to which the distance between them is
the smallest fraction of the atomic radius. The atomic polarizability, 𝛼𝑖 , is then
approximated by the equation (Eqn 39)
𝑄𝑖
)𝛼
𝛼𝑖 = (
𝑍𝑎𝑡𝑜𝑚 𝑎𝑡𝑜𝑚

(39)

where 𝑍𝑎𝑡𝑜𝑚 and 𝛼𝑎𝑡𝑜𝑚 are the total atomic charge and polarizability
of an atom in the pixel. If 𝜀𝑘 is total electric field produced at the 𝑘th pixel by
the crystal environment, then the polarization energy, 𝐸𝑝𝑜𝑙 , of each pixel is
(Eqn 40)
1
𝐸𝑝𝑜𝑙 = − 𝛼𝑘 𝜀𝑘 2
2

(40)

The sum of these terms over all the pixels in the reference molecule is
the contribution of the polarization to the lattice energy and the factor ½
ensures the energy is per molecule. The dispersion energy between two pixels
in a molecule is calculated via the equation (Eqn 41)
0.5

𝐸𝑑𝑖𝑠𝑝

3 (𝐼𝑖 𝐼𝑗 ) 𝛼𝑖 𝛼𝑗
=−
2 (4𝜋𝜀𝑜 )2 𝑟𝑖𝑗6

(41)

The polarizabilities 𝛼𝑖 and 𝛼𝑗 are associated with the pixels and
evaluated as above. The term (𝐼𝑖 𝐼𝑗 )

0.5

was originally proposed by London as

an estimate the oscillator strength of the pixels 𝑖 and 𝑗. 𝐼𝑘 is the ionization
potential of pixel 𝑘, given by the equation (Eqn 42)
𝐼𝑘 = 𝐼𝑎𝑡𝑜𝑚 𝑒 −𝛽𝑅𝑘

(42)

where 𝐼𝑎𝑡𝑜𝑚 is the atomic ionization energy, 𝑅𝑘 , is the distance of the
pixel from its associated nucleus and 𝛽 is an empirical constant controlling the
decline in ionization energy as a pixel is located further from the nucleus
(typical value is 0.4 Å). The factor ½ ensures the energy is per molecule as was
the case for the electrostatic energy.
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The repulsion term arises from the overlap of the electron density and
is a quantum mechanical effect related to the Pauli Exclusion Principle. The
magnitude of the repulsion energy increases as the overlap increases. The
overlap integral 𝑆𝐴𝐵 between molecules 𝐴 and 𝐵 is obtained by the equation
(Eqn 43)
𝑆𝐴𝐵 = ∑ ∑[𝜌𝑖 (𝐴)𝜌𝑗 (𝐵)] 𝑉

(43)

𝑗,𝐴 𝑗,𝐵

If this is rewritten in terms of contributions from different atomic
species 𝑚 and 𝑛 (Eqn 44)
𝑆𝐴𝐵 = ∑ ∑ 𝑆𝑚𝑛
𝑚

(44)

𝑛

The repulsion energy between species 𝑚 and 𝑛 is Eqn 45
𝐸𝑟𝑒𝑝,𝑚𝑛 = (𝐾1 − 𝐾2 𝛥𝜒𝑚𝑛 )𝑆𝑚𝑛

(45)

where 𝐾1 and 𝐾2 are empirical parameters and 𝛥𝜒𝑚𝑛 is the difference
in the electronegativity between elements 𝑚 and 𝑛. The sum of the 𝐸𝑟𝑒𝑝,𝑚𝑛 over
all 𝑚 − 𝑛 pairs is the total repulsion energy 𝐸𝑟𝑒𝑝,𝐴𝐵 .

76

Chapter 2
2.8 Conclusions
The techniques and concepts described here form a critical part of the work
detailed in this thesis. The conversion of the TEM for 3D ED data collection
was carried out first before the work detailed in Chapter 4 could begin.
Suitable sample preparation techniques are presented for preparing a TEM
with crystallites that are well-distributed but also not too thick. An overview
of how a stage and detector must work in tandem during 3D ED data collection
is given. Specifics relating to structure refinement of 3D ED data and methods
to mitigate the effects of low completeness are presented, as well as a
discussion of how hydrogen atoms display unique characteristics during
structure refinement against 3D ED data collection. High pressure X-ray
diffraction and PIXEL calculations were used to probe samples of Blatter’s
radical and their polymorphic derivatives, detailed in Chapters 5 and 6.
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Chapter 3.
Evolution of glycine polymorphs during crystal
growth studied by electron diffraction
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3.1 Introduction
Glycine, one of the simplest amino acids, has six different polymorphs. Three
polymorphs are known under ambient conditions. The α-form is monoclinic,
space group P21/n with four molecules per unit cell; the β-form is also
monoclinic (P21, Z =2), and the γ-form is trigonal (P31/P32, Z = 3). The other
forms (δ, ε and ζ) occur at high pressure. Glycine is in the zwitterionic form in
all cases (+H3N−CH2−COO−) and all contain H-bonded head-to-tail chains of
glycine molecules along the c axis direction. The polymorphs differ in the way
the chains pack together. The order of stability under ambient conditions is β
< α < γ.1, 2 Table 3.1 summarises the crystallographic information from the
literature on the six polymorphs and a different solid phase, glycine dihydrate
(GDH).
β-glycine is the least stable form. Fischer3 was the first to observe it by
the addition of ethanol to a saturated solution. The crystal structure was first
reported by Itaka.4 Since then, a large volume of literature has been devoted to
identifying the conditions which promote formation of this metastable form.
The first widely-used method involved addition of ethanol or methanol to a
concentrated aqueous solution of glycine at neutral pH.2, 4-6 Further methods
for forming β glycine are available in appendix C.
Polymorphs of glycine are readily distinguished by high-resolution
solid-state 13C NMR, as the isotropic peaks for the carboxylate group5, 6 are
sufficiently well-resolved (176.5, 175.5 and 174.5 ppm for the α, β and γ
polymorphs, respectively). Hughes et al. reported the crystallization of the
doubly

C - labelled glycine (H3+N13CH213CO2−) from water6 with natural

13

isotopic abundances, using time-resolved 1H→13C cross-polarisation (CP)
NMR measurements, shown in Figure 3.1a. At the earliest stages of
crystallization, a peak emerged at 176.5 ppm and continued to grow as a
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function of time. From the 13C chemical shift, this solid phase is assigned as the
α polymorph, indicating that formation and growth of the α polymorph
occurs under these conditions, with no detectable amounts of the β or γ
throughout the 13 h duration of the experiment.

Figure 1: In-situ 1H→13C CP NMR spectra of glycine crystallizing from (a) H2O,
(b) D2O and (c) H2O/methanol mixture. Only the carboxylate region is shown.
The known peak positions for the α, β and γ polymorphs are indicated.
Logarithmic scales define the intensity contour intervals in each case. 7
Separate in situ solid-state NMR experiments (Figs. 3.1b and 3.1c)
investigated the crystallization of doubly 13C-labelled glycine from D2O and a
H2O/methanol mixture, respectively.
In D2O, the total level of deuteration for all exchangeable H-atom sites
in the system was 86% and α was the first solid form measured. The amount
of α-glycine continued to increase during the first 1.5 h of the crystallization
experiment, but then a new peak emerged at 174.5 ppm, characteristic of the γ
polymorph. The intensity of this peak increased as a function of time, with an
accompanying decrease in α-glycine peak intensity. There is no evidence that
the transformation from α to γ-glycine proceeds through an intermediate solid
phase, consistent with the rate of increase in the amount of α-glycine mirroring
the rate of decrease in the amount of the γ-glycine. Throughout this period,
approximately another 1.5 h, the total amount of solid glycine remains
approximately constant.
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During crystallization from the H2O/methanol mixture, the in-situ
solid-state

13

C NMR spectra were recorded as a function of time. In these

experiments, the glycine molecules were 13C-labelled only in the carboxylate
group, eliminating the line broadening due to unresolved 13C∙∙∙13C J-coupling
in the doubly 13C-labelled glycine used in the studies shown in Figs. 3.1a and
3.1b and hence giving significantly narrower peaks. In the first spectrum
recorded, the solid phase is identified as an almost pure sample of the β
polymorph of glycine, together with a very small amount of the α polymorph.
The β polymorph is then observed to transform to αover a period of ca 4 h, via
a solution-mediated transformation. Importantly, the results establish the
timescale of the polymorphic transformation and indicate that a viable
strategy for isolating an essentially pure sample of the polymorph would be
to stop the crystallization experiment at the stage of the initial solid product,
within only a few minutes of triggering the crystallization process.
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Table 3.1: Crystallographic information on the six different polymorphs of
glycine as well as another solid phase of glycine GDH.
GDH

Polymorph

P21/c

Space group

5.1029 (16)

8.9585(9)

a (Å)

6.3450 (12)

8.2166(8)

b (Å)

5.4331 (18)

7.6142(6)

c (Å)

85.91 (3)

90

α (°)

114.26 (3)

104.262(7)

β (°)

103.55
(3)

90

γ (°)

155.85 (9)

543.20(8)

V (Å3)

Bull et al.
2017

Xu et al.
2017

Reference

Parsons et
al. 2005

I1

283.32(16)

Boldyreva
et al. 2003

ζ

90

235.15

Boldyreva
et al. 2003

Parsons et
al. 2005

125.83(4)

90

158.13(9)

Boldyreva
et al. 2003

136.78(5)

90

90

90

310.10(4)

90

5.3417(17)

90

113.19(3)

90

116.682(10)

5.8644(11)

5.4813(8)

90

111.740(5)

90

11.156(4)

7.0383(7)

5.3852(18)

90

5.4419(11)

P21/a

7.0383(7)

6.272(3)

5.4631(3)

5.7541(11)

δ

P31

5.0932(16)

11.9720(14)

4.8887(10)

γ

P21

5.1047(3)

Pn

β

P21/n

ε

α
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3.2 Experimental
A saturated solution of glycine (2.3857 g, Sigma-Aldrich ACS reagent  98.5%)
in deionised water (9.3914 g) was filtered (Whatman® grade 1 cellulose filter,
pore size 0.2 μm) under gravity to remove any undissolved glycine. 3 μL
aliquots of the solution were pipetted onto a TEM grid (Quantifoil™ R3.5/1)
and allowed to stand at ambient conditions (298K, 21% humidity). The water
was removed by pressure-assisted blotting,11 outlined below, at 3, 4 and 5
minutes.
One of the most widely used specimen preparation methods for TEM
is the pipetting-blotting-plunging routine first reported in 1981.12 One major
disadvantage of this technique is that some sample is lost during blotting.13, 14
Recent sample preparation methods that do not involve blotting have been
reported, such as multiple glass capillaries,15 contact pin-printing,16 and ink-jet
spotter/Spotiton13, 17 However, these methods require special instrumentation
and usually non-standard TEM grids.
A method known as Preassis11 addresses these issues as nearly all of
the sample is preserved during preparation for TEM imaging and it can also
be set up and used in a TEM with minor modifications. It was developed for
use in the cryoTEM of proteins where viscous media are used, necessitating
the drawing off from the medium using a pressure gradient, but it also worked
well for this glycine crystallization system. A simple Buchner flask with filter
paper fixed over the end is used to create this and is shown in Figure 3.2. The
same idea can be applied to vitrobot samples.
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a

b

c

Sample
TEM grid
Vacuum (pump or

Filter Paper

water aspirator)

Buchner Flask
Figure 3.2: (a) and (b) Preassis setup used for the glycine crystallization
measurements. TEM grid on the filter paper is circled in red in (b). (c)
Schematic of the different components required for the preassis set up.
Immediately after blotting using Preassis method, the sample was
vitrified in liquid ethane to arrest further crystallization and protect the
sample from beam and vacuum damage when in the microscope. 3 μL of
glycine solution was also crystallised on a glass slide, ground using a pestle
and mortar, dispersed onto a TEM grid (Quantifoil™ R2/2) and vitrified. Prior
to freezing, the cryoTEM grids were plasma treated using an Easiglow
discharge cleaning system for 45 s.
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cRED data was collected on a JEOL JEM-2100 LaB6 transmission
electron microscope operating at 200 kV using selected area electron
diffraction (SAED) mode and a hybrid detector (Timepix, 512x512 pixels,
Amsterdam Scientific Instruments). A Gatan tomography cryoholder was
used operating at −175 oC. These measurements were carried out at the
Department of Materials and Environmental Chemistry, Stockholm
University. The patterns were indexed with REDp18 and integrated with XDS.19
The structures were solved using ShelxT20 and refined using ShelxL21 through
Olex2 interface.22
Table 3.2 lists crystal and refinement data for the crystal structures
obtained, and Table 3.3 lists bond distances and angles, and compares them
with those obtained in previous work.
3.3 Results
The evolution of the glycine polymorphs during crystallization was monitored
by allowing evaporation of water at room temperature and arresting at specific
time points using vitrification, before data collection within a TEM. The
crystalline forms present after 3, 4, 5 and 6 minutes were identified using
electron diffraction utilising the continuous rotation method.
After 3 minutes, the grid was entirely populated by crystallites with a
‘shark’s tooth’ morphology shown in Figure 3.3a. The crystals were of typical
dimensions 2.5 x 0.5 μm2 in the plane of the images. cRED data23 was collected
on these crystallites, a typical diffraction image is shown in Figure 3.3b. The
polymorph was identified as β-glycine from the unit cell dimensions
determined from the cRED data. During the data collection, diffraction
patterns were collected while rotating the specimen continuously (rotation
range between 46 and 102°).24-27 The exposure time (0.3 s) and rotation speed
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Table 3.2: Experimental crystallographic data and refinement data.
Experiments were carried out with electron radiation, λ = 0.02508 Å.
Polymorph

β

α

γ

Crystal system,
space group

Monoclinic, P21

Monoclinic, P21/n

Trigonal, P31

a, b, c (Å)

5.3110 (11), 6.4540
(13), 5.6940 (11)

5.223 (1), 12.435
(3), 5.5630 (11)

7.395 (1), 7.395 (1),
5.7500 (12)

α, β, γ (°)

90, 112.86 (3), 90

90, 111.14 (3), 90

90, 90, 120

V (Å3)

179.84 (7)

336.99 (13)

272.32 (9)

Z

2

4

3

Crystal size (μm)

2.5

>3

2 - 2.5

2516, 859, 745

5404, 850, 561

769, 625, 160

0.209

0.318

0.248

Resolution (Å)

0.751

0.703

0.700

Completeness (%)

97

85

61

Data collection
No. of measured,
independent and
observed
reflections [Fo >
4sig(Fo)]
Rint

Refinement
R[F > 2σ (F )],
wR(F2), S
2

2

0.128, 0.296, 1.17 0.219, 0.518, 1.04 0.306, 0.630, 1.01

No. of reflections

859

850

625

No. of parameters

54

51

18

No. of restraints

1

24

9

H-atom treatment

Absolute structure

All H-atoms found
in residual density
and constrained

All H-atoms found
in residual density
and constrained

All f" are zero, so
absolute structure
could not be
determined

N/A
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Table 3.3: Bond lengths and angles for α, β, and γ-glycine from CSD structures
refcodes GLYCIN29, GLYCIN31 and GLYCIN33 respectively. Experimental
ED data from this work is given in grey below for comparison.
Bond Lengths (Å)
O1-C2
This work
O2-C2
This work
N1-C1
This work
C1-C2
This work

O1-C2-O2
This work
O1-C2-C1
This work
O2-C2-C1
This work
N1-C1-C2
This work

α
β
1.2550(11)
1.2527(12)
1.304(6)
1.323(8)
1.2518(10)
1.2528(12)
1.275(6)
1.320(6)
1.4778(11)
1.4752(14)
1.509(6)
1.535(6)
1.5269(10)
1.5283(13)
1.566(6)
1.600(9)
Bond Angles (deg)
α
β
125.63(7)
125.77(8)
126.2(4)
124.6(6)
116.93(7)
117.03(7)
116.8(4)
117.7(4)
117.44(7)
117.15(8)
117.0(4)
117.7(6)
111.70(6)
111.80(7)
111.1(4)
112.4(5)

γ
1.250(4)
1.28(2)
1.258(4)
1.30(2)
1.470(4)
1.45(2)
1.526(4)
1.491(19)
γ
125.7(3)
122(2)
116.8(3)
117.2(16)
117.5(3)
120.4(18)
111.7(2)
116.0(17)

(1.13 °/s) were chosen so that individual diffraction images were
integrated over 0.34° of reciprocal space, whilst still maintaining speed of
experiment and accurate intensity measurement. Diffraction data were
integrated with XDS19 and data from seven crystallites were combined to give
a single data set suitable for structure solution and refinement. The crystal
structure was solved by dual-space methods and refined by least-squares
using the kinematic approximation, that is, in the same way that a
conventional single-crystal X-ray data set would have been treated.20, 21 The
final R factor was 13%; the structure is shown in Figure 3.4.
After 4 minutes, plate-like α-glycine crystals were observed alongside
the shark’s tooth β-form. The α-glycine crystals were bigger (> 3 μm) and had
grown over the surface of the grid (Figure 3.3c). Both α and β-glycine exhibited
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readily distinguishable morphologies, as shown in Figs. 3.5a and 3.5b. After 5
minutes, the α-glycine crystals were larger (5-10 μm) and thicker. The
integrated cRED data of α-glycine from six crystals from the 4 and 5 minute
samples were merged to form a data set suitable for structure determination.
The structure is shown in Figure 3.6 and was solved and refined as described
above; the R factor was 22%.
In order to investigate a longer time scale, a 3 μL drop was allowed to
evaporate to dryness over the course of 1 hour on a glass slide, and then
ground to ensure that the crystallites were small enough for electron
diffraction patterns to be collected. Most of this sample was α-glycine, in the
presence of some of the β-form. One crystallite with a rather indistinct
morphology, shown in Figure 3.3e, had unit cell parameters, determined from
cRED data, of a = 7.44 Å, b = 7.35 Å, c = 5.75 Å, α = 89.21o, β = 90.80o, γ = 118.88o,
characteristic of γ-glycine. The structure was solved and refined, using cRED
data from only one crystal, to give an R factor of 31% (Figure 3.7).
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Figure 3.3: cryoTEM images a, c and e with corresponding diffraction patterns
b, d and f. a and b show β-glycine after 3 minutes of crystallization; c and d
show α-glycine after 4 minutes; and e and f show γ-glycine after crystallization
on a glass slide. The black circles on a, c and e indicate the part of the crystal
where the diffraction pattern was taken from. Red dashed line in a indicates
the axis of rotation during data collection and is the same in all cases. Indexed
reflections using REDp, are shown on the diffraction patterns b, d and f. Scale
bars: 3 μm.
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Figure 3.4: Crystal structure of β-glycine solved from the merged data set. The
view is along the c axis. NHO Hydrogen bonding is shown on the dashed line.
The overall R factor is 13%. (O = striped, C = shaded, H = unshaded, N =
spotted)
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a

b

Figure 3.5: Low magnification image of a) α and b) β-glycine after 4 minutes.
The crystals of β-glycine exhibit a shark tooth like morphology in the holes of
the TEM grid. α-glycine grows across the grid and is larger than the β-glycine
crystals. The small dark particles are ice crystals formed during the cryotransfer of the TEM grid. Scale bars: 3μm.
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Figure 3.6: Crystal structure solution of α-glycine solved from the merged data.
The view is along the c axis. NHO Hydrogen bonding is shown on the dashed
line. The overall R factor is 22%.

Figure 3.7: Crystal structure solution of γ-glycine solved from dataset 14. The
view is along the c axis. NHO Hydrogen bonding is shown on the dashed line.
The overall R factor is 31%.
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All three polymorphs of glycine have been observed to form
sequentially from aqueous solution. The β-form appears first, in accordance
with Ostwald’s Rule of Stages, but after only one minute this begins to yield
to the α-form, which then becomes dominant. These changes occur over the
course of only two minutes. Polymorph evolution in glycine has been studied
extensively by Harris and co-workers using 13C solid-state NMR with spectra
recorded at a rate of every 16 minutes. It was noted that no β polymorph was
observed over the course of the crystallization period from H2O.7 The rate of
recording an NMR spectra was not quick enough to capture the initial
formation of the β-form, though when the solvent was changed to D2O a slow
transformation from α to γ was observed.9 Further optimisation of the
technique led to the transient β-glycine polymorph being observed in the first
5 minutes when crystallising from methanol/water.7, 28, 29 However, neither the
β nor the γ polymorphs were observed to form from pure water as they were
here.
3.4 Discussion
The combination of cRED with the Preassis technique used for the specimen
preparation in cryoTEM has clear advantages that strongly complement
existing methods in polymorphism research.
Firstly, it is very fast in terms of sample preparation, imaging and
diffraction data collection. The strong interaction of electrons with crystalline
matter,30 which enables crystal structures to be obtained from very small
crystallites (1 μm or less) in micro- or even nano-gram quantities, means that
polymorphs can be identified after only a few minutes’ in situ growth on a
TEM grid. The sample preparation method used in this study deviates from
the conventional depositing-blotting-plunging technique. The majority of the
solution was removed by suction and immediately plunge-frozen, stopping
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further crystal growth. A schematic is shown in Figure 3.8. Removal of the
aqueous phase is not exhaustive, and a film of mother liquor remains on the
crystallites, but the absence of a substantial matrix of ice embedding the
crystals reduces the inelastic scattering of the electron beam whilst also
minimizing radiation damage.

Figure 3.8: Diagram illustrating the method of sample preparation (Preassis)
for the time-resolved glycine samples for TEM.
Secondly, the method enables selected crystallites to be studied
individually. Polymorphs frequently display distinct morphologies, as the
images in Figure 3.4 shows. New polymorphs can thus potentially be
identified by inspection of the TEM images, combined with rapid cRED data
collection permitting diffraction patterns to be collected from single specific
crystallites in < 20 s. A crystal structure can be obtained from just one
crystallite, so that crystal forms of low abundance can be identified, albeit with
lower precision than when data from several crystallites are merged, as done
here.
When treated in the same way as X-ray diffraction data, the resulting
structures clearly show the intermolecular interactions and molecular
conformations that distinguish one polymorph from another. However, they
are characterised by R factors in the range of 10-30% (Table 3.2), while bond
distances and angles may also deviate from their true values (Table 3.3). This
is because the very strength of the interaction between electrons and matter
that enables study of small crystallites carries with it the disadvantage that
beams scattered from one set of Bragg planes can be re-scattered by other
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planes. This ‘primary extinction’ effect leads to a breakdown of the kinematical
model of diffraction which has been so successful in the analysis of X-ray
diffraction patterns. Merging data collected from several crystallites can
provide better precision, but Palatinus and co-workers have recently tried the
application of the more appropriate dynamical scattering model during
structure refinement31-34 improving both accuracy and precision. The methods
are computationally demanding, but this work is clearly a major step forward
in electron crystallography.
The third advantage of this method of crystallization is that it is very
gentle and non-invasive, involving no physical manipulation of the
crystallites. Organic crystals are soft and fragile and can easily degrade when
subjected to grinding or even simple transfer from one sample holder to
another. Physical manipulation, which can also induce phase transitions, is
thus avoided. The procedure ensures that no dehydration, and hence possible
artefacts such as recrystallization caused by drying, take place. The noninvasive nature of the crystallization leads to high quality images both in direct
and reciprocal space.
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3.5 Conclusions
The polymorphic system of glycine has been shown to develop from aqueous
solution in accordance with Ostwald’s Rule of stages, that is the β-form
develops first, followed by the α-form, then the γ-form. The process was
followed in situ by electron diffraction, allowing “snapshots” to be taken at
different time-points. This proved invaluable in this work and the same idea
should be applicable be applied to reaction solutions; for example, where an
unknown polycrystalline product is formed.
The publication of several recent papers35-38 describing the application
of electron diffraction has led to a great deal of comment and anticipation in
the chemical community. The present methods show that it can be applied to
study dynamical chemical processes.
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Chapter 4.
Revealing the early stages of carbamazepine
crystallization by cryoTEM and 3D electron diffraction
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4.1 Introduction
Polymorphism occurs when a material crystallizes into more than one distinct
solid form. It is very common in organic chemistry, affecting 74% of a set of
pharmaceutical materials in one study for which extensive screening had been
carried out.1 Polymorphs differ in solubility, bioavailability and processing
(e.g. tableting) characteristics, and their evolution during crystal growth and
storage is a complex but fundamental question worth many billions of dollars
to sectors such as opto-electronics, energy storage and pharmaceuticals.1
The initial stage of crystal growth, which is stochastic at an atomistic
or molecular level,2 has been observed recently in the nucleation and growth
of a NaCl nanocrystal at the tip of a carbon nanotube.3 This experiment
showed an ordered nucleus emerging directly at the point of nucleation.
Alternative ‘non-classical’ crystallization pathways involve initial formation
of an amorphous particle which grows via the attachment of other particles. 4
These attaching particles may be ions and ion complexes, droplets or other
amorphous or nanocrystalline materials.4 Work on aragonite growth, which
follows this pathway, has shown that partially aligned nanocrystalline
domains spontaneously and simultaneously emerge within the amorphous
framework, subsequently maturing to yield a crystal. These pathways have
been extensively studied in inorganic minerals,4 but information on organic
systems is sparse.
In this chapter, cryo-transmission electron microscopy (cryoTEM)5
was used to capture the earliest stages of crystallization of the polymorphic
pharmaceutical carbamazepine. Each stage was flash-frozen in liquid ethane
at 100 K after crystallization times of 20-180 seconds. CryoTEM imaging, 3dimensional electron diffraction (3D ED) and subsequent crystal structure
determinations were applied to crystallites measuring only a few hundred
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nanometres leading to unambiguous polymorph identification. The
combination of imaging with diffraction reveals not only short-lived
polymorphs, but also the non-classical mechanism of crystal growth in this
material.6
Carbamazepine (CBZ, 5H-dibenz(b,f)azepine-5-carboxamide)

is a

neuralgic drug which is often used as a model for polymorphism studies.
There are five unsolvated polymorphs (Table 4.1): triclinic form I,7 trigonal
form II,8 monoclinic form III,9 and IV,10 and a recently discovered
orthorhombic form V.11 The relative stability from computational methods is
III > I > V > IV > II (Table 4.2). In the presence of water, either aqueous solution
or wet solvents such as bench ethanol, a dihydrate (CBZDH) is formed.12-15
CBZDH is usually described as monoclinic, though recent work has defined a
disordered orthorhombic model.16 Form II contains cavities which can
accommodate solvent.17, 18
Table 4.1: Crystallographic information on the reported different polymorphs of
carbamazepine and carbamazepine dihydrate (CBZDH).
Polymorph

III

II*

I

IV

V

CBZDH

Space group

P21/n

R-3

P-1

C2/c

Pbca

P21/c

a/Å

7.537(1)

35.454(3)

5.1705(6)

26.609(4)

9.1245(5)

10.144(4)

b/Å

11.156(2)

35.454(3)

20.574(2)

6.9269(10)

10.4518(5)

28.891(11)

c/Å

13.912(3)

5.253(1)

22.245(2)

13.957(2)

24.8224(11)

4.847(2)

α/°

90

90

84.124(4)

90

90

90

β/°

92.86(2)

90

88.008(4)

109.702(2)

90

103.763(11)

90

120

85.187(4)

90

90

90

V/Å

1168.3

5718.32

2344.82

2421.93

2367.25

1379.73

Z

4

18

8

8

8

4

Z’
Temperature
(K)
Pressure
(GPa)
REFCODE

1

1

4

1

1

1

298

298

158

158

123

100

0

0

0

0

0

0

CBMZPN10

CBMZPN03

CBMZPN12

CBMZPN16

FEFNOT09

Reference

Himes et al.

Lowes et al.

CBMZPN11
Grzesiak et
al.

Lang et al.

Arlin et al.

Sovago et al.

γ/°
3
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Table 4.2: Lattice energy (ELatt) and Internal energy (Uinter) of the five different
polymorphs of carbamazepine.19
Polymorph
III
II
I
IV
V

ELatt / kJ mol−1
−128.760
−121.970
−124.800
−123.250
−124.690

Uinter / kJ mol−1
−130.270
−125.340
−127.440
−124.980
−125.500

Density / g cm−3
1.346
1.244
1.310
1.259
1.296

4.2 Experimental
Carbamazepine was obtained from Alfa Aesar and the sample purity was
quoted as ACS reagent grade (≥ 98.5%). Ethanol was obtained from Fisher
Chemical at Analytical reagent grade (≥ 99.8%). In a typical experiment, a
saturated solution of carbamazepine (0.1125 g) in ethanol (25.6257 g, water
content 0.03% by Karl-Fischer titration) was filtered under gravity
(Whatman® grade 1 cellulose filter, pore size 0.2 μm) to remove any
undissolved carbamazepine. Fresh solutions were made for each study. 3 µl
aliquots of the solution were pipetted onto a cryoTEM grid (Quantifoil R2/2)
which had been previously plasma-treated using a PELCO Easiglow discharge
cleaning system for 45 s to improve hydrophilicity. The grids were allowed to
stand at ambient conditions (298 K, 21% humidity) for periods between 20 s
and 180 s. The ethanol was removed by pressure-assisted blotting20 at different
time-points and the sample immediately vitrified in liquid ethane to arrest
further crystallization and protect the crystals from beam and vacuum damage
when in the microscope. The procedure is similar to that used in chapter 3.
A Tecnai F20 FEG transmission electron microscope operating at 200
kV (λ = 0.02508 Å) equipped with a CMOS TVIPS F816 camera (8k x 8k pixels)
was used for imaging and 3D ED in selected area electron diffraction (SAED)
mode. A Gatan tomography cryo-transfer holder was used, operating at 100
K. During the data collection, diffraction patterns were collected while rotating
the crystal continuously with a rotation range between 25° and 40°
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exposure time (0.2 s) and rotation speed (0.95° s−1) were chosen so that
individual diffraction images were integrated over 0.21° of reciprocal space,
whilst still maintaining speed of experiment and accurate intensity
measurement. The diffraction patterns were indexed and integrated with the
programs REDp 25, XDS 26 and PETS 27.
The heating of the specimen was performed with the same cryotransfer tomography holder (Gatan type-626). Other samples were prepared
after 20 seconds of crystallization, then mother liquor was removed using the
pressure-assisted blotting and imaged at room temperature with no
vitrification.
Water content of ethanol was measured by Karl-Fischer titration using
a Mettler Toledo C30S Coulometric KF titrator which was equipped with a
Mettler Toledo DM 143-SC electrode. Hydranal Coulomat AD was used as the
solvent. Three runs were recorded and the mass of the ethanol calculated from
a full and empty syringe for each.
4.3 Results
The samples were prepared by crystallizing a 3μl drop of the concentrated
carbamazepine-ethanol solution on a TEM grid at different time intervals. The
crystallization was stopped by rapid removal of mother liquor using the
Preassis method and plunged into a bath of liquid ethane. After 180 seconds,
crystals with an elongated morphology (Figure 4.1) had formed across the
entire grid. 3D ED data were collected from seven different crystals.
All of the crystals shown in Figure 4.1 a – f, exhibited typical
monoclinic unit cell dimensions of a = 10.38 Å, b = 27.79 Å, c = 5.08 Å, β =
102.52°, characteristic of the dihydrate, CBZDH (Figure 4.2). Data collected
from seven crystals were merged to produce a single dataset of 90%
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completeness, from which the structure of CBZDH was solved and refined (R
= 16.31%).

Figure 4.1: (a) – (f) Images of six crystals used for collection of diffraction data
after crystallization for 180 s. All scale bars = 2 μm.
The solvent water and amide were modelled as disordered over two
orientations, as a result of amide forming a hydrogen bond to one water
molecule and another CBZ molecule within the structure.16 The data quality
was good enough for the H atoms to be located in a Fourier difference map
(Figure 4.2d). Further details on structure refinement are in appendix D.
CBZDH was the only phase observed after a crystallization time of 180
seconds. It has a distinctive morphology which allowed it to be identified in
all other samples, both in repeat samples and samples at shorter time-points.
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Figure 2: a) Low magnification image of carbamazepine dihydrate (CBZDH)
crystallized after 3 minutes on the TEM grid at 100 K showing an elongated
morphology. Scale bar = 5 μm. b) Selected crystal of CBZDH used for
collection of 3D ED data. Scale bar = 2 μm. Inset shows a diffraction image
from the dataset. c) The disordered structure of CBZDH. d) Fourier difference
map of CBZDH. Scattering density corresponding to 0.6 e Å−3 shown in green.
In an attempt to capture the crystals in a precrystallization stage and
discern the mechanism of crystallization, a sample was examined at 100 K after
30 seconds. At this crystallization stage, no less than four different forms of
CBZ were present and identified based on their unit cell dimensions (Table
4.3) and 3D ED measurements (Figure 4.3). Alongside CBZDH, which was the
dominant form, one crystal of CBZ-III with a somewhat indistinct morphology
was identified from its monoclinic unit cell dimensions a = 7.61 Å, b = 11.30 Å,
c = 13.89 Å, β = 92.43° (Figure 4.3a).
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Table 4.3: 3D ED Unit cell parameters determined by REDp, collected from
crystals found after 30 seconds of crystallization.
α(o)

β(o)

γ(o)

V(Å3)

a(Å)

b(Å)

c(Å)

comments

1

35.98

34.87

15.44

119.83

119.84

103.86

11117.1

A, B

2

18.38

8.02

15.59

93.08

132.6

98.71

1632.9

A

3

25.9

24.53

23.69

70.19

114.11

114.53

12238.5

A

4

73.02

67.61

23.73

66.66

113.32

157.44

41108

A

5

34.82

19.09

29.49

78.91

133.07

111.59

13269.8

A, B

6

7.41

4.70

4.56

119.74

89.81

91.23

138

ice

7

18.94

4.94

7.40

84.65

95.63

115.85

622.4

A

8

46.36

14.41

45.94

94.69

142.63

96.05

17811.6

A

9

14.08

7.52

14.09

105

108.94

91.58

1353

form IV

10

51.87

49.18

45.06

152.64

29.35

151.28

23034.6

A

11

13.89

11.35

7.66

90.82

92.47

90.04

1205.7

form III

12

20.66

20.66

5.31

94.36

94.79

117.38

2011.6

form II

13

27.17

4.84

10.22

103.7

93.26

80.58

1287.9

CBZDH

14

29

53.92

54.05

159.33

90.39

89.98

29830

A

15

14.11

7.21

14.06

103.83

109.8

90.13

1300.6

form IV

16

23.12

7.65

4.852

95.05

82.73

95.88

844.4

B

17

31.84

37.38

35.77

137.84

62.95

122.11

23721.1

A, B

A = Presence of multiple lattices within the 3D reconstruction (the crystal was
a twin or conglomerate). B = Not enough discrete reflections for reliable
indexing.
3D ED data were collected to 52% completeness from this crystallite.
Despite the low data completeness, the structure of CBZ-III could be solved
and refined (R = 19.68%). Two more monoclinic crystals exhibited unit cell
dimensions of a = 27.15 Å, b = 7.30 Å, c = 14.10 Å, β = 110.30°, corresponding to
CBZ-IV (Figure 4.3b). Merging of the two 3D ED datasets (66% completeness)
enabled the structure to be refined (R = 19.86%). A third crystalline form
present in the same sample exhibited rhombohedral unit cell dimensions of a
= 36.24 Å, c = 5.31 Å, α = β = 90°, γ = 120° indicative of CBZ form II (Figure
4.3c). Although the data quality obtained precluded structure solution, the
crystal form was unambiguously identified from the unit cell dimensions.
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Figure 4.3: (a)-(c) Crystals of form III, IV and II, respectively, found in a sample
after crystallization for 30 seconds on a TEM grid. Scale bars = 2 μm. The
insets show representative frames from the data collections. (d)-(f)
Corresponding 3D ED reciprocal lattice reconstructions all viewed along b*. All
images measured at 100 K.
To investigate even earlier stages of the crystallization, samples were
examined after 20 seconds (Figure 4.4). In area I, no crystals were observed.
Instead, dark droplet-like structures ca. 150 – 200 nm in diameter were
contained within a thinner film. Area II shows the droplet-like particles which
lack a film of the mother liquor surrounding them and are slightly darker,
suggesting that they are further developed particles of CBZ (see below). Areas
III and IV show these droplet-like structures coalescing inside and outside the
electron-dense film, indicated by the white arrows. The absence of Bragg
reflections in the diffraction images of these particles showed that they were
amorphous, and that the sample had been captured at a pre-crystallization
stage.
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Figure 4.4: Images taken at 100 K after 20 seconds of crystallization. Scale
bar = 2 μm. White boxes labelled I – IV show magnified areas within the
sample. I shows the droplet-like structures with a surrounding film of mother
liquor (white arrow) and II shows the same structures without the surrounding
film. III and IV show these structures coalescing inside and outside the film,
indicated by the white arrows. Scale bars for I – IV = 300 nm.
The initial formation of a film which then separates into droplet-like
structures is typical of crystallization via a non-classical pathway.4 The
coalescence of these droplet-like structures in areas III and IV then signals the
next stage of crystal growth and development. Efforts to capture these dropletlike structures outside the mother liquor required a further sample to be
prepared after pressure-assisted blotting only (no vitrification) and imaging at
RT. These images are shown in Figure 4.5.
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Figure 4.5: Images taken from the sample prepared after 20 seconds of
crystallization. a) Droplet-like features with rough edges after removal of their
surrounding mother liquor by the vacuum in the TEM. b) Coalescence
observed of the droplet structures producing two crystals of CBZDH, identified
from morphology. White boxes labelled I, II and III show magnified areas within
the sample. Scale bars in a and b = 2 μm. Scale bars for I – III = 300 nm.
Discrete, electron-dense droplet-like structures ca. 50-150 nm in size
were again present, covering the grid. The existence of these features after
removal of solvent demonstrates that the electron dense droplets observed in
Figure 4.4 are probably amorphous CBZ particles. While they are similar to
those observed at 100 K, they now exhibit ‘roughened’ or ‘textured’ edges
(Figure 4.5a) as a result of solvent removal by the TEM vacuum. The images
also show structures with a morphology characteristic of CBZDH (Figure
4.5b), but the lack of Bragg reflections indicates that they are also noncrystalline.
Three areas of particular interest are highlighted in Figure 4.5b. Area
I shows a part of the grid where the initial stages of the droplet-like particles
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into a pre-crystalline form of CBZ can be seen; this is comparable to what is
shown in Areas III and IV of Figure 4.4. Fissures appearing along the length of
this developing crystal are either a feature of vacuum damage as the ethanol
is drawn off or that a thin crystal has been interrupted at a fragile stage of its
early development. The maturing crystal is visible below this point (II),
running from the left of the image down to the bottom.
Pressure-assisted blotting20 removes most of the mother liquor from a
grid. As the images in Figure 4.5 show, some residue remains, but
crystallization is completely halted by freezing in liquid ethane 1-2 s after
blotting. A further sample was prepared after 20 seconds of crystallization,
blotted, and placed into the microscope at room temperature. The TEM
vacuum (≈ 10-5 Pa) also stops crystallization by removing residual solvent, but
the procedure is not as quick as plunge freezing as it involves inserting the
sample into the microscope, so that crystal growth can continue for a few
seconds longer.
The effect of solvent/H2O of crystallization removal can be reproduced
by exposing crystalline CBZDH to the TEM vacuum (Figure 4.6). This sample
was prepared after 20 seconds, blotted, flash-cooled and then inserted into the
TEM and warmed to 298 K. These images (Figures 4.6a and c) and diffraction
patterns (Figures 4.6b and d) are taken from the same area of the grid before
and after warming to 298K.
The loss of crystallinity and subsequent loss of discrete diffraction
spots is attributed to the removal of water of hydration from the crystal
structure of CBZDH by the high vacuum in the microscope. The fact that
CBZDH was obtained from ethanol indicates the presence of water
contaminants. To check this, Karl-Fischer titrations were carried out on the
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ethanol solvent and found to contain 0.028% water by mass (Table 4.4) and is
within the percentage quoted on the bottle of > 0.1%.

Figure 4.6: a) Crystal of CBZDH formed after 20 s and imaged at 100 K. b)
Diffraction pattern obtained from this crystal. c) Crystal of CBZDH imaged after
warming to 298 K. d) Diffraction pattern from the crystal shows crystallinity has
been lost, but morphology is preserved. Scale bar is 2 μm in both images.
Table 4.4: Results from three runs of Karl-Fischer titrations to determine the
water content within the ethanol.
Run
1
2
3

Mass of syringe +
ethanol (g)
3.464
3.457
3.471

Mass of syringe
(g)
2.998
2.874
2.865

Mass of ethanol
(g)
0.466
0.583
0.606

Water content
(mg l−1)
212
209
236

Mass of 1 L of wet ethanol = 789.45 g (assuming the density is the same as
pure ethanol (0.78945 g cm−3)). Mass of water in 1 L = 219 x 10−3 g (average
value from runs 1 – 3). % water = 100 x (219 x 10−3 ∕ 789.45) = 0.028 % water
by mass.
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4.4 Discussion
The identification of forms II, III and IV in the sample after 30 seconds
is the first time that any polymorph other than the dihydrate has been
observed in crystallization of CBZ from (wet) ethanol. That these crystals were
only present in small amounts of samples examined, which otherwise consist
exclusively of the expected dihydrate, demonstrates the ability of cryoTEM
and 3D electron diffraction to identify minor phases and its potential
importance in polymorph discovery. The high value of the R factor in the
model refinement reflects the neglect of dynamical effects, typical for
structures determined from electron diffraction.23 One method, developed by
Lukas Palatinus and co-workers and implemented in the program PETS 2.0,
to circumvent this involves the use of simulated frame-based intensities to
account for the dynamical effects during the crystal structure refinement
procedure (see Chapter 2).27 The results obtained after 180 seconds, which
showed the presence only of the CBZDH, showed that these minor phases are
short-lived and re-dissolve or transform into CBZDH in a matter of minutes.
The images in Figures 4.4 and 4.5 provide evidence for CBZDH
crystallizing via a non-classical phase separation mechanism, similar to
liquid−liquid phase separation.28 This begins with formation of an initial film
which separates into droplet-like structures (Figure 4.4, Areas I and II). The
coalescence of these (Figure 4.4, Areas III and IV) then signals the next stage
of crystal growth and development (Figure 4.5b, Areas I and II). The mature
crystal is captured just below this (Figure 4.5b, Area III). This crystal is more
mature, demonstrated by its more uniform texture and by the absence of
particles around it as they are incorporated into the incipient structure. There
are no fissures along its length while its darker colour indicates that it is
thicker.
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In addition, there are no roughened droplet-like structures
surrounding this crystal, as found in areas I and II. The time difference
between the images in Figure 4.5 and those consisting of CBZDH, along with
CBZ forms II, III and IV (Figure 4.3) is only 10 seconds, indicating the time
scale of the transition from the droplets to crystals. The time difference
between the images in Figure 4.5 is a fraction longer due to the time taken to
insert the sample inside the microscope.
4.5 Conclusions
Following the crystallization of CBZ using cryoTEM was made
possible by combination of rapid sample preparation, imaging and 3D ED,
revealing unprecedented insights into the crystal growth of an organic
material. Growth begins with the formation of pre-concentrated areas of CBZ
within a film of the mother liquor. Phase-separation into electron-dense, noncrystalline particles is followed by coalescence of the particles. It is inferred
that initial crystallization occurred spontaneously in a matter of 2-3 seconds in
some coalesced particles. Although this stage is not explicitly observed here,
it has been captured in the crystallization of aragonite.6
However, the following stage, consisting of a mixture of crystalline
CBZDH undergoing growth by attachment of amorphous particles, has been
captured by arresting growth on exposure to the TEM vacuum. Figure 5 shows
this process occurring at one end of a CBZDH crystal which is mature and
fully developed at the other end.
The results establish a non-classical crystallization mechanism for
CBZDH, with the whole sample becoming crystalline after only 30 seconds.
While the bulk of the sample at 30 seconds consists of crystalline CBZDH, the
presence of three minor forms (CBZ-II, III, and IV) indicates that other
crystallization routes are available. Alternative non-classical and classical
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growth mechanisms have been observed for CaF2, depending on the identity
of ligands used to cap precursor nanocrystals.29 Whether CBZ-II, III and IV
develop classically or non-classically is not established: though they form as
isolated crystallites (Figure 4), the lack of proximity to CBZ in other parts of
the sample precludes the attachment mechanism discussed above for growth
of CBZDH. The minor forms either transform or re-dissolve, so that by 180
seconds the entire sample consists of crystalline CBZDH.
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Chapter 5.
A First Order Phase Transition in Blatter’s Radical at
High Pressure
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5.1 Introduction
Blatter’s radical, 1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl (1), was
first prepared by Blatter in 1968.1 It is stable to air and moisture and in common
with other Blatter-type radicals,2 can be sublimed without degradation.3 The
stability of radical 1 is partly attributed to delocalization of the unpaired
electron over the π system and can be influenced by substituents on the
aromatic rings. For example, addition of a 7-trifluoromethyl group on the
benzotriazinyl moiety at C5 (Figure 5.1) can block oxidation and can make it
“super” stable.4 Stability can also be altered through steric hindrance by
substituents at the N1 position, which also affects the planarity of the
molecule.5 These physical properties inspired extensive research into
developing new syntheses to increase the structural diversity of Blatter-type
radicals as functional materials.4-11 Hence, Blatter radicals have been applied
in controllable polymerizations, molecular electronics, photodetectors and
liquid crystal photoconductors for example. Recent reviews of the synthesis
and properties of Blatter-type radicals are available.5, 12, 13
Thiazyls, phenalenyls and triazinyls (of which 1 is an example) are
classes of bistable organic radicals which change between different magnetic
or charge carrier states in response to external stimuli, such as variation of
temperature, as a result of the ordering or disordering of the unpaired spins
throughout the crystal structure. The way in which these responses are
influenced by structure is usually investigated by comparing the properties of
different chemical derivatives, but the application of pressure is also a
powerful method for revealing structure-property relationships.14-16 Highpressure studies of metal organic frameworks have, for example, revealed
gating mechanisms for guest uptake.17 Other studies have investigated
magneto-structural correlations in molecule-based magnets containing
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transition metals18 and to spin crossover complexes.19-21 In the field of
molecular magnets based on p-block elements, Oakley and co-workers have
investigated the response of sulfur- and selenium-based heterocyclic radicals
to pressure. Benzoquino-bis-1,2,3-dithiazole, which displays a small band gap
at ambient conditions, undergoes an insulator to semiconductor transition
above 8.0 GPa,22 while bisdiselenazolyl radicals undergo a transition from an
insulating state to one displaying weakly metallic behaviour beyond 7 GPa.23
The effect of pressure on Blatter’s radical 1 is reported here. While
dimerization of the radical is possible, this is rare and has only been reported
once for a Blatter-type radical.24 Instead, this study explores the extent to which
pressure can influence the intra- and inter- molecular geometry. While bond
distances and angles in organic crystals are relatively insensitive to pressure,
both torsional and conformational geometry changes can occur. For example,
the amino acid cysteine above 1.8 GPa undergoes a phase transition
accompanied by a change in the NCCS torsion angle from ca. 60 to −60°.25
Pressure sensitivity in radical 1 can demonstrate that, as in the examples cited
above, high pressure is an interesting means for determining structureproperty relationships in this class of material.
5.2 Experimental
5.2.1 Single crystal X-ray diffraction
Crystals of Blatter’s radical, 1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4yl (1), were prepared by GZ according to a literature procedure.6 Diffraction
data were collected on a Bruker AXS D8 Venture diffractometer using Mo Kα
radiation (λ = 0.71073 Å) at pressures up to 6.07 GPa in two loadings, the limits
of each study being dictated by the quality of the diffraction pattern. Each
crystal was loaded into a Merrill−Bassett diamond-anvil cell (DAC) with half
opening angle of 38°, 600 μm Boehler−Almax-cut diamonds and tungsten
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carbide backing plates.26 A tungsten gasket of thickness 300 μm indented to
155 μm and hole diameter of 300 μm was used, which was drilled via a Betsa®
Electric Discharge Machine. A 4:1 mixture of methanol and ethanol as a
pressure-transmitting medium.27 A small ruby chip was also included in the
sample loading and the ruby fluorescence method was used to measure the
pressure.28
Data were collected as in Dawson et al.29 and integrated using SAINT.30
Corrections for the DAC shading, absorption and other systematic errors were
applied using the multi-scan procedure in SADABS. The initial structure was
solved using dual-space methods [SHELXT]31 while high-pressure structures
were refined using the atomic coordinates of the structures from the preceding
pressure points as starting models. Refinement was performed by full-matrix
least-squares on |F|2 (SHELXL) implemented in Olex2.31,
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Intramolecular

bond distances and angles in all refinements against data collected at high
pressure were restrained to those observed at ambient pressure. Where
possible, non-hydrogen atoms were refined with anisotropic displacement
parameters and subject to enhanced rigid-bond restraints.33 Hydrogen atoms
were placed in calculated positions and constrained to ride on their parent
atoms. Selected crystal and refinement data are listed below in Table 5.1.
5.2.2 Calculation of intermolecular interactions
Lattice energies and intermolecular interaction energies were calculated using
the semi-empirical PIXEL method (section 2.7).34-36 In this study, the cluster
radius was 14 Å, and the molecular electron densities were obtained in steps
of 0.08 Å using DFT with the 6-31G** basis set and the B3LYP functional in
Gaussian09.37 The PIXEL calculations themselves were accomplished with the
CLP-PIXEL suite using a condensation level of 4 (i.e. the original pixels from
Gaussian were combined into 4 × 4 × 4 blocks of dimension 0.32 Å) using the
MrPIXEL interface.38
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5.2.3 Other programs used
Structures were visualised in Mercury.39 The principal axes of strain were
calculated using PASCaL.40 EoSFit7-GUI41 was used for equation of state (EoS)
calculations. CrystalExplorer was used for Hirshfeld surface analysis.42, 43 The
volumes of the voids and the network of intermolecular contacts, that is the
space enclosed within the van der Waals radii of all atoms,44 were calculated
for each pressure point using the Monte-Carlo procedure implemented in
CELLVOL by CJGW.45
Table 5.1: Selected experimental data collection and refinement information.
For all structures: C19H14N3, Mr = 284.33, monoclinic, P21/n, Z = 4. Experiments
were carried out at 298 K with Mo Kα radiation using a Bruker D8 Venture
diffractometer. H-atom parameters were constrained.
Pressure (GPa)
Phase

a, b, c (Å)

β (°)
V (Å3)

0.00
I

2.53
I

3.42
5.34
5.54
6.07
I
I
II
II
Crystal data
10.4887
10.1302
10.1864
10.0326
10.0002
(4), 6.9632
(4), 6.2215
9.9663 (7),
(8), 6.3323
(6), 6.0553 (5), 6.0842
(2),
(3),
6.0642 (4),
(5), 19.118
(4), 18.571 (3), 18.352
19.8755
18.9550
18.252 (3)
(3)
(3)
(2)
(7)
(18)
100.029
100.026
99.441 (2) 99.822 (9) 99.899 (5)
100.025 (9)
(7)
(6)
1431.94
1176.85
1110.93
1099.55
1215.1 (3)
1086.3 (2)
(9)
(13)
(19)
(15)
Data Collection

No. of
measured,
independent
8006,
6204, 865, 5411, 805, 6150, 748, 4978, 734, 5236, 727,
and
2511, 1422
558
558
537
545
481
observed [I >
2 (I)]
reflections
Rint
0.044
0.050
0.035
0.043
0.032
0.057
Refinement
0.057,
0.043,
0.036,
0.037,
0.033,
0.050,
R[F2 > 2
2
(F )], wR(F2), S 0.188, 1.06 0.112, 1.05 0.097, 1.03 0.102, 1.09 0.086, 1.08 0.140, 1.00
Completeness
0.991
0.352
0.339
0.330
0.327
0.327

Computer programs: SAINT V8.40A (Bruker, 2019), SHELXT 2014/5
(Sheldrick, 2014), XL (Sheldrick, 2008), Olex2 1.3 (Dolomanov et al., 2009).
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5.3 Result & Discussion
5.3.1 Ambient pressure structure
1,3-Diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl (1, Figure 5.1a) crystallizes
in the space group P21/n. The crystallographic atom numbering scheme,
shown in Figure 5.1b, taken from the recent paper by Constantinedes et al.46 is
used for the discussion below rather than IUPAC atom numbering. Radical 1
consists of a central benzo-1,2,4-triazinyl moiety with two phenyl substituents
attached at N1 and C1. The triazinyl moiety is almost planar, with an angle of
3.66(2)° between the N1-N2-C1-N3 and N1-C3-C2-N3 fragments.

Figure 5.1: a) Structural formula of Blatter radical 1,3-diphenyl-1,4dihydrobenzo[e][1,2,4]triazin-4-yl (1). b) Molecular structure at ambient
pressure showing the atom-numbering scheme.
Intermolecular interactions, which are dominated by dispersion, were
analysed using the PIXEL method (Table 5.2). Symmetry-equivalent contacts
are labelled A/A’ etc. There are 12 contacts in the first molecular coordination
sphere, identified by their significant Pauli repulsion terms. Layers form in the
ac planes in which each molecule is surrounded by six neighbours (contacts EG’) with three contacts each to molecules in the layers above (contacts A, B and
C) and below (contacts A’, B’ and D). When viewed along the b axis, the
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contacts to the layers above and below are eclipsed, giving the structure a
hexagonal close packed topology.

Table 5.2: Intermolecular interaction energies in the first coordination sphere
of 1 at ambient pressure. All energies are in kJ mol−1. Operators for equivalent
contacts are: A’: ½−x, ½+y, 1.5−z; B’: 1.5−x, −½+y, 1.5−z ; E’: 1+x, y, z; F’:
−½+x, 1.5−y, ½+z; G’: −½+x, 1.5−y, −½+z

I

12.518

H

10.99

0

G

E

10.474

−2.0

F

D

1−x, y, z

11.996

−2.5

C

1−x, 2−y,
1−z

10.489

−1.4

B

8.98

−12.5

A

8.387

−3.9

Interaction
label

7.717

−7.1

Polarisation

−65.9

−6.3

11.2

−25.7

−2.7

−24.8

19

−33.8

−2.9

−16.8

5.7

−17.2

−1.5

−17.3

22.7

−21.6

−5.8

−10.1

8

−15.1

−1.6

−8.8

7.5

−12.3

−1.4

−7.3

1.2

−6.2

−0.3

−1.9

0.2

−2.1

0

½+x, 1.5−y, ½+x, 1.5−y,
1−x, 1−y,
−x, 1−y, 1−z
−½+z
½+z
2−z

5.846

−9.0

Dispersion

34.4

−26.3

½−x, −½+y, 1.5−x, ½+y, 1−x, 1−y,
1.5−z
1.5−z
1−z

Centroid
distance (Å)

−1.8

Repulsion

−39.6

Symmetry

Coulombic

Total
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The strongest contacts are formed between layers (Figure 5.2). The
strongest of all contacts (A and A’, Figure 5.2a) are π-stacking interactions
between the benzotriazinyl and C-Ph substituent. The centroid-to-centroid
distance between the triazinyl and the symmetry-related C-Ph substituent is
3.6786(14) Å, that between C-Ph and the symmetry-related triazinyl centroid
is 3.5890(14) Å. The angle between the triazinyl moiety and the symmetryrelated C-Ph substituent is 4.11(12)°. The next strongest contact (B and B’,
Figure 5.2b) involves a pair of equivalent T-shaped π interactions between the
N-Ph substituents. The angle between the mean planes on the symmetry
generated phenyl substituents (C14-C19) in this interaction is 75.65(15)° with
a centroid-centroid distance equal to 5.0378(18) Å, close to optimal geometry
for this type of interaction.47 Contacts C and D are inequivalent as they are
formed by inversion centres and are best described as general dispersion
interactions, contact C being shorter and stronger than D.
Within the ac layers, the strongest two contacts are formed by lattice
translations. Four others of similar energy are formed by two sets of glide
operations. The interactions within the layers are also mostly of general
dispersion type, but contacts E and E’, which involve CH∙∙∙N contacts, have a
significant electrostatic contribution. There are, in addition, two long contacts
(H and I) which are of marginal significance at ambient conditions, but with
increasing pressure, become more important.
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Figure 5.2: a) Formation of the strongest (π-stacking) interaction in the crystal
structure of radical 1. This is the interaction between the C-Ph group and the
benzotriazinyl core (interaction A/A’). b) Formation of the second strongest Tshaped π interaction in the crystal structure of radical 1 (interaction B/B’).
5.3.2 Response of the lattice parameters to application of pressure
Compression of the crystal structure of radical 1 is anisotropic across the
pressure range. Animations of the sample under increasing pressure viewed
along a, b and c axes are available in the ESI. The animations (that viewed along
a is clearest) show that the N-Ph substituent begins to rotate above 3.42 GPa as
the molecules involved in interaction F are displaced towards one another. The
rotation becomes more substantial between 5.34 and 5.54 GPa, leading to a
phase transition. The low- and high-pressure forms shall be referred to as
phases I and II, respectively.
The relative changes in the unit cell parameters are shown in Figure
5.3a. The most compressible axis is b, which shortens by 13%. This axis is
aligned with the π-stacking interactions (A) between the ac layers of
molecules. The a and c axes shorten 5 and 9%. The phase transition causes
discontinuities in all three axes, with a and c decreasing in length, but the b
axis increasing.
The variation of the unit-cell volume of radical 1 with pressure is
shown in Figure 5.3b; the discontinuity between 5.34 and 5.54 GPa indicates
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that the phase transition is first order. Prior to the transition, the volume
reduces monotonically, and can be fitted (χ2 = 1.44, with 45 DoF) to a 3rd order
Birch-Murnaghan equation of state (EoS) to give a bulk modulus (K0) equal to
7.4(6) GPa, and a pressure derivative (K’) equal to 9.33(11). These values are
typical for molecular solids. There are not enough points to derive a reliable
EoS for phase II.
Although the variation of the unit-cell dimensions yields a useful
overview of the effects of pressure, the principal directions of the strain tensor
are independent of the choice of unit cell and give a more objective
characterisation of the anisotropy of compression. The eigenvalues and
eigenvectors of the strain tensor are listed in Table 5.3, calculated via final and
initial values of the transformed crystallographic axes.40 One axis of the strain
tensor must lie along the b axis by symmetry, but the others may lie in any
orthogonal directions in the ac plane.
Table 5.3: Principal axes of strain for the crystal structure of radical 1 over the
pressure series.
Axis
X1
X2
X3

Direction
[010]
[0.61 0 0.79]
[0.99 0 −0.13]

Compressibility (TPa−1)
18.5(8)
12.2(5)
7.2(2)

Consistent with the analysis of the cell dimensions given above, the
most compressible direction (X1) is [010] and the π-stacking interactions. The
direction of smallest strain (X3) makes an angle of 7.48° with a, which is also
consistent with a being the least compressible along this axis. It aligns with the
N-to-phenyl covalent bond and the CH···N contact formed in interaction E. X2
is parallel to the direction of the displacement of the benzotriazinyl moiety
towards the N-Ph substituent in interaction F, which drives the rotation and
subsequent phase transition.
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Figure 5.3: a) Normalized unit-cell axis lengths as a function of pressure. b)
Pressure dependence of the unit-cell volume of radical 1 crystal. The line
shows the fit to the 3rd order Birch-Murnaghan equation of state up to 5.34
GPa. Error bars lie within the symbols. The dashed vertical lines in parts (a)
and (b) and in other figures mark the phase transition after 5.34 GPa.
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5.3.3 Lattice energy and enthalpy
The lattice energy of radical 1 with increasing pressure is shown in Figure 5.4.
Over the pressure series, the lattice energy increases by 63.8 kJ mol−1 and
passes through a minimum at 0.88 GPa (more negative than at ambient
pressure by 9.5 kJ mol−1). This has been observed previously in pressure
studies of the OP polymorph of ROY48 and L-serine.49 Extrapolation of the
phase I EoS through the phase transition to 5.54 GPa gives a volume of 1108(2)
Å3. The volume of phase-II observed at this pressure is 1099.55(15) Å3. The
more efficient packing in phase II contributes a pV stabilisation relative to
phase I of −7.04 kJ mol−1 at 5.54 GPa.
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Figure 5.4: Pressure dependence of the lattice energy of radical 1.
Extrapolation of the phase I lattice energy to 5.54 GPa yields values,
depending on the method used, of between −79.5 and −82.3 kJ mol−1, compared
to −79.1 kJ mol−1 for phase II, suggesting that the lattice energy becomes
slightly more positive over the phase transition, but that this is out-weighed
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by the pV term. The driving force of the transition is therefore likely to be
volume minimisation rather than relief of strain built up in short contacts, as
is often the case in other high-pressure phase transitions.50-53
5.3.4 Intermolecular interactions
PIXEL calculations were carried out at each pressure point and the energies of
the intermolecular interactions in the first coordination sphere are shown as a
function of centroid distance in Figure 5.5. The curves in Figure 5.5 represent
the regions of each intermolecular potential hypersurface which are sampled
over the course of compression. The clear implication of the compression
movie viewed along a is that the approach of the C-Ph substituent in one
molecule begins to push on the N-Ph substituent of a neighbouring molecule,
causing it to rotate, increasing the C3-N1-C14-C19 torsional angle (Figure 5.6)
and the potentials of Figure 5.5 quantify the intermolecular energy changes
that cause this rotation.

Figure 5.5: Plot of the intermolecular interactions in the first coordination
sphere of radical 1 with centroid distance. Increasing pressure (and hence
decreasing centroid distance is from right to left. Raw data is available in
appendix E (Table E.1). The ESI contains mol2 files of each interaction.
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Torsional angle C3-N1-C14-C19 (°)
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Figure 5.6: Plot of the N-Ph torsional angle with increasing pressure.
The phase transition corresponds to a jump in the N-Ph rotation angle
(Figure 5.6), but the rotation begins prior to the transition in an example of
premonitory behaviour. The data in Figure 5.5 quantify the effect of this ‘push’
and rotation in terms of energy, the difference between the energy at 2.53 and
3.42 GPa being just 2 kJ mol−1. At the phase transition, the rotation of the NPh substituent relieves short C···H contacts which occur in interaction F as
pressure increases. At ambient pressure the (un-normalised) C18···H11 and
C19···H11 distances are 3.05 and 3.11 Å, respectively, but at 3.42 GPa they
shorten to 2.69 and 2.68 Å, and at 5.24 GPa they both measure 2.58 Å. The sum
of the van der Waals radii of C and H is 2.90 Å. C19···H11 lengthens after the
transition to 2.61 Å at 5.54 GPa and the onset of greater rotation of the N-Ph
group.
A diagram of each interaction is shown in Figure 5.7a. The largest
energy changes are seen in the contacts between the layers (A-D). While
contacts B-D are stabilised between ambient pressure and 1.10 GPa, contact A
destabilises immediately on compression and shows the largest degree of
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destabilisation of all contacts between 0 and 6.07 GPa. It is pushed into a
repulsive region of its potential above 5.34 GPa, just prior to the phase
transition. The two π-stacking interactions which comprise contact A
compress by 0.341(3) and 0.215(3) Å between ambient pressure and 6.07 GPa,
reaching 3.338(3) and 3.374(3) Å. The sensitivity of π-stacking energies to
pressure has been noted in other structures, for example 4-iodobenzonitrile.54
Above 1.10 GPa the energies of contacts B-D also begin to destabilise, all three
becoming slightly longer at the phase transition. More discontinuous
behaviour is seen in the intra-layer contacts (Figure 5.7b). Interaction F is
initially quite insensitive to pressure, but there is a sudden increase in the
energy at 3.42 GPa, the point at which the N-Ph begins to rotate.
The rotation of the N-Ph substituent enables interaction E, which
includes the short C17-H17···N3 contact, to shorten without incurring
unfavourable H16···H9 and H18···H7 interactions. The energy of interaction E
reaches a maximum at 4.75 GPa and begins to become more negative
thereafter, the interaction having an energy at 6.07 GPa similar to that at
ambient pressure. The rotation of the N-Ph substituent also creates more space
for shortening interaction G. As a result, the energy of interaction G is quite
insensitive to pressure, so that reducing its length provides a means to
accommodate pressure at almost no cost in terms of energy. Contacts H and I,
which are long-range dispersion contacts of marginal significance at ambient
pressure, become more stabilising at high pressure reaching −8.7 and −5.2 kJ
mol−1 at 6.07 GPa. The molecular coordination number therefore changes from
12 to 14 over the course of compression.
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Figure 5.7: a) Diagram of each interaction relative to the central molecule (X1).
H atoms have been removed for clarity. b) Molecules of radical 1 in the ac
layers. Colours are as in Figure 5.5.
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5.3.5 The effect of pressure on intramolecular geometry
While the increase in pressure affects the N-Ph torsional angle significantly
beyond 5.34 GPa, the effect on the C-Ph torsional angle is smaller, changing
from −6.3(4) to −8.4(4)°. The involvement of the C-Ph group in the π-stacking
interaction A likely limits the capacity for substantial changes in its
orientation. Further intramolecular effects occur within the triazinyl core,
which becomes steadily more planar with pressure, the ‘hinge’ angle between
the N1-N2-C1-N3 and N1-C3-C2-N3 planes decreasing steadily from 3.66(2)°
at ambient pressure before levelling off at 2.08(3)° above 3 GPa. The angle then
undergoes a sudden drop before the phase transition after 4.76 GPa (Figure
5.8), becoming 0.87(4)° at 6.07 GPa.
The sensitivity of the planarity of the triazinyl moiety to the
orientations of the phenyl substituents at N1 and C1 was evaluated in a series
of DFT calculations using the 6-31G** basis set and the B3LYP exchangecorrelation functional. One phenyl group at a time was fixed at intervals of 10°
and the geometry of the rest of the molecule allowed to optimise. The results
are shown in Figure 5.9.
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Figure 5.8: Variation of the hinge angle (N1-N2-C1-N3∠N1-C3-C2-N3) on the
triazinyl core with increasing pressure.
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Figure 5.9: Calculated (DFT) hinge angle (N1-N2-C1-N3∠N1-C3-C2-N3)
between the mean planes of the triazinyl moiety during rotation of the N-Ph
(black) and C-Ph (red) substituents.
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The planarity of the triazinyl core is more sensitive to the orientation
of the N-Ph than that of the C-Ph substituent, the hinge angle changing by
almost 13° as the C3-N1-C14-C19 torsion angle varies between 0 and 180°,
becoming essentially planar when the rings are orthogonal. The origin of the
effect seems to lie in a relatively short intramolecular H19···H4 interaction
which measures 2.026 Å when the rings are coplanar, but 3.393 Å when they
are orthogonal (Figure 5.10). The adoption of a more planar conformation in
the triazinyl core at the phase transition thus appears to be a response to the
change in the orientation of the N-Ph substituent driven by relief of short
intermolecular interactions which build-up at high pressure.

Figure 5.10: Blatter’s radical 1 with the C3-N1-C14-C19 torsional angle at a)
0° and b) 90°. The H19…H4 distance is shown in Å.
5.3.6 Volume Analysis
Although the discontinuity in the unit cell volume which occurs between 5.34
and 5.54 GPa is indicative of a first order phase transition, the onset of rotation
in the N-Ph group and the discontinuities in the intermolecular potentials seen
in Figure 5.5 occur at lower pressure, between 3.42 and 5.34 GPa. Although the
changes in Figure 5.5 are discontinuous, they do not appear to be reflected in
other discontinuities in either the unit cell volume or the lattice energy.
However, they do represent the onset of new mechanisms for accommodating
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pressure, and they could be regarded in terms of a premonitory second order
phase transition. The total unit cell volume can be broken down into
contributions from interstitial void space and the network of intra- and intermolecular contacts using the method described in papers by Novelli et al. and
Funnell et al.,45, 55 where void space corresponds to the regions of the structure
lying beyond the van der Waals radius of any of the atoms. Trends in the
network and void volumes with pressure can reveal second order effects
which are not seen in the overall unit-cell volume.
The variation of the occupied (or ‘network’) and void volumes with
pressure are shown in Figure 5.10a and b, respectively. Between ambient
pressure and 5.34 GPa the network and void volumes decrease by 63.3 (5.8%)
and 257.6 (74.7%) Å3, respectively, indicating that despite the clear changes
that

occur

intra-

and

inter-molecular

geometry,

compression

is

overwhelmingly accommodated by the voids. Accordingly, the network bulk
modulus [101(3) GPa] is very much higher than the void bulk modulus [2.2(1)
GPa], shown in Table 5.4, with a similar value to silver or silicon (both 100
GPa).56

Table 5.4: Network volume (Vnet) and void volume (Vvoid) parameters
determined from the EoS fit.
Vtot
Vnet
Vvoid

V0 (Å3)
1431.94
1087.00
344.94
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K0 (GPa)
7.4(6)
101(3)
2.2(1)

K0’
9.3(11)
−3(1)
0.8(1)

χ2
1.44
1.56
1.94

Chapter 5

Figure 5.10: a) Network volume of radical 1 with increasing pressure. The lines
show the fit to the 3rd order Birch-Murnaghan equations of state up to 5.34
(Table 4). b) Void volume of 1 with increasing pressure. The line shows the fit
to the 3rd order Vinet equation of state up to 5.34 GPa.
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Although the network volume in phase I can be fitted to a single
equation of state with a slightly negative curvature, it can also be interpreted
in terms of two nearly linear regimes, one between ambient pressure and 2.53
GPa and another between 2.53 and 5.34 GPa (Figure 5.11). The latter has a
steeper gradient as a result of the softening that occurs within the network due
to the onset of the new mechanisms for compression, of which rotation of the
N-Ph substituent is the most prominent. Both plots show discontinuities at the
phase transition with the network expanding slightly and hardening and the
voids softening after the transition, shifting the response even more heavily
towards void compression than it had been in phase I.
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Figure 5.11: Comparison of network volumes across the pressure series. Blue
line = linear fit to the pressure points up to 2.53 GPa. Red line = linear fit to the
points above 2.54 GPa. Error bars lie within the symbols.
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5.3.7 Magneto-structural consequences of the pressure-mediated first order
transition
The magnetic properties of Blatter’s radical 1 were previously reported by
Neugebauer and coworkers.57 At ambient conditions, radical 1 displays typical
paramagnetic behaviour as it follows the Curie-Weiss law in the temperature
region of 7-300 K with a Curie constant of 0.375 emu K mol−1. Below 7 K
antiferromagnetic interactions become dominant with a Weiss constant of −2.2
K. First order phase transition associated with magnetic bistability was
previously reported for two Blatter analogues: the 1‐phenyl-3-trifluoromethyl1,4-dihydrobenzo[e][1,2,4]triazin-4-yl58 and 3-tert-butyl-6-cyano-1,4-dihydro1-phenyl-1,2,4-benzotriazin-4-yl.59 In both of these radicals, the first order
transition takes place in response to temperature as the external stimulus. For
the 3-trifluoromethyl analogue the sharp reversible transition occurs at 58(2)
K and is fully completed within 5(1) K. This transition proceeds via subtle
changes along the 1D π stack. The low temperature phase is diamagnetic with
a singlet ground state, stemming from an efficient overlap of the SOMO
orbitals and therefore a multicentre two electron interaction. The hightemperature phase is a result of non-interacting S = ½ spins. In the case of
Blatter’s radical 1, at ambient conditions the radicals are non-interacting
arising from weakly-bound dimers. However, the first order transition that
takes place in response to pressure (5.34 GPa) as the external stimuli results in
a significant decrease of 0.3-0.4 Å along the stacking direction. It is anticipated
that in the resulting high-pressure phase the radicals will experience
significant antiferromagnetic interactions due to the decrease of interplanar
distances between radicals. This might lead to a diamagnetic singlet ground
state. The first order transition triggered by pressure for Blatter’s radical 1
could potentially be associated with a spin-transition between a low-pressure
paramagnetic state and a high-pressure diamagnetic state.
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5.4 Conclusions
The crystal structure of Blatter’s radical 1 has been collected at increasing
pressures up to 6.07 GPa. The material exhibited a phase transition in which
initial premonitory, and then a discontinuous, rotation of the N-Ph substituent
occurred in response to the development of short intermolecular interactions
as pressure was increased. The rotation angle of the phenyl substituent
influences the planarity of the triazinyl core. Values of the “hinge” angle
formed between the triazinyl N1-N2-C1-N3 and N1-C3-C2-N3 moieties in
other Blatter derivatives in the Cambridge Structural Database60 are listed in
appendix E. The least planar (refcode JUQFEI) is the dimerization product
reported by Berezin et al.24 The least planar un-dimerised system is a derivative
(CSD refcode DABZEN) with a −CF3 group in the C5 position on the benzo
fragment,4 having a hinge angle of 10.8°. However, the majority of radicals
have hinge angles of between 0 and 4°, and so in changing between 3.66° and
planarity, the range of hinge angles seen in radical 1 as a function of pressure
spans most of the common range adopted by Blatter derivatives.
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Chapter 6.
Effect of High Pressure on Polymorphs of a Blatter’s
Radical Derivative
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6.1 Introduction
Since Blatter’s radical (1,3-diphenyl-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl)1
was first reported in 1968, research efforts have been focused on synthesis of
derivatives with similar exceptional properties, such as the stability to air and
moisture, common with other Blatter-type radicals.2 A “super” stable
derivative was reported in 2011 as a result of the addition of a 7trifluoromethyl group on the benzotriazinyl moiety at the 7-position.3 Blattertype radicals also display magnetic properties and can form thin stable thin
films

whilst

retaining

paramagnetism.4-6

Other

Blatter-type

radical

applications that have emerged during the past five years include
photodetectors,7,

8

emissive materials for OLEDs,9 pH sensors,10 liquid

crystalline photoconductors,11-14 and electroactive building blocks in polymers
of purely organic batteries.15 These applications rely on the discovery of
“structure–property” relationships that enable a better understanding of the
intrinsic microscopic and macroscopic properties of these radicals.
Polymorphism in organic radicals is a common phenomenon,16
occurring as a result of different packing of molecules within a crystal
structure. Small differences (± 2 kJ mol−1) in their lattice energy are typically
observed.17 Polymorphism is well documented for thiazyl radicals.1824

However, for hydrazyls only one example of a verdazyl radical was recently

reported. The

1,5-diisopropyl-3-(4′-carboxyphenyl)-6-oxoverdazyl

radial

crystallizes as two polymorphs with markedly different crystal packings and
magnetic properties.25 The large, delocalised SOMO surface of the
benzotriazinyl core in Blatter radicals leads to many potential sites for
intermolecular interactions in crystal structures and potentially an increased
propensity towards polymorphism.26
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The use of high pressure has been shown to be useful in studying of
the way in which properties can differ between polymorphs, revealing new
structure-property relationships. Maturation of the technique has produced
numerous and diverse examples reported in the literature. A TiO 2-II
polymorph and analysis of its efficacy as a photocatalyst for CO 2 to CO
conversion was recently reported.27 In addition, the doping and application of
high pressure to resorcinol yielded the same phase28 and new high pressure
polymorphs of bis‐3‐nitrophenyl disulphide, less-dense than the ambient
structure, were nucleated using high pressure.29
Despite this variety, there are relatively few diffraction studies where
the response to pressure of the crystal structures of different polymorphs has
been compared. Organic materials have been studied most extensively, the
first being work on forms I and II or paracetamol30 and on the α, β and γ
polymorphs of glycine.31, 32 A recent study on the orthorhombic and monoclinic
polymorphs of histidine revealed a first order phase transition for each as well
as detailing the similarities in the way in which volume reduction via pressure
application is accommodated into the void volume of the crystal structure. 33
High pressure has also been used to compare two enantiomorphs of 2-(2-oxo1-pyrrolidinyl)butyramide, which can crystallize in the chirally pure
(Levetiracetam) or racemic form (Etiracetam). Anisotropic compressions of
levetiracetam and etiracetam are observed to 5.26 and 6.29 GPa. Raman
spectroscopy and an analysis of intermolecular interactions suggest subtle
phase transitions in levetiracetam (∼2 GPa) and etiracetam (∼1.5 GPa).34
Detailed in this work is the use of high pressure to probe the
differences in structure-property relationships and the compressibility
character within two polymorphs of a Blatter’s radical derivative 3-(phenyl)1-(pyrid-2-yl)-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl, 1, shown in Figure 6.1.
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This work contributes to ongoing investigations on magnetism–structure
correlations of Blatter-type radicals as well as comparative polymorph study
at high pressures more generally.

Figure 6.1: a) The Blatter radical derivative 3-(Phenyl)-1-(pyrid-2-yl)-1,4dihydrobenzo[e][1,2,4]triazin-4-yl (1). b) Diagram depicting the numbering
scheme used in this work.
6.2 Experimental
6.2.1 Single crystal X-ray diffraction
The

Blatter

radical

derivative,

3-(phenyl)-1-(pyrid-2-yl)-1,4-

dihydrobenzo[e][1,2,4]triazin-4-yl (1) was prepared by GZ according to
literature procedures.35 Polymorphs of the derivative 1 were obtained by slow
cooling of a dilute and concentrated n-hexane solution for 1α and 1β,
respectively. Careful recrystallization was required to avoid crystallization of
both polymorphs as mixtures.26
The diffraction data for 1α and 1β were measured at increasing
pressures up to 5.76 and 7.42 GPa respectively in two loadings each, similar to
the collection procedure described in Chapter 5. The limits of each pressure
study were dictated by the quality of the diffraction pattern.
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The initial structures was solved using dual-space methods
[SHELXT],36 refinements at higher pressure started from the atomic
coordinates of the preceding pressure point. Refinement was by full-matrix
least-squares on |F|2 (XL) from within the Olex2 graphical user interface37, 38.
Intramolecular bond distances and angles in all refinements against
data collected at high pressure were restrained to those observed at ambient
pressure. Where possible, non-hydrogen atoms were refined with anisotropic
displacement parameters and subject to enhanced rigid-bond restraints 39, but
above 5 GPa the 1α polymorph was refined isotropically. Hydrogen atoms
were placed in calculated positions and constrained to ride on their parent
atoms.
Crystal and refinement data for both 1α and 1β are listed in Tables F1
and F2 in appendix F, respectively.
6.2.2 Calculation of intermolecular interaction via the PIXEL method
Lattice energies and intermolecular interaction energies were
calculated using the semi-empirical PIXEL method (Chapter 2).40-42 The
procedure is similar to that detailed in Chapter 5. The sum of all cluster
interaction energies gives the lattice energy. In this study, the cluster radius
was 14 Å, and the molecular electron densities were obtained in steps of 0.08
Å using DFT with the 6-31G** basis set and the B3LYP functional in
Gaussian09.43 The PIXEL calculations themselves were accomplished with the
CLP-PIXEL suite using a condensation level of 4 (i.e. the original pixels from
Gaussian were combined into 4 × 4 × 4 blocks of dimension 0.32 Å) using the
MrPIXEL interface.44
6.2.3 Other programs used
Structures were visualised in Mercury.45 The principal axes of strain were
calculated by SP using STRAIN.46 EoSFit7-GUI 47 was used for equation of state
(EoS) calculations. The volumes of the voids and the network of
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intermolecular contacts, that is the space enclosed within the van der Waals
radii of all atoms,48 were calculated by CJGW for each pressure point using the
Monte-Carlo procedure CELLVOL.49
6.3 Results & Discussion
6.3.1 Comparison of the two polymorphs at ambient pressure
3-(Phenyl)-1-(pyrid-2-yl)-1,4-dihydrobenzo[e][1,2,4]triazin-4-yl (1, Figure 1a)
consists of a central benzo-1,2,4-triazinyl ring with a phenyl ring attached to
C1 atom (C-Ph) and a pyridyl group attached to N1 atom (N-Pyr). The
crystallographic atom numbering scheme, shown in Figure 1b, taken from the
recent paper by Constantinides et al.26, is used for the discussion below rather
than IUPAC atom numbering. It forms two polymorphs, which are obtained
on recrystallisation from either a dilute or concentrated solution of n-hexane.26
Polymorph 1α crystallizes in the orthorhombic space group P212121, while 1β
is monoclinic, space group P21/c. Both forms contain one molecule in the
asymmetric unit.
The intramolecular bond distances and angles are the same in each
polymorph, but there are small differences in the orientations of the
substituents (Figure 6.2), the N-Pyr torsional angle (C3-N1-C14-N4) being
39.0(3)° and 37.9(5)° in 1α and 1β while the C-Ph torsional angle (N3-C1-C8C9) is −15.6(3)° in 1α and −1.6(5)° in 1β. The triazinyl planar ring ‘hinge’ angle
described by the mean planes on N1-N2-C1-N3 and N1-C3-C2-N3 is 7.4(1)° for
1α and 4.5(2)° for 1β, conferring greater planarity in 1β. The lattice energies,
calculated using the PIXEL method, are −138.8 and −136.6 kJ mol−1 for 1α and
1β, respectively (appendix Figure F1). 1α is therefore the thermodynamically
more-stable form, but its density (1.340 g cm−3) is also slightly lower than 1β
(1.376 g cm−3).
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Intermolecular interactions in the first coordination sphere were
analysed using the PIXEL method (Tables 6.1 and 6.2 for 1α and 1β,
respectively). Symmetry equivalent interactions were labelled A and A’ etc. in
order of energy.

Figure 6.2: Polymorphs 1α (red) and 1β (blue) of the Blatter derivative
overlayed.
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Table 6.1: Intermolecular interaction energies in the first coordination sphere
for 1α. All energies are in kJ mol−1. Operators for equivalent contacts are: A’:
½+x, ½−y, 1–z; B’: 1–x, ½+y, 1.5–z; C’: 1.5–x, 1–y, ½+z; D’: ½+x, 1.5–y, 1−z;
E’: ½−x, 1–y, ½+z; F’: x, 1+y, z; G’: 1–x, −½+y, ½−z; H’: 1.5–x, −y, ½+z
Symmetry

Interaction
label
−½+x, ½−y,
1−z

A

8.938

1–x, −½+y,
1.5−z

B

9.969

1.5–x, 1–y,
−½+z

C

9.442

−½+x, 1.5–y,
1−z

D

10.033

½−x, 1–y,
−½+z

E

10.996

x, −1+y, z

F

11.906

1–x, ½+y, ½−z

G

12.396

1.5–x, −y,
−½+z

H

−0.5

4.746

−0.8

−4.4

Centroid
distance (Å)

−1.8

−5.9

1.5

−1.0

−1.4

−8.8

2.4

−4.4

−0.7

−1.5

−14.1

6

−5.0

−0.9

−3.1

−12.1

7.1

−5.4

−3.4

−4.0

−21.2

5

−11.9

−3.6

−6.1

−29.1

15

−12.2

−7.7

Polarisation

−74.0

16.8

−17.1

−6.4

Dispersion

41.2

−22.6

−16.7

Repulsion

−55.6

Coulombic

Total
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Table 6.2: Intermolecular interaction energies in the first coordination sphere
for 1β. All energies are in kJ mol−1. Operators for equivalent contacts are: A’:
x, 1+y, z; B’: 2−x, ½+y, 1.5–z; C’: x, ½−y, −½+z; E’: x, 1.5–y, ½+z; G’: 1–x,
½+y, ½−z.

A

2−x, −½+y,
1.5−z

B

10.091

−0.8

9.02

−3.1

10.065

x, 1.5–y,
−½+z

E

−4.0

9.786

1–x, 2–y, 1−z

F

−1.7

12.895

−0.7

11.73

Dispersion

Polarisation

39.2

−80.0

−5.3

−20.4

15.8

−26.0

−3.7

−20.1

14.6

−20.8

−3.8

−15.2

14.5

−25.5

−3.4

−12.2

6.5

−14.0

−1.6

−12.0

6.7

−13.6

−1.2

−6.7

4.7

−8.8

−0.8

−6.0

7.5

−11.0

−1.9

1–x, −½+y,
2–x, 1–y, 1−z
½−z

Repulsion

−49.5

x, ½−y, ½+z 1–x, 1–y, 1−z

H

Interaction
label

x, −1+y, z

9.566

−10.1

G

Symmetry

3.861

−6.5

D

Centroid
distance (Å)

−3.3

C

Coulombic

Total
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The strongest interaction in both structures occurs through stacking of
the molecules (interaction A in Tables 6.1 and 6.2, −55.6 kJ mol−1 in 1α and −49.5
kJ mol−1 in 1β). In 1α the stacking is generated by a 21 axis along a, while in 1β
it is generated through lattice repeats along b. As a result, in 1α the π-stacking
interactions are between the benzotriazinyl and the N-Pyr moieties (Figure
6.3) in which the ring-centroid distances are 3.5375(14) and 4.0076(14) Å. In 1β
the

stacking

occurs

through

triazinyl-triazinyl

and

pyridyl-pyridyl

interactions, both measuring 3.8612(19) Å, which is similar to the average of
the two stacking distances seen in 1α. The stacks are arranged so that when 1α
is viewed along a and 1β is viewed along b, each stack is surrounded by six
others.

Figure 6.3: Formation of the different π-stacking interactions via a 21 screw in
1α and translation in 1β.
In 1α a cross-section through the unit cell perpendicular to the stacks
reveals layers parallel to the bc planes containing interactions B/B’, F/F’ and
G/G’ in Table 6.1, Figure 6.4 – 1α). Interaction B (−22.6 kJ mol−1) contains a
contact between N3 and H12 (2.78 Å), while F and G are best regarded as
general whole-molecule dispersion interactions. The other interactions in
Table 6.1 are formed ‘diagonally’ between stacks and layers, interaction C
featuring a short N···H contact (N4···H10 = 2.69 Å). Layers are also formed
perpendicular to the stacks in 1β, but they are much more corrugated in the
1α phase. Interactions B’, D, E, C, G’ and H) form within the layers (Figure 6.4
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– 1β), B and C respectively containing N4···H5 (2.70 Å, 160°) and N3···H17 =
2.64 Å, 167° contacts.

Figure 6.4: The different layers that compose the crystal structures for 1α and
1β. A central, unlabelled reference molecule is surrounded by six molecules in
each image. The interactions are labelled according to the PIXEL labels in
Tables 6.1 and 6.2.
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6.3.2 Response of unit cell dimensions to pressure
The variation of unit cell volume with pressure is shown for both polymorphs
in Figure F2. The values for the bulk moduli, determined from third order
Birch-Murnaghan equation of state (EoS) fits, are K0 = 7.7(4) GPa and K0’ =
9.5(8) for 1α, and K0 = 7.5(5) GPa and K0’ = 9.8(9) for 1β. During fitting, the
ambient-pressure volumes were fixed to their measured values; the values of
χ2 for the fits were 1.01 and 1.50, respectively. The compressibilities of the two
polymorphs are the same within error, despite the higher density of 1β (1.340
g cm−3 for 1α vs. 1.376 g cm−3 for 1β). The values are similar to that of the
Blatter’s radical itself (Chapter 5) as well as other molecular solids such as
C6Br6 (9.07 GPa), anthracene (7.5 GPa) and hexamethyl-benzene (7.2 GPa).50
The compression is anisotropic (Figures 6.5 and 6.6). The direction of highest
compression aligns with the strongest π-stacking interactions for both
structures, 13% along the a axis for 1α and 17% along the b axis for 1β. The
changes in the in the b and c directions were similar for 1α at 6% and 5%,
respectively, while the a axis changed by 8% and the c axis by 4% in 1β. In 1β
the β angle decreases by 1.5%, causing sin β to increase over the pressure
series, adding a positive rather than negative contribution to the volume
change (Figure F3).
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Figure 6.5: Change in unit cell dimensions for 1α across the pressure series.

Figure 6.6: Change in unit cell dimensions for 1β across the pressure series.
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The principal axes of strain are parallel to the a, b and c axes in the 1α
form with eigenvalues that follow the same numerical order as the changes in
the cell dimensions themselves (Table 6.3, with values determined from the
structure at 4.98 GPa), the largest being parallel to a, and the other two axes
having quite similar values. In the 1β form, symmetry requires that one axis
of strain is parallel to the b axis. Consistent with the trends in the cell
dimensions, this corresponds to the largest eigenvalue, which has a similar
value to that seen at a similar pressure in 1α (Table 6.3, values determined
from the structure at 5.04 GPa). In contrast to 1α, the two smaller eigenvalues
are quite different from one another, reflecting the differences between the
trends in the cell dimensions, shown in Figs. 6.5 and 6.6. The origin of the
difference may lie in the distribution of voids (Figure 6.7). In 1α the voids are
quite uniformly distributed around the stacks, while those in 1β have a
sinusoidal distribution in the direction of the c axis, promoting a more
anisotropic path of compression. Accordingly, the middle eigenvector, which
is approximately parallel to the a axis, reflects the compression of the
sinusoidal void network, with relatively less compression occurring in the
direction of the third eigenvector, which is approximately parallel to c*.
Table 6.3: Principal axes of strain in 1α and 1β at 4.98 and 5.04 GPa
respectively. Calculated using STRAIN.46
Polymorph

1α

1β

Axes

Eigenvector

Eigenvalue

X1

[100]

-0.11930(18)

X2

[010]

-0.0602(2)

X3

[001]

-0.0489(4)

X1

[010]

-0.14264(16)

X2

[0.049 0 -0.004]

-0.0655(2)

X3

[0.026 0 0.056]

-0.0211(3)
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Figure 6.7: Compressibility vectors X2 and X3 added to a molecule of each
polymorph. The corresponding PIXEL interactions are labelled and void
distribution visualised using Mercury with a probe radius of 0.75 Å and an
approximate grid spacing of 0.3 Å. Parts a and b show 1α viewed along a and
c and d show 1β viewed along b; these axes correspond to the largest
eigenvalue (X1) in both cases. The distribution of the voids in 1α (b) is more
uniform, whereas the voids are sinusoidal in the c direction in 1β (d).
6.3.3 Volume analysis
The cell volume at each pressure was partitioned the into occupied (network)
and unoccupied (void) volume for each pressure point using the Monte-Carlo
procedure described previously33, 51 implemented in the CELLVOL program.49
The results are shown in Table 6.4. Network and void volumes were fitted to
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third order Birch-Murnaghan and Vinet equations of state respectively (Figs.
F4 and F5, respectively).
In the Blatter’s radical analysed at high pressure previously (Chapter
5), a first order phase transition was observed at 5.34 GPa. This was driven by
the rotation of the N phenyl rings. The ring substituents in these polymorphs
rotate in a similar fashion with increasing pressure, but the rotation is
continuous. N-Pyr in 1α decreases from 39.0(3)° at ambient to 32.1(7)° at 4.40
GPa and then increases to 36(3)° at 5.76 GPa. The samples collapsed above 5.76
GPa, possibly undergoing amorphization. In 1β, the angle changes from
37.9(5)° to 28.7(7)° from ambient to 7.42 GPa, with no observable discontinuity.
C-Ph changes from −13.8(3)° to −16(4)° between ambient and 5.76 GPa in 1α
and from −1.6(2)° to −1.5(4)° in 1β. The triazinyl moiety, where the π-stacking
interaction forms, is sensitive to changes in planarity and modifications have
been shown to affect the location and magnitude of the spin density. 26, 52 The
hinge angle (calculated between the mean planes N1-N2-C1-N3 and N1-C3C2-N3) shows distinct and opposite reactions to pressure increase, 1α exhibits
an angle increase by 5.98°, while in 1β it decreases by 2.13° (Figure 8).
Table 6.4: Values determined from the EoS fitted for the Total (Vtot), Network
(Vnet) and Void (Vvoid) volumes respectively for each polymorph across the
entire pressure range.

1α

1β

V0 (Å3)

K0 (GPa)

K0’

χ2

Vtot

1414.44

7.7(4)

9.5(8)

1.01

Vnet

1070.81

95(3)

−2(1)

1.63

Vvoid

343.63

2.2(1)

1.1(1)

1.13

Vtot

1377.30

7.5(5)

9.8(9)

1.50

Vnet

1068.51

106(6)

−3(1)

7.21

Vvoid

308.79

2.1(1)

0.6(6)

1.08
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Figure 6.8: The “hinge” angle on the triazinyl core (N1-N2-C1-N3∠N1-C3-C2N3) with increasing pressure for 1α and 1β.
Calculations of molecular volume reveal small changes to the total
molecular volume, indicating most of the changes to the network volume are
intermolecular compression measured by the network bulk moduli. The
molecular volume for 1α at ambient is 268.2(2) Å3 and at 5.76 GPa is 267.6(3).
The molecular volume for 1β at ambient is 267.8(2) Å3 and at 7.42 GPa is
267.6(3). The overall network bulk moduli are similar in the two polymorphs,
and the trends in the void and network volumes are both smooth for 1α and
for the void volume of 1β and adequately fitted to single equations of state
(Figs. F4 and F5). However, for 1β a high χ2 value indicates a poor fit to a single
EoS. Analysis of the graph (Figure 6.9) shows the trend in network volume in
1β can be interpreted as consisting of two separate linear regions. The volumes
can be fitted to linear equation from 0.00 to 2.12 GPa with a bulk modulus of
144(5) GPa and a χ2 of 1.17 and from 2.84 to 7.42 GPa with a bulk modulus of
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88(2) GPa and a χ2 of 1.60. The network bulk modulus decreases by nearly a
factor of two from 2.12 to 2.84 GPa, indicating a second order phase transition
between 2.12 and 2.84 GPa in which the mechanism of compression shifts
more towards the network of intermolecular interactions. There is little
difference in the void bulk moduli of the two polymorphs and, as noted above,
the phase transition is not at all obvious in the plot of the void volume for 1β
(Figure F5).

1070

Network Volume (Å3)

1060
1050
1040
1030
1020
1010
1000
990
980
0

2

4

6

8

Pressure (GPa)

Figure 6.9: Linear fitted from 0.00 to 2.12 GPa and from 2.84 to 7.42 GPa to
the calculated network volume pressure points for 1β (blue circles). Error bars
lie within the symbols.
6.3.4 Centroid distances with Pressure
Over the course of its compression series, 1β undergoes a subtle second order
phase transition at 2.12 GPa, while 1α does not. This phase transition is
revealed by the CELLVOL calculations analysed and described in the previous
section, but not very clearly in the cell parameters. To understand how the
phase transition affects the structure, centroid-centroid distances of each
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interaction were plotted against pressure (Figs. 6.10 and 6.11). Estimation for
linear modulus (M0) of each interaction in each polymorph was calculated
using the centroid distances from the entire pressure series for 1α (Figs. F6 –
F13 in the appendix) and only the centroid distances up to 2.12 GPa were used
in 1β (Figs. F14 – F21) All were fitted using a third order Birch-Murnaghan
EoS.

Figure 6.10: Relative change centroid distance for each interaction with
pressure for 1α.
In 1α, the plot shows the centroid distance of interaction A compresses
the most, the centroid distance reducing by 14 %. This contrasts with the other
interactions which all show very similar but markedly less compression. This
behaviour can be linked to the uniform distribution of the voids in the
structure. Indeed, amongst interactions B-H lower compressibility is
associated with decreasing void space, with the least void volume around
interaction B. The X2 and X3 strain tensors are reflected in the centroid
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distances, where X2 mostly compressed towards interaction F and X3
compresses the least, owing proximity to interaction B. Interaction B has
molecules which are almost coplanar with short H···H, C···H and N···H
contacts between the C-Ph groups (Figure 6.12).

Figure 6.11: Relative change in centroid distance for each interaction with
pressure for 1β.

Figure 6.12: Short contact interactions (shown in blue) at or below the VdW
radius in interaction B of 1α at 5.76 GPa.
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The stacking interaction (A) is also the most compressible in 1β,
decreasing by 16.5% over the pressure series. By contrast with 1α, but there
are marked differences between the other interactions, with D and F
compressing substantially more than the others. The larger sinusoidal voids
which align along the c direction allow the compression of the C-Ph and NPyr towards one another in interaction D. As interaction F is further above the
plane than D (Figure 6.13), this interaction is compressed more. The largest
strain tensor X1 is aligned with the compression along interaction A, while X2
is aligned in the direction of compression of both interactions F and D.
The other interactions are similar in terms of compression, particularly
B, C and G with E and H deviating slightly more. The differences between the
strain tensor components identified above in Section 6.3.2 are thus seen to
reflect the changes in intermolecular interaction distances with pressure, with
the greater anisotropy in 1β identified with the high compressibility of
interactions D and F.
The trends in centroid distances shown in Figures 6.10 and 6.11 were
fitted to ‘linear’ third order Birch-Murnaghan equations of state to identify
deviations from ideal behaviour. The linear moduli M0 obtained from the fits
are shown in Table 6.5; as with a volume-based bulk modulus, a high linear
modulus is associated with an incompressible interaction. The first derivative
of the linear modulus, M0’, is a measure of how quickly the M0 varies with
pressure. A large positive value describes a rapid hardening to the increasing
pressure. The EoS fits are shown in Figures F6 – F13 for 1α and F14 – F21 for
1β.
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Figure 6.13: Visualization of the voids within the molecules in interactions D
(blue) and F (red). Voids displayed at probe radius 0.75 Å and approximate
grid spacing of 0.3 Å. Crystallographic viewing axes shown in the bottom right.
Table 6.5: Estimation for Linear Modulus (M0) of each interaction in each
polymorph. Centroid distances from the entire pressure series were used for
1α and only the centroid distances up to 2.12 GPa were used in 1β. All were
fitted using a third order Birch-Murnaghan EoS.
Interaction
A
B
C
D
E
F
G
H

M0
14(1)
39(9)
30(2)
38(2)
18(3)
29(2)
19(2)
22(2)

1α
M 0’
15(1)
106(37)
49(6)
35(4)
120(21)
41(5)
62(8)
40(4)

χ2
0.60
4.53
1.08
0.94
1.01
0.93
0.82
0.98

M0
11(1)
96(6)
64(7)
24(2)
39(4)
17(1)
31(6)
66(4)

1β
M0’
14(1)
46(6)
100(20)
25(2)
86(13)
19(1)
180(40)
24(3)

χ2
1.02
1.10
1.42
1.08
1.25
1.31
1.33
2.36

Two notable features can be identified from the fitting. The first is that
all interactions in 1α conform to ideal behaviour across the entire pressure
range studied, consistent with the lack of any phase transitions. This is not true
for 1β. Attempts to fit the data shown in Figs. F14 – F21 to single EoSs led to
poor fits with high values of χ2. Better fits were obtained when fitting was
limited to the range up to the second order phase transition pressure, 0−2.12
GPa. This shows that although the effects of the transition are quite subtle and
difficult to observe in the cell parameters or from obvious discontinuities in
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intermolecular interactions distances or even energies (see below), they can be
seen in deviations from ideal trends as well as in the network volume as
described above. Beyond the phase transition, interactions B, C, E, G and H,
and to a lesser extent F, compress more than would be anticipated in the
compression seen up to 2.12 GPa (all the observed points lie below the EoS
line). The already soft interactions A and D compress ideally. This shows that
the phase transition in 1β is associated with a general softening of the more
incompressible contacts, rather than a step change in any one contact.
The second notable feature of the data in Table 6.5 is the high
compressibility of the π-stacking interactions (A). This has been noted
throughout the present discussion, and it is consistent with other materials. A
similar feature was noted, for example, in Chapter 5 for the Blatter radical
itself, and for 4-iodobenzonitrile, where offset π-π stacking interactions were
compressed by over 10% over the pressure range.53 This is somewhat
paradoxical because in both of these studies, the stacking interactions
underwent the most positive change in internal energy as a function of
pressure, destabilising to a far greater extent than other interactions. As will
be shown in the next section, the same is true in both polymorphs of 1, which
raises the question as to why, if they undergo such a large destabilisation,
stacking interactions should be so highly compressible.
6.3.5 Lattice and Intermolecular interaction energies with Pressure
The lattice energies of each polymorph, calculated via the PIXEL method, with
increasing pressure are shown in the appenidx (Figure F1). The curves show a
smooth, continuous increase in lattice energy with pressure with no obvious
discontinuity at the phase transition in 1β (2.12 GPa). This is consistent with
the transition being second order. The intermolecular interactions in the first
coordination sphere for each polymorph 1α and 1β, are shown as a function
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of centroid distance in Figure 6.14. The curves represent the potentials of each
of the intermolecular interactions.
In 1α, most intermolecular interactions are destabilised as they
compress. As noted above, the trend is especially marked for the stacking
interaction, which becomes 33 kJ mol−1 more positive in energy between
ambient pressure and 5.76 GPa. With the exception of interaction D, the other
contacts are gradually pushed into more destabilising regions of their
potentials, though the curvature is quite low in some cases. Compression of
interaction D minimises the repulsion term within the interaction whilst
decreasing the N3···H6–N6 interaction distance, hence increasing the
coulombic contribution.
In 1β the stacking interaction is destabilised by 65 kJ mol−1 between
ambient pressure and 7.42 GPa, and actually becomes repulsive above 6.07
GPa. Similar comments apply to interaction D, which is the most compressible
of the inter-stack interactions and where the change in energy is +16.3 kJ mol−1.
The last of the more compressible contacts noted above (F), appears to be quite
insensitive to pressure. The other contacts are destabilised by between 3 and 8
kJ mol−1.
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Figure 6.14: Plot of the intermolecular interactions in the first coordination
sphere of radical 1α and 1β with centroid distance. Increasing pressure is from
right to left.
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Some insight into the contributions of the different interactions to the
free energy of compression can be gained by considering the extent to which
the reduction in the volumes of the dimers contribute negative pressure x
volume terms. The volume of each dimer at ambient pressure and 5.76 GPa for
1α and 7. 42 GPa for 1β was calculated in a similar Monte Carlo procedure to
that used for the individual molecules. The results along with the overall
enthalpy (= ΔU + PΔV) contribution from each dimer is listed in Table 6.6.
In both polymorphs the very large positive changes in the internal
energy of the stacking interactions are compensated by large negative PΔV
terms. In the case of 1β, for example, the +65 kJ mol−1 change in the internal
energy of interaction A becomes a more modest increase of +15.5 kJ mol −1 in
terms of enthalpy. This implies that stacking interactions undergo high
compression because this forms a particularly efficient way in which to
minimise volume.
The data in Table 6.6 also quantify the volume changes discussed
above for the other interactions. In 1α the volume changes for interactions BH span the range 2 to 4 Å3, while those in 1β lie between 1.5 and 5.5 Å3. Similar
comments to those made for the stacking interactions also apply to the rather
steep potential of interaction D in 1β. Otherwise, however, the enthalpic
contribution of the contacts present a somewhat different picture than seen by
consideration of either the contact distances or energies on their own. For
example, the data in Table 6.6 indicate that interaction E in 1α plays an
important role which is not at all evident otherwise. The calculated ΔH for the
interaction over the compression series suggests it is the most stabilising
interaction owing to its large negative value. The application of the analysis
outlined here is currently the subject on ongoing research.
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Table 6.6: Results of the Monte Carlo procedure used for individual dimer
interactions from the PIXEL calculations for both polymorphs 1α and 1β. These
calculations were performed by Simon Parsons. Units of U, ΔU, PΔV and ΔH
are all kJ mol−1. Units of V and ΔV are Å3.

ΔH

PΔV

ΔV

V (5.76
GPa)

V
(ambient)

ΔU

U (5.76
GPa)

U
(ambient)

1α

5.67

−27.83

−8.022

528.37

536.392

33.5

−22.1

−55.6

A

−6.36

−10.36

−2.987

533.329

536.316

4

−18.6

−22.6

B

0.66

−12.84

−3.701

532.397

536.098

13.5

−3.6

−17.1

C

1.24

−7.26

−2.094

534.346

536.44

8.5

−3.7

−12.2

D

−14.53

−11.43

−3.296

533.354

536.65

−3.1

−15

−11.9

E

−6.69

−6.99

−2.015

534.171

536.186

0.3

−5.1

−5.4

F

−4.78

−10.38

−2.993

533.577

536.57

5.6

0.6

−5

G

−7.92

−8.72

−2.514

534.127

536.641

0.8

−3.6

−4.4

H
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ΔH

PΔV

ΔV

V (7.42
GPa)

V
(ambient)

ΔU

U (7.42
GPa)

U
(ambient)

1β

15.53

−49.47

−11.112

524.672

535.784

65

15.5

−49.5

A

−5.39

−12.89

−2.895

532.533

535.428

7.5

−12.9

−20.4

B

−3.26

−6.46

−1.452

533.811

535.263

3.2

−16.9

−20.1

C

−8.47

−24.77

−5.563

530.4

535.963

16.3

1.1

−15.2

D

−6.46

−12.16

−2.732

533.002

535.734

5.7

−6.5

−12.2

E

−12.3

−10.5

−2.358

533.462

535.82

−1.8

−13.8

−12

F

−4.18

−8.88

−1.994

533.691

535.685

4.7

−2

−6.7

G

−3.72

−7.72

−1.733

533.965

535.698

4

−2

−6

H
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6.4 Conclusions
The crystal structures of the polymorphs of 3-(phenyl)-1-(pyrid-2-yl)-1,4dihydrobenzo[e][1,2,4]triazin-4-yl, 1α and 1β, have been investigated up to
5.76 and 7.42 GPa, respectively. In the ambient structure, the eclipsed nature
of the π-stack in 1β places more H···H contacts in close proximity, reducing the
void volume and distributing the voids in a more sinusoidal fashion when
compared to 1α. 1α is the thermodynamically more stable form, having a
lattice energy 2.2 kJ mol−1 lower than the 1β polymorph. This form also has a
slightly lower density (1.340 g cm−3) than 1β (1.376 g cm−3).
Upon compression, the largest eigenvalues of the strain tensor were
found to be along the π-stack direction in each case. 1α showed the more
isotropic compression between the stacks, as the result of the quite uniform
distribution of voids. In 1β, a more sinusoidal void distribution led to more
anisotropic compression. Separation of the unit cell volume into contributions
for occupied and unoccupied space shows that 1β undergoes a second order
phase transition above 2.12 GPa in which the network of intermolecular
contacts begins to play a greater role in accommodating pressure.
Linear moduli for the intermolecular interactions in the first molecular
coordination sphere provide a means for comparing the relative hardness of
the interactions and the ideality of their response to pressure. The second order
phase transition seen in the volume analysis was also seen in deviations from
ideality in the compression of the contacts in 1β. The analysis indicates that
the less compressible interactions in 1β assume a greater compressibility
following the transition.
The strongest π-stacking interactions are also the most compressible
in both polymorphs and undergo substantial destabilisation with pressure,
increasing in internal energy by +33.5 kJ mol−1 in 1α and +65.0 kJ mol−1 for 1β
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over the pressure range studied. Preliminary calculations of the volume
reduction of the stacking interactions suggests that these interactions are
compressible not because they are weak or deformable in terms of internal
energy, but because this mechanism of compression is an efficient means to
minimise volume and thereby the pressure x volume contribution of free
energy.
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Crystalline solids are ubiquitous in our daily life, ranging from food and
pharmaceuticals to pigments and optoelectronics. Exploring the early stages
of their phase behaviour and their response to extreme pressures has been the
overarching themes of this thesis. Techniques such as 3-dimensional electron
diffraction, transmission electron microscopy and high-pressure X-ray
diffraction techniques can be utilised to reveal the unique phase behaviour of
these materials.
The work presented in chapter 2 is a detailed description of the process
for converting a Tecnai F20 TEM for use with 3D ED measurements. The
principles can be followed for almost any TEM setup, providing some
requirements are met, such as the ability to rotate the stage at a constant speed
and a camera that can rapidly output diffraction frames during this rotation.
This setup makes use of a modified Insteadmatic software package. The
examples used here are the zeolite ZSM-5 and a small molecular organic
crystal of carbamazepine dihydrate. With respect to the data collection, future
work will rectify stage instability as this is a common problem with traditional
TEMs. Removing or minimising this will have the biggest contribution to the
ease with which to data is collected. Improving user accessibility is a priority
if this is to be utilised by other personnel and development of TEM specific
software will address this. Two companies, Rigaku and ELDICO have made
recent progress in addressing these problems. In respect to the data refinement
process, high R factors for electron diffraction data have typified the structures
published in the CSD owing to the dynamical effects prevalent throughout
data collection.
Chapter 3 is a study on the evolution of polymorphism of glycine, with
preliminary results collected in Edinburgh and the crystallization experiments
undertaken at Stockholm university. This builds upon work by Kenneth
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Harris and co-workers who investigated glycine crystallization using
combined liquid and solid-state NMR. Glycine is a simple amino acid and
displays three polymorphs at ambient conditions, with the stability order of β
< α < γ. Arresting the crystallization from a saturated aqueous solution at
certain time intervals, provided insight on the morphology and stability of the
glycine polymorphs. To the best of our knowledge, this is the first time that all
three ambient pressure polymorphs of glycine have been observed and
characterised as forming from isotopically natural water. This result shows
how a similar method could be employed when undertaking polymorph
discovery.
Chapter 4 follows the work on glycine to investigate anti-neuralgic
drug compound carbamazepine. All the diffraction and imaging data were
collected

in

Edinburgh.

Carbamazepine

also

displays

abundant

polymorphism, with five pure forms at ambient conditions, following the
order of stability II < IV < V < I < III. It is also a prolific coformer with over 40
reported cocrystals. Crystallization from a supersaturated solution of ethanol
commonly forms the dihydrate after a prolonged crystallisation. Upon
reducing the crystallisation time, forms II, III and IV are formed. This is an
example of how the occurrence domain for a given crystallization experiment
can intersect to form different polymorphs, this is also known as concomitant
polymorphism. Reducing the time point further aimed to capture the very
early stage of formation and imaging data provided evidence for non-classical
crystallization of the dihydrate, with liquid-like droplets attaching at one end
of a crystal of carbamazepine dihydrate, similar to the liquid-liquid phase
separation mechanism.
Chapter 5 introduces Blatter’s radical, a small organic radical that
inspired the work of many reported syntheses to tune its already remarkable
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physical properties. Although open-shell compounds of the p-block elements
tend to be unstable with respect to dimerization, this radical is stable for up to
30 years and has been used in controllable polymerizations, molecular
electronics, photodetectors and liquid crystal photoconductors. The radical
also displays some magnetic bi-stability and this study aimed to investigate
how pressure effects intramolecular geometry with possible scope for
magnetic applications at pressure. The radical undergoes a first order phase
transition above 5.34 GPa, observed in the unit cell and volume measurements.
The driving force for this transition is the rotation of the N-Ph, caused by the
molecular movement to minimize void space and relieve H∙∙∙H contacts. The
phase transition is anticipated to result in a diamagnetic singlet ground state
though further magnetic measurements at pressure are required determine
this.
Chapter 6 is a comparative study between two different polymorphs
of a Blatter radical derivative. The specific modification is a pyridine ring on
the N atom in the central triazinyl ring. Two polymorphs crystallize from nhexane solution, the thermodynamic orthorhombic form and kinetic
monoclinic form. These polymorphs differ in the π-stacks that are formed as
well as void space, with the latter more uniformly distributed in the
orthorhombic than the monoclinic. The compression of these polymorphs
reveals continuous change in the orthorhombic form, while a subtle, second
order phase transition occurs above 2.12 GPa. The centroid-centroid distances
can be fitted to a linear bulk modulus, revealing a softening in the majority of
the contacts at the phase transition. The π-stacks in the derivatives are the most
compressible and the most destabilising. Molecular volume calculations
explain this phenomenon in terms of molecular pV contributions and the
generality of this idea is the subject of future work, which will address the
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reasons that stacking interactions are highly compressible even though the
energy of the interaction can be pushed into a destabilising region of the
intermolecular potential.
There is future work associated with the experimental chapters within
this thesis. The improvements to the TEM from Chapter 2 for the collection of
3D ED data would require work on both hardware (TEM stage) and software
(optimisation of programs such as Insteadmatic, XDS and PETS 2.0). This
would allow better data collection statistics (Rint, I/sigma) leading to lower R
factors in the structure refinement. Chapters 3 and 4 demonstrate how 3D ED
can be used in the study of crystallization of polymorphs; both glycine and
carbamazepine

samples were crystallized from water

and ethanol

respectively. Different conditions for crystallization (pH, solvent, etc.) may
favour one polymorph over the other as well as different sample preparation
techniques (spray-drying, laser nucleation before vitrification, etc.). A ‘sweet
spot’ of crystallization conditions could be outlined to screen other small
organic molecules and APIs which may exhibit polymorphism. Chapters 5 and
6 describe how high pressure can be used to induce structural changes within
an organic radical. The implications for magnetic properties are proposed but
further high pressure SQUID measurements are needed. The volume
partitioning calculation is shown to be successful at detecting subtle phase
transitions and a comparison to experimental Raman data would be logical.
Polymorphism within molecular crystals is abundant, whether it is
exhibited at the early stages of formation, or as a response to external stimulus
in the mature crystal. This thesis has examined both in the context of small
organic molecules.
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Appendix A
Table A.1: CSD REFCODE, unit cell dimensions and R1 of all the structures
solved via 3D ED reported on the CSD as of September 2021. Sorted
alphabetically.
REFCODE
AQECOR
AQETUO
BEQGIN08
BIOTIN13
BIOTIN14
BIOTIN15
BISGAO
BOBHOR
BODNEP
CAHKUU01
CBMZPN28
CBMZPN29
CBMZPN30
CBMZPN31
CBMZPN32
CIMETD06
CINCHO11
COTZAN07
DIZZUK
DIZZUK01
DOBBEE
DOBBEE01
DOBCAB
DOBCAB01
DUVYUR
ERUHEH
FABTIP
FIFSES
FIFSIW
FUTWOI06
GOKDAO
GUTGAF
GUTGAF01
GUTGAF02
HIQDUJ
HIQDUJ01
HIQDUJ02
HIQDUJ03
HIQDUJ04

a (Å)
11.95
34.61
35.4
5.2
5.18
5.38
10.996
30.17
7.19
7.62
7.578
7.576
7.68
7.46
7.534
55.45
10.71
6.962
7.21
7.21
13.05
13.05
10.2
10.2
33.802
19.46
44.8
20.32
20.32
12.17
9.2171
28.29
28.29
28.29
21.98
21.98
21.98
21.98
21.98

b (Å)
12.27
34.61
5.28
10.31
10.29
10.77
12.452
30.17
21.79
13.88
11.176
11.188
11.44
11.04
11.15
5
7.06
9.177
9.2
9.2
12.04
12.04
17.04
17.04
33.802
14.32
44.8
9.62
9.62
7.12
10.027
29.3
29.3
29.3
21.98
21.98
21.98
21.98
21.98

c (Å)
α (°)
14.41 110.73
16.51
90
22.6
90
20.91
90
20.83
90
21.91
90
13.218
90
7.281
90
13.62
90
15.2
90
13.991
90
13.967
90
13.92
90
13.76
90
13.917
90
18.72
90
11.15
90
11.5564
90
13.84
90
13.84
90
13.06 107.57
13.06 107.57
19.9
90
19.9
90
29.096
90
22.94
90
4.196
90
5.1
90
5.1
90
25.32
90
6.9348
90
8.01
90
8.01
90
8.01
90
8.96
90
8.96
90
8.96
90
8.96
90
8.96
90
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β (°)
100.78
90
118.2
90
90
90
90
90
90
90
93.08
87.03
91.22
92.61
92.94
100.4
109.66
98.82
90
90
91.15
91.15
90
90
90
112.47
90
90
90
99.22
90
90
90
90
90
90
90
90
90

γ (°)
94.74
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
123.19
123.19
90
90
120
90
120
92
92
90
90
90
90
90
90
90
90
90
90

V (Å−3) R1 (%)
1915.582 23.96
19776.54 16.47
3722.812 57.58
1121.027 17.81
1110.285 18.97
1269.522 23.43
1809.838 15.43
6627.377 31.00
2133.847 37.54
1607.637 18.22
1183.21
25.45
1182.257 40.54
1222.723
36.9
1132.076 19.21
1167.546 43.85
5104.854 19.69
793.934
17.80
729.611
26.46
918.035
14.95
918.035
14.95
1592.358 18.22
1592.358 18.22
3458.779 14.32
3458.779 14.32
28790.47 22.53
5907.296 12.06
7293.267 15.77
996.333
10.32
996.333
10.28
2165.643 45.58
640.913
9.61
6639.465 34.19
6639.465 23.81
6639.465 16.45
4328.759 13.56
4328.759 14.44
4328.759 18.91
4328.759 15.67
4328.759 15.87
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HIQDUJ05
HIQDUJ06
HIQDUJ07
HIQDUJ08
HIQDUJ09
HXACAN41
HXACAN42
HXACAN43
HXACAN50
HXACAN51
IBPRAC20
IKORIK03
IKORIK04
IKUDOJ
INEVUV
IRELOH01
KADXES02
KADXES03
KUFDIB
KUFDOH
KUFDUN
KUPPUJ01
KUXJUL
LACPAJ01
LHISTD15
LIMZAL01
LOGDET
LOGDIX
LOGDOD
LOGDUJ
LOGFAR
LOJVIS
LURHOX
LUVNUO
LUZZUE
MAJRIZ02
MOTNUG
NICOAC05
NICOAC06
NUZKOI03
PAZDOM
PAZDUS
PHBTYR
POSJAI01
PROGST15

21.98
21.98
21.98
21.98
21.98
7.232
7.232
6.63
7.06
7.06
14.65
9.68
9.68
19.39
13.4619
8.015
19.76
19.76
5.223
5.311
7.395
36.203
9.268
22.05
5.27
40.07
20.15
20.5
19.9
27.5
27.3
17.4
12.17
28.724
16.52
15.34
16
7.303
7.41
10.515
18.95
18.95
5.76
6.43
10.38

21.98
21.98
21.98
21.98
21.98
11.76
11.76
8.62
9.18
9.18
7.88
25.65
25.65
15.81
14.659
10.015
10.1
10.1
12.435
6.454
7.395
32.388
15.416
10.76
7.44
16.564
20.15
20.5
19.9
27.5
27.3
17.4
7.12
28.724
14.16
7.54
11.41
11.693
11.692
10.515
18.95
18.95
13.2
21.17
12.81

8.96
8.96
8.96
8.96
8.96
17.16
17.16
10.79
11.61
11.61
10.73
16.08
16.08
17.9
14.449
17.703
14.58
14.58
5.563
5.694
5.75
7.299
20.495
9.34
18.99
13.753
8.85
9.1
9.3
7.3
7.7
40.7
9.47
28.724
21.72
20.01
20.61
7.33
7.377
16.306
43.979
43.979
26.82
6.48
13.89

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
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90
90
90
90
90
90
90
97.56
97.22
97.22
99.7
92.63
92.63
90
118.122
90
90
90
111.14
112.86
90
92.52
90
101.29
90
98.54
90
90
90
90
90
90
118.37
90
90
112.49
93.5
113.68
114.45
90
90
90
90
105.6
90

90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
90
120
90
90
90
90
90
90
90
90
90
90
120
90
90
90
90
90
90
90
120
120
120
90
90
90

4328.759
4328.759
4328.759
4328.759
4328.759
1459.429
1459.429
611.295
746.487
746.487
1220.984
3988.33
3988.33
5487.351
2514.725
1421.024
2909.818
2909.818
336.991
179.845
272.317
8550.113
2928.233
2173.108
744.575
9026.925
3593.299
3824.275
3682.893
5520.625
5738.733
10671.45
722.026
23699.26
5080.812
2138.408
3755.544
573.236
581.811
1561.337
13677.11
13677.11
2039.178
849.584
1846.923

14.86
13.56
15.17
15.30
14.54
8.89
9.06
20.53
20.70
20.52
25.41
15.95
15.95
14.56
18.11
14.95
11.25
11.25
21.88
12.76
30.64
30.96
9.76
19.91
19.81
25.83
28.01
31.75
29.11
25.13
40.33
33.17
37.61
20.38
24.63
18.29
28.81
30.26
33.71
0.00
34.91
42.25
0.00
22.21
17.65
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QADMUH
11.43
18.388
31.46
90
90
90
6612.1
QADNAO
47.57
47.18
8.19
90
90
90
18381.25
QADNES
8.027
18.606
45.133 81.18
89.13
84
6624.43
QADNIW
47.14
47.14
7.982
90
90
90
17737.44
QADNOC
46.71
46.74
8.25
90
90
90
18011.61
QILJUT
8.28
24.37
8.81
90
108.8
90
1682.871
QQQFVD03
7.53
4.99
88.44
90
90
90
3323.106
RCOHPH04
10.01
31.78
13.34
90
90.15
90
4243.677
RCOHPH05
10.01
31.78
13.34
90
90.15
90
4243.677
SADGEN
10.54
13.48
14.6
76.4
82.4
76.5
1953.907
SADGEN01
10.54
13.48
14.6
76.4
82.4
76.5
1953.907
SUFVOH01
15.8
24.1
14.1
90
90
90
5368.998
SUVJOL
12.35
15
15.31
79.6
83.71
87.3
2771.707
TUKVON
8.09
6.39
11.63
90
104.71
90
581.508
TUKVUT
15.09
19.55
34.77
90
94.63
90
10224.01
VISXED
31.713
56.167
51.481
90
90.49
90
91695.84
VOXFAS
17.5
17.5
9.34
90
90
120
2477.157
VOXFEW
30
17.3
9.41
90
94.3
90
4870.043
VOXFIA
15.5
5.03
20.3
90
142
90
974.401
WACDEN
9.4054
10.4228 11.9607 96.683 95.288 104.474 1118.588
WOFXEX 10.56116 10.38558 13.7175
90
93.1133
90
1502.367
WOKNEP01
11.1
9.56
5.11
90
90
92.6
541.695
WONVIH
16.5
16.5
29.8
90
90
90
8113.05
XADNUP
10.51
12.234
4.666
90
90
90
599.951
XAQVIX01
15.52
13.41
16.49
90
90
90
3431.952
XAQVIX02
15.52
13.41
16.49
90
90
90
3431.952
YOYXAO
12.15
8.98
10.28
90
99.41
90
1106.527
YOYYOD
6.63
9.08
19.97
90
90
90
1202.202
YURNIL
8.99
9.73
14.16
93.05
94.62
108.54 1166.438
YUXJEJ
37.319
11.628
33.058
90
90
90
14345.37
YUXJIN
37.572
11.367
32.78
90
90
90
13999.71
ZUQXIV
5.5
10.4
19.7
90
90
90
1126.84

11.73
17.04
17.16
15.41
18.80
22.23
21.00
13.24
13.24
24.29
24.29
20.60
24.29
13.76
23.50
27.00
8.62
7.86
7.89
31.40
32.70
16.00
21.63
15.59
16.07
16.07
17.77
17.07
14.01
25.05
28.86
38.95

Appendix B
B.1 Sample preparation
For the setup of 3D ED data collection, a suitable sample must be used with
known unit cell parameters and not sensitive to the electron beam during
diffraction data collection. The sample used in this work was the zeolite ZSM5. ZSM-5 was purchased from Alpha Aesar and crystallizes in the space group
Pnma with the unit-cell parameters a = 20.022, b = 19.899, c = 13.383 A˚.1 There
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are 38 symmetry-independent atoms in the unit cell, 12 Si and 26 O atoms. The
sample was dispersed onto an R2/2 Quanitfoil TEM grid after grinding in a
pestle and mortar by shaking the grid and crystals in an Eppendorf tube
(Figure B.1). The grid must be tapped lightly after shaking to remove any large
crystals before it is placed in the TEM grid holder. As the sample is not beamsensitive, a room temperature holder can be used.

Figure B.1: ZSM-5 crystals were ground in a pestle and mortar (A), scooped
into an eppendorf tube (B), and then shaken with a R2/2 Quantifoil TEM grid.
The grid is then removed and gently tapped to remove excess crystal sample.
B.2 TEM use and sample selection
ZSM-5 crystals should be searched for at a suitable magnification and spot size
(on the F20, 10 000x magnification, and spot size 7 worked well). Increasing
spot size increases the contrast of the image but also increases the dose to the
sample. Increasing magnification allows detection of smaller crystals. The
objective aperture may also be inserted to improve contrast. The crystals of
ZSM-5 should be separate and single when observed on the screen. If the
crystal is not single, multiple crystal lattices will be observed when collecting
3D ED data. Once a suitable sample is found, to check the quality of the crystal
diffraction pattern, remove the objective aperture, and insert the selected area
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aperture – checking the crystal fits within it. If so, switch to diffraction mode
(Diffraction button, right hand control panel) ensuring the screen is down (it
should be if signal was observed up to this point) change to camera length of
285mm (magnification knob, right hand side). Single sharp diffraction spots
should be observed around a central beam and cover the entire image. At this
camera length, the resolution at the corner of the image is 0.9 Å. For
investigation samples with large unit cells (< 50 Å in any direction) a longer
camera length should be used. Rings can appear if the sample is
polycrystalline, no spots are observed if the sample is non-crystalline and if
the sample is too thick, no beam or spots will appear. Such crystallites are
unsuitable for 3D ED and alternatives should be found after switching back to
imaging mode and reinserting the objective aperture.
B.3 Setup for 3D ED
Once identification of a suitable crystal is complete, setup for 3D ED data
collection can begin. The first step is to set the eucentric height on the crystal
sample. This is achieved by tilting to α = −40° (stage control, FEI gui) and then
using the z-axis buttons on the right hand control panel to bring the crystal
back into alignment and then tilting the stage back to α = 0°. The aim is ensure
the sample remains aligned during data collection (between α = −40° and α =
+20°). The alignment should be close to the sample of interest but not on the
sample itself to avoid unnecessary electron dose. This can take multiple
attempts and may not be perfect as some TEM stages are unstable to the
required sampling range of the α tilt angles of 3D ED. This major source of
hindrance could be addressed in future by improved sample holders and
stages.
Modern TEMs have improved stages and modified sample holders
offer increased stability to α angle rotation. Once the eucentric height is set
over the range for 3D ED collection, the stage is tilted to α = −40° (FEI gui), the
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instrument switched to diffraction mode, the selected area aperture inserted
and the objective area aperture removed. Lift the viewing screen to observe a
diffraction pattern on the camera PC screen. Check centring of the diffraction
pattern via the multifunction X & Y knobs (right and left side control panel).
After these steps have been completed, the diffraction pattern should resemble
Figure B.2.

Figure B.2: Electron diffraction patterns from suitable crystals. The electron
beam is centred, the diffraction spots are well resolved and singular. Friedel
pairs of reflections can be easily identified. Position and intensities of spots will
depend on the sample. a) ZSM-5, space group Pnma. b) Carbamazepine
dihydrate, space group P21/n.
B.4 InsteaDMatic setup
Start insteaDMatic2 in DigitalMicrograph.3 This is the script developed in
Xiaodong Zou’s lab for collection of 3D ED data. Further details can be found
in the Cichocka et al., 2018 and a brief summary of its function is given here.
The directory is chosen here in which to store the output images. The start
button makes the program ready to output frames after checking the change
detected on the camera. Once the rotation has begun, frames are outputted to
the working directory along with a log file with necessary information for
frame conversion/reduction. Once rotation stops, frame output is stopped and
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the beam can be blanked. The InsteaDMatic script, written in Digital
Micrograph, has been modified for the Edinburgh TEM, the first is at line 105:
number check_angle_interval = 0.6 // If auto stop is enabled, check
the angle every # s

The value of 0.6 has been chosen and works well with the auto stop
function for this TEM. The value can be changed if the auto stop for the frame
output. There are modifications at lines 519 – 551:
log_message += "Number of frames: " + nframes/10 + "\n"
// Print log message to console
Print(log_message)
// Print log message to file
string fn = PathConcatenate(exp_drc, "cRED_log.txt")
number f = CreateFileForWriting(fn)
WriteFile(f, log_message)
CloseFile(f)
Print("Wrote file " + fn)
number k, j
image frame
// Write data as tiff files
if ( write_tiff_files )
{
self.SetStatus( "Writing tiff files" )
Print("Writing tiff files...")
for (i=0; i<nframes/10; i++)
{
string out = PathConcatenate(data_drc, "image_" +
format(i+1, "%05d"))
//Print("Writing " + out + ".tif")
//Sum every 10 frames
k = i * 10
for (j=1; j<10; j++)
{
frame = slice2(buffer, 0, 0, k, 0, xsize, 1, 1,
ysize, 1)
frame += slice2(buffer, 0, 0, k+j, 0, xsize, 1,
1, ysize, 1)
}
SaveAsTiff(frame, out, 1)
self.DLGSetProgress(

"progress_bar",

(i+1)/nframes/10 )
}

This allows summation of every 10 frames during collection. This
saves on space that is used on the hard drive as every 10 frames is summed
into one frame. The value of 10 works well for this setup but can be altered by
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changing every instance of the number 10 that appears in these lines to a
different number. Tentatively, the range for this value is between 5 – 15. The
reason for this is that the Rio 9 camera is locked at outputting frames at 15 fps.
Instead of saving all frames, every 10 frames are summed and then exported
to allow appropriate oscillation angle and save disk space. Open the
InsteaDMatic script in Digital micrograph and press ‘Execute’. Select a suitable
name and working directory. Run the camera in live view, the camera will
need to be run in 1.5k x 1.5k mode. Change the buffer to 1500 (max 2000). When
ready, press ‘Start’.
B.5 3D ED data collection
On the TEM PC, open the program TEMspy, navigate to the TAD tab, within
this tab select COMPUSTAGE and change the axis to A and speed to 0.1. This
value can be adjusted depending on sample and frame summation value used,
from the previous section. A speed value between 0.05 (slow) and 0.5 (fast) is
recommended. The stage should be at −40° from the FEI gui. Set the value to
+20 in the TEMspy GUI and press ‘Go to’. Observe data collection, the spots
should gradually appear and disappear in the same position as the reciprocal
space is sampled via the electron beam. The appearance is similar to a phi scan
on a single crystal X-ray diffractometer. When the rotation has stopped,
outputted frames in the .tiff format are in the working directory. Return the
stage to α = 0°, lower the screen and switch to imaging mode and remove the
selected area aperture and reinsert the objective aperture. Repeat the process
on as many other crystals as required. The program will save each data
collection in a different directory.
B.6 Data format conversion
In order for the frames to be analysed by the indexing program REDp, they
should be converted to a compatible format. This is the .mrc format and is
carried out by the dataconverterGUI.py script (available on DataSync). This
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was developed at Xiaodong Zou’s group at Stockholm University and has
been modified for the data collection on the Edinburgh F20 for the camera
length of 285mm, rotation axis = 0°, the rotation speed = 0.2. To run the script,
in the directory containing dataConverterGUI.py, start a command window
(type ‘cmd’ at the address bar) and then ‘python dataCoverterGUI.py’. The
window below should appear (Figure B.3). A few extra packages may be
needed for the successful running of this program, such as scikit-image and
imagecodecs. This is done by ensuring python environment is configured
correctly, starting a command window and typing:
pip install scikit-image imagcodecs

The packages scikit-image and image codecs will be installed on your
python installation. Other packages may be needed and can be installed with
the pip install <packagename> command.

Figure B.3: The dataConverterGUI.py used to convert frames to .mrc format
for data reduction.
Select the first .tiff image in the dataset as the directory. The start angle
is the angle the collection started at, usually −40°. The exposure time is the time
the electron beam diffracts on each frame before a new frame is outputted.
This can be estimated by the 3D ED α tilt angle range divided by the number
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of frames. This will depend on values used for the speed of rotation (in
TEMspy – speed) and the no. of frames summed (lines 519 – 551 in
InsteaDMatic). The values quoted in the above text can be altered to suit
different samples. For instance, a more beam sensitive sample could have 3D
ED data collected faster to increase the “wedge” of reciprocal space sampled.
All other values in the dataConverterGUI.py can be left at the default. The
program will run and output log to the cmd window. The .mrc files will be
outputted to the directory specified.
B.7 Software installation (January 2022)
This section will provide guidance from indexing to solving and refining the
structure. The specific software required, and the installation instructions are
provided below.
REDp – software by Xiaodong Zou’s lab for the indexing of 3D ED data.4, 5
Available

at:

https://www.mmk.su.se/zou/electron-crystallography-

software/rotation-electron-diffraction-red.
SHELX is software developed by George Sheldrick and may be downloaded
from https://SHELX.uni-goettingen.de/download.php.
XPREP is commercial software available from Bruker AXS.
XDS is Software by Wolfgang Kabsch for the integration of diffraction images.6
It is available at: https://xds.mr.mpg.de/. This requires a Linux partition on a
Windows 10 PC. Instructions for installation are as follows:
1. Enable “Linux Subsytem” in Win10
2. Google “Win10 linux subsystem”, it will ask you to open Powershell
as Administrator and run the following command: dism.exe /online
/enable-feature /featurename:Microsoft-WindowsSubsystem-Linux /all
/norestart
3. Restart PC
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4. Open Microsoft store, search Ubuntu, and install Ubuntu 18.04 LTS
(NOT THE LATEST VERSION!!!)
5. Launch Ubuntu after installation and set username and password for
Ubuntu system (this can be an easy password). Note the characters for
the password will appear blank when inputted.
6. Run the bash shell. Type bash at the windows search.
7. Update Linux system type : sudo apt-get update
8. Upgrade Linux system type : sudo apt-get upgrade
9. Install gedit, type sudo apt-get install gedit
10. Install X-server in Windows system :
https://sourceforge.net/projects/xming/ After every restart of
windows, Xming needs to be running before starting xdsgui.
11. Install XDS: https://xds.mr.mpg.de/html_doc/downloading.html
12. Install XDSGUI: https://strucbio.biologie.unikonstanz.de/pub/linux_bin/
13. Place all the files in the same directory (e.g. D:/XDS/)
14. In the bash shell, type: export DISPLAY=:0
15. In the bash shell, type: gedit ~/.bashrc
16. At the end of the Bashrc file add the lines:
export DISPLAY=:0
export PATH=/mnt/d/XDS:$PATH - (PATH to XDS)
17. Install libraries for XDSGUI, type : sudo apt-get install libqtgui4 libgompl
libqt5widgets5 qt5-default qtbase5-dev
18. Test the running of XDS and XDSGUI. At the bash shell, type xds. XDS
should attempt to run
19. Type xdsgui. The XDSGUI window should appear
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B.8 Data processing
The processing of electron diffraction images requires the use of both REDp
and XDS in tandem. Initial indexing (2D) is carried out by REDp and then the
information is used in the integration by XDS which is in 3D. Figure B.4 shows
the overall workflow for concurrent use of REDp and XDS for this process.

Figure B.4: The overall workflow for the indexing of 3D ED data.
Pixel size calibration must be completed before work can begin to
obtain structure solutions from 3D electron diffraction data. This value is the
corresponding dimensions (in Å−1) of one pixel on the camera/detector and is
used in the reconstruction of the reciprocal lattice in REDp, strongly
influencing the unit cell dimensions determined during indexing. Table B.1
shows the corresponding pixel size and DETECTOR_DISTANCE for use with
RED

(indexing)

and

XDS

(integration).

The

calculation

of

the

DETECTOR_DISTANCE distance and software installation is shown in Figure
B.5.
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Figure B.5: Calculation of detector distance from pixel size.
Table B.1: Values for the Pixel size (REDp) and DETECTOR_DISTANCE
(XDS) at different camera lengths. As the camera lengths are controlled by
electron lenses, by varying the current, the physical distance does not change
within the TEM.
Camera length (mm)
200
285
320
520

Pixel size (Å−1)
0.001291
0.001840
0.002066
0.003357

DETECTOR_DISTANCE
835.712281
1190.890000
1337.139649
2172.851930

B.8.1 Indexing with REDp
A folder labelled ZSM5_tiff10 on Datasync contains a dataset collected on the
Edinburgh TEM. This was collected on a ZSM5 crystal using InsteaDMatic on
the Rio 9 camera. The files were converted using the dataConverterGUI.py
with the exposure time equal to 0.26 seconds. Start the program REDp and
import the data (File > open > mrc.3ded). Figure B.6 shows the layout of the
REDp GUI.
Firstly, check the values are correct in the Frames tab of the control window.
The wavelength should be 0.0251 Å and the pixel size should be 0.00184 Å−1 at
camera length 285 mm. A list of the files should also be visible in the control
window and these can be viewed by changing to the “experimental” tab in the
viewing window. Change the intensity max and min in the control window to
min = 0 and max = 400. These parameters are only used for display, data are
not modified. Zoom in and out on the diffraction frames is controlled by the
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scrollwheel and scrolling through frames is done by dragging the blue cursor
from left to right or scrolling on the mouse wheel. A specific frame number
can be viewed by typing in the frame no. window. Check the central beam is
visible and diffraction spots appear clearly.

Figure B.6: Layout of the REDp gui.
Next, run a shift evaluation which determines the centre of the
electron beam in each frame relative to the first frame. Change to the shift
evaluation tab under the control window and press the “256” located under
the reference region. Move the box that appears over the centre of the beam
and press “Run”. The beam is not stable during 3D ED data collection and may
move. This movement is tracked and the coordinates outputted in the control
window. This is taken into account during the indexing of the spots. The
process will run with a progress bar at the bottom and relative coordinates
outputted. The position of the central beam in pixels is also determined. This
is needed later for XDS integration. It should be close to x = 717 and y = 744 for
this dataset.
Peak search can now be run. Change to the Peak search tab in the
control window. The values for the peak search should be: Peak Radius = 7.50,
Background radius = 8.00 and (Peak – B.G.) Threshold = 5.00. The rest of the
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values can be left as default. To check the diffraction spots are being picked,
select the box next to “Show Found Peaks”. This will place green crosses on all
found peaks over the diffraction frames. Check that the real peaks are being
picked and not too much noise is included across the frames. If the spots are
satisfactorily being picked, press “Run”. Untick the “Show Found Peaks” box
to speed the process up. After peak search has been run, the reciprocal lattice
will be shown in the “3D View Raw” tab in the View window. This can be
rotated with the left-click and hold and moving the mouse. The lattice can be
zoomed with the scrollwheel. The coordinate is shown in the bottom left.
The unit cell should be determined using only the strong reflections
through peak merging. In the control window select the “3D Peak Merging”
tab and change the max resolution to 1.20 Å−1 (equivalent to 0.83 Å). This
ensures that high resolution data are included. Change the intensity range
from 0 “Min. Intensity” to 1200. Note that the number of reflections has
reduced. The central ring on this dataset needs to be removed for successful
indexing. Open the “3D view control” tab in the control window and zoom in
to the centre of the lattice. A ring of reflections should be clearly visible. This
is caused by multiple measurements of the direct beam. The greater number
of frames summed (set in InsteaDMatic during collection) the greater chance of
a central ring in the data. Hold down the Ctrl button and left-click drag to
select the entire ring and release. Once selected, select the “Add” button in this
window. This colours the selection a random colour and adds it to the list of
Peaks as Label0. This group Label0 can be deselected via a left click on the
small black dot. Removal of the central ring should produce a reciprocal lattice
shown in Figure B.7.
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Figure B.7: The raw 3D reciprocal lattice before (left) and after (right) removal
of the central ring of reflections, shown in yellow in the left image.
Once the central ring has been removed, press “Merge”. A new view
of the 3D ED lattice with be shown in the “3D View Merged” tab in the view
window. This will be used for the Unit cell determination. Select the “Unit Cell
Determination and Indexing” tab and press “Search for Unit Cell”. The process
runs the unit cell is shown in the messages window of a = 20.150 Å, b = 13.326
Å, c = 20.054 Å, α = 91.88°, β = 90.70°, γ = 89.25°, V=5,381.1 Å³ (These should be
close but may not be exactly reproducible, it is not important at this stage).
In the messages window, next to the unit cell, there is an option to
“Test Lattice Type”. Make sure of good internet connection and select this. The
unit cell will be inputted into cctbx for testing possible transformations and
show up in a default webpage browser. Below shows the output for the first
three symmetry-adapted unit cells from cctbx:
Input
=====
Unit cell: (20.1496, 13.326, 20.0541, 91.8793, 90.6985, 89.2548)
Space group: P 1 (No. 1)
Angular tolerance: 5.000 degrees
Similar symmetries
==================
Symmetry in minimum-lengths cell: P 4/m m m (c,a,b) (No. 123)
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Input minimum-lengths cell:
89.2548, 88.1207)
Symmetry-adapted cell:
Conventional setting:
Unit cell:
Change of basis:
Inverse:
Maximal angular difference:
Symmetry in minimum-lengths cell:
Input minimum-lengths cell:
89.2548, 88.1207)
Symmetry-adapted cell:
90)
Conventional setting:
Unit cell:
Change of basis:
Inverse:
Maximal angular difference:
Symmetry in minimum-lengths cell:
Input minimum-lengths cell:
89.2548, 88.1207)
Symmetry-adapted cell:
Conventional setting:
Unit cell:
Change of basis:
Inverse:
Maximal angular difference:

(13.326, 20.0541, 20.1496, 89.3015,
(13.326, 20.1019, 20.1019, 90, 90, 90)
P 4/m m m (No. 123)
(20.1019, 20.1019, 13.326, 90, 90, 90)
z,-x,-y
-y,-z,x
2.013 degrees
C m m m (z,x-y,x+y) (No. 65)
(13.326, 20.0541, 20.1496, 89.3015,
(13.326, 20.1019, 20.1019, 89.3015, 90,
C m m m (No. 65)
(28.2546, 28.6011, 13.326, 90, 90, 90)
1/2*x+1/2*z,-1/2*x+1/2*z,-y
x-y,-z,x+y
2.013 degrees
P m m m (No. 47)
(13.326, 20.0541, 20.1496, 89.3015,
(13.326, 20.0541, 20.1496, 90, 90, 90)
P m m m (No. 47)
(13.326, 20.0541, 20.1496, 90, 90, 90)
-y,z,-x
-z,-x,y
2.013 degrees

The output lists each attempt at searching for a unit cell with a
maximum angular difference of 5.00 degrees. The new unit cell dimensions are
outputted with a transformation matrix (change of basis). Usually, the crystal
system with the highest symmetry is chosen and low maximal angular
difference. The lower the value the better. For example, in the final check,
Change of basis = −y, z, −x can be described by the matrix (0 −1 0 / 0 0 1 / −1 0
0). This can be inputted into the matrix table in the “Unit Cell Determination
and Indexing” tab (Figure B.8).

Figure B.8: Matrix table in REDp for transforming the unit cell in.
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The determination of the space group is possible via taking 2D slices
in each plane along the 0kl, h0l and hk0 planes. This can be done in the “3D
View Control” tab. The viewing axis can be changed to a*, b* or c* and Ctrl +
left-click can be used to select reflections. Figures B.9a – c show the slices with
the systematic absences for this data.
This data exhibits systematic absences at 0kl: k + l and hk0: h. In an
orthorhombic setting, these systematic absences correspond to either the space
groups Pnma (62) or Pn21a (33). The space group of ZSM-5 is Pnma but if the
sample is unknown then all possible space groups that correspond with
specific reflection conditions are tried. It is sometimes difficult to determine
the space group exactly from 3D ED data, due to the presence of multiple
scattering which breaks the reflection condition. After the unit cell dimensions
and space group have been determined, the frames must be converted for use
with XDS. Select “File” and then “Export SMV images…”. Data reduction with
XDS can now begin with the .img files that are outputted.
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Figure B.9: Reciprocal lattice showing the systematic absence at a) hk0, h =
odd b) h0l, no absence and c) 0kl, k + l = odd.
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B.8.2 Integration with XDS
XDS is a program initially developed for the integration of
macromolecular X-ray diffraction data and used in both laboratories and
synchrotron beamlines.6 The program is controlled from a bash (Linux)
terminal from parameters specified in a single input file (XDS.INP). When run,
XDS will execute seven different specific “jobs” in turn. The procedure is
automatic and fairly robust, providing that correct parameters are specified in
the .INP file. This can lead to the rather unconventional feeling of diffraction
data being integrated in a “black box” manner when compared with other
software integration programs such as APEX3 from Bruker or Crysalis Pro
from Rigaku.
The program will be run once on the data with specific parameters
relating to 3D ED data collection. Space group identification is also attempted
within XDS although this is likely to be unreliable due to presence of multiple
scattering (dynamical effects). The second execution of the program
(JOB=CORRECT) will integrate the data based on the space group
determination from REDp. The final step involves conversion of the reflections
to SHELX format for input into xprep and set up the files for structure solution.
With this workflow, the suggested file layout is shown in Figure B.10.
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Figure B.10: Suggested file layout for integration of 3D ED data with XDS.
The XDS.INP file will need to be setup for integration of 3D ED data.
Figure 16 shows the parameters that need to be specified in the XDS.INP file
for correct integration of the data using XDS. Once these have been inputted
and the file has been saved, XDS can be run. Start a bash shell in the location
of the folder named “1” by clicking on the file directory and typing “bash”.
This starts a terminal and, in this terminal, type “xds”. The program will run
and the lines outputted will flicker past in the terminal. Once complete, the
line with “Total elapsed wall-clock time for XDS…” will appear and files will
be outputted in folder “1”.
XDS determines the unit cell and space group based on the strong
reflections and data statistics, respectively. One of the reasons this is incorrect
is that 3D ED data contains dynamical effects from multiple scattering (see
later) and so the correct space group determined from REDp will be used for
reindexing via the job=CORRECT in XDS. Copy the file INTEGRATE.HKL
into a new file with the name of space group number (Pnma – 62). Copy the
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XDS.INP file into this directory modifying three lines, shown in Figure B.11
and save this file. Execute XDS in this directory labelled 62 at the bash terminal
by typing “xds”. XDS will run with the job CORRECT to reindex the
integration based on the known unit cell parameters and space group (Figure
B.12).

Figure B.11: Lines required which detail parameters for XDS.INP. 1) This
needs to be edited to the path location of the frames (“????” corresponds to
the increasing numbers of the data frames). Note mnt/d/ corresponds to D:\.
2) This is the range of data to be integrated. This dataset exhibited no
diffraction spots before frame 40 and after frame 177. 3) ORGX and ORGY
specify the electron beam centre, DETECTOR_DISTANCE is related to the
pixel size and camera length used for 3D ED data collection and the
OSCILATION_RANGE is the difference in degrees between each frame.

Figure B.12: Add these extra lines for the specification of parameters for
reindexing based on the known unit cell and space group of ZSM-5.
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The table in the CORRECT.LP files provide a lot of useful information
before and after integration. Open these in the favoured text editor and scroll
slowly up from the bottom of the file. The tables below show statistics before
(Table B.2) and after (Table B.3) the reindexing. The different measurement
definitions are explained just above this table in the lines above.
In general, for a good dataset, the average I/Sigma should be above 2
(if I/Sigma in all resolution shells is <1, there is a problem with data
processing), R-meas (agreement of symmetry related reflections) should be as
low as possible. CC(1/2), (cross correlation between randomly selected ½
datasets) should be above 50 and has a * behind the value indicating it is
statistically significant.
After reindexing with unit cell dimensions from REDp, the
completeness should increase as initial statistics are based on the cell found by
XDS during the automatic cell search procedure. Relatively small increases in
the R factor are to be expected as the integration is fixed to the input unit cell.
The better the experimental conditions during collection (very good alignment
during rotation, good quality crystal, etc.) the better the statistics. It is always
worth optimizing the experimental procedure to maximize data quality as a
result.
To convert the reflections for structure solution and refinement. Copy
the XDS_ASCII.HKL to the “C” folder containing the XDSCONV.INP file. Edit
the lines in the XDSCONV.INP file to Figure B.13. In the bash terminal, in this
directory, type “xdsconv”. This will output a .hkl file in SHELX format for use
with structure solution and refinement.
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Figure B.13: Modified lines for the specification of terms in the XDSCONV.INP
file.

Table B.2: Table of integration statistics before reindexing with known unit cells
and space group.
NUMBER OF
REFLECTIONS
POSSIBLE

UNIQUE

OBSERVED

RESOLUTION LIMIT

16.4

617

101

199

2.63

18.4

1071

197

382

1.89

20

1351

270

511

1.55

19

1602

304

580

1.34

19.3

1840

356

679

1.2

19.7

2004

395

759

1.1

20.6

2199

453

855

1.02

80.3

COMPLETENESS OF
DATA (%)

29.1

804

59.3

32.1

728

1.47

25.8
18.5

646

2.23

83.8

30.8
15.9

552

2.38

36.4

76.4*

17.3
13.1

482

2.7

43.6

96.5*

18.1
10.2

370

3.11

24.4

93.2*

12.6

196

3.88

25.6

97.3*

11.4

COMPARED

5.71

17.9

95.5*

OBSERVED

I/SIGMA

16.2

97.2*

R-FACTOR (%)

R-MEAS (%)

96.0*

EXPECTED

CC 1/2
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2324

476

891

0.95

19.3

2506

484

897

0.9

19.6

15514

3036

5753

total

25.4

20.5

126.2
5434

22

109.2
826
2.12

71.8

830
1.03

70.6

1.16
31.1

96.1*

101.5
61.5*

99.8
60.0*

Table B.3: Table of integration statistics after reindexing with known unit cell
dimensions and space group.
NUMBER OF
REFLECTIONS

POSSIBLE

UNIQUE

OBSERVED

RESOLUTION LIMIT

46.2

169

78

180

2.62

50.9

281

143

367

1.88

54.3

363

197

506

1.54

53.7

410

220

571

1.34

53.9

488

263

686

1.2

53.4

524

280

741

1.09

57

565

322

858

1.01

98.8

COMPLETENESS OF
DATA (%)

41.6

838

72.2

38.1

724

1.55

34.6
27

672

2.45

91.3

38.3
25.6

556

2.75

44.5

76.2*

25.8
23.2

492

2.84

49.6

93.0*

28.1
12.2

361

3.39

32.9

93.2*

24

179

4.15

35.9

96.9*

12.7

COMPARED

5.75

30.8

92.1*

OBSERVED

I/SIGMA

17.1

94.9*

R-FACTOR (%)

R-MEAS (%)

95.8*

EXPECTED

CC 1/2

216

Appendices
607

337

888

0.95

649

303

789

0.9

4056

2143

5586

total

34.8

52.8

166

5441

46.7

132.3

758

2.33

55.5

861

1.07

39.1

30.4

1.27

112.9

94.9*

89.5

102.6

54.7*

81.5

71.0*

B.9 Carbamazepine dihydrate
B.10.1 Information
This example is taken from Chapter 4, detailing the development of timeresolved formation of carbamazepine polymorphs from a single solution. The
raw data is available in the ESI. The section below outlines the data integration,
reduction, structure solution and refinement of a single continuous rotation
3D ED dataset of carbamazepine dihydrate. The data were collected at 200
keV, at 100K, with a TVIPS F816 camera. This camera was used before the Rio
9 camera was installed in May 2021. The file format used for REDp are .dm3
instead of .mrc as a result. The frames are 1k x 1k and the starting angle was α
= −40.0° and the ending angle was α = −18.6°. The rotation speed and camera
readout speed used corresponded to a tilt-step of 0.1° per frame. The camera
length used was 285 mm which corresponded to a pixel size of 0.002146 Å −1
and a detector distance of 1021.89 mm at the time. An image of the crystal is
shown (Figure B.14a) along with its corresponding reciprocal lattice (Figure
B.14b).
B.10.2 REDp Indexing
Within the CBZDH file, the 1.3ded file can be opened in REDp.
Inspection of the frames can begin in the “Frames” tab. Change the “Intensity
Range for Contrast Scaling” to the values for Min = 0 and Max = 200. This will
provide a clear contrast between the background and the diffraction spots. The
rotation only begins at frame 10, when the difference in intensities is recorded
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and the stops after frame 450 when the diffraction spots start to fade. This
suggests the crystal moved out of the selected area aperture towards the end
of the data collection.
The shift evaluation can now be run using the 128 x 128 box size in the
“Shift Evaluation” tab. The centre of the beam should be at x = 503 px and y =
498 px and the change in either x or y can be seen in the table, this should be
no more than 11 in any direction.
The “Peak Search” tab can now be used to search for diffraction spots
to contribute to the reciprocal lattice for indexing. The values to use for the
search should be Peak radius = 3.50 pix, Background radius = 5.00 pix and
(Peak B-G) Threshold = 3.00. After the peak search has been run, the reciprocal
lattice should look similar to Figure 13b.
The peaks can now be merged for indexing. In the “3D Peak Merging”
tab, the Resolution range can be changed to Min = 0.00 Å−1 and Max to 1.50 Å−1.
The other values can be left as default. Run the Merge procedure and the
resulting merged reciprocal lattice can be indexed. Streaks (where one
diffraction spot runs over multiple frames) are automatically identified and
turned cyan in colour. This can be adjusted by adjusting the minimum
intensity from 0 to 200. If this value is too high, then some real data will be
omitted (Figure B.15a and b). The blue streaks are less numerous at a higher
minimum intensity, but some data are lost.
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Figure B.14: a) An image of the crystal. Scale bar is shown in white and is
equal to 2 μm. The black circle represents the size of the selected area
aperture used for 3D ED diffraction. b) Reciprocal lattice of carbamazepine
dihydrate crystal after the Peak Search has been run.
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Figure B.15: The merged reciprocal lattice with different values of the minimum
intensity a) 0 and b) 200.
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In the “Unit Cell Determination and Indexing” tab, the search for the
unit cell can now be run. The program finds the unit cell of a = 28.692 Å, b =
10.376 Å, c = 5.090 Å, α = 102.66°, β = 94.44°, γ = 90.45°, V =1,473.5 Å³. This can
be transformed to the correct cell by the matrix 0 1 0 −1 0 0 0 0 1 which gives
the unit cell dimensions a = 10.376 Å, b = 28.692 Å, c = 5.090 Å, α = 85.56°, β =
102.66°, γ = 89.55°, V = 1,473.5 Å³. This is the primitive monoclinic setting “b”.
The frames can now be converted for integration with XDS (File > Export SMV
images). The frames can now be integrated using XDS.
Unit cell dimensions determined from REDp can be improved by
accounting for TEM distortions. A method of refining the geometry on the
measured vs calculated intensities has been reported.7
B.10.3 XDS Integration
Run the file in 1 according to the file layout as before Below are the parameters
for the XDS.inp file:
MAXIMUM_NUMBER_OF_JOBS=4
MAXIMUM_NUMBER_OF_PROCESSORS=4
NAME_TEMPLATE_OF_DATA_FRAMES=
/mnt/e/20200814_CBZ_ethanol/04/EB/???.img
SMV
DATA_RANGE=
10 450
SPOT_RANGE=
10 450
BACKGROUND_RANGE=
10 450
FRIEDEL'S_LAW=TRUE
STARTING_ANGLE= -40
STARTING_FRAME= 1
NX=1024 NY=1024 QX=0.0550 QY=0.0550
OVERLOAD= 130000
TRUSTED_REGION= 0
1.4142
VALUE_RANGE_FOR_TRUSTED_DETECTOR_PIXELS= 10 30000
INCLUDE_RESOLUTION_RANGE= 20 0.8
DIRECTION_OF_DETECTOR_X-AXIS= 1 0 0
DIRECTION_OF_DETECTOR_Y-AXIS= 0 1 0
ORGX=503 ORGY=499
DETECTOR_DISTANCE= +1021.89
OSCILLATION_RANGE= 0.10
ROTATION_AXIS= 1.0 0.0 0.0
X-RAY_WAVELENGTH= 0.02510
INCIDENT_BEAM_DIRECTION= 0 0 39.84
STRONG_PIXEL= 12.0
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REFINE(IDXREF)= AXIS ORIENTATION CELL BEAM
REFINE(INTEGRATE)=
REFINE(CORRECT)= ORIENTATION CELL AXIS BEAM
MINIMUM_FRACTION_OF_INDEXED_SPOTS= 0.25
NUMBER_OF_PROFILE_GRID_POINTS_ALONG_ALPHA/BETA=13

The value for the NAME_TEMPLATE_OF_DATA_FRAMES=

will need

changing to the directory containing the frames. Table B.4 shows the
integration statistics after XDS has run. Table B.5 shows the same table after
the cell has been constrained to the values below. The unit cells determined
from REDp can now be used to reindex the reflections. Copy the
INTEGRATE.HKL to a new folder named 14 (space group number of P21/c)
and run XDS again with these lines added:
JOB= CORRECT
SPACE_GROUP_NUMBER= 14
UNIT_CELL_CONSTANTS= 10.38 27.7 5.09 90 102.66 90

Note the change of α and γ to 90 to reflect the monoclinic cell setting.
Table B.4: Table of integration statistics before reindexing with known unit cells
and space group.
NUMBER OF
REFLECTIONS
POSSIBLE

UNIQUE

OBSERVED

RESOLUTION
LIMIT

18.30

251

46

89

2.35

21.90

397

87

171

1.69

19.80

570

113

208

1.39

20.80

639

133

254

1.2

10.60

COMPLETENESS
OF DATA (%)

10.10

242

11.00

9.50

190

6.23

7.90

9.30

168

6.37

15.50

8.90

86

7.81

11.20

95.8*

7.10

COMPARED

7.75

12.50

98.3*

OBSERVED

I/SIGMA

10.00

95.6*

R-FACTOR (%)

R-MEAS (%)

98.1*

EXPECTED

CC 1/2

222

Appendices

720

165

307

1.08

779

164

299

0.98

888

178

305

0.91

17.50

887

155

251

0.85

9.20

1017

94

152

0.81

18.50

6148

1135

2036

total

10.10

20.00

45.60
1802

21.10

31.40
116
4.48

22.90

22.30
192
1.45

39.1

8.60

14.70
254
2.07
112.9

98.4*

35.60

11.60
270
2.74
33.90

36.6

24.00

284
4.13
32.60
85.3*

23.10

5.32
21.20
81.7*

15.00

14.50
95.2*

10.20

96.6*

Table B.5: Table of integration statistics after reindexing with known unit cell
dimensions and space group.
NUMBER OF
REFLECTIONS

POSSIBLE

UNIQUE

OBSERVED

RESOLUTION
LIMIT

36.40

121

44

87

2.31

46.30

205

95

185

1.66

41.50

270

112

206

1.36

43.60

312

136

260

1.18

46.90

350

164

308

1.06

42.20

391

165

301

0.97

15.00

COMPLETENESS
OF DATA (%)

11.20

271

16.20

10.10

287

4.14

9.80
9.50

248

5.51

23.00

10.30
8.80

188

6.45

13.90

93.6*

7.70
8.70

180

6.77

14.60

96.9*

8.80

86

8.19

10.90

96.4*

7.00

COMPARED

8.44

12.50

98.3*

OBSERVED

I/SIGMA

9.90

96.3*

R-FACTOR (%)

R-MEAS (%)

97.8*

EXPECTED

CC 1/2
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429

194

331

0.9

444

137

216

0.84

504

69

113

0.79

36.90

3026

1116

2007

total

9.50

13.70

44.90

1780

30.90

28.80

88

4.7

45.20

25.00

158

1.44

11.90

8.40

274

2.09

52.50

98.3*

37.10

2.5

33.90

43.4

24.00

33.20

84.7*

23.50

84.4*

The data has been successfully reindexed to the unit cell dimensions
with little effect to the overall R factor and an increase by a factor of two in the
completeness of the data. The XDS_ASCII.HKL file can be converted using the
xdsconv.inp file:
OUTPUT_FILE= CBZ_in_14.HKL SHELX
INPUT_FILE= XDS_ASCII.HKL
FRIEDEL'S_LAW=TRUE
SPACE_GROUP_NUMBER=
14
UNIT_CELL_CONSTANTS=
10.38 27.7 5.09 90 102.66 90

The resulting .hkl file can be refined in SHEXL8 with the
corresponding .ins file. The .res file (below) describes the atomic coordinates
of each atom and treatment of the H atoms with AFIX 43 instructions after a
few cycles of least-squares refinement.
TITL 4 in P21/c #14
4.res
created by SHELXL-2018/3 at 16:52:22 on 18-Nov-2021
REM reset to P21/c #14
CELL 0.02508 10.3813 27.787 5.0749 90 102.522 90
ZERR 4 0.0021 0.0056 0.001 0 0.03 0
LATT 1
SYMM -X,0.5+Y,0.5-Z
SFAC C 0.731 36.995 1.195 11.297 0.456 2.814 0.125 0.346 0 0
0 0 0.77 12.011
SFAC H 0.375 15.495 0.141 4.126 0.022 0.025 -0.101 46.884 0 0
0 0 0.32 1.008
SFAC N 0.572 28.846 1.042 9.054 0.465 2.421 0.131 0.317 0 0 0
0 0.75 14.007
SFAC O 0.455 23.78 0.917 7.622 0.472 2.144 0.138 0.296 0 0 0
0 0.73 15.999
UNIT 60 64 8 12
L.S. 10
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PLAN 2
CONF
MORE -1
BOND $H
ACTA
WGHT
0.200000
FVAR
2.27883
N2
3
0.003754
0.03879
C7
1
-0.149573
0.02714
C4
1
-0.334051
0.05620
AFIX 43
H4
2
-0.392339
1.20000
AFIX
0
C6
1
-0.277291
0.04998
AFIX 43
H6
2
-0.305490
1.20000
AFIX
0
C10
1
0.150461
0.03908
C11
1
0.278825
0.04412
AFIX 43
H11
2
0.305384
1.20000
AFIX
0
C8
1
-0.069355
0.04754
AFIX 43
H8
2
-0.109495
1.20000
AFIX
0
C15
1
0.118850
0.04259
C2
1
-0.117733
0.03461
C13
1
0.321272
0.05353
AFIX 43
H13
2
0.375049
1.20000
AFIX
0
C12
1
0.362675
0.05236
AFIX 43

0.606112

0.795185

11.00000

0.674057

0.623325

11.00000

0.641983

0.936685

11.00000

0.631439

1.040065

11.00000

0.696101

0.618300

11.00000

0.722162

0.505549

11.00000

0.673345

0.786131

11.00000

0.696027

0.905754

11.00000

0.721678

0.812446

11.00000

0.696185

0.474058

11.00000

0.713412

0.321126

11.00000

0.633135

0.922287

11.00000

0.633182

0.804853

11.00000

0.639304

1.268681

11.00000

0.626458

1.423310

11.00000

0.682313

1.144620

11.00000
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H12
2
1.20000
AFIX
0
C5
1
0.03973
AFIX 43
H5
2
1.20000
AFIX
0
C3
1
0.04791
AFIX 43
H3
2
1.20000
AFIX
0
C9
1
0.05792
AFIX 43
H9
2
1.20000
AFIX
0
C1
1
0.07428
C14
1
0.06091
AFIX 43
H14
2
1.20000
AFIX
0
N1
3
0.06896
AFIX 93
H1A
2
1.20000
H1B
2
1.20000
AFIX
0
O1
4
0.05722
AFIX
6
O2
4
0.07406
H2A
2
1.50000
H2B
2
1.50000
AFIX
6
O3
4
0.07764
H3A
2

0.439221

0.699157

1.219929

11.00000

-0.357548

0.677858

0.784201

11.00000

-0.436317

0.694037

0.780770

11.00000

-0.204920

0.617201

0.940594

11.00000

-0.185197

0.589347

1.043001

11.00000

0.068986

0.694109

0.540277

11.00000

0.113224

0.707172

0.416152

11.00000

-0.004107

0.568916

0.679235

11.00000

0.207895

0.618660

1.162012

11.00000

0.183973

0.592114

1.252267

11.00000

-0.113828

0.548672

0.553297

11.00000

-0.188204

0.562523

0.550408

11.00000

-

-0.111681

0.521495

0.473280

11.00000

-

0.112938

0.545155

0.667627

11.00000

-0.412515

0.549286

0.364643

11.00000

-0.370006

0.527600

0.301316

11.00000

-

-0.492792

0.540672

0.317068

11.00000

-

-0.421200

0.455319

0.224590

11.00000

-0.460542

0.462479

0.349758

11.00000
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1.50000
H3B
2
-0.465650
0.432060
0.141834
11.00000
1.50000
AFIX
0
HKLF 4
REM 4 in P21/c #14
REM wR2 = 0.544685, GooF = S = 2.09463, Restrained GooF =
2.09463 for all data
REM R1 = 0.216032 for 518 Fo > 4sig(Fo) and 0.227407 for all
644 data
REM 87 parameters refined using 0 restraints
END
WGHT
0.2000
0.0000
REM Highest difference peak 0.112, deepest hole -0.121, 1sigma level 0.033
Q1
1
0.2428 0.6623 0.6516 11.00000 0.05
0.11
Q2
1
0.1192 0.5944 0.6845 11.00000 0.05
0.10

B.10.4 Data Merging
The data can be improved by averaging over multiple datasets via merging
with XSCALE. Within XSCALE folder, there is an input file (XSCALE.INP) for
merging multiple hkl files (XDS_ASCII.HKL). The file specifies the unit cell
dimensions, space group, location of XDS_ASCII.HKL files and corrections
that should be applied during the merging process. Once the file has been
edited and saved, XSCALE can be run by starting a bash terminal where the
input file is located and typing “xscale”. This merges the data and outputs a
useful summary table towards the end of the XSCALE.LP, shown in Table B.6.
From this table, the merging of multiple datasets in this way improves the data
completeness, while still maintaining relatively low R-FACTOR (%) /
OBSERVED values. These are the same as the Rmerge values as calculated in
XPREP.9 R-MEAS was introduced as a better evaluation of data quality within
macromolecular crystallography in 1997 by Diedrichs and Karplus by taking
into account the redundancy of the data.10 With successful merging of good
quality datasets, the crystal structure can be solved ab initio.
Table B.6: Table of data statistics after merging multiple 3D ED datasets from
CBZDH crystals.
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NUMBER OF
REFLECTION
S
UNIQUE

OBSERVED

RESOLUTION
LIMIT

27

178

3.58

40

212

2.53

87

79

510

2.07

88

82

477

1.79

109

96

579

1.6

119

102

617

1.46

119

114

630

1.35

127

107

617

1.27

155

148

919

1.19

154

136

858

1.13

160

152

914

1.08

154

140

820

1.03

180

164

998

0.99

177

164

1012

0.96

40.60

50

34.30

41.70

33

29.80

31.40

1011

POSSIBLE

27.30

31.10

995

3.9

92.70

23.20

27.30

816

4.73

44.50

91.10

24.40

26.00

911

4.77

37.50

93.9

90.90

24.50

25.20

857

5.28

32.80

89.3

95.00

24.20

26.20

917

5.29

29.90

96.6

88.30

21.50

26.40

616

5.78

25.50

93.6

95.50

21.10

25.00

627

5.29

26.90

97.5

84.30

16.80

24.00

617

5.11

26.90

97.8

95.80

20.60

23.60

579

5.95

26.50

98.0

85.70

17.90

24.40

475

6.63

23.20

96.2

88.10

16.20

23.20

510

6.58

23.00

98.9

93.20

OBSERVED

24.50

212

7.12

18.20

94.8

90.80

EXPECTED

178

6.18

22.20

98.3

80.00

COMPARED

7.4

19.70

97.9

81.80

I/SIGMA

17.30

97.4

COMPLETENES
S OF DATA (%)

R-MEAS (%)

96.2

R-FACTOR
(%)

CC 1/2
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185

1120

0.92

164

894

0.89

173

811

0.87

167

604

0.84

224

188

677

0.82

216

151

441

0.8

2926

2579

1388
8

Total

20.30

200

73.10

25.20

192

68.60

74.50

1379
2

178

58.90

72.40

417

4.18

204

57.20

55.80

656

1.47

22.10

88.10

58.50

55.90

590

1.8

87.00

97.9

69.90

51.20

58.90

803

1.94

79.60

41.4

83.90

49.90

888

2.36

69.30

54.1

83.50

1117

2.78

64.30

88.5

90.10

3.33

64.90

75.3

92.10

56.40

79.0

90.70

72.6
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Appendix C
C.1 Crystallization of β glycine
Other work described the use of a 1:2 mixture of water and glacial acetic acid
which was left to stand for 3 days. In one of the crystallizations, nearly 1 g of
pure β-glycine was produced.1 This method was modified for use calorimetric
investigations,2 where a saturated solution of glycine in a mixture of water and
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glacial acetic acid (ratio 5:1) was prepared then filtered. Acetone in equal
volume was added to the filtered solution in a ratio of 1:1 and the turbid
solution filtered. An equal volume of ethanol could also be used.3-5 Formation
of β-glycine is the result of an increased concentration of solvated glycine
monomers relative to the hydrogen bonded dimers which are a feature of the
α polymorph.6
Thermal decomposition of aminomalonic acid with glycine has been
claimed to lead to formation of β-glycine due to the slow rate of decomposition
during which the hydrogen bonding remains intact, inducing the formation of
the unstable polymorph.7 During slow cooling of glycine-water mixtures, only
a β-glycine/ice eutectic mixture is formed, melting at −3.60°C.8
A study of the phase transitions of glycine in frozen aqueous solutions
and during freeze drying has found that β-glycine crystallises from an
unidentified phase at −70 oC.9 Sudden cooling of an aqueous glycine solution
from 353 K to 273K, which is not cold enough to freeze the solution, yielded
the β polymorph.10
A study using Raman Spectroscopy to monitored the effect of pH on
the final polymorph observed from an aqueous glycine solution deduced that
β-glycine was not seen over the entire 15 minute crystallization period. 11
Above pH 8.9 or below 3.8 γ-glycine was always formed. Between pH 3.8 - 8.9,
α-glycine was always formed.12 The presence of enantiopure α-amino acids
with bulky side groups such as racemic tryptophan (Trp), N-CH3-Trp, and Rnaphthylalanine cause β-glycine to crystallise from aqueous solution.6
Crystallization of glycine by evaporation of aqueous solutions in nano-sized
chambers favours β-glycine13 which remains stable for up to a year.
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An initial observation made by Lee et al.14 of all three polymorphs
appeared when crystallising glycine on square metallic gold islands with selfassembled monolayers (SAMs). The monolayers were made from 4mercaptobenzoic acid which self-assembled onto the gold surface. These had
lateral dimensions ranging from 25 to 725 µm. This was later followed up by
an investigation to probe pH effects.15 In work by Seyedhosseini et al.16 they
were able to grow stable microcrystals of β-glycine using a (111) Pt / SiO2 / Si
substrate as a template.
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Appendix D
D.1 Notes on model refinement from electron diffraction data
Carbamazepine dihydrate (CBZDH) – Seven datasets were merged in
XSCALE.1 The structure was solved using SHELXT2 and refined using the
kinematical model of scattering in SHELXL.3 Molecular graphics were
produced using XP.4 The structure was modelled in space group P21/c with the
amide and solvent water disordered over two orientations. Chemically
equivalent bond distances and angles were restrained to be similar in the
disordered region of the structure. H atoms attached to atoms C3 – C14 were
treated as variable metric rigid groups in which the CH distance was allowed
to refine. Amide H-atoms in the disordered region were placed in calculated
positions. H-atoms attached to water were located in a difference map. The
water molecules were treated as rigid groups with hydrogen bond distances
(O1 ... H3B and O2 ... H4C) restrained to the distances in the neutron structure
of CBZDH (CSD refcode FEFNOT08), 1.871 and 1.910 Å, respectively. All fulloccupancy atoms were refined with anisotropic displacement parameters
subject to enhanced rigid-body restraints.5 Disordered atoms were refined
isotropically. The final value of R1 was 16.31%.
Form III – A single dataset was indexed and integrated in PETS 2.0.6
As this was the only crystal observed, merging of data sets was not possible.
Solution and refinement procedures were similar to those described above for
CBZDH. H atom distances were constrained to typical electron CH and NH
distances from the structure determination of glycine from electron diffraction
data (refcode KUFDOH, 1.168 and 1.184 Å, respectively). CH distances
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involving H7, H10 and H11 were allowed to refine freely in variable metric
rigid groups. The final value of R1 was 19.68%.
Form IV – Two datasets were merged and processed in the same way
as CBZDH. Starting atomic coordinates were taken from the X-ray structure
(refcode CBMZPN12).7 Refinement procedures were similar to those described
above. Most H atoms were allowed to refine freely as variable metric rigid
groups. CH distances involving H6, H8, H9, H11 and H12 were constrained to
typical electron CH distance of 1.168 Å. The final value of R1 was 19.86%.
Electron scattering factors were taken from Doyle and Turner. 8 A
listing of crystal and refinement statistics available in the table below.
Table D.1: Table of experimental crystallographic and refinement data.
Experiments were carried out at 100 K with electron radiation, λ = 0.02508 Å.
Polymorph
Crystal System
Space group

CBZDH
Monoclinic
P21/c

CBZIII
Monoclinic
P21/n

a, b, c (Å)

10.410 (2), 28.117
(6), 5.038 (1)

7.614 (2), 11.302 (2),
13.886 (3)

β (o)
V (Å3)
Z
Z’
Crystal size (μm)
No. of measured,
independent and
strong reflections
[Fo > 4sig(Fo)]
Rint
Resolution (Å)
Completeness (%)

104.64 (3)
92.43 (3)
1426.8
1193.9
4
4
1
1
6 x 0.5 x 0.001
1.5 x 1.0 x 0.5
Data collection

CBZIV
Monoclinic
C2/c
27.150 (5),
7.3000 (15),
14.100 (3)
110.30 (3)
2621.0
8
1
1.5 x 0.8 x 0.03

16902, 2602, 1576

2523, 1362, 754

4267, 1645, 738

0.531
0.63
90

0.258
0.70
51

0.230
0.62
65

Refinement
R1 (for all
reflections), wR2, S
No. of reflections
No. of parameters
No. of restraints
Final difference map
extremes (e Å−1)

0.163, 0.433, 1.10

0.197, 0.542, 1.63

2602
196
181

1362
162
111

0.199, 0.481,
1.21
1645
171
144

0.128, −0.129

0.135, −0.148

0.142, −0.174
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Appendix E

Table E.1: Raw data used in the plot for Figure 5.5 comparing total interaction
energies with increasing pressure.
Interaction

A & A'

B & B'

C

D

E & E'

F & F'

G & G'

H

I

Distance (Å)

Total (kJ mol−1)

Distance (Å)

Total (kJ mol−1)

Distance (Å)

Total (kJ mol−1)

Distance (Å)

Pressure (GPa)

8.980

−24.800

8.387

−26.300

7.717

−39.600

5.846

0.0000

8.909

−25.900

8.318

−28.100

7.621

−39.200

5.771

0.3568

8.834

−25.800

8.230

−29.600

7.525

−37.900

5.667

0.8792

8.884

−26.000

8.289

−28.700

7.580

−38.500

5.728

0.6591

8.817

−25.300

8.213

−29.900

7.492

−36.200

5.636

1.0994

8.793

−24.100

8.183

−30.000

7.458

−34.700

5.599

1.3749

−20.100

8.774

−23.900

8.158

−29.800

7.418

−32.000

5.557

1.8162

−20.300

8.764

−23.000

8.143

−29.500

7.398

−29.500

5.526

2.1201

−20.000

8.753

−23.600

8.123

−28.900

7.352

−26.300

5.478

2.5349

−20.400

8.750

−24.400

8.119

−28.700

7.357

−24.800

5.477

2.5349

−19.600

8.718

−21.100

8.073

−28.300

7.294

−17.900

5.401

3.4218

−14.200

−19.800

−15.900

11.521

−19.500

−15.900

11.603

−8.900

−18.500

−16.700

11.602

−10.900

9.987

−19.300

−17.100

11.653

−10.900

10.070

−8.300

−17.900

−17.300

11.681

−11.100

10.063

−9.100

10.523

−16.800

−17.500

11.722

−10.900

10.108

−9.000

10.599

−10.200

Total (kJ mol−1)

−18.000

11.764

−10.800

10.125

−9.400

10.597

−10.600

11.672

10.130
−17.700

11.868

−10.700

10.174

−9.600

10.629

−10.500

11.825

−4.300

10.186
−17.800

11.796

−10.800

10.211

−9.700

10.647

−10.200

11.816

−4.100

10.183

−17.300

11.911

−10.900

10.313

−9.500

10.695

−10.200

11.913

−4.000

10.223

Total (kJ mol−1)

11.996

−10.700

10.245

−9.100

10.731

−9.900

11.959

−3.700

10.241

Distance (Å)

−10.200

10.361

−9.500

10.832

−9.600

12.041

−3.500

10.276

Total (kJ mol−1)

10.474

−8.900

10.766

−8.600

12.108

−3.200

10.305

Distance (Å)

−8.800

10.880

−9.300

12.280

−3.000

10.381

Total (kJ mol−1)

10.990

−8.000

12.164

−2.600

10.337

Distance (Å)

−7.300

12.358

−2.900

10.416

Total (kJ mol−1)

12.518

−2.300

10.489

Distance (Å)

−1.900

Distance (Å)

Total (kJ mol−1)
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4.0054
4.7574
5.3436

5.171

5.5393

5.150

5.7631

5.138

6.0711

7.070

5.236

7.092

−19.500

5.299

7.111

−20.100

8.123

5.348

7.168

−22.200

8.120

−7.300

11.000

7.215

−21.600

8.115

−7.800

8.748

9.500

7.255

−27.100

8.042

−10.900

8.751

6.500

−26.900

8.027

−13.700

8.756

2.800

8.052

−16.000

8.713

−4.100

−16.800

8.692

−11.400

8.707

−11.200

9.966

−11.700

9.983

−12.200

10.000

−14.300

10.033

−16.600

−17.800

10.061

−15.700

−18.600

10.095

−15.100

−3.200

−13.300

−4.100

9.646

−12.000

−5.000

9.667

−8.200

−13.100

−7.700

9.696

−8.300

10.491

11.167

−7.500

9.799

−8.600

10.493

−8.700

11.188

−8.400

9.878

−8.000

10.492

−8.700

11.223

9.934

−7.700

10.436

−9.200

11.334

−8.100

10.445

−9.500

11.408

10.483

−10.500

11.468

−11.000

10.875

−5.200

10.918

−5.000

10.982

−5.100

11.257

−4.900

11.450

−4.900

11.563

−4.900

Table E.2: 55 entries found in Cambridge Structural Database with the value
of the hinge angle (N1-N2-C1-N3 ∠ N1-C3-C2-N3 or equivalent) on the
triazinyl moiety (in degrees) given.
Refcode
JUQFEI
DABZEN
BOZNAI
HIVRAI
MUPWAY
XIXVOS
LENYAH
OVIZAW
ZAGRIL
KEPXAH
UNEBUL
BIKZIH
XIKPOY
UNEBUL
XAXWAW
ZIKBOM
CADSEI
QABHAF
LENYAH
MUPWEC
ZUQKIH

Hinge Angle
(°)
11.179
10.811
9.306
8.001
7.647
7.267
6.534
6.167
6.086
5.970
5.935
5.906
5.442
5.133
5.091
5.071
4.976
4.896
4.821
4.602
4.403

Refcode
TARXIU
TICMOH01
SIPRIS
HIVRAI
TICMOH
UNEBUL
BOPVOU
QIZCUZ
PUGJEJ
QIZCOT
OFOFIZ
ZUMYUE
VUGHIR
ZUQKUT
REFQEY
NIYKUD
DOQYOA
DAKPEN
XIKPUE
BOPVOU
DOQYOA

Hinge Angle
(°)
3.899
3.819
3.752
3.717
3.608
3.599
3.544
3.177
3.171
3.109
2.817
2.765
2.758
2.711
2.682
2.538
2.530
2.446
2.381
2.288
2.282
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Refcode
OFOFIZ
KEPWUA
ZUQKON
VUGHIR
ZUMYUE
FEKVUO
ZILYIF
PENHOH
PENHOH01
XIXVUY
UPUDIV
PUWXOX
UNEBOF
SAZXUP
SIPRIS
KEPXOV
ZUQKIH
QABHAF
NECDAC
KEPXEL
FEKWAV

Hinge Angle
(°)
2.160
2.137
2.120
2.083
2.004
1.822
1.710
1.708
1.708
1.556
1.556
1.374
1.069
0.999
0.962
0.923
0.828
0.807
0.806
0.785
0.645
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QABHAF
KEPXIP
LENXUA

4.180
4.165
4.068

UPUDOB
TARXIU
QABHAF

2.270
2.237
2.218

DAKPIR
KEPXOV
CADSEI

0.433
0.362
0.156

Appendix F
Table F1: Experimental details of the high−pressure collection of polymorph
1α.For all structures: C18H13N4, Mr = 285.32, orthorhombic, P212121, Z = 4. Experiments were
carried out at 298 K with Mo Ka radiation using a Bruker SMART APEX2 area detector.
H−atom parameters were constrained.
Pressure (GPa)
0.00
0.36
0.36
0.49
Crystal #
1
2
1
2
Crystal data
7.3061 (2),
7.1946 (13),
7.180 (2),
7.1173 (9),
a, b, c (Å)
10.9963 (3),
10.9123 (14),
10.903 (2),
10.853 (3),
17.6057 (6)
17.456 (2)
17.446 (8)
17.377 (3)
V (Å3)
1414.44 (7)
1370.4 (3)
1365.6 (8)
1342.3 (4)
−1
0.08
0.09
0.09
0.09
 (mm )
0.17 × 0.1 ×
0.14 × 0.1 × 0.17 × 0.1 ×
Crystal size (mm)
0.6 × 0.4 × 0.3
0.09
0.09
0.09
Data collection
Absorption correction
0.1622,
0.1118,
0.0735, 0.0497, 0.1708, 0.0676,
(wR2bef, wR2aft, max : min
0.0891,
0.0533,
0.8873
0.7191
transmission)
0.6582
0.9047
Tmin, Tmax
0.662, 0.746
0.536, 0.745 0.487, 0.745 0.674, 0.745
No. of measured,
independent and
15326, 4269,
6839, 1757,
8006, 1458, 8010, 1436,
2946
954
682
799
observed [I > 2(I)]
reflections
Rint
0.043
0.115
0.234
0.098
30.5
26.3
25.0
26.3
max (°)
0.713
0.623
0.595
0.624
(sin /)max (Å−1)
Refinement
0.045,
0.114,
0.067, 0.170, 0.059, 0.136, 0.059, 0.142,
R[F2 > 2(F2)], wR(F2), S
1.06
0.98
0.96
0.99
Data completeness
0.99
0.63
0.60
0.53
No. of reflections
No. of parameters
No. of restraints

4269
200
0

1757
199
230

1458
199
230

1436
199
53

ρmax, ρmin (e Å−3)

0.18, −0.14

0.22, −0.31

0.21, −0.19

0.19, −0.19

Pressure (GPa)
Crystal #

a, b, c (Å)

0.80
1

0.88
1
Crystal data
7.0285 (16),
6.9872 (6),
10.7684 (17), 10.7557 (9),
17.245 (6)
17.248 (3)
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0.93
2

1.37
2

7.0147 (9),
10.7712 (7),
17.2756 (10)

6.8964 (8),
10.6859 (6),
17.1684 (9)

Appendices
V (Å3)
 (mm−1)
Crystal size (mm)
Absorption correction
(wR2bef, wR2aft, max :
min transmission)
Tmin, Tmax
No. of measured,
independent and
observed [I > 2(I)]
reflections
Rint
max (°)
(sin /)max (Å−1)

1305.2 (6)
1296.2 (3)
0.09
0.09
0.14 × 0.1 ×
0.14 × 0.1 ×
0.09
0.09
Data collection
0.0786,
0.1168,
0.0493,
0.0661, 0.8665
0.8992
0.646, 0.745
0.670, 0.745
6758, 1474,
684

6698, 986,
775

0.048
26.4
0.625
Refinement
0.066, 0.165, 0.033, 0.067,
R[F2 > 2(F2)], wR(F2), S
0.96
1.04
Data completeness
0.55
0.34
No. of reflections
1474
986
No. of parameters
199
199
No. of restraints
230
230
0.23, −0.22
0.11, −0.15
ρmax, ρmin (e Å−3)

Pressure (GPa)
Crystal #

a, b, c (Å)
V (Å3)
 (mm−1)
Crystal size (mm)
Absorption correction
(wR2bef, wR2aft, max :
min transmission)
Tmin, Tmax
No. of measured,
independent and
observed [I > 2(I)]
reflections
Rint
max (°)
(sin /)max (Å−1)
R[F2 > 2(F2)], wR(F2), S
Data completeness

0.162
26.4
0.626

1305.3 (2)
0.09
0.17 × 0.1 ×
0.09

1265.21 (18)
0.09
0.17 × 0.1 ×
0.09

0.0783,
0.0824,
0.0537, 0.8791 0.0491, 0.8970
0.655, 0.745

0.669, 0.745

7820, 1355,
1031

6670, 1278,
1030

0.053
26.5
0.628

0.041
26.4
0.625

0.043, 0.105,
1.08
0.50
1355
199
230
0.12, −0.13

0.041, 0.102,
1.06
0.49
1278
199
230
0.12, −0.14

2.12
2

2.34
2.70
3.14
1
2
2
Crystal data
6.7901 (10),
6.7240 (6),
6.6777 (7),
6.6134 (8),
10.6124 (7),
10.5677 (8),
10.5296 (5),
10.4833 (6),
17.0808 (11)
17.036 (3)
16.9936 (9)
16.9451 (9)
1230.8 (2)
1210.5 (3)
1194.88 (15) 1174.81 (17)
0.10
0.10
0.10
0.10
0.17 × 0.1 ×
0.14 × 0.1 ×
0.17 × 0.1 ×
0.17 × 0.1 ×
0.09
0.09
0.09
0.09
Data collection
0.0783,
0.1672, 0.0953,
0.0718,
0.0716,
0.0493,
0.8107
0.0497, 0.9049 0.0489, 0.8900
0.8952
0.604, 0.745
0.667, 0.745 0.675, 0.745
0.663, 0.745
6631, 1255,
924

6019, 967,
756

0.061
26.4
0.624

0.050
26.3
0.624
Refinement
0.047, 0.122, 0.030, 0.061,
1.05
1.01
0.50
0.39
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6295, 1212,
989

5845, 1172,
938

0.041
26.3
0.624

0.043
26.4
0.625

0.041, 0.099,
1.07
0.50

0.043, 0.095,
1.08
0.49
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No. of reflections
No. of parameters
No. of restraints
ρmax, ρmin (e Å−3)

1255
199
230
0.17, −0.17

Pressure (GPa)
Crystal #

3.37
1

a, b, c (Å)
V (Å3)
 (mm−1)
Crystal size (mm)

967
199
230
0.11, −0.11

4.40
1
Crystal data
6.6104 (9),
6.5075 (5),
10.4790 (12), 10.3977 (8),
16.927 (4)
16.831 (3)
1172.5 (4)
1138.9 (2)
0.10
0.10
0.14 × 0.1 ×
0.14 × 0.1 ×
0.09
0.09
Data collection

1212
199
53
0.15, −0.15

1172
199
89
0.15, −0.19

4.90
2

4.98
1

6.4369 (7),
10.3547 (5),
16.7986 (9)
1119.66 (15)
0.11
0.17 × 0.1 ×
0.09

6.4345 (13),
10.334 (2),
16.746 (6)
1113.5 (5)
0.11
0.14 × 0.1 ×
0.09

Absorption correction
0.1551,
0.1752,
0.1263,
0.1278,
(wR2bef, wR2aft, max : min
0.0914,
0.0565, 0.8920 0.0650, 0.8095 0.0613, 0.8787
transmission)
0.7405
Tmin, Tmax
0.665, 0.746
0.603, 0.745
0.655, 0.745
0.552, 0.745
No. of measured,
independent and
5555, 1099,
5658, 891,
6873, 991, 717 5635, 979, 728
882
576
observed [I > 2(I)]
reflections
Rint
0.081
0.058
0.049
0.115
26.4
26.4
26.3
26.3
max (°)
−1
0.625
0.625
0.624
0.624
(sin /)max (Å )
Refinement
0.038,
0.070,
0.035, 0.077, 0.039, 0.098, 0.053, 0.130,
R[F2 > 2(F2)], wR(F2), S
1.05
1.04
1.09
1.06
Data completeness
0.41
0.42
0.48
0.39
No. of reflections
991
979
1099
891
No. of parameters
199
199
194
199
No. of restraints
230
230
236
230
0.15, −0.14
0.16, −0.16
0.16, −0.19
0.19, −0.18
ρmax, ρmin (e Å−3)

Pressure (GPa)
Crystal #

5.26
1

Crystal data
6.395 (2), 10.318 (4),
a, b, c (Å)
16.748 (10)
V (Å3)
1105.1 (9)
−1
0.11
 (mm )
Crystal size (mm)
0.14 × 0.1 × 0.09
Data collection
Absorption correction (wR2bef, wR2aft,
0.1153, 0.0915,
max : min transmission)
0.7690
Tmin, Tmax
0.573, 0.745
No. of measured, independent and
5279, 545, 451
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5.76
2
6.3781 (13), 10.3097
(12), 16.731 (2)
1100.2 (3)
0.11
0.17 × 0.1 × 0.09
0.0810, 0.0566, 0.8260
0.616, 0.745
2215, 688, 485

Appendices
observed [I > 2(I)] reflections
Rint
max (°)
(sin /)max (Å−1)

0.085
0.059
20.8
26.3
0.499
0.623
Refinement
0.069, 0.173, 1.08
0.110, 0.315, 1.10
R[F2 > 2(F2)], wR(F2), S
Data completeness
0.47
0.31
No. of reflections
545
688
No. of parameters
89
65
No. of restraints
53
53
0.29, −0.22
0.58, −0.44
ρmax, ρmin (e Å−3)
Computer programs: SAINT V8.40A (Bruker, 2019), SAINT V8.38A (Bruker, 2018), SHELXT
2014/5 (Sheldrick, 2014), XT (Sheldrick, 2015), XS (Sheldrick, 2008), XL (Sheldrick, 2008),
Olex2 1.3 (Dolomanov et al., 2009).

Table F2: Experimental details of the high−pressure collection of polymorph
1β.For all structures: C18H13N4, Mr = 285.32, monoclinic, P21/c, Z = 4. Experiments were
carried out at 298 K with Mo Ka radiation using a Bruker SMART APEX2 area detector.
H−atom parameters were constrained.
Pressure (GPa)
0.00
0.66
0.72
1.37
1.51
2.12
Crystal #
1
1
2
1
1
1
Crystal data
19.479
19.295
19.8508
19.565
19.356
19.164
(12),
(12),
(16),
(7),
(3),
(3),
3.6660
3.5983
a, b, c (Å)
3.8614 (4), 3.7113
3.5959
3.5215
(11),
(11),
19.7823
(8),
(4),
(4),
19.594
19.502
(16)
19.600 (6)
19.521 (4)
19.444 (4)
(12)
(12)
114.729
114.491
114.331
114.077
β (°)
114.40 (3)
114.22 (3)
(3)
(18)
(10)
(11)
1274.3
1234.8
V (Å3)
1377.3 (2) 1295.1 (7)
1238.0 (4)
1198.0 (4)
(12)
(11)
−1
m (mm )
0.09
0.09
0.09
0.10
0.10
0.10
0.12 ×
0.13 ×
0.12 ×
0.12 ×
0.12 ×
0.12 × 0.11
Crystal size (mm)
0.11 ×
0.12 ×
0.11 ×
0.11 ×
0.11 ×
× 0.09
0.09
0.09
0.09
0.09
0.09
Data collection
Absorption
0.0814,
0.1001,
0.1550,
0.1153,
0.1658,
0.1203,
correction (wR2bef,
0.0588,
0.0508,
0.0735,
0.0502,
0.0879,
0.0472,
wR2aft, max : min
0.8743
0.8421
0.6759
0.8980
0.8331
0.9145
transmission)
0.652,
0.628,
0.504,
0.669,
0.621,
0.682,
Tmin, Tmax
0.745
0.745
0.745
0.745
0.745
0.745
No. of measured,
independent and
13983, 5733, 811, 5852, 774, 5150, 736, 6017, 742, 4612, 706,
observed [I > 2822, 1234
292
340
417
313
401
2s(I)] reflections
Rint
0.081
0.151
0.109
0.051
0.150
0.053
(sin q/l)max (Å−1)
0.626
0.624
0.595
0.621
0.595
0.623
Refinement
R[F2 > 2s(F2)],
0.069,
0.047,
0.071,
0.040,
0.063,
0.039,
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wR(F2), S

0.255, 1.01

0.125,
1.00
811
194
162
0.13,
−0.12

No. of reflections
2822
No. of parameters
200
No. of restraints
0
Dρmax, Dρmin (e
0.30, −0.23
Å−3)

Pressure
(GPa)
Crystal #

a, b, c (Å)

2.84

3.72

1

1

18.950 (4),
3.4374 (4),
19.322 (5)

113.887
(13)
V (Å3)
1150.9 (4)
m (mm−1)
0.10
Crystal size 0.12 × 0.11
(mm)
× 0.09
β (°)

Absorption
correction
(wR2bef,
0.1526,
wR2aft,
0.0691,
max : min
0.8776
transmissio
n)
Tmin,
0.654,
Tmax
0.745
No. of
measured,
independen
4270, 701,
t and
390
observed [I
> 2s(I)]
reflections
Rint
0.053
(sin q/l)max
0.625
(Å−1)

0.201,
1.05
774
200
230
0.17,
−0.17

4.09

0.084,
1.11
736
199
230
0.11,
−0.10

4.59

1
1
Crystal data
18.753
18.797 (5),
18.753 (2),
(2), 3.3675
3.3792 (5),
3.3675 (3),
(3), 19.277
19.274 (5)
19.277 (3)
(3)
113.647
113.659 (7) 113.659 (7)
(14)
1121.4 (5) 1115.0 (2) 1115.0 (2)
0.11
0.11
0.11
0.12 × 0.11 0.12 × 0.11 0.12 × 0.11
× 0.09
× 0.09
× 0.09
Data collection

0.168,
1.09
742
199
230
0.15,
−0.16

0.078,
1.08
706
199
230
0.11,
−0.10

5.04

6.07

1

1

18.634 (7), 18.560 (5),
3.3280 (7), 3.3106 (5),
19.201 (7) 19.165 (6)
113.467
113.414
(19)
(14)
1092.2 (6) 1080.6 (5)
0.11
0.11
0.12 × 0.11 0.12 × 0.11
× 0.09
× 0.09

0.1007,
0.0578,
0.8432

0.1111,
0.0483,
0.8648

0.1472,
0.0754,
0.8344

0.1690,
0.0933,
0.5572

0.1705,
0.0824,
0.7303

0.629,
0.745

0.645,
0.745

0.622,
0.745

0.415,
0.745

0.544,
0.745

4015, 567,
315

5137, 715,
441

3106, 552,
315

2694, 577,
333

4294, 689,
447

0.105

0.053

0.077

0.068

0.063

0.595

0.624

0.595

0.594

0.625

Refinement
R[F2 >
0.050,
0.059,
0.044,
0.043,
0.077,
0.058,
2s(F2)],
0.141,
1.02
0.134,
1.19
0.098,
1.07
0.093,
1.07
0.248,
1.08
0.153,
1.08
wR(F2), S
No. of
701
567
715
552
577
689
reflections
No. of
199
179
199
174
199
199
parameters
No. of
230
167
230
152
230
230
restraints
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Dρmax,
Dρmin (e
Å−3)

0.14, −0.15 0.16, −0.13 0.15, −0.13 0.16, −0.13 0.24, −0.21 0.21, −0.23

Pressure (GPa)
Crystal #

a, b, c (Å)
β (°)
V (Å3)
m (mm−1)
Crystal size (mm)

6.52
1

6.66
1
Crystal data
18.413 (4),
18.370 (4),
3.2531 (4),
3.2422 (4),
19.094 (5)
19.083 (5)
113.291 (13) 113.214 (12)
1050.5 (4)
1044.5 (4)
0.11
0.11
0.12 × 0.11 × 0.12 × 0.11 ×
0.09
0.09
Data collection

7.11
1

7.42
1

18.346 (3),
3.2314 (4),
19.045 (4)
113.186 (11)
1037.9 (3)
0.11
0.12 × 0.11 ×
0.09

18.310 (5),
3.2266 (5),
19.037 (6)
113.111 (15)
1034.4 (4)
0.11
0.12 × 0.11 ×
0.09

Absorption correction
0.1610,
0.1478,
0.1668,
0.1069, 0.0531
(wR2bef, wR2aft, max : min
0.0819, 0.8031 0.0664, 0.8946 0.0938, 0.7981
0.8912
transmission)
Tmin, Tmax
0.599, 0.745 0.667, 0.745 0.595, 0.745 0.664, 0.745
No. of measured,
independent and
3752, 620, 403 4206, 662, 444 3627, 605, 367 4698, 660, 462
observed [I > 2s(I)]
reflections
Rint
0.060
0.049
0.072
0.049
−1
(sin q/l)max (Å )
0.625
0.624
0.625
0.624
Refinement
0.043, 0.093, 0.041, 0.100, 0.045, 0.121, 0.043, 0.106,
R[F2 > 2s(F2)], wR(F2), S
1.03
0.99
1.00
1.09
No. of reflections
620
662
605
660
No. of parameters
199
199
199
199
No. of restraints
230
230
230
230
Dρmax, Dρmin (e Å−3)
0.15, −0.16
0.13, −0.15
0.17, −0.18
0.13, −0.13
Computer programs: SAINT V8.40A (Bruker, 2019), SHELXT 2014/5 (Sheldrick, 2014), XS
(Sheldrick, 2008), XL (Sheldrick, 2008), Olex2 1.3 (Dolomanov et al., 2009).

241

Appendices

Figure F1: Lattice energies calculated using the PIXEL method with increasing
pressure. blue = 1α, red = 1β.
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Figure F2: Volume against pressure graphs for 1α and 1β. Showing a third
order Birch-Murnaghan EoS fit to both. Experimentally measured values are
shown by the blue dots. Error bars lie within the symbols.
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Figure F3: A plot of sin β with increasing pressure for 1β.
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Figure F4: Third order Birch-Murnaghan equation of state fit to network
volumes for each polymorph.
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Figure F5: Third order Vinet equation of state fit to void volumes for each
polymorph.
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Figure F6: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact A in 1α.
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Figure F7: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact B in 1α.
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Figure F8: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact C in 1α.
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Figure F9: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact D in 1α.
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Figure F10: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact E in 1α.
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Figure F11: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact F in 1α.
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Figure F12: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact G in 1α.
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Figure F13: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure for contact H in 1α.
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Figure F14: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact A in 1β.
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Figure F15: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact B in 1β.
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Figure F16: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact C in 1β.
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Figure F17: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact D in 1β.
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Figure F18: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact E in 1β.
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Figure F19: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact F in 1β.

253

Appendices

Centroid distance (Å)

13.0

12.8

12.6

12.4

0

2

4

6

8

Pressure (GPa)

Figure F20: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact G in 1β.

11.8

Centroid distance (Å)

11.7
11.6
11.5
11.4
11.3
11.2
11.1
11.0
-1

0

1

2

3

4

5

6

7

8

Pressure (GPa)

Figure F21: Linear Modulus (M0) fit (black line) to centroid distance (blue dots)
with pressure below 2.12 GPa for contact H in 1β.

254

Appendices
ESI access
https://datasync.ed.ac.uk/index.php/s/iPcjzEPQcbvXmk7
Password: 123456
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