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Abstract 

Crystals play a vital role in everyday life, from optical electronics and memory 

storage, to pharmaceuticals and flavourings. Many crystalline compounds can 

exist in a variety of interchangeable forms that can have remarkably different 

properties. To safely and reliably use crystalline compounds, it is vital to 

understand the relative stabilities of these forms and the conditions under 

which they can interconvert.  

For a crystal form to exist it must represent a minimum in free energy, 

𝐺, and relative phase stability can be rationalised using the Gibbs 

equation (∆𝐺 = ∆𝑈 + 𝑃∆𝑉 − 𝑇∆𝑆). Attention is often focused on calculations 

of relative internal energies (∆𝑈), for example through ab initio and force field 

methods, and descriptions of the enthalpy of individual bonds dominate 

descriptions of crystal packing. However, at high pressure the volume term 

(𝑃∆𝑉) becomes increasingly significant with the need to minimise volume 

driving almost all high-pressure phase transitions. The entropy term (𝑇∆𝑆) is 

often neglected from both high pressure and ambient pressure studies. 

Justified by a claim that its magnitude is too small to ever cause a re-ranking 

in polymorph stability, in the absence of strong structure directing 

interactions, this too can become significant. 

 Chapters 1 and 2 are the introductory chapters of this thesis. Chapter 1 

starts by introducing the concepts of polymorphism and the classification of 

different types of phase transitions. The chapter then describes the origins of 

the terms of the Gibbs equation and their varying importance under different 

conditions. Chapter 2 describes the experimental and computational methods 

used in this thesis and outlines how different terms of the Gibbs equation were 

determined. 
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Chapter 3 aims to address the role of volume at pressure by 

introduction of the CellVol code, for calculation of occupied and void space in 

crystal structures. The code partitions crystal structures into occupied and 

unoccupied space based on van der Waals radii to define the limits of inter 

and intramolecular contacts around atom centres. High pressure 

crystallographic and spectroscopic studies often show misleading correlations 

but by studying the contribution of these volume elements individually we 

have uncovered a highly sensitive method for detecting subtle phase 

behaviour at high pressure. This method has been used to characterise phase 

transitions in polymorphs of L-histidine and to identify a crystallographic 

signature for a transition in naphthalene which has been debated for over 80 

years. It is also shown to reveal premonitory behaviour before a reconstructive 

phase transition. The method was applied to the high-pressure entries in the 

Cambridge Structural Database (CSD) to reveal similarities in the way 

molecular compounds use void space to accommodate increased pressure, 

which explains their narrow range of bulk moduli. 

Chapter 4 describes a high-pressure single crystal study on the 

herbicide glyphosate (N-(phosomethyl)glycine) to 5.17 GPa using a 4:1 

mixture of methanol and ethanol as a pressure-transmitting medium. The 

CellVol code is used to show that two transitions previously suggested to be 

substantial first order structural reorganisations on the basis of high pressure 

Raman spectroscopy are both more subtle second order processes. The crystal 

structure of glyphosate consists of strongly hydrogen-bonded layers, and the 

first transition corresponds to the onset of a greater compressibility within 

these layers. The second is an intramolecular feature, corresponding to 

deformation of the molecular backbone. The previous Raman study and our 

own crystallographic data show that glyphosate undergoes a more substantial 
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transition above 5.6 GPa, which destroys the integrity of the single crystal. The 

nature of this transformation is explored further in Chapter 6. 

Chapter 5 considers the role of entropy in stabilising weakly bound 

crystal structures through studies of the C—H⋯F intermolecular bond. 

Although C—H⋯F interactions are enthalpically weak, they occur much more 

commonly in crystal structures than would be predicted by chance. In the case 

of a series of five fluorobenzene derivatives, heat capacity data show that the 

entropic contribution to free energy at 150 K is of the order −10 to −15 kJ mol−1, 

which is similar to the stabilisation afforded by N—H⋯N and O—H⋯O 

hydrogen bonds in ammonia and water, respectively.  The origin of entropy 

in ordered, crystalline solids lies in access to low energy vibrational modes 

(phonons) which can be observed in inelastic neutron scattering spectra and 

simulated by periodic density functional theory (DFT) calculations. DFT 

calculations on the fluorobenzenes, which reproduce experimental entropies 

and inelastic neutron scattering data, demonstrate that the lowest energy 

phonons are dominated by motions of the F atoms. The low energies of these 

vibrations stem both from the mass of the F atom and the highly deformable 

nature of C—H⋯F interactions, revealed by relatively flat potential curves 

calculated using symmetry adapted perturbation theory. These data show that 

the stabilising influence of C—H⋯F interactions can be explained at least as 

much by the entropic contribution of their deformability as by the enthalpic 

contribution of the contact energies. 

 Chapter 6 describes formation of potentially four new high-pressure 

polymorphs of glyphosate. Although the integrity of a single crystal of 

glyphosate is lost on slow compression above 5.6 GPa, rapid compression to 

5.9 GPa in a 4:1 mixture of methanol and ethanol and to 7.0 GPa in neon as 

pressure-transmitting media generates two new single-crystal phases. The 
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crystal structure of the first of these phases was determined from in-house 

single crystal diffraction data, that of the second from synchrotron data 

obtained on the P02.2 beamline at DESY. The phase at 7.0 GPa, named phase-

II, has a volume 1.023 Å3 per molecule higher than the phase obtained on rapid 

compression in methanol-ethanol at 5.9 GPa, named phase III. Formation of 

phase II from phase III with increasing pressure is therefore 

thermodynamically forbidden. The volume difference corresponds to an 

estimated 𝑃∆𝑉-stabilisation of phase III relative to phase II of 17.3 kJ mol−1 at 

7.0 GPa. In an attempt to recover the destructive transition seen previously 

and to potentially drive its transition to phase II or III, neutron powder 

diffraction data on glyphosate-d4 was completed at ISIS neutron and muon 

source. This revealed a far more complex structural landscape and the 

formation of two further phases, named IV and V, which did not fit the 

structural parameters of phases I, II or III. So far, the structures of phases IV 

and V have not been characterised further and it is the aim of future work to 

attempt to recover structural parameters for these phases, possibly through 

crystal structure prediction. Free energy calculations involving internal 

energy, volume and entropy are used to establish the driving forces of the 

single crystal transitions. Extrapolation of the parameters of phase I to the 

pressures both phase II and III were observed reveals that both transitions are 

driven by volume as the only significant stabilising contribution. 
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Lay Summary  

We encounter crystals in our daily life far more commonly than you may 

initially think. Crystals are everywhere, from the salt and sugar we use to 

flavour our food, to the pharmaceuticals many of us rely on daily.  

Many compounds that form crystals can exist in a variety of 

interchangeable forms depending on the way their building blocks, molecules, 

are arranged together in space. Like a wall of bricks, the same building blocks 

can be put together in multiple different ways in what is referred to as 

polymorphism. This often has important impacts on the properties of the 

crystal. Strength, solubility, colour, shape and conductivity can all vary 

between polymorphs and this often affects their ability to perform their 

intended function. For example, paracetamol exists in multiple forms, some of 

which more easily form tablets than others. Ritonavir, a pharmaceutical used 

to treat HIV/Aids has one form which is effective and another that is not. Over 

time or as a result of the change in environmental conditions, such as 

temperature or pressure, crystals can covert between their forms. To safely and 

reliably use crystalline compounds, it is vital to understand the relative 

stabilities of these forms and the conditions under which they can 

interconvert. 

Like the physical bonds that exist between the atoms in a molecule, the 

molecules in a crystal arrange themselves to form additional, longer range, 

favourable interactions. The relative stability of different crystal forms is often 

interpreted by the formation of high energy bonds such as these. There are 

however other factors which are often overlooked. The packing of molecules 

together in an efficient way to minimise volume is also an important factor. 

This is especially important at elevated pressures where the need to minimise 

volume becomes vital. Entropy, which is related to the statistical distribution 
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of molecules over different vibrational states, is also an important 

consideration and the ability to form deformable bonds is a favourable 

process.  

This thesis addresses the role of entropy and volume in determining 

crystal stability and the driving forces of interconversion between forms. This 

work determines the limitations of considering the energies of bonding 

interactions between molecules. This study is completed with a particular 

focus on how the narrative changes under elevated pressures. 
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1.1 Polymorphism and Phase Transitions 

Molecular compounds crystallise in the solid state by packing molecules 

together to minimise free energy. The separation distances of the molecules 

are the result of a competition between the pushes and pulls of multiple 

interactions.1 Packing can occur in several different ways for many 

compounds and this leads to the formation of multiple phases. Phases that 

exist under the same conditions are referred to as polymorphs, and 

interconversions between polymorphs, or more generally phases, is referred 

to as a phase transition. The compound with the largest number of 

polymorphs is 5-methyl-2-[(2-nitrophenylamino)]-3-thiophenecarbonitrile, 

nicknamed ROY due to the red, orange, and yellow colour of its different 

phases. ROY has 13 different known polymorphs in the Cambridge Structural 

Database (CSD).2,3 Polymorphism, is very common for molecular compounds 

and has been estimated to apply to at least 50% of organic solids, rising to 74% 

for those extensively studied.4,5 The number of polymorphs known for a 

compound is sometimes said simply to reflect the extent to which it has been 

studied.6 

Polymorphs can have very different properties as a result of the way 

their constituents pack. A famous example is the difference in appearance, 

strength and electrical conductivity of the carbon allotropes diamond and 

graphite. Polymorphism is therefore of high relevance to the pharmaceutical 

industry where the therapeutic elements of a large proportion of drugs involve 

small organic molecules highly prone to polymorphism.7 In these cases, 

polymorphism can affect the tabletability of a drug or its solubility, often 

directly affecting its bioavailability, the therapeutic dose due to the level of 

uptake.8 An example of the importance of molecular polymorphism is 

Ritonavir, a pharmaceutical used in the treatment of HIV/AIDs. In 1998, a 
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second polymorph of Ritonavir was discovered, a year after it had been 

marketed, with a lower solubility and hence lower bioavailability. This new 

polymorph was more thermodynamically stable and was found to seed 

conversion of the original polymorph. Withdrawal of the drug from the 

market and design of a new suspension-based delivery cost an estimated $250 

million to the manufacturer.9  

Attempts to discover of all potential polymorphic forms of drug 

compounds, a process called polymorphic screening, is of vital importance. To 

ensure all accessible polymorphs of a molecular compound are known, 

exhaustive assays are undertaken under varying conditions. New phases can 

be formed using several different stimuli, some of the most common are time, 

temperature, seeding or, most relevantly for this thesis, pressure.10 

According to the Ehrenfest classification, transitions between 

polymorphs can be broadly categorised as either first order or second order 

events, with the order defined by the derivative of free energy in which a 

discontinuity occurs at the transition.11 First order transitions are often 

accompanied by significant structural rearrangements. The first derivative of 

free energy with respect to pressure at constant temperature is volume 

(𝜕𝐺
𝜕𝑃⁄ )

𝑇
= 𝑉                                               (1.1) 

where 𝐺 is free energy, 𝑃 is pressure, 𝑇 is temperature and 𝑉 is volume. For 

transitions driven by pressure at constant temperature a first order transition 

is often characterised by a discontinuous change in volume (Figure 1.1), 

allowing them to be detected crystallographically. The second derivative of 

free energy with respect to pressure at constant temperature is compressibility, 

𝛽, the inverse of the bulk modulus, 𝐾 

−
1

𝑉
(𝜕2𝐺

𝜕𝑃2⁄ )
𝑇

= −
1

𝑉
(𝜕𝑉

𝜕𝑃⁄ )
𝑇

= 𝛽                               (1.2) 



Chapter 1 

4 

 

1

𝛽
= −𝑉(𝜕𝑃

𝜕𝑉⁄ )
𝑇

= 𝐾                                          (1.3) 

Second order transitions driven by pressure feature a discontinuous change in 

the gradient of a pressure-volume curve (Figure 1.1) and hence also the bulk 

modulus.12 Further details on the bulk modulus of compounds and its 

determination using equations of state are given in Section 1.3.2b. 

 

Figure 1.1: The Ehrenfest classification of transitions with pressure. Left, a 1st order transition 

is signalled by a discontinuous change in volume. Right, a second order transition features a 

discontinuous change in bulk modulus, seen here as a change in gradient. Redrawn based on 

diagrams in Physical Chemistry (Atkins, 10th Ed., 2014).13 

The equations for the first and second derivatives of free energy with 

respect to temperature are analogous to those driven by pressure. First order 

transitions with respect to temperature are similarly accompanied by a 

discontinuous change in volume, also enabling them to be detected in 

crystallographic data. Since the first derivative of free energy with respect to 

temperature at constant pressure is entropy 

(𝜕𝐺
𝜕𝑇⁄ )

𝑃
= −𝑆                                               (1.4) 

and at a transition 

∆𝐻 = 𝑇∆𝑆                                                    (1.5) 

where H is enthalpy. First order transitions with temperature are also often 

detected by enthalpic peaks in differential scanning colorimetry (DSC) traces. 

This can be seen in Figure 1.2 for the first order transition between the γ and 

α polymorphs of glycine.14 
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Figure 1.2: The DSC trace for the first order γ-α phase transition in glycine. Peaks 1 and 2 

indicate different levels of pre-treatment of the samples. Reproduced from Ref 14 with 

permission from Springer Nature. 

Second order transitions driven by temperature produce a change in 

the gradient of a temperature-volume curve, i.e. the thermal expansion 

coefficient α = (∂V/∂T)P, or the heat capacity  

−𝑇 (𝜕2𝐺
𝜕𝑇2⁄ )

𝑃
= −𝑇(−𝜕𝑆

𝜕𝑇⁄ )
𝑃

= (𝜕𝐻
𝜕𝑇⁄ )

𝑃
= 𝐶𝑃                 (1.6) 

leading to a change in baseline of a DSC trace, Figure 1.3. For example, in the 

case of a glass transition in a polymer, the heat capacity changes as new 

vibrational modes become accessible on increasing T, causing the polymer to 

transform from a rigid to a flexible state. 
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Figure 1.3: A DSC trace exemplifying a second order glass transition in amorphous 

poly(ethylene terephthalate) (PET). An exothermic crystallisation peak and endothermic 

melting peak are also seen in the trace. Reprinted from Thermochimica Acta, 367, Bailey, N. 

A., Hay, J. N., & Price, D. M., A study of enthalpic relaxation of poly(ethylene terephthalate) 

by conventional and modulated temperature DSC, 425-431, Copyright (2024), with permission 

from Elsevier. 

Transitions can also be described as either displacive or reconstructive, 

depending on whether there are symmetry relationships between the two 

phases. Displacive transitions occur due to a loss of one or more symmetry 

elements, for example the transition between the high-pressure phases III 

(P41212) and II (P212121) of pyridine is the result of loss of 2-fold rotational 

symmetry along the ab face diagonals of phase III.15 A transition without a 

formal symmetry relationship between its phases is a reconstructive transition 

and occurs via a nucleation and growth mechanism, for example the α (P21/n) 

and γ (P31) phases of glycine described above.16 The reorganisations of crystal 

packing that occur in reconstructive transitions can result in loss of the 

integrity of a crystal.  

A final classification for transitions and one limited in practice to those 

driven by temperature is as either enantiotropic or monotropic. The 
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classification of phase transitions into these categories depends on whether the 

transition point, the intersection of the extrapolated Gibbs energy surfaces, 

occurs before or after intersection with the liquid phase boundary, the melting 

point.17 For enantiotropic systems, the temperature at which the free energy of 

the two phases is equal, the transition temperature, occurs below the melting 

point. One phase is stable below the transition temperature and the other 

phase is stable above the transition temperature up to the melting point. For a 

monotropic system, one phase remains the most stable phase for all 

temperatures below the melting point. Starting from the most stable phase 

under ambient conditions, it is impossible to obtain any other metastable 

phase by heating a monotropic system.17 Both enantiotropic and monotropic 

phases relationships exist for the compound ROY (Figure 1.4). The phases ON 

(orange needles) and Y (yellow prisms) provide an example of an 

enantiotropic phase relationship, intersecting each other at the transition 

temperature, labelled Tt, before the melting points of the pure phases are 

reached, TmON and TmY. The phases R (red prisms) and ON, on the other hand, 

provide an example of a monotropic relationship, any potential intersection of 

the Gibbs energy surfaces occurs after the melting points of the pure phases 

are reached, TmR and TmON. 
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Figure 1.4: The stability relationships between phases of ROY with increasing temperature 

constructed from melting and eutectic melting data. TmR, TmY and TmON indicate the melting 

points of the pure phases, Tt is the transition temperature. Adapted with permission from Yu 

et al. J. Am. Chem. Soc. 2000, 122, 4, 585–591. Copyright 2024 American Chemical Society.18  
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1.2 The Gibbs Equation 

The second law of thermodynamics states ‘The entropy of an isolated system 

increases in the course of a spontaneous change’.13 That is 

∆𝑆tot > 0                                                    (1.7) 

where 𝑆tot is the total entropy of the isolated system of interest.13 If there is a 

transfer of energy as heat between a system and its surroundings at thermal 

equilibrium at temperature, 𝑇, the Clausius inequality holds 

𝑑𝑆 −
𝑑𝑞

𝑇
≥ 0                                                 (1.8) 

where 𝑑𝑆 is the change in entropy of the system and 𝑑𝑞 is the change in heat 

(work) of the system. When the heat transfer occurs at constant pressure, 𝑃, all 

work is expansion work and 

𝑑𝑞𝑝 = 𝑑𝐻                                                   (1.9) 

where 𝑑𝐻 is the change in enthalpy of the system. Hence from Equation 1.8 

𝑑𝑆 −
𝑑𝐻

𝑇
≥ 0                                                (1.10) 

∴ 𝑇𝑑𝑆 ≥ 𝑑𝐻                                                 (1.11) 

Rearranging Equation 1.11 produces 

𝑑𝐻 − 𝑇𝑑𝑆 ≤ 0                                               (1.12) 

Which can be expressed alternatively by defining the Gibbs free energy, 𝐺, of 

the system 

𝐺 = 𝐻 − 𝑇𝑆                                                  (1.13) 

An alternative treatment of heat transfer at constant volume provides the 

derivation of the Helmholtz function. For infinitesimal changes at constant 

temperature the Gibbs equation becomes the more familiar 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆                                               (1.14) 

The inequality in Equation 1.12 defines the criterion for a spontaneous process 

as one that must reduce the Gibbs free energy of the system, ∆𝐺 must be lower 
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or equal to 0. The enthalpy of the system can be further decomposed into 

internal energy, 𝑈, pressure, 𝑃, and volume, 𝑉, contributions 

∆𝐺 = ∆𝑈 + 𝑃∆𝑉 − 𝑇∆𝑆                                        (1.15) 

 As previously described, a stable phase comprises a structure with a 

packing arrangement that corresponds to a Gibbs energy minimum. Its 

formation is driven by the competing thermodynamic contributions of 

Equation 1.15 towards a geometry that provides a favourable compromise 

between the different terms. When considering the Gibbs energy difference, 

∆𝐺, between two polymorphs under ambient conditions, the ∆𝑈 term tends to 

dominate. Nyman and Day have shown through a study of 508 polymorphic 

molecular organic compounds that although the differences in polymorph 

lattice energies are typically modest, with over half under 2 kJ mol−1, 

consideration of lattice enthalpies solely is sufficient to predict the ranking of 

polymorphic stability in 91% of compounds.19  

At ambient pressure the volume contribution towards enthalpies is 

very small but at elevated pressures its contribution becomes increasingly 

significant. Virtually all phase transitions at high pressure are driven by a 

minimisation of volume.20 

Entropies tend to be similar for polymorphs, and the entropy change of 

a solid-state phase transition is often small. However, the consideration of 

vibrational entropy in the remaining 9% of compounds from the Nyman and 

Day study led to a re-ranking of polymorph stability.19 The ability of entropy 

to stabilise crystal structures is often overlooked and neglect of this term is 

potentially an oversimplification in some materials. 
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1.3 The Determination of the Energetic 

Contributions of Gibbs Free Energy 

The relative contributions of the Gibbs equation are of fundamental interest 

for understanding the factors that drive phase transitions. The origins of the 

various terms and some common ways in which they are determined both 

experimentally and computationally are discussed in the remaining sections 

of this Chapter. 

 

1.3.1 Intermolecular Interaction Energies, ∆𝑼 

Enthalpy, 𝐻, is the total heat content of a system. It has contributions from both 

the internal energy, 𝑈, determined by the formation of favourable 

intramolecular geometry and intermolecular contacts, and additional 

pressure, 𝑃, and volume, 𝑉, contributions. At constant volume, 𝐻 reduces to 

𝑈. Strongly stabilising interactions with numerically large but negative 

energies, such as hydrogen bonds, are often described as being structure 

directing, supramolecular synthons that can be used as motifs to design crystal 

structures with pre-determined architectures.21 The relief of energy in strained 

contacts has also been rationalised as the driving force behind phase 

transitions.22  

Intermolecular interaction energies can stabilise different 

conformational polymorphs displaying diverse molecular geometries.23 The 

polymorph transition already noted for Ritonavir is an example of a transition 

between two conformational polymorphs.24 In rare cases, intramolecular 

energy differences between polymorphs can be as high as 15-20 kJ mol−1.19 The 

polymorph containing the higher energy molecular conformation is stabilised 
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by intermolecular interactions, often as a result of an increase in accessible 

surface area of the conformer.19,25 

The experimental measurement of individual internal energies can be 

complex. One method, that has been investigated by Cockroft and co-workers, 

is through the use of rotameric folding molecules, topoisomers, atropoisomers 

and tautomers as molecular balances. This allows the quantification of non-

covalent interactions by probing the relative stability and position of 

equilibrium afforded to the different conformational states as a result of 

interactions present in one conformation but absent in others.26  

Differential scanning calorimetry is commonly used for the 

measurement of enthalpy changes driven by temperature (see above). A 

differential scanning calorimeter measures the energy transferred as heat to or 

from a sample undergoing a physical or chemical change at constant 

pressure.13 This is done by measuring heat transfer to the sample relative to a 

standard which does not undergo a change. When no change occurs, the heat 

transferred, 𝑞𝑃, is given by 

𝑞𝑃 = 𝐶𝑃∆𝑇                                                  (1.16) 

where it is assumed that the heat capacity 𝐶𝑃 is also independent of 

temperature. When a chemical process or first order phase transition occurs, 

an additional transfer of heat is required, 𝑞𝑃,ex, such that the total transfer of 

heat required to maintain the same change in temperature of the sample as the 

standard is given by 𝑞𝑃 + 𝑞𝑃,ex. This additional term is interpreted as a change 

in the heat capacity of the sample at constant pressure and can be written as 

𝐶𝑃,ex =
𝑞𝑃,ex

∆𝑇
                                                 (1.17) 

The enthalpy change associated with the process is 

∆𝐻 = ∫ 𝐶𝑃,ex𝑑𝑇
𝑇2

𝑇1
                                            (1.18) 
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This is the area under the peak in a plot of 𝐶𝑃,ex against 𝑇 in the limits 𝑇1 to 𝑇2 

within which the change occurs. Use of DSC to study phase transitions is 

exemplified by Perlovich et al. for the transformation of γ to α glycine, Figure 

1.2.14  

The advent of modern computing and improvements in accessibility 

and cost has led to internal energies increasingly being calculated 

computationally. Intermolecular interaction energies between molecules can 

be portioned into individual energy components: electrostatic, polarisation, 

dispersion and repulsion. 

𝐸Tot = 𝐸Elec + 𝐸Pol + 𝐸Disp + 𝐸Rep                              (1.19) 

The principal binding energy in solids is electrostatic.27 In principle all 

stabilising interactions, whether involving permanent, induced or 

instantaneous dipoles are electrostatic interactions. Within this work we adopt 

the nomenclature of describing electrostatic interactions as the attractive and 

repulsive interactions between permanent nuclear and electronic charges only. 

This electrostatic energy contribution is described by Coulomb’s law 

𝐸Elec(𝑟𝑖𝑗) =
𝑄𝑖𝑄𝑗

4𝜋𝜀0𝑟𝑖𝑗
                                           (1.20) 

where 𝑄𝑖 and 𝑄𝑗 are charges separated by a distance 𝑟𝑖𝑗 and 𝜀0 is the vacuum 

permittivity (8.854 × 10−12 F m−1). Modelling electrostatic energies by 

assigning point charges to atoms in a crystal structure is simple but it does not 

capture the shape of a charge distribution. More computationally expensive 

methods seek to model charge anisotropy, an important factor in reproducing 

the high directionality of hydrogen bonds.28  

Polarisation forces, also called induction forces, describes the 

polarisation induced when a charge approaches a sphere of electron density. 

The result is an induced dipole that forms an attractive interaction with the 

permanent dipole. The contribution is given by  
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𝐸Pol = −
𝐷𝑖𝑗

𝑟𝑖𝑗
6                                                  (1.21) 

where 

𝐷𝑖𝑗 =
𝜇𝑖

2𝛼𝑗

4𝜋𝜀0
                                                   (1.22) 

and 𝜇𝑖 is the magnitude of the permanent dipole moment of molecule 𝑖 and 𝛼𝑗 

is the polarizability volume of molecule 𝑗. 

In materials where contributions from permanent dipoles are less 

pronounced, for example symmetric molecules such as CH4 or N2 or layered 

compounds such as graphite, the primary interaction is dispersion.27 These 

interactions are commonly referred to as van der Waals or London dispersion 

forces and occur when fluctuations in electron density instantaneously forms 

a dipole, which in turn induces electron density deformation and hence a 

dipole in an adjacent molecule. Dispersion is best understood as a whole 

molecule interaction and is always attractive. The form of the interaction is 

very similar to that of polarisation energy with a similar − 1
𝑟𝑖𝑗

6⁄  dependence 

𝐸Disp = −
𝐶𝑖𝑗

𝑟𝑖𝑗
6                                                (1.23) 

where 

𝐶𝑖𝑗 =
3

2
𝛼𝑖𝛼𝑗

𝐼𝑖𝐼𝑗

(𝐼𝑖+𝐼𝑗)
                                          (1.24) 

and 𝐼𝑖 and 𝐼𝑗 are the ionisation energies of the interacting molecules, and 𝛼𝑖 

and 𝛼𝑗 are the polarizability volumes.  

At shorter molecule separations, quantum mechanical repulsion effects 

become dominant. The repulsion is a consequence of the Pauli exclusion 

principle that forbids electrons of the same quantum number occupying an 

identical quantum state. In practice this is often modelled by a resistance to 

increasing overlap of electron clouds and the resulting distortion of electron 

density.29 The electrons in the overlapping region experience a mutual 
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electrostatic repulsion and a splitting of energy levels which raises the overall 

energy of the system.27 The repulsive energy is commonly parameterised using 

the Born-Mayer form with empirical constants 𝐵𝑖𝑗and 𝜌𝑖𝑗 

𝐸Rep(𝑟𝑖𝑗) = 𝐵𝑖𝑗𝑒𝑥𝑝 (
−𝑟𝑖𝑗

𝜌𝑖𝑗
⁄ )                                  (1.25) 

For a simple models of ionic crystals, electrostatic energies and Born-Mayer 

repulsive energies are sometimes considered sufficient.27 When modelling 

molecular compounds, the repulsive energy term is almost always coupled 

with the dispersion term. Combining the dispersion interaction with the Born-

Mayer repulsive equation above yields the Buckingham potential 

𝐸𝑖𝑗(𝑟𝑖𝑗) = −
𝐶𝑖𝑗

𝑟𝑖𝑗
6 + 𝐵𝑖𝑗𝑒𝑥𝑝 (

−𝑟𝑖𝑗
𝜌𝑖𝑗

⁄ )                             (1.26) 

Interactions in molecular crystal structures have contributions from all 

energetic terms. The relative contributions of each term can be used to 

characterise the type of interaction. For example, the π-stacking interaction in 

benzene and the C—H⋯N hydrogen bond in pyridine have similar interaction 

energies, −13.6 kJ mol−1 and −11.1 kJ mol−1, but their contributions towards the 

total energy are very different.15,30 The π-stacked interaction is dominated by a 

large stabilising dispersion contribution with much smaller stabilising 

electrostatic and polarisation contributions and a large repulsive contribution 

(Table 1.1). Dispersion and repulsion contributions are smaller in the C—H⋯N 

hydrogen bond, the polarisation contribution is similar while the electrostatic 

contribution is significantly more stabilising (Table 1.1). The large electrostatic 

contribution is due to the presence of permanent charges in the hydrogen 

bond.  
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Table 1.1: Comparison of the molecule-molecule energy contributions in kJ mol−1 for a π-

stacking interaction in benzene and a C—H⋯N hydrogen bond in pyridine.15,30 Component 

energies in both structures were calculated using the Pixel method at the MP2/6-31G** level 

of theory, see Chapter 2. 

 𝐸Elec 𝐸Pol 𝐸Disp 𝐸Rep 𝐸Tot 

Benzene, π-π −0.8 −4.0 −32.3 23.5 −13.6 

Pyridine,  

C—H⋯N 

−7.9 −3.5 −12.2 12.5 −11.1 

 

There are a number of ways the computation of internal energies can 

be approached. The standard used in most computational procedures is the 

supramolecular approach. This aims to calculate interaction energies using the 

following formalism 

∆𝐸int = 𝐸𝐴𝐵 − 𝐸𝐴 − 𝐸𝐵                                       (1.27) 

That is, the interaction energy ∆𝐸int is calculated as the difference between the 

dimer energy 𝐸𝐴𝐵 and the monomer energies 𝐸𝐴 and 𝐸𝐵. The supramolecular 

definition is applicable to any quantum chemistry approach. It can be applied 

with any method and any basis set, increasing systematically the level of 

theory as a balance between computational expense and accuracy. Since the 

approach is fully quantum mechanical, it captures electron transfer in the 

calculated energies, which consideration of the individual terms described 

above does not. 

The use of finite basis sets in supramolecular approach makes it 

vulnerable to basis set superposition error (BSSE). When molecules in the 

dimer approach each other, their basis sets will begin to overlap and each 

molecule will begin to ‘borrow’ basis set functions from the other molecule. 

This will effectively confer an improvement in the basis sets of the molecules 

in the dimer calculation over those used for the calculation of the isolated 

molecules. The result is an effectively varying basis set for the dimer 
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calculation with a dependence on the separation of the molecules, 𝑟𝐴𝐵. This is 

the BSSE and can be described by 

∆𝐸int = 𝐸𝐴𝐵
𝐴𝐵(𝑟𝐴𝐵) − 𝐸𝐴

𝐴 − 𝐸𝐵
𝐵                               (1.28) 

where the superscript denotes the basis sets used in the calculation of the terms 

on the right-hand side. To avoid the need for unphysical infinite basis sets, a 

counterpoise correction is commonly used.31 This method works by improving 

the basis sets of the isolated molecules by introduction of empty basis sets. 

Referred to as ghost orbitals, these are introduced as basis functions of the 

other molecule but with no electrons in them. These ghost orbitals carry the 

same distance dependence as the dimer term. Overall, the interaction energy 

calculated via counterpoise corrected supramolecular approach is then 

described by 

∆𝐸int
𝐶𝑃 = 𝐸𝐴𝐵

𝐴𝐵(𝑟𝐴𝐵) − 𝐸𝐴
𝐴𝐵(𝑟𝐴𝐵) − 𝐸𝐵

𝐴𝐵(𝑟𝐴𝐵)                   (1.29) 

Counterpoise-corrected supramolecular calculations can provide very 

accurate calculations of overall energies, but they do not yield a break-down 

into the individual energy terms described above, which provide useful 

physical insight into the character of an intermolecular interaction. A selection 

of methods that do provide this breakdown and that are used commonly for 

the study of molecular crystals are outlined below. 

Symmetry adapted perturbation theory (SAPT) calculations attempt to 

solve the total dimer Hamiltonian for an isolated dimer by first solving a 

Hartree-Fock description of the isolated molecules and then adding additional 

terms to account for intra and inter molecule correlation. The calculation is 

based on a double perturbation series of inter and intra molecule interaction 

terms from which individual electrostatic, polarisation, dispersion and 

repulsion energy terms can be directly extracted. SAPT is mathematically 

complex, but the level of perturbation theory applied can be systematically 
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improved from the simplest SAPT0 approach to the SAPT2+3 level. The basis 

sets used for the calculations can also be systematically improved and this 

combination allows the quality of SAPT calculations to be incrementally 

improved until convergence is reached. SAPT calculations are available in a 

number of quantum mechanical codes, and that implemented in the program 

Psi4 were used here.32 Unlike the other methods presented below, SAPT 

calculations are applicable to the isolated dimer only and are not calculated in 

the context of the wider crystal structure. This method, along with appropriate 

choices of augmentation level and basis set will be discussed in further detail 

in Section 2.2.1. 

The Pixel method introduced by Gavezzotti is a semi-classical density 

sum (SCDS) method, based on numerical integrations over molecular electron 

densities.29,33,34 It is of relatively low computational expense when compared to 

the quantum mechanical approaches described above, but is applicable only 

to interactions where charge transfer is absent. Electron densities of the 

isolated molecules are first calculated (e.g. using Gaussian35) and then divided 

into pixels of defined size and uniform electron density. Interaction terms 

between individual pixels are calculated one by one to produce electrostatic, 

polarisation, dispersion and repulsion components. The equations used for 

calculation of these individual energy terms and further details on the inputs 

for the Pixel process are described in Section 2.2.2. Estimates of lattice energies 

are calculated in the Pixel process by summation of the total dimer energies 

within a defined radius in a crystal structure. Pixel calculations can be 

conveniently run through the Mercury interface by use of the MrPixel GUI.36,37 

An alternative method to calculate intermolecular energies is available 

in the program CrystalExplorer.38 CrystalExplorer computes pairwise 

intermolecular interaction energies in a method that was inspired by applying 
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a quantum mechanical approach to the Pixel process.38 The method calculates 

the same individual physically meaningful terms with relatively low-level 

quantum mechanical calculations but with the addition of a scale factor 

calibrated using higher-level calculations, Equation 1.30. The scale factors are 

optimised against reference counterpoise-corrected supramolecular 

calculations for 1794 molecule/ion pairs.38 Calculations of energies with 

CrystalExplorer require a complete crystal structure and unlike Pixel and 

SAPT, components of the structure cannot be calculated individually. Like 

Pixel, estimates of lattice energies can be calculated for a crystal by summing 

over individual pairwise contributions. 

𝐸Tot = 𝑘Elec𝐸Elec + 𝑘Pol𝐸Pol + 𝑘Disp𝐸Disp + 𝑘Rep𝐸Rep              (1.30) 

Finally, interaction terms can also be calculated using force field methods. 

These methods are widely used within the field of crystal structure prediction 

(CSP). Force field calculations are faster than quantum mechanical calculations 

and while simple force fields based on combining the Buckingham potential, 

Equation 1.26, and the electrostatic contribution, Equation 1.20, are common, 

they can become much more elaborate.39 To achieve a level of accuracy that is 

competitive with the methods described above, this method requires the 

design of bespoke parameterisation models which can require substantial 

input and time.40 

 In this thesis both Pixel and SAPT methods were used exclusively. The 

ability to extract individual energy terms from both Pixel and SAPT 

calculations is very valuable for studies at pressure, which contribute a 

significant proportion of this thesis. Contributions towards individual 

contacts with increasing pressure can be studied to indicate when contacts 

start to become destabilising and can be used to rationalise high-pressure 

phase transitions. Higher levels of SAPT tend to be more computationally 
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expensive than Pixel calculations but produce more accurate results. This is 

demonstrated for a simple dimer of water, bonded through a single O—H⋯O 

hydrogen bond. The cohesive energy calculated via high level coupled cluster 

supramolecular calculations in the S22 database is −21.004 kJ mol−1.41 The Pixel 

method at the MP2/6-31G** level calculates the cohesive energy of this dimer 

as −24.237 kJ mol−1 whereas SAPT2+3 with an aug-cc-pVDZ basis set calculates 

the cohesive energy as −19.455 kJ mol−1, slightly closer to the S22 result. The 

basis sets/levels used in these calculations are typical of those used in the 

majority of this work. 

 

1.3.1 The Volume Term, PΔV 

Under ambient conditions the pressure-volume term, or the work term, is 

usually very small and is often neglected entirely from the Gibbs equation. For 

example, the contribution to Gibbs energy from a change in molecular volume 

of 5 Å3 at ambient pressure (~0.0001 GPa) is equivalent to 3× 10−4 kJ mol−1, 

which is negligible when compared to other molecular energy contributions. 

However, under elevated pressures, it becomes increasingly significant. At 5 

GPa, a relatively common pressure in the study of small molecule organic 

solids, this same change in volume is equivalent to an energy penalty of 15 kJ 

mol−1, larger than a N—H⋯N hydrogen bond in ammonia (9.3 kJ mol−1) and 

much larger than the typical polymorph energy differences revealed in 

Nyman and Day’s study (see below).19,42 The application of pressure allows the 

study of the role of the pressure-volume term. Some of the main motivations 

of studies at pressure as well as its role in driving phase transitions will be 

outlined in Section 1.3.2a.  

 The change in volume of a compound with increasing pressure can 

reveal structural information on the hardness of a material through the 
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calculation of its bulk modulus, Equation 1.3. To calculate this, the pressure-

volume curve must be fitted with an appropriate equation of state (EoS).43 The 

thermodynamic grounding of EoSs and some common EoS used within this 

work will be outlined in Section 1.3.2b.  

 The assessment of the response of molecular contacts to pressure 

requires a definition of the extent of the molecular surface for calculation of 

component volumes such as void space. This defines the limit of influence (or 

domain) of individual atom centres and is often completed using van der 

Waals radii, which constitute one measure of atomic size.44 Some background 

on the development of van der Waals radii and a description of the origins of 

those used in this work will be described in Section 1.3.2c  

 

1.3.2a The Application of Pressure 

High pressure has been applied in a broad range of different disciplines. A 

pressure of 0.1 GPa is the highest pressure at which living organisms have 

been observed in deep sea trenches, leading to investigations on the effect of 

pressure on biomelecules.45 Pressure at the earth’s core thought to be in excess 

of 360 GPa,46 and geophysical and planetary science studies are commonly 

conducted at pressures of the of the order of 10s or 100s of GPa.47The highest 

pressure reached for which structural data is available in the CSD is 180 GPa, 

this belongs to a series of rhenium carbides. 

Structural work on molecular materials has mostly been limited to 

pressures below 10 GPa, 86.57% of structural data in this field having been 

measured at 6 GPa or below.48 Interest has been directed towards new phases 

of compounds of pharmaceutical relevance which appear to show no 

propensity for polymorphism under ambient conditions.49 For example, the 

pharmaceutical material chlorothiazide crystallises as a single polymorph 
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under ambient conditions but readily undergoes an isosymmetric phase 

transition to a second phase at 4.4 GPa.50 Phases formed at high pressure can 

sometimes be recovered to ambient conditions, as has been demonstrated for 

paracetamol form II.8 This form has a packing arrangement which promotes 

improved tablettability, but is difficult to produce at ambient pressure. Its 

recovery enabled formation of the phase by seeding at ambient conditions. 

High pressure studies also enable investigation on the results of applying 

pressure during industrial processes, a pressure of 0.1 GPa being comparable 

to mechanical pressures exerted during tabletting.49 Chlorpropamide, an anti-

diabetic drug, has been shown to undergo a phase transition in this process.51 

Identifying the driving forces of phase transitions in terms of chemically 

meaningful models is a major motivation behind high pressure research. 

Pressure has also been used to study structure-property relationships. 

In spin-crossover compounds, lower spin states generally have a smaller 

volume and increasing pressure commonly favours this state.52 Molecular 

magnetic materials also display interesting results with pressure, enabling the 

properties of molecule-based magnets to be studied in varying states of 

distortion.53-55 Research has also been conducted into the study of metal 

organic frameworks (MOFs) at high pressure.56 MOFs are generally highly 

porous, with void space accounting for between 10-70% of the total unit cell 

volume.49 Elevated pressures can enhance penetration of guests into these 

pores, revealing structural effects which control guest uptake even at much 

lower pressures.49,57,58  
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1.3.2b Equations of State 

Equations of state (EoSs) are used to model the behaviour of a material when 

exposed to varying external conditions, and are applied extensively in Chapter 

3. 

The simplest EoS is the ideal gas law, which relates pressure on an ideal gas, 

𝑃, to its volume, 𝑉, to the number of moles, 𝑛, the molar gas constant, 𝑅, and 

the temperature, 𝑇: 

𝑃𝑉 = 𝑛𝑅𝑇                                                   (1.31) 

The EoSs available for solids also aim to describe the relationship 

between pressure, temperature and volume. Both pressure-volume (PV) and 

temperature-volume (TV) EoSs are parametrised using a reference volume. PV 

EoSs are also parametrised using the first and second derivatives of pressure 

with respect to volume, whereas TV EoS are parametrised with the thermal 

expansion coefficient and derivatives of temperature with respect to volume. 

This makes both PV and TV EoS well suited to the field of crystallography 

where changes in volume are measured. Pressure-volume-temperature (PVT) 

EoS also exist and in these cases more complex ‘cross derivatives’ are required, 

such as (𝜕𝐾 𝜕𝑇⁄ )𝑃. PV EoS were used exclusively in this thesis for the study of 

high-pressure crystal structures.  

The second and third order Birch-Murnaghan and Vinet EoSs are used 

most commonly in high-pressure crystallography. When fitted to volume 

versus pressure data sets, these are useful not only for characterising the 

mechanical properties of a material, but, in addition, deviations from 

extrapolated trends can also reveal first and second order phase transitions 

(see Chapter 3). The parameter of most interest is usually the bulk modulus, 

𝐾, the inverse of the isothermal compressibility, 𝛽 (Equation 1.3). A negative 

sign in Equation 1.3 ensures that compressibility is always a positive value and 
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a reciprocal volume term normalises the compressibility for sample size. Units 

are typically given in GPa with harder materials characterised by a larger bulk 

modulus. For example, benzene is a van der Waals solid and has a bulk 

modulus of 5.5 GPa.59 Diamond, one of the hardest materials known, has a 

bulk modulus of 445 GPa.60  

The widely-used 3rd order Birch-Murnaghan EoS (BM3) is derived from 

the thermodynamic definition of pressure under isothermal compression as 

the negative derivative of the Helmholtz free energy, 𝐹, with respect to volume 

at constant temperature,61 

𝑃 = − (
𝜕𝐹(𝑉)

𝜕𝑉
⁄ )

𝑇
                                         (1.32) 

BM3 makes the fundamental assumption that for homogeneous strain, free 

energy of a solid under compression can be described as a polynomial of finite 

strain, 𝑓. For BM3 this is truncated at the third order term such that 

𝐹 = 𝑎0 + 𝑎1𝑓 + 𝑎2𝑓2 + 𝑎3𝑓3                                  (1.33) 

where the finite strain is 

𝑓 =
1

2
[(

𝑉0
𝑉⁄ )

2

3
− 1]                                          (1.34) 

𝑎0 is the free energy of the un-strained material at 𝑃 = 0. By establishing a 

reference state of zero strain, this term is set to zero and excess free energy as a 

result of compression is considered only. In addition, for a system at 

equilibrium at any pressure 

𝜕𝐹(𝑉)

𝜕𝑓
= 0 = 𝑎1 + 2𝑎2𝑓 + 3𝑎3𝑓2                                 (1.35) 

For this equation to be consistent 𝑎1 must be equal to zero also. The remaining 

expansion is a polynomial description of strain which is consistent with liner 

elasticity for small perturbations. Inserting the remaining terms of the 

expansion into the definition of pressure in these boundary conditions, 𝑃 = 0 

and 𝑉 = 𝑉0, yields 
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𝑃 = −
𝜕𝐹(𝑉)

𝜕𝑉
= −

𝜕𝐹(𝑉)

𝜕𝑓
×

𝜕𝑓

𝜕𝑉
= − [

𝜕𝑓

𝜕𝑉
(2𝑎2𝑓)]

𝑇
− [

𝜕𝑓

𝜕𝑉
(3𝑎3𝑓2)]

𝑇
    (1.36) 

Simplification and rearrangement in terms of the parameters 𝑉0, 𝐾0, 𝐾0
′ and 𝐾0

′′ 

gives the full BM3 expression 

𝑃(𝑉) =
3𝐾0

2
[(

𝑉0

𝑉
)

7

3
− (

𝑉0

𝑉
)

5

3
] {1 +

3

4
((𝐾0

′ − 4) [(
𝑉0

𝑉
)

2

3
− 1])}       (1.37) 

A simpler 2nd order EoS (BM2) can be obtained by truncation of 

Equation 1.33 to include only the 𝑎2𝑓2 term. This assumption is equivalent to 

setting the value of 𝐾0
′ to 4 in Equation 1.37. The resulting BM2 expression is 

given by 

𝑃(𝑉) =
3𝐾0

2
[(

𝑉0

𝑉
)

−
7

3
− (

𝑉0

𝑉
)

−
5

3
]                                    (1.38) 

While BM3 is the most commonly applied EoS in molecular systems, BM2 fits 

are occasionally seen for poorer data or more restricted data sets. BM4 fits are 

seen occasionally in detailed work.62 

For highly compressible compounds where 
𝑉𝑃

𝑉0
⁄ < 0.6 an improved fit may 

be achieved with a Vinet EoS.63 This has been used to produce high quality fits 

at high levels of compression for MgSiO3, perovskite and solid hydrogen.64,65 

Unlike BM EoS, it is derived from an empirical potential. This is an 

approximation of the binding energy of metals and has the form 

𝐹(𝑎) − 𝐹0(1 + 𝑎)exp(−𝑎)                                     (1.39) 

where 𝑎, is a reduction of the atomic spacing and is given by 

𝑎 =
𝑟−𝑟0

𝑙
                                                     (1.40) 

where 𝑟0 and 𝑟 are the interatomic distances at ambient pressure and high 

pressure respectively. 𝑙 is a scaling length. Setting 𝑉 = (4
3⁄ )𝜋𝑟3 the definition 

for pressure in this case becomes 

𝑃 = −
𝜕𝐹(𝑉)

𝜕𝑉
= −

𝐹0

4𝜋𝑙𝑟2 𝑎𝑒𝑥𝑝(−𝑎)                                (1.41) 
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Setting the bulk modulus and its first derivative to 

𝐾0 =
𝐹0

12𝜋𝑙2𝑟0
                                                 (1.42) 

and 

𝐾0
′ = 1 +

2𝑟0

3𝑙
                                                (1.43) 

yields the final form of the Vinet EoS 

𝑃 = 𝐾0
3𝑓𝑣

(1−𝑓𝑣)2 𝑒𝑥𝑝(𝜂𝑓𝑣)                                       (1.44) 

by defining additional variables 

𝑓𝑣 = 1 − (
𝑉𝑃

𝑉0
)

1

3
                                              (1.45) 

and 

𝜂 =
3

2
(𝐾0

′ − 1)                                               (1.46) 

At ambient pressure, 𝑓𝑣 is zero but increases with decreasing volume at 

higher pressures. The presence of 𝐾0
′ in the Vinet EoS means it is often 

described as 3rd order (V3) by analogy to the BM set. In theory, also by analogy, 

setting 𝐾0
′ = 1 would result in a 2nd order EoS (V2), however unlike BM2 where 

this corresponds to truncations in finite strain, this has no formal theoretical 

basis and is not used.66 Vinet equations of state are often called universal 

equations of state due to their wide-ranging applicability.  

 

1.3.2c van der Waals Radii 

As will be discussed in Chapter 3, the volume of a material is the sum of the 

space occupied by the atoms and interstitial or void space that exists between 

them. Atomic electron density formally only drops to zero at infinite 

distance,29 but it is useful to define a practical cut-off radius as a measure of 

atomic size. In principle this could be the distance at which the electron density 

falls below a certain threshold, but this is difficult to define because small 

changes in threshold choice will have significant impacts on the resulting 
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radii.29 For these reasons, the defined radius is based on empirical 

observations, usually from experimental interatomic distances. The van der 

Waals radius is a single value defined for each element generally irrespective 

of oxidation state, environment or external conditions such as temperature 

and pressure. The radius is modelled as the same in all directions, resulting in 

a spherical van der Waals surface around an atom. It has been shown by 

Nyburg and Faerman that this is an oversimplification, illustrated in their 

work by the spheroidal shape adopted by the chalogens and halogens.67 

Modelling atoms with constant values for their van der Waals radii is also an 

approximation as the effective size is dependent on environment and 

hybridisation state.68 The concept of the van der Waals radius has nevertheless 

proved to be an enduring and practically useful formalism.68 

The most commonly used van der Waals radii are those produced by 

Bondi in his 1964 and 1966 papers.69,70 These radii are embedded into many 

commonly used graphics programs such as Mercury and Platon.36,71 As a 

result, the original paper still receives 600-700 citations annually (Figure 1.5). 

Bondi’s radii were calculated based on X-ray crystallographic data, gas kinetic 

collision cross sections, critical densities and liquid state properties.69 This was 

originally limited to 38 elements, including few transition metals and only 

uranium in the f-block. 
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Figure 1.5: The rate of citations in Bondi, 1964.69 These values are still used and cited widely.  

There have been a number of attempts in recent years to extend and 

improve this dataset as the number of observed interatomic distances in the 

literature increases. In 2001, Batsanov provided a dataset for 68 elements, with 

better representation of the transition metals and the addition of thorium to 

the f-block.72 These radii were calculated by assuming that the van der Waals 

radius of a given element is 0.8 Å longer than its covalent radius. Similar 

approaches of incrementing the sum of valence parameters by a constant were 

used by Nag et al., again for further transition metals and by Hu et al. to extend 

to the lanthanides and actinides.44,73-75 The first fully computationally produced 

radii were calculated by Mantina et al. using noble gas atomic probes. These 

reproduced Bondi’s set while adding the remaining 16 main group elements 

not included in Bondi’s original study.76  

Tables of van der Waals radii were, until 2013, therefore fragmentary 

and based on aged databases of crystallographic data. A more recent and 

comprehensive set of radii have since been deduced by Alvarez using large 

scale searches of the Cambridge structural database (CSD).44,77 The distribution 

of experimental distances in the CSD between each element and oxygen (in 

most cases, with radius taken from Bondi’s set) were plotted for all atom types. 
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For this process the van der Waals radius is still modelled as a sphere and the 

effects of oxidation state and coordination number are still neglected. A typical 

histogram of distances is shown schematically in Figure 1.6, next to a real 

distribution of Mg-O distances. The distribution partitions into regions at 

short distances characteristic of chemical bonds, those shown in grey for Mg-

O between 1.8 and 2.5 Å, a ‘van der Waals gap’ where virtually no structures 

are observed, between 2.5 and 3.5 Å for Mg-O, and long intermolecular 

distances, those above 3.5 Å shown in blue for Mg-O. In this last region, a ‘van 

der Waals peak’ which characterises typical intermolecular contact distances, 

centred at 4.2 Å for Mg-O, gives way to a random distribution of very long, 

non-bonding interactions following the form of r3, where r = interatomic 

distance. 

 

Figure 1.6: Left, a schematic representation of the relative bond distributions described by 

Alvarez. E-X distance is the distribution of distances between the studied element E and the 

probe element R (generally oxygen). Right, a real distribution of Mg-O contact distances, the 

grey bins indicate those attributed to covalent bonds and the blue represent intermolecular 

distances, a indicates the sum of Bondi’s radii, b Batsanov’s radii and c Alvarez’s radii. Both 

figure parts are Reproduced from Ref 44 with permission from the Royal Society of Chemistry. 
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The van der Waals peak is the result of overlap between stabilising 

intermolecular interactions and the tail of the r3 random distribution. The sum 

of the van der Waals radii is therefore not at the maximum of the van der 

Waals peak and must be extracted by removing the random distribution, non-

bonding background.44 The sum of the radii of element of interest, 𝑟𝐸, and 

probe element, 𝑟𝑋, are calculated from the Gaussian van der Waals peak 

centred at 𝑑max at the full width at half maximum of the peak given by 2.3548σ, 

Figure 1.7. The radius of the studied atom is then extracted by assuming a 

constant radius of the probe atom, 𝑟𝑋 (1.50 Å for O). In rare cases, low numbers 

of observations result in a poorly resolved van der Waals gap that restricts 

radii from being extracted. This is the case for some of the heaviest elements 

in the p-block, Tl and Pb. Attempts to use alternative atom probes for these 

atoms did not yield improved numbers of observations. The radii of the noble 

gases were later updated and extended to include Rn.77 The Alvarez radii, now 

cover 94 elements and have been used exclusively in the present work.  

 

Figure 1.7: A schematic representation of the extraction of van der Waals radii from the van 

der Waals peak. The radius of element of interest is 𝑟𝐸, and the radius of the probe element is 

𝑟𝑋. Reproduced from Ref 44 with permission from the Royal Society of Chemistry. 
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1.3.3 The Entropy Term, 𝑻∆𝑺 

The final term of the Gibbs equation is entropy. The Boltzmann equation for 

entropy is 

𝑆 = 𝑘𝐵𝑙𝑛(𝑊)                                               (1.47) 

This equation, which was ultimately an assumption by Boltzmann, relates the 

entropy, 𝑆, to the number of microstates available, 𝑊, through the Boltzmann 

constant, 𝑘𝐵 (1.38 × 10−23 JK−1). The Boltzmann equation describes entropy in 

terms of the number of accessible states.29 In a crystalline solid at absolute zero, 

0 K, a system is restricted to just one microstate and the Boltzmann formula 

reduces to the third law of thermodynamics, entropy is zero. As temperature 

increases more microstates become accessible and the entropy of the system 

increases. This is referred to as configurational entropy and the availability of 

microstates leads to the common description of entropy as a measure of the 

order of a system.  

Available microstates can be described in terms of degrees of freedom. 

For a monatomic, perfect gas, in the absence of any electronic effects the only 

degrees of freedom available are translations in all three dimensions. The 

molar entropy in this case is given by the Sackur-Tetrode equation 

𝑆𝑚 = 𝑅𝑙𝑛 (
𝑉𝑚𝑒

5
2

𝑁𝐴𝛬3
)                                             (1.48) 

where 

𝛬 =
ℎ

(2𝜋𝑚𝑘𝐵𝑇)
1
2

                                                (1.49) 

𝑉𝑚 is the molar volume, 𝑁𝐴 is Avogadro’s number (6.022 × 1023 mol−1), ℎ is 

Planck’s constant (6.626 × 10−34 J S), 𝑚 is the molecular mass and all other 

symbols have the same meaning as above. Higher temperatures, higher 

masses and high molar volumes all contribute towards higher entropies. This 

is a very simple case, and for molecular gases additional rotational, vibrational 
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and electronic degrees of freedom exist. For most solids the origin of entropy 

lies in thermal vibrations and this has been the focus of the current work.27  

Both experimental and computational determinations of entropies are 

generally more difficult than the corresponding analyses of enthalpies.29 

Entropy contributions are thus often neglected from crystallographic analysis. 

This simplification is analogous to reaction chemistry where the driving force 

of a reaction is largely considered in terms of bond breaking and bond making, 

∆𝐻, instead of a full analysis of the change in Gibbs free energy, ∆𝐺.  

The entropy of a material can be determined experimentally through 

heat capacity measurements. At constant pressure, the entropy, 𝑆, of a 

compound at temperature 𝑇𝑓 is related to its entropy at 𝑇𝑖 by measuring its 

heat capacity, 𝐶𝑝, at different temperatures and evaluating the integral 

𝑆(𝑇𝑓) = 𝑆(𝑇𝑖) + ∫
𝐶𝑝(𝑇)𝑑𝑇

𝑇

𝑇𝑓

𝑇𝑖
                                     (1.50) 

Absolute entropies can be calculated by invoking the third law 

𝑆(𝑇) = ∫
𝐶𝑝(𝑇)

𝑇
𝑑𝑇

𝑇

0
                                           (1.51) 

The entropy of any phase transitions occurring over a temperature range of 

interest is accounted for using 

∆𝑆 = ∫
𝐶𝑝,𝑒𝑥

𝑇
𝑑𝑇

𝑇2

𝑇1
=

∆𝐻

𝑇
                                        (1.52) 

Commercial equipment for the measurement of heat capacities is generally 

limited to the study of solids. Although equipment capable of measuring heat 

capacities of liquids exists, it is far from standard apparatus and available data 

can be quite limited.  

An alternative approach is to evaluate vibrational entropies using 

vibrational frequencies. These can, in principle, be measured using vibrational 

spectroscopy, but in solids dispersion of vibrational frequencies across the 

Brillouin zone needs to be taken into account. The most common experimental 

methods for measuring vibrational data, infra-red and Raman spectroscopies, 
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only sample vibrations at the Γ-point, where vibrations in all unit cells are in 

phase. Inelastic neutron scattering samples the entire Brillouin zone, but 

experiments require access to a neutron source, a very large sample (5-10 g is 

typical) and individual modes suffer considerable overlap.78 

Due to these difficulties vibrational frequencies are often determined 

computationally. There are several methods commonly used, each attempting 

to find appropriate approximations to balance accuracy and very high 

computational expense. Nyman and Day have employed force field 

approaches to study entropy differences between polymorphs.19 Their 

approach justified by the need to perform calculations for hundreds of 

different phases. Force fields of high enough quality for use in CSP studies 

were used for this work. Density functional tight-binding theory offers a semi-

empirical, quantum mechanical approach which is also computationally 

inexpensive.79 In this work, density functional theory based on density 

functional perturbation theory (DFPT) was used. DFPT is a first principles 

method that can be used to calculate 3𝑁 individual vibrational modes per q-

point, where 𝑁 is the number of atoms in the model. A deeper overview of the 

calculation procedure used in DFPT is given in Section 2.4.2. 

Vibrational frequencies, 𝑣, contribute towards vibrational entropies 

according to the following equation 

𝑆𝑚
𝑣 = 𝑅 {

𝜃𝑣

𝑇⁄

𝑒
𝜃𝑣

𝑇⁄ −1
− 𝑙𝑛 (1 − 𝑒

−𝜃𝑣

𝑇 )}                               (1.53) 

where 

𝜃𝑣 =
ℎ𝑐𝑣

𝑘𝐵
                                                    (1.54) 

𝑐 is the speed of light (2.99 × 108 m s−1) and all other terms have the same 

meaning as above. The entropy contribution is highly sensitive to temperature 

and values are commonly quoted in terms of 𝑇𝑆 to provide values which can 

be compared to other energy terms at the temperature of interest. Low 
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frequency vibrations (< 200 cm−1), corresponding in molecular crystals to the 

acoustic and external vibrations, contribute most to the entropy. 

Frequencies from the output of DFPT and other calculations are often 

depicted in the form of density of states (DoS) plots. These present a 

histogramic representation of the density of vibrational frequencies, with 

larger peak heights representing increased numbers of vibrational modes.  

The contributions of individual atom types to the DoS can be assessed 

using partial density of states (PDoS) plots. They are generated from 

vibrational frequencies in similar ways to DoS plots but with an additional 

scaling of each frequency by the contribution towards it of an individual atom 

type. The output of a DFPT calculation contains N eigenvector descriptions for 

x, y and z perturbations in atom positions for each of the 3N vibrational modes. 

For each eigenvector the fraction of the total motion attributed to the selected 

atom(s) is calculated and used to provide a total fractional contribution 

towards the mode. 
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1.4 Thesis Aim 

The overall aim of this thesis is to investigate the role of volume and entropy 

on crystal structures, how they impact mechanical behaviour and phase 

transitions in molecular compounds. This will allow the assessment of the 

level to which a discussion of phase behaviour in terms of purely 

intermolecular interaction energies is an oversimplification. This will be 

completed with a particular focus on how this narrative adapts at elevated 

pressures.  

To achieve this overall aim, this thesis will first investigate the 

behaviour of occupied and void space at elevated pressures and present a new 

method for calculating these component volumes in molecular compounds. 

Secondly, this method will be applied to a new high-pressure study on 

glyphosate to reinterpret phase transitions identified using spectroscopic data. 

Next the role of entropy will be assessed in a computational study of C—H⋯F 

containing compounds. Finally, new high-pressure phases of glyphosate 

formed under varying rates of compression will be presented. The 

contributions of volume, entropy and internal energy introduced in previous 

chapters will then be considered to deduce their importance in driving the 

transitions at elevated pressures. 
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2.1 Diffraction 

The study of crystalline compounds via diffraction-based techniques is a 

staple of solid-state chemistry, it remains the only way to determine directly 

the structure of a compound at the atomic scale.1 A crystal is a material which 

exhibits an essentially sharp diffraction pattern.2 Diffraction occurs from crystals 

when the periodic atomic spacing is commensurate with the wavelength of the 

incident radiation. The periodicity of the crystal structure is characterised by 

the dimensions of the direct lattice, defined by the size of the simplest 

repeating unit, the unit cell, Figure 2.1.1 Choice of the correct incident radiation 

is vital to the success of the diffraction experiment. There are currently three 

main sources of radiation routinely available for diffraction experiments; 

electrons, X-rays, and neutrons.3 

 

Figure 2.1: The simplest repeating unit for L-threonine, the unit cell, viewed down the c axis.4 

Molecules are connected by light blue contacts which indicate the direction and presence of 

hydrogen bonds. Reproduced from Ref 4 with permission from the Royal Society of 

Chemistry. 

The use of electrons in diffraction experiments is at the very forefront 

of innovation in the field of crystallography. It is only within the last 15-20 

years that 3D electron diffraction (3D ED) methods have made the reliable 

determination of crystal structure models from electron diffraction data 

possible.5-8 Electron diffraction is particularly well suited to crystals on the 
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scale of 100s nm which are too small for conventional X-ray analysis. 

Dynamical diffraction due to multiple scattering events remains an 

unavoidable difficulty of electron diffraction and this can limit the precision 

of structural data determined by electron diffraction.9 

Diffraction experiments are overwhelmingly carried out using X-ray 

sources. X-ray wavelengths used commonly are of the scale 0.5-1.5 Å, 

extending to 0.2-3.0 Å for specialised experiments (high pressure 

measurements at the shorter end and anomalous scattering measurements at 

the longer end). X-rays are most commonly generated in home labs by impact 

of an accelerated electron beam on a metal target.1 The wavelength of the 

radiation emitted is characteristic of the metal target. Common X-ray sources, 

and their corresponding wavelengths, used within home labs are; Mo Kα, 

0.7107 Å, Ag Kα, 0.5638 Å and Cu Kα, 1.5406 Å.1,10 The choice of source (where 

available) should be made to complement the experimental conditions.10 

Shorter wavelengths scatter more weakly but can provide better resolution of 

the crystal structure by allowing access to lower atom spacings or a larger 

volume of reciprocal space.11 

X-rays produced at synchrotron radiation sources are also common for 

less routine or extreme experimental conditions. Electrons, first generated in 

an electron gun are accelerated initially in a linear accelerator (LINAC) before 

being passed to a booster ring. In the booster ring the electrons are accelerated 

further to 99.9% of the speed of light.12 Here the electrons are also bunched, 

with nanosecond separation between the bunches before being passed into the 

storage ring. Here bending magnets in second generation synchrotrons and 

wigglers and undulators in third generation synchrotrons are used to produce 

radiation as the bunches of electrons are bent around the ring. The change in 

momentum (direction) of the bunch of electrons results in the emission of an 
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intense beam of X-rays tangentially to the electron bunch path. Third 

generation synchrotrons are able to produce more focussed beams by 

additionally utilising the straight sections of the storage ring. Here wigglers or 

undulators bend the bunch back and forth in an oscillation to create a high 

emission rate of radiation. Interference between each bend results in a very 

intense and directional beam.13 Radiation from bending magnets and insertion 

devices (wigglers and undulators) can be directed towards beamlines 

containing experimental hutches. The wavelength of the beam is broad and 

can be customised using optics such as mirrors and monochromators to select 

wavelengths of interest for the particular experiment. Synchrotron sources are 

capable of producing a significant flux of X-rays, up to 100 billion times 

brighter than standard lab X-ray tubes.14 Synchrotron radiation was used in 

Chapter 6 of this thesis at the Deutsches Elektronen-Synchrotron (DESY) P02.2 

extreme conditions beamline. 

The process of diffraction can be described by the Thomson elastic 

scattering model.11 The electrons within atoms oscillate in response to 

incoming X-rays, producing X-rays at the same wavelength, which are emitted 

in a spherical wave.11 The interference between these waves when generated 

in a periodic lattice gives rise to the characteristic diffraction patterns obtained 

from crystalline materials, Figure 2.2. These patterns were first described 

mathematically using classical diffraction theory by von Laue,15 but a simpler 

model based on reflections from sets of equally spaced planes constructed 

through the crystal structure was later proposed by Lawrence Bragg.16-18 This 

model led to Bragg’s law (Equation 2.1), where the wavelength, 𝜆, of the 

diffracted X-rays at angle, 𝜃, is related periodic spacing of planes, 𝑑, by  

𝜆 = 2𝑑(ℎ𝑘𝑙) sin 𝜃                                              (2.1) 
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Different sets of planes are identified using the Miller indices h, k and l in 

Equation 2.1. In single crystal diffraction each set of planes gives rise to a spot 

in a diffraction pattern which is observed when the angle, 𝜃, between the 

incident beam and the miller planes satisfies Equation 2.1. 

Rotation of the detector and the sample allows a complete set of spots 

to be collected, generating a three-dimensional diffraction pattern regularly 

distributed over a second lattice, referred to as the reciprocal lattice, Figure 2.2. 

Well-defined mathematical relationships enable the dimensions of the unit cell 

to be obtained from the dimensions of the reciprocal lattice.11 

 

Figure 2.2: The distribution of diffraction spots in reciprocal space for oxalate monohydrate. 

The dimensions of the reciprocal lattice enable the dimensions of the unit cell to be 

determined. Crystal Structure Analysis- Principles and Practice. Reproduced with permission 

of Oxford University Press through PLSclear. 

The variation of the intensities of the diffraction spots allows the crystal 

structure to be determined. The intensity of each Bragg spot is proportional to 

the square of the amplitude of the structure factor, 𝐹(ℎ𝑘𝑙), the sum of the 

scattered waves by all 𝑗 atoms in the unit cell with coordinates (𝑥𝑗 , 𝑦𝑗 , 𝑧𝑗) 

𝐹(ℎ𝑘𝑙) = ∑ 𝑓𝑗exp[2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗)]exp (
−8𝜋2𝑈𝑗 sin2 𝜃

𝜆2 )𝑁
𝑗=1           (2.2) 

where 𝑓𝑗 is the scattering factor, characteristic of each atom type and a function 

of the number of electrons bound to the atoms.11 Hence, heavier atoms will 

scatter X-rays much more strongly. Since electrons are scattered from diffuse 
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electron density, the value of f is resolution dependent, dropping-off rapidly 

at short d-spacings, Figure 2.3. 

 

Figure 2.3: The dependence of scattering factor, 𝑓, on the reciprocal of the d-spacing 

(𝑠𝑖𝑛(𝜃) 𝜆⁄ ). At large spacings the scattering factor is proportional to the number of electrons 

in the atom but this drops off rapidly at shorter spacings.11 Crystal Structure Analysis- 

Principles and Practice. Reproduced with permission of Oxford University Press through 

PLSclear. 

The second exponential term in Equation 2.2 accounts for an isotropic 

treatment of atoms to account for thermal motion. Referred to as a 

displacement parameter, this is often expanded to account for anisotropic 

atomic motion in higher quality structural refinements where up to six 

independent parameters may be refined. The structure factor is subsequently 

related to the scattering electron density, 𝜌(ℎ𝑘𝑙), via an inverse Fourier 

transform over all reflections 

𝜌(ℎ𝑘𝑙) =
1

𝑉
∑ 𝐹(ℎ𝑘𝑙)expℎ,𝑘,𝑙 [−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]                  (2.3) 

where 𝑉 is the volume of the unit cell.11 From this Fourier synthesis, an electron 

density map can be created, Figure 2.4, from which the positions of atoms can 

be identified. X-rays are diffracted from the whole crystal rather than a single 

unit cell. The finite time it takes to complete a diffraction experiment means 

we see a time-averaged picture of the electrons smeared out due to the thermal 

vibrations.11 
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Figure 2.4: A Fourier projection down the x-axis for strychnine hydrogen bromide. Produced 

by Arnold Beevers in the same office as this thesis was written. Reproduced with permission 

of the International Union of Crystallography.19 

Measured X-ray intensities provide only the structure factor amplitude 

and not their phases. Since phases cannot be measured experimentally, the 

calculation of electron density cannot be performed directly from 

experimental measurements. This is referred to as the phase problem.20 There 

are several methods available that attempt to assign phases to reflections to 

solve a crystal structure. Some common methods are Patterson, direct or 

charge flipping methods. 

The initial structure solution gives approximate values for the atomic 

coordinates, displacement parameters and other refinement parameters to 

produce a model. This model is then iteratively improved by adjusting the 

values of the parameters as to make the values of intensities calculated from 

the model match the measured intensities as closely as possible.1 The R-factor 

provides a measure of the success of this process by comparing experimental 

and calculated structure factors. 

𝑅 =
∑||𝐹𝑖(obs)|−|𝐹𝑖(calc)||

∑|𝐹𝑖(obs)|
                                            (2.4) 
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The third source used for structure determination is neutron radiation. 

Neutron diffraction is an established technique but the production of neutrons 

suitable for diffraction is limited to central facilities. Neutrons are generated 

by either fission or spallation type sources. Fission sources, such as that used 

at the Institut Laue-Langevin (ILL) in Grenoble, produce neutrons by thermal 

fission of nuclear isotopes, commonly 235U.3 This produces a continuous stream 

of neutrons which are slowed, or moderated, to thermal neutrons with 

energies (and de Broglie wavelengths) suitable for crystallographic diffraction 

experiments.21 Spallation type sources, such as that at the ISIS neutron and 

muon source in Harwell, bombard a metal target, typically tungsten or 

tantalum, with high energy protons generated using a synchrotron.3 This 

bombardment triggers emission of high energy neutrons which are then 

moderated to energies suitable for diffraction. As protons are produced from 

the synchrotron in pulses, spallation sources produce a pulsed neutron beam. 

This allows time of flight (TOF) set ups to be incorporated into spallation 

source facilities, discussed further in Section 2.3.3a.3,22  

Neutron diffraction differs from X-ray diffraction in that there is no 

systematic trend scattering factor. Neutron diffraction involves interactions of 

a neutral beam and scattering can occur through magnetic or nuclear 

interactions. Nuclear scattering is defined by the elastic neutron scattering 

cross section23 

𝑑𝜎

𝑑𝛺
= 𝑏2 =

𝜎𝑡

4𝜋
                                                  (2.5) 

where 𝑏 is the neutron scattering length and 𝜎𝑡 is the total scattering into a 

elementary scattering cone of solid angle 𝑑𝛺 per unit time. Scattering lengths 

can be positive or negative and are also unique to isotopes. This can make 

neutron diffraction attractive for studies where the exact positions of light 

atoms such as hydrogen are important.24 Additionally, careful control of 
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isotopic substitution can be used to hide certain parts of an extended structure 

by matching scattering lengths.25,26 The scattering length fulfils a similar role 

in modelling diffracted intensities to the scattering factor in X-ray diffraction. 

The nuclei themselves act as point scatters rather than diffuse electron clouds 

meaning neutron diffraction does not suffer the same attenuation in intensity 

at high resolution which characterises X-ray diffraction patterns.23 

Samples in Chapter 6 of this thesis were studied using neutron powder 

diffraction. Powder diffraction removes the need to grow large, high-quality 

single crystals and can also give access to more diverse sample conditions. The 

theory of powder diffraction (PXRD) is the same as single crystal diffraction, 

except that polycrystalline powders are fine-grained mixtures of very small 

crystallites all with different orientations.1 If sufficient orientations are present, 

i.e. the sample is large enough, all possible orientations of the reciprocal lattice 

can be present at once.1 Increasing numbers of crystallites leads to the 

formation of multiple diffraction patterns which overlap and coalesce into a 

series of rings. The radii of these rings can then be used to recover the lattice 

spacings. 

In single crystal X-ray diffraction (SCXRD) the Bragg equation is 

satisfied only at certain angles and rotation of the crystal and the detector is 

required to sample a sufficient amount of reciprocal space. In powder 

diffraction, the presence of many different orientations means that multiple 

Bragg conditions are satisfied all at once and the need for rotation is 

significantly reduced. The use of multiple detector banks can even remove the 

requirement for rotation entirely.  

The refinement of PXRD data presents several challenges. Each 

reflection and its symmetry-equivalents,1 will have the same scattering angle 

2θ and will contribute towards the same ring. More seriously, the intensity of 
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the ring also contains contributions from any other reflections which happen 

to have the same, or approximately the same, d-spacing, making 

deconvolution of measured intensities into contributions from individual 

reflections a complex or even impossible process. The diffraction experiment 

is therefore limited to the measurement of several 10s or at best 100s of peaks, 

most of which contain contributions from several reflections. Despite this, a 

remarkable amount of structural information can be recovered from powder 

diffraction, it has even been used by Wright and co-workers to recover phase 

information of proteins.27 Several different methods exist to recover structural 

information from the low number of peaks, including the Pawley and Rietveld 

refinement methods used in Chapter 6. 

Because the exact peak width function is not known, Pawley methods 

attempt to perform pattern decomposition of the overlapping peaks as 

opposed to deconvolution.1 The Pawley method generates peak positions by 

using an input space group and set of unit cell parameters which are refined 

to give the best fit to the experimental data. Pawley refinement is an iterative 

process which attempts to minimise R,28 

𝑅 = ∑ [𝑦(obs, 𝜃) − 𝑦(calc, 𝜃) − 𝐵𝑔(𝜃)]2
𝜃                           (2.6) 

where 𝑦(obs, 𝜃) at 𝑦(calc, 𝜃) are the observed and calculated intensities at the 

angle 𝜃 respectively. 𝑦(calc, 𝜃) has an additional dependence on the peak 

shape function used. 𝐵𝑔(𝜃) is the background and is modelled with a 

polynomial in 𝜃.28 The intensities of reflections, background parameters and 

peak shape parameters are all refined simultaneously along with unit cell 

parameters during the refinement process.28 The Pawley method can be used 

to recover the unit cell parameters for phase identification but is ‘structure-

free’ and is not suitable for modelling atom positions. 
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Rietveld refinement is the most common way to recover full structure 

refinement from PXRD data.1 Unlike Pawley methods, intensities are 

reproduced using structure factors of a full crystal structure model. An initial 

structure model can be obtained using simulated annealing methods if a 

structure is unknown.29 Atom positions, site occupancies, thermal parameters 

and functions to model the background and peak shapes are all refined in 

order to reproduce the whole diffraction pattern.28 Observed and calculated 

diffraction patterns are compared to produce an R-factor similar to above with 

the calculated intensity at point 𝜃𝑖 given by30 

𝑦cal(𝜃𝑖) = 𝑠 ∑ 𝑚𝑘(𝐿𝑝)𝑘|𝐹𝑘|2𝑃𝑘𝛹(𝜃𝑖 − 𝜃𝑘) + 𝑏(𝜃𝑖)𝑘                   (2.7) 

where 𝑠 is a scale factor, 𝑚𝑘 is the reflection multiplicity, 𝐿𝑝 is an angle 

dependent factor, 𝑃𝑘 a function to deal with preferred orientation, 𝛹 a line 

profile function and 𝑏 an isotropic atomic displacement factor. Although 

minimisation of terms such as the R-factor are useful in the iterative fitting 

process, the quality of the fit in powder diffraction is equally commonly 

assessed by visual inspection of a difference curve between observed and 

calculated patterns over the whole angular range.30 
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2.2 Determination of intermolecular interaction 

energies, ΔU 

As discussed in Chapter 1, internal energies were determined exclusively with 

SAPT and Pixel methods in this thesis. These two methods were briefly 

introduced in Chapter 1 but will be discussed in greater detail below. Where 

calculations were performed on experimental structures directly, 

intramolecular hydrogen bond lengths were adjusted to their neutron values 

to account for artificial shortening. More commonly calculations were run on 

structures following geometry optimisation and the X—H bond lengths were 

not further adjusted in these cases. 

 

2.2.1 SAPT Calculations 

The input for SAPT calculations is an isolated dimer. The total dimer 

Hamiltonian is solved by first calculating the ‘first order’ Hamiltonian, a 

Hartree-Fock description of the isolated monomers.31 This is then perturbed 

with intramonomer correlation terms, equivalent to Møller-Plesset 

perturbation theory on each monomer,32 and an additional intermonomer 

correlation term for electron-nuclear interactions. This can be described by32 

𝐻̂ = 𝐹̂𝐴 + 𝐹̂𝐵 + 𝑊̂𝐴 + 𝑊̂𝐵 + 𝑉̂𝐴𝐵                                   (2.8) 

where 𝐻̂ is the total dimer Hamiltonian, 𝐹̂𝐴 and 𝐹̂𝐵 are the monomer Fock 

operators, 𝑊̂𝐴 and 𝑊̂𝐵 are the intramolecular correlation terms and 𝑉̂𝐴𝐵 is the 

intermolecular correlation term. In practice this forms a double perturbation 

series indexed by m and n, the order of the inter and intramonomer 

perturbation series, respectively. The individual terms from the perturbation 

series have physical meaning and are usually quoted in terms of electrostatics, 

induction, dispersion and exchange energies.31 The induction term is 
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equivalent to polarisation energy and the exchange term is equivalent to 

repulsion energy. This alternate naming has been used throughout for 

consistency with other methods. 

SAPT calculations can be truncated to different levels with increasing 

orders m and n also increasing both accuracy and computational cost.31 For 

most dimers, this truncation converges rapidly meaning lower order 

truncations are often valid.31 The simplest SAPT level, SAPT0, is simply a 

Hartree-Fock treatment of the monomers, the 0 indicating the absence of 

intramolecular correlation terms, but with second order intermolecular 

correlation terms included. The higher levels of SAPT, SAPT2 and SAPT2+ 

additionally include increasing levels of intramonomer correlation to the 

calculation. While the highest levels of SAPT, SAPT2+(3) and SAPT2+3 add 

increasingly higher levels of intermonomer correlation terms. The relative 

SAPT terms can be described briefly as below31 

𝐸SAPT = ∑ ∑ 𝐸SAPT
(𝑚𝑛)

= 𝐸Elec + 𝐸Pol + 𝐸Disp + 𝐸Rep𝑛≥0𝑚>0               (2.9) 

𝐸SAPT0 = 𝐸Elec
(10)

+ 𝐸Rep
(10)

+ 𝐸Pol,resp
(20)

+ 𝐸Rep−Pol,resp
(20)

+ 

𝛿𝐸HF
(2)

+ 𝐸Disp
(20)

+ 𝐸Rep−Disp
(20)

                                   (2.10) 

𝐸SAPT2+= 𝐸Elec,resp
(12)

+ 𝐸Rep
(11)

+ 𝐸Rep
(12)

+ 𝐸 
𝑡

Pol
(22)

+ 𝐸 
𝑡

Rep−Pol
(22)

           (2.11) 

𝐸SAPT2++= 𝐸Disp
(21)

+ 𝐸Disp
(22)

                                     (2.12) 

𝐸SAPT2+(3)+= 𝐸Elec,resp
(13)

+ 𝐸Disp
(30)

                                (2.13) 

𝐸SAPT2+3 += 𝐸Rep−Disp
(30)

+ 𝐸Pol−Disp
(30)

+ 𝐸Rep−Pol−Disp
(30)

                  (2.14) 

The Hartree-Fock calculation requires basis sets with both polarisation 

and diffuse functionals to be defined.31 These are available in augmented (aug) 

Dunning basis sets which are also correlation-consistent.33 They are available 

in double, triple, quadruple, and quintuple-ζ forms and can be truncated to 

improve computational cost in what is known as the ‘calendar’ set, reducing 
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backwards in ‘month’ (aug, jul, jun…) for each diffuse shell removed from the 

calculation.31 An excellent review on the construction of Dunning basis sets 

used within SAPT calculations can be found in Ref. 31. Within Chapter 5, 

SAPT2+3 was used with a double ζ basis set and an ‘august’ augmentation 

level for diffuse functions on all atoms as the best compromise between 

computational cost and accuracy, see Appendix C, Section C.4. This basis set 

was used for fluorobenzene compounds containing carbon, fluorine and 

hydrogen only and is labelled as aug-cc-pVDZ.31 Functions are added in shells 

and for carbon and fluorine the double- ζ form consists of 3 s-functions, 2 p-

functions and 1 d-function.31 The augmentation adds a set of diffuse functions 

for every angular moment quantum number present and for carbon and 

fluorine this results in 4 s-functions, 3 p-functions and 2 d-functions, totalling 

23 basis functions.34 For hydrogen and helium the largest angular momenta in 

diffuse space are 1 smaller than for the elements Li-Kr.34 Hence the functions 

for hydrogen at this level were 2 s-functions and 1 p-function which were 

augmented to 3 s-functions and 2 p-functions, totalling 9 basis functions.31 

Bordner has found SAPT calculations can provide similar accuracy to 

experimental noble gas interaction potential measurements as coupled-cluster 

perturbative triple excitation (CCSD(T)) calculations.35 SAPT calculations were 

run through the program Psi4.36 

 

2.2.2 PIXEL Calculations 

Pixel calculations were used throughout this thesis for the calculations of 

intermolecular and lattice energies based on crystal structure data. Pixel 

calculates interaction energies between pixels (or voxels) of electron density. 

Electron densities are determined through wavefunction calculations, 

typically using the programme Gaussian at the B3LYP or MP2 level of theory 
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with a 6-31G** basis set.37 The electron density is then portioned into pixels, 

usually of dimensions of 0.06 or 0.08 Å in this work, where it is then averaged 

to form a pixel of homogeneous electron density in what is known as a ‘cube’ 

format electron density file.38 

Even for quite small molecules the number of pixels can become very 

large, typically of the order 106.39 In order to accelerate the calculations, the 

pixels are ‘condensed’ into super pixels. These super pixels contain 𝑛 × 𝑛 × 𝑛 

original pixels, with n termed the condensation level, typically 3 or 4.38 Super 

pixels are assigned to individual atoms on the basis of the smallest ratio of 

pixel-nuclear distance to atomic radius. If the pixel lies outside of any atomic 

radius, it is assigned to the atom with the closest atomic surface.39 This 

association of pixels to individual atoms allows the electron density to be 

assigned different parameters based on its chemical environment. 

A cluster of molecules is built up around the central reference molecule 

to a defined radius using the space group symmetry of the crystal structure. 

For materials of low polarity, the cluster radius is typically 14-20 Å, but for 

ionic or zwitterionic materials larger values are required, 40-50 Å.40 

Intermolecular energies between the central molecule and each of the 

additional molecules in this cluster are calculated through pair-wise 

evaluation of the pixel-pixel energies to produce electrostatic, polarisation, 

dispersion, repulsion, and total energies.  

Intermolecular electrostatic energies are calculated using Coulomb’s 

law by treating each pixel or nucleus as a point charge; pixel-pixel, pixel-

nuclear and nuclear-nuclear interactions are evaluated.39 If there are two 

molecules, A and B, where molecule A has nuclei of charge 𝑍𝑗 at positions 𝑗 =

(𝑥𝑗 , 𝑦𝑗, 𝑧𝑗) and pixels of charge 𝑞𝑘 at positions 𝑘 = (𝑥𝑘, 𝑦𝑘, 𝑧𝑘), and molecule B 

similarly has nuclei of charge 𝑍𝑚 at positions 𝑚 = (𝑥𝑚, 𝑦𝑚, 𝑧𝑚) and pixels of 
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charge 𝑞𝑖 at positions 𝑖 = (𝑥𝑖, 𝑦𝑖, 𝑧𝑖), the electrostatic potential at point 𝑖 of the 

charge density of molecule B, generated by molecule A is39 

𝜙𝑖 =
1

4𝜋𝜀0
[∑

𝑞𝑘

𝑅𝑖𝑘
𝑘 + ∑

𝑍𝑗

𝑅𝑖𝑗
𝑗 ]                                      (2.15) 

where charge pixels are separated by a distance 𝑅𝑖𝑘, nuclei of A and pixels of 

B are separated by a distance 𝑅𝑖𝑗 and 𝜀0 is the vacuum permittivity 

(8.854 × 1012 F m−1). A similar equation can be written for the electrostatic 

potential at nuclei 𝑚 of molecule B, generated by molecule A39 

𝜙𝑚 =
1

4𝜋𝜀0
[∑

𝑞𝑘

𝑅𝑘𝑚
𝑘 + ∑

𝑍𝑗

𝑅𝑗𝑚
𝑗 ]                                   (2.16) 

where charge pixels of A and nuclei of B are separated by a distance 𝑅𝑘𝑚 and 

nuclei of A and nuclei of B are separated by a distance 𝑅𝑗𝑚. The sum of these 

electric potentials multiplied by their respective associated charges gives the 

total electrostatic energy39 

𝐸Elec = ∑ 𝑞𝑖𝜙𝑖𝑖 + ∑ 𝑍𝑚𝜙𝑚𝑚                                    (2.17) 

In calculations of the electrostatic term the inverse dependence on 

separation means any overlapping densities at very short separation distances 

will lead to singularities. To avoid this, any pixel-pixel distances that are less 

than half the dimension of a super pixel are reset to exactly half the super pixel 

dimension in a ‘collision avoidance’ procedure.39  

Polarisation forces are calculated by considering atomic polarisability 

as opposed to molecular polarisability. The polarisability of a pixel 𝑖 is taken 

to be 

𝛼𝑖 = (
𝑞𝑖

𝑍𝑎𝑡𝑜𝑚
) 𝛼𝑎𝑡𝑜𝑚                                             (2.18) 

where 𝑞𝑖 is the charge of the pixel, and 𝑍𝑎𝑡𝑜𝑚 and 𝛼𝑎𝑡𝑜𝑚 are respectively the 

charge and polarisability of the atom with which it is associated. An electric 

field of strength 𝜀 induces a dipole moment 𝜇𝑖
39 

𝜇𝑖 = 𝛼𝑖𝜀                                                       (2.19) 
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If an increasing electric field is applied, the change in energy associated with 

the pixel is given by 

∆𝐸𝑖 = −𝜇𝑖𝑑𝜀                                               (2.20) 

where 𝑑𝜀 is the increase in the electric field. In the range from 0 to ε this 

becomes39 

∆𝐸𝑖 = − ∫ 𝜇𝑖𝑑𝜀
𝜀

0
                                            (2.21) 

Combining this with Equation 2.19 yields39 

∆𝐸𝑖 = − ∫ 𝛼𝑖𝜀𝑑𝜀
𝜀

0
= −

1

2
𝛼𝑖𝜀

2                                  (2.22) 

As for the electrostatic term, very short pixel-pixel separation distances 

can be problematic for the polarisation calculation. These would produce very 

high, unphysical, electric fields on the scale 1013 V m−1.39 To avoid this, the same 

collision avoidance procedure is applied and then a damping term, 𝑑𝑖, added 

to Equation 2.22 

∆𝐸𝑖 = −
1

2
𝛼𝑖[𝜀𝑑𝑖]2                                           (2.23) 

for 𝜀 < 𝜀𝑚𝑎𝑥 

𝑑𝑖 = exp (
−𝜀

𝜀𝑚𝑎𝑥−𝜀
)                                            (2.24) 

When 𝜀 > 𝜀𝑚𝑎𝑥 the contribution is zero. 𝜀𝑚𝑎𝑥 is an empirical parameter and is 

normally set to 150 × 1010 V m−1. The total polarisation energy of a molecule 

is then calculated as the sum of the polarisation energies of the associate 

pixels39 

𝐸Pol = ∑ ∆𝐸𝑖                                                 (2.25) 

Dispersion energies are calculated for molecules A and B as the sum of 

individual pixel-pixel dispersion terms. Each pixel is considered as a separate 

oscillating charge. In the London approximation, the oscillation frequency is 

associated with an ionisation potential. In a Pixel calculation the effective 

ionisation potential of a pixel 𝐼𝑖 is estimated from a function of the ionisation 
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potential of its corresponding atom, 𝐼0, and its distance to the atomic nucleus, 

𝑅𝑖
39 

𝐼𝑖 = 𝐼0𝑒𝑥𝑝(−𝛽𝑅𝑖)                                           (2.26) 

where 𝛽 is a dispersion energy coefficient, an empirical value almost always 

taken to be 0.4 Å−1. This contributes towards an oscillator strength for a pair of 

pixels, 𝐸OS
39 

𝐸OS = (𝐼𝑖𝐼𝑗)
1

2                                                (2.27) 

The individual dispersion terms are then approximated by the London 

dispersion equation as an extension of the Drude model39,41 

𝐸Disp 𝐴,𝐵 = −
3

4

∑ ∑ 𝐸𝑂𝑆𝑓(𝑅)𝛼𝑖𝛼𝑗𝑗,𝐵𝑖,𝐴

(4𝜋𝜀0)2(𝑅𝑖𝑗)
6                                (2.28) 

𝑓(𝑅) = exp [− (
𝐷

𝑅𝑖𝑗−1
)

2

]  for 𝑅𝑖 < 𝐷                            (2.29) 

𝑓(𝑅) = 1 for 𝑅𝑖 > 𝐷                                         (2.30) 

where 𝑓(𝑅) is a damping factor which again restricts the appearance of 

singularities at very short pixel-pixel separation distances. 𝐷 is the damping 

threshold and is also an empirical parameter, normally this is set to 3.50 Å.39 

Pauli, or short-range, repulsion is taken to be proportional to the 

overlap of the electron densities of two molecules. For molecules A and B, the 

overlap is given by39 

𝑆𝐴𝐵 = ∑ ∑ [𝜌𝑖(𝐴)𝜌𝑗(𝐵)]𝑗,𝐵 𝑉𝑖,𝐴                                  (2.31) 

where 𝑉 is the pixel volume and 𝜌𝑖 and 𝜌𝑗 are the respective charge densities 

of molecules A and B. By assigning pixels to specific atoms, the overlap is split 

into contributions from pairs of individual atoms. For atoms 𝑚 and 𝑛 this gives 

the contribution 𝑆𝑚𝑛. For an electronegativity difference ∆𝜒𝑚𝑛 between the 

atoms this gives the repulsion energy as39 

𝐸Rep,𝑚𝑛 = (𝐾1 − 𝐾2∆𝜒𝑚𝑛)𝑆𝑚𝑛                                (2.32) 
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where 𝐾1and 𝐾2 are empirical parameters, normally 4800 and 1200 

respectively.42,43 Pixel uses undeformable electron densities and the overall 

term in the brackets is used to approximate the deformation of electron 

densities as molecules approach one another. A study by Wood et al. on 

comparative energies calculated by Pixel and DFT (SIESTA) calculations over 

the range 0-8 GPa has shown high correlation over the entire range, indicating 

that the deformation of electron densities is (i) small and (ii) well 

approximated by the term in brackets.44  

Short-range repulsion effects are highly sensitive to molecule 

separation. The dimer energies that contain a non-zero repulsion energy are 

used to define the first coordination sphere of the reference molecule.38 

The total intermolecular energy for pixel process is the sum of the 

electrostatic, polarisation, dispersion and repulsion terms.39 In principle, 

lattice energies are calculated for molecular compounds as a summation of the 

total energy terms for all dimers present. This is with the exception of the 

contribution from polarisation which depends on the field induced by all 

molecules in the cluster surrounding the reference molecule, and is calculated 

in an additional step.39 

Pixel lattice energies typically recover ~90-95% of experimental 

sublimation enthalpies.39 Lattice energies also compare well to those calculated 

by intermolecular perturbation theory, as shown by Gavezzotti, and periodic 

DFT calculations, as shown by Wood et al.44,45  
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2.3 Determination of the Volume Contribution, 

PΔV 

The volume of a unit cell is calculated from the lattice parameters determined 

from a diffraction pattern, and its variation with pressure established using 

high-pressure crystallographic data. In the present work, the role played by 

volume in determining the phase stability of molecular structures was studied 

in Chapters 3, 4 and 6. The variation of volume with pressure is modelled 

using the equations of state discussed in Chapter 1. 

High pressure crystallography is a rapidly expanding sub-discipline of 

chemical crystallography and significant developments in equipment and 

data processing over the last 25-30 years have allowed high-pressure 

crystallographic studies to become a practically routine process.46 The 

instrumentation used in this thesis to obtain high pressures is described below. 

 

2.3.1 High Pressure X-ray Crystallography 

High pressure crystallographic studies can use either X-ray of neutron sources. 

In this work, samples were investigated with neutron powder diffraction and 

single-crystal X-ray diffraction. 

Diamond anvil cells (DACs) are the most versatile and readily available 

apparatus for the application of pressure.47 DACs are capable of reaching 

megabar pressures48 and are applicable to a wide range of experimental 

techniques including infrared, Raman, magnetisation measurements, 

Mӧssbauer and even pair distribution function measurements as well as 

structure determination by X-ray diffraction.49 

DACs were first introduced by Bridgman, and generate pressure using 

a pair of diamond anvils opposed across a gasket hole forming the sample 
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chamber.47 Measurements are made through the diamonds, utilising the 

highly crystalline nature and high strength of diamond, along with its 

transparency to a wide range of the electromagnetic spectrum.50 The gasket is 

typically steel, tungsten or rhenium with a hole which has a diameter smaller 

than that of the culets of the diamond anvils.46,51 

The sample is attached to the culet of one diamond in the cell. This is 

loaded alongside a pressure marker and pressure transmitting medium. 

Common pressure markers are quartz52, with pressure measured through 

changes to its unit cell,47 or ruby, which enables pressure to be measured via 

the fluorescence method.53 The pressure transmitting medium ensures that 

pressure is applied hydrostatically to the sample and the gasket. Its choice 

depends on the pressure range of interest and it should not react with or 

dissolve the sample being studied.47 Commonly used media are a 4:1 mixture 

of MeOH and EtOH, a 1:1 mixture of pentane and isopentane, and gases such 

as N2, He, Ne or Ar. Pressure is applied by applying a force to the upper faces 

of the diamond anvils, using a clamp arrangement with screws, lever arms or 

inflatable membranes.51 

The DAC restricts the pathways that incident and diffracted X-rays can 

take through the sample during diffraction experiments. In the case of single-

crystal diffraction measurements, this limits the volume of reciprocal space 

that can be sampled during data collection (‘shading’). Collection strategies 

have to be optimised to maximise the available data.54 Use of high-energy X-

ray radiation (λ < 0.5 Å) can also improve access to a larger fraction of the 

diffraction pattern. Multiple crystals can also be loaded into one DAC and 

their data sets combined. However, completeness is almost always 

compromised in the low-symmetry crystal systems typically adopted by 

molecular materials. 
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DACs also produce diffraction data contaminated by additional Bragg 

reflections due to the diamonds and sometimes the pressure marker or 

pressure transmitting medium, which must be taken into account.55 DACs also 

suffer relatively coarse pressure control that can make it difficult to target the 

pressure range of interest, though this can be alleviated using membrane-

control.56 

 

2.3.1a The Merrill-Bassett Cell 

The Merrill-Bassett DAC, Figure 2.5, is relatively small and lightweight, 

allowing single crystal diffraction experiments to be performed using a 

standard goniometer with minimal modifications.46,57 These cells were used in 

Chapters 4 and 6 of this thesis. For use of the most common Merrill-Bassett 

cells the modification of a standard goniometer head, a longer beamstop arm, 

a shorter collimator and refocussing of the diffractometer video camera are all 

that is required. The standard Merrill-Bassett cell applies pressure by the 

operation of three screws and has an opening angle of 76˚. 

In this work, the diamonds used in Merrill-Bassett DACs were Boehler-

Almax-cut58 0.6 mm culet, 1.95 mm high diamonds glued in place to tungsten 

carbide conical backing disks. The conical disk setup allows wider angular 

access to the sample chamber.59 The two cell plates were steel, each 

approximately 7 mm thick and 37 mm across. Gaskets were made from 

tungsten sheets of thickness 0.3 mm indented by 0.2 mm. The total mass of the 

cell is typically around 120 g. Cells were centred iteratively using diffraction 

until the crystal offsets refined to within 10 μm of zero. 
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Figure 2.5: The Merrill-Bassett cell. Reproduced with permission of the International Union of 

Crystallography.59 

 

2.3.1b The Short Symmetric Cell 

The second DAC type used in this thesis were short symmetric cells (Figure 

2.6). These cells were designed at DESY for use on beamline P02.2, but no 

publication describing them is yet available. Unlike the Merrill-Bassett cell, the 

short symmetric cell is based on a piston like design, similar to that of the 

commonly used BX90 cell.60 This results in an improved control of pressure 

through four screws. These cells feature a slightly wider opening angle of 80˚, 

so fractionally more reciprocal space can be sampled in measurements. The 

short symmetric cell was chosen for its compatibility with gas loading 

equipment for loading of neon gas as the pressure transmitting medium for 

studies in Chapter 6. 
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Figure 2.6: Images of the short symmetric DAC used for measurements at DESY in Chapter 6. 

 

2.3.2 High Pressure Neutron Powder Diffraction 

High pressure neutron powder diffraction was used to complement X-ray 

studies in Chapter 6. Neutron powder experiments were completed at ISIS 

neutron and muon source on the PEARL instrument. 

 

2.3.2a PEARL 

PEARL is a time-of-flight (TOF) neutron powder diffractometer optimised for 

use with a Paris-Edinburgh (PE) press (below) for the application of pressure.61 

Rather than vary the angle of diffraction while the wavelength is held fixed, 

TOF diffractometers fix the angle of the source, sample, and detector while 

irradiating with a pulsed beam of a continuous spectrum of wavelengths. The 

time between the pulse and the arrival of a neutron at the detector can be used 

to calculate its wavelength, λ, and this can then be used to calculate the d-

spacings in the crystal at the fixed angle using3 

𝜆 =
ℎ𝑡

𝑚𝐿
= 2𝑑 sin 𝜃                                           (2.33) 

where h is Planck’s constant, t is the time between the initial pulse and arrival 

of the neutron at the detector, m is the mass of a neutron (1.674927 × 10−27 

kg), L is the source-detector distance, 𝑑 is the d-spacing and 𝜃 is the source to 
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detector angle.3 Detectors are situated at both transverse and longitudinal 

geometries and produce a usable d-spacing range of 0.4-4.1, 8.0-12.5 Å 

respectively.61 PEARL has a total of 14 detectors, 1-9 are transverse detectors 

situated around 𝜃 = 90˚, 10-12 are longitudinal back-scattering detectors at 

107˚, 127˚ and 147˚ respectively and 13 and 14 are longitudinal forward 

scattering detectors at 26˚ and 46˚ respectively.62 

The PE press contains anvils that operate in a similar way to those in a 

DAC. There are several choices of anvil type available for the PEARL 

instrument, zirconia-toughened alumina (ZTA), tungsten carbide (WC) or 

sintered diamond,61 which were used for the experiment described in Chapter 

6. The choice of anvil is largely dictated by the pressure range of interest. The 

gasket consists of a null-scattering Ti-Zr capsule which contains the sample, 

pressure marker and pressure transmitting medium.61 The PEARL 

diffractometer has an operating range of 0.5-28 GPa in pressure and 80-1400 K 

in temperature.61 Pressure is achieved through hydraulic loads to the main 

press piston.61 

 

Figure 2.7: A schematic of the Paris-Edinburgh press used on the PEARL instrument at ISIS. 

Reproduced with permission of the International Union of Crystallography.63 
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2.4 Determination of the Entropy Contribution, 

TΔS 

Vibrational contributions to entropy were calculated in this work using the 

DFPT methods introduced in Chapter 1. A more in-depth description of the 

phonon calculations completed this work are described below. 

 

2.4.1 Phonon Calculations 

The entropy of crystalline solids was calculated by periodic DFT in the 

CASTEP code using linear response (DFPT) calculations.64 Phonon 

calculations can be described in terms of an expansion of a Taylor series. 

Consider N atoms in a unit cell of indices l, each with three degrees of freedom, 

collectively described by α, to describe displacement along x, y and z axes. The 

effect on energy E of small perturbations, u, of atoms in the direction α can be 

described by65 

𝐸 = 𝐸0 + ∑
𝜕𝐸

𝜕𝑢𝑙,𝛼
∙ 𝑢𝑙,𝛼 +

1

2𝑙,𝛼 ∑
𝜕2𝐸

𝜕𝑢𝑙,𝛼𝜕𝑢𝑙′,𝛼′
∙ 𝑢𝑙,𝛼 ∙ 𝑢𝑙′,𝛼′+. . .𝑙,𝛼,𝑙′,𝛼′      (2.34) 

where 𝐸0 is the lattice energy of the equilibrium structure. The first derivative 

term describes the atomic forces of the atoms. By converging geometries to 

very tight levels prior to calculations this term becomes very close to zero and 

can be neglected.65 In the harmonic approximation, all terms above the second 

order term are also neglected66 and the resulting equation provides an 

approximation very similar to Hooke’s law from classical physics, where the 

force constant k equates to the second derivative in Equation 2.3467 

𝑈 = 1
2⁄ 𝑘𝑥2                                                (2.35) 

The double derivatives in Equation 2.34 can be calculated either directly 

using the finite displacement method or using the linear response method. 
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They form the elements of a Hessian or dynamical matrix, and frequencies are 

obtained from the eigenvalues and eigenvectors of this matrix.65 The inclusion 

of anharmonicity into calculations requires the consideration of higher order 

terms of this expansion. These calculations however are very computationally 

expensive and were not applied in this work. 

In crystalline materials phonon calculations are carried out at different 

points, referred to as q-points, in the Brillouin zone (the primitive cell in 

reciprocal space) corresponding to the manner in which the phases of 

vibrations in different unit cells are related to each other. The number and 

distribution of these points determines the quality of the calculation. For 

unbiased sampling, wave vectors are usually dictated using a Monkhorst-Pack 

grid.65 This spaces q-points evenly throughout the Brillouin zone with a 

weighting contribution which totals to 1. 

To improve computational time, calculations of reduced quality can be 

carried out at the Γ-point only, a single q-point at the centre of the BZ where 

the vibrations in all unit cells are in phase with each other.65 These calculations 

represent an under sampling of the BZ and result in a reduced number of 

vibrational states and therefore an underestimated entropy. 

A more complete sampling of the Brillouin zone can be extracted from 

a limited number of points by use of Fourier interpolation.68 Although not 

applicable to Γ-point calculations, this method was used in Chapter 5 to 

recover comparable performance of lower-level calculations to those of much 

higher densities. 

Density of states (DoS) and partial density of states (PDoS) plots 

described in Section 1.3.3 were used for the analysis of frequency distributions. 

Plots replace a list of frequencies by a distribution based on standard 

histogram methods.65 The density of states, 𝑔(𝜔), defines 𝑔(𝜔)𝑑𝜔 as the 
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number of vibrations with angular frequencies between 𝜔 and 𝜔 + 𝑑𝜔.3 This 

distribution is valuable in identifying occupation of low energy bands 

responsible for contributing towards high entropies. 
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Space in Molecular Crystal Structures at 
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Overview 

This Chapter describes a Monte Carlo algorithm for calculation of occupied 

(‘network’) and unoccupied (‘void’) space in crystal structures. The variation 

of the volumes of the voids and the network of intermolecular contacts with 

pressure sensitively reveals discontinuities associated with first and second 

order phase transitions, providing insight into the effect of compression (and, 

in principle, other external stimuli) at a level between those observed in 

individual contact distances and the overall unit cell dimensions. Within this 

Chapter this method has been applied to pre-existent high-pressure data to 

demonstrate its utility. The method is shown to be especially useful for the 

correlation of high-pressure crystallographic and spectroscopic data, 

illustrated for naphthalene, where a phase transition previously detected by 

vibrational spectroscopy, and debated in the literature for over 80 years, has 

been revealed unambiguously in crystallographic data for the first time. 

Premonitory behavior before a phase transition and crystal collapse at the end 

of a compression series has also been detected. The network and void volumes 

for 129 high-pressure studies taken from the Cambridge Structural Database 

(CSD) were fitted to equations of state to show that networks typically have 

bulk moduli of between 40 and 150 GPa, while those of voids fall into a much 

smaller range, 2-5 GPa. These figures are shown to reproduce the narrow 

range of overall bulk moduli of molecular solids (ca. 5-20 GPa). The program, 

called CellVol, has been written in Python using the CSD Python API, and can 

be run through the command line or through the Cambridge Crystallographic 

Data Centre’s Mercury interface. 
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3.1 Introduction  

Use of high pressure to investigate polymorphism and the mechanical 

properties of different classes of intermolecular interaction is increasingly 

popular; Figure 3.1 shows the number of depositions on the Cambridge 

Structural Database (CSD) of structures determined at above 0.1 GPa.1 As 

discussed in Chapter 1, an observed crystal structure represents a minimum 

in free energy. Under ambient conditions this corresponds to optimisation of 

the balance between internal energy (determined by formation of favourable 

intramolecular geometry and intermolecular contacts such as H-bonds) and 

entropy, but at high pressure the need to minimise volume becomes 

increasingly important. For a system of constant composition, the volume 

always decreases with increasing pressure and first order phase transitions 

occurring at high pressure are always accompanied with a decrease in volume. 

Volume minimisation is the dominant driving force in almost all high-

pressure phase transitions, although the relief of unfavourably compressed 

contacts can also play a role.2 For example, over the course of the phase 

transition between L-serine-I to L-serine-II that occurs above 4.8 GPa, a 

decrease in volume overcomes a destabilising lattice energy change.3,4 

Analysis of volume changes are therefore critical in the interpretation of phase 

transitions at high pressure. 
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Figure 3.1: The number of annual depositions of high-pressure crystal structures in the 

Cambridge Structural Database (version 5.42 with updates up to and including February 

2021).  

The volume of a crystal structure is made up of contributions from the 

atoms, ions or molecules, their network of interactions and the interstitial 

voids. In close-packed hard-sphere structures the fraction of the volume 

occupied by atoms is 0.72 (the packing coefficient), with unoccupied 

interstitial voids comprising the remainder.5 Kitaigorodsky recognised that 

the underlying topology of molecular crystal structures is also often found to 

correspond to close packing or body centred cubic arrangements,6 a conclusion 

which has been extensively explored by Peresypkina and Blatov using formal 

topological analysis based on Voronoi-Dirichlet partitioning.7 Accordingly the 

packing coefficients of molecular structures are broadly similar to those of 

hard sphere structures and usually fall into the range 0.6-0.8 at ambient 

pressure.5 

Some crystal structures, such as those of metal organic frameworks, 

contain large void spaces capable of accommodating guest species, including 

gases, common solvents and even relatively large molecules such Keggin 
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anions in porous chromium terephthalate MIL-101 (OCUNAC, unit cell 

volume = 701 860 Å3) with pore volumes up to ~20 600 Å3.8 At least 20% of the 

total unit cell volume is unoccupied at ambient pressure even in non-porous 

molecular crystals. For these compounds space is distributed over small 

interstitial sites around and between the molecules and is not accessible to 

guest species. 

There are a number of algorithms available to evaluate occupied and 

void space in both classes of molecular crystal structures. Some of these use a 

spherical probe which is rolled over the van der Waals surface of a molecule, 

mapping where the surfaces of the probe and molecule meet. An alternative 

‘accessible surface’ can be defined by mapping the position of the centre of the 

probe.9,10 A topological approach has been described by Blatov11 where voids 

are constructed by first partitioning the crystal structure into Voronoi-

Dirichlet polyhedra (VDPs) using the atomic positions, and then reapplying 

the same partitioning algorithm to both the atoms and the vertices of the 

original VDPs. The new VDPs centred on the original vertices then define the 

voids. Gavezzotti introduced a method where the unit cell volume is divided 

into pixels of typical volume of 0.001 Å3; the void volume is the fraction of 

pixels not within the van der Waals radius of an atom multiplied by the total 

unit cell volume.5 Spackman and co-workers have partitioned structures into 

occupied and void regions using a value (typically 0.002 au) of the 

promolecule electron density to define molecular surfaces.12 The methods of 

Blatov, Gavezzotti and Spackman sample the volume within the nooks and 

crannies on a molecular surface that might be missed by the rolling probe 

method. The methods described have been implemented in numerous 

crystallographic and molecular graphics programs including Mercury, 
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PLATON, OLEX-2, X-seed, CrystalExplorer, ATOMS, Oscail and TOPOS.9,10,12-

17 

Molecular structures often respond to high pressure initially by compression 

of void space, as shown by high-pressure analysis of the voids in α-D-mannose 

using the rolling probe method.18 The inference is that the void space is softer 

than the network of inter- and intramolecular contacts and one of the aims of 

this chapter is to quantify this difference. A simple algorithm for partitioning 

the volume of a unit cell (V) into contributions from the occupied network of 

inter- and intramolecular interactions, Vnet, and unoccupied void volume, Vvoid, 

will be described that has the advantage that it is easily combined with tools 

available in the CSD Python API.1 The variations in Vnet and Vvoid with pressure 

show how the intermolecular interactions and the void space combine to 

determine the overall compressibility of a material. Discontinuities in this 

behaviour can be used to detect subtle structural phase transitions and even 

premonitory behaviour. 
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3.2 Computational Procedures 

3.2.1 Network and Void Volume Calculations 

The aim of the computational procedure described below was to partition the 

volume of a unit cell (V) into regions occupied by atoms and their network of 

intermolecular contacts (Vnet), and regions that consist of unoccupied void 

space (Vvoid). The values of the network and void volumes were evaluated in a 

Monte Carlo procedure, which can be illustrated by calculation of the volume 

of a sphere of radius r. A cube of known volume, Vcube, which encloses the 

sphere, is populated at random with a large number of n points. A point will 

lie within the sphere if its distance from the centre of the sphere is less than r. 

Hence, if there are ns points within the sphere, the quantity (ns/n)Vcube 

converges to the volume of the sphere as n increases. 

The same procedure was used to evaluate the void and network 

volumes in a crystal structure. Points at fractional coordinates [x, y, z] were 

generated from a uniform probability distribution between 0 and 1. The 

number of points generated, n, was of order 106. The distance from each point 

to atoms within and just beyond (see below) the edges of the unit cell was 

calculated. Points which were beyond the van der Waals radii of the atoms 

were defined as belonging to the voids, while those within the radius of any 

atom belong to the network of molecules and contacts. The van der Waals radii 

used were those given by Alvarez as described in Chapter 1.19 If the number 

of points in the network volume is nnet then 

𝑉𝑛𝑒𝑡 = (
𝑛𝑛𝑒𝑡

𝑛
) 𝑉                                                (3.1) 

𝑉𝑣𝑜𝑖𝑑 = 𝑉 − 𝑉𝑛𝑒𝑡                                              (3.2) 

The input to the procedure for the calculation is a Crystallographic 

Information File (CIF). The first step of the calculation is to normalise X—H 
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distances to neutron values if the structure had been determined using X-rays. 

A list of atoms is generated consisting of the contents of the reference unit cell 

and any atoms within the van der Waals radius of the largest atom (Rmax) of 

the unit cell edges. Inclusion of these atoms is necessary because a point inside 

the unit cell may sit within the van der Waals radius of an atom just outside. 

An atom was included if |x| < Rmax/a, |y| < Rmax/b and |z| < Rmax/c, where a, b 

and c are unit cell dimensions. The calculation then proceeds as described 

above. 

The precision of the volume estimations obtained from the Monte Carlo 

procedure vary as √𝑛,20 and because the calculation is based on random 

numbers the values of the void and network volumes differ between 

individual runs. The standard deviation, σ(Vnet), of the network volume can be 

estimated by performing multiple runs. If after three such runs the value of 

σ(Vnet)/Vnet is less than a target value, the calculation finishes, otherwise the 

calculation will continue to a user-defined maximum. The precision is defined 

by the ‘population’ standard deviation of the network volumes, rather than 

the standard deviation of the mean network volume. It does not decrease with 

the number of repeated runs but does become better defined. If the required 

precision has not been achieved a warning is printed and the calculation 

should be repeated with a larger value of n. The target value of σ(Vnet)/Vnet used 

for this work was 0.1%, and was achieved with a million points in three runs 

for almost all structures (see Figure A.1 in Appendix A). 

The total precision of the volume estimates has two sources. One is that 

described above, arising from the reproducibility of the Monte Carlo 

calculations. The other arises from the precision of the structural parameters 

themselves. These can be propagated into the final volume estimates in a 

second Monte Carlo procedure in which multiple structural models are 
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generated by perturbing each atomic coordinate with independent Gaussian 

random deviates taken from a distribution with a mean of zero and a standard 

deviation equal to the coordinate standard uncertainty.21 The network and 

void volume can be calculated for each perturbed structure generating a 

distribution. The mean and standard deviation of this distribution, which 

reflects the scatter obtained from both Monte Carlo procedures, are then taken 

as the network volume and its standard deviation. 

In this work the standard deviations of the volumes quoted for the 

structures in Section 3.3.3 were generated using 100 perturbed sets of 

coordinates at each pressure point. The structures analysed in Sections 3.3.1 

and 3.3.2 are the results of DFT optimisations, for which no coordinate 

standard uncertainties are available, and in these cases the precision is based 

solely on the spread of the volume estimates from a single set of coordinates. 

When the number of points used in the Monte Carlo volume calculations is 

chosen to give σ(Vnet)/Vnet = 0.1%, the spread of values obtained with coordinate 

error propagation is not very different from that obtained from a single 

structure, suggesting that the spread is dominated by the reproducibility 

within the individual Monte Carlo volume calculations. If the number of 

points is chosen to reduce σ(Vnet)/Vnet significantly below 0.1%, or if low 

precision structures are analysed, then the propagated error would be 

expected to become more significant. 

Our approach for volume calculations is similar to the algorithm 

outlined by Gavezzotti for calculation of molecular volumes. In Gavezzotti’s 

approach the unit cell volume would have been divided into pixels with a 

volume in the region of 0.001 Å3 and each one classified according to whether 

it was or was not within the van der Waals radius of an atom. This calculation 

is more efficient than our Monte Carlo method for small unit cells, but becomes 
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slower for large unit cells. For example, a unit cell with a volume of 5000 Å3 

would require calculations for 5 million pixels, as opposed to multiple Monte 

Carlo runs of 1 million pixels, which are often found to complete in three runs. 

The Monte Carlo method also enables iteration enabling a target precision to 

be defined. The use of dimensionless points instead of pixels (or a rolling 

probe) may also sample small features on molecular surfaces. 

The algorithm has been implemented in a program called CellVol, written in 

Python using the NumPy library and functions available in the CSD Python 

API. Investigations were made into speeding up the calculation by basing 

them on the asymmetric unit rather than the unit cell. The CSD Python API 

does not currently include a function for identifying the coordinate limits of 

the asymmetric unit of a space group, but testing the algorithm using the 

CrysFML Fortran library,22 which does have this feature, did not lead to a 

sufficient increase in speed or precision to make consideration of space group 

symmetry worthwhile. The majority of structures studied at high pressure 

have unit cell volumes of less than 1000 Å3, and the calculation time shows no 

appreciable dependence of volume of the unit cell in this range. At higher 

volumes there is a roughly linear dependence. Calculations were shown to 

complete within 5 minutes for 97% of structures in the CSD using a modest 

desktop personal computer with an Intel® Core™ i7-9700 CPU with a base 

speed of 3.00 GHz (see Appendix A, Figure A.2). 

The program can be invoked from within Mercury or the command line for 

both CSD entries and user-supplied CIFs and may be used for single or 

multiple structures. The values of n, the maximum number of runs and the 

required precision can be set by the user via a GUI or as command line 

arguments. The code is available and maintained in open-source format from 

https://github.com/CwilsonEd/CellVol. 
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3.2.2 Calculation of Network and Void Bulk 

Moduli for Compression Studies in the CSD 

Network and void bulk moduli were calculated using the EoSFit program by 

equation of state (EoS) fitting of the variation of void or network volumes with 

pressure23 for compounds in the CSD for which variable pressure data are 

available, the list being taken from the study by Giordano et al. 2019.24 The 

form of Birch-Murnaghan and Vinet EoS used in this fitting are described in 

Chapter 1. Ambient pressure reference structures were added to the high-

pressure refcode sets where necessary. Structures which contained no 

coordinates, had unhandled errors, or contained disorder were removed. 

Refcode sets with less than five members were also removed. The final dataset 

contained 1472 separate refcodes in 129 refcode families. Systematic 

differences were often seen when several separate studies were combined, and 

where possible data were taken from contiguous sets of measurements from a 

single investigation. Network and void volumes were scaled to Z (the number 

of formula units per unit cell) to allow a comparison across phase transitions 

where Z changes. The results of these calculations are given in Table 1 in the 

electronic supplementary material. 

 

3.2.3 Periodic DFT Calculations 

High-pressure crystal structures of naphthalene were optimised using 

periodic Density Functional Theory (DFT) using the CASTEP program25 in 

order to remove geometric variation related to instabilities in Rietveld 

refinements. The published structures were used for starting coordinates with 

the unit cell parameters and space group held fixed to those that were 

determined experimentally. A basis set cut-off of 950 eV was used with a 



Chapter 3 

94 

 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional with ‘on the 

fly generated’ (OTFG) pseudopotentials embedded in the program. The k-

point spacing was 0.08 Å−1. These parameters converged the total energy to 

less than 0.1 meV per atom. For the geometry optimisation, a tolerance of 5 

×10-6 eV atom-1 was used for energy convergence with a maximum force 

tolerance of 0.01 eV Å-1 and a maximum displacement tolerance of 5 × 10-4 Å. 

 

3.2.4 Pixel Calculations 

Intermolecular interaction energies in naphthalene were calculated with the 

Pixel method5,26,27 using the MrPixel interface.28 Gaussian-0929 was used to 

calculate the electron density at the MP2 level of theory with the 6-31G** basis 

set. The molecular electron density was calculated on a grid of 0.08 × 0.08 × 

0.08 Å3 and a condensation level equal to 4 was used for the Pixel calculations 

out to a cluster radius of 14 Å. The total energy of each of the contacts was 

taken as the sum of the electrostatic, polarisation, dispersion, and repulsion 

interactions. 
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3.3 Results 

3.3.1 Detection of First Order Transitions in L-

histidine 

The amino acid L-histidine (Scheme 1) has two stable ambient pressure 

polymorphs, an orthorhombic (P212121) and a monoclinic (P21) form, both of 

which were recently studied to between 6 and 7 GPa.30 High-pressure phase 

transitions were identified for both, at 4.5 GPa for the orthorhombic form and 

at 3.1 GPa for the monoclinic form. The space group symmetry was preserved 

in both transitions, which were driven by a reduction in volume. Despite being 

shown to have remarkably similar ambient pressure interaction energies, 

crystal packing and molecular conformations, the two polymorphs were 

shown to be different in their response to compression. Prior to the phase 

transition in the monoclinic form chains formed by N—H⋯O interactions 

shear relative to one another, but the same compression mechanism cannot 

occur in the orthorhombic form without a change in space group symmetry.  

 

Scheme 1: The molecular structure of L-histidine. 

Volume and packing energy analyses in the original study were based 

on experimentally determined coordinates which had been optimised by 

periodic DFT. The same coordinates were used in the present work, with the 

results shown in Figures 3.2i-iv. For the orthorhombic form, the network 

shows a small increase of 0.05 Å3 per molecule at the phase transition at 4.5 
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GPa (Figure 3.2i) which is compensated by the reduction of the void volume 

of 3.84 Å3 per molecule (Figure 3.2ii). This increase in the network volume 

signals a rearrangement at the transition which enables the molecules to make 

more efficient use of the void space. Fitting of the network volume using 

second and third order Birch-Murnaghan EoSs before and after the phase 

transition reveals a reduction in bulk modulus following the transition from 

121(5) to 83(5) GPa. The 22.2% change in void volume at the transition 

compares to a unit cell reduction of only 2.6%, showing that discontinuities 

can be considerably larger in the component (i.e. network or void) volumes 

than in the total volume. 

For the monoclinic form the change is more substantial. At the phase 

transition (3.1 GPa) the network volume undergoes a discontinuous drop 

(Figure 3.2iii). This reduction in the network accounts for 0.78 Å3 per molecule, 

accompanied by a 3.14 Å3 per molecule reduction in the void space. The 

reduction of volume in the void (Figure 3.2iv) appears to be the driving force 

for this transition with a reduction of 15.4% of the void on transition compared 

to the 2.6% reduction in the total unit cell volume. A Vinet EoS fit for the void 

volume before and after the transition reveals an increase in void bulk 

modulus from 2.9(2) to 9(3) GPa. The change in the network bulk modulus is 

harder to discern because the trend shown in Figure 3.2iii after the transition 

does not follow the typical functional form of a Birch-Murnaghan or Vinet EoS, 

but we estimate that it increases marginally from 101(9) to 139 GPa by using a 

3rd order Birch-Murnaghan EoS before the transition and Equation 3.3 

afterwards.30 

𝐾 =  −𝑉̃ ×
∆𝑃

∆𝑉
                                                (3.3) 
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Figure 3.2: Void analysis for L-histidine i. Form I network volume against pressure, a 3rd order 

Birch-Murnaghan EoS is fitted before the transition and a 2nd order Birch-Murnaghan EoS is 

fitted afterwards. ii. Form I void volume against pressure, 3rd order Vinet EoSs are fitted before 

and after the transition. iii. Form II network volume against pressure, a 3rd order Birch-

Murnaghan EoS is fitted before the transition. iv. Form II void volume against pressure , 3rd 

order Vinet EoSs are fitted before and after the transition. Black vertical lines mark phase 

transitions. 

Despite the similarity of the geometries and energies of the 

intermolecular interactions in the two polymorphs, the way in which the 

networks and voids interact to minimise volume is different. These results 
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correct the analysis presented by Novelli et al. 2020,30 where both transitions 

were described as occurring with an increase in network volume and 

premonitory behaviour detected in the monoclinic form. The trends reported 

previously were the result of a programming error. 

 

3.3.2 Detection of Subtle High-Pressure Second 

Order Transitions 

Compression studies of molecular materials using Raman and other forms of 

spectroscopy can reveal structural rearrangements which are difficult to detect 

in crystallographic data. The existence of a phase transition between 2 and 4 

GPa in naphthalene has been the subject of debate in the literature for over 

eighty years owing to the importance of polycyclic aromatic hydrocarbons in 

oil, tar and coal deposits in the Earth’s crust and the relevance of their 

mechanical behaviour in modelling the geophysics of planets and their moons 

in the Solar System.31 An ‘unmistakable’ but ‘sluggish’ transition was first 

identified by Bridgman in 1938 using volumetric measurements to 3.0 GPa.32 

A study by Block et al. 1970 detected this transition in the range 2-3.5 GPa 

through optical observation of a sample in a diamond anvil cell (DAC).33 

However, this was followed by a volumetric study by Vaidya and Kennedy in 

1971 and a Raman study by Nicol et al. in 1975 which both found no evidence 

of a structural phase transition up to 4 and 3.6 GPa, respectively.34,35 An 

infrared study by Hamann et al. 1978 provided support for the hypothesis of a 

sluggish transition by demonstrating a discontinuous shift in all bands in the 

range 2-4 GPa.36 A Raman study over the same pressure range by Meletov et 

al. 2013, proposed that discontinuous changes in relative phonon frequencies 

signalled a phase transition near 3.5 GPa.37 Most recently, a study by O’Bannon 
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and Williams using both Raman and infrared spectroscopy confirmed a subtle 

transition at 2-3 GPa,31 the greater sensitivity of the infrared data when 

compared to the Raman data in this paper being suggested as an explanation 

for the lack of transition observed in Nicol’s study. The same study identifies 

a further phase transition above 15 GPa which involves dimerisation or 

polymerisation of the molecules. 

The CSD contains two crystallographic studies on naphthalene.38,39 The 

first of these studies (NAPHTA19-22) was a single-crystal X-ray study by 

Fabbiani et al. 2006 which features four high-pressure points to 2.1 GPa;38 no 

transitions were observed, as would be expected from the spectroscopic data. 

The second was a synchrotron powder study (NAPHTA39-48) by Likhacheva 

et al. in 2014 which detected anisotropic compression but no transitions up to 

5.60 GPa.39 These data were also included in a later study by the same authors, 

extending the pressure limit to 13 GPa with all data fitted to a single EoS.40 

 

Figure 3.3: The crystal structure of naphthalene. i. Viewed down the c axis. ii. Viewed down 

the b axis. Molecules are colour coded to match Pixel contact graphs below with respect to the 

central grey molecule. 



Chapter 3 

100 

 

The structure of naphthalene at ambient pressure (NAPHTA47) can be 

viewed as consisting of layers formed in the ab planes (Figure 3.3i).  Within the 

layers each molecule interacts with six nearest neighbours. Four of these 

interactions are through a set of equivalent C—H⋯π contacts (Figure 3.3i), 

contact #1; shortest H⋯C distance = 2.84 Å, ‘herringbone’ angle between the 

planes of the naphthalene molecules = 51.51°, centroid-centroid distance = 

5.099 Å, energy −17.2 kJ mol−1 according to the Pixel method). Two longer 

contacts (#2 in Figure 3.3i) form in which the molecules are related by lattice 

translations along b. In the two longer contacts, the H-atoms of one molecule 

lie above the C-atoms in the other, but the displacement is too large to describe 

it as a ‘stacking interaction’, and it is probably best regarded as a non-specific 

dispersion interaction.41 It is, nevertheless, almost as strong as contact #1 

(centroid-centroid = 5.984 Å, energy = −15.6 kJ mol−1). The layers stack along c, 

each molecule interacting with three molecules in the layers above and below, 

featuring close H⋯H contacts (Figure 3.3ii, shortest H⋯H distances = 2.40 Å, 

two equivalent contacts labelled #3, and one unique contact labelled #4, 

centroid-centroid = 7.913 and 8.675 Å, energies −7.6 and −6.4 kJ mol−1, 

respectively), to give an overall molecular coordination number of 12. The 

stacking follows an ABC sequence, and the structure topologically resembles 

cubic close packing. 

Analysis of effect of pressure on the crystal structure of naphthalene 

revealed that after initial compression of the network volume by 2.5 Å3 

between 0 and 1 GPa, the trend levels off between 1 and 2 GPa, followed by a 

collapse above 2 GPa (Figure 3.4i). This trend was eventually traced to a 

parallel decrease in the volume of the naphthalene molecules themselves 

rather than in the intermolecular contacts, for example C–C bond distances 

span a range of 1.385(4) – 1.448(3) Å at ambient pressure and 1.339(6) – 1.400(7) 
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at 5.60 GPa. While changes in covalent distances are possible with pressure, in 

other structures30,42 they tend to be of the order of 0.02 Å at around 7 GPa and 

it appears that change in the bond distances and molecular volume are related 

to instabilities in the Rietveld refinements used in structure analysis. The 

crystal structures were therefore optimised using periodic DFT. Application 

of volume analysis to the optimised structures showed a more subtle, but 

nevertheless clear change in the gradient of the network volume (Figure 3.4ii) 

with the points between 0 and 2 GPa lying on one line, and those between 2.65 

and 5.60 GPa lying on another, steeper, line. Fitting of the network volume 

using a 2nd order Birch-Murnaghan EoS before and after 1.90 GPa revealed a 

reduction in the network bulk modulus from 125(4) to 82(4) GPa. The signs of 

the transition are less obvious in the void and total volumes (Figure 3.4iii and 

iv). The void volume can be fairly well fitted with a single 3rd order Vinet EoS 

(K0 = 2.1(1) GPa K’ = 0.88), though there is some scatter in the fit. The trends 

indicate that the phase transition involves the network assuming a greater role 

in accommodating pressure. The onset of additional modes of compression is 

comparable to a second order thermal phase transition such as a glass 

transition in a polymer described in Chapter 1, in which the heat capacity 

increases as new vibrational modes become available on heating. 
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Figure 3.4: i. Network volume plot derived using data from the high-pressure powder 

diffraction study of naphthalene by Likhacheva et al.39 ii. Network volume plot derived using 

DFT-optimised data. 2nd order Birch-Murnaghan EoSs have been fitted before and after 1.90 

GPa. iii. Void volume plot using DFT-optimised data. A 3rd order Vinet EoS has been fitted 

across the full pressure range. iv. Unit-cell volume as a function of pressure. Black vertical 

lines mark the discontinuity discussed in the text. 

It is possible to analyse the origin of the network volume changes by 

calculating the volume of isolated structural fragments as a function of 

pressure (Figure 3.5i, volumes have been offset vertically for the sake of 

clarity). The volume of an individual molecule (calculated as described in ref30) 

decreases linearly by only ~0.5 Å3 up to 5.60 GPa, with the discontinuity seen 
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in the experimental volume no longer present. When the calculation is applied 

to a fragment of a layer consisting of a central reference molecule and the six 

molecules connected to it by contacts #1 and #2, a discontinuity in the gradient 

is observed at the same pressure as in the overall network volume. The volume 

of the set of five molecules connected by C—H⋯π contacts is approximately 

linear, while that of the three molecules connected by contact #2 shows a 

change in gradient above 2 GPa. A calculation applied to a fragment consisting 

of two layers shows no new features. Since the van der Waals surfaces of the 

different fragments overlap, the sum of the fragment volumes shown in Figure 

3.5i is not equal to the network volume, but the results suggest that the phase 

transition has its origin in the structure of the layers, particularly in contact #2.  

This conclusion is in contrast to the original analysis by Likhacheva et al, who 

suggested that the anisotropic compression was associated with suppression 

of compression of interlayer C⋯C contacts. 

Contact #2 is a non-specific dispersion contact, and the lack of any 

characteristic geometrical constraint (such as an optimal herringbone angle in 

a C—H⋯π contact) makes the interaction very flexible. This feature can be 

seen in the interaction potentials calculated for the four contacts as a function 

of pressure using the Pixel method (Figure 3.6). All four contacts are pushed 

into progressively less stabilising regions of their potentials between ambient 

pressure and 5.60 GPa. Destabilisation occurs for contacts #1 and #3 first, 

suggesting that optimisation of these directs the crystal structure of 

naphthalene. The effect is smallest for contact #2, showing that compression of 

this interaction represents a low energy pathway for accommodating 

increased pressure. The change in energy in the contacts is still clearer in an 

energy difference framework (Figure 3.5ii and iii),43 where the struts represent 

contact energy differences after compression to 5.60 GPa: contact #2 not only 
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has the thinnest strut, it is also the only contact which is more stable at 5.60 

GPa than it was at ambient pressure. 

 

Figure 3.5: i. Applications of the CellVol code to molecular subsets in the crystal structure of 

naphthalene. Data have been scaled to the number of molecules in the subset. For clarity, the 

isolated molecule is offset by +0.25 Å3, the CH---π plot is offset by −0.25 Å3 and both the single 

and double layer are offset by −0.5 Å3. Black vertical line marks the discontinuity. ii. and iii. 

Energy difference frameworks for the DFT-optimised crystal structures viewed down c and 

b, respectively. Strut thickness represents energy differences between ambient pressure and 

5.6 GPa. Green and red respectively represent stabilisation and destabilisation on increasing 

pressure. 

The points in the curves in Figure 3.6 are shown as diamonds and circles 

below and above 2 GPa, respectively, and all four curves show an upward 

trajectory in energy after the transition, which correlates with the loss of void 

space as atoms are pushed within the sums of the van der Waals radii (Figure 

3.744). The upward trend appears at slightly lower pressure in the case of 

contact #1, reflecting the hardening of the herringbone angle identified by 

Likhacheva et al. and the step in the trend of the angle made between the long 

axis of the molecule and the a axis immediately prior to the transition (Figure 

3.8). The destabilisation in contact #1 is the result of a marked increase in Pauli 

repulsion, which increases from 12.5 to 68.4 kJ mol−1 over the pressure range. 
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It seems that the transition occurs as the result of the hardening of contact #1, 

which signals the need to change the mechanism of compression. 

 

 

Figure 3.6: Contact energy versus centroid-centroid distance for contacts within the first 

coordination sphere for the DFT-optimised crystal structure of naphthalene. The colours 

match those in Figure 3.3. Points before 2 GPa are represented by diamonds, those after are 

circles. 

  



Chapter 3 

106 

 

 

Figure 3.7: Visualisation of void volume calculated with the CellVol code using the VESTA 

program at i. 1.31, ii. 1.9 and iii. 2.65 GPa. The voids are shown in pink, and white regions 

correspond to areas where van der Waals surfaces of atoms overlap. Interlayer void volume 

decreases across the pressure range, disappearing at around 2 GPa. 

 

Figure 3.8: The angle between the long molecular principal axis and the a unit-cell axis in 

naphthalene. Values calculated using PLATON. The black vertical line marks the 

discontinuity. 
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3.3.3 Premonitory Behaviour 

In [Cu(L-Asp)(H2O)2] (LEFJAH, Figure 3.9, Asp = aspartate) aspartate ligands 

bridge Cu(II) ions, binding at one end in bidentate fashion through the amine 

and one oxygen of the α-carboxylate group, and at the other through one 

oxygen atom of the β-carboxylate group to form a one dimensional 

coordination polymer.45 The square based pyramidal geometry of the Cu 

centres is completed by two water ligands, one of which forms in the axial 

direction of the pyramid. The Cu-N and Cu-O bond distances in the equatorial 

plane are all below 2 Å, but the distance to the axial water at ambient pressure 

(LEFJAH01) is 2.311(2) Å. In addition, the second oxygen atom of the β-

carboxylate forms a distant interaction [2.925(2) Å] with the Cu, making an 

angle of 143.16(7)° with the axial water. The Cu⋯O distances along the axial 

direction begin to compress above 0.3 GPa, the longer reaching 2.883(6) Å at 

0.9 GPa. This was interpreted in terms of a conversion of a long interaction 

into a primary coordination bond, changing the Cu coordination from [4+1] to 

[4+2].45 At 6.8 GPa the shorter axial distance is 2.234(10) Å and the longer 

2.662(13) Å. On increasing the pressure 7.9 GPa, a phase transition occurs in 

which the two distances shorten discontinuously to 2.02(2) Å and 2.57(2) Å, 

respectively.   
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Figure 3.9: Top, the one dimensional coordination polymer structure of Cu(L-Asp)(H2O)2] 

(Asp = aspartate, LEFJAH). Blue: nitrogen, grey: carbon, white: hydrogen, red: oxygen and 

orange: copper. Bottom, L-aspartic acid that forms the aspartate ligand through loss of 

hydrogens from both OH groups. 

The phase transition produces discontinuities in the unit cell 

dimensions, but not very obviously in the unit cell volume (Figure 3.10i), as an 

increase in the a and b dimensions are compensated for by a compression of c. 

The transition is clearly visible in the network and void plots (Figure 3.10 ii 

and iii). The point at 7.9 GPa in the void volume is at higher volume than 

expected on the basis of a Vinet EoS applied to the points between 0 and 6.8 

GPa. At the same time, the network volume decreases by 1.7 Å3 per molecule. 

The transition can therefore be understood in terms of more compact bonding 

in the network. The bulk moduli of the network and voids between 0 and 6.80 

GPa are 38(11) and 6.7(4) GPa, respectively, and the abrupt halt in the 

reduction in void volume at the transition implies that, as in the case of 

naphthalene there is a point at which the mechanism of compression switches 

from the voids to the network. In addition to stepwise compression in the axial 

Cu-O bonds, Gould et al.45 identify shortening of O—H⋯O H-bonds which 
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connect the polymer chains and a conformational change in the chelate ring 

which allows compression along the polymer chain as mechanisms through 

which the network compresses after the phase transition. 

The network volume calculations also reveal some structural 

instabilities before the phase transition, suggesting premonitory structural 

effects in the bonding. This is shown in Figure 3.10iii, in which a 3rd order 

Birch-Murnaghan EoS is seen to fit the points between 0 and 4.92 GPa, but not 

those at 5.90 and 6.77 GPa, which fall below the line. In other structures, for 

example 3-fluorosalicylaldoxime (MIGPAU), similar features in the network 

volume (Figure 3.10iv) occur at the end of the pressure series before a 

destructive phase transition or loss of long-range order which prevented 

collection of further diffraction data.46 A recent paper on the study of 4-

methylpyridine pentachlorophenol (GADGUN) associated a similar feature 

with a destructive transition which occurred on further increase in pressure.47 

Detection of premonitory behaviour will aid the interpretation of why 

transitions take place in some compounds but not others, and for rationalising 

the limit of compression while maintaining long-range order. 
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Figure 3.10: i. Unit cell volume of LEFJAH against pressure. ii. Void volume of LEFJAH 

against pressure with a 3rd order Vinet EoS fitted to all but the last point. iii. Network volume 

of LEFJAH against pressure with a 3rd order Birch-Murnaghan EoS fitted to the first five 

points. iv. Network volume against pressure in MIGPAU with a 3rd order Vinet EoS fitted to 

the first four points. This provided a slightly improved statistical fit over 2nd or 3rd order Birch-

Murnaghan EoS, the more common choice for network plots. Black vertical lines mark the 

phase transition. 
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3.4 General Trends in Packing Coefficients and 

Bulk Moduli 

3.4.1 Variation of Packing Coefficients 

The packing coefficient x of a crystal structure measures the fraction of the unit 

cell which is occupied by atoms, and is readily obtained from the network 

volume,  

𝑥 =
𝑉𝑛𝑒𝑡

𝑉
                                                      (3.4) 

The packing coefficients of all 1472 structures identified in this study 

are plotted as a function of pressure in Figure 3.11. At ambient pressure, the 

distribution of x mostly falls between 0.6 and 0.8, which is typical for 

molecular crystals at ambient pressure (see Section 3.1).5 The values increase 

with pressure, tending towards 1 at above 10 GPa as void space is compressed. 

This is expected, but the implied total loss of void space reflects the use of 

constant values of van der Waals radii determined from ambient pressure 

crystal structures and may obscure a high degree of overlap between 

molecular van der Waals surfaces in some regions of a structure, but less in 

others. The narrowing with increasing pressure is also a consequence of the 

importance of the pressure-volume contribution to the free energy which 

places a premium on efficient packing as pressure increases.  

 

Figure 3.11: Packing coefficients as a function of pressure for molecular crystal structures. 
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3.4.2 Contributions of Networks and Voids to 

Overall Compressibility 

The bulk modulus (see Chapter 1) is a measure of the compressibility or 

hardness of a material. It has units of pressure and some typical values for H-

bonded molecular solids are 14.0(5) and 11.6(6) GPa for L-histidine I and II 

respectively30 and 13.1(6) GPa for L-alanine.48 Values for van der Waals solids 

usually fall below 10 GPa, e.g. benzene, bianthrone and Ru3(CO)12 with bulk 

moduli 5.5(7), 8.1(5) and 6.6 GPa respectively.49-51 Ionic salts such as NaCl and 

CaF2 have values of 25 and 82.0(7) GPa,49,52 and those for moderately hard 

metals such as scandium and titanium are 57 and 110 GPa, respectively.53 The 

bulk modulus of diamond is 445 GPa.54 The pressure derivative, K’, is 

dimensionless and has typical values between 4 and 10 for molecular solids.  

The examples discussed above show that the magnitudes of compression 

exhibited by voids and networks are very different. The contributions made 

by the voids and network to the compression of the overall volume can be 

analysed by recognising that since the total volume net voidV V V= + , where Vnet 

and Vvoid are the network and void volumes, then 

𝑑𝑉 = 𝑑𝑉𝑛𝑒𝑡 + 𝑑𝑉𝑣𝑜𝑖𝑑                                           (3.5) 

Substituting Equation 3.5 into the inverted form of the bulk modulus 

(Equation 1.3) yields Equation 3.6. 

𝑉

𝐾
= −

𝑑𝑉𝑛𝑒𝑡

𝑑𝑃
−

𝑑𝑉𝑣𝑜𝑖𝑑

𝑑𝑃
                                            (3.6) 

Multiplication of the first and second terms on the right-hand side respectively 

by Vnet/ Vnet and Vvoid/ Vvoid gives Equation 3.7: 

𝑉

𝐾
= 𝑉𝑛𝑒𝑡 (−

1

𝑉𝑛𝑒𝑡

𝑑𝑉𝑛𝑒𝑡

𝑑𝑃
) + 𝑉𝑣𝑜𝑖𝑑 (−

1

𝑉𝑣𝑜𝑖𝑑

𝑑𝑉𝑣𝑜𝑖𝑑

𝑑𝑃
)                     (3.7) 

By analogy with the bulk modulus equation, the first term in brackets on the 

right-hand side of Equation 3.7 can be described as the reciprocal of the 
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network bulk modulus Knet, and the second, the reciprocal of the void bulk 

modulus Kvoid, so that the overall bulk modulus (K) is related to Knet and Kvoid 

by   

𝑉

𝐾
=

𝑉𝑛𝑒𝑡

𝐾𝑛𝑒𝑡
+

𝑉𝑣𝑜𝑖𝑑

𝐾𝑣𝑜𝑖𝑑
                                                (3.8) 

Although the concept of the ‘bulk modulus of a void’ seems unphysical, 

it exists within a model in which the total volume of a unit cell is described in 

terms of occupied and unoccupied space. It arises as a term in Equation 3.7, 

which expresses the different responses of these spaces to pressure. Whereas 

the overall bulk modulus is a precisely defined quantity expressed in terms of 

pressure and volume, its partitioning into networks and voids is a matter of 

definition (here, using van der Waals radii), and so Knet and Kvoid do not have 

the same formal thermodynamic status as K. Nevertheless, values can be 

calculated by fitting Vnet and Vvoid to an EoS and are useful for comparative 

purposes. 

Some representative values of Knet and Kvoid are given in Table 3.1, a 

more extensive listing for 129 different compounds, including values of the 

ambient pressure volumes, bulk moduli and their pressure derivatives, is 

available in the electronic supplementary material, Table 1. A discussion of the 

fitting and the quality of the fits can be found in Appendix A, Section A2. After 

some experimentation, we found that network curves were generally fitted 

well with a second or third order Birch-Murnaghan EoS. The volumes of the 

much softer voids were usually better modelled with Vinet EoSs, as is found 

generally for the total volumes of soft solids and materials under very high 

compression.55 The forms of these EoS are given in Chapter 1. For some 

structures it proved very difficult to fit Vnet, and in these cases Knet was 

estimated using Equation 3.3. 
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Table 3.1: Bulk moduli and packing coefficients for selected compounds. Full fitting 

parameters available in Table 1 of the electronic supplementary material. * = V0 was not 

refined. Ϯ = Values obtain using Equation 3.3. Packing coefficients were calculated for the 

lowest pressure structure available from the study. For NIBSOG the network volume was 

better fitted to a Vinet EoS rather than a Birch-Murnaghan EoS. 

Compound 

Network Bulk 

Modulus /GPa 

Void Bulk 

Modulus /GPa 

Overall Bulk 

Modulus /GPa 

Packing 

Coefficient 

D,L-serine 

 

134(4) 4.9(5) 

 

19(2) 

 

0.7832 

bromo-substituted 

bisdiselenazolyl radical (R1 = 

ethane, R2 = Br) 130(3)* 4.5(1)* 

 

 

15.0(4)* 

 

 

0.7828 

L-alanine 

 

121(2)* 4.1(1)* 

 

13.1(6)48 

 

0.7585 

L-histidine orthorhombic 121(5) 3.2(2) 

 

14.0(5)30  

 

0.7617 

L-cysteic acid monohydrate 102(8) 5(1) 

 

17(5) 

 

0.7817 

L-histidine monoclinic 101(9) 2.9(2) 

 

11.6(6)30  

 

0.7561 

bianthrone 95(9) 3.5(7) 

 

8.1(5)51 

 

0.8195 

ROY OP 87Ϯ 2.2(1) 

 

4.3(3)56 

 

0.7496 

ROY Y 84(4) 2.2(2) 

 

6.0(7)57 

 

0.7527 

bis(3-

Methoxysalicylaldoximato)-

nickel(ii) 80(4)* 2.5(1)* 

 

 

9.7(10)58 

 

 

0.7961 

Ag2Cu2L4 (L = 2-

diphenylphosphino-3-

methylindole) 67(2) 2.2(5) 

 

 

6(1)59 

 

 

0.7362 

bis(3-Fluorosalicylaldoximato)-

nickel(ii) 48(8) 0.9(6) 

 

9.1(17)58  

 

0.7836 

Na5[Mn(L-tart)2]·12H2O (1, L-

tart = L-tartrate) 45(4) 5.0(6) 

 

 

23.9(6)60 

 

 

0.8898 

Iron trifluoride 40.7(8)* 2.3(1)* 

 

14(1)61 

 

0.9153 

KCp (Cp = cyclopentadienyl) 8(2) 1.9(3) 

 

4.9(3)62 

 

0.8729 
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The effect of error propagation in Equation 3.8 can be exemplified by 

taking typical values and errors of the bulk modulus of the network and void 

of 100(5) and 3.2(4) GPa respectively with an average cell volume of 1000 Å3 

with a typical packing coefficient of 0.75. The error in the overall calculated 

bulk modulus [11.7(13) GPa] is 11.1% of the total value. This is very close to 

the error in the void bulk modulus (12.5%) which provides the most significant 

contribution to the overall error. 

The void bulk moduli fall into narrow range, typically 2-5 GPa. By 

contrast, network bulk moduli generally lie within the range 40-150 GPa, 

varying with the class of intermolecular interaction (see below), and are 

comparable to moderately hard metals.53 Although the compressibility of the 

voids is determined by the distortion of the surrounding network, there 

appears to be no correlation between void and network bulk moduli (Figure 

A.3 in Appendix A, Section A3). The response of a given crystal structure to 

pressure depends more on the specific relationship between the network and 

void space than the strength of interactions that are present. However, the 

narrow range of Kvoid implies that no matter how compressible a network is, 

the way in which the void space adapts to elevated pressure to minimise 

volume is consistent across a very broad range of molecular solids. 

Amongst molecular materials, H-bonded materials tend to have higher 

network bulk moduli, e.g. L-histidine 121(5) and 101(9) GPa for orthorhombic 

and monoclinic respectively, D,L-serine 134(4) GPa and L-alanine 121(2) GPa 

in Table 3.1. Histograms separating the network bulk moduli of hydrogen 

bonded and non-hydrogen bonded compounds are shown in Figure 3.12. 

Hydrogen bonded compounds produce a tighter distribution centred around 

105 GPa while non-hydrogen bonded compounds produce a flatter 

distribution and centred around 85 GPa. Hydrogen bonds are the strongest 
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class of intermolecular interaction and are sensitive to geometry for example 

the D—H⋯A angle,63 making them less deformable than other classes of 

intermolecular interaction. 

 

Figure 3.12: Network bulk moduli histograms for i non-hydrogen bonded compounds and ii 

hydrogen bonded compounds. Bulk moduli values calculated using Equation 3.3 have been 

excluded from the plots. 

Some non-hydrogen bonded compounds also have high network bulk 

moduli. The compound IZOXOL (bromo-substituted bisdiselenazolyl radical 

(R1 = ethane, R2 = Br)) has a network bulk modulus of 130(3) GPa. It contains 

numerous short Se⋯Se intermolecular interactions and has quite a high 

packing coefficient (0.783). The typically low bulk modulus of the voids offsets 

the high network bulk modulus and the material has an overall bulk modulus 

of 15.0(4) GPa, which is relatively high for a non-H-bonded material. 

Van der Waals crystals tend to have lower network bulk moduli, this 

reflects the lack of a characteristic or sharply defined geometrical signature for 

dispersion interactions which can therefore deform with pressure without 

incurring a high energy penalty, as seen for interaction #2 in naphthalene in 

Figure 3.5. An extreme example of this is the compound KCp (Cp = 

cyclopentadienyl) which features a zigzag polymeric chain with two 

cyclopentadienyl rings coordinated to each potassium centre. Despite the high 
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packing coefficient (0.8729), highly compressible networks and voids, 8(2) and 

1.9(3) GPa respectively, result in low overall bulk moduli (4.9(3) GPa). 

Data for the polymorphic compounds L-histidine and ROY are also 

listed in Table 3.1. Polymorphs tend to have similar overall bulk moduli, and 

while there may be some variation in the network bulk moduli and packing 

coefficients, the void bulk moduli are similar. Orders of the overall bulk 

moduli of these polymorphs follow packing coefficients, less densely packed 

polymorphs tending to be the more compressible. 

 

3.4.3 The Range of the Bulk Moduli of Molecular 

Solids 

The bulk moduli of minerals, metals and ceramics span ranges of many 10s or 

even 100s of GPa. Those of molecular materials fall into a much narrower 

range, typically falling between 5 and 20 GPa. The analysis described above 

can be used to provide some insight as to why this should be the case. 

By substituting Equation 3.4 into Equation 3.8 we obtain 

1

𝐾
=

𝑥

𝐾𝑛𝑒𝑡
+

(1−𝑥)

𝐾𝑣𝑜𝑖𝑑
                                              (3.9) 

Overall bulk moduli for different combinations of the extreme values of Knet 

and Kvoid in the range x = 0.6-0.8 are shown in Table 3.2. The results reproduce 

the typical range of bulk moduli for molecular compounds. Since it has a 

numerically much smaller value than the network bulk modulus, the most 

significant factor in this calculation is the void bulk modulus. As this lies in a 

narrow range, so to do the bulk moduli of molecular solids. 

 

 



Chapter 3 

118 

 

Table 3.2: Bulk moduli calculated using Equation 3.9 from the range of network and void bulk 

moduli using typical packing coefficients. 

 

  

Knet/GPa Kvoid/GPa Range of bulk moduli for x = 0.6-0.8 

40 2 4.65 - 8.33 

40 5 10.53 - 16.67 

150 2 4.90 - 9.49 

150 5 11.90 - 22.06 



Chapter 3 

119 

 

3.5 Conclusions 

The methods that we have described enable the changes in overall unit cell 

volume that occur at high pressure to be decomposed into contributions from 

the interstitial voids and the network of intra- and intermolecular bonds. The 

partitioning is based on whether or not random points lie within or outside 

the van der Waals surfaces of the atoms which compose the structure. In the 

examples studied, relatively low pressure was seen to be taken up by 

interstitial voids, but at some point the network assumed a greater role, and 

phase transitions could be associated with the onset of an increase in the 

compressibility of the network. 

There is a ‘compensation’ that can occur between the network and void 

volumes, which means that they are individually more sensitive to phase 

transitions than the overall volume. Large unit cell volume discontinuities are 

of course seen in the network and void volumes too, but more subtle effects 

are also revealed. For example, the literature contains many examples of 

discontinuities seen in vibrational spectra that seem not to be reproduced by 

conventional crystallographic analysis, but which are seen in the partitioned 

volumes. This feature was exemplified for naphthalene, where spectroscopic 

and crystallographic data could be reconciled, and unambiguous evidence of 

a phase transition seen in structural data for the first time since it was 

discovered in 1938. Detection of effects premonitory to phase transitions and 

loss of long-range order was also possible.  

Network bulk moduli are usually between 40 and 150 GPa, the value 

reflecting the types of intermolecular interactions present, H-bonded networks 

being the least compressible. The higher end of these values is comparable to 

moderately hard metals. Void bulk moduli are over an order of magnitude 

smaller than network bulk moduli, and surprisingly perhaps, fall into quite a 



Chapter 3 

120 

 

narrow range (usually about 2-5 GPa). Because Knet  >> Kvoid, the value of the 

overall bulk modulus, which depends on the reciprocals of the component 

moduli (Equation 3.8), is more strongly influenced by the value of Kvoid than 

that of Knet, and combination of the typical ranges for these quantities with 

typical packing coefficients recovers the range of bulk moduli seen for 

molecular solids, which shows much less variation (5-20 GPa) than metals (30-

160 GPa), ionic salts (20-90 GPa) or ceramics (50-300 GPa). 

The network and void bulk moduli have been shown to be useful 

parameters for the purposes of comparison of different structures and the 

same structure in different pressure ranges. The numerical values obtained 

depend on the method of partitioning and so they do not have the same 

fundamental thermodynamic significance as the overall bulk modulus. It is 

important to remember that the results of calculations on fragments of 

networks are not additive because the van der Waals surfaces of atoms and 

molecules within a network can overlap, so that volume of a network is 

usually less than the sum of the volumes of the component molecules. 

Nevertheless, analysis of the partitioned volume allows the effects of 

external stimuli to be identified at a ‘mesoscopic’ level between the 

microscopic level of individual atom-atom distances and the macroscopic level 

of overall parameters such as the unit cell dimensions. Although the stimulus 

studied here has been pressure, the approach is equally applicable to crystal 

structures studied at variable temperature and with variable composition, 

such as in the up-take of guest species by framework materials. The method 

described should therefore prove extremely useful in the interpretation of 

crystallographic data collected under varying conditions, including the 

correlation of effects seen by spectroscopy and other measurements and in 

characterising the driving forces of phase transitions. 
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Chapter 4: Discerning Subtle High-Pressure 

Phase Transitions in Glyphosate 
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Overview 

Within this Chapter the common garden herbicide glyphosate, N-

(phosphonomethyl)glycine (glyphosate), has been studied between ambient 

pressure and 5.17 GPa using single crystal x-ray diffraction. Glyphosate forms 

a structure composed of layers parallel to the (1 0 -2) planes. Hydrogen bonds 

form along the stacking direction, which is very incompressible so that the 

effects of pressure are accommodated mostly within the layers. This study has 

confirmed two high pressure phase transitions previously observed by Raman 

spectroscopy, enabling the structural signatures of the transitions to be 

identified. Both transitions are very subtle and second order, involving 

changes to the way the structure responds to pressure rather than changes to 

structure. The first transition occurs between 0.93-1.21 GPa and corresponds 

to the onset of greater compressibility within the layers. The second transition 

between 3.78-4.23 GPa is an intramolecular feature signalling a deformation of 

the molecular backbone. In the absence of a first order phase transition, the 

packing remains in a compressed form of its ambient pressure form up until 

the highest pressure measured. A reconstructive phase transition is believed 

to occur at 5.98 GPa to a polycrystalline high-pressure phase. 
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4.1 Introduction 

Vibrational spectroscopy provides a sensitive method for studying subtle 

transitions, but these sometimes do not appear to have an obvious structural 

effect on, for example, cell dimensions, volumes, or atomic positions. 

Identification of these transitions crystallographically can be complex and 

involve sifting through large amounts of numerical data, with the risk that 

subtle features could be missed.1 For example, the presence or absence of a 

phase transition in naphthalene discussed in Chapter 3.2-11 Clear 

discontinuities seen in high-pressure infra-red spectra of naphthalene are 

hardly discernable in crystal structure data.  

Glyphosate, N-(phosphonomethyl)glycine, is a common garden 

herbicide, used widely in domestic products such as Weedol® and 

Roundup®. The Cambridge Structural Database (CSD)12 features five entries 

for glyphosate under the refcode family PHOGLY. The first four (PHOGLY-

PHOGLY03) are studies on crystals of the same phase (space group P21/c) 

obtained directly from commercial weed-killer samples at ambient 

temperature and pressure.13-15 The final entry (PHOGLY04) is again an ambient 

temperature and pressure structure but features a unique polymorph in the 

space group P21, obtained on using MnO2 in the presence of H2SO4 to oxidise 

N-(phosphonomethyl)iminodiacetic acid.16  

Glyphosate was recently studied to 6.2 GPa using high pressure Raman 

spectroscopy in the spectral range 45 to 3700 cm−1 by Holanda et al.17 Two high 

pressure phase transitions were identified. The first transition was located at 

between 0.97 and 1.5 GPa and the second between 4.29 and 4.63 GPa. The 

transitions were identified based on discontinuities in plots of vibrational 

frequency versus pressure, splitting and changes in the intensities of bands as 

well as the appearance of new modes. For example, the appearance at 0.97 GPa 
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of a new mode at 61 cm−1 was taken to indicate a change in space group 

symmetry.  The second transition was identified above 3.86 GPa, where a band 

at 82 cm−1 merges to form a single wide band with another previously at 90 

cm−1. Glyphosate has not previously been studied using high pressure X-ray 

diffraction and the motivation for this work was to identify the structural 

character of the transitions with the aid of the component volume analysis 

described in Chapter 3. 
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4.2 Materials and Methods 

4.2.1 Single Crystal X-ray Diffraction 

Crystals of glyphosate (Sigma Aldrich) were grown by slow evaporation of an 

aqueous solution of concentration 10 mg mL-1. Diffraction data were collected 

on a Bruker AXS D8 Venture diffractometer using Ag Kα radiation (λ = 0.56083 

Å), first at ambient conditions and then at high pressure in two separate 

studies. In each case, a 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 carbide backing plates.18,19 A tungsten gasket of 

thickness 300 μm indented to 150 μm and hole diameter of 300 μm was used, 

with a 4:1 mixture of methanol and ethanol as a pressure transmitting 

medium.20 A small ruby chip was also included in the sample loading and the 

ruby fluorescence method was used to measure the pressure; the values 

quoted have an uncertainty of 0.05 GPa.21 The data at ambient pressure were 

collected in the DAC prior to addition of the pressure transmitting medium.  

The maximum pressure reached was 5.17 GPa. The data quality deteriorated 

at 5.60 GPa, and increasing pressure further to 5.98 GPa led to a proliferation 

of diffraction spots which pointed to the sample undergoing a destructive 

phase transition forming a new polycrystalline phase. Attempts to determine 

the unit cell dimensions of the new phase were unsuccessful, see Chapter 6. 

The diffraction patterns were indexed using APEX4 and integrated 

using SAINT.22 Corrections for the gasket shading, absorption and other 

systematic errors were applied using the multiscan procedures in SADABS.23 

The structure at ambient pressure was solved using dual-space methods 

(SHELXT),24 and refinement of all structures was against |F|2 (SHELXL),25 

from within the OLEX-2 interface.26 The starting model at each pressure point 
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was taken from the previous point in the series and all intramolecular bond 

lengths and angles restrained to their values at ambient pressure. All non-

hydrogen atoms were refined with anisotropic displacement parameters 

(adps) and hydrogen atoms attached to carbon were placed at calculated 

positions and allowed to ride their parent atoms; those attached to oxygen 

were treated as rotating rigid groups. Adps were subject to enhanced rigid 

bond restraints.27 Listings of crystal and refinement data are available in 

Appendix B Section B2, Table A.1. Structures were visualised using Mercury28 

and Diamond.29  

 

4.2.2 Periodic DFT Calculations 

The high-pressure crystal structures were optimised using periodic density 

functional theory (DFT) using CASTEP with the Perdew-Burke-Ernzerhof 

(PBE)30 exchange-correlation functional and ‘on the fly generated’ (OTFG) 

pseudopotentials.31 The basis set cut-off and k-point spacing were 920 eV and 

0.07 Å−1, giving a convergence in the total energy of 0.1 meV/atom. The 

convergence criteria for the geometry optimisations were: 5×10−6 eVatom−1 

(energy), 0.01 eV Å−1 (force) and 5 × 10−4 Å (displacement). The unit cell 

parameters were fixed at observed values throughout. DFT optimised 

structures were used in all calculations and figures unless stated otherwise.  

 

4.2.3 Occupied Volume (‘CellVol’) Calculations 

Occupied (‘network’) and unoccupied (‘void’) volumes in crystal structures 

were evaluated in a Monte Carlo procedure using the CellVol code32 described 

in Chapter 3. 
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4.2.4 Pixel Calculations 

Intermolecular interaction energies were calculated via the Pixel method33-35 

using the MrPixel interface.36 Gaussian-0937 was used to calculate the electron 

density at the MP2 level of theory with the 6-31G** basis set. The molecular 

electron density was calculated on a grid of 0.08 × 0.08 × 0.08 Å3 and a 

condensation level of 4 was used for the Pixel calculations with a cluster radius 

of 14 Å. The positions of H-atoms, which strongly influence intermolecular 

interaction energies, are systematically in error when determined by X-ray 

diffraction as the result of the asymmetry of their local electron distributions. 

In addition, the position of H3 in the refined crystal structures exhibited some 

instability as a function of pressure, with an oscillation in the torsion at 

successive pressure points. This is likely to be an artefact, perhaps the result of 

the relatively low (~40%) completeness of high-pressure data sets, a result of 

shading by the diamond anvil cell. Pixel calculations were therefore based on 

coordinates obtained from geometry-optimisation of the crystal structures 

using periodic DFT. 
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4.3 Results and Discussion 

4.3.1 Ambient Pressure Structure 

Glyphosate, N-(phosphonomethyl)glycine, crystallizes in space group P21/c 

with one molecule in the asymmetric unit.38 The molecules adopt the 

zwitterionic tautomeric form (Figure 4.1), with formal positive and negative 

charges on the ammonium group based on N3 and phosphate groups based 

on P5, respectively. The bond distances, angles and conformation have been 

discussed in detail in ref 13. 

Intermolecular interactions are dominated by H-bonding. 

Intermolecular interaction energies, evaluated using the Pixel method (Table 

4.1) show that the first coordination sphere, consisting of those molecules 

forming interactions to a central reference molecule with non-zero Pauli 

repulsion terms, contains 13 molecules (Figure 4.2). The prediction of 

mechanical properties based on slip planes described by Bryant, Maloney and 

Sykes39 indicates that the most probable slip plane in the structure of 

glyphosate is (1 0 −2), and the crystal structure can be described in terms of 

layers parallel to these planes (Figure 4.2i). 

 

Figure 4.1: The zwitterionic molecular structure of glyphosate and the numbering scheme 

used in this work.  

Within the layer (Figure 4.2ii) the phosphate moieties form pairs of 

O3—H3⋯O4 H-bonds across inversion centres in a ring motif (contact A, 
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centroid separation 6.868 Å, total energy −114.7 kJ mol−1). These units are 

linked into a chain which runs along b by pairs of N3—H3B⋯O5 H-bonds, 

also forming ring motifs across inversion centres, between the ammonium and 

phosphate groups (contact B, centroid separation 5.033 Å, total energy −267.3 

kJ mol−1). This interaction between oppositely charged groups is the most 

stabilising contact in the structure. The chains are connected into a layer which 

is parallel to the (1 0 −2) planes on one side by weaker interactions C/C’ and D 

and on the other by a symmetry-equivalent interaction D’. Neither C/C’ nor 

D/D’ forms H-bonds with the central molecule. C is barely stabilising at all 

with a total energy equal to −0.6 kJ mol−1, composed principally of destabilising 

electrostatic and stabilising dispersion components (+10.4 and −14.8 kJ mol−1, 

respectively). The closest atom-atom distances, formed between C2H2A and 

carboxyl, measure 2.7 – 3.0 Å, and the centroid separation is 5.995 Å. Contact 

D is a longer-range electrostatic interaction (centroid separation 8.854 Å and 

total energy −28.4 kJ mol−1). 

  



 

 

 

 

 

Table 4.1: Interactions in the first coordination sphere. All energies are in kJ mol−1. Classifications are relative to the interaction with the central molecule.  

Label Symmetry Centroid distance (Å) Electrostatic Polarisation Dispersion Repulsion Total Contact description 

H-bonded 

Contact A 1 − 𝑥, 2 − 𝑦, 1 − 𝑧 6.868 −244.8 −115.4 −32.3 277.9 −114.7 Pairs of O3H3⋯O4 H-bond ring motifs across 

inversion centres. 

Contact B 1 − 𝑥, 1 − 𝑦, 1 − 𝑧 5.033 −273.3 −95.9 −40.2 142.1 −267.3 Two N3H3B⋯O5 H-bond ring motifs across 

inversion centres. 

Contact E/E’ 
1 − 𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

6.532 −147.7 −50.6 −18.5 72.3 −144.5 Pairs of N3H3A⋯O4 H-bonds. 

Contact F/F’ 𝑥 ± 1, 𝑦, 𝑧 8.669 −136.7 −67.3 −13.0 126.4 −90.6 Lattice translations of the central molecule in a. 

O1H1⋯O5 H-bond through a head to tail 

arrangement. 

Electrostatic Interactions 

Contact C/C’ 
−𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

5.995 10.4 −8.5 −14.8 12.3 −0.6 Lattice translation of contact E/E’ along a. 

Composed principally of destabilising 

electrostatic and stabilising dispersion 

components.  

Contact D/D’ 
𝑥 ∓ 1,

3

2
− 𝑦, 𝑧 ∓

1

2
 

8.854 −24.2 −3.3 −4.1 3.1 −28.4 Lattice translation of contact F/F’ along a. 

Longer range electrostatic interaction. 

Contact G −𝑥, 1 − 𝑦, 1 − 𝑧 6.460 16.8 −7.4 −11.9 8.4 5.8 Destabilising electrostatic interaction as a 

result of the juxtaposition of like charged 

moieties. 

Contact H/H’ 
𝑥,

3

2
− 𝑦, 𝑧 ∓

1

2
 

5.135 46.4 −12.7 −17.0 15.5 32.2 Destabilising electrostatic interaction as a 

result of the juxtaposition of like charged 

moieties.  
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Figure 4.2: Packing diagrams for glyphosate. The interactions within the first coordination 

sphere are labelled. Slashes indicate those molecules hidden by symmetry from the view. 

Vectors drawn from the central reference molecule on the diagram represent the principal 

axes of the strain tensor; red, green and blue are used for the numerically smallest, middle and 

largest eigenvalues. i) A view down the b-direction reveals the layered structure parallel to (1 

0 −2) slip planes, indicated by blue lines. ii) A view of a single layer. Note that labels refer to 

molecule - molecule interactions, as listed in Table 4.1, rather than individual contacts such as 

H-bonds.  

The stacking of the layers involves four further H-bonded contacts. The 

most stabilising of these forms N3—H3A⋯O4 H-bonds with the central 

molecule (contact E/E’, centroid separation 6.532 Å, total energy −144.5 kJ 

mol−1). Further H-bonds (contact F/F’) are formed through lattice translations 

along a, forming a head-to-tail arrangement involving O1—H1⋯O5 (centroid 
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separation 8.669 Å, total energy −90.6 kJ mol−1). Destabilising electrostatic 

interactions G (centroid separation 6.460 Å, total energy 5.8 kJ mol−1) and H/H’ 

(centroid separation 5.135 Å, total energy 32.2 kJ mol−1) are also formed 

between the layers as the result of the juxtaposition of like-charged moieties. 

The formation of destabilising contacts has been noted in other zwitterionic 

structures such as amino acids.40,41 

 

4.3.2 Response of the Unit Cell Parameters to 

Pressure 

The total unit cell volume decreases monotonically (Figure 4.3i), with no 

apparent discontinuities between 0.97 and 1.5 GPa or between 4.29 and 4.63 

GPa associated with the phase transitions reported in Holanda et al.’s study.17 

The volume versus pressure data can be fitted (χ2 = 0.93) to a single third-order 

Birch-Murnaghan equation of state (EoS) to yield a bulk modulus of 14.8 (4) 

GPa with a pressure derivative of 7.5 (4).42 These values are typical of H-

bonded molecular crystals, and are comparable to other amino acids such as 

serine [19 (2) GPa]32, alanine [13.1 (6) GPa]43 and histidine [14.0 (5) GPa].40 No 

changes in the symmetry or space group of the crystals were observed over 

the pressure range studied. 
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Figure 4.3: i) The unit cell volume as a function of pressure. A Birch-Murnaghan 3rd order 

equation of state has been fitted to yield a bulk modulus of 14.8 (4) GPa. ii) Normalised unit 

cell axes lengths as a function of pressure. iii) β angle as a function of pressure. Error bars are 

plotted for all parameters but are mostly smaller than the data symbols. 

The compressibility of the unit cell parameters is anisotropic, following 

the order c (6.5% between ambient pressure and 5.17 GPa) > b (5.8%) > a (2.0%). 

(Figure 4.3ii); the value of β increases monotonically (Figure 4.3iii). None of 

the unit cell parameters show any significant features at the first reported 

transition pressure, though the a and c axis lengths show small discontinuities 

at 3.8 GPa, marking of the onset of the second transition. 

The anisotropy of compression is much clearer in the strain tensor.44,45 

The smallest eigenvalue determined between ambient pressure and 5.17 GPa 

(Table 4.2) is over an order of magnitude smaller than the other two [−0.0012 
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(4) versus −0.0587 (3) and −0.1204 (4)]. The eigenvectors (Figure 4.2 and Table 

4.2) show that the numerically largest eigenvalue is located in the planes 

described above in the direction of the very weak contacts C and D. By 

symmetry, one eigenvector must lie along b, and in glyphosate this is the 

middle axis, the smaller compression being consistent with the occurrence of 

the chain-forming H-bonds A and B described above. The axis of minimum 

compression lies perpendicular to the first two axes, approximately along the 

strongly H-bonded stacking direction, and has an eigenvalue which is barely 

significantly different from zero. The essentially two-dimensional character of 

the compression in glyphosate thus reflects the relative incompressibility of 

strong H-bonds. 

 

Table 4.2: The principal values of the strain tensor calculated between ambient pressure and 

5.17 GPa. <a etc. are the angles made by each eigenvector with the unit cell axes. The principal 

values of the strain tensor evaluated at each individual pressure are available in Appendix B, 

Section B3 Table A.2 and A.3. 

Axis Strain <a/° <b/° <c/° 

1 −0.0012 (4) 27.1 90.0 132.8 

2 −0.0578 (3) 90.0 0.0 90.0 

3 −0.1204 (4) 62.9 90.0 42.8 

 

4.3.3 Intermolecular Interactions 

The centroid-centroid separation of most contacts reduces with increasing 

pressure, except for contact G, which remains relatively constant at ~6.5 Å. 

Contacts which do not involve hydrogen bonds (C, D and H) generally show 

a greater reduction in centroid separation with the greatest reductions seen for 

contacts C and D in the direction of the most compressible strain axis (0.538, 

0.761, 0.37 Å for contacts C, D and H respectively). Amongst the H-bonded 



Chapter 4 

143 

 

contacts (A, B, E and F), A shows a significantly higher change in centroid 

separation (0.46 Å) than the others, for which compression is more consistent 

(0.155, 0.148 and 0.173 Å for contacts B, E and F respectively). Both contact A 

and B align with the middle strain axis while contacts E and F align with the 

least compressible strain axis. 

 

Figure 4.4: Total dimer energies versus centroid separation for contacts within the first 

coordination sphere.  

The energies of each of the 13 intermolecular contacts are shown as a 

function of the centroid separation in Figure 4.4. The trends are monotonic for 

most of the contacts, but there is some scatter for the chain-forming H-bonded 

interactions A and B. These energies are highly sensitive to random errors in 

the atomic (particularly the H) positions. Even though the coordinates used in 

the Pixel calculations were optimised by periodic DFT, the cell dimensions 

were fixed at their experimental values during these optimisations, and so 

some random error persists. Since the scatter does not align with the phase 

transitions, it probably reflects random error. 
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4.3.4 Volume Analysis 

As was introduced in Chapter 3, the volume of a crystal structure can be 

partitioned into regions which are occupied by molecules and their network 

of intra and intermolecular interactions and unoccupied interstitial voids. 

Trends in Vnet and Vvoid with pressure can be more sensitive to subtle structural 

transitions than the overall unit cell dimensions. This has already been 

demonstrated to identify structural behaviour in naphthalene, 4-

methylpyridine pentachlorophenol co-crystals and, in an additional study not 

reproduced here, the Blatter radical.32,46,47 

The network and void volumes in glyphosate are shown in Figure 4.5 

as a function of pressure. While there are no discontinuities in either the 

overall unit cell volume or intermolecular energies associated with the phase 

transitions revealed by Raman spectroscopy, small discontinuities do occur in 

the gradient of the network volume trends at 0.93 and 3.78 GPa. These are less 

clear in the void volume trends as they are overwhelmed by the greater 

compressibility of the voids. The trends in Vnet between the transitions are 

quite linear, and fitting to second order Birch-Murnaghan equations of state 

yields bulk moduli of 90 (12), 105 (2) and 96 (7) GPa for the three phases with 

increasing pressure; there is no significant difference between these figures. 

The average network bulk modulus can be obtained by fitting a second-order 

Birch-Murnaghan EoS across the entire data range giving K = 104.2 (6) GPa (χ2 

= 0.86), a value typical of hydrogen bonded networks seen in Chapter 3. A 

third-order Vinet equation of state was applied to the void giving a bulk 

modulus of 4.4 (1) GPa, K’= 1.17 (9) and a χ2 of 1.29, again typical of values 

seen in Chapter 3. 

To identify which intermolecular interactions undergo the largest 

changes at the transitions, the volumes of the glyphosate molecule, dimers and 
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larger clusters were calculated by placing a box around each and evaluating 

the occupied volume using a similar Monte Carlo procedure to that described 

above for unit cells. Further details are available in the Appendix B, Section 

B1. The calculation was first applied to the interlayer volume, featuring 

contacts E, F, G, H and the central molecule (Figure A.4 in Appendix B, Section 

B1). This plot contains no clear discontinuity at the first transition, Figure 4.6i. 

The layer stacking is in the direction of the numerically smallest eigenvalue of 

the strain tensor and appears to remain unchanged through the first transition. 

A very slight discontinuity is seen at the second transition. The calculation was 

then applied to a single layer containing the central molecule and contacts A, 

B, C and D (also Figure A.4 in Appendix B, Section B1). This plot features a 

discontinuity at both transition pressures, indicating that both transitions have 

a structural signature within the layers, Figure 4.6ii. In particular, the layer 

compressibility appears to level-off immediately before the first transition but 

becomes re-established afterwards. The first transition can thus be associated 

with the re-emergence of compressibility within the layers. 

 

Figure 4.5: i) Network volumes at increasing pressure. ii) Void volumes at increasing pressure. 

Dashed lines in all plots represent phase transitions based on this work and that of Holanda 

et al. 
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To identify the interactions driving these transitions the Monte Carlo 

method was then applied to the individual dimers A-H listed in Table 4.1. 

Plots for all contacts can be found in Appendix B Section B1with selected 

contacts presented in Figures 4.6iii and iv. Volumes at this scale are very 

sensitive to structural instabilities and there is some scatter. Nevertheless, 

contact A and D/D’ show fairly clear discontinuities at the first transition. 

Contact A shows a reduction in dimer volume and contact D/D’ a smaller 

increase, so that the re-emergence of layer compressibility can be associated 

with contact A. 

Both interlayer and intralayer plots and virtually all contacts can be 

interpreted as having a discontinuous change in dimer volume at the second 

transition. This suggests that the transition may have an intramolecular 

contribution, and application of the volume calculation to individual 

molecules reveals a small discontinuity in molecular volume at the second 

transition, Figure 4.7i. As pressure is increased, the long axis of the molecule 

hunches to a more compressed form, with most of this compression taken up 

at the carbonyl end of the molecule, Figure 4.7ii. As pressure increases, the 

longest axis of the inertial tensor (see Appendix B, Section B1) compresses, 

Figure 4.7iii, with the trend becoming steeper after the second transition. The 

alignment of the long axes with the layer explains why the second transition 

is more obvious in Figure 4.6ii than in 4.6i. 



Chapter 4 

147 

 

 

Figure 4.6: Variation in the volume of subsets of the glyphosate crystal structure. i) Interlayer 

volume, consisting of the central molecule and those in adjacent layers within the first 

coordination sphere. ii) Layer volume, consisting of a single layer containing the central 

molecule. iii) The volume of contact A (Figure 4.2). iv) The volume of contact D/D’. 
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Figure 4.7: i) Molecular volume the glyphosate molecule as a function of pressure. ii) 

Hunching of the molecular backbone. The elementally coloured structure is from ambient 

pressure measurements, the overlaid green structure is from 5.17 GPa. iii) The change in 

length of the long axis of the molecule (the longest axis of the inertial tensor) with pressure. 
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4.4 Conclusions 

The literature contains many examples of vibrational discontinuities from 

spectroscopic experiments at high pressure that often seem to not be 

reproduced by conventional crystallographic analysis. This seems to be 

especially relevant to second order transitions which instead of accounting for 

physical changes to structural packing, represent the onset of new 

mechanisms for accommodating pressure. The network and void volumes 

appear to be more sensitive than other structural features to these subtle 

changes. 

In this Chapter we have applied these methods to two high pressure 

phase transitions in glyphosate which had previously been identified by 

Raman spectroscopy. In Chapter 3 it was noted that the onset of subtle 

transitions marks a shift from compression of the void space to compression 

of the more rigid network, and the same in true in glyphosate. The first 

transition, between 0.93-1.21 GPa corresponds to a discontinuous change in 

the overlap of van der Waals surfaces within the layers to accommodate 

further compression. The second transition between 3.78-4.23 GPa is an 

intramolecular effect, signalling an increased rate of contraction of the 

molecular backbone to allow further compression. Both transitions occur 

without a change to space group symmetry or a change to the structural 

packing. The lack of a discontinuity in either the total volume or energy for 

either transition, suggests that they are both second order. 
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Chapter 5: The Advantages of Flexibility: 

The Role of Entropy in Crystal Structures 

Containing C—H⋯F Interactions. 
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Overview 

Molecular crystal structures are often interpreted in terms of strong, structure 

directing, intermolecular interactions, especially those with distinct geometric 

signatures such as H-bonds or π-stacking interactions. Other interactions, 

whether they are weak or lack a characteristic geometry, can be overlooked. 

Within this Chapter it is demonstrated that although the cumulative effect of 

weak interactions is significant, their deformability also leads to occupation of 

low energy vibrational energy levels which provides an additional stabilising 

entropic contribution. The entropies of five fluorobenzene derivatives have 

been calculated by periodic DFT calculations to assess the entropic influence 

of C—H⋯F interactions in stabilising their crystal structures. Calculations 

reproduce inelastic neutron scattering data and experimental entropies from 

heat capacity measurements. C—H⋯F contacts are shown to have force 

constants which are around half of those of more familiar interactions such as 

hydrogen bonds, halogen bonds and C—H⋯π interactions. This feature, in 

combination with the relatively high mass of F, means that the lowest energy 

vibrations in crystalline fluorobenzenes are dominated by C—H⋯F 

contributions. C—H⋯F contacts occur much more frequently than would be 

expected from their enthalpic contributions alone, but at 150 K the stabilising 

contribution of entropy provides, at −10 to −15 kJ mol−1, a similar level of 

stabilisation to the N—H⋯N hydrogen bond in ammonia and O—H⋯O 

hydrogen bond in water. 
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5.1 Introduction 

As described in Chapter 1, the structures formed by materials under different 

conditions are the consequence of minimisation of free energy, which can be 

interpreted as the result of a competition between enthalpic and entropic 

contributions. For example, sublimation, a change in phase from solid to gas, 

occurs, to a first approximation, when the temperature is high enough for the 

entropy of the gaseous state to overcome the enthalpic contribution made by 

the intermolecular interactions in the solid. Likewise, the crystal structures 

adopted by a compound are the result of a competition between the enthalpic 

and entropic characteristics of the intermolecular interactions. 

The directing influence of strong intermolecular interactions such as 

hydrogen bonds in the determination of stable packing configurations in 

crystal structures have already been described. Motifs, such as the familiar 

dimers formed between carboxylic acid groups, occur so frequently and 

consistently that they are considered to be supramolecular synthons that can 

be used in strategies to engineer crystal structures with pre-determined 

architectures.1 Such interactions typically have energies in the range of 10s kJ 

mol−1.2 The role of weak interactions is more subtle and open to different 

interpretations. Amongst these are weak C—H⋯halogen interactions, 

sometimes referred to as a class of weak hydrogen bond,3 which have 

molecule-molecule energies well below 10 kJ mol−1. 

A study by Taylor has investigated the importance of weak C—H⋯X 

(X = O, N, F, Cl) interactions in crystal packing.4 The frequency of formation of 

specific interactions was evaluated in the context of molecular surface area 

analysis to assess the extent to which interactions are formed because of their 

favourable characteristics as opposed to being formed randomly. A metric RF 

for primary (shortest) interactions was defined and used to measure the 
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favourability of different classes of interaction, with values greater than unity 

indicating greater than random occurrence. 

Charge density analysis has shown that there is an intrinsic polarisation 

of the electron density on the fluorine atoms5 which promotes its participation 

in C—H⋯F, C—F⋯F—C, and C—F⋯π interactions in the solid state,6,7 though 

overall, these interactions have weak, largely dispersion based, rather than 

electrostatic, enthalpic contributions. Nevertheless, the value of RF for C—

H⋯F intermolecular interactions in Taylor’s study was, at 3.5, strikingly 

higher than either C—H⋯O (2.7) or C—H⋯N (3.0) interactions, which are 

occasionally also suggested in lists of supramolecular synthons.3 The aim of 

this Chapter is to offer an explanation of why C—H⋯F interactions should 

occur so frequently. 

It has been argued8-11 that although individual C—H⋯F interactions are 

energetically weak, the presence of many of them becomes significant through 

a co-operative effect. Although these interaction energies are clearly 

significant, the free energy of a crystal structure is also influenced by other 

contributions which can exert a decisive influence on phase stability. For 

example, as has been seen in Chapter 3, volume minimisation is the most 

important driving force of high-pressure phase transitions, in which the 

change in lattice energy is often found to be positive.12 A computational study 

on the role of entropy by Nyman and Day on 1061 experimentally determined 

structures of 508 polymorphic organic molecules has shown that vibrational 

contributions dominated by entropy differences contribute to significant 

differences in free energy. These were shown to be large enough in 9% of their 

polymorph pairs to cause a re-ranking of polymorph stability.13 Kieslich et al. 

have also demonstrated the importance of entropy in hybrid organic-inorganic 

perovskites as a balance and interplay with hydrogen bonding interactions.14 
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The ability of entropy to support negative volume changes in the presence of 

positive lattice energy changes has also been noted in a high-pressure 

polymorph of salicylamide.15 

In this Chapter it is suggested on the basis of calculations on a series of 

fluorobenzene derivatives (Figure 5.1) that the shape and energetic 

characteristics of the potentials of C—H⋯F interactions leads to a high 

deformability and low vibrational frequencies, so that crystal structures in 

which they occur are favoured not only by the enthalpic influence of their 

interaction energies but also by entropy. 
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5.2 Materials and Methods 

5.2.1 Structures Studied 

Calculations were carried out on five fluorobenzene derivatives: 

monofluorobenzene (Cambridge Structural Database16 refcode FACFAQ, 1F 

hereafter), 1,2-difluorobenzene (FACFOE, 1,2F), 1,4-difluorobenzene 

(FACGEV, 1,4F), 1,3,5-trifluorobenzene (PVVAWA01, 1,3,5F) and 1,2,4,5-

tetrafluorobenzene (FACJAU, 1,2,4,5F). These structures, which were all 

published in a landmark study by Thalladi et al., were used to define the initial 

starting geometries for the DFT optimisations described below.10 The five 

structures selected from Thalladi et al’s study sample different classes of 

interaction geometry, while minimising computational expense by choosing 

in all cases except 1,2F, molecules that occupy special positions enabling 

symmetry to be exploited in the calculations. 

 
 

   

FACFAQ 

1F 

FACFOE 

1,2F 

FACGEV 

1,4F 

PVVAWA01 

1,3,5F 

FACJAU 

1,2,4,5F 

Figure 5.1: The fluorobenzene derivatives investigated in this study and the definitions of the 

compound codes used in the text. 

 

5.2.2 DFT Geometry Optimisation 

The crystal structures of the compounds shown in Figure 5.1 were geometry-

optimised using periodic density functional theory (DFT) with CASTEP 
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through the Materials Studio interface.17,18 The Perdew-Burke-Ernzerhof 

(PBE)19 exchange-correlation functional and norm-conserving 

pseudopotentials17 were used with a basis set cut-off energy of 990 eV and a k-

point spacing of 0.04 Å−1, which converged the total energy to <0.1 meV per 

atom. The unit cell dimensions were fixed in the initial cycles of optimisation, 

but then allowed to vary along with the coordinates. The convergence criteria 

were: 1 × 10−8 eV atom−1 (energy), 0.002 eV Å−1 (force) and 1 × 10−4 Å 

(displacement). The cell optimisation was conducted in a soft compressibility 

scheme with fixed basis quality and a maximum stress of 0.01 GPa. Structures 

were visualised using both Mercury 20 and Avogadro.21  

 

5.2.3 Phonon Calculations 

Following geometry optimisation, vibrational frequencies were calculated in 

the harmonic approximation at the Γ-point and across the full Brillouin zone 

using the linear response method (i.e. density functional perturbation theory 

rather than the finite displacement method based on supercells).22 

Anharmonicity and thermal expansion were neglected. For calculations across 

the Brillouin zone the q-vector separation was set to 0.04 Å−1. The number of 

q-vectors (N) at this density was 3 for 1F, 8 for 1,2F, 14 for 1,4F, 24 for 1,3,5F 

and 16 for 1,2,4,5F. The frequencies of the acoustic modes at the Γ-point were 

within 0.06 cm−1 of 0 cm−1; all other frequencies were positive. Density of states 

(DoS) plots were calculated for all structures with the contributions of different 

atom types assessed at the Γ-point by use of partial density of states (PDoS) 

plots, this follows the method used by Kieslich et al.14 

The effect of interpolation of the q-vector grid onto a finer grid spacing 

was investigated.23 For 1F the phonon interpolation grid was increased 

stepwise from 1 × 1 × 1 to 16 × 16 × 16, converging the calculated value of 
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−TS at 150 K to within 0.01 kJ mol−1 (Appendix C, Section C.3, Table A.6). A 

16 × 16 × 16 interpolation grid was used for all further calculations in this 

work. 

Phonon calculations of increased computational expense were also 

applied to 1F. The q-vector separation in this calculation was decreased from 

0.04 to 0.03 Å−1, increasing N from 3 to 12. This led to a modestly increased 

occupation of the low energy vibrations, but not such as to improve 

substantially the simulation of inelastic neutron scattering (INS) data 

(Appendix C, Section C.3, Figures A.7 and A.8). The value of −TS at 150 K also 

changed only modestly, from −10.31 to −10.42 kJ mol−1. The results of the 

calculations at the coarser spacing with interpolation were therefore accepted 

for all other derivatives in this study. Further information on convergence 

analysis of the phonon calculations can be found in Section C.3 of the 

Appendix.  

 

Note: INS measurements were completed by Professor Simon Parsons of the 

University of Edinburgh and Jeff Armstrong of ISIS in 2017. Experimental details 

are included here for completeness only. 

 

5.2.4 INS Measurements 

Comparison of the experimental and simulated inelastic neutron scattering 

(INS) spectra was used to assess the accuracy of phonon calculations. 

Experimental INS data were measured at ISIS Neutron and Muon spallation 

source on the TOSCA indirect geometry spectrometer. Liquid samples for all 

compounds were obtained from Fluorochem. The samples were cold-ground 

under nitrogen to produce solid powders before being loaded into cold 

aluminium cans and sealed.24 Spectra were recorded at ~20 K, the base 
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temperature of the instrument. Spectra for all samples were compared to 

simulated spectra obtained from phonon calculations by use of the program 

AbINS in Mantid.25 The temperatures used in the simulations were set to 

match the thermocouple readings taken from the experimental data files, and 

data from the front and the back detectors of TOSCA were merged.  

 

5.2.5 Lattice and Intermolecular Interaction 

Energies. 

The lattice and intermolecular interaction energies for each optimised 

structure were calculated via the semi-empirical Pixel method26-28 using the 

MrPixel interface.29 Gaussian-0930 was used for electron density calculations at 

the MP2 level of theory using the 6-31G** basis set. Molecular electron density 

was calculated on a grid of 0.08 × 0.08 × 0.08 Å3 with a condensation level of 4 

and a cluster radius of 14 Å. Component energies were calculated for 

electrostatic, polarisation, dispersion and repulsion interactions with total 

energy taken as the sum of all contributions. Contacts (labelled A, B…) within 

the first coordination sphere of 1F and 1,2F are listed along with their energies 

in Table 5.1. Data for all dimers are available in Appendix Table A.8, with 

individual dimers shown in Figures A.10-14 in the Appendix, Section C.5. 

 

5.2.6 Entropy Calculations 

Vibrational entropies were calculated for all compounds from the frequency 

output of the phonon calculations across the Brillouin zone using routines 

available in CASTEP. Estimates of the entropy determined at the Γ-point, 

which are used below for illustrative purposes, were calculated as in Section 

C.9 of the Appendix. Although the experimental structures were determined 
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at between 123 and 215 K, all entropies were calculated at 150 K to facilitate 

direct comparison.  

 

5.2.7 Force Constants 

Force constants were calculated for selected dimers within the first 

coordination sphere of 1,2F in order to assess the relative deformability of C—

H⋯F interactions. The dimers selected for 1,2F were a C—H⋯π interaction 

(referred to below as contact A, see Figure A.11 in Section C.5 of the Appendix) 

and a bridged C—H⋯F interaction (contact C). The coordinates were taken 

from the DFT-optimised structure. For the purposes of comparison, the same 

procedure was applied to the H-bonded water dimer with a geometry taken 

from the Benchmark Energy and Geometry Database from dataset S22.31,32 

Calculation of the force constants was accomplished by evaluating the 

energy of a dimer as its geometry was distorted. Two methods were applied. 

In the first method, dimers were distorted along the eigenvectors of Γ-point 

phonons using the program ModeFollow.33 Modes were selected from within 

the low energy envelope of vibrations below 200 cm−1, which contribute most 

to entropy.34,35 For the bridged C—H⋯F interaction (contact C) three separate 

modes were selected, two modes provide the highest distortion of the C—

H⋯F interaction and the third as the highest energy mode below the 200 cm−1 

limit for external vibrations. These modes are numbers 16, 22 and 24 in Table 

A.9 in Section C.9 of the Appendix. The dimer of interest was isolated from the 

unit cell at each step along the distortion and the energy calculated for the 

isolated dimer (see below). The extent of distortion (R) for each mode was 

defined numerically as the average distance between atoms in their distorted 

state relative to their optimised positions. The same modes were studied for 

the C—H⋯π interaction (contact A) for comparison. Mode 16 for contact A 
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and mode 24 for contact C produced very flat potentials, indicating that the 

energies of these modes are determined by the distortions of interactions with 

other molecules in the crystal structure; these modes were excluded from 

further analysis. 

The second method of distortion followed the procedure of Carlucci et 

al.36 This method was used for 1,2F contacts A, C, and the water dimer. The 

interaction axis of each dimer was aligned along the Cartesian z axis using 

Avogadro.21 For both contacts A and C the centroids of the aromatic rings were 

calculated to define this axis. For the water dimer the axis was defined along 

the shortest H⋯O intermolecular distance. The separation distance of the two 

molecules were then linearly distorted along z by +1.0 and −1.0 Å from its 

optimised value in steps of 0.1 Å. Energies were calculated at each point. 

The dimer energies in both sets of calculations were evaluated using 

symmetry adapted perturbation theory (SAPT) in the program Psi4.37,38 

Convergence testing was carried out using contact C. All combinations of 

double, triple and quadruple zeta basis sets with the augmentation levels of 

August, July and June from the ‘calendar’ set (reducing backwards in month 

for each diffuse shell removed from the calculation) were tested at all levels of 

SAPT truncation.39 On the basis of these tests, SAPT2+3 was selected with aug-

cc-pVDZ basis set for further calculations; further data are available in Section 

C.4 of the Appendix. 

The above calculations yielded potential curves E(R) for each 

interaction studied. The force constants, 𝑘0, for the dimers were calculated as 

in Carlucci et al.36 using Equation 5.1 after fitting polynomials to the potential 

curves; it was found found that order six polynomials yielded better fits than 

the fourth order set used in Carlucci et al.36 

𝑘0 =
𝑑2𝐸

𝑑𝑅2.                                                      (5.1) 



Chapter 5 

168 

 

5.3 Results and Discussion 

5.3.1 Intermolecular Interactions 

Descriptions of the packing in all the fluorobenzene derivatives studied here 

(Figure 5.1) have been provided by Thalladi et al.10 The energies and centroid-

centroid distances of the interactions formed in each structure, as determined 

by the Pixel method are given in Tables 5.1 (1F and 1,2F) and A.8 in Section 

C.5 of the Appendix (all derivatives). The structures contain 12 (1,2,4,5F), 13 

(1,2F) or 14 (1F, 1,4F and 1,3,5F) molecules in the first coordination sphere, 

linked by C—H⋯F, C—H⋯H and C—F⋯F contacts which are in some cases 

bifurcated or bridged. The structures of 1F, 1,2F and 1,4F also contain C—H⋯π 

interactions, whereas those of 1,3,5F and 1,2,4,5F feature offset π⋯π 

interactions. 

The lattice energies are similar, varying between −45.8 and −52.0 kJ 

mol−1. The modest values27 reflect the low melting points of these materials. 

The π⋯π or C—H⋯π interactions are more stabilising than single, bridged, or 

bifurcated C—H⋯F interactions in all structures except 1,4F where a bridged 

C—H⋯F interaction provides 0.5 kJ mol−1 greater stabilisation than a C—H⋯π 

interaction. 

The largest contribution to the C—H⋯F interactions is dispersion 

rather than electrostatics. This finding is in agreement with work by 

Sudheendranath et al. on α-fluoroketones, where the dispersive term was 

found to outweigh the electrostatic by 3-4 times, and also with the survey of 

C, H and F-containing structures by Gavezzotti and Lo Presti.40,41 Desiraju et 

al. have similarly reported that C—H⋯F interactions, which they have 

described as weak hydrogen bonds, have less pronounced electrostatic 

contributions.42 
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Although the aromatic nature of structures studied here contribute 

towards dispersion terms in these contacts, a search of the Cambridge 

Structural Database (CSD)16 reveals that average contact lengths for C—H⋯F 

bonds hardly vary for aromatic (2.512 Å) and non-aromatic (2.519 Å) 

structures (see Section C.2 of the Appendix), indicating that formation of these 

contacts is not simply a feature of optimisation of aromatic interactions. 

Relevant interactions were defined in this search as those shorter than the sum 

of the contributing van der Waals radii. Database entries without coordinates, 

R-factors above 5%, or those containing disorder, errors, powder data or ions 

were filtered out. Hydrogen bond lengths were normalised to neutron values. 

Searches were conducted on the CSD version 2023.2.0. 

The low energies of C—H⋯F interactions, as well as their lower or 

similar energies to π⋯π or C—H⋯π contacts, suggests that it is difficult on 

energy grounds alone to support their description9-11 as structure directing 

interactions. Nevertheless, their persistence in the crystal structures of organo-

fluorine derivatives implies that they must make a significant stabilising 

contribution.4 The aim of the following sections is to explore the role that 

entropy has in resolving this apparent paradox.  

 

 



 

 

 

Table 5.1: Symmetry unique interactions within the first coordination spheres of 1F and 1,2F. All energies are given in kJ mol−1. U = lattice energy. Data for 

other derivatives and diagrams of each dimer are available in the Appendix (Section C.5, Table A.8, Figures A.10-14). 

Structure Dimer Symmetry Contact 

Type 

Centroid 

separation 

Coulombic Polarisation Dispersion Repulsion Total Total per 

molecule 

1F, FACFAQ 

P43212 

Z = 4,  

Z’ = ½ 

U = −52.0  

A 𝑦 ± 1 2⁄ , −𝑥 + 5 2⁄ , 𝑧 + 1 4⁄  

−𝑦 + 5 2⁄ , 𝑥 ± 1 2⁄ , 𝑧 − 1 4⁄  

H⋯π 4.759 −3.6 −1.8 −14.5 11.0 −8.9 −4.5 

B 𝑥, 𝑦 ± 1, 𝑧; 𝑥 ± 1, 𝑦, 𝑧 H⋯F, H⋯H 5.752 −1.7 −0.8 −9.1 4.5 −7.0 −3.5 

C 𝑦 ± 1 2⁄ , −𝑥 + 3 2⁄ , 𝑧 + 1 4⁄  

−𝑦 + 3 2⁄ , 𝑥 ± 1 2⁄ , 𝑧 − 1 4⁄  

H⋯F, H⋯H 6.542 −2.6 −1.2 −7.6 5.0 −6.4 −3.2 

D 𝑥 ± 1, 𝑦 ± 1, 𝑧 H⋯F 8.134 −1.3 −0.2 −1.5 0.2 −2.8 −1.4 

1,2F, 

FACFOE 

P21/n 

Z = 4 

Z’ = 1  

U = −49.8 

A −𝑥 + 3 2⁄ , 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  H⋯π 4.686 −5.1 −1.8 −15.4 11.2 −11.1 −5.6 

B −𝑥 + 5 2⁄ , 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  H⋯π 4.843 −4.1 −1.3 −12.6 7.4 −10.6 −5.3 

C 𝑥 ± 1 2⁄ , −𝑦 + 1 2⁄ , 𝑧 ± 1 2⁄  H⋯F, H⋯F 6.782 −4.7 −1.1 −6.9 4.3 −8.5 −4.3 

D −𝑥 + 2, −𝑦 + 1, −𝑧 + 1 F⋯F, F⋯F 5.864 −0.7 −0.8 −8.5 3.2 −6.8 −3.4 

E −𝑥 + 2, −𝑦 + 1, −𝑧 + 2 H⋯H⋯H 5.954 −1.3 −0.7 −7.6 3.4 −6.2 −3.1 

F 𝑥, 𝑦 ± 1, 𝑧 H⋯F 6.007 −0.6 −0.9 −8.6 4.2 −5.9 −3.0 

G 𝑥 ± 1 2⁄ , −𝑦 + 3 2⁄ , 𝑧 ± 1 2⁄  H⋯F, H⋯H 6.935 −1.4 −0.7 −5.2 2.8 −4.5 −2.3 

H −𝑥 + 2, −𝑦, −𝑧 + 1 F⋯F 8.268  1.5 −0.2 −1.7 0.6  0.2  0.1 
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5.3.2 Phonon Calculations 

5.3.2a Inelastic Neutron Scattering Experiments 

The entropy of crystalline solids is determined by access to low frequency 

vibrational (or phonon) energy levels. In disordered solids there is also a 

contribution from alternative configurations but since all structures studied 

here are ordered this was not considered in the present Chapter. In order to 

explore the role of entropy in the stabilisation of crystal structures containing 

C—H⋯F interactions it is thus necessary to calculate vibrational frequencies. 

In crystalline solids, internal vibrations occur within molecules and external 

vibrations occur between molecules. The relative phases of vibrational modes 

between unit cells defines different points in the Brillouin zone. The point 

where the vibrations of all unit cells are in phase defines the Γ-point; the 

opposite zone edge, which is given a variety of different symbols depending 

on crystal symmetry, occurs where vibrations in neighbouring unit cells are 

out of phase. 

Calculation of the vibrational properties of solids is computationally 

expensive, and approximations such as the assumption of harmonicity are 

usually invoked. This assumption was made in the present Chapter. The 

effects of thermal expansion were also neglected. More elaborate models could 

be based on the quasi-harmonic approximation to account for thermal 

expansion, or explicit inclusion of anharmonicity. Destabilising (positive) 

contributions to free energy, namely the increase in internal energy due to the 

occupation of vibrational modes as temperature increases and zero-point 

energy, were also neglected. These quantities can differ significantly in crystal 

structures with very strong intermolecular interactions,34 but differences 
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between polymorphs are usually very small;13 further comments are available 

in Section C.10 of the Appendix. 

Inelastic neutron scattering data, which provides very useful 

benchmarking data for phonon spectra calculated by periodic DFT,25 were 

collected in order to determine the impact of these assumptions on the 

accuracy of the phonon calculations. Calculated and experimental INS spectra 

in the range 0-1000 cm−1 are presented in Figure 5.2 for 1F. Spectra for all 

structures and spectra over larger ranges can be found in Figures A.15-19 in 

Section C.6 of the Appendix. The intensities of measured INS spectra depend 

on experimental parameters such as the sample volume and incident beam 

intensity as well as the characteristics of the vibrations, and the simulated 

intensities were scaled visually to match the peaks near 1000 cm−1. In all cases, 

the simulated spectra show a level of agreement with the experimental data 

that is typical in comparable studies employing periodic DFT and the 

harmonic approximation.43,44 The frequencies and intensities of the internal 

modes are well reproduced. The external modes below 200 cm−1 show small 

frequency offsets which reflect the assumptions described above and which 

tend to lead to overestimation of the frequencies.45 Nevertheless, the essential 

features of the INS spectra below 200 cm−1 have been reproduced. Inclusion of 

thermal expansion, for example by use of a quasi-harmonic model,46 would be 

expected to decrease the frequencies,47 while inclusion of anharmonic effects 

usually, though not always, also leads to a decrease in calculated frequencies 

when compared to the harmonic approximation.48-51  
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Figure 5.2: Experimental and simulated INS spectra for 1F. Spectra for other compounds and 

larger spectral ranges can be found in Figures A.15-19 in SectionC.6 of the Appendix.  

 

5.3.2b Entropy Calculations 

The significance of the offsets between the experimental and DFT simulations 

in the low frequency vibrational modes can be assessed by comparison of the 

calculated entropies with experimental values which are available from heat 

capacity (Cp) data for 1F, 1,2F and 1,2,4,5F.52-54 

The values of −TS (T = temperature, S = entropy) terms for all five 

compounds at 150 K are listed in Table 5.2 alongside experimental values 

where available. The value of 150 K used here and below is representative of 

the temperatures of the experimental structure determinations. The 

experimental and simulated values of −TS in Table 5.2 all agree to 2 kJ mol−1, 

the underestimation in the simulated values being consistent with the slight 

over-estimation in the positions of the low frequency bands shown in Figure 

5.2. The calculations also recover the increasing trend with fluorine content. 
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Table 5.2: Values of −TS at 150 K for fluorobenzenes calculated using periodic DFT at the Γ-

point and across the Brillouin zone compared to available data determined experimentally 

from heat capacity measurements. All values in kJ mol−1. 

 Γ Phonon Full Phonon Experimental 

1F −8.63 −10.31 −12.4242  

1,2F −9.99 −11.73 −13.7243 

1,4F −8.58 −12.33  

1,3,5F −9.83 −13.85  

1,2,4,5F −11.40 −15.05 −15.7744 

 

Thus, although the agreement is not perfect, the INS and entropy 

benchmarking data indicate that the level of theory applied in this work is 

suitable for the purpose of estimating the magnitude of entropy effects in 

weakly-bound crystal structures such as those of fluorobenzenes. 

 

5.3.2c Partial Density of States Calculations 

The values of −10 to −15 kJ mol−1forthe −TS contribution to the stabilisation of 

fluorobenzenes at 150 K shown in Table 5.2 is comparable to the enthalpic 

stabilisation afforded by the N—H⋯N and O—H⋯O hydrogen bonds in the 

crystal structure of ammonia (−9.3 kJ mol−1) and the optimised water dimer 

(−20.6 kJ mol−1).55,56 But what contribution is made by C—H⋯F interactions 

towards this stabilisation? 

The phonon density of states, shown in Figure 5.3 for 1F, were 

decomposed into contributions from each atom type at the Γ-point; plotting 

these partial density of states reveals how individual modes are distributed 

over different atoms.14 The advantage of using the Γ-point is that the 

contribution of entropy by bands of increasing frequency is easily calculated 
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by hand (Section C.9 and Table A.9 of the Appendix), providing useful insight 

into the importance of low energy vibrations; note the entropy calculated in 

this way is underestimated because the contributions of acoustic phonons are 

not calculated (see Table 5.2). 

The partial density of states for 1F are shown for F, C and H in Figure 

5.3, with the remaining compounds shown in Figures A.25-29 in Section C.8 of 

the Appendix. For all structures, the fluorine atoms contribute significantly 

more per atom to the modes below 200 cm−1 than C or H, as indicated by the 

higher intensity of the peaks within this range for the fluorine atoms.  

 

Figure 5.3: Left) Density of states for 1F in the range 0-1700 cm−1. Right) Partial density of states 

per atom type per atom for 1F. Red is fluorine, black is carbon and blue is hydrogen. Data for 

individual atom types have been offset for clarity. Plots for all other structures and larger 

spectral ranges are available in Figures A.20-29 in Sections C.7 and C.8 of the Appendix. 

 

5.3.2d Force Constant Calculations 

The thermodynamic contribution made by an intermolecular interaction to the 

stability of a phase depends on the characteristics of its potential. The enthalpic 

significance depends on the depth of the potential. The entropic significance 
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depends on the shape of the potential at its minimum. A low curvature at the 

potential minimum is indicative of a deformable interaction with a low force 

constant (Equation 5.1). An interaction with a low force constant is associated 

with a low vibrational frequency, and hence a high entropy. However, 

vibrational frequencies also depend on mass, and low frequencies are also 

associated with vibrations which involve heavy atoms. 

The partial density of states analysis indicates that the motions of the 

fluorine atoms contribute most to the lowest energy vibrations in 

fluorobenzenes and therefore contribute most to entropy. The question 

addressed in the following section is whether this is simply because fluorine 

is the heaviest atom present, or whether the low energy of vibrations involving 

fluorine can also be ascribed to the low force constants, i.e., the deformability, 

of C—H⋯F interactions. Answering this question requires explicit calculation 

of the potentials of intermolecular interactions involving C—H⋯F contacts, 

along with those of other classes of interaction for the purposes of comparison. 

Potentials were calculated for contacts selected from the crystal 

structure of 1,2F. Contact C (Table 5.1, Figure A.11 in Appendix C.5 ) is formed 

across an inversion center and contains two bridged C—H⋯F interactions; for 

comparison the same calculations were carried out for the C—H⋯π 

interaction, contact A. The force constants for both contacts were calculated by 

two methods as described in Section 5.2.7. For comparison, the second method 

was applied to the isolated water dimer; the same method has been applied to 

the pentafluoroiodobenzene-pyrazine C—I⋯N halogen bond in ref. 36 The 

potentials and force constants are shown in Figure 5.4 and Table 5.3, which 

also reports separation distances and energies from the optimised structure 

alongside equilibrium distances and cohesive energies. 
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For the 1,2F modes, the minimum of the fitted polynomial was slightly 

shorter than the separation within the optimised structure, a reflection of 

interaction distances in crystal structures being the result of a competition 

between the pushes and pulls of all contacts present, so that none adopt 

exactly the same geometry as an isolated dimer.57 The C—H⋯π interaction (A) 

is stronger than the bridged C—H⋯F interaction (C) with equilibrium energies 

of −15.8 and −9.4 kJ mol−1, respectively (Figure 5.4; the corresponding values in 

the crystal structure calculated by the Pixel method are −11.1 and −8.5 kJ mol−1). 

The potentials for contact C in Figure 5.4 are distinctly shallower than for 

contact A, producing substantially lower force constants. The average of the 

of the force constants calculated by method 1 are 162.4 kJ mol−1Å−2 and 40.8 kJ 

mol−1Å−2 for contacts A and C respectively. Although the results of method 2 

are different (they correspond to different distortions), they present a 

consistent picture: 55.6 and 31.7 kJ mol−1Å−2 for A and C, respectively. 

Comparative figures for the hydrogen and halogen bonded dimers in Table 

5.3 are both of the order of 100 kJ mol−1Å−2. 

The energies of the interactions discussed here lie between about 5 and 

20 kJ mol−1; the energetic differences are accompanied by a distribution in the 

range of values for the force constants, with those for C—H⋯F interactions 

being significantly lower than those of other contacts. These data indicate that 

the entropic contribution of C—H⋯F interactions stems not only from the 

mass of the fluorine atom, but also the deformability of the interactions it 

forms. 
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Figure 5.4: Energy potentials for: Top left) Distortions along phonon modes for contacts A and 

C for 1,2F (method 1). Top right) Distortions of centroid-centroid distances for contact A and 

C in 1,2F (method 2). Bottom) Distortion of the O⋯H distance in the water dimer (method 2). 

Red dashed lines represent defined interaction axes for method 2. 
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Table 5.3: The equilibrium distances (Ropt) and energies (Eopt) from the DFT-optimised 

structures and the minimum distances (R0), energies (E0), and force constants (k0) for selected 

contacts in 1,2F and water from the fitted potentials. Data for the C—I⋯N interaction in the 

pentafluoroiodobenzene-pyrazine dimer (FBz-I) taken from Carlucci et al. are listed for 

comparison.36 Distances are in Å, energies in kJ mol−1 and force constants in kJ mol−1Å−2. 

 

  

Contact/Mode Ropt  Eopt  R0  E0 k0  

Method 1      

A/22 4.686 −15.813 4.615 −16.097 136.6 

A/24 “ “ 4.625 −16.103 188.2 

Average   4.620 −16.100 162.4 

C/16 6.782 −9.421 6.806 −9.445 38.5 

C/22 “ “ 6.787 −9.440 43.0 

Average   6.797 −9.443 40.8 

Method 2      

A 4.686 −15.813 4.556 −16.211 55.6 

C 6.782 −9.421 6.772 −9.421 31.7 

Water 1.952 −18.867 2.036 −19.455 94.2 

FBz-I36 - - 3.17 −9.9 97 
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5.4 Conclusions 

The current work was inspired by a comment made by Taylor in a paper 

entitled It Isn’t, It Is: The C–H···X (X = O, N, F, Cl) Interaction Really Is Significant 

in Crystal Packing.4 The final paragraph of that paper reads: It took me 30 years 

to be persuaded that C–H···F–C … contacts matter, but I remain of this view. Whether 

this belief is accepted by others or not, one thing is clear: any explanation of the crystal 

packing of the structures… must account for the fact that they contain many more 

X···H interactions than would be expected by chance. 

Although C—H⋯F interactions are weak, they occur frequently, 3.5 

times more likely than would be expected by chance alone. Taylor reasoned 

that ‘The simplest explanation is that X···H (X being a halogen) interactions are 

sufficiently favorable in themselves to ensure their over-representation in crystal 

structures’. The hypothesis explored in the present Chapter is that the 

favourable feature of C—H⋯F interactions lies in their contribution to 

entropy. 

The vibrational, enthalpic and entropic properties of five fluorobenzene 

derivatives have been investigated using periodic DFT, SAPT and Pixel 

calculations. The phonon calculations, which were carried out in the harmonic 

approximation and neglected the effects of thermal expansion, nevertheless 

adequately reproduced the experimental entropies, determined from heat 

capacity data, and INS spectra. The molecule-molecule energies associated 

with individual C—H⋯F interactions lie between −5 and −10 kJ mol−1. The 

interactions are largely dispersive, rather than electrostatic in character. The 

total contribution of entropy is between −10 and −15 kJ mol−1 at 150 K, more 

akin to the enthalpic stabilisation made by a moderate hydrogen bond. 

Entropy in ordered, crystalline solids is derived from access to low 

energy vibrational modes. Each mode is distributed over many different 
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interactions in solids, and one of the difficulties encountered in the work 

described here has been to assess the entropic contribution of interactions 

involving C—H⋯F contacts. One technique has been to examine partial 

phonon density of states plots, which show that the lowest energy modes in 

fluorobenzenes are dominated by the motions of fluorine atoms. Another has 

been to investigate the properties of the potentials of dimers mediated by C—

H⋯F interactions and to compare them with those for other classes of contact. 

This analysis showed that the low vibrational energies associated with C—

H⋯F interactions reflect the relatively high mass of the halogen atom but also 

the deformability of the interaction, with potentials which are flatter than 

other contacts such as C—H⋯π interactions and hydrogen and halogen bonds. 

The prevalence C—H⋯F interactions thus stems from a combination of the 

entropic advantage conferred by these two features as well as from the 

energies of the interactions themselves. 

Taylor’s study shows that many weak interactions form randomly and 

tend not to be structure directing. For example, enthalpically weak C—O⋯C 

and C—N⋯C interactions were found to both occur 0.5 times less than would 

be expected by chance. But C—H⋯F interactions do matter, the results 

presented here implying that entropy can have significant role to play in 

structures dominated by enthalpically weak interactions. The results of this 

work suggest that entropy can be an important consideration when 

interpretating the structural significance of weak interactions. 
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Chapter 6: Dominant Driving Forces at 

Pressure: A Study of New Polymorphs of 

Glyphosate Under Varying Conditions. 
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Overview 

This Chapter describes the formation of potentially four new high-pressure 

phases of glyphosate under varying conditions. In Chapter 4 the integrity of a 

single crystal of glyphosate was lost on slow compression above 5.6 GPa. 

Within this Chapter attempts to employ more rapid rates of compression in 

different pressure transmitting media, to 5.9 GPa in a 4:1 mixture of methanol 

and ethanol and to 7.0 GPa in neon, generated two new single-crystal phases. 

The phase at 7.0 GPa, named phase II, has a higher volume than the phase 

obtained at 5.9 GPa, named phase III, indicating formation of phase II from 

phase III is thermodynamically forbidden. In an attempt to recover the 

destructive transition seen previously and to potentially drive its transition to 

phase II or III, neutron powder diffraction data on glyphosate-d4 was 

completed at ISIS neutron and muon source. This revealed a far more complex 

structural landscape and the formation of two further phases, named IV and 

V, which did not fit the structural parameters of phases I (Chapter 4), II or III. 

So far, the structures of phases IV and V have not been characterised further 

and it is the aim of future work to attempt to recover structural parameters for 

these phases, possibly through crystal structure prediction. Free energy 

calculations involving internal energy, volume and entropy are used to 

establish the driving forces of the single crystal transitions. Extrapolation of 

the parameters of phase I to the pressures both phase II and III were observed 

reveals that both transitions are driven by volume as the only significant 

stabilising contribution. 
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6.1 Introduction 

The thermodynamic aspects of high-pressure phase transitions have been 

discussed extensively in Chapters 1, 3 and 4, but the role of kinetics has largely 

been neglected. Employing different rates of compression can modify phase 

behaviour. For example, L-serine has been shown to undergo different phase 

transitions depending on the rate of compression. L-serine I transforms to 

phase II under rapid compression to ~5 GPa and to phase III under rapid 

compression to ~8 GPa. However, under slow compression phase IV is formed 

at 5.6 GPa.1-8 Ridout et al. have also shown that different rates of compression 

can result in three different polymorphs for 2-fluorophenylaccetylene when 

crystallised in situ by isothermal freezing.9 

For in-house experiments, the slowest rate of compression is largely 

limited by the coarseness of pressure control available for DACs. Generally, 

the smallest steps possible are of the order 0.2 - 0.3 GPa, or about 3-6 times the 

typical precision of the ruby pressure measurement (0.05 GPa). At the other 

end of the scale, the time between steps is limited by the length of a high-

pressure data collection, generally of the order of at least one or two hours. 

Central facilities can achieve measurements in significantly shorter times due 

to the intensity of the beam. O’Bannon and co-workers have utilised this to 

achieve millisecond time-resolved X-ray diffraction with dynamic DACs and 

compression rates in excess of 1000 GPa s−1.10 

In Chapter 4, a high-pressure crystallographic study on the compound 

glyphosate, N-(phosphonomethyl)glycine, was presented up to a pressure of 

5.6 GPa. Pressure points were taken in 0.2-0.3 GPa steps at a maximum rate of 

once every 5 hours. This was necessary to allow for equilibration of pressure 

point and sample measurement. In this range two subtle second order phase 

transitions were seen. These were not denoted unique identifiers and are 
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referred to throughout this chapter as phase I. At 5.6 GPa, data quality 

deteriorated and further compression to 5.98 GPa led to a proliferation of 

diffraction spots which was interpreted as a destructive transition to a new 

polycrystalline phase. Although a similar result had been apparent in an 

earlier Raman study,11 attempts to characterise this new phase were 

unsuccessful. The aim of the present chapter is to attempt to access this phase 

by utilising higher rates of compression and different pressure transmitting 

media which may enable the integrity of a single crystal to persist through the 

transition. The phase behaviour is also studied by neutron powder diffraction 

to provide a quantitative comparison between the effects of rapid and gradual 

compression and the role of deuteration. 

On recovery of structural data from high pressure phases, free energy 

calculations involving internal energy, volume and entropy will be used to 

establish the thermodynamic ordering of all phases as a function of pressure 

and the driving forces behind all transitions. The energy difference between 

polymorphs is usually less than 1 kcal mol−1 (4.184 kJ mol−1).12 Subtle changes 

in internal energy, volume or entropy contributions can have significant 

impacts on the structures which form. 
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6.2 Materials and Methods 

6.2.1 Single Crystal X-ray Diffraction 

Crystals of glyphosate (Sigma Aldrich) were grown by the same procedure 

outlined in Chapter 4, slow evaporation of an aqueous solution of 

concentration 10 mg mL−1. Single crystals were screened for diffraction quality 

using a Bruker AXS D8 Venture diffractometer with Ag Kα radiation (λ = 

0.56083 Å) at 150 K. High pressure single crystal studies were subsequently 

completed both in house, on the same diffractometer and the same source, and 

at the Deutsches Elektronen-Synchrotron (DESY) on the P02.2 extreme 

conditions beamline. 

For in house studies a single 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 carbide backing plates.13,14 A 

tungsten gasket was used of thickness 300 μm and indented by 200 μm with a 

hole diameter of 300 μm. A 4:1 mixture of methanol and ethanol was used as 

the pressure transmitting medium.15 Three ruby spheres were also included in 

the sample loading and the ruby fluorescence method was used to measure 

pressure; the values quoted have an uncertainty of 0.05 GPa.16 Pressure was 

increased gradually to 1 GPa and unit cell parameters determined to confirm 

the same trend was being followed as in Chapter 4 for the ambient pressure 

phase (phase I). 

Pressure was then increased rapidly to 5.9 GPa in a single step, i.e., to 

just above where the destructive transition was observed in Chapter 4. The 

crystal was observed to go through a single crystal to single crystal phase 

transition accompanied by a space group change from P21/c to P21/n with a 

complex relationship between the basis vectors of the two phases (Section 
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6.3.1b). This phase is referred to hereafter as phase III in the light of the phase 

development described below. 

At DESY, a single crystal was loaded into a Short Symmetric DAC 

(described in greater detail in Chapter 2). A rhenium gasket was used to 

provide improved pressure control. The cell was loaded with neon gas as the 

pressure transmitting medium15 and ruby spheres were again used as a 

pressure marker with the same pressure uncertainty of 0.05 GPa.16 Phase I 

persisted under gradual compression to 5.6 GPa, where the destructive 

transition was previously seen. The sample was then compressed rapidly to 

7.0 GPa. Again, a single crystal to single crystal phase transition occurred but 

to a third phase, phase II hereafter, with a much closer translational symmetry 

relationship to phase I than phase III. Although the standard setting of phase 

II is in P21/n it is described here in P21/c; the difference in β is only 2.47° and 

the change facilitates comparison with phase I. Analysis of the relationship 

between phases I and II reveals that the translational symmetry of the lattice 

is unchanged over the course of the transition, that is, the relationship between 

the basis vectors of the two phases is expressed by the identity matrix. 

 

6.2.2 Structure Solution and Refinement of X-ray 

Data 

Diffraction patterns of in-house data were indexed using APEX4 and 

integrated using SAINT.17 Diffraction patterns from DESY were indexed and 

integrated using CrysAlisPRO.18 Corrections for the gasket shading, 

absorption and other systematic errors were applied using the multiscan 

procedures in SADABS and CrysAlisPRO respectively.18,19  
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The structures were refined against |𝐹| by full-matrix least-squares in 

Crystals using data with |𝐹| > 4σ(|𝐹|).20 Improved refinement statistics were 

found by refinements on |𝐹| over |𝐹|2, reflecting the quality of data obtained 

after rapid compression and the phase transitions. For both structures, atoms 

were modelled with anisotropic displacement parameters except for hydrogen 

which was modelled with isotropic displacement parameters to improve the 

data to parameter ratio of the high-pressure data sets. Hydrogens on the 

backbone of the molecule (hydrogens H2A/B, H3A/B and H4A/B, Figure 4.1) 

were placed in calculated positions for both structures. For the structure of 

phase II at 7.0 GPa hydroxyl hydrogens (H1 and H3, Figure 4.1) were located 

from residual electron density peaks. The same functional hydrogen atoms of 

phase III could not be located and were placed in positions that resulted in the 

formation of favourable hydrogen bonds and dimers. Structures were 

visualised throughout using Mercury.21 Tables of crystal and refinement data 

for both phases are available in Appendix D.1. 

 

6.2.3 Neutron Powder Diffraction 

High-pressure, ambient temperature, neutron powder diffraction data were 

measured at the ISIS Neutron and Muon spallation source on the PEARL time-

of-flight (TOF) instrument. A deuterated sample was prepared by the 

deuteration lab at ISIS starting from a fully protonated sample. Carbon bound 

hydrogens were not exchanged, and deuteration was only achieved at O1, O3 

and N4 positions. Nevertheless, the semi deuterated sample provided a 

significantly lower background than the protonated sample, though higher 

than expected for a fully deuterated sample.  

Approximately 50 mm3 of sample was gently ground to a fine powder 

and loaded into a Paris-Edinburgh (PE) press (see Chapter 2).22 Sintered 
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diamond anvils were used with a null-scattering Ti-Zr gasket to contain the 

sample with a lead pellet of roughly 5 mm3 for the measurement of pressure.23 

A perdeuterated 4:1 mixture of methanol and ethanol was used as the 

hydrostatic medium.15 Diffraction was detected in the transverse geometry in 

the 90° detector banks. Diffraction pattern intensities were corrected for the 

wavelength and scattering angle dependence of the neutron attenuation of the 

press and gasket with instrument models available for PEARL.7  

Pressure was applied with a computer controlled hydraulic system and 

data collected at loadings 5, 15, 25, 35, 45, 50, 55, 60, 70, and 80 tonnes 

accounting for a pressure range of 0-7.83 GPa. Shorter scans, 2.5 hours, were 

collected in the range 5-45 tonnes (0.09-4.78 GPa), the range previously 

characterised for phase I in Chapter 4, and these patterns had poorer statistics 

than those collected at higher pressure. Loss of peaks between 4.78 and 5.12 

GPa was interpreted as the sample undergoing a gradual phase transition and 

in the higher-pressure range 50-80 tonnes (5.15-7.83 GPa), longer scans, 12 

hours, were completed in an attempt to provide higher quality data. 

Peaks showed a substantial broadening with increasing pressure and 

became weaker against the background such that by 7.83 GPa, reliable 

refinements could not be obtained. This dataset is not included in further 

analysis. 

 

Note: Refinements of neutron powder data were carried out by Professor Simon 

Parsons of the University of Edinburgh. The details are included here for 

completeness. 

 



Chapter 6 

199 

 

6.2.4 Analysis of Neutron Data 

Powder-pattern indexing and Pawley refinements were carried out using 

TOPAS-Academic.24 Refinement models were initially based on those 

obtained using X-ray models of phases I, II and III, and included lead (the 

pressure marker) and sintered diamond (from the anvil). The refined cell 

dimensions of the lead were used to calculate the pressure applied to the press 

using a Birch-Murnaghan equation of state with 𝑉0 = 121.418 Å3, 𝐾0 = 41.725 

GPa and 𝐾0
′ = 5.394.25 In the range 0.09-4.78 GPa Pawley refinements recovered 

cell parameters that corresponded to phase I. The structure of phase I at 4.78 

GPa was refined by the Rietveld method. Glyphosate-I has a plate-like 

morphology developed in (100) (see Appendix D.3), and a small amount of 

preferred orientation in this direction was included in the Rietveld refinement 

using the March-Dollase model.26 

In the range 5.15-6.10 GPa Pawley refinements starting from the cell 

parameters of phase II failed to model the patterns. The dataset at 5.61 GPa (55 

tonnes) was indexed using simulated annealing to obtain cell parameters that 

were similar but not identical to phases I and II. Attempts to introduce 

structural models for Rietveld refinement based on the coordinates of phases 

I, II or III failed to match the diffraction data. The data sets at 5.61 and 6.10 GPa 

(55 and 60 tonnes) could be Pawley-fitted using the new indexing parameters, 

but those at 5.15 GPa (50 tonnes) required addition of phase I with a Rietveld 

model. Refinement of the dataset at 6.88 GPa (70 tonnes) was more complex 

still and this has not been successfully modelled. These observations suggest 

that neither phase II nor III were observed in the neutron study, which instead 

yielded a further two new phases, IV and V. 
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6.2.5 DFT Geometry Optimisation 

Crystal structures were geometry-optimised using procedures described in 

Chapter 5. Experimental single crystal X-ray data for phase I at 0 and 5.18 GPa 

were taken from Chapter 4. These structures were optimised along with phase 

II at 7.03 GPa and phase III at 5.93 GPa. Additionally, unit cell parameters 

determined for phase I from Chapter 4 were used to extrapolate the unit cell 

dimensions of phase I to 5.93 and 7.03 GPa using ‘linear’ equation of state 

fitting in EoSFit.27,28 (Further details of the fittings are available in Appendix 

D.2). The structure of phase I at 5.18 GPa from Chapter 4 was then optimised 

into these new unit cells for direct comparison between phases I and II at 7.03 

GPa and phase I and III at 5.93 GPa. 

Periodic density functional theory (DFT) was used throughout using 

CASTEP and implemented in the Materials Studio interface.29,30 The Perdew-

Burke-Ernzerhof (PBE)31 exchange-correlation functional and norm-

conserving pseudopotentials29 were used with a basis set cut-off energy of 1100 

eV and a k-point spacing of 0.04 Å−1, which converged the total energy to <0.1 

meV per atom. Dispersion was treated using the Tkatchenko-Scheffler 

method.32 The unit cell dimensions were fixed in all calculations. The 

convergence criteria were: 1 × 10−8 eV atom−1 (energy), 0.002 eV Å−1 (force) and 

1 × 10−4 Å (displacement).  

 

6.2.6 Phonon Calculations 

Following geometry optimisation, vibrational frequencies were calculated in 

the harmonic approximation at the Γ-point using the linear response method. 

The results of Chapter 5 demonstrated that Γ-point calculations make a 

reasonable estimation of calculated entropy differences for similar phases 
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while recovering significant computational expense when compared to 

calculations across the full Brillouin zone. For fluorobenzene and 1,2-

difluorobenzene the difference in the TS term calculated from Γ-point 

calculations in Chapter 5 was −1.36 kJ mol−1, whereas the same value from 

calculations across the full Brillouin zone of significantly greater 

computational expense is −1.42 kJ mol−1, only a −0.06 kJ mol−1 difference. This 

is in line with results reported by Nyman and Day.33 The frequencies of the 

acoustic modes at the Γ-point were within 0.06 cm−1 of 0 cm−1; all other 

frequencies were positive. 

The frequency output of the phonon calculations was used for the 

calculation of vibrational entropies at the Γ-point using the routines available 

in CASTEP. For comparative purposes, entropic contributions to free energy 

are estimated at 298 K for all structures. 

 

6.2.7 Pixel Calculations 

Intermolecular interaction energies were calculated via the semi-empirical 

Pixel method34,35 using the MrPixel interface and the coordinates obtained after 

DFT geometry optimisation.36 Gaussian-0937 was used for electron density 

calculations at the MP2 level of theory using the 6-31G** basis set. Molecular 

electron density was calculated on a grid of 0.08 × 0.08 × 0.08 Å3 applied with 

a condensation level of 4 and a cluster radius of 30 Å. Only results from within 

the first coordination sphere were used, a larger radius was used to capture 

the full extent of the electrostatic potential of the zwitterionic molecule. 

Component energies were calculated for electrostatic, polarisation, dispersion 

and repulsion interactions with total energy taken as the sum of all 

contributions. Contacts within the first coordination sphere are identified as 

those with non-zero repulsive contributions. These are labelled A, B, C… for 
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all structures and are directly comparable to the labelled contacts provided in 

Chapter 4. 

 

6.2.8 Volume Calculations 

Occupied (‘network’) and unoccupied (‘void’) volumes in crystal structures 

were evaluated in a Monte Carlo procedure using the CellVol code introduced 

in Chapter 3 for all optimised structures. This was additionally used to provide 

packing coefficients for all structures. 
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6.3 Results and Discussions 

6.3.1 Single Crystal X-ray Diffraction 

The aim of the present chapter is to rationalise and characterise the destructive 

phase transition described in Chapter 4 for glyphosate on slow compression 

to above 5.6 GPa. The aim was to attempt to bypass the destruction of the 

crystal by utilising rapid compression through the transition pressure. 

Separate experiments using 4:1 methanol/ethanol and neon as pressure 

transmitting media yielded different phases. 

Rapid compression using a Merrill-Bassett DAC to 5.93 GPa using a 4:1 

methanol, ethanol mixture (the same media as the slow compression study in 

Chapter 4) yielded a new phase (III) with a substantially lower volume, Table 

6.1. A second loading of glyphosate in a short symmetric DAC with neon as 

the hydrostatic medium and rapid compression to 7.03 GPa yielded a 

transition to a different phase (II). The unit cell parameters of this phase were 

closer than those of phase III to those of phase I, Table 6.1. 

 

Table 6.1: The different phases of glyphosate observed under different conditions. All 

pressures are measured via the ruby fluorescence method and carry the uncertainty 0.05 GPa. 

Data for phase I was taken from Chapter 4. 

Pressure 

/GPa 

Phase Space 

group 

Cell Volume 

/Å3 

a /Å b /Å c /Å β /˚ 

0 I P21/c 658.51 (12) 8.6693 (13) 7.9704 (6) 9.8968 (7) 105.644 (9) 

5.18 I P21/c 547.3 (4) 8.496 (5) 7.510 (2) 9.249 (3) 111.96 (3) 

7.03 II P21/c 521.0 (3) 8.2046 (13) 7.536 (2) 9.473 (3) 117.18 (3) 

5.93 III P21/n 516.94 (8) 4.7277 (3) 7.1064 (4) 15.5653 (19) 98.689 (6) 
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6.3.1a Comparison of Phase I and II 

Intermolecular interactions in phase I, which were discussed extensively in 

Chapter 4, are dominated by hydrogen bonding interactions, with 13 

molecules in the first coordination sphere at ambient pressure. These 

molecules are arranged to form layers roughly parallel to the (1 0 −2) plane. 

This packing arrangement persists up to 5.18 GPa, the highest pressure 

measured in Chapter 4, except for the ingress of a 14th, weakly destabilising, 

interaction. 

The packing schemes of both phases I and II are directly comparable, 

Figure 6.1. As defined by the relationship between the orientation matrices, 

the relationship between the two phases is the identity matrix. Phase II 

features all 14 of the dimers seen for phase I within its first coordination 

sphere. This includes the same 6 hydrogen bonded interactions (A, B, E, E’, F 

and F’) and further 7 more general electrostatic interactions (C, C’, D, D’, G, H 

and H’) described in Chapter 4 with the additional repulsive interaction 

(labelled J). The total energies of the interactions in phase II at 7.03 GPa are 

compared to their energies in phase I at 5.18 GPa in Table 6.2 below. A full 

breakdown of these energies into their constituent terms is given in Appendix 

D.4. 

On transition from phase I to phase II a substantial compression in the 

molecular backbone occurs. This results in a reduction in the long axis of the 

molecule by 0.30 Å (calculated using the same method as Chapter 4, further 

details available in the Appendix B.1). To accommodate this compression the 

magnitudes of both torsion angles along the backbone decrease. The C1-C2-

N3-O4 torsion angle changes from −82.21˚ to −81.82˚ and the C2-N3-O4-P5 

torsion angle changes from 165.54˚ to 151.23˚ (values are given without ESDs 
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as these are taken from geometry optimised structures). Similar behaviour has 

previously been noted for glycine with increasing pressure.38  

 

Figure 6.1: A comparison of the packing schemes in phase I at 5.18 GPa (left) and phase II at 

7.03 GPa (right) viewed down the b axis. Contacts are colour coded. B-orange, C-red, D-

yellow, E-pink, F-dark blue, G-purple, H-black, J-light blue. Contact A is hidden behind 

contact B by symmetry in both structures. 

To maintain contacts F and F’, with a modest stabilisation, the 

carboxylate group undergoes a significant rotation. The torsion angle O1-C1-

C2-N3 changes from −175.21˚ to −143.91˚ and the torsion angle H1-O1-C1-C2 

changes from 170.68˚ to −171.05˚. This rotation also modifies contacts D and D’ 

which both form a head-to-tail electrostatic interactions between a carboxylic 

acid group and the phosphate hydrogen, a lattice translation of contact F/F’. 

The rotation of the carboxylic acid group increases the separation of an O3 and 

O1 short contact between the molecules from 2.652 to 2.740 Å. Both are bonded 

to hydrogen and so similarly polarised, the increase in separation provides a 

stabilisation of −36.1 kJ mol−1. 
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The changes in energy of the remaining contacts can be largely 

rationalised by the changes in centroid separation of all contacts on the 

transition. All remaining H-bonded interactions, A, B and E/E’, reduce in 

centroid separation. For contact A the 0.4 Å reduction in centroid separation 

results in a destabilisation by 4.7 kJ mol−1. The reduction actually results in an 

increase in the length of the hydrogen bond, acceptor-donor and the H3⋯O4 

distance by 0.046 and 0.054 Å, respectively. The greater overlap of the 

molecules pushes the hydrogen bonds in the ring motif beyond an idealised 

parallel geometry which can be seen in the O3-H3-O4-P5 torsion angle which 

reduces in magnitude from 75.23˚ to 61.70˚. 

For contact B and E/E’ the reduction results in a stabilisation of the 

energy of the contacts. The reduction produces a complementary reduction in 

the hydrogen bond donor-acceptor distance for contact B by 0.02 Å, but by 

only 0.004 Å for E/E’. The more modest reduction in contact E/E’ is 

additionally accompanied by an increase in the hydrogen bond angle N3—

H3A⋯O4 from 155.78˚ to 162.19˚, closer to the idealised geometry of a 

hydrogen bond.39 The stabilisation of contact B is roughly double that of 

contact E/E’ (−36.3 vs −16.1 kJ mol−1) as contact B contains two hydrogen bonds, 

whereas E/E’ contain one. 

The remaining interactions destabilise at the transition. For contacts C 

and C’ this destabilisation is 11.7 kJ mol−1 for a reduction of 0.09 Å in centroid 

separation. At the transition the electrostatic term goes from destabilising to 

stabilising with a decrease of 20.0 kJ mol−1, Table A.12 and A.13 in Appendix 

D.4. However, this is accompanied by significant increase in repulsion of 39.5 

kJ mol−1 and overall, the interaction destabilises. For contact G a destabilisation 

of 17.3 kJ mol−1 is seen for an apparent increase in separation of an interaction 

between two like charged carboxylate groups. This apparently paradoxical 
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behaviour is similar to what was seen above for hydrogen bonds in contact A 

due to separation being defined in terms of centroids. Despite an increase in 

centroid separation of 0.263 Å, the separation between H1 atoms decreases by 

1.055 Å and the carboxylate groups form a more parallel arrangement due to 

the rotation described above. Similar comments apply to contact H/H’, where 

an increase in centroid separation results in increased repulsion between like 

charged moieties. For contact J the reduction in separation of the C2-H2A/H2B 

groups results in a large positive coulombic contribution which provides an 

overall destabilisation of the contact.



 

 

 

 

Table 6.2: Interactions in the first coordination sphere for phase I at 5.18 GPa and phase II at 7.03 GPa. All energies are in kJ mol−1. Classifications are relative to the interaction with the central 

molecule.  

  Phase I at 5.18 GPa Phase II at 7.03 GPa  

Label Symmetry Centroid 

distance (Å) 

Total 

energy 

Centroid 

distance (Å) 

Total 

energy 

Contact description 

H-bonded 

Contact A 1 − 𝑥, 2 − 𝑦, 1 − 𝑧 6.426 −128.6 6.022 −123.9 Pairs of O3H3⋯O4 H-bond ring motifs across inversion centres. 

Contact B 1 − 𝑥, 1 − 𝑦, 1 − 𝑧 4.909 −264.1 4.603 −300.4 Two N3H3B⋯O5 H-bond ring motifs across inversion centres. 

Contact E/E’ 
1 − 𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

6.390 −164.4 6.293 −180.5 Pair of N3H3A⋯O4 H-bonds. 

Contact F/F’ 𝑥 ± 1, 𝑦, 𝑧 8.496 −92.1 8.205 −93.0 Lattice translations of the central molecule in a. O1H1⋯O5 H-bond through a head to tail 

arrangement. 

Electrostatic Interactions 

Contact C/C’ 
−𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

5.436 5.1 5.349 16.8 Lattice translation of contact E/E’ along a. Composed principally of destabilising electrostatic 

and stabilising dispersion components at 5.18 GPa. By 7.03 GPa the electrostatic component 

has become stabilising.  

Contact D/D’ 
𝑥 ∓ 1,

3

2
− 𝑦, 𝑧 ∓

1

2
 

8.093 −35.1 7.433 −71.2 Lattice translation of contact F/F’ along a. Longer range electrostatic interaction. 

Contact G −𝑥, 1 − 𝑦, 1 − 𝑧 6.497 −1.6 6.760 15.7 Destabilising electrostatic interaction as a result of the juxtaposition of like charged moieties. 

Contact H/H’ 
𝑥,

3

2
− 𝑦, 𝑧 ∓

1

2
 

4.764 53.9 4.841 60.4 Destabilising electrostatic interaction as a result of the juxtaposition of like charged moieties. 

Contact J −𝑥, 1 − 𝑦, −𝑧 6.715 18.0 6.581 27.8 Destabilising electrostatic interaction as the result of the short separation of molecules. 
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6.3.1b Comparison of Phase I and III 

The quality of the diffraction data obtained for phase III did not allow H-atom 

positions to be located from Fourier maps. Locations of the carboxylic acid and 

phosphate-based H-atoms (H1 and H3) were placed on the longest C—O and 

P—O bonds, initial positions being estimated for structure refinement on the 

basis of favourable H-bond formation. The structure was then optimised using 

periodic DFT. This procedure led to rotation of H3 about the P5-O3 bond, 

Figure 6.2. This rotation enables the formation of a O3—H3⋯O2 hydrogen 

bond and a ring motif with the O1—H1⋯O4 hydrogen bond. The change in 

the position of H3 results in a closer approach of the adjacent O1—H1⋯O4 

hydrogen bond. The donor-acceptor distance reduces by 0.023 Å resulting in 

formation of a bridging, symmetrical hydrogen bond. The same feature was 

observed in optimisations based on different pseudo-potentials (Norm 

conserving, OFTG Norm conserving and OTFG ultrasoft) and functionals 

(PBE and PW91) as well as the optimisation of the unit cell.  

The presence of the shuttling O1—H1⋯O4 hydrogen bond makes the 

optimised structure of phase III unsuitable for both Pixel and SAPT 

calculations. The significant rotation of the H3 hydrogen means experimental 

structures will likely have very different energy values. As such the energies 

of individual dimers were not calculated and breakdowns into constituent 

energies are not available.  
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Figure 6.2: The result of optimisation of phase III, hydrogen bonds are shown in light blue. 

The H3 hydrogen in the experimental structure (top) undergoes a significant rotation on 

optimisation. In the optimised structure (bottom) this allows a closer approach of 

neighbouring molecules, the formation of a ring motif and shuttling hydrogen atom. 

 

The structure of phase III is substantially different to both phases I and 

II. For both phase I and II, increasing pressure increases the value of β with the 

largest strain tensor (shown previously in Chapter 4 to make angles 27.1, 90.0 

and 132.8° with the unit cell axes respectively) aligned to compression along 

this vector. Phase III however has a substantially smaller angle of β, 98.689°. 

Calculation of the transformation matrix from the orientation matrices of 

phases I and III reveals a more complex phase relationship than that between 

phase I and II. 

𝑅 = (
−0.002 −0.0125 −0.493
0.025 −0.908 0.022

−1.872 −0.050 −0.273
) 

Beyond small deviations from rational elemental values which are 

present due to the compression of the unit cell of phase III, the a axis is related 

to the c axis by approximately half, the b axes are reversed and the c axis is 
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roughly double the a axis with an additional less well defined component in c 

(−0.27), Figure 6.3. This additional component accounts for the lower angle of 

β. 

 

Figure 6.3: Comparison of phase I at 5.18 GPa (left) viewed down positive b, and phase III at 

5.93 GPa (right) viewed down −b. The unit cell of phase III has been translated for easier 

comparison between the phases. The relationship between the phases identified by the 

translation matrix is apparent. 

 

Comparison of phases in Figure 6.3 using the relationship identified by 

the translation matrix allows better characterisation of the phase transition. At 

the transition a far greater overlap occurs along the long axis of the molecules. 

This overlap breaks the pair of O3—H3⋯O4 hydrogen bonds that form a ring 

motif (contact A in phase I with an energy of −128.6 kJ mol-1 at 5.18 GPa). In 

the absence of this motif, a significant rotation occurs to ‘untwist’ the molecule 

to form a new ring motif. The O3—H3 bond in the phosphate moity, rotates, 

decreasing the O3-P5-C4-N3 torsion angle from −73.32˚ to −131.34˚. This 

enables the formation of a new O3—H3⋯O2 hydrogen bond at each end of the 
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molecule and breaks the pre-existing O1—H1⋯O5 hydrogen bond formed in 

phase I at each end of the molecule (contact F/F’) to form the shorter, shuttling 

O1—H1⋯O4 hydrogen bond with the now available O4 oxygen from the 

broken ring motif. Together these hydrogen bonds form a new head-to-tail 

ring motif at each end of the molecule, contact A/A’ for phase III. 

The rotation of the phosphate moiety also results in the rotation of the 

NH2 group. The torsion angle P5-C4-N3-C2 reduces from 165.54˚ to −154.49˚ 

and the torsion angle C4-N3-C2-C1 reduces from −82.21˚ to -177.61˚. This 

rotation breaks the original two N3—H3A⋯O4 hydrogen bonds (contact E/E’ 

for phase I) but forms a new N3—H3A⋯O4 hydrogen bond ring motif with a 

different molecule due to the rotation of the phosphate moity and the greater 

overlap of the long axes of the molecules. These new hydrogen bonds form 

contact G for phase III. Rotation of the NH2 group also breaks the N3—

H3B⋯O5 hydrogen bond ring motif (contact B in phase I). However, the 

rotation results in a similar contact to contact G on the other side of the 

molecule with a new ring motif of N3—H3B⋯O3 hydrogen bonds, contact D. 

The deviations of the axial relationships in phase I and III from rational 

values and reorganisation of the hydrogen bonds indicates that the phase I to 

III transition is likely a reconstructive transition. In the absence of calculated 

energies of the hydrogen bonds in phase III, the geometric parameters of the 

hydrogen bonds lost from phase I and the new hydrogen bonds formed in 

phase III are listed in Table 6.3. Making the assumption that shorter hydrogen 

bonds are stronger and taking the idealised hydrogen bond angle as 180˚,39 the 

hydrogen bonds formed in the two new head-to-tail ring motifs are stronger 

than the phosphate ring motif and head-to-tail hydrogen bonds lost from 

phase I. On the other hand, the nitrogen-based hydrogen bonds from phase I 

are stronger than those formed in phase III.  



Chapter 6 

213 

 

The overall molecular packing of phase III consists of 16 molecules 

within the first coordination sphere. The head-to-tail ring motifs featuring the 

shuttling hydrogen bond form polymeric chains along the long axis of the 

molecules. This aligns along the c-axis, forming layers along the (0 1 0) planes, 

Figure 6.4. The layers stack in an AB arrangement with molecules arranged in 

alternating directions in adjacent layers. The layers consist of 6 dimers; contact 

A/A’ described above and contacts B/B’ and C/C’ which form translations in 

the direction of a within the layers of the central molecule and contact A/A’ 

respectively. Contacts B/B’ and C/C’ forming an analogous ring motif with 

each other and longer-range interactions with the central molecule. A further 

10 interactions exist between the layers. These include contacts D and G 

described above with the remaining general longer-range electrostatic 

interactions, largely formed as symmetry equivalents of hydrogen bonded 

interactions. 

 

Table 6.3: Comparison of the hydrogen bonds broken in phase I and formed in phase III at the transition. Hydrogen 

bond distances are defined as the donor-acceptor distance and angles are defined along the donor-hydrogen-

acceptor direction. 

Geometric Parameters 

Broken from phase I Formed in phase III 

Two O3—H3⋯O4: 2.525 Å, 170.98˚ Two O3—H3⋯O2: 2.495 Å, 178.23˚ 

Two O1—H1⋯O5: 2.479 Å, 168.37˚ Two O1—H1⋯O4: 2.413 Å, 176.32˚ 

Two N3—H3A⋯O4: 2.612 Å, 155.78˚ Two N3—H3A⋯O4: 2.764 Å, 153.71˚ 

Two N3—H3B⋯O5: 2.712 Å, 167.28˚ Two N3—H3B⋯O3: 2.851 Å, 131.05˚ 



Chapter 6 

214 

 

 

Figure 6.4: The packing diagrams of phase III. Layers are formed in the (0 1 0) planes with 

hydrogen bonds between the layers. Molecular contacts in Table 6.4 are colour coded. A-

green, B-orange, C-red, D-yellow, E-pink, F-dark blue, G-purple, H-black, J-light blue, K-dark 

grey, L-light green. 

 



 

 

 

 

 

Table 6.4: Interactions in the first coordination sphere of phase III at 5.93 GPa. All energies are in kJ mol−1. Classifications are relative to the interaction with the central molecule. 

Label Symmetry Contact description 

H-bonded 

Contact A/A’ 
𝑥 ±

1

2
,
3

2
− 𝑦, 𝑧 ∓

1

2
 

Related to the central molecule in a head-to-tail arrangement through the shuttling hydrogen bond O1H1⋯O4 and a O3H3⋯O2 hydrogen bond. 

Contact D 1 − 𝑥, 1 − 𝑦, 1 − 𝑧 Related to the central molecule by an inversion centre. Two N3H3B⋯O3 hydrogen bonds are formed with the central molecule between the layers. 

Contact G 1 − 𝑥, 2 − 𝑦, 1 − 𝑧 Related to the central molecule through inversion. Two N3H3A⋯O4 hydrogen bonds are formed with the central molecule. 

Electrostatic Interactions 

Contact B/B’ 𝑥 ± 1, 𝑦, 𝑧 Translations of the central molecule in a within the layers. 

Contact C/C’ 
𝑥 ±

1

2
,
3

2
− 𝑦, 𝑧 ±

1

2
  

Translations of contact A in a. These molecules form polymeric bonds with contact B. 

Contact E 1

2
− 𝑥, 𝑦 −

1

2
,
3

2
− 𝑧 

Connected to contact D through the polymeric bond. Longer range interaction with the central molecule. 

Contact F 3

2
− 𝑥, 𝑦 −

1

2
,
1

2
− 𝑧 

Connected to contact D through the polymeric bond. Longer range interaction with the central molecule. 

Contact H 2 − 𝑥, 1 − 𝑦, 1 − 𝑧 Related to contact D through a translation in a. Longer range interaction with the central molecule. 

Contact J 3

2
− 𝑥, 𝑦 −

1

2
,
3

2
− 𝑧 

A translation in a of contact E. Longer range interaction with the central molecule. 

Contact K 1

2
− 𝑥,

1

2
+ 𝑦,

3

2
− 𝑧 

A translation in b of contact E. Longer range interaction with the central molecule between layers. 

Contact L 3

2
− 𝑥,

1

2
+ 𝑦,

1

2
− 𝑧 

A translation in b of contact F. Longer range interaction with the central molecule between layers. 

Contact M 2 − 𝑥, 2 − 𝑦, 1 − 𝑧 A translation in a of contact G Longer range interaction with the central molecule between layers. 

Contact N 3

2
− 𝑥,

1

2
+ 𝑦,

3

2
− 𝑧 

Connected to contact G through the polymeric bond. Longer range interaction with the central molecule between layers. 
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6.3.2 Neutron Powder Diffraction 

Neutron powder diffraction data were measured with the aim of determining 

whether either of the phases obtained on rapid compression could be 

identified as the phase that forms as a result of the destructive transition. It is 

clear from the X-ray data alone that phase III cannot convert to phase II with 

increasing pressure. Phase III is observed 1.1 GPa lower than phase II but also 

has a volume 1.023 Å3 per molecule lower. The first derivative of Gibbs free 

energy, G, with respect to pressure, P, is volume, V, 

(
𝜕𝐺

𝜕𝑃
)

𝑇
= 𝑉                                                (6.1) 

Therefore, an increase in volume with increasing pressure from phase III to II 

is thermodynamically forbidden. The expected result of neutron 

measurements was therefore to observe the sequence of a phase transition 

from phase I to phase II and possibly to phase III on increasing pressure. The 

results found however were, somewhat more complex. 

The neutron powder patterns for glyphosate as a function of pressure 

are presented in Figure 6.5. All significant peaks between 0.3 Å and the large 

peak at 2.1 Å are from either the sintered diamond anvils or the lead pressure 

marker. Note the peaks for the anvils do not change in intensity or d-spacing 

with increasing pressure as these are outside of the pressure chamber. The 

peaks at d = 2.8 Å and 2.4 Å in the 5.15 GPa data point (the peaks labelled 7 

and the larger of the peaks in peak 10 in Figure 6.5) are also peaks from the 

lead pressure marker. The remaining peaks are from the sample. 

With increasing pressure all sample peaks move to lower values of d-

spacing, as expected. At 5.15 GPa a subtle but clear change occurs in several of 

the peaks, and this was identified as a phase transition. Most notably, there is 

a sudden drop in intensity of peaks 2 and 4 at this point and also a loss of the 
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group of peaks labelled 11. Peak 2 is the most intense peak at ambient pressure 

and corresponds to the (0 2 1) miller plane. The plane does not align with the 

(1 0 −2) slip planes or the strain axes identified in Chapter 4. It also does not 

appear to align with any significant interaction identified via the Pixel method 

for phase I. Significant intensity persists for peaks 2 and 4 until 5.61 GPa where 

these peaks then disappear entirely. At 5.61 GPa two new peaks 12 and 13 are 

observed. This is indicative of a gradual transition, with contamination by the 

lower pressure phase still present at 5.15 GPa and the transformation to the 

higher-pressure phase not complete until 5.61 GPa. Peaks 3, 5, 6, 8 and 9 all 

broaden and are lost to the background as pressure increases. These are no 

longer visible beyond the lower background above the transition point. Peak 

number 1 remains intense throughout all pressures as an indication that 

crystallinity in our sample endures. This peak corresponds to the (0 1 2) miller 

planes but again does not appear to align with slip planes, strain axes or 

significant interactions identified in Chapter 4. 
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Figure 6.5: The trend in d-spacing from the neutron powder study. Peaks discussed in the 

main text have been labelled. Pressures measured from the unit cell parameters of the lead 

marker feature above each pattern.  

Pawley refinements against these data yield good fitting statistics of 

phase I for all datasets between 0.09-4.78 GPa. Data below 5 μs was not fitted 

in all refinements. This region corresponds to the body of the cell only. 

Rietveld refinement of phase I was completed for the 4.78 GPa dataset 

converging to Rwp = 5.66%, Figure 6.6. 
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At 5.15 GPa, the onset of a gradual transition to a new phase, phase IV, 

was observed, Figure 6.7, as indicated by the d-spacing plot. The pattern was 

fitted using a Pawley model for phase IV (indexed using the 5.61 GPa data set) 

and a Rietveld model for phase I, converging to Rwp = 2.72%. At 5.61 GPa the 

proportion of phase I refined to zero on application of a similar model, 

confirming that the transition to phase IV was complete at this pressure, Figure 

6.8, Rwp = 2.89%. The data obtained at 6.10 GPa could also be modelled as pure 

phase IV, Figure 6.9, Rwp = 3.03%. The lattice parameters from these fits are 

listed in Table 6.5. 

Figure 6.6: Rietveld refinement of the 4.78 GPa dataset starting from phase I, Rwp = 5.66%.  
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Figure 6.7: Combined Rietveld refinement starting from phase I and Pawley refinement for 

phase IV for the 5.15 GPa dataset, Rwp = 2.72%. 

Figure 6.8: Pawley refinement for phase IV at 5.61 GPa, Rwp = 2.89%. The proportion of phase 

I refined to zero in earlier cycles of refinement.  
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Figure 6.9: Pawley refinement of phase IV at 6.10 GPa dataset, Rwp = 3.03%. Starting parameters 

for the refinement were taken from the results of the refinement at 5.61 GPa. 

Figure 6.10: Pawley refinement starting from the 6.10 GPa dataset parameters for the 6.88 GPa 

dataset, Rwp = 4.36%. Large residual peaks can be seen as an indication of a poor fit. 
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Figure 6.11: Pawley refinement starting from phase II for the 6.88 GPa dataset, Rwp = 3.29%. 

The fit is better than in Figure 6.10, but residual peaks can still be seen as an indication of a 

poor fit. 

 

For the 6.88 GPa dataset, Pawley refinements starting from the cell 

refined at 6.10 GPa resulted in a poor fit, Figure 6.10, Rwp = 4.36%, an indication 

that another change had occurred in the sample. Pawley refinements of the 

dataset at 6.88 GPa starting from the cell dimensions of phase II determined at 

7.03 GPa resulted in improved fitting (Figure 6.11, Rwp = 3.29%), but with cell 

dimensions which are clearly different from those of phase II, Table 6.5. The 

fitting is not as close as for the patterns obtained between 5.15 and 6.10 GPa, 

and addition of a Rietveld model of phase II did not yield any improvement 

(Figure 6.12, Rwp = 3.51%). These observations suggest that yet another phase, 

V, was formed at 6.88 GPa, but the values of the lattice parameters should at 

this stage be regarded as preliminary results. 
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Figure 6.12: Combined Rietveld refinements for phase II and Pawley refinements starting 

from the 6.10 GPa parameters for the 6.88 GPa dataset, Rwp = 3.51%. The Rietveld scale refines 

to zero, residual peaks can still be seen as an indication of a poor fit. 

 

Table 6.5: Cell dimensions recovered from the Rietveld refinement of phase I at 4.78 GPa, Pawley 

refinements of phase IV at 5.15, 5.61 and 6.10 GPa and Pawley refinements of phase V at 6.88 GPa. These 

are compared to the cell dimensions of phases II and III from the X-ray data. 

Pressure 

/GPa 

Phase Cell 

Volume /Å3 

a /Å b /Å c /Å β /˚ 

4.78 (6) I 557.6 (2) 8.554 (2) 7.5500 (5) 9.273 (2) 111.38 (2) 

5.15 (7) IV 545.8 (6) 8.535 (5) 7.732 (4) 9.421 (7) 118.62 (5) 

5.61 (8) IV 542.8 (7) 8.470 (4) 7.706 (5) 9.437 (7) 118.20 (5) 

6.10 (9) IV 536.4 (8) 8.433 (4) 7.677 (8) 9.391 (7) 118.08 (5) 

6.88 (12) V 531.4 (7) 8.212 (4) 7.747 (7) 9.425 (5) 117.61 (3) 

7.03 (5) II 521.0 (3) 8.204 (1) 7.536 (2) 9.473 (3) 117.18 (3) 

5.93 (5) III 516.94 (8) 4.7277 (3) 7.1064 (4) 15.5653 (19) 98.689 (6) 
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Figure 6.13 shows the development of the cell dimensions of all phases 

observed in this study as a function pressure. All plots show a clear 

discontinuity at 5.15 GPa, consistent with a first order transition between 

phase I and IV. The cell volume for the points below 4.78 GPa conform to a 3rd 

order Birch-Murnaghan equation of state (BM3 EoS) with a bulk modulus of 

15 (1) (V0=661 (1), K0’=7.1, χ2=2.56). The points for 5.15, 5.61 and 6.10 GPa reflect 

a consistent trend for phase IV in most plots. The unusual hump seen in the c-

axis is possibly a reflection of the sample at 5.15 GPa being mixed phase. 

The a, b and c-axes all show a second discontinuity for the point at 6.88 

GPa on the formation of phase V, this difference aligns with the reduced 

quality of Pawley refinements. The cell volume, b and c-axes and, to a lesser 

extent, β, all show further discontinuities between this point and the X-ray 

data point for phase II at 7.03 GPa (black triangle in all plots). Moreover, 

attempts to complete Rietveld refinements based on phase II structural models 

for the 5.15, 5.61, 6.10 and 6.88 GPa datasets all failed to reproduce the 

measured patterns. This indicated that although phases IV and V have similar 

cell dimensions to phase II, they are structurally distinct phases. 

The appearance of phases IV and V was unexpected and it is clear that 

the rapid and slow compression of glyphosate results in significantly different 

phase behaviour. Although their cell parameters have been used in Pawley-

modelling of the diffraction data, we have been unable to solve the structures. 

Structural models based on molecular models of phases I or II placed into the 

cells listed in Table 6.5 and optimised by periodic DFT failed to fit the data. 

Introduction of phase III never yielded acceptable fits for any of the patterns.  
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Figure 6.13: Trends in unit cell parameters from Pawley and Rietveld refinements. The black 

triangle in all plots corresponds to the X-ray phase II structure at 7.03 GPa. Top left: Trends in 

unit cell volume. Points up to 4.78 GPa have been fitted with a BM3 EoS. Top right: Trends in 

the β angel. Middle left: trends in the a-axis length. Middle right: trends in the b-axis length. 

Bottom: trends in the c-axis length. Discontinuities at both I → IV and IV → V transitions can 

be seen in the plots and are further indicated by black lines. 
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6.3.3 Thermodynamic Driving Forces of 

Transitions 

To investigate the driving forces behind the transitions to phases II and III, a 

computational study has been completed to assess the relative contributions 

towards Gibbs free energy at the transitions. Volume, entropy and internal 

energy contributions have all been considered, Table 6.6. As the structures of 

phases IV and V are unknown, the structures considered are from X-ray 

studies only. All discussions of volumes and energies in this section have been 

scaled to the difference per molecule for direct comparison between phases 

and computational methods. 

 

6.3.3a The Phase I to II Transition 

Extrapolation of the cell dimensions of phase I to 7.03 GPa allows direct 

comparison between phases I and II. As would be expected from a transition 

driven by increasing pressure, the unit cell volume reduces at the transition by 

1.957 Å3 per molecule. The equivalent energy contribution towards the Gibbs 

free energy (Chapter 1) as a result of the volume change, 𝑃∆𝑉, can be 

calculated by 

𝑃∆𝑉 = 𝑃 × (𝑉2 − 𝑉1) × 0.6                                      (6.2) 

where 𝑃 is the pressure of the transition in GPa, 𝑉1and 𝑉2 are the volumes per 

molecule of the lower and higher-pressure phase in Å3 respectively, and 0.6 is 

a conversion factor to kJ mol−1. The volume change contributes −8.25 kJ mol−1 

to the free energy change for the I → II transition at this pressure. 

The final energies of the DFT geometry optimisations show that there 

is an increase in internal energy at the transition of 4.83 kJ mol−1, a significant 
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contribution but roughly half the energy reduction conferred by the reduction 

in volume. 

The difference in TS on the transition is negligible compared to other 

energy contributions, a small increase of 0.06 kJ mol−1. It is clear that the 

rotation of the carboxylate group that occurs at the transition has little impact 

on the vibrational characteristics of the compound. 

The total Gibbs energy change on the I → II transition is −3.36 kJ mol−1. 

As the only negative contribution comes from the volume term, this indicates 

that the transition is driven by the ability of phase II to occupy space more 

efficiently. On the transition the occupied network volume (calculated by the 

CellVol code introduced in Chapter 3) actually increases by 0.418 Å3 while the 

void space reduces by 2.374 Å3. This produces an equivalent increase in the 

packing coefficient from 0.875 to 0.891. Thus, it is more efficient use of void 

space that drives the transition. 

 

6.3.3b The Phase I to III Transition 

The extrapolation of the cell parameters of phase I to 5.93 GPa again allows 

direct comparison of the free energies of phases I and III. The transition is 

accompanied by a large reduction in volume of 5.761 Å3. This is equivalent to 

a significant energy difference of −20.50 kJ mol−1. However, over this same 

range the internal energy increases by 17.76 kJ mol−1 and the TS term decreases 

by 0.01 kJ mol−1. The total contribution to the Gibbs energy is therefore a more 

modest −2.75 kJ mol−1. 

 

 



 

 

 

 

Table 6.6: The thermodynamic contributions towards the phase transitions observed. All values have been scaled to per molecule. 

Pressure 

/GPa 

Phase Space 

group 

Cell Volume 

/Å3 

Network Volume /Å3 Void Volume /Å3 Packing 

coefficient 

−TS / kJ mol−1 DFT energy / kJ mol−1 ∆𝐺 / kJ mol−1 

0 I P21/c 164.629 122.570 +/− 0.045 42.058 +/− 0.045 0.745 −52.48 -308817.7793 

 

 

5.18 I P21/c 136.829 117.343 +/− 0.026 19.486 +/− 0.026 0.858 −45.42 -308761.7569 

 

 

5.93 I P21/c 134.997 116.335 +/− 0.072 18.662 +/− 0.072 0.862 −45.00 -308752.4191 

 

 

5.93 III P21/n 129.236 117.167 +/− 0.029 12.069 +/− 0.029 0.907 −45.01 -308734.6588 

 

−2.75 

7.03 I P21/c 132.216 115.641 +/− 0.046 16.575 +/− 0.046 0.875 −44.39 -308736.7452 

 

 

7.03 II P21/c 130.259 116.059 +/− 0.038 14.201 +/− 0.038 0.891 −44.33 -308731.9195 

 

−3.37 
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Again, the volume is the only significant stabilising contribution at the 

transition. Similar to the transition from phase I to II, phase III forms under 

pressure due to its significantly improved ability to utilise void space within 

the structure. Between phase I and phase III at 5.93 GPa, the occupied, network 

volume increases slightly by 0.832 Å3 while the void volume reduces by 6.593 

Å3. This results in an increase in the packing coefficient from 0.862 to the 

remarkably high 0.907. The formation of this denser polymorph is favourable 

as pressure increases and the need to minimise volume becomes paramount. 
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6.4 Conclusions  

The aim of the present chapter was to characterise and rationalise the 

destructive transition seen previously for glyphosate. In attempting to do so 

we have uncovered a wealth of information about a far more complex 

structural landscape. 

Potentially four new phases have been discovered, but only two of 

which have been solved with the data available. It is possible that formation 

of phase IV is the destructive transition seen in Chapter 4. This phase then 

transforms to phase V with increasing pressure in powder studies. Future 

attempts to access the structure of phases IV and V could make use of crystal 

structure prediction or molecular dynamics techniques. A similar procedure 

has been used to determine the phase of ζ-glycine,40 a short-lived intermediate 

phase of the ε and γ phases formed on decompression. Without knowing the 

structures of phases IV and V it is difficult to analyse the changes in intensity 

seen for indexed reflections in the d-spacing plot. Once these are known 

however, this could provide valuable insight into the driving forces of the 

transitions. 

Phases II and III were obtained via rapid compression, but the different 

pressure-transmitting medium used to obtain phase II may also play a role. It 

is clear from analysis of volumes that phases II and III exist on separate kinetic 

pathways but it is not yet clear why. Phase III has a lower volume than phase 

II and appears to form the thermodynamic minimum, it remains unclear why 

phase II therefore forms preferentially under certain circumstances. Repeated 

observation of these crystal phases under a greater range of conditions would 

be highly beneficial. 

The driving force in both the phase I → II and phase I → III transitions 

is volume minimisation. This forms the only significant stabilising 
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contribution in both cases. For the phase I → II transition the volume 

contribution is twice as large as the positive difference in internal energy. For 

the phase I → III transition the case is more extreme, with a large stabilising 

volume contribution outweighing a large destabilising internal energy 

contribution. This is in line with what we may expect from the previous 

chapters. As pressure increases, the need to minimise volume becomes 

paramount. For both transitions the TS contribution negligibly small. This is 

in line with Nyman and Day’s observations that polymorphs can be expected 

to have similar entropy contributions.33  

The overall Gibbs energy change on the transition to phase II and III is 

−3.37 kJ mol−1 and −2.75 kJ mol−1 respectively. Cruz-Cabeza and co-workers 

report that the energy differences between polymorphs are usually under 4.2 

kJ mol−1.12 These transitions seem to fall into this range. In both cases the ability 

to provide the drop in volume that provides the required reduction in energy 

to drive the transition is through a more efficient use of the space available. A 

reduction in void space and a higher packing coefficient. For phase II this is 

completed by a reduction in the backbone of the molecule and a rotation of the 

carboxylate group. For phase III this is completed by a reconstructive 

mechanism involving the formation of polymeric shuttling hydrogen bonds. 
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6.1 Concluding Remarks 

The aim of this thesis has been to provide a better understanding of the forces 

that drive phase transitions. Commonly described solely in terms of the 

energies of internal interactions, the aim has been to assess to what extent the 

neglect of volume and entropy is an oversimplification. We have shown how 

entropy can stabilise interactions with weak internal energy contributions, 

how volume can drive phase transitions which would otherwise seem very 

unfavourable and the importance of studying component volumes. This has 

been completed with a particular focus on elevated pressures. Both 

computational and experimental methods have been utilised. 

Following two introductory chapters, Chapter 3 introduced the CellVol 

code. The CellVol code enables calculation of occupied and void space in 

crystal structures which individually provide a spectroscopic level of 

sensitivity for identification of phase transitions. The code was used to signal 

a first order phase transition in histidine, identify second order phase 

transitions in naphthalene, and to identify premonitory behaviour to a 

destructive phase transition in Cu(L-Asp)(H2O)2. Chapter 4 extended the use 

of the CellVol code to identify two second order phase transitions in 

glyphosate.  

Component volumes were used in Chapter 3 to reveal the underlying 

similarities in the response of molecular materials to pressure. Initially 

pressure is accommodated by loss of void space, as demonstrated by the 

narrow range of void bulk moduli calculated for these compounds. The loss 

of this void space was shown to drive second order phase transitions in both 

naphthalene and glyphosate. The network volume was shown to have a far 

greater variation with different ranges for H-bonded and non-H-bonded 

compounds. 
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The CellVol code requires atom positions to be well defined and so 

currently cannot handle disorder. Design of a process for handling disorder 

would be highly valuable. A recent addition to the Mercury interface (from 

builds 2023.2.0, the current build at the time of writing) is a new disorder 

handing tool which allows the various disorder components to be toggled in 

the visualisation window. The design of CellVol compatibility to run on these 

individual ordered components should be significantly more manageable than 

it was previously. 

The CellVol code is limited by the quality and accuracy of van der 

Waals radii available. Under certain conditions the radii used become less 

appropriate. A key example is for highly ionic compounds where there is an 

argument for using ionic radii instead. We have found success in the past at 

identifying phase transitions in ionic compounds using ionic radii rather than 

van der Waals radii. But does this still provide the same level of information 

about the molecular volume as atomic van der Waals radii? More generally, 

knowing what to do in the presence of highly charged centres is complex. 

Ideally, we would instead use van der Waals radii of ions and calculate these 

in a similar way to the Alvarez set. The accuracy of this data would depend on 

the number of observations in the database of different ions. The commonality 

of Na+ for example probably already dominates the van der Waals radius of 

Na. A limited set for the most commonly observed ions could therefore be 

made. As the database continues to grow these will become better defined. 

Applying the CellVol code to porous materials could provide useful 

information on pore volumes and guest uptake by studying component 

volumes. Combinations of the MOF (metal-organic framework) and high-

pressure subsets in the CSD using filters for R-factors under 5, no errors, no 

disorder, no ions, 3D coordinates and single crystal data, yields 161 structures 
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(build 2023.2.0). These feature low numbers of observations for many different 

compounds with only 11 compounds featuring sufficient data for trends to be 

extracted. Although the data field is currently too limited to make meaningful 

general observations, as the field of high-pressure crystallography grows, this 

could be an interesting area. 

The role of entropy was investigated in Chapter 5. The entropy 

contributions of five fluorobenzenes were calculated in an attempt to 

rationalise the high frequency of C—H⋯F interactions in the Cambridge 

Databse. The presence of these interactions was shown to confer high entropy 

contributions on the scale of the enthalpic contribution of a hydrogen bond. 

This was shown to have origins in the C—H⋯F interactions these compounds 

contain, in part due to the relative weight of fluorine but also because of the 

deformability of the interactions it forms. This can to some extent explain the 

high occurrence of C—H⋯F interactions in the CSD through an entropic 

stabilisation. The results of this chapter indicate analysis of entropy 

contributions should be more common, especially in weakly-bound crystal 

structures.  

The main limitation of these calculations is their computational 

expense. The modest phonon calculation completed for 1,2,4,5-

tetrafluorobenzene in Chapter 5 took in excess of three weeks on 36 processors 

(a very large PC). The increase in computational expense for higher level 

calculations is exponential. There have been a number of recent advances in 

the use of semiempirical codes in combination with DFT for calculations of 

vibrational spectra of reduced computational expense. One example of this is 

Density Functional Tight Binding (DFTB) as a tight-binding approximation of 

DFT, a modification of the finite displacement method. These approaches are 

used commonly in crystal structure prediction but DFTB based methods still 
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generally underperform in phonon calculations. Advancements in these 

methods to provide reliable values at much shorter computation times would 

be very valuable. 

The aim of Chapter 5 was to find a way to quantify the entropy 

contribution of a fragment. This was approximated with two force constant 

based methods. Method 1 followed calculated vibrational modes with 

ModeFollow but was not sensitive exclusively to the interaction of interest and 

is likely to include an intramolecular component. Method 2 probed directly 

the interaction of interest but through a vibration with no physical basis. A 

way to directly probe the entropy of a fragment would be very valuable. Our 

ideas in Chapter 5 of entropy as a description of the deformability of an 

interaction implies that a measure of entropy could be conferred by the spread 

of geometries of certain interactions in the CSD. This could enable a structural 

correlation to be established as an indication of high entropy for interactions. 

This would be a significant but very interesting project. 

The setup of phonon calculations is also an involved process when 

compared to, for example, an energy calculation on an isolated molecule. 

There is significant scope to improving the accessibility of these calculations 

by the design of an automated process such as a comparable program to the 

MrPixel routine. The design of calculations of improved computational 

expense will improve the ease of design of such a program. 

Finally, in Chapter 6 the importance of the rate of compression in 

driving high-pressure phase transitions was investigated in an attempt to 

rationalise the destructive transition seen previously under slow compression 

of glyphosate in Chapter 4. Single crystal studies revealed phase transitions to 

two new polymorphs under rapid compression. Compression to 7.03 GPa in 

neon resulted in phase II and compression to 5.93 GPa in a 4:1 methanol-
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ethanol mixture resulted in phase III. Analysis of the thermodynamic driving 

forces of these transitions from phase I revealed that they are both driven by 

volume as the only significant stabilising contribution at the transition. The 

transition from phase III to II is thermodynamically forbidden by an increase 

in Gibbs free energy and the transition from phase II to III has not yet been 

observed. 

High-pressure neutron powder diffraction was completed under slow 

compression in an attempt to determine whether either of these new phases 

was the phase formed in the destructive transition in Chapter 4 and whether 

phase II could be driven to phase III. This revealed a far more complex 

structural landscape and appeared to indicate the presence of two further 

phases (IV, V) that did not correspond to the structural parameters of phase I, 

II or III. It is believed that the first of these phases is that formed on the 

destructive transition but so far, further characterisation of either of these 

phases has not been possible. 

It is clear that the rate of compression forms different structural 

pathways but the full story of glyphosate remains incomplete. The conditions 

under which phase II or III are formed preferentially under rapid compression 

are currently unclear. A greater number of observations under changing 

conditions would be highly beneficial for mapping out the condition 

dependence of these transitions. 

Attempts should be made to recover structural parameters for the two 

phases seen under slow compression of the powder by using crystal structure 

prediction or molecular dynamics methods. As noted in Chapter 6, there has 

been success recovering structures from similar structural relationships for ζ-

glycine. By comparison with the structure of phase I this would allow 

assessment of the structural rearrangement that results in the destructive 
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transition seen for single crystals. Recovery of these structures would also 

allow similar analysis of the thermodynamics driving forces of the transitions 

to be assessed and rationalisation of whether a transition at higher pressure to 

phases II or III is likely from either of these phases. This would reveal whether 

phases II and III are only accessible under rapid compression for single 

crystals by ‘jumping’ over the destructive transition. 

Molecular compounds are highly prone to the formation of multiple 

forms. Understanding why certain forms exist and the conditions under which 

they interconvert is vital to understanding the world we live in. Within this 

thesis attempts have been made to highlight structural behaviour that cannot 

be rationalised by consideration of the internal energy of intermolecular 

interactions alone. In fact, for the high-pressure phases of glyphosate, internal 

energy changes would indicate that their formation is a highly unfavourable 

process.  

For the vast majority of compounds consideration of internal energies 

IS sufficient. The aim of this thesis was therefore to provide a caveat that when 

internal energies do not seem to appropriately describe phase behaviour, it is 

also worth considering volumes and entropies. 
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Appendix A- Chapter 3 

A.1 Optimising the Density of Points for CellVol 

Calculations 

In order to optimise the number of random points required for calculations, 

the variation of the volume was calculated for different numbers of points 

using structures with small and large unit cell volumes. Figure A.1 shows 

extreme examples of the variance for the lowest and highest unit cell volumes 

likely to be encountered by the program. The graphs featured are for 

formamide (FORMAM02), one of the smallest-volume molecular solids (unit 

cell 224 Å3) and for a porous chromium terephthalate MIL-101 (OCUNAC, unit 

cell 701860 Å3) the largest non-disordered structure on the Cambridge 

Database with coordinates. For both structures network and void volumes 

have converged by 1 million points.  

The time taken for calculations using 1 million points per run that 

achieve a precision of <0.1% for the network volume is shown for a range of 

materials with increasing unit cell volume in Figure A.2. The plot is overlaid 

on a histogram of unit cell volumes for structures in the database. This figure 

shows that below 1000 Å3 the calculation time is relatively independent of unit 

cell size but becomes linear beyond this. Calculations on ~97% of structures in 

the Cambridge Database are completed within 5 minutes. The largest non-

disordered structure in the database which contains coordinates, OCUNAC, 

completed within 24 minutes. It is important to note that calculation wall-clock 

times presented here are a demonstrative guide only and will be dependent 

on the computer used for the calculations. The values quoted were obtained 

on a modest desktop PC with an Intel® Core™ i7-9700 CPU with a base speed 

of 3.00 GHz. 
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Figure A.1: The convergence of the network and void volumes of FORMAM02 and OCUNAC 

with increasing numbers of random points. 
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Figure A.2: Calculation times for a range of unit cell volumes overlaid on a histogram of unit 

cell volumes in the CSD. The volume range covers 99.1% of all structures in the CSD. 

 

A.2 Equation of State Fitting 

 Equations of state have been fitted to the variation of network and void 

volume with pressure for all structures on the Cambridge Database which 

were determined above 0.1 GPa before 2019. The results are presented in Table 

1 of the electronic supplementary information. Pressures are given in a variety 

of units in refcode entries on the CSD, but they were all converted to GPa for 

this study. At least five points in a pressure series were necessary for inclusion, 

structures which contained no coordinates, had unhandled errors or contained 

disorder were also removed. The final dataset contained 1472 separate 

refcodes on 129 different refcode families. Systematic errors were seen when 
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data from several separate studies or even separate diamond anvil cell 

loadings were combined, and where possible data were taken from contiguous 

sets of measurements.  

The EoSFit program described in Chapter 2 was used to fit volume-

pressure data using Birch-Murnaghan or Vinet equations of states (EoSs) 

described in Chapter 1. Network data were generally fitted well with a 2nd or 

3rd order Birch-Murnaghan EoS, whereas void data were modelled better with 

a (3rd order) Vinet EoS. For some structures network volume was fitted poorly 

by EoS and for these structures Equation A.1 was used, 

𝐾 =  −𝑉̃ ×
∆𝑃

∆𝑉
                                               (A.1) 

where K is the bulk modulus, ṽ is the average volume, ΔP is the change in 

pressure and ΔV is the change in volume.  

Where multiple polymorphs were present for one compound, fitting 

has been attempted for each of the forms individually. However, for several 

compounds either a complex structural landscape or incompatible 

measurement techniques has meant no meaningful fitting was possible. 

Ambient pressure data points have been used to fix V0 where possible, and for 

these entries V0 is given without a standard deviation. However, for many 

compounds a significantly improved fit was found by allowing V0 to vary 

during fitting and standard deviations are quoted for these entries.  

In some cases, a poor EoS fit results from discontinuous changes of 

gradient which may imply some form of structural rearrangement such as a 

change in compression mechanism or phase transition. For the purposes of 

this list, discontinuities (especially in the network curves) that are observed in 

the absence of an identified first order phase transition are described as 

possible second order transitions. Comments have been added in these cases. 

This behaviour seems to be quite common but difficult to recognise in plots of 
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total unit cell volume versus pressure. The changes in some network volumes 

for example that of ABUMOZ span only a small range of volume increasing 

the relative importance of precision. It is important to note the standard 

deviation used for fitting were taken from the Monte Carlo estimates of 

network and void volume and do not include any experimental uncertainties 

and this could account for the generally high values of χ2. Some fits also yield 

negative values of K’ implying a slightly convex form to the volume-pressure 

curve. 

 

A.3 Comparison of Network and Void Bulk 

Moduli 

Figure A.3 shows all network bulk moduli plotted against all void bulk moduli 

from this study. There is no clear correlation in these plots, indicating that a 

high or low network bulk modulus has very little impact on the 

compressibility of the voids. No matter how incompressible a network, the 

way in which it ‘uses’ void space at elevated pressure to minimise volume is 

consistent across a very broad range of molecular solids. 
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Figure A.3: Network bulk moduli vs void bulk moduli for all applicable structures. No 

correlation is seen. 
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Appendix B- Chapter 4 

B.1 Occupied Volume Calculations 

The uncertainties in the experimental structural parameters were propagated 

as described in Chapter 3 with Gaussian random numbers taken from the 

distribution defined by each coordinate’s standard uncertainty to produce 50 

structures. 50 CellVol calculations yielded a distribution of Vnet and Vvoid from 

which the standard uncertainties of each was evaluated. Since precision is not 

defined for DFT-optimised structures, the standard uncertainty of Vnet and Vvoid 

given for these structures reflect only the reproducibility of each Monte Carlo 

run, typically ≤0.1% of the network volume. 

In an effort to identify which intermolecular interactions undergo the largest 

changes at the transitions, the volumes of the glyphosate molecule, each of the 

intermolecular dimers, A-H, and layer components were calculated by placing 

a box around them. The box is defined by producing a reference frame based 

on the three principal inertial axes of the molecules using the algorithm 

described by Gavezzotti.2 The atomic coordinates of all the points within the 

molecules were used to construct an inertial matrix, ignoring atomic masses, 

and the eigenvalues of this matrix used to define the principal moments of 

inertia. The origin of our inertial reference frame is then taken as the centre of 

all atomic coordinates with the eigenvectors of the inertial matrix defining the 

rotation matrix between the original and inertial reference frame. By 

expressing the atomic coordinates within the inertial reference frame, the 

extreme points occupied by atoms of the molecule in each of the three inertial 

axes can then be located. These are used to define the box extended in all three 

dimensions beyond these values by a set length (2.5 Å in this work). When 

calculated for a single isolated molecule, the longest inertial axis is defined as 
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the long axis of the molecule, used for discussions of the second transition 

within the main body of the text. The occupied volume was then evaluated 

using a similar Monte Carlo procedure to that described in Chapter 3 for unit 

cells. The layer elements used in layer occupied volume calculations are 

shown in Figure A.4. Occupied volume plots for each of the dimers is 

presented in Figure A.5. 

 

Figure A.4: Contacts which make up the inter (left) and intra (right) layer volumes presented 

in Chapter 4. Note that labels refer to molecule - molecule interactions, as listed in Table 4.1, 

rather than individual contacts such as H-bonds. 
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Figure A.5: Molecular volume in each contact listed in Table 4.1. A consistent set of vertical 

axes is used across all contacts to aid comparison. 

 

B.2 Crystallography Tables 

Data tables for high pressure crystal structures with refinement statistics are 

given below.  
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Table A.1: Experimental parameters of high-pressure single-crystal measurements. 

Pressure /GPa 0, DAC 0.206 0.302 0.645 0.934 1.210 1.609 1.940 

         

Crystal data 

Temperature 

(K) 

293 293 293 293 293 293 293 293 

Spacegroup   P21/c P21/c P21/c P21/c P21/c P21/c P21/c P21/c 

 

a, b, c (Å) 

8.6693(13) 8.6720(6) 8.6626(10) 8.6567(16) 8.6512(13) 8.6419(10) 8.6334(14) 8.6285(9) 

7.9704(6) 7.9508(3) 7.9208(4) 7.8828(7) 7.8496(6) 7.8197(4) 7.7827(7) 7.7531(4) 

9.8968(7) 9.8213(3) 9.7820(5) 9.7114(9) 9.6513(8) 9.6036(6) 9.5468(9) 9.4944(5) 

β (˚) 105.644(9) 106.235(4) 106.599(7) 107.244(11) 107.785(9) 108.174(7) 108.729(10) 109.104(5) 

V (Å3) 658.51(12) 650.17(6) 643.22(9) 632.91(15) 624.08(12) 616.61(9) 607.49(13) 600.17(8) 

Z 4 4 4 4 4 4 4 4 

μ (mm-1) 0.203 0.206 0.208 0.211 0.214 0.217 0.220 0.223 

Crystal size 

(mm) 

0.15 × 

0.135 × 

0.05 

0.19 × 0.17 

× 0.05 

0.15 × 

0.135 × 

0.05 

0.15 × 0.135 

× 0.05 

0.15 × 

0.135 × 

0.05 

0.15 × 

0.135 × 

0.05 

0.15 × 0.135 

× 0.05 

0.19 × 0.17 

× 0.05 

Data Collection 

Wavelength 

(Å) 

0.56086 0.56086 0.56086 0.56086 0.56086 0.56086 0.56086 0.56086 

Absorption 

correction 

(wR2
bef, wR2

aft, 

max : min 

transmission) 

0.0895, 

0.0623, 

0.6587 

0.0581, 

0.0477, 

0.8968 

0.0856, 

0.0589, 

0.6493 

0.0912, 

0.0666, 

0.7006 

0.0833, 

0.0627, 

0.7371 

0.0884, 

0.0645, 

0.6571 

0.0855, 

0.0635, 

0.7825 

0.0589, 

0.0464, 

0.8885 

Tmin, Tmax 0.4904, 

0.7445 

0.6677, 

0.7445 

0.4834, 

0.7445 

0.5216, 

0.7445 

0.5488, 

0.7445 

0.4892, 

0.7445 

0.5826, 

0.7445 

0.6615, 

0.7445 

Measured, 

independent 

and observed 

reflections  

3682, 517, 

365 

5852, 511, 

435 

5682, 517, 

376 

5611, 506, 

375 

5430, 490, 

383 

5409, 494, 

382 

5243, 471, 

373 

5320, 468, 

416 

Rint 0.0762 0.0422 0.0703 0.0783 0.0738 0.0724 0.0762 0.0363 

(sin θ/λ)max (Å-

1) 

0.625 0.627 0.625 0.625 0.625 0.627 0.625 0.626 

Refinement 

R[F2>2(F2 )], 

wR(F2), S 

0.0413, 

0.1108, 

1.069 

0.0253, 

0.0642, 

1.071 

0.0369, 

0.1008, 

1.052 

0.0352, 

0.0937, 

1.097 

0.0375, 

0.0820, 

1.052 

0.0365, 

0.0946, 

1.042 

0.0298, 

0.0720, 

1.067 

0.0236, 

0.0622, 

1.103 

Data 

completeness 

0.394 0.391 0.404 0.400 0.395 0.399 0.391 0.393 

No. of 

reflections 

517 511 517 506 490 494 471 468 

No. of 

parameters 

93 93 93 93 94 93 93 93 

No. of 

restraints 

82 82 82 82 82 82 82 82 

ρmax, ρmin (e 

Å−3) 

0.216,  

-0.242 

0.103,  

-0.144 

0.208,  

-0.283 

0.214,  

-0.238 

0.165,  

-0.168 

0.189,  

-0.212 

0.134,  

-0.132 

0.120,  

-0.138 
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Pressure /GPa 2.244 2.410 3.117 3.630 3.783 4.228 4.813 5.176 

         

Crystal data 

Temperature (K) 293 293 293 293 293 293 293 293 

Spacegroup P21/c P21/c P21/c P21/c P21/c P21/c P21/c P21/c 

 

a, b, c (Å) 

8.6185(7) 8.616(5) 8.5889(9) 8.5740(13) 8.562(2) 8.5435(9) 8.526(2) 8.496(5) 

7.7238(3) 7.706(2) 7.6517(4) 7.6158(5) 7.6058(9) 7.5706(4) 7.5312(9) 7.510(2) 

9.4573(4) 9.438(3) 9.3709(5) 9.3347(7) 9.3306(12) 9.2993(5) 9.2654(12) 9.249(3) 

β (˚) 109.454(4) 109.78(3) 110.256(5) 110.657(7) 110.868(13) 111.200(6) 111.625(13) 111.96(3) 

V (Å3) 593.61(6) 589.6(4) 577.77(8) 570.35(11) 567.79(18) 560.77(8) 553.06(17) 547.3(4) 

Z 4 4 4 4 4 4 4 4 

μ (mm-1) 0.225 0.227 0.231 0.234 0.235 0.238 0.242 0.244 

Crystal size 

(mm) 

0.19 × 0.17 

× 0.05 

0.15 × 

0.135 × 

0.05 

0.19 × 0.17 

× 0.05 

0.19 × 0.17 

× 0.05 

0.15 × 0.135 

× 0.05 

0.15 × 

0.135 × 

0.05 

0.15 × 0.135 

× 0.05 

0.15 × 

0.135 × 

0.05 

Data Collection 

Wavelength (Å) 0.56086 0.56086 0.56086 0.56086 0.56086 0.56086 0.56086 0.56086 

Absorption 

correction 

(wR2
bef, wR2

aft, 

max : min 

transmission) 

0.0580, 

0.0473, 

0.8547 

0.0823, 

0.0662, 

0.7907 

0.0562, 

0.0466, 

0.8880 

0.0759, 

0.0600, 

0.7511 

0.0830, 

0.0617, 

0.8156 

0.0732, 

0.0614, 

0.8109 

0.0679, 

0.0568, 

0.8423 

0.0697, 

0.0560, 

0.8176 

Tmin, Tmax 0.6363, 

0.7445 

0.5887, 

0.7445 

0.6611, 

0.7445 

0.5592, 

0.7445 

0.6072, 

0.7445 

0.6037, 

0.7445 

0.6271, 

0.7445 

0.6087, 

0.7445 

Measured, 

independent 

and observed 

reflections  

5389, 468, 

411 

4649, 479, 

376 

5234, 466, 

418 

5032, 446, 

399 

4804, 532, 

408 

4847, 527, 

412 

4936, 526, 

420 

4692, 551, 

426 

Rint 0.0378 0.0740 0.0371 0.0502 0.0726 0.0701 0.0619 0.0587 

(sin θ/λ)max (Å-1) 0.627 0.625 0.627 0.626 0.630 0.625 0.625 0.625 

Refinement 

R[F2>2(F2 )], 

wR(F2), S 

0.0242, 

0.0658, 

1.097 

0.0348, 

0.0760, 

1.038 

0.0236, 

0.0624, 

1.093 

0.0262, 

0.0659, 

1.141 

0.0397, 

0.0920, 

1.045 

0.0366, 

0.0883, 

1.092 

0.0333, 

0.0797, 

1.106 

0.0377, 

0.0985, 

1.139 

Data 

completeness 

0.390 0.402 0.397 0.388 0.464 0.467 0.471 0.497 

No. of 

reflections 

468 479 466 446 532 527 526 551 

No. of 

parameters 

93 93 93 93 93 93 93 93 

No. of restraints 82 82 82 82 82 82 82 82 

ρmax, ρmin (e 

Å−3) 

0.111,  

-0.144 

0.188,  

-0.188 

0.127,  

-0.137 

0.117,  

-0.139 

0.208,  

-0.250 

0.202,  

-0.234 

0.206,  

-0.274 

0.222,  

-0.279 
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B.3 Strain Tensor Results 

The Strain tensor was calculated as described in Hazen, R. M., Finger, L. W., 

Comparative Crystal Chemistry, John Wiley & Sons, 1982. Eigenvalues and 

vectors were calculated using JACOBI from Press, W. H., Flannery, B. P., 

Teukolsky S. A. and Vetterling, W. T., Numerical recipes in fortran: The art of 

scientific computing, Cambridge University Press, 1992. Results at each pressure 

are represented below in Table A.2. Table A.3 features these results scaled by 

GPa which are also plotted in Figure A.6. Glyphosate shows remarkably 2D 

compression with strain axes 1 barely varying from zero. After a minor 

Pressure /GPa 0, fibre 

  

Crystal data 

Temperature (K) 270 

Spacegroup P21/c 

 

a, b, c (Å) 

8.6764(5) 

7.9722(5) 

9.8883(6) 

β (˚) 105.691(2) 

V (Å3) 658.48(7) 

Z 4 

μ (mm-1) 0.384 

Crystal size (mm) 0.15 × 

0.135 × 

0.05 

Data Collection 

Wavelength (Å) 0.71073 

Absorption 

correction (wR2
bef, 

wR2
aft, max : min 

transmission) 

0.0923, 

0.0443, 

0.9144 

Tmin, Tmax 0.6822, 

0.7461 

Measured, 

independent and 

observed reflections  

12666, 

1981, 1747 

Rint 0.0318 

(sin θ/λ)max (Å-1) 0.715 

Refinement 

R[F2>2(F2 )], wR(F2), 

S 

0.0285, 

0.0805, 

1.112 

Data completeness 0.982 

No. of reflections 1981 

No. of parameters 93 

No. of restraints 0 

ρmax, ρmin (e Å−3) 0.419,  

-0.324 
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increase, this strain axes decreases indicating minor negative linear 

compressibility.  

 

Table A.2: Calculated strain axes in glyphosate. 

Pressure 

/GPa 1 2 3 a b c α β γ 

0 0 0 0 8.669 7.97 9.897 90 105.644 90 

0.206 0.001613 -0.00246 -0.01187 8.672 7.951 9.821 90 106.235 90 

0.302 0.001687 -0.00622 -0.01886 8.663 7.921 9.782 90 106.599 90 

0.645 0.002734 -0.01099 -0.03112 8.657 7.883 9.711 90 107.244 90 

0.934 0.003467 -0.01516 -0.0415 8.651 7.85 9.651 90 107.785 90 

1.21 0.003363 -0.01891 -0.04944 8.642 7.82 9.604 90 108.174 90 

1.609 0.003856 -0.02355 -0.05981 8.633 7.783 9.547 90 108.729 90 

1.94 0.003874 -0.02726 -0.06788 8.628 7.753 9.494 90 109.104 90 

2.244 0.003668 -0.03094 -0.07463 8.618 7.724 9.457 90 109.454 90 

2.41 0.004416 -0.03319 -0.07967 8.616 7.706 9.438 90 109.782 90 

3.117 0.002475 -0.03999 -0.0904 8.589 7.652 9.371 90 110.256 90 

3.63 0.00201 -0.04449 -0.09778 8.574 7.616 9.335 90 110.657 90 

3.783 0.001865 -0.04574 -0.10068 8.562 7.606 9.331 90 110.868 90 

4.228 0.000852 -0.05016 -0.10708 8.543 7.571 9.299 90 111.2 90 

4.813 0.000292 -0.0551 -0.11468 8.526 7.531 9.265 90 111.625 90 

5.176 -0.00119 -0.05781 -0.12043 8.496 7.51 9.249 90 111.961 90 
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Table A.3: Calculated strain axes in glyphosate per GPa.  

Pressure 

/GPa 1 2 3 a b c α β γ 

0 0 0 0 8.669 7.97 9.897 90 105.644 90 

0.206 0.007829 -0.01194 -0.05763 8.672 7.951 9.821 90 106.235 90 

0.302 0.005587 -0.02061 -0.06246 8.663 7.921 9.782 90 106.599 90 

0.645 0.004239 -0.01704 -0.04825 8.657 7.883 9.711 90 107.244 90 

0.934 0.003712 -0.01623 -0.04443 8.651 7.85 9.651 90 107.785 90 

1.21 0.002779 -0.01563 -0.04086 8.642 7.82 9.604 90 108.174 90 

1.609 0.002396 -0.01464 -0.03717 8.633 7.783 9.547 90 108.729 90 

1.94 0.001997 -0.01405 -0.03499 8.628 7.753 9.494 90 109.104 90 

2.244 0.001635 -0.01379 -0.03326 8.618 7.724 9.457 90 109.454 90 

2.41 0.001832 -0.01377 -0.03306 8.616 7.706 9.438 90 109.782 90 

3.117 0.000794 -0.01283 -0.029 8.589 7.652 9.371 90 110.256 90 

3.63 0.000554 -0.01226 -0.02694 8.574 7.616 9.335 90 110.657 90 

3.783 0.000493 -0.01209 -0.02661 8.562 7.606 9.331 90 110.868 90 

4.228 0.000201 -0.01186 -0.02533 8.543 7.571 9.299 90 111.2 90 

4.813 0.000061 -0.01145 -0.02383 8.526 7.531 9.265 90 111.625 90 

5.176 -0.00023 -0.01117 -0.02327 8.496 7.51 9.249 90 111.961 90 
 

 

Figure A.6: Eigenvalues of the strain tensor per GPa as a function of pressure.  
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Appendix C- Chapter 5 

C.1 Cell Optimisation 

To provide a suitable level of geometrical convergence for the phonon 

calculations, experimental crystal structures were geometry-optimised as 

described in Chapter 5. The optimised unit cell dimensions are compared to 

experimental values in Table A.4. The structures are all monoclinic except for 

1F, which is tetragonal. 

 

Table A.4: Comparison between the experimental and optimised unit cells for all structures 

studied. 

 FACFAQ (1F) FACFOE(1,2F) FACGEV(1,4F) PVVAWA01(1,3,5F) FACJAU(1,2,4,5F) 

 Exp Opt Exp Opt Exp Opt Exp Opt Exp Opt 

a/Å 5.799(2) 5.7515 7.4806(11) 7.3941 5.809(2) 5.7979 6.160(2) 6.0959 4.4719(11) 4.4285 

b/Å 5.799(2) 5.7515 5.9608(9) 6.0073 6.530(2) 6.3318 11.909(3) 11.9534 10.285(2) 10.2540 

c/Å 14.530(7) 14.4875 11.725(2) 11.8097 7.190(2) 7.0582 7.504(2) 7.4034 6.342(2) 6.4289 

β/° 90.00 90.00 103.815(11) 103.9730 101.89(2) 101.9271 95.47(2) 95.1573 107.97(2) 107.8677 

 

C.2 Comparison of Aromatic H⋯F Interactions 

Searches of the Cambridge Structural Database were conducted to investigate 

whether the formation of C—H⋯F interactions is simply a consequence of the 

optimisation of aromatic interactions. Relevant interactions were defined as 

those shorter than the sum of the contributing van der Waals radii. Data 

without 3D coordinates, R-factors above 5%, containing disorder, errors, 

powder data or ions were filtered out of searches. Hydrogen bond lengths 

were normalised to neutron values. Searches were conducted on the CSD 

2023.2.0 dataset. The average distances are shown in Table A.5, no significant 
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systematic difference between the lengths of C—H⋯F contacts in aromatic and 

non-aromatic systems are seen. 

 

Table A.5: A comparison of the average bond length of intermolecular H⋯F interactions in 

the CSD and the aromatic and non-aromatic subsets of this. 

Interaction Length /Å 

1, All Intermolecular X—H⋯F—X 2.51750 

2, Aromatic Ar—H⋯F—Ar  2.51252 

3, Non-Aromatic 1 and not 2  2.51933 

 

C.3 Convergence of Phonon Calculations 

Phonon frequencies for all structures were calculated in the harmonic 

approximation using the linear response method implemented in CASTEP (as 

opposed to the finite displacement method based on supercells) using a grid 

of q-points with a spacing of 0.04 Å−1. The results were then interpolated onto 

a finer grid of 16 x 16 x 16 q-points.  [Note: q-points define the positions in 

reciprocal space where phonon frequencies are calculated.] Our approach was 

based on the following convergence tests. 

Calculations of increased computational expense were applied to 

monofluorobenzene, 1F. An increase in the density of q-points from 0.04 Å-1 to 

0.03 Å-1, yielding an increase from 3 to 12 q-points, was applied. Levels of 

interpolation from 1 x 1 x 1 to 16 x 16 x 16 were then applied to the results 

obtained at 0.04 and 0.03 Å−1 For even-numbered interpolations (e.g. 2 x 2 x 2), 

a grid shift was applied to include the Γ-point in the interpolation grid. The 

value of TS at 150 K was calculated for each interpolated q-point set. The 

results are tabulated in Table A.6. 

The value of TS converged with a grid of 16 × 16 × 16 to within 0.01 kJ 

mol−1 for calculations based on the 0.04 and 0.03 Å−1 grids. At this level of 
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interpolation, the difference between the values of TS for the two sets of 

calculations was of the order of 0.1 kJ mol−1. 

A comparison of the DoS and calculated INS spectra for the 0.04 and 

0.03 Å−1 q-point sets at the highest level of interpolation are provided in Figure 

A.7 and Figure A.8 respectively; note that the integrals of both DoS plots are 

normalised to three times the number of atoms in one unit cell. The differences 

are very small. 

The minor impacts on calculated entropies, DoS plots and INS spectra 

led to a q-point spacing of 0.04 Å−1 interpolated to 16 x 16 x 16 to be applied 

for all further calculations in Chapter 5. 

Table A.6: Effect of q-point density on the value of TS at 150 K for 1F. 

Interpolation level 3 q-points (0.04 Å−1) 12 q-points (0.03 Å−1) 

1 × 1 × 1 8.62568 8.62568 

2 × 2 × 2 10.23244 10.48119 

3 × 3 × 3 10.21952 10.34219 

4 × 4 × 4 10.30388 10.42043 

5 × 5 × 5 10.28744 10.39312 

6 × 6 × 6 10.30705 10.41631 

7 × 7 × 7 10.30138 10.40712 

8 × 8 × 8 10.31065 10.41693 

9 × 9 × 9 10.30564 10.41235 

10 × 10 × 10 10.30979 10.41631 

11 × 11 × 11 10.30758 10.41490 

12 × 12 × 12 10.31058 10.41637 

13 × 13 × 13 10.30893 10.41499 

14 × 14 × 14 10.31087 10.41852 

15 × 15 × 15 10.30932 10.41554 

16 × 16 × 16 10.31041 10.41719 
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Figure A.7: The impacts of q-point density on DoS plots of 1F. Left: 3 q-points (0.04 Å−1 

spacing), right: 12 q-points (0.03 Å−1 spacing) both are interpolated to a 16 × 16 × 16 grid. 

 

 

Figure A.8: The impacts of q-point density on INS spectra of 1F. Left: 3 q-points (0.04 Å−1 

spacing), right: 12 q-points (0.03 Å−1 spacing) both are interpolated to a 16 × 16 × 16 grid. 
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C.4 SAPT Calculation Convergence 

Dimer energies were calculated for mapping potentials using symmetry 

adapted perturbation theory (SAPT) through the program Psi4. Convergence 

testing of the most appropriate level of theory for these calculations was 

completed using a dimer of 1,2-difluorobenzene, 1,2F, contact C, a bridged C—

H⋯F interaction (below). Combinations of the double, triple and quadruple 

zeta basis sets with the augmentation levels of August, July and June from the 

‘calendar’ set (reducing backwards in month for each diffuse shell removed 

from the calculation) were tested at all levels of SAPT truncation. The results 

are shown in Table A.7. The wall times refer to the SAPT2+3 calculations, 

which were given 150 GB of memory and 30 processors. Convergence of SAPT 

energies against time taken for the calculations is shown in Figure A.9. 

SAPT2+3 was considered the most reliable for all computations. From 

Table A.7 it is clear that, especially the for the lower basis sets, the 

augmentation level of the calculation has a comparatively modest impact on 

wall times whilst giving significant improvements to calculated energies. 

Increases in basis set quality however are very computationally expensive. For 

the August augmentation level, the shift from a double zeta to quadruple zeta 

basis set would change the calculation time of a 21-point potential well from 

~1 day to ~85 days. From Figure A.9 an initial significant improvement to the 

energy quickly flattens to an area where modest energy improvements require 

multiple hour increases in wall time. It is from the beginning of this flattening 

that the aug-cc-pVDZ basis was chosen. 
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Table A.7: Wall times and calculated energies for different levels of SAPT theory. 

Augmentation 

level 

Basis 

set 

Wall 

time /s 

Wall time 

/h SAPT0 SAPT2 SAPT2+ SAPT2+(3) SAPT2+3 

aug-cc-pVXZ 

 

aDZ 4159 1.155277778 -9.03150157 -8.31043818 -7.99142424 -7.43396411 -7.65941191 

aTZ 44983 12.49527778 -9.55937917 -9.17881487 -8.80731815 -8.11903590 -8.40289603 

aQZ 347775 96.60416667 -9.73965335 -9.48913342 -9.03262549 -8.27017400 -8.58993156 

heavy-aug- 

OR jul-cc-

pVXZ 

haDZ 2401 0.666944444 -8.79201228 -8.06491298 -7.66813311 -7.14694053 -7.36329872 

haTZ 36462 10.12833333 -9.44328157 -9.06042716 -8.64521165 -7.98983586 -8.26182458 

haQZ 324877 90.24361111 -9.67965261 -9.42998841 -8.95197416 -8.21810102 -8.52649965 

jun-cc-pVXZ 

 

jaDZ 1441 0.400277778 -6.14861685 -5.55568244 -5.03569801 -4.62352795 -4.80044752 

jaTZ 23925 6.645833333 -9.14506180 -8.76504080 -8.24003207 -7.64289891 -7.89102228 

jaQZ 214196 59.49888889 -9.63292755 -9.38230719 -8.88186333 -8.16804894 -8.46803956 

 

 

Figure A.9: Convergence of relative SAPT energies. The y-axis has been extended towards 

negative % differences for clarity of values which would otherwise lie very close to the x-axis. 
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C.5 Diagrams and Energies of Dimers for All 

Structures 

 
   

A B C D 

Figure A.10: The symmetry inequivalent dimers within 1F (monofluorobenzene), FACFAQ. 

 

  

  

A B C D 

    

E F G H 

Figure A.11: The symmetry inequivalent dimers within 1,2F (1,2-difluorobenzene), FACFOE. 
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A B C D 

 

 

 

 E  

Figure A.12: The symmetry inequivalent dimers within 1,4F (1,4-difluorobenzene), FACGEV. 

 

 

  

A B C 

 
 

 

D E F 

Figure A.13: The symmetry inequivalent dimers within 1,3,5F (1,3,5-trifluorobenzene), 

PVVAWA01. 
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A B C D 

Figure A.14: The symmetry inequivalent dimers within 1,2,4,5F (1,2,4,5-tetrafluorobenzene), 

FACJAU. 

 



 

 

 

Table A.8: Symmetry unique interactions within the first coordination spheres of fluorobenzenes. All energies are given in kJ mol−1. U = lattice energy. 

Structure Dimer Symmetry Contact 

Type 

Centroid 

separation 

Coulombic Polarisation Dispersion Repulsion Total Total per 

molecule 

1F, FACFAQ 

P43212 

Z = 4,  

Z’ = ½ 

U = −52.0  

A 𝑦 ± 1 2⁄ , −𝑥 + 5 2⁄ , 𝑧 + 1 4⁄  

−𝑦 + 5 2⁄ , 𝑥 ± 1 2⁄ , 𝑧 − 1 4⁄  

H⋯π 4.759 −3.6 −1.8 −14.5 11.0 −8.9 −4.5 

B 𝑥, 𝑦 ± 1, 𝑧; 𝑥 ± 1, 𝑦, 𝑧 H⋯F, H⋯H 5.752 −1.7 −0.8 −9.1 4.5 −7.0 −3.5 

C 𝑦 ± 1 2⁄ , −𝑥 + 3 2⁄ , 𝑧 + 1 4⁄  

−𝑦 + 3 2⁄ , 𝑥 ± 1 2⁄ , 𝑧 − 1 4⁄  

H⋯F, H⋯H 6.542 −2.6 −1.2 −7.6 5.0 −6.4 −3.2 

D 𝑥 ± 1, 𝑦 ± 1, 𝑧 H⋯F 8.134 −1.3 −0.2 −1.5 0.2 −2.8 −1.4 

1,2F, 

FACFOE 

P21/n 

Z = 4 

Z’ = 1  

U = −49.8 

A −𝑥 + 3 2⁄ , 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  H⋯π 4.686 −5.1 −1.8 −15.4 11.2 −11.1 −5.6 

B −𝑥 + 5 2⁄ , 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  H⋯π 4.843 −4.1 −1.3 −12.6 7.4 −10.6 −5.3 

C 𝑥 ± 1 2⁄ , −𝑦 + 1 2⁄ , 𝑧 ± 1 2⁄  H⋯F, H⋯F 6.782 −4.7 −1.1 −6.9 4.3 −8.5 −4.3 

D −𝑥 + 2, −𝑦 + 1, −𝑧 + 1 F⋯F, F⋯F 5.864 −0.7 −0.8 −8.5 3.2 −6.8 −3.4 

E −𝑥 + 2, −𝑦 + 1, −𝑧 + 2 H⋯H⋯H 5.954 −1.3 −0.7 −7.6 3.4 −6.2 −3.1 

F 𝑥, 𝑦 ± 1, 𝑧 H⋯F 6.007 −0.6 −0.9 −8.6 4.2 −5.9 −3.0 

G 𝑥 ± 1 2⁄ , −𝑦 + 3 2⁄ , 𝑧 ± 1 2⁄  H⋯F, H⋯H 6.935 −1.4 −0.7 −5.2 2.8 −4.5 −2.3 

H −𝑥 + 2, −𝑦, −𝑧 + 1 F⋯F 8.268  1.5 −0.2 −1.7 0.6  0.2  0.1 

 

 



 

 

 

Structure Dimer Symmetry Contact 

Type 

Centroid 

separation 

Coulombic Polarisation Dispersion Repulsion Total Total per 

molecule 

1,4F, 

FACGEV 

P21/c 

Z = 2, 

Z’ = ½ 

U = −50.0 

A −𝑥 + 1, 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  

−𝑥 + 1, 𝑦 ± 1 2⁄ , −𝑧 + 5 2⁄  

H⋯π 4.741 −3.3 −1.3 −13.9 9.2 −9.4 −4.7 

B 𝑥, 𝑦 ± 1, 𝑧 H⋯F, H⋯F 6.332 −5.3 −1.3 −8.6 5.0 −10.3 −5.2 

C 𝑥 ± 1, 𝑦, 𝑧 H⋯F, H⋯F 5.798 −2.8 −0.9 −9.3 4.4 −8.5 −4.3 

D −𝑥, 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  

−𝑥 + 2, 𝑦 ± 1 2⁄ , −𝑧 + 5 2⁄  

H⋯F 6.902 −3.1 −1.1 −5.6 4.2 −5.6 −2.8 

E 𝑥 ± 1, 𝑦 ± 1, 𝑧 F⋯F 8.585  1.8 −0.1 −1.1 0.1  0.8  0.4 

1,3,5F,  

PVVAWA01 

I2/a 

Z = 4, 

Z’ = ½ 

U = −45.8 

A 𝑥, −𝑦 + 3 2⁄ , 𝑧 ± 1 2⁄  π⋯π 3.706 −4.9 −1.6 −21.5 17.4 −10.6 −5.3 

B 𝑥 ± 1 2⁄ , −𝑦 + 2, 𝑧 H⋯F, H⋯F 6.547 −6.2 −1.6 −8.4 5.9 −10.2 −5.1 

C 𝑥 ± 1, −𝑦 + 3 2⁄ , 𝑧 ± 1 2⁄  H⋯F, H⋯F 6.844 −7.9 −1.6 −7.7 7.8 −9.5 −4.8 

D 𝑥 ± 1 2⁄ , −𝑦 + 1, 𝑧 H⋯F, H⋯F 6.872 −3.2 −0.6 −6.2 3.1 −6.9 −3.5 

E 𝑥 ± 1, 𝑦, 𝑧 F⋯F, H⋯H 6.096  0.2 −0.3 −6.0 1.5 −4.6 −2.3 

F 𝑥 − 1 2⁄ , 𝑦 ± 1 2⁄ , 𝑧 − 1 2⁄  

𝑥 + 1 2⁄ , 𝑦 ± 1 2⁄ , 𝑧 + 1 2⁄  

F⋯F, H⋯H 7.529  1.2 −0.1 −2.0 0.1 −0.8 −0.4 

 

  



 

 

 

 

Structure Dimer Symmetry Contact 

Type 

Centroid 

separation 

Coulombic Polarisation Dispersion Repulsion Total Total per 

molecule 

1,2,4,5F, 

FACJAU 

P21/c 

Z = 2 

Z’ = ½ 

U = −49.1 

A 𝑥 ± 1, 𝑦, 𝑧 π⋯π 4.428 −3.0 −1.5 −16.7 11.3 −9.9 −5.0 

B −𝑥 + 2, 𝑦 ± 1 2⁄ , −𝑧 + 1 2⁄  

−𝑥 + 4, 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  

F⋯H⋯F 6.892 −4.9 −1.5 −7.4 5.7 −8.1 −4.1 

C 𝑥 ± 1, 𝑦, 𝑧 ± 1 H⋯F, H⋯F 6.593 −3.2 −0.5 −6.3 2.6 −7.4 −3.7 

D −𝑥 + 3, 𝑦 ± 1 2⁄ , −𝑧 + 1 2⁄  

−𝑥 + 3, 𝑦 ± 1 2⁄ , −𝑧 + 3 2⁄  

 

H⋯F 6.051 −0.1 −0.5 −7.5 2.5 −5.6 −2.8 
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C.6 Inelastic Neutron Scattering Plots 

Inelastic neutron scattering plots were made using AbINS through the Mantid 

workbench GUI. Temperatures used for simulations were taken from the 

experimental data log and were: 1F- 24 K, 1,2F- 26 K, 1,4F- 20 K, 1,3,5F- 30 K 

and 1,2,4,5F- 20 K. AbINS applies a semi-empirical powder averaging model 

to the relative atomic displacements and frequencies from the phonon 

calculations. In this model every phonon is treated as an independent 

quantum harmonic oscillator. Atoms are weighted by their neutron scattering 

cross-sections. Fundamental quantum modes up to 10 were considered, each 

increasing order having diminishing contribution. The specific instrument 

resolution function for the TOSCA instrument is built into AbINS and this was 

used to convolute the theoretical spectra. AbINS also removes experimentally 

observed overtones and accounts for the lower scattering atom types in the 

experimental data. Scaling of intensities was completed visually for peaks 

closest 1000 cm-1. Data for averages of the front and back detector were used. 

Comparisons of experimental and simulated INS for all structures over 

smaller and larger spectral ranges are given below. 
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Figure A.15: Comparison of experimental and calculated INS spectra for 1F 

(monofluorobenzene), FACFAQ. 

 

 

Figure A.16: Comparison of experimental and calculated INS spectra for 1,2F (1,2-

difluorobenzene), FACFOE. 
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Figure A.17: Comparison of experimental and calculated INS spectra for 1,4F (1,4-

difluorobenzene), FACGEV. 

 

 

Figure A.18: Comparison of experimental and calculated INS spectra for 1,3,5F (1,3,5-

trifluorobenzene), PVVAWA01. 
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Figure A.19: Comparison of experimental and calculated INS spectra for 1,2,4,5F (1,2,4,5-

tetrafluorobenzene), FACJAU. 

 

C.7 Density of States Plots 

Phonon density of states plots for all structures over ranges of 0-1500 and 0-

3250 cm−1 are presented below. These plots were produced through Gaussian 

smearing in Materials Studio with a defined smear width, c, of 0.1 THz (~3.3 

cm−1). Intensities of all plots are normalised such that the total integral is equal 

to 3N, where N is the number of atoms. 
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Figure A.20: Density of states plots for 1F (monofluorobenzene), FACFAQ. 

 

 

Figure A.21: Density of states plots for 1,2F (1,2-difluorobenzene), FACFOE. 
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Figure A.22: Density of states plots for 1,4F (1,4-difluorobenzene), FACGEV. 

 

 

Figure A.23: Density of states plots for 1,3,5F (1,3,5-trifluorobenzene), PVVAWA01. 
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Figure A.24: Density of states plots for 1,2,4,5F (1,2,4,5-tetrafluorobenzene), FACJAU. 

 

C.8 Partial Density of States Plots 

Partial density of states plots for selected atom(s) were derived from phonons 

at the Γ-point. 

The output of the phonon calculation contains N, where N is the 

number of atoms in the model, eigenvector descriptions for x, y and z 

perturbations in atom positions for each of the 3N vibrational modes. For each 

eigenvector the fraction of the total motion attributed to the selected atom(s) 

is calculated and used to provide a total fractional contribution towards each 

vibrational mode. The partial density of states plots were produced via the 

same Gaussian smearing regime described in Section C.7. The height of the 

resulting peaks represents the fraction of motion attributed to the selected 

atom type. Partial density of states plots for all structures at the Γ-point are 

presented below in the same ranges as the total density of states plots above. 
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Figure A.25: Partial density of states plots for 1F (monofluorobenzene), FACFAQ. 

 

 

Figure A.26: Partial density of states plots for 1,2F (1,2-difluorobenzene), FACFOE. 
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Figure A.27: Partial density of states plots for 1,4F (1,4-difluorobenzene), FACGEV. 

 

 

Figure A.28: Partial density of states plots for 1,3,5F (1,3,5-trifluorobenzene), PVVAWA01. 
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Figure A.29: Partial density of states plots for 1,2,4,5F (1,2,4,5-tetrafluorobenzene), FACJAU. 

 

C.9 Example Calculation of the Contributions to 

Internal Energy and Entropy by Occupation of 

Energy Levels at 150 K in 1,2F 

The vibrational frequencies ν at the Γ-point were obtained by periodic DFT as 

described in Section 5.2.3 of Chapter 5. Calculation of the contribution to the 

entropy (S) and thermal energy (U) from each vibration at a temperature T = 

150 K is accomplished using the following equations, where k, h and R are 

Boltzmann’s constant, Plank’s constant and the gas constant and the value of 

ν in Hz is obtained from the mode wavenumber (ω in cm−1) as equal to 100cω, 

where c is the speed of light: 

h

k


 =  



Appendices 

285 

 

exp( / ) 1

R
U

T




=

−
 

/
ln(1 exp( / ))

exp( / ) 1

S T
T

R T





= − − −

−
 

The values of U and TS were calculated for each of the 141 non-acoustic modes 

as shown in Table A.9. The magnitude of the total entropy calculated at the Γ-

point (Table 5.2) is obtained by summing the values in the TS column. 
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Table A.9: Calculation of vibrational contributions to internal energy (U) and entropy (S) at 

temperature T = 150 K. The zero-frequency acoustic modes (1-3) have been omitted from the 

calculation. 
 

ω/ 

cm−1 

U/ 

kJmol-1 

TS/ 

kJmol-1 

 ω/ 

cm−1 

U/ 

kJmol-1 

TS/ 

kJmol-1 

4 50.387 0.970 2.166 27 216.475 0.371 0.538 

5 52.680 0.958 2.112 28 223.340 0.355 0.511 

6 54.537 0.949 2.069 29 284.909 0.237 0.321 

7 55.257 0.946 2.053 30 285.158 0.237 0.320 

8 57.727 0.934 2.000 31 285.516 0.236 0.319 

9 62.390 0.911 1.906 32 285.785 0.236 0.319 

10 65.167 0.898 1.853 33 295.341 0.221 0.297 

11 68.598 0.882 1.791 34 301.758 0.211 0.282 

12 69.426 0.878 1.777 35 305.260 0.206 0.275 

13 72.310 0.864 1.728 36 305.625 0.206 0.274 

14 77.293 0.841 1.649 37 429.554 0.085 0.105 

15 80.153 0.829 1.605 38 430.007 0.085 0.105 

16 86.037 0.803 1.522 39 431.235 0.084 0.104 

17 92.702 0.774 1.434 40 432.977 0.083 0.102 

18 97.617 0.753 1.374 41 456.531 0.069 0.085 

19 99.402 0.746 1.353 42 456.764 0.069 0.085 

20 112.082 0.695 1.215 43 461.892 0.067 0.082 

21 120.809 0.661 1.131 44 462.272 0.066 0.081 

22 124.301 0.648 1.099 45 536.993 0.037 0.045 

23 125.096 0.645 1.092 46 537.001 0.037 0.045 

24 132.490 0.618 1.029 47 538.370 0.037 0.044 

25 200.273 0.411 0.609 48 538.978 0.037 0.044 

26 206.649 0.395 0.580 49 550.182 0.034 0.040 
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 ω/ 

cm−1 

U/ 

kJmol-1 

TS/ 

kJmol-1 

 ω/ 

cm−1 

U/ 

kJmol-1 

TS/ 

kJmol-1 

50 551.971 0.033 0.040 77 933.550 0.001 0.002 

51 555.564 0.032 0.038 78 933.686 0.001 0.002 

52 556.017 0.032 0.038 79 936.992 0.001 0.002 

53 561.972 0.031 0.036 80 939.419 0.001 0.002 

54 562.823 0.031 0.036 81 968.447 0.001 0.001 

55 563.466 0.030 0.036 82 969.878 0.001 0.001 

56 564.468 0.030 0.036 83 980.077 0.001 0.001 

57 699.186 0.010 0.012 84 980.241 0.001 0.001 

58 699.642 0.010 0.012 85 1013.351 0.001 0.001 

59 699.814 0.010 0.012 86 1014.100 0.001 0.001 

60 699.985 0.010 0.012 87 1016.232 0.001 0.001 

61 743.165 0.007 0.008 88 1017.029 0.001 0.001 

62 748.325 0.007 0.008 89 1089.389 0.000 0.000 

63 752.538 0.007 0.008 90 1089.934 0.000 0.000 

64 753.831 0.007 0.007 91 1091.601 0.000 0.000 

65 754.133 0.007 0.007 92 1092.953 0.000 0.000 

66 756.503 0.006 0.007 93 1140.712 0.000 0.000 

67 761.356 0.006 0.007 94 1141.424 0.000 0.000 

68 761.549 0.006 0.007 95 1143.964 0.000 0.000 

69 836.760 0.003 0.004 96 1145.049 0.000 0.000 

70 837.175 0.003 0.004 97 1174.767 0.000 0.000 

71 838.342 0.003 0.004 98 1179.551 0.000 0.000 

72 839.018 0.003 0.004 99 1181.671 0.000 0.000 

73 847.352 0.003 0.003 100 1184.284 0.000 0.000 

74 850.503 0.003 0.003 101 1249.477 0.000 0.000 

75 855.783 0.003 0.003 102 1250.856 0.000 0.000 

76 856.147 0.003 0.003 103 1251.636 0.000 0.000 
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 ω/ 

cm−1 

U/ 

kJmol-1 

TS/ 

kJmol-1 

 ω/ 

cm−1 

U/ 

kJmol-1 

TS/ 

kJmol-1 

104 1251.882 0.000 0.000 124 1585.517 0.000 0.000 

105 1255.445 0.000 0.000 125 1598.034 0.000 0.000 

106 1260.825 0.000 0.000 126 1598.538 0.000 0.000 

107 1265.812 0.000 0.000 127 1599.391 0.000 0.000 

108 1266.429 0.000 0.000 128 1600.502 0.000 0.000 

109 1340.613 0.000 0.000 129 3118.791 0.000 0.000 

110 1340.917 0.000 0.000 130 3118.986 0.000 0.000 

111 1341.586 0.000 0.000 131 3119.141 0.000 0.000 

112 1341.688 0.000 0.000 132 3119.381 0.000 0.000 

113 1447.824 0.000 0.000 133 3131.218 0.000 0.000 

114 1447.854 0.000 0.000 134 3131.230 0.000 0.000 

115 1447.893 0.000 0.000 135 3131.704 0.000 0.000 

116 1448.364 0.000 0.000 136 3131.721 0.000 0.000 

117 1484.981 0.000 0.000 137 3134.187 0.000 0.000 

118 1490.357 0.000 0.000 138 3134.643 0.000 0.000 

119 1496.781 0.000 0.000 139 3134.727 0.000 0.000 

120 1498.169 0.000 0.000 140 3135.236 0.000 0.000 

121 1584.175 0.000 0.000 141 3141.774 0.000 0.000 

122 1585.079 0.000 0.000 142 3142.085 0.000 0.000 

123 1585.394 0.000 0.000 143 3142.512 0.000 0.000 

    144 3143.433 0.000 0.000 

    Total/cell 21.669 39.985 

    Total/mol 5.417 9.996 
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C.10 Justification for the Neglect of U and Zero-

Point Energy 

The equations for U and TS given in Section C.9 can be plotted as a function of 

ω for T = 150 K to allow the influence of these quantities on the free energy to 

be compared (Figure A.30). The plot shows that TS is much more sensitive to 

the values of the frequencies of low-energy vibrational modes than is U. Small 

differences in external mode vibrational frequencies make little difference to 

the contribution of mode to U, and alternative packing arrangements will have 

similar values of U. This reflects the observation made by Nyman and Day 

that the difference in heat capacity between polymorphs are very small. 

In the harmonic approximation the zero-point energy is given by ½Σhν 

and is dominated by the highest energy internal vibrational modes. These 

modes can vary between polymorphs, but usually not by much and 

differences are a minor contributor to the free energy differences between 

polymorphs, though they can assume significance in the cases where strong 

intermolecular interactions such as H-bonds are present as these can perturb 

internal bonds more substantially than the weak interactions that are 

considered in Chapter 5. 
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Figure A.30. Comparison of the contributions of low-energy vibrational modes to entropy and 

internal energy at T = 150 K. 
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Appendix D- Chapter 6 

D.1 Crystallographic Tables 

 

Table A.10: Full crystallographic tables for high pressure single 

crystal phases of glyphosate formed under rapid compression. 

 glyphosate_II_7p0GPa glyphosate_III_5p9GPa 

Crystal data 

Temperature 293 K 293 K 

Crystal system, space 

group 
Monoclinic, P21/c Monoclinic, P21/n 

a, b, c (Å) 

8.2046(13) 4.7277(3)  

7.536(2) 7.1064(4) 

9.473(3) 15.5653(19) 

β (°) 117.18(3) 98.689 (6) 

V (Å3) 521.0(3) 516.94 (8) 

Z 4 4 

Mr 169.07 169.07 

Radiation type Synchrotron, λ = 0.29040 Å Ag Kα, λ = 0.56086 Å 

µ (mm−1) 0.07 0.26 

Crystal size (mm) 0.10 × 0.10 × 0.01 0.20 × 0.20 × 0.01 

Data collection 

Diffractometer Synchrotron DESY beamline P02.2 Bruker Advance 

Absorption correction 

Multi-scan 

CrysAlis PRO 1.171.43.67a (Rigaku 

Oxford Diffraction, 2023) Empirical 

absorption correction using spherical 

harmonics, implemented in SCALE3 

ABSPACK scaling algorithm. 

Multi-scan 

SADABS (Siemens, 1996) 

Tmin, Tmax 0.33, 1.00 0.90, 1.00 

No. of measured, 

independent and 

observed [I > 2.0σ(I)] 

reflections 

1106 3681  

601 394 

333 327 

Rint 0.028 0.083 

θmax (°) 9.3 20.5 

(sin θ/λ)max (Å−1) 0.556 0.623 

Refinement 

R[F2 > 2σ(F2)], wR(F2), S 

0.099 0.079 

0.109 0.095 

1.13 1.23 

No. of reflections 333 327 

No. of parameters 91 99 

No. of restraints 98 141 

H-atom treatment H-atom parameters not refined 

H atoms treated by a mixture 

of independent and 

constrained refinement 

Δρmax, Δρmin (e Å−3) 
0.27,  

−0.23 

0.67,  

−0.39 
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D.2 Fitting of Phase I to 5.93 and 7.03 GPa 

For direct comparison between phases I and III, and phases I and II, the 

structure of phase I was extrapolated to 5.93 and 7.03 GPa respectively. This 

was completed by fitting individual Equations of State (EoS) to the volume, a, 

b and c parameters with a Birch-Murnaghan and Vinet EoS. The fitting 

parameters are given below. These EoS were then extrapolated to 5.93 and 7.03 

GPa using the EoSCalc functionalisation. The value of β was then calculated 

from the other parameters. 

 

Table A.11: The EoS fitting parameters used for the extrapolation of phase I to 5.93 GPa and 7.03 GPa. 

Parameter EoS K0 K0’ K0’’ χ2 Value at 5.93 GPa Value at 7.03 GPa 

V BM3 14.9 (4) 7.3 (4) -1.2 0.73 539.9876 528.8637 

a V3 436 (16) -53 (5) -1.4 3.87 8.4169 8.3328 

b BM2 60.1 (3) 12 -0.58 1.11 7.4597 7.3972 

c V3 21.8 (8) 37 (1) -18.4 1.45 9.2025 9.1517 

β      110.8437798 110.3597 
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D.3 Morphology of Glyphosate Crystals 

 

Figure A.31: The morphology of crystals of glyphosate are plates with the largest face in the 

(1̅ 0 0) plane. 

 

D.4 Pixel Tables for Phase I and II 

 



 

 

 

 

Table A.12: Interactions in the first coordination sphere of phase I at 5.18 GPa. All energies are in kJ mol−1. Classifications are relative to the interaction with the central molecule.  

Label Symmetry Centroid distance 

(Å) 

Electrostatic Polarisation Dispersion Repulsion Total Contact description 

H-bonded 

Contact A 1 − 𝑥, 2 − 𝑦, 1 − 𝑧 6.426 −292.7 −142.7 −40.3 347.1 −128.6 Pairs of O3H3⋯O4 H-bond ring motifs across inversion 

centres. 

Contact B 1 − 𝑥, 1 − 𝑦, 1 − 𝑧 4.909 −303.8 −124.0 −48.6 212.4 −264.1 Two N3H3B⋯O5 H-bond ring motifs across inversion 

centres. 

Contact E/E’ 
1 − 𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

6.390 −185.1 −68.9 −22.2 111.9 −164.4 Pairs of N3H3A⋯O4 H-bonds. 

Contact F/F’ 𝑥 ± 1, 𝑦, 𝑧 8.496 −157.8 −86.3 −14.7 166.7 −92.1 Lattice translations of the central molecule in a. 

O1H1⋯O5 H-bond through a head to tail arrangement. 

Electrostatic Interactions 

Contact C/C’ 
−𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

5.436 3.1 −19.5 −25.9 47.5 5.1 Lattice translation of contact E/E’ along a. Composed 

principally of destabilising electrostatic and stabilising 

dispersion components at 5.18 GPa. By 7.03 GPa the 

electrostatic component has become stabilising.  

Contact D/D’ 
𝑥 ∓ 1,

3

2
− 𝑦, 𝑧 ∓

1

2
 

8.093 −46.7 −8.4 −10.8 30.9 −35.1 Lattice translation of contact F/F’ along a. Longer range 

electrostatic interaction. 

Contact G −𝑥, 1 − 𝑦, 1 − 𝑧 6.497 9.1 −8.7 −12.1 10.1 −1.6 Destabilising electrostatic interaction as a result of the 

juxtaposition of like charged moieties. 

Contact H/H’ 
𝑥,

3

2
− 𝑦, 𝑧 ∓

1

2
 

4.764 37.0 −29.2 −31.9 77.9 53.9 Destabilising electrostatic interaction as a result of the 

juxtaposition of like charged moieties. 

Contact J −𝑥, 1 − 𝑦, −𝑧 6.715 27.2 −5.1 −5.9 1.8 18.0 Destabilising electrostatic interaction as the result of the 

short separation of like uncharged moieties. 



 

 

 

Table A.13: Interactions in the first coordination sphere of phase II at 7.03 GPa. All energies are in kJ mol−1. Classifications are relative to the interaction with the central molecule.  

Label Symmetry Centroid distance 

(Å) 

Electrostatic Polarisation Dispersion Repulsion Total Contact description 

H-bonded 

Contact A 1 − 𝑥, 2 − 𝑦, 1 − 𝑧 6.022 −260.2 −125.6 −45.8 307.7 −123.9 Pairs of O3H3⋯O4 H-bond ring motifs across inversion 

centres. 

Contact B 1 − 𝑥, 1 − 𝑦, 1 − 𝑧 4.603 −336.5 −130.9 −52.0 219.0 −300.4 Two N3H3B⋯O5 H-bond ring motifs across inversion 

centres. 

Contact E/E’ 
1 − 𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

6.293 −202.0 −74.7 −21.9 118.1 −180.5 Pairs of N3H3A⋯O4 H-bonds. 

Contact F/F’ 𝑥 ± 1, 𝑦, 𝑧 8.205 −155.6 −88.8 −14.7 166.2 −93.0 Lattice translations of the central molecule in a. 

O1H1⋯O5 H-bond through a head to tail arrangement. 

Electrostatic Interactions 

Contact C/C’ 
−𝑥, 𝑦 ∓

1

2
,
1

2
− 𝑧 

5.349 −16.9 −24.8 −28.5 87.0 16.8 Lattice translation of contact E/E’ along a. Composed 

principally of destabilising electrostatic and stabilising 

dispersion components at 5.18 GPa. By 7.03 GPa the 

electrostatic component has become stabilising.  

Contact D/D’ 
𝑥 ∓ 1,

3

2
− 𝑦, 𝑧 ∓

1

2
 

7.433 −73.8 −14.4 −16.1 33.2 −71.2 Lattice translation of contact F/F’ along a. Longer range 

electrostatic interaction. 

Contact G −𝑥, 1 − 𝑦, 1 − 𝑧 6.760 27.1 −9.4 −12.0 9.9 15.7 Destabilising electrostatic interaction as a result of the 

juxtaposition of like charged moieties. 

Contact H/H’ 
𝑥,

3

2
− 𝑦, 𝑧 ∓

1

2
 

4.841 43.5 −31.8 −34.0 82.6 60.4 Destabilising electrostatic interaction as a result of the 

juxtaposition of like charged moieties. 

Contact J −𝑥, 1 − 𝑦, −𝑧 6.581 39.6 −6.9 −6.8 1.9 27.8 Destabilising electrostatic interaction as the result of the 

short separation of like uncharged moieties. 
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