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Abstract 
 

The effect of confinement on pharmaceuticals is a growing field of interest for drug delivery because 

of the ability to customise both shapes and sizes of pore space. The pore diameters, volumes and 

surface areas affect the properties and structural arrangement of pharmaceuticals in ways we cannot 

currently predict. Nanometre sized pores also provide an interesting landscape for experiments into 

crystalline/amorphous and polymorphic transitions. However, due to the process of encapsulation, 

the analysis of these materials presents a challenge. In this work we demonstrate how combined 

material characterisation techniques such as solid-state NMR, DSC, TGA, PXRD, FT-IR and N2 sorption 

can be used in order to gain insight into the properties, structural characteristics and phase transitions 

of these encapsulated materials. We have also demonstrated how solvent mediated phase transitions 

can drive the same polymorphic interconversions that can be achieved by thermally dehydrating an 

API called acyclovir.  

A cocrystal of flufenamic acid and nicotinamide, and nicotinamide on its own were chosen as 

pharmaceuticals to encapsulate in mesoporous silica hosts. At low loadings (<30% wt%) we have 

shown that FFA/NA remains in an amorphous state inside different mesoporous silica hosts, whereas 

at high loadings (>40% wt%) in larger pores of silica we have given evidence of crystalline ordering 

existing. Through the use of variable temperature MAS NMR and the 19F-19F NOESY pulse sequence 

we were able to distinguish three distinct components with different ordering and dynamics of 

FFA/NA that existed inside the same pore space. 13C solid state NMR and PXRD of nicotinamide inside 

pores larger than 6 nm revealed a polymorphic interconversion from form I to a previously unknown 

form which we later characterised as form ‏. Polymorphic conversion of ACV hydrates into anhydrous 

forms was achieved through slurrying dry solvents with high polarity. 
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1    LƴǘǊƻŘǳŎǘƛƻƴ 
1.1 Composition of solid materials 

Solid materials can categorised through long-range ordering and periodicity into two distinct groups 

(Figure 1-1). 

1. Amorphous materials show no long-range order in their three dimensional structure and lack 

periodicity1. Instead, amorphous forms are more an aggregate of molecules with some short-

range ordering. They possess a glass transition temperature (Tg), below which they are 

referred to as glasses. Tg is the temperature where the more rigid glassy material will undergo 

a transition towards a more flexible and rubbery state. Continual heating of the rubbery 

material beyond the melting point (Tm) will convert it to a liquid without a distinct phase 

transition2. The rapid cooling of this liquid can lead back to the amorphous material, however 

it may lead to spontaneous recrystallisation.  

2. Crystalline materials are the other solid category. They are comprised of materials that 

possess long-range order in all three dimensions. This category has many subsets that divide 

the materials into single-component and multi-component materials, the latter containing 

multiple chemical entities in varying ratios in the same phase.  

 

Figure 1-1 A flowchart showing different characterisations of pharmaceutical solids. Adapted from 3 
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There are many different solid forms that a particular compound can take on. The simplest  subset is 

that of a crystal consisting of different spatial arrangements of a single entity. When a compound is 

said to exhibit polymorphism, it means that there are either two or more different structural 

arrangements. These phases can be different for many reasons, but the essential requirement is that 

they are made from the same chemical compound. Polymorphs can differ in their packing within the 

crystalline lattice and exhibit different conformations. Transitions between polymorphs can be 

brought about through subjecting the crystal to changes in temperature and pressure. It was noted to 

be of significance within the pharmaceutical industry as early as 1969 by Haleblian et al.4. OstwaldΩǎ 

rule of stages5 describes that the first structure that crystallises is the thermodynamically unstable 

polymorph with the lowest free energy barrier to overcome. After which, recrystallisation occurs into 

the more thermodynamically stable phases. This means that the metastable form is often the more 

difficult polymorph to isolate in manufacturing processes. 

 

Figure 1-2 The different arrangements of structural order in solid materials 

Then there are solid forms that contain adducts of the original material. These can consist of different 

ratios of the material with another chemical species. As shown Figure 1-1 there are many possibilities 

of combinations that can occur. These can depend on the bonding type (ionic cation and anion 

salts/molecular neutral species) and then further depend on the type of additional components 

added. It is common in the pharmaceutical industry to express the addition of a liquid to crystal 

structure as a solvate, however if that liquid is water it is referred to as a hydrate. If the additional 

component is formerly a solid and has formed the adduct it is referred to as a cocrystal. Further details 

of cocrystals will be discussed later in this chapter. 
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1.2 Nucleation 

The process by which crystal growth occurs is thought to be a well described phenomenon6. Molecules 

or atoms interacting together in an ordered arrangement and then growing from Angstrom scale, to 

nanoscale, mesoscale until a bulk crystal is formed that can be seen with the naked eye. It can occur 

with single atoms such a sulphur7 or with large biomolecules such as proteins8.  

Theoretical models have been developed to describe the kinetics and thermodynamics growth. The 

confirmation of such models is the challenge that is sought to be solved9,10 both experimentally in lab, 

through computer modelling and in an industrial setting11. An issue with the experimental 

confirmation is with the timescale in which the first few building blocks interact and grow. This occurs 

so rapidly that the species are short-lived and at very low concentrations. Therefore, it is difficult to 

isolate those critical nuclei as they grow into larger clusters or breakdown back into monomer units.  

Hence, the interest in controlling crystallisation of this project. The aim being to investigate this early 

stage of growth in order to describe structural, phase and energy changes that occur at the nanoscale. 

 

1.2.1 Classical Nucleation 

The earliest theory that best described the kinetics and thermodynamics of crystallisation became 

known as Classical Nucleation Theory12, (CNT), termed by Volmer13. This model began by stating that 

the formation of a crystalline material was a first order phase transition, whereby the enthalpy of 

crystallisation ɝὌЈ  has a non-zero latent heat value. The phase boundary concentration has a 

discontinuity feature that results in the boundary between the crystal and solution having non-zero 

surface free energy. Therefore, if a small area of condensed material forms within a supersaturated 

solution, the phase boundary that will develop as a result will have a surface energy that is high and 

unfavourable. As a result of this very few clusters will be able to form within a supersaturated solution, 

any that do form will have to overcome the free energy barrier by fluctuations within the solution. 

The first step in forming the new phase is to overcome this barrier, which in turn determines the 

kinetics of the system where a number of molecules are present in close proximity to each other that 

are able to serve as a nucleation point. Many models14 have different suggestions for the shape of this 

cluster such as a droplet shape, however the model that will be described here will have this initial 

cluster as a cubic shape with a side ὥ. When the solute chemical potential of the system is greater 

than the chemical potential of molecules in the crystal, the solution is described as being 

supersaturated ɝ‘ ‘ ‘ π. When a cluster develops, there is loss of free energy 
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equal to ɀὲɝ‘. However, when the phase boundary develops (with an area and surface tension equal 

to Ὓ and ‌ respectively) there is an increase in free energy Ὓ‌. When the crystal cluster is of cubic 

shape the area of phase boundary will be equal to Ὓ φὥὲȾ, and the free energy for a given size 

of cluster will therefore equal and is shown in Figure 1-3: 

ɝὋὲ ὲɝ‘ φὥὲ  

Differentiating (1) we are able to find the critical cluster size ὲzwhere a maximum of ɝὋ passes 

through ɝὋz, which gives: 

ς ὲz  and ɝὋz   

Where ɱ is equal to the volume (cube system therefore a3) the molecule occupies as the crystal. 

Crystals may grow from below this point; however, it will be energetically unfavourable and will have 

to compete with the free energies of the solutes. At the maximum point of ὲz there is an equal chance 

that the critical cluster will grow or decay as the energy difference is the same. This denotes the critical 

cluster size that every crystalline material has to overcome in order to grow. 

 

Figure 1-3 Thermodynamics of critical cluster growth, from equation (1) and (2). Adapted from 15  

 

The rate at which crystallisation occurs, nucleation rate ὐ, is the number of crystalline nuclei formed 

over time and is expressed as a function of the supersaturation analogous to the Arrhenius equation 

whereby 
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ὐ ὐÅØÐ
ῳὋz

ὯὝ
  

In this equation Ὧ  is the Boltzmann constant, T is temperature and ɝὋz is the critical free energy 

maximum. ὐ can be defined as being the product of the rate of addition of monomer units to the 

critical nucleus, ὺz. The Zeldovich factor, ὤ, which accounts for the width of ɝὋz at the maxima curve 

in the ɝὋὲ free energy profile (Figure 1-3). The rate of nucleation has a nonlinear relationship with 

respect to the supersaturation ratio. Minute fluctuations in supersaturation give huge changes in 

nucleation rate. Therefore, it is evident that as a cluster grows larger, taking more monomer units out 

of the system, the supersaturation ratio will lower and drastically reduce the rate of nucleation.  

 

Figure 1-4 Graphical representation of classical nucleation theory. Adapted from 16,17. 

1.2.2 Non-classical Nucleation 

Following classical nucleation theory, adaptions have been made that add to or better define the initial 

cluster generating steps. One of these theories is non-classical nucleation12 (NCN), otherwise known 

as the two-step mechanism15 which explores the differences between the crystal and liquid phase 

layers. Instead of forming a solid crystalline cluster that has systemic order to it, NCN suggests that 

the cluster is more a dense liquid type phase, lacking order, but is still a cluster of units that have been 

separated inherently from the solution. The crystalline order that is expected comes later on, after a 

number of units have been encapsulated by the cluster as a sequential additional to the first couple 

of molecules that came together. The ordered state will form at the nexus of the cluster as the liquid-

like layer of units separate the phases. 
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Figure 1-5 Graphical representation of non-classical nucleation pathway. Adapted from 16ς18 

The NCN model (shown in Figure 1-5) shows the same endpoint as in the CNT model (Figure 1-4), and 

still exhibits a critical point at which the free energy can either continue to build or break apart the 

cluster. The liquid-like intermediate cluster should not be confused with liquid-liquid separation such 

as oiling out, when ǘƘŜ άŘǊƻǇǎέ ƻŦ ŎƻƴŘŜƴǎŜŘ ǳƴƛǘǎ ŀǊŜ ŦƻǊƳƛng a bulk liquid phase - they have already 

passed the pre-nucleation phase. 

Further work on nucleation is currently occurring, with many studies published in the last 10 years 

that support the idea of the NCN following the two-step process19,20. However, the issue with the 

research is that the second step is not well described, namely the progressive restructuring of the 

cluster into a more ordered and compact system at a later aggregation stage. In this two-step process, 

the faster process is the formation of the metastable intermediate product because the activation 

energy barrier is lower than that of the ordered nucleus. That nucleus is the rate determining step as 

it has the larger barrier of activation in order to form. 

1.3 Polymorphism in Pharmaceutical Application 

Crystallisation itself has become one of the most important sciences for the development and 

formulation of drug compounds in order to physically produce and administer doses to patients, also 

is important to the food industry and the fine chemical industry. It is a crucial step that can serve many 

functions in the production of a compound, two of the most important being the separation and 

subsequent purification of a material. Within the pharmaceutical industry, separation can be a 

removal process for intermediate compounds, starting reagents and contaminants from the active 
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pharmaceutical ingredients (APIs). The scaling up of a novel API from the whiteboard to the lab gives 

rise to many different solid forms (Figure 1τ1) that the finished compound can take. A lot of these 

forms are poorly soluble and greatly affect the ability of the API to be delivered to its intended target. 

Therefore, much effort is put into manufacturing materials that have metastable polymorphs or a 

stable co-crystal to aid its uptake. These forms also try to feature a suitable manufacturing process 

that has a high yield and purity, otherwise it may not be financially viable for the company to produce.  

Polymorphism can result in different forms of the same compound having different chemical and 

physical properties associated with it. Changes in these can affect how well the compound is able to 

be solubilised or broken down, in turn affecting the activity of the compound and bioavailability and 

stability. All of these properties can also be affected by how the drug is formulated with respect to the 

physical form it takes. The pharmaceutical industry21 has to take great care when a new lead 

compound is discovered; developing synthetic methods, small scale lab synthesis for screening, all the 

way up to large scale plant production ς each of these steps can reveal new polymorphs that may be 

unaccounted for in the final product before separation. The cost of scaling from laboratory to plant 

production has to be factored, as an expensive reagent or catalyst may not be a viable economic 

method of production. Computer modelling is good method before large scale production of a 

compound begins as a number of polymorphs can be predicted and screened22 given the chemical 

structure of the lead compound23. 

1.4 Cocrystals 

The technical definition of a cocrystal is generally regarded as being a compound consisting of two or 

more molecules of different compounds that are linked by intermolecular interactions; such as 

hydrogen bonding or van der Waals forces. The compounds are not covalently bonded to each other, 

they lie close in space and through these are able to form a unit cell and a repeating lattice crystal 

structure. One of the more recent developments within the crystallography field is cocrystals and their 

use in the pharmaceutical industry at increasing bioavailability, stability and solubility. Mechanistically 

the dissolution and stability have been studied in a range of literature. The dissolution of 

carbamazepineςsalicylic acid cocrystals was described by Cao et al.24 which were developed as mass 

ǘǊŀƴǎǇƻǊǘ ƳƻŘŜƭǎΦ ¢ƘǊƻǳƎƘ ŀǇǇƭȅƛƴƎ CƛŎƪΩǎ ƭŀǿ ƻŦ ŘƛŦŦǳǎƛƻƴ ŀƴŘ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ōƻǳƴŘŀǊȅ ƭŀȅŜǊ ƻŦ ǘƘŜ 

surfaces of the macroscopic cocrystal. Relative stabilities with regards to pKa of cocrystal components 

was studied by Bethune et al.25. In this study relative terms for cocrystal solubility are derived such as 

solubility product and the ionisation constants. Through this derivation the findings showed a 

concordance with the predicted behaviour of a generated pH-solubility curve ς the curve estimates 
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how well a coformer stabilises or will precipitate a cocrystal and thus provides a good guide for 

selection of a cocrystal without the need to develop a complete phase solubility diagram. Likhitha et 

al.26 showed that a combination of nicotinamide and picric acid cocrystal possessed higher melting 

points than the individual synthon components. Aakeroy et al.27 made the distinction of whether being 

a cocrystal or a salt changed potential beneficial pharmaceutical properties of a compound. Through 

an analysis of over 80 salts and cocrystals they showed that carboxylic acid conversion from an anion 

to neutral species had significant impact on the structural arrangement of the system. The conversion 

of anionic salts into cocrystals is an interesting line of research, Nangia et al.28 were able to successfully 

convert the zwitterionic drug Sparfloxacin into a neutral species by cocrystallising it. This was achieved 

through use of a phenol-amine heterosynthon and adjustment of pH and resulted in the neutral 

species having a better dissolution profile than its zwitterionic counterpart. With the consideration of 

crystal engineering in mind, Desiraju29 et al. showed that the synthons could have issues forming due 

to the interference of interactions between molecular and crystal structures. Hence, the design and 

choice of two synthons to form a cocrystal should ideally have interactions that favour the pair to 

bond, but also such that the repeating geometric lattice of the singular molecular component is able 

to withstand any interference from unfavourable interactions from other parts of the synthons not 

involved in the molecular cocrystal. 

 

Figure 1-6 Cocrystal intermolecular interactions 

Hydrogen bonding is the most widely used method in cocrystal engineering due to the specificity of 

angles and directions. Also, because most APIs are organic small molecules in nature, they generally 

will have one or more sites of functionality that are able to hydrogen bond - for example ̄  conjugated 

rings, carboxylic acids, amides and alcohols. These hydrogen donor/acceptor functionalities have to 

be matched to form suitable synthons therefore screening is an important tool to use. Some 

functionalities will possess a stronger capability to hydrogen bond and it is generally accepted that the 

ΨōŜǎǘ ŘƻƴƻǊκōŜǎǘ ŀŎŎŜǇǘƻǊΩ30 rule applies when looking at the hydrogen bonding between two 

different molecules. The resulting supramolecular synthon is that of ordered structural units that have 

been formed by these intermolecular interactions. The tuning of these interactions has been studied 
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closely by many groups in order to bring about the engineering of specific crystalline packing that will 

result in specific properties. Desiraju and Saha31 showed how it was possible to identify the synthon 

packing arrangement of the characteristic hydrogen bonding through spectroscopic means. Their 

described work was as a crystal engineering exercise, however demonstrated that it was possible to 

both identify synthons which would be suitable to form a particular crystalline packing to give rise to 

desired properties. 

 

1.4.1 Stability of Cocrystals 

The first cocrystal was reported by Friedrich Wöhler32 in 1844 consisting of quinone and 

hydroquinone. Since then, many more have been discovered, however it is in the last few decades 

that cocrystals have become an area of great interest for the pharmaceutical industry. For small 

molecule drug compounds, cocrystals allow for a flexible way of stabilising the desired APIs as the 

coformer in the cocrystal can be tailored to match the active compound. Previous work33 has shown 

the ability to increase the solubility upwards of a 10,000 fold enhancement (‘mol/mL) of a potent 

ErbB2 inhibitor used in the development of cancer cures. The compound previously had poor solubility 

of around 0.008 ‘mol/mL and had limitations with bioavailability. Therefore, multiple acid-base 

complexes were synthesised in order to enhance the drug delivery profile of the compound. 

Another API that has had its solubility increased34  by formation of a cocrystal was a compound called 

2-[4-(4- chloro-2-fluorophenoxy)phenyl]pyrimidine-4-carboxamide. By itself, the compound had low 

solubility and as a result its permeability to pass through cells could not be measured. It was developed 

as a candidate for the treatment and prevention of pain caused through surgery, neurological pain 

and also chronic panic conditions. By forming a cocrystal with glutaric acid, the overall solubility and 

oral bioavailability was increased significantly.  

Enhancement of stability is also a goal for crystal engineers within pharmaceuticals; being able give 

an API a longer shelf life, stable at changes in humidity and temperatures. Humidity being one of the 

key areas due to the fact that hydrates of compounds respond differently and decompose faster. 

Theophylline35 (a drug used to treat respiratory problems like asthma) was studied extensively and 

had a number of synthons to pair with in order to form cocrystals due the fact that it interconverts 

between hydrated and anhydrous forms when the humidity is changed36. Because of this reversible 

behaviour its stability is extremely dependent on the environment it is stored and processed in, 

presenting the problem of stability. These coformers were oxalic, malonic, maleic and glutaric acids. 

Of these compounds oxalic acid provided the greatest stability to hydration. Berberine chloride (BBC 
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ς a drug which effects gram positive and negative bacteria) was also a candidate for cocrystallisation 

stabilisation in order to enhance its stability in humid environments. Yang et al.37 showed that a 

cocrystal of BBC with fumaric acid improved stability to temperature, humidity but also increased the 

solubility of the drug. 

The technique of producing a more stable cocrystal against reversible hydration had also been 

previously employed in 2005 on caffeine38. Caffeine exists in three forms; two forms of anhydrous (‌ 

which interconverts from ‍ at high temperatures) and a third hydrated form of which the number of 

waters is nonstoichmetric. A selection of dicarboxylic acids was chosen as coformers to form cocrystals 

as the structure of caffeine allows for strong hydrogen bonding through the nitrogen and weak 

hydrogen bonding through the C-H bond present next to the nitrogen on the five membered rings. 

Cocrystals were formed from oxalic acid, malonic acid, maleic acid and glutaric acid in different 

stoichmetric ratios (depending on functionality). All cocrystals then exhibited a much higher stability 

when the relative humidity of the environment was increased, the oxalic acid derivative having the 

best ς stable at 98% RH after 7 weeks. 

1.5 Silica as a vehicle of Drug Delivery 

1.5.1 Mesoporous silica nanoparticles 

A porous material is defined as possessing considerable free internal volume, high surface area and 

large pore volumes Porous materials are of interest in material science, because they have 

applicability in many different industries; such as the petroleum industry, zeolite catalysis for cracking 

oil, zeolite acid catalysis39, membranes for gas sorption and separation40, or drug delivery. The 

International Union of Pure and Applied Chemistry (IUPAC) classifies porous materials into three 

groups which are based on the pore diameters. These are: 

1. Microporous materials ς possessing pore diameters smaller than 2 nm, generally known to be 

metal-organic-frameworks41ς43 (MOFs), zeolites or certain polymers. 

2. Mesoporous materials - possessing pore diameters between 2 and 50 nm, generally known to 

be silica and alumina44,45 type materials. 

3. Macroporous materials ς possessing pore diameters exceeding 50 nm, some silica and 

alumnias, metal oxides46 and porous glasses47. 

After the discovery of mesoporous silica materials; MCM48, SBA-1549, MCF50 , an avenue of 

functionalised materials became possible to use as pharmaceutical drug delivery devices. These 
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materials offer features unique to the nanoscale; possessing a network of pores with diameters 

between 2 - 50 nm, different order and functionality and high pore volume.  

 

Figure 1-7 Graphical representation of the difference in the pore diameters between MCM-41, SBA-

15 and MCF-17 (not to scale). 

Mesoporous silicas are generally synthesised using an organic templating agent to influence the size 

of the desired pores, followed by a calcination step for the removal of the templating agent. MCM-41 

was the first of these mesoporous silicas to be described and synthesised by Beck et al.51 and Kresge 

et al.52 who theorised the liquid crystal templating (LCT) mechanism. This mechanism uses structural 

directing agents such as cationic surfactants to form micellar type structures when placed in non-

neutral pH solutions at room temperature. These surfactants have an alkyl tail that can be altered to 

then determine the dimensions of the internal pores. To these micellar structures, a silica source is 

added and in most cases the source is tetraethylorthosilicate (TEOS). This silica source is then 

hydrolysed in the solution and self-assembles around the micellar templates. After which, heating of 

the solution results in the condensation of the silicate ion forming a gel. The resulting gel is then 

calcined in order to remove the organic surfactant leaving the mesoporous silica behind.  
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Figure 1-8 Schematic representation of the Liquid Crystal Templating mechanism. Adapted from 53 

Following the discovery of MCM scaffold materials, it was reported by Zhao et al.54 that a new family 

of mesoporous silica nanoparticles had been synthesised. Instead of the cationic/anionic surfactants 

that MCM materials used51,52 a triblock copolymer of poly(ethylene oxide)-poly(propylene oxide)-

poly(ethylene oxide) was used as the source of silica for the template. As with MCM synthesis, a 

slightly acidic aqueous solution was required to dissolve the copolymer and thus enable the building 

of the supramolecular micelle templates. The self-assembly of these micelles follows the condensation 

process of MCM, however the copolymer allowed for the synthesis of highly ordered hexagonal pores 

ranging from 5 to 30 nm pore diameters. The mechanism of formation of these SBA particles has been 

studied extensively through different techniques such as EPR55 and X-ray/neutron scattering 

experiments56, the latter of which support the Cooperative Templating mechanism. This mechanism 

differs in the concentration of the surfactants, being that of much lower concentrations. Here the 

driving force of assembly is based on interactions between the surfactant ions with the inorganic 

silica57. This pathway has significant impact on the morphology of the resulting mesoporous phase. 
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The third type of mesoporous silica we will concern ourselves with is called MCF50 (mesocelluar foam). 

Its synthesis follows a modification to the SBA-15 procedure where an additional swelling agent, 

usually 1,3,5-trimethylbenzene (TMB) is added. The result is that the coated micelles swell and form 

can form much larger silica structures. These structures consist of large spherical cells, ranging from 

15 -50 nm, that possess windows to access them between 5-20 nm. They have been referred to as ink-

bottle type particles for this structural arrangement. The pores and morphology of particles are able 

to be controlled through the addition of ammonium fluoride prior to aging. 

For the study of crystallisation, it is of interest to attempt to study the early stage of nucleation at the 

atomic to nanoscale, as this is an area that will enable small scale stacking of molecules but not allow 

a macromolecular scale structure grow. 

1.5.2 Encapsulation of Drugs 

Porous materials allow for the encapsulation of guests, more specifically small organic molecules, in 

an effort to enhance properties of hydrophobic drugs which are notorious for their poor dissolution 

and oral bioavailability. Mesoporous silica nanoparticles have been shown to improve the oral drug 

viability of different drugs such as telmisartan58 and doxorubicin hydrochloride (DOX)59. Their 

evaluation as potential drug delivery vehicles is prevalent in literature due to the stability they offer 

and their biocompatibility60ς63. Mesoporous silica nanoparticles also serve the purpose of being a 

system in which we are able to model the process of crystallisation as it will be the restriction of the 

size of the pores aiding the understanding of pharmacueticals.64. 

Nartowski et al65 showed IMC was loaded into SBA-15, MCF and CPG at different ratios of host-guest 

and then characterised using a variety of methods. One of the methods used to load the IMC into the 

pores was the melt loading method, by which the host and guest were mixed together then the 

mixture heated above the melting point of the guest. The molten guest is then drawn into the pores 

by capillary action. Another method used was the incipient wetness method, where IMC was dissolved 

into a hot solvent then loaded by dropwise addition of the solution to the silica host. 

However, confirming the guest is within the pores is a key area of interest. A range of characterisation 

techniques are used to corroborate this. Solid state NMR (13C-1H CP-MAS) of the compound before 

and after loading shows a broadening of the carbon peaks, this is due to the local disorder and possible 

increase in the mobility of the guest. Differential scanning calorimetry of the host-guest compound at 

different ratios show different environments of amorphous media within the pores. At lower loading 

levels there is no glass transition present, indicating an amorphous compound.. However, as loading 

levels increase in the larger media (CPG host with pore diameter 55 nm) a mixture of polymorphs 
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become present as the relative size allows for the boundary towards macroporous media to be 

achieved. Further studies using nitrogen adsorption confirm the guest is physically loaded within the 

pores and is not just on the surface of the silica particles. Adsorption/desorption isotherms were taken 

of the pure silica compound and then the different ratio loaded silica-guest materials. The isotherm 

had Barrett-Jotuner-Halenda method66 applied to it in order to calculate the total pore volume and as 

expected as the level of guest increased with respect to the host the overall pore volume decreased 

showing that the guest eventually completely fills the pores. The combination of these methods allows 

for insight into the phase transitions that occur on the nanoscale through the confinement of the guest 

molecule. 

19F NMR is an extremely sensitive technique for many reasons; fluorine has a high gyromagnetic ratio 

giving it good susceptibility to magnetic resonance experiments, the naturally occurring isotope has ½ 

nuclear spin and 100% abundance. There are a variety of instances where 19F NMR (alongside other 

materials characterisation techniques) have been used to explore the properties of confined drugs in 

mesoporous silicas due to these NMR properties. It was used by Egodawatte et al.67 to obtain insight 

into the loading of 5-fluorouracil (5-FLU) into magnetic MCM-41 systems. The loading and release 

profile of 5-FLU were explored given a variety of solvent driven release mechanisms and modification 

of the silica surface through functionalisation. In contrast to use to explore API related properties 

Bouchoucha et al.68 used 19F NMR to monitor fluorine functionalised mesoporous nanoparticles for 

use in MRI probes. These probes in bioimaging are a growing area of interest, and the previously 

mentioned DOX59 was also encapsulated into 19F functionalised mesoporous silica nanoparticles by 

Nakamura et al.69. 19F MRI allowed the release rate of DOX to be controlled, increasing the release rate 

of drug by changing the conditions of the environment to be more acidic. 

Further exploring the process of crystallisation through the use of the encapsulation of cocrystals is a 

key step for the pharmaceutical industry. This will allow us to explore the barriers and applicability of 

mesoporous silica as a candidate for hosting APIs in a cocrystalline form in order to further increase 

their bioavailability. The loading of cocrystals into mesoporous silicas has been achieved by Skorupska 

et al.70,71 with the loading of cocrystals of BA/FBA (benzoic acid/fluorinated benzoic acid) and IBU/NA 

(ibuprofen/nicotinamide). In each case solid state NMR was the primary tool in order to characterise 

the structure and dynamics of the drugs inside the pores. 2D NMR correlation techniques such as 19F-

19F BABA and 1H-19F HETCOR revealed differences in the rigidity of the loaded BA/FBA material, 

demonstrating a significant increase in the mobility of the species. IBU/NA was shown to me loaded 

inside the pores of MCM-41, and also had its release profile characterised for the different racemic 

structures of the IBU/NA mixtures. They showed that by changing that IBU/NA composition they were 
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able to control the release rate of the trapped API. This further strengthening mesoporous silicas as a 

viable drug delivery device due to the possibilities of sustained drug delivery profiles for APIs. 

A critical paper for the concern of this thesis is that by Nartowski et al.72 Use of flufenamic acid (FFA) 

as a model compound gave us an opportunity to perform 19F NMR as a method of investigating the 

polymorphic behaviour (Figure 1-9). FFA is known to have many polymorphs and has been 

investigated thoroughly for its pharmaceutical devleopment73ς75. FFA was loaded using the melt 

loading method into multiple hosts as before ς MCM-41, SBA-15, and MCF. Confirmation of loading 

was also completed using PXRD, TGA, nitrogen adsorption/desorption isotherms and DSC 

thermograms. However, when 19F MAS NMR was performed on the samples the expected signal was 

a broadening of the single resonance at -60.0 ppm that corresponds to the CF3 group, in actuality 

multiple peaks were observed in the spectra showing the existence of multiple phases of FFA within 

the pores. 
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Figure 1-9 A. Kinetics of crystallisation of MCF-FFA 60:40 B. Variable-temperature 19F solid-state NMR 

spectra (9.4 T) of FFA confined within MCF. Reproduced from 72 

During a recrystallisation study in MCF-FFA 60:40 there were three populations; one which 

corresponded with the pure FFA form I peak at -60.0 ppm, a second peak at -65.0 ppm and one in-

between at -62.3 ppm. What is interesting about these resonances is that at different loading ratios 

of FFA the intensity of the crystalline peak decreases, however the secondary peak grows slightly then 

tails off to the same level as the crystalline as the loading ratio has reached its lowest. This indicates 

the secondary peak is probably of amorphous nature which was later confirmed through variable 

temperature 19F spectra, in which recrystallization took place. After heating the loaded MCF-FFA 

sample to 333K the spectra showed the evolution of a third resonance peak situated in between the 

crystalline -60.1 ppm peak and the amorphous peak at -65.0 ppm. As the sample was then allowed to 

cool to room temperature the middle peak that resided at around -62.3 ppm faded to almost no 

intensity. At this point, as can be seen, there were at least three distinct species within the pores, 

these phases each possessing different mobility. There is a crystalline phase that is present, and a 

mobile liquid matter phase that moves along the surface of the silica and then an aggregated species 

that exists between these two phases. This aggregated phase disappears during recrystallization, 

implying its molecules have been incorporated into the crystalline phase within the pore. This 

phenomenon is of interest because it is the direct result of crystallisation occurring from a single 

molecule type arrangement, into an aggregated system, then into a crystalline-like ordered 

arrangement. 19F Solid state NMR of the CF3 giving observable differences in the local environment of 

nanoscale crystallisation. 

1.6 Aims of the Project 

Therefore, the aim of the project is to investigate further the different phases of matter possible 

through encapsulation into silica. The exploration of the phase transitions of pharmaceuticals loaded 

into the pore space may offer greater insight into the methods by which we can access certain 

polymorphs or phases of matter. In order to complement the previous studies of FFA72 we will use a 

cocrystal of FFA with the well-known coformer nicotinamide (NA)76 and attempt to explore and probe 

the boundaries of cocrystalline, coamorphous and mobile species. We will encapsulate FFA/NA 

cocrystal at various loading levels into three different mesoporous silicas; MCM-41, SBA-15 and MCF. 

This is in order to explore the landscape of pore diameter size against the ability of an API to 

recrystallise inside the pores. 
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Following this we will also load pure NA into the three mesoporous silicas also in order to generate a 

full picture of the possibilities when loading both the separate components and the cocrystal of 

FFA/NA. These materials will be made and analysed through a variety of techniques. Nitrogen sorption 

isotherms of the materials will allow for surface area, pore volume and pore diameter calculations. 

TGA will allow the direct loading ratio confirmation by decomposition of the organic loaded APIs. DSC 

will be used to explore any possible amorphous or crystalline material that are able to interconvert, 

melt or decompose. PXRD will be used in order to show the state of the crystallinity of the API inside 

(or outside) the silica pores and will be a useful tool in quick phase identification. Solid state NMR will 

be used heavily in this project as a method of detecting and characterising different polymorphs 

through distinctive 13C analysis, but also using 19F as a phase identification tool. Within solid state NMR 

variable temperature experiments will be used to show the impact heating/cooling has upon the 

mobility and local environment of the API. Lastly computational methods, using the CASTEP77 code, 

will be used in conjunction with NMR in order to verify and assist assignments of chemical shifts to 

specific nuclei. 

We also aim to explore the ways in which solution mediated phase transformation can occur within 

the antiviral drug acyclovir (ACV). This drug possesses two anhydrous forms and two known hydrates 

which are able to be converted between using thermal dehydration techniques. We will first 

characterise these known forms using a combination of solid-state NMR, PXRD and DSC in order to 

understand differences between the structures. We will then use a combination of variable 

temperature FT-IR studies to monitor the thermal dehydration of the hydrate forms. Following this 

we will attempt to induce solvent mediated transformations of the ACV polymorphs in order to 

explore the mechanisms of hydration/dehydration.  
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2    /ƘŀǊŀŎǘŜǊƛǎŀǘƛƻƴ 

¢ŜŎƘƴƛǉǳŜǎ 
 

2.1 Nuclear Magnetic Resonance 

Nuclear Magnetic Resonance (NMR) is a technique that has existed since the 1930s and has become 

a pillar of spectroscopy since then due to its ability to discern information about the local chemical 

environment of molecules; their bonding, orientation, coupling and intermolecular interactions with 

nearby molecules. It was first theorised by Pauli when he discovered the existence of the nuclear spin 

and first experimentally confirmed in 1937 by Rabi78 who showed nuclear magnetic resonance by 

variation of RF fields within a permanent magnetic field. Since then, the evolution of NMR has taken 

many steps to increase the amount of information that can be interpreted from a spectrum; from 

increasing the strength of the magnetic field to the invention of Fourier Transform techniques and 

pulse experiments. 

 

2.1.1 Basic Principles of NMR79ï81 

The basic principle of NMR is that all nuclei possess nuclear spin ς quantum mechanics labels this spin 

Ὅ and comes in multiples of ½, which can be positive or negative. The nuclei which possess a nonzero 

spin quantum number are said to be magnetically active. Their magnetic moment is given the letter ‘ 

and is formed as a product of the spin of the nucleus Ὅ and the gyromagnetic ratio ‎ to give:  

‘ ‎Ὅ. 

The spin angular momentum is a vector quantity that can be related through the spin quantum 

ƴǳƳōŜǊΣ ǿƘŜǊŜ ƚ ƛǎ ǘƘŜ tƭŀƴŎƪΩǎ Ŏƻƴǎǘŀƴǘ όǊŜŘǳŎŜŘύ ŀƴŘ Ὅᴆ is the spin angular momentum: 

Ὅᴆ ὍὍ ρü  

In the presence of an external magnetic field ὄ the nucleus will exist in two spin states (for I=½ nuclei) 

+½ and -½ along the axis of the magnetic field (conventionally labelled as the z axis), where the positive 

state is aligned with the magnetic field (lower in energy) and the negative state is opposed to the 

magnetic field (higher in energy). This energy is calculated as the product of magnetic moment ‘ᴆ and 
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the strength of the magnetic field ὄ. When this magnetic field is thus considered to be parallel to the 

z axis of the spin it is possible to quantise the energy where, m, the magnetic quantum number follows 

the selection rules of ɝά ρ taking integer steps of ςὰ ρ values: 

Ὁ ‘ὄ άᴐ‎ὄ 

This causes a splitting of the energy levels associated with nuclear spin which are then proportionally 

separated through ɝὉ against the gyromagnetic ratio ‎ and the applied field ὄ. This is called Zeeman 

splitting an is unique to each nucleus and is shown in Figure 2-2. 

ɝὉ ᴐ‎ὄ  

 

Figure 2-1 Zeeman splitting of relative energy levels between two magnetic spin state (♪ and ♫) 

2.1.2 The Larmor precession79ï82 

When a nucleus is placed in a magnetic field, it will experience torque due to the combination of the 

magnetic moment and angular moment creating a net magnetisation of nuclear spin. The torque 

experienced by the nucleus will align itself perpendicular to the ὄ field. The rate of this precession 

within the external magnetic field, ὄ, is proportional to the strength of the field and is denoted by: 

‫ ‎ὄ 

Where ‫  is known as the net angular velocity of the precessing motion. Each nucleus has its own 

unique motion giving rise to a specific Larmor frequency, ὺ, specific to the strength of the field the 

nucleus is experiencing: 

ὺ
‎

ς“
ὄ 
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When the nucleus is subjected to ὶὪ energy that is of the same frequency as the precession of the 

nucleus (the Larmor frequency) perpendicular to the external magnetic field, the nucleus is then able 

to absorb the energy and change (flip) its magnetic moment from the low energy ‌ state to the higher 

energy ‍ state. 

2.1.3 Bulk magnetisation and Boltzmann distribution79ï83 

The previous theory concerns an isolated nucleus, however in NMR applications we do not deal with 

a single nucleus nor single type of nuclei. A large number of spins are present in a real sample, each 

having their own interaction with the applied ὄ external magnetic field continuously. This means that 

the Boltzman distribution is relevant here, as the occupancy of energy states of the system have a 

temperature dependence to form thermal equilibrium through: 

ὔ

ὔ 
Ὡ
Ў

 

Where k is equal to the Boltzmann constant, T is the temperature (measured in Kelvin), ɝὉ is equal to 

the energy gap between ‌ and ‍ states and ὔ is the net population of spins existing in those energy 

states. Using this equation there will be small number of states existing in the higher energy state, and 

that difference in energy states sums to give an overall magnetisation vector perpendicular to the ὄ 

field along the z axis of the higher energy state. This result is known as bulk magnetisation, M0. 

 

Figure 2-2 Vector model representation. The external magnetic field causes precession of nuclear 

spins around the z axis. An overall difference in populations gives rise to the bulk magnetisation M0 

aligned along the z axis to the external magnetic field B0 

Inducing the transition between the spin states ‌ and ‍ is achieved through radiofrequency pulses. 

These pulses are set to be close to the calculated Larmor frequency of the given nucleus, and are used 

to make NMR transitions between states occur. A coil that is wrapped around the sample is used as 
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the vehicle of delivery of the applied rf frequencies. The alternating current in the coil in turn creates 

a small magnetic field that is denoted as ὄ. This second field, ὄ, oscillates at the Larmor frequency 

of the spin at 90Ј (perpendicular) to the strong external magnetic field, ὄ. When considering the 

appearance and explanation of these magnetisations and rf effects the vector model is replaced with 

the rotating frame model of reference. 

 

Figure 2-3 Graphical representation of the conversion from laboratory frame to rotating frame of 

reference 

The laboratory frame is primarily described with two vectors, ὺ and ὺ, where its coordinates (x, 

y and z) are static. The rf pulse introduces a magnetic field, which subsequently oscillates with nuclear 

precession (in the transverse plane). This is shown in Figure 2-3 as the ὺ vectors and can only occur 

when the NMR condition is satisfied. In contrast, the rotating frame has ŎƻƻǊŘƛƴŀǘŜǎ ȄΩ ŀƴŘ ȅΩ ǿƘƛŎƘ 

are rotating at the nuclear precession frequency. Also, in the rotating frame, one of the vectors is now 

static. The second rotates in the opposite direction from the resonance and is able to be ignored 

( ςὺ . The means that, when the rotating frame is considered, the time dependency portion of the 

rf field can be removed and the bulk magnetisation and B1 can be shown as perpendicular and static 

to each other. 

2.1.4 NMR as a tool of analysis79ï81 

When we consider how to use NMR as an analytical technique, from first appearance if each nucleus 

only responded to one resonant frequency the technique would be limited to a means of indirect 

nuclei detection. However, each nucleus in a system experiences the external magnetic field 

differently due to its local environment and surrounding electrons. This means that a number of 

frequencies can be observed as a reaction to the applied magnetic field, allowing us to characterise 

them into different types of functionality. 
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The electron cloud circulation in their respective orbitals is similar to that of an electrical current. 

Where there is an electrical current, there is also a magnetic field. Each electron will produce a small, 

local magnetic field which resides in the opposite direction to that of the applied external field ὄ. 

¢ƘŜǎŜ ǎŜŎƻƴŘŀǊȅ ŦƛŜƭŘǎ ŀŎǘ ǘƻ άǎƘƛŜƭŘέ ǘƘŜ ƴǳŎƭŜǳǎ ŦǊƻƳ ǘƘŜ ŜȄǘŜǊƴŀƭ ƳŀƎƴŜǘƛŎ ŦƛŜƭŘΣ ŀƴŘ ōŜŎŀǳǎŜ ƻŦ 

the different electron environment (functionality) each nucleus will then display a different chemical 

shielding, ‏, to that of its neighbour or environment. 

When determining the chemical shift of a nucleus in a molecule, considerations such as the different 

ōƻƴŘƛƴƎ ŜƴǾƛǊƻƴƳŜƴǘǎΣ ǘƘŜ ŀǘƻƳΩǎ ŜƭŜŎǘǊƻƴŜƎŀǘƛǾƛǘȅ ŀƴŘ ǘƘŀǘ ƻŦ ƛǘǎ ƴŜƛƎƘōƻǳǊǎ ƻr really any 

interactions that can locally affect the electron cloud and influence the effective magnetic field felt by 

the nucleus have to be taken into account. Therefore, it serves to experimentally reference this 

chemical shift to that of a known nucleus. This has led to the development of standardised nuclei for 

each NMR active nucleus. A good example of this is tetramethylsilane (TMS) which features commonly 

used 1H and 13C, but also a 29Si. 

 

Figure 2-4 Structure of TMS, it is a model compound for referencing as the variation in its chemical 

shift is minimal and it contains three different nuclei. 

 

2.1.5 Evolution of NMR84ï86 

The first NMR experiments, around 1946, used a methodology known as continuous wave 

spectroscopy (CW) in order to obtain information about the nucleus. This usually involved having a 

frequency source fixed to a specific rf frequency at a coil that surrounds the sample within a magnetic 

field. The sample was spun to eliminate any imperfections in the magnetic field. The emission of rf 

energy was then monitored as changes to the fixed rf on the coil. The spectrum was generated by 

sweeping the magnetic field over a range of values and observing the rf signal that was emitted by the 
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sample. Initially this was thought to be the best way to conduct an NMR experiment as it was same 

way other spectroscopic techniques such as UV-VIS and FTIR worked. 

The speed at which we can extract information using CW mode is limited by fundamental 

considerations. For example, spin ρȾς nuclei lines are usually quite sharp, meaning that corresponding 

transition energies vary little from one contributing nucleus to the next. Ideally, we want to take 

measurements which take advantage of this by discriminating between these closely space lines. For 

example, if we want to resolve 1 Hz line spacing, this would be equivalent to measuring ɲὉ of Ὤ Joules 

(Ὁ Ὤὺ). The Uncertainty Principle says ῳὉῳὸ ͯ Ὤ and therefore ῳὉ Ὤ, then ὸ our time interval is 

of the order of 1 ί. If we want a 10 ppm width spectrum (a common range for a 1H proton spectrum), 

which is 1000 Hz, it would take 1000 seconds to sweep the width for 1 complete scan. This equates 

about 15 minutes per scan. 

The sweeping of frequencies in succession took a long time, therefore any larger width spectrum took 

hours to perform. This technique also suffered poor signal to noise ratio ς by combining multiple 

spectra of the same sample (signal averaging) the signal to noise could be improved at the cost of even 

more instrument time. We would perhaps want at least 4 scans to double our signal-to-noise ratio to 

an accepTable level. Requiring one hour for a 1H spectrum, which would still possess a large amount 

of noise. The resolution benefit from taking longer to scan across means that the experimental times 

for nuclei with large chemical shift ranges become impractical to perform. 

In order to improve experimental times and quality of data Richard R. Ernst87 pioneered pulse NMR 

and its subsequent data processing method Fourier transform (FT) NMR. It was discovered that when 

an intense rf pulse of much shorter timescale (microseconds) is used, it is possible to excite all of the 

nuclei simultaneously. This generated a complex signal pattern that could only be analysed using FT 

techniques in order to transform the representation from the complex time domain to the frequency 

domain. The general FT algorithm is as follows: 

ὃὸ
ρ

ς“
ὃ‫Ὡ Ὠ‫  

and 

ὃ‫ ὃὸὩ Ὠὸ 
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Figure 2-5 Free induction decay in the time domain (left) and its subsequent Fourier transform into 

the frequency domain (right) 

This technique can also use signal averaging in order to increase the strength of the NMR signal by 

taking many FIDs of multiple pulses and averaging them together. This process of signal averaging has 

helped to overcome issues with low abundance nuclei such as 13C or 15N by intensifying the overall 

signal they have and significantly decreasing the overall time required to run an experiment. 

 

Figure 2-6 Application of a zero-filling window function to an FID 

Several modifications have been made to the algorithm over the years in order to increase the quality 

of data transformation from the time to frequency domain ς these involve the manipulation of the 

FID before transformation. Modifications such as the Window function88 use the fact that NMR signal 

decays over the time that it is collected, therefore the amount of noise contributing to the FID that is 

present at the start and end of the FID is the same. At the end of the FID the noise contribution towards 

the actual signal is larger, therefore if a decaying exponential function is applied to the FID the tail end 
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of the FID will have its noise level significantly reduced which will improve the sensitivity in the 

transformed data. The opposite of this function is the Lorentz-Gauss function. The Windows function 

causes the FID data to decay faster which will result in a broadening of the linewidths in the spectrum. 

The Lorentz-Gauss88 function serves to enhance the resolution of the dataset, by effectively removing 

the decay at the starting portion of the FID and then exponentials falls to zero in its decay function by 

the end of the FID. One other manipulation that is useful in data processing is called zero filling that 

increases the sensitivity of the experiment by applying a zero-value function to the portion of the FID 

after which all signal has been acquired and all that remains is noise. The size of the FID remains the 

same, however due to the fact that pure noise has been eliminated, the sensitivity of the spectrum is 

greatly increased. 

2.1.6 Solid-State NMR89,90 

Solids however are different compared to solution state when measuring NMR spectra. In the solution 

state the molecule to be analysed has to dissolved into deuterated solvent. The sum effect is that of 

the nuclear spins of the molecules will interact with the external applied magnetic field while tumbling 

quickly in the dissolved solvent. This leads to narrowing of the chemical shifts due to the isotropic 

environment the molecules in solution. 

Materials which have crystalline characteristics, rigidity in their solid state or even simple powders 

show extensive broadening of their signals due decreased molecular motions. The result of this 

reduction is that the orientation dependent nuclear spin interactions can no longer be averaged the 

way they are in solution state. Through the Hamiltonian operator (J) the energies of these different 

interactions with the nuclear magnetic spin can be shown as the product of the external magnetic 

field, ὄᴆ, the orientation dependence of the NMR interaction, ὃ, with respect to the x, y and z axes: 

Ὄ ὍϽᴆὃϽὄᴆ 

When describing the quantum mechanical energy of these nuclear spin interactions there are several 

specific contributions to the increased line widths that can be named. These are; Jz, the Zeeman 

ƛƴǘŜǊŀŎǘƛƻƴ IŀƳƛƭǘƻƴƛŀƴΣ JCS, ǘƘŜ ŎƘŜƳƛŎŀƭ ǎƘƛŦǘ ŀƴƛǎƻǘǊƻǇȅ IŀƳƛƭǘƻƴƛŀƴΣ JD, the dipolar coupling 

HamiltoniaƴΣ JQ, ǘƘŜ ǉǳŀŘǊǳǇƻƭŀǊ ŎƻǳǇƭƛƴƎ IŀƳƛƭǘƻƴƛŀƴ όƻōǎŜǊǾŜŘ ƻƴƭȅ ƛŦ L Ҕ мύ ŀƴŘ JJ which is the 

J-coupling Hamiltonian. These contribute a sum total through: 

Ὄ Ὄ Ὄ Ὄ Ὄ Ὄ 
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2.1.7 Chemical shift anisotropy and Magic-Angle-Spinning89ï91 

Other magnetic interactions such as chemical shift anisotropy and quadrupolar interactions (for nuclei 

above Ὅ  ½) can cause significant line broadening. NMR is already an insensitive tool due to the 

relative number of nuclei in the raised energy state ‍ at a given temperature, especially for essential 

nuclei like 13C which occurring naturally have a low isotopic abundance without enrichment or 15N 

which has a negative gyromagnetic ratio. 

The combination of all these factors with inefficient spin-lattice relaxation times creates extremely 

long experiments that result in broad insensitive signals. 

The CSA Hamiltonians consist of two parts that can be written as a product; a spatial component 

consisting of the variation of interactions of the orientation with respect to the external magnetic 

field, and a spin component which consists of the angular momentum operators lying parallel to the 

external magnetic field. For a shielding tensor possessing the axial symmetry, ‏ ‏  the chemical 

shift Hamiltonian can be expressed as: 

Ὄ ‎ὄὍ ‏
ρ

ς
‏ σὧέίʃ ρ  

Here the ‏  represents the isotropic shielding parameter which can be expressed by: 

‏
ρ

σ
‏ ‏ ‏  

And the chemical shift anisotropy term, ‏ , is expressed through: 

‏ ‏ ‏  

As a result of molecular motion and constant tumbling, the Hamiltonian in solution state averages out 

for the orientation of all spins, however when the sample is solid it is relatively slow moving. By 

applying motion to the sample, it is possible to change the spatial portion of the Hamiltonian. Through 

mechanical rotation of the sample at extreme speeds, the tumbling motion of solutions can be 

simulated. This has to be done at an angle incline to the ὄ field (Figure 2-7). This so-ŎŀƭƭŜŘ άƳŀƎƛŎ 

ŀƴƎƭŜέ ƻŦ ƛƴŎƭƛƴŀǘƛƻƴ ƛǎ ŀōƻǳǘ рпΦтЈ and as a result will scale the anisotropic component of the 

Hamiltonian (σÃÏÓʃ ρ to a value of zero, leaving the isotropic part. Spinning speeds of up to 126 

kHz can be reached with modern probe setups92. 
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Figure 2-7 Orientation of a rotor inside an NMR with respect to the alignment of the B0 field and 

orientation dependence the optimal MAS angle setup of 54.7Ј has on the line shape of an NMR 

spectrum 

2.1.8 Cross Polarisation89,90,93ï95 

As stated previously some nuclei have a low natural abundance that we wish to study in NMR, such as 

13C (1.1 %) and 15N (0.0037 %). They can also have low gyromagnetic ratios. This presents a problem 

with the sensitivity of signal. Another problem frequently found with the acquisition of low natural 

abundance nuclei is extremely long relaxation times requiring very long recycle delays (all these 

factors contribute to decreased sensitivity of the measurements). For instance, 29Si has multiple 

minute relaxation times when in certain frameworks, which over the course of the analysis of the 

nuclei extends the experimental time significantly. This means that a high number of scans is required 

to acquire a good quality spectrum and the recycle delay in between experiments is effectively dead 

time.  

Sensitivity itself has two direct means of improvement; increasing the level of magnetisation using 

polarisation transfer mechanisms from nuclei with higher gyromagnetic ratios or increasing the 

number of sequential scans to allow more signal averaging.  
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Figure 2-8 Graphical representation of the cross-polarisation pulse sequence. A 90Ј pulse is first 

applied to the high spin nuclei (in this case 1H). This brings the magnetisation of proton into the xy 

plane. Then a spin lock on proton magnetisation is enabled through a phase shift by 90Ј. At the same 

a rf pulse is applied on the low spin nuclei (13C, 15N, 29Si etc) which matches the Hartmann-Hahn 

condition. This enables the transfer of polarisation from the high spin nuclei to the low spin nuclei. 

After a time, the Hartmann-Hahn pulse is turned off and the low spin nuclei FID acquisition begins 

while the high spin nuclei pulse is left on to decouple. 

This allowed for the development of cross-polarisation96 magic-angle-spinning (CP-MAS Figure 2-8) 

solid-state NMR experiments where nuclei such as protons, which possess a large gyromagnetic ratio, 

can be used to polarise low gyromagnetic ratio nuclei such as 13C or 15N. The transfer of magnetisation 

from protons to these nuclei is driven through the dipolar couplings between them. We can explain 

the principle of the mechanism of the cross-polarisation experiment using the doubly rotating frame 

model. The first frame of this model shows two spin systems, I and S, which are precessing at their 

Larmor frequencies about the external magnetic field, ὄ. 
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Figure 2-9 Energy differences between the gaps of spins I and S in the laboratory frame (left) and 

doubly rotating frame (right). This shows the equalisation of energy gaps when the Hartmann-Hahn 

condition is achieved. 

This works by establishing the Hartmann-Hahn97 condition which ensures that the contact between 

the two spins of the nuclei is allowed. When this energy gap is met both spins will be precessing at the 

same rate in the doubly rotating frame. The spins effectively heat each other up, resulting in the low 

gyromagnetic ratio spin having enhanced magnetisation with respect to the magnetic field. This occurs 

dependent on the condition of strong heteronuclear dipolar couplings between the two spin systems, 

any motions that are able to disrupt this coupling will decrease the efficiency of the transfer of 

magnetisation, which in turn leads to a decrease in the NMR signal given off by the receiving nuclei. 

After which proton decoupling is turned on and the signal from the low gyromagnetic ratio nuclei 

would be acquired. 

2.2 X-Ray Diffraction98ï100 

2.2.1 Crystalline Materials 

In order to fully understand the structure of a crystalline organic material, accurate information is 

needed regarding the nature of the intermolecular interactions. However, during the synthesis of a 

number of compounds, large single crystals with minimal imperfections are extremely difficult to 

obtain. A crystalline compound is a material containing a repeating periodic internal structure. This 

repetition will have periodicity across the three geometric directions, xyz, and possess characteristic 

angles to create a series of cells. The unit cell can be described as being the smallest unit that repeats 

and possesses the full symmetry information of the crystal structure. While the asymmetric unit is the 

smallest fraction of that unit cell that can be both translated and rotated in order to build one 

complete unit cell. Combined with the symmetry information it is possible to grow the whole structure 

(i.e. the crystalline lattice) by repeating this unit in all directions to form  

Classification of different symmetries of these lattices falls into the geometrically defined 14 Bravais 

lattices. These lattices are able to be generated by combining one of the seven crystal systems (Table 


