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Abstract

The effect of confinement on pharmaceuticals is a growing field of interest for drug delivery because
of the abilty to customise both shapes and sizespofe 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 interestinddcape 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 demonstratedmbired
material characterisation technigs such as solistate NMR, DSC, TGA, PXRBRFRAnd Nsorption

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 mediatse fshasitions

can drive the same polymorphic interconversidhat can beachieved by thermally dehydrating an

API called acyclovir.

A cocrystal of flufenamic acid and nicotinamide, and nicotinamide on its own were chosen as
pharmaceuticals to encapsu&atin mesoporous silica hosts. At low loadings (<30% wt%) we have
shown that FFA/NAemains inan amorphous state inside different mesoporous silica hosts, whereas
at high loadings (>40% wt%) in larger poresitifawe have given evidence of crystallinedering
existing.Through the use ofariable temperature MAS NMR aride °~°F 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 spat@solid ate NMR and PXRD of nicotinamide inside
pores larger than 6 nm revealed a polymorphic interconversion from forna bt@viouslyunknown

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

forms was achiewthrough slurrying dry solvents with high polarity.
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1 LYONRRdAzOUGA2Y

1.1 Composition of solid materials

Solid naterialscan categorisedhroughlongrange ordering and periodicitiynto two distinct groups
(Figurel-1).

1. Amorphous materialshow nolong-range order irtheir three dimensional structurend lack
periodicity*. Instead,amorphous forms are more an aggregate of molecules with some-short
range ordering.They possess a glass transition temperature (bglpw which they are
referred to as glassedgisthe temperaturewhere the more rigidjlassymaterial will undego
a transition towards a more flexibland rubberystate. Gontinual heatingof the rubbery
material beyond the meltingpoint (Tm) wil convertit to a liquidwithout a distinct phase
transitior?. The rapid cooling of this liquithnlead back to the anmmphous material, however
it may lead to spontaneous recrystallisation.

2. Crystalline materials are thether solid category. They are comprised of materials that
possess longange order in all three dimensionghis category hamany subsets that divide
the materials intosinglecomponent and multcomponentmaterials the latter containing

multiple chemical entitiegn varying ratiosn the same phase

External structure Internal
morphology/habit structure

Crystalline Liquid crystalline
v v i
[ Single entity ] ( Binary adducts] Ternary adducts Quaternary adducts
v v v
[ lonic ) [ Molecular ) [ lonic ] lonic/molecular

Mix solvates

Salt solvates
Salt cocrystals

Cocrystal solvates

Ternary cocrystals

A4
Polymorphs Polymorphs Polymorphs
parent binary adducts ternary adducts

Figurel-1 A flowchart showing different characterisations of pharmaceutical solids. Adapted®from
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There are many different solid forenthat a particular compoundan take on. Theimplest subset is
that of a crystal consisting of different spatial arrangements of a single elfiingn a compound is
said to exhibit polymorphism, it means that there are either two or more differsiuctural
arrangements These phases can be diffatdor many reasons, but the essential requirement is that
they aremade fromthe samechemical compoundRolymorphscan differ in their packing within the
crystalline latticeand exhibit different conformations.Transitions between polymorphsan be
brought about through subjecting the crystal éhhanges in temperaturand pressurelt was noted to
be of significance ithin the pharmaceutical industrgs early as 1969 by Halebliahal.. Ostwald) &
rule of stagesdescribesthat the first structure that crystalliseis the thermodynamically urtsble
polymorphwith the lowest free energy baer to overcome After which, recrystallisation occurs into
the more thermodynamically sable phases.This means thathe metagdable form is often the more

difficult polymorph to isolate in manufacturing processes.

Crystalline Polycrystalline Amorphous

L

YRS
RS LS
IR SIS

YD SIS
IR
IR SRRRS
P RS

Figurel-2 The different arrangements of structural order in solid materials

Then there aresolid formsthat contain adducts of the original material. These can consist of different
ratios of the material with another chemical species. As shbigarel-1 there are many possibilities

of combinations that can occur. These can depend on the bonding type (¢tamion and anion
salts/molecular neutral species) and then further depend on the type of additional components
added. It is common in thepharmaceutical industry to express the addition of a liquid to crystal
structure as a solvate, however if that liguis 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 procesby whichcrystal growth occurss thought to be a well described phenomerioMolecules
or atoms interactingogether in an ordered arrangement and then growing frémgstrom scaleto
nanoscale, mesoscale until a bulk crystal is formed that can be seen with the nakdétogyeoccur

with single atoms such a sulpHwr with large biomolecules such as protéins

Theoretical models have beateveloped to describe the kinetics and thermodynamics growtie
confirmation of such modeis the challenge that is sought to belved'°both experimentally in lab,
through computer modellig and in an industrial settily An issue with the experimental
confirmation is withthe timescalén which the first few building blocksteract and grow. Thisccurs
sorapidly that the specieare shortlived and at vey low concentrationsTherefore,it is difficult to

isolatethose criticalnucleias they grow into larger clusteos breakdown back into monomer units

Hence the interest in controlling crystallisation of this projethe aim being tanvestigate ths early

stage of growth irorder to describe structwl, phase and energy changes that occur at the nanoscale.

1.2.1 Classical Nucleation

The eariest theory that best described the kinetics and thermodynamics of crystallisation became
known as Classical Nucleation ThégryCNT), termed by Volmér This model began by stating that

the formation of a crystalline material was a first order phase transition, whereby the enthalpy of
crystallisations'QJ has a norzero latent heat valueThe phase boundary concentration has a
discortinuity feature that results in the boundary between the crystal and solution hanargzero
surface free energy. Therefarié a small area of condensed material forms within a supersaturated
solution, the phase boundary that will develop as a resulthéle 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 fird step in forming the new phase is to overcome this barnehnich in turndetermines the
kinetics of the systerwhere anumber of moleculesre presenin close proximityo each other that

are ableto serve as a nucleation point. Many modélsave different suggestions for the shapithis
cluster suchas a droplet shape, however the model that will be described here will have this initial
cluster as a cubic shape with a siideWhen the solute chemical potential of the system is greater
than the chemical potential ofmolecules in the crystalthe solution is described as being

supersaturateds- 1. When a cluster developghere is loss of free energy
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equal toz €3 . However, when the phase boundary develops (with an area and sueas®nequal
to “Yand| respectively) there israincreasean free energy'Y|. When the crystal cluster is of cubic
shape the area of phase boundary will be equalMo @ & * |, and the free energy for a given size

of cluster will therefore equadnd is shown itfrigurel-3:

3'0¢ €3 QW&
Differentiating (1) we are able to find the critical cluster sigéwhere a maximum o8"Opasses

through3"0, whichgives:

c ¢’ and3'0 ——

Wheremis equal to the volume (cubsystentherefore a®) the molecule occupies as the crystal.

Crystals may grow from below this paihbwever, it will be energetically unfavourabkndwill have
to compete with the free energies of the solutes. At the maximum poigt there is an equal chance
that the critical clustemill grow or decay as the energy diffeiais the same. This denotes the critical

cluster size that every crystalé material has to overcome in order to grow

AAG 6an2/3 3

AG* n

Figurel-3 Thermodynamics of critical cluster growtinom equation (1) and (2). Adapted frofh

The rde at which crystallisation occurs, nucleation ratdés the number of crystallineucleiformed
over time and is expressed as a function of the supersaturation analogous to the Arrhenius equation

whereby
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QY
In this equationQ is the Boltzmann constan@ is temperature and"C is the critical free energy
maximum 0 can be defined as being the product of the rate of addition of monomer units to the
critical nucleusp®. The Zeldovich factop, whichaccountsfor the width of3"0 at the maxima curve
in the3'0O¢ free energy profilgFigurel-3). The rate of nuelation has a nonlinear relationshigth
respect to the supersaturation ratioMinute fluctuationsin supersaturationgive huge changesin
nucleation rate. Thereforeat is evident that as a cluster grows largekingmore monomer units out

of the systemthe supersaturation ratio will lower and drasticatigducethe rate ofnucleation

Critical nucleation cluster
[ X ww]

Energy

crystalline
polymorph

Lower energy state

v

Reaction Coordinate

Figurel-4 Graphical representation of classical nucleation theory. Adapted td

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-olassical nucleatidd (NCN), otherwise known

as the twostep mechanisrit which explores the differencesetweenthe 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 phakeking order, but is still a clusteruditsthat have been
separated inherently from the solain. The crystalline order that is expected comes lateraiter a
number ofunits have been encapsulated by the cluster a sequential additional to thést couple

of molecules that came togethefhe ordered state will form at the nexus of the cluster as the liquid

like layer ofunits separatethe phases.
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Intermediate

Energy

crystalline

Solution
polymorph

v

Reaction coordinate

Figurel-5 Graphical representation of neclassial nucleation pathwayAdapted fromt18

TheNCN model (shown iRgure 1-5) shows the same endpoint as in the CNT modglfe 1-4), and

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

cluster. The liquidike intermediateclustershould not be confusedith liquid-liquid separation such
asoilingoutwheni KS G RNR LA ¢ 27F O2nfRIEBNGUS phasdzshayingve dirédlly T 2 NIV A

passed the prenucleation phase.

Furtherwork on nucleation is currently occurring, with many studies published in the last 10 years
that support the idea of the NCN following the tvetep proces¥?> However the issue with the
research is that the second step is not well describeimelythe progressive restructuring of the
clusterinto a more ordered and compact system at a later aggregation stage. In thistéparocess,

the faster process is the formation of the metableintermediate product because the activation
energy barrier is lower than that of the ordered nucleus. Tiatleus 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 ompounds in order to physically produce and administer doses to patielss,
is important to thefood industry and the fine chemical industry. Itis a crucial step that can serve many
functions in the production of a compound, two of the most importartirg 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). Theliscpup of a novel API from the whiteboatalthe lab gives
rise to many differensolid forms (Figurelt 1)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 iedeladyet
Therefore, much effort isput into manufacturing materials that have metasle polymorphs or a
stable co-crystal to aid its uptake. These forms atspto featurea sutable manufacturing process

that has ahigh yieldand purity, otherwise itmay not be financially viabfer 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 ti takes. The pharmaceutical indugtt 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 productigreach of thesesteps can reveal new polymorphs that may be
unaccounted fo in the final product before separatioifhecost of scalingrom laboratory to plant
production has to be factoredas an expensive reagent or catalyst may not be a viable economic
method of production. Computemodelling isgood method before large s@&lproduction of a
compound begins as a number of polymorphs can be prediatetiscreene#f given the chemical

structure of the lead comound?.

1.4 Cocrystals

The technical definition of a cogtal 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 bondingr van der Waals forces. The compounds areaamalentlybonded to each otér,

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 incre@agsbioavailability, stability and solubilitylechanistically

the dissolution and stability have been studied in a range of literature. The dissolution of
carbamazepinesalicylic acictocrystals was described by Cao et*athich were developed as mass
N} yaLR NI Y2RSfao® ¢KNRAZAK LI eAay3d crardlQa I ¢
surfaces of tk macrscopiccocrystal. Relative stabilities with regards t¢gof cocrystal components

was studied by Bethune et &l. In this study relative terms for cocrystalubilityare derived such as
solubility product and the ionisation constants. Through thevivation the findings showed a

concordance with the predicted behaviour of a generatedguitubility curveg the curve estimates
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how well a cofomer stabilises or will precipitate a cocrystal and thus provides a good guide for
selection of a cocrystal without theeed to develop a complete phase solubility diagraikhitha et

al?® showed that a combination of nicotinamide and picric acid cocrystal possessed higher melting
points than the individual synthon componengsakeroy et at’ 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 cocrystia¢sy showed that carboyic acid conversion fromn anion

to neutral species had significant impact on the structural arrangement of the syStegrconversion

of anionic salts into cocrystals is an interesting line of research, Nangi#etaak able to successfully
convert the zwitterionic drug Sparfloxacin into a neutral species by cocrystallisiingsitvas achieved
through use of a phenamine heterosynthon and adjustment of pH and resultadhe neutral
species having better dissolution profile than its zwitterionic counterpaw/ith the consideration of
crystal engineering in mind, Desir&et al. showed that the synthons could have issues forming due
to the interference of interactions between molecular and crystal structures. Hence, thigndasd
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 unfavourableteractions from other parts of the synthons not

involved in the molecular cocrystal.

‘—I— Oe

Figurel-6 Cocrystal intermolecular interactions

Hydrogen bonding is the mostidely used method in cocrystal enginéeg 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 bdodexample conjugated

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

be matchedto form suitable synthors 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
WoSald R2y 2 NRaukazafiplies WherS IndkidgNaRthe hydrogen bonding between two
different moleculesThe resulting supramolecular synthon is that of ordered structural units that have

been formed by these intermolecular interactiorithe tuning of these interactions has lrestudied
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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 S&lsliowed how it was possible tdentify the synthon
packing arrangement of the charactdiishydrogen bonding through spectroscopic means. Their
described work was asaystal engineeringxercise, however demonstratdtiat it was possible to

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

desired properties.

1.4.1 Stability of Cocrystals

The first cocrystal was reported by Friedrich WoHlein 1844 consisting of quinone and
hydroquinone. Sincéhen, many more have been discovered, however it is in the fiastdecade

that cocrystals have become an area of great interest for the pharmaceutical industry. For small
molecue drug compounds,cocrystals allow for a flexible way sfabilisingthe desired APIs as the
coformerin the cocrystal cabe tailored to match the active compound. Previous wBitkas shown

the ability to increase the solubility upwards of a 10,000 fold enhancemenbl/mL) of a potent
ErbB2 inhibitor used in the development of cancer cures. The compound previously hasbjudmlity

of around 0.008' mol/mL and had limitations with bioavailability. Therefomaultiple acidbase

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

Another API that has had its solubility increa¥ebly formation of a cocrystal was a compound called
2-[4-(4- chloro-2-fluorophenoxy)phenyl]pyrimiding-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 andidate 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.

Enhancerent of stability is also a goal for crystal engineers within pharmaceuticals; being able give
an API a longer shelf lifetableat changes in humidity and temperatures. Humidity being one of the
key areas due to the fact that hydrates of compounds respdifi@rently and decompose faster.
Theophylliné® (a drug usd to treat respiratory problems likasthmg 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 chaffy@cause of thiseversible
behaviourits stability is extremely dependent on the environment it is stored and processed in,
presenting the problem of stabilityrhesecoformerswere oxalic, malonic, maleic and glutaric acids

Of thesecompoundsoxalic acicdorovidedthe greatest stability to hydration. Berberine chloride (BBC
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¢ 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 ¥tshlowedthat 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 moraable cocrystal against reversible hydration had also been
previously employed in 200&n caffeiné®. Caffeine exists in three forms; two forms of anhydrous (
which interconverts from at high temperatures) and a third hydrated form of whitle number of
waters is nonstoichmetric. A selection of dicarboxylic acids was chosefamersto form cocrystals

as the structure of caffeine allows for strong hydrogen bonding through the nitrogen and weak
hydrogen bonding through the-8 bond presehnext 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¢ stableat 98% RH after 7 weeks.

1.5 Silicaas a vehicle of Drug Delivery

1.5.1 Mesoporous silica nanoparticles

A porous material is defined as possessing considerfriee internal volumehigh surface area and
large pore volumesPorous materials are of interest in material science, because they have
applicability irmany different industries; such #dise petroleum industry, zeolite catalysis for cracking
oil, zeolte acid catalysi, membranes for gas sorptioand separatioff, or drug delivery. The
International Union of Pure and Applied Chemistry (IlUPA&sifies porous materials into three

groups which are based on the pore diameteFhese are:

1. Microporous materialg possessing pore diameters smaller than 2 nm, generally known to be
metalorganicframeworkg*3 (MOFs), zeolitesraertain polymers.

2. Mesoporous materialspossessing pore diameters between 2 and 50 nm, generally known to
be silica and alumirt4**type materials.

3. Macroporous materials; possessing pore diameters exceeding 50 nm, some sitida a

alumnias, metal oxidé$and porous glassés

After the discovery of mesoporous silica materiaMCM®, SBA15* MCF° , an avenue of

functionalised materials became possible to use as pharmaceutical drug delivery devices. These

22| Page



materials offer features unique to the nanoscale; possessing a network of perts diameters

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

3-4 nm

MCM-41

MCF-17
Internal Pore

Figurel-7 Graphical representation of the difference in the pore diameters between MCNSBA

15 and MCH7 (not to scale).

Mesoporous silicas are generally synthesised using an organic templating agent to influence the size
of the desired poredollowed by a calination step for the removal of the templating agent. M@y

was the first of these mesoporous silicas to be described and synthesised bgtBdekand Kresge

et a.>2who theorised the liquid crystal templating (LCT) mechanisns.rilachanisnuses 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 dimensianof the internal pores. To these micellar structyrasilica source is
added and in most cases the source is tetraethylorthosilicate (TEOS). This silica source is then
hydrolysed in the solution and sedssembles around the micellar templates. Afterieth 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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Figure1-8 Schematic representation of the Liquid Crystal Templating mechanism. Adapte&*from

Following the discovery of MCM scaffold maals, it was reported by Zhao et®althat a new family

of mesoporous silica nanoparticles had been synthesised. Instead of the cationic/anionic surfactants
that MCM materials used® a triblock copolymer opoly(ethylene oxidepoly(propylene oxide)
poly(ethylene oxidewas ugd as the source of silica for the template. As with MCM synthesis, a
slightly aciéc aqueous solution was required to dissolve the copolymer and thus enable the building
of the supramolecular micelle templates. The se§embly of these micelles follow® condensation
process of MCM, however tredpolymerallowed for the synthesis of highly ordered hexagonal pores
ranging from 5 to 30 nm pore diametefBhe mechanism of formation of these SBA particles has been
studied extensively throughdifferent techniques such as EPRand Xray/neutron scattering
experiments®, 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 assebily is based on interactions between the surfactant ions with the inorganic

silica’. This pathway has significant impact on the morphology of the resulting mesoporous phase.
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The third type of mesoporous silieae will concern ourselves with is called MResocelluar foam).

Its synthesidollows a modification to the SBE5 procedure where an additional swelling agent,
usually 1,3,8rimethylbenzene (TMB) is added. The result is that the coated micelles swell and form
can form much larger silica structures. These structures consistg# pherical cells, ranging from
15-50 nm, that possess windows to access them betwe20 Bm. Thg have beerreferred to asnk-

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

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

For the study of crystallisation, it is of interest to attempt to study the estdgeof nucleation at the
atomic to nanoscalgas this isan area that will enable small scale stacking of moleculesibuallow

a macromolecular scale structure grow

1.5.2 Encapsulation of Drugs

Porous materialsllow for the encapsulation of guests, more specifically small organic moleaules

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

and oral bioavailability. Mesoporous silica nanoparticles have been shown to improve the oral drug
viability of different drugs such as telmisartdrand doxorubiai hydrochloride (DOX) Ther
evaluation as potential drug delivery vehicles is prevalent in literature due to the stability they offer
and their biocomptibility®®®3, Mesoporous silica nanoparticles also serve phepose of being a
system in which weare able tomodel theprocess of crystallisatioas it will bethe restriction of the

size of the poresiding the understanding of pharmacueticéts.

Nartowski et &° showed IMGvas loadednto SBA15, MCF and CPG different ratios of hostguest

and then characterised using a variety of methadae of themethods used to bad the IMC into the
pores was the melt loading method, by which the host and guest were mixed together then the
mixture heated abovdhe melting pointof the guest.The molten guest is then drawn into the pores

by capillary actionAnother method used wathe 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 ar@at@fest. Arange of characterisation
techniques are used to corroborate this. Solid state NM#&tH CPMAS) of the compound before
and after loading shows a broadening of the carbon peaks, this itodhelocal disorder and possible
increase in the mobility of the guest. Differential scanninigiiaetry of the hostguest 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 compddadever as loading

levels increaseni 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 physieald 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 sifjoast materialsThe isotherm
hadBarrett-JotunerHalenda methd®® applied to it in order to calculate the total pore volume and as
expected as the level of guest increased withpess 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.

1%F 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 is@site
nuclear spirand 100% abundanc&here are a variety of instances whéfé 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 Egodawatf to obtain insight

into the loading of Hluorouracil (5FLU) into magnetic MCMI1 systems. The loading and release
profile of 5FLU 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
Bouchouchaet al®® used'®F NMR to monitor fluorine functionalised mesoporous nanoparticles for
use in MRI probes. These probes in bioimaging are a growing area of interest, and tloaigiyevi
mentioned DO¥ was also encapsulated infdF functionalised mesoporous silica nanoparticles by
Nakamura et af®. %F MRI allowed the release rate of DOXéocontrolled, 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 indtry. 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 hasabbmved by Skorupska

et al’>"*with the loading of cocrystals &A/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 $lkeh as

19F BABA andH-'°F 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 MCM1, and also had its release ptefcharacterised 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 drugdelivery device due to the possibilities of sustained drug delivery profiles for APlIs.

A critical paper for the concern of this thesis is thatNartowski et af? Use offlufenamic aciqFFA)

as amodel compound gaveis an opportunity to perform'®*F NMRas 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 devleopméit. FFA was loaded using the melt
loading method into multiple hosts as befoggMCM-41, SBAL5, and MCF. @éfirmation of loading

was also completed using PXRDGA nitrogen adsorption/desorption isotherms and DSC
thermograms. However, wheliF MAS NMR was performed on the samples the expected signal was
a broadening of the single resonance-&0.0 ppm that @rresponds to the GFgroup, in actuality
multiple peaks were observed in the spexthowing the existence of multiple phasesFFA \ithin

the pores.
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Figure1l-9 A. Kinetics of crystallisation of MEFFFA 6:40B. Variabletemperature!°F solidstate NMR
spectra (9.4 T) of FFA confined within MRE&produced front?2

During a recrystallisation sty in MCFFFA 60:40there were three populations one which
corresponded with the pure FFArm | peak at-60.0 ppm, a second peak a65.0 ppmand 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 amorphouguna which was later confirmed through variable
temperature *°F spectrain which recrystallization took place. After heating the loaded MER
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@i.0 ppm. As the sample was then allowed to
cool to room temperature the middle peak that resided at arou@.3 ppm faded to almost no
intensity. At this pointas can be seenthere were at least three distinctpgcies within the pores,

these phases each possessing different mobility. There is a crystalline phase that is present, and
mobile liquid matter phase that moves along the surface of the silica andghexggregatedpecies

that exists between these twphases. Thisggregatedphase disappearduring recrystallization
implying is moleculeshave been incorporated into the crystalline phase within the pore. This
phenomenon is of interest because it is the direct result of crystallisation occurring frsimgke
molecule type arrangement, into amaggregated system, thermnto a crystallindike ordered
arrangement '°F 3lid state NMR of th€F giving obserable differences in the local environment of

nanoscale crystallisation.

1.6 Aims of the Project

Therefore, the aim of the project ® investigate furtherthe 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 theethods by which we can access certain
polymorphs or phases of matter. In order to complement the previous studies 6f WEAill use a
cocrystal of FFA with the wethown coformer nicotinamide (NA)and attempt toexploreand probe

the boundaries of cocrystalline, comrphous and mobile species. We will encapsulate FFA/NA
cocrystal at various loading levels into three different mesoporous silicas;-MCHMBALS 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 materialslMie 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 therdegaaded 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 poreand 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”*C analysis, but also usit#f as a phase identificationdb 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 CAGIdeR

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 tranaf@mcan occur within

the antiviral drugacyclovir (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 camattion of solidstate NMR, PXRD and DSC in order to

understand differences between the structures. We will then use a combination of variable
temperature FIIR studies to monitor the thermal dehydration of the hydrate forms. Following this

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

explore the mechanisms of hydration/dehydration.
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2.1 Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) is a technique that has existedtlsin&930s 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 wag$t theorised by Pauli when he discovered the existence of the nuclear spin
and first experimentally confirmed in 1937 by R&kvho showed nuclear magnetic resonance by
variation of RF fields within germanent magnetic fieldShcethen, 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 NMR"®8!

The basic principle of NMR is that all nuclei possess nucleat gpemtum mechanickbelsthis spin
“Gand comes in multiples of Which can be positive or negativEhe nuclei which pogss a nonzero
spin quantum number are said to be magnetically acfileir magnetic moment is given the lettér

and is formed as a product of the spin of the nucl&asd the gyromagnetic ratip to give:
170
The spin angular momentum is a vectjuantity that can be related through the spin quantum
YydzYo SNE ¢gKSNBE t+ Aad (GKS ©dthedpinlamélar @@mgriuint y i 6 NB R dzO S
© 00 pu
Inthe presence of an external magnetic fiéldthe nucleus will exist in two spin statéfer IZ4nuclei)
+Y% and¥2along the axis of the magnetic field (conventionally labelled ag &xés) where the positive

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

magnetic field (higher in energylhis energy is calculated as the product of magnetic moripemtd
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the strength of the magnetic field . When this magnetic field is thus considered to be parallel to the
zaxis of the spin itis possible quantise the energwhere,m, the magnetic quantum number follows

the selection rules a&a p taking integer steps ofa  p values:
(0] 0 aoro
This causes a splitting of the energy levels associated with nuclear spin which are then propgrtiona

separated through‘Oagainst the gyromagnetic ratioand the applied field . This is called Zeeman

splitting an is unique to each nucleasd is shown ifrigure2-2.
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Figure2-1 Zeeman splitting of relative energy levels between two magnetic spin staaad )

2.1.2 The Larmor precession’82

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 perpendiculath® 6 field. The rate ofhis precession

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

1 ro

Where] is knownas the net angular velocity of the precessingtion. Each nucleus has its own
unigue motion giving rise to a specific Larmor frequency,specific to the strength of the field the

nucleus is experiencing:

M,
— 0
C
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Whenthe nucleus is subjected to "@nergy that is of the same frequenag he precession othe
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 enestpte to thehigher

energyl state.

2.1.3 Bulk magnetisation and Boltzmann distribution’®8

The previous theory concerns an isolated nucleus, however in NMR applications we do not deal with
a single nucleus nor single type of reiclA large number of spins are present in a real sample, each
having their own interaction with the appligtl external magnetic field continuously. This means that
the Boltzman distribution is relevant here, as the occupancy of energy states of thEnshaive a

temperature dependence to form thermal equilibrium through:

0 y

— Q
Where k is equal to the Boltzmann constant, T is the temperature (measured in Kedig)equal to
the energy gap between andf states and) 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 perpendathard

field along thez axis of the higher energy state. This result is known as bulk magnetisatjon, M

VA

Figure2-2 Vector model representatianThe external magnetic field causes precession of nuclear
spins around the axis. An overall difference in populations gives rise to the bulk magnetisation M

aligned along the axis to the external magnetic fielg B

Inducing the transition between the spin statesand! is achieved through radiofrequency Igas.
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 frequaies. The alternating current in the coil in turn creates

a small magnetic field that is denoted @s. This second field) , oscillates at the Larmor frequency

of the spin at 90 (perpendicular) to the strong external magnetic fietd, When consideng the
appearance and explanation of these magnetisations and rf effects the vector model is replaced with

the rotating frame model of reference.

WA %

_VO
Labratory Frame Vo Rotating Frame

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

reference

The laboratory frame is primarily described with two vectors, and 0 , where its coordinates (X,

y and z) are static. Thépulse introduces a magnetic field, which subsequently oscillates with nuclear
precession (in the transverse plane). This is shovAigare2-3 as the 0 vectors and can only occur

when the NMR condition is satisfied. In contrast, the rotating frametas2 NRAY | 1S4 EQ | yR
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

( ¢0 . The means thatyhen the rotating frame is considered, the time dependency portion of the

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

to each other.

2.1.4 NMR as atool of analysis™8!

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 experietloesexternal magnetic field
differently due to its local environment and surrounding electrons. This means that a nhumber of
frequencies can be observed as a reaction to the applied magnetic field, allowing us to characterise

them into different types ofdnctionality.
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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 prosinedl,a

local magnetic field which redes in the opposite direction to that of the applied external fiéld

tKS&aS aSO2yRIFINE FASEtRA OO G2 daKAStRE GKS ydzOf
the different electron environment (functionality) each nucleus will then displdiffarent chemical

shieldingj , to that of its neighbour or environment.

When determining the chemical shift of a nucleus in a molecule, considerations such as the different
02YRAY3I Sy@ANRYYSyGasx GKS Fd2YQa StrSélyNaBy S G A o
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 nuals. 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'H and'3C, but also &°Si.

Figure2-4 Structure of TMSit 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 NMR8486

The first NMR experimentsaround 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 samplewasspun to eliminate any imperfections in the magnetic field. The emission of rf
energywasthen monitored as changes to the fixeHlon the coil. The spectrurwas generated by

sweeping the magnetic field over a range of values and observing signal thatvasemitted by the
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sample. Initially this was thought to be the best way to conduct an NMR experiasehtvas same

way other spectroscopic techniques such as\WJS and FTIR worked.

The speed at which we can extract information using CWdemis limited by fundamental
considerationsFor examplespinpZ¢ nuclei lines are usually quite sharp, meaning that corresponding
transition energies vary little from one contributing nucleus to the nédéally, wewant to take
measurements which takadvantage of this by discriminating between these closely space koes.
example,jf we want to resolve 1 Hz line spacjtigiswould beequivalent to measuringOof "QJoules

(O ). The Uncertainty Principle say®wo* "Qand thereforedO "Qthen oour time interval is

of the order of 1i . If we want a 10 ppm width spectrum ¢@mmon range for 8H proton spectruny,
which is 1000 Hz, it would take 1000 seconds to sweep the width for 1 complete scaaqitiss

about15 minutes per scan.

Thesweeping of frequencies in successionka long time, thereforanylarger width spectrumdok

hours to perform. This technique also suffered poor signal to noise gaip combining multiple
spectra of the same sample (signaéeaging) the signal to noise could be improved at the cost of even
more instrument timeWe would perhaps want at least 4 scans to doublegignatto-noiseratio to

an accepablelevel. Requiringone hour for aH spectrum which would still possess arie 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 RicharBmRst’ 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 (microsecoiglg$ed;t is possible to excite all of the
nucleisimultaneously This gearated 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:

00 ﬂ 01 Q Qi
C
and
0] 00Q Q0o
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Figure2-5 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 orderctease 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 suciG®r*N by intensifying the overall

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

. F(t)ze-(ntLB/swh)

ol ]
L |
ll......

Figure2-6 Application of a zerdilling window function to an FID

Several modifications have been made to tilgorithm over the years in order to increase the quality
of data transformation from the time to frequency domairthese involve the manipulation of the
FID before transformation. Modifications such as the Window funétiose the fact thalNMR signal
decays over the time that it is collected, therefore the amount of noim@ributing to the FIDhat is
presentat the start and end of the FIliS the sameAt the end of the FID the noise contribution towards

the actual signal is larger, thedge 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 redueddch will improve the sensitivity in the
transformed data. The opposite of this function is the LoreBtiss function.ie Windows function

causes the FID data to decay faster which will result in a broadening of the linewidths in the spectrum.
The LorentzGaus& function serves to enhance the resolution of the dataset, by effectively removing
the decay at thestarting 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-x@atae 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

greatlyincreased.

2.1.6 Solid-State NMR8%

Solids however are differembmpared to solution statevhenmeasuringNMRspectra 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 solventhis leads to narrowing of the chemical shifts due to the isotropic

environment the molecules in solution.

Materialswhich have crystalline characteristics, rigidity in their solid state or even simple powders
show extensive broadening of their signalgeddecreased 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 statd hrough the Hamiltonian operatdd) the energies of these different

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

field, &, the orientation dependence of the NMR interacti@n,with respect to thex, yandz axes

When describing the quantum mechanical energyheke nuclear spin interactions there are several

specific contributions to the increased line widths that can be named. Thesel ariftle Zeeman

AYGSNI OGA2Y csliGIKBA tAKSYYMIOFTE Ja KA T pftherdipdadi ¢oiplidg | | YA f
Hamiltonia/ o, WK S |j dzF RNXzLI2 £ | NJ O2 dzLJ Ay 3 | | Yavhideisthel y 0620

Jcoupling HamiltonianThese contribute a sum total through:

O O 0O 0O O ©
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2.1.7 Chemical shift anisotropy and Magic-Angle-Spinning®%°!

Othermagneticinteractions such as chemical shift anisotropy and quadrupolar interactions (for nuclei
aboveO %9 can cause significant line broadenifgMR is already an insensitive tahle to the
relative number of nuclei in the raised energy statat a given tenperature especially for essential
nuclei like3Cwhich occurringnaturally have a low isotopic abundance without enrichmentt

which has a negative gyromagnetic ratio.

The combination of all these factors with inefficient sfaktice relaxation tines creates extremely

long experiments that result in broad insensitive signals.

The CSAHamiltoniansconsist of two parts that can be written as a product; a spatial component
consisting of the variation of interactions of the orientation with respecthe external magnetic
field, and a spin component which consists of the angular momentum operators lying parallel to the
external magnetic field-or a shielding tensor possessing the axial symmetry, 1  the chemical

shift Hamiltonian can be expssed as:
" " P v
(@) réo 01 E‘] owéf p

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

Qlo

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

| 1 1

As a result of molecular motion and constant tumblithgg Hamiltonian in solution state averages out

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

applying motion to thesamplejt is possible to change the spatial portion of the Hamiltonian. Through
mechanical rotation of the sample at extreme speette tumbling motion of solutions can be

simulated This has to be done at an angle incline to thefield (Figure2-7). ThisseOl f £t SR a Yl 3 A
Fy3afSég 2F AyOf Xgnd ési 2 rgsultindl scalé thelanisopopic® component of the
Hamiltonian(cA T © p to a value of zerdeaving the isotropic pa Spinning speeds of up 26

kHz can be reached with modern probe setifps
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Figure2-7 Orientation of a rotor insidean NMR with respect to the alignment of the Beld and

orientation dependence the optimal MAS angle setup of 34&s on the line shape ain NMR

spectrum

2.1.8 Cross Polarisation890.9319

As stated previously some nuclgive a low natural abundance that wesh to study in NMRsuch as

13C (1.1 %and >N (0.0037 %). They can alsmve low gyromagnetic ratio hispresents a problem

with the sensitivity of signalAnother problem frequently found with the acquisition of low natural
abundance nuclei is extregly long relaxation times requiring very long recycle delays (all these
factors contribute to decreased sensitivity of the measurements). For instéf8ehas multiple
minute relaxation times when in certain frameworks, which over the course of the sinady 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 @ans of improvement; increasing the level of magnetisation using
polarisation transfer mechanismom 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 crogslarisation pulse sequence. A Bpulse is first
applied to the high spin nuclei (in this ca$#). This brings the magnetisation of proton into the
plane. Then apin lock on proton magnetisation is enabled through a phase shift hy*@@he same

arf pulse is applied on the low spin nucléiQ, °N, 2°Si etc) which matches the Hartma#tahn
condition. This enables the transfer of polarisation from the higim sypiclei to the low spin nuclei.
After atime, the HartmannHahn 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 crepslarisatior!® magicanglespinning (CRMASFigure2-8)
solidstate NMR experiments where nuclei suctpastons, which possess a large gyromagnetic ratio
can be used to polarise low gyromagnetic ratieclei such a8’C or'*N. 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 croepslarisation experiment using the doubly rotating frame
model. The first frame of this model shows two spin systdnasd S which are pecessing at their

Larmor frequencies about the external magnetic figld,
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Figure2-9 Energy differences between the gaps of spirsd Sin the laboratory frame (left) and
doubly rotating frame (right). This shows the equalisation of energy gaps when the Hartrizdom

condition is achieved.

This worls by establishing the HartmanHahr?’ conditionwhich ensures that theontact between

the two spins of the nuclei is allowed/hen this energy gap is met both spins will be precessitige

same rate in the doubly rotating fram&he spins effectively heat each other up, resulting in the low
gyromagnetic ratio spin having enhanced magnetisation with respect to the magnetidtiedcbccurs
dependent on the condition of strong hetemaclear 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 decouplings turned on and the signal from the low gyromagnetic ratio nuclei

would be acquired.
2.2 X-Ray Diffraction?98i100

2.2.1 Crystalline Materials

In order to fully understand the structure of a crystalliogyanicmaterial, accurateinformation is
needed regardinghe nature of the intermoleculainteractions. 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 materiantaining a repeating periodic internal structure. This
repetition will have periodicity across the three geometric directionyg, and possess characteristic
angles to create a series of cells. The unit cell can be described as being the smallést vepdats

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 syminginformation 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. hese lattices are able to be generated by combining one of the seven crystal sy$tdntes (
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