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Abstract

Recent years have seen an increaseniarest in amorphous pharmaceutical solids
dueto their solubility benefits when compared to tharystalline counterpartsThis thesis
reports approaches for reliable collection and analysis<ody pair distribution function
(PDF) data to enable structural insighto amorphous pharmaceutical® improve
understanding of structure and properties these systems. A number of factors are
considered and assessed for enabling kighlity laboratory PDF, including sample handling
and data collection methodologies, before applying tbe amorphous systems
indomethacinpolyvinylpyrrolidone INDPVB and AZD5718 a smaHlmolecule active
pharmaceutical ingredient (API) currently under development at Astra Zeridigir
throughput synchrotron Xay PDF is applied to amorphoysaracetamol (PCNM to

understand structure and transformations in the amorphous solid.

Optimisation of data collection, sample handling and data treatment procedures
enabled laboratory PDF analysis of amorphous pharmaceuticals which compared favourably
to benchmark synchrotron PDFs. This enableonse structural investigations including
limit of detection of crystallinity and the impact of elevated humidity on the amorphous
structure. PDF was found to be sensitive to both low levels of crystalline material and

structural changes induced by moisture absorption.

Investigations of amorphousZD5718 revealed subtle structural changes as a result
of preparation method, which were largely due to small differences in the water content in
the two preparations, demonstrating again the sensitivity of PDF analysis to subtle structural
changes. MD sialations revealed significant disruption of hydrogen bonds@amorphous

matrix by water. By extracting sample conformations from the MD simulations, the



dominance of the intramolecular structure to features in the fowegion of the PDF was

demonstraed.

Highthroughput synchrotron PDF analysis enabled tracking of structural
transformations in amorphous PCM, where subtle differences were detected statistically
through thef - and glass transitions, and upon crystallisation. MD simulations coupled with
PDF allowed production of a structural model of amorphous PCM, and provided a possible

explanation for the observed crystallisation behaviour of amorphous PCM.
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1.1.Background

In the pharmaceutical industrgefining and controllin@ctive pharmaceutical ingredie
(API) physical form is a crucjart of drug development(Brittain, 2016) For reasons of
stability and ease of characterisation, the crystalline phase is typically favouared i
pharmaceutical formiations (S. J. Billinge, 2015however, due toconcerns about poor
agueoussolubility impacting oral bioavailability of an increag number of new chemical
entities (NCEs) in the pharmaceutical pipeline, the amorphous phasecembey of
increasing interes(Hancock & Parks, 2000)his stems from the fact that amorphous solids
possesdhigher Gibbs free rergy and theefore display elevated solubility compares with
their crystalline counterpartsAlthough understanding athe kinetic and thermodynamic
behaviors of amorphous drudgs improvedZografi & Newman, 2017understanding of
the structural features which underpin these properties still lackng. Thus, structural
characterisation of amorphous materials is of significant importance for developing

understanding of these increasingly valuable materials.

Forcrystallinedrugs structural determination is a crucial step in the development process,
with single crystal Xay diffraction (SXD) being the gold standard for structure sol{bavid

et al., 2006)nd is required by regulatory authorities where available to enable confirmation
of identity. The use of SXD, howevisrdependent on crystals of suitable size and quality for
this methodto be used. Thus, in the absence of crystiadt allowfor completesingle crystal
data to be collected, Xay powder diffraction (XRPD) may be us&bese approaches have
been developd and exploited increasingly ovtre last two decadeto give an alternative
route to access the structure of polycrystalline sampBavid, Shankland, McCusker, &
Baerlocher, 2010a; David et al., 2006; Alastair J. Florence et al., 2003, 2008¢quently,

as the use of SXD is dependentthere being reasonable size and quyatrystals, the use of
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XRPD is dependent on there being crydés that give rise to Bragg diffraction and the
subsequent application of global optimisation methodsanNcrystals also present a
challengegiven the impact on line broadening and abitityresolve individual reflections in

a diffraction pattern A further extension of this challenge is encountered when considering
amorphous materials: with no loaginge periodic order, standard diffraction techniques
cannot be used to gain understandin§their structureas no Bragg diffraction of-bay is
produced and so the standard toolbox of crystallographic methods cannot be applied
Therefore, we must turn to other methods to obtaknowledge of the structure of
amorphous molecular solidRecent yars have seen an increase in interest in the use of the
pair distribution function (PDFRnethod, produced by Sine Fourier transform ofay (or
neutron) scatteringdata, ¥ 2 NJ  aaSaaiay3a af 20Ff ¢ aidNHzOG dzNB
(S. J. Billinge, 201590 the absenc®f longrangeorder, this method essentially provides
information onthe structureas generally defined bihe first or secondcoordination shell
around a given molecule. Despite being widely implemeifitedhe study ofnanostructure

in inorganic materials (Young & Goodwin, 2011}here remains a significant gap the
routine implementation and analysis of PDF data for molecular organics. As such, the work
herein assesses approaches fdata collection, analysis andxtraction of structural
information from PDFdata and seeks to move beyondhe use of PDRas simply a
fingerprinting technique to enablingstructural understanding of amorphousolecular

solids

1.2.Pharmaceutical solid state

Given that up to 80% of all pharmaceutical products are marketed as oral solid dose

(OSDJorms(Couillaud, Espeau, Mignet, & Corvis, 201183 importance of the solid statsf
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pharmaceuticalsis clear. The process of identifying the most suitable phése
manufacturing is crucial in order to access the required drug properties, suchuidigg
stability, and manufacturability, amongst othefBrittain, 2016) The range of solid forms
available for a given drug can include polymorphscigstals, salts, hydrates, solvates and

the amorphous phas€Hilfiker & Raumer, 2018briefly sumnarised inTablel.1.

Table 1.1:Summary of pharmaceutical solid forms

Solid form Structural features

Polymorph Same molecular constituents with the ability to exist in different

dimensional periodior conformdional arrangements

Cocrystal Single phaserystalline material consisting of two or more differen

chemical constituents in a stoichiometric ratio

Salt Combination ofan ionisable drug with a countéon, forming a neutral

crystallinecomplex

Hydrate Qrystal form ombinatinga drug with water in a stoichiometric ratio
Solvate As with a hydrate, only the drug is combined with an organic solvel
Amorphous Drug formulated such that there is no longnge periodic order, ma

require additional compnents to stabilise
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1.3.Qystalline materials

Crystalline materials are characterised by the presence-difrinsionaltranslational
and orientational ordegiving rise taa crystalline lattic€Clegg, 1998)The crystal structure
consists oh basic building block, the unit cell, describingldtéce structure of the material.
The basiccomponent of a crystal is the asymmetric unit, which in itself can be used to
describe the full periodic structurgigure 11), bya series of symmetry operators. As a result
of the repetitive nature of therystalline structure, the conditions for Bragg diffraction are
met (Section 1.7. onwards)meaning sharp intensities at distinengles are observed,

allowing structure determination/refinement to be performgwilson, 2000Q)

OH

HSC\H/NH | N < f

O

Figure 1.12D chemical structure of paracetamol (lefsingle paracetamol moleculsecond
left), asymmetric unit for paracetamol Form(Becondright), unit cell of paracetamol Form
11 (right). Coloured lines indicate unit cell axesnd w

1.4.The amorphous phase

The amorphous phase is described as lackinghén 3-dimensional periodic order
characteristic of crystalline material€Craig, Royall, Kett, & Hopton, 199®igure 1.2).
Despite the obvious characterisation issue facing these materialsorphous
pharmaceuticalfiave seen a recent surge in interest in academic and indusgmamunities

(Beyer et al., 2016; Hancock, Shamblin, & Zografi, 1995; Hilden & Morris, 2004; Murdande,
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Pikal, Shanker, & Bogner, 201This is largely due to the higher aqueous solukelityibited

by amorphous solidéHancock & Parks, 20003s solubility is of paramount importeato
pharmaceutical product performance these materials are obviously advantageous in
increasing the amount of API available in molacdorm for absorption from the gastro
intestinal tract for exampleHowever, theaeduced thermodynamic favorability that leads to
enhanced solubility can also lead poor physical stability of amorphousPIs(Kratochvil,
2011) This, coupled with thpoor understanding oftteir structure and associateshaterial
properties has hindered thiemplementationof rational, predictive approaches to assess risk,
performance and stabilitywithin the context of the development and production of

medicinal products.

Crystalline Amorphous

Figure 1.2:<hemdic illustration of acrystalline (left) and amorphous(right) structure
showing regular repeating packing (crystalline) and the disordered packing in an amorphous
solid

Due to the lack of3D periodic order in amorphous soligStachurski, 2011)
amorphous materials lack the regul#attice planespresent within crystalline materials,
whichin Xray diffractiongive rise to constructive interferenéeK Sy . NI} 33Qa [ & A

that resultsin sharpdiffraction peaks aspecificangles AssuchX-rays are scattered without
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experiments asshownin Figurel.2.
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Figure 1.3:In-house molybdenumXRPD data for crgdline Form I(top) and amorphous
(bottom) paracetamal

1.4.1. Stability of amorphous pharmaceuticals

The implementation of amorphous pharmaceuticals has been hindered, in part, due to their
inherently poor physical stabilitfy. Sun et al., 201,2¥heretheir higlS NJ DA66 34 Q FTNBS
in comparisonto their crystalline counterparts, provides a thermodynamic driving force

towards crystallisationFor example, commercially available amorphous tacrolimus was

found to crystallise within 4 weeks upon exposure to eledatemperature and humidity

(Trasi, Purohit, & Taylor, 2017his presents a clear challenge for tingplementation of

amorphous sotls in medicinal products, from both a quality perspective, arttaérshelflife

of the resulting product.
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1.4.2. Stabilisation of amorphous pharmaceuticals

Given their inherent lack of stability against crystallisation, it is often favourable to
formulate amophous APIs with additional components, in a molecular dispersion, which
serves to improve physical stability, whilst retaining their solubility bendfitstinen,
Loofann, Strachan, Grohganz, & Rades, 20lf#se multicomponent systenadten rely on
polymers within which APIs are molecularly dispersed, though can also include co
amorphoussystems where an amorphous solid form is stabilized by mixing witbiteer
small molecule componeniMoinuddin et al., 2017)Whilst the use of amorphous drugs
remairs relatively limited, asmall number of APIs acairrentlymarketed in the amorphous
phase, both as pure drug product, and formulated with polymeric excipients for physical

stability enhancement, with a few examples give ablel.2 (Wyttenbach & Kuentz, 2017)

Table 1.2Examples of APIs currently rkatedin the amorphous form

Compound Trade name Manufacturer Carrier Preparation
method
Etravirine Intelence® Janssen HPMC Spray drying
Griseofulvin GrisPE® Novartis/Pedinol PEG Hot-melt
extrusion
Lopinavir& Ritonavir Kaletra® AbbVie PVP VA 64 Hot-melt
extrusion
Nifedipine Afeditab® Elan/Watson Poloxamer or P\P  Melt/absorb on

carrier

! Hydoxypropyl methylcellulose
2 Polyethylene glycol
3 Polyvinylpyrrolidone
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Telaprevir Incivek®/Incivo®  Vertex/Janssen HPMCAS Spray drying

Troglitazone Rezuli® Pfizer PVP Hot-melt
extrusion
Verapimil hydrochloride Isoptin® SFE 240 AbbVie HPG/HPMC Hot-melt
extrusion
Cefuroxime axetil Cefti® GlaxoSmithKline  N/A N/A
Quinapril hydrochloride Accupri® Pfizer N/A N/A

1.5. Structure ofliquids and amorphous solids

The developmentof techniques for studying amorphous structure have beemédr
pioneered by theinorganic communityconcerned with water, ceramicand functional
materials (Biswas et al., 2018; Lamparter & Kniep, 1997; Treacy & Borisenko, F012)
example he structures of liquid and solid amorphous water has been extensively studied
(Liu, He, & Zhang, 2017; Narten, Venkatesh, & Rice, 1976; Petkov, Ren, & Suzbbd&e
Skinner et al., 2013; Starr, Belliss€énnel, & Stanley, 1998Where a tetrahedral orientation
of water molecules has been determined as the most likely local arrangement of water
molecules Subsequently, the phenomena of polyamorphism, thattie ability of an
amorphous material to exist in two or more distinct thermodynamic phases, has been
described as in the case of higland lowdensity amorphous icesExamples of organic
materials which have been reported to exhibit polyamorphism ohel®mannitol (Zhu,
Wang, Perepezko, & Yu, 2015; Zhu & Yu, 284 )riphenyl phosphite (TPR)alton et al.,

2020) An amorphousamorphous phase transition has been observed for TPP using infrared

4 Hydroxypropyl methylcellulose acetate succinate
5 Hydroxypropylcellulose
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spectroscopy and microscopwhere each amorphous phase results in crystallisation of a
separate crystal form, which are similar in terms of molecular @ométion to the
amorphous precursorsFurthermore comparisons of the liquid and solid forms of
amorphous water seem to suppothe theory that the amorphous solid is merely a
continuation of the liquid phas@Mallamace, 2009)in that thestructure does not change

however the liquid is significantly more mob#ad less viscous

The assumption that a glasgmerely a continuation of the liquid phase is supported
by the lack of first ordemphase transition typically observedbetween the liquid and
amorphous phasdBerthier & Ediger, 2016}hat is, a discontinuous change émtropy,
corresponding to latent heatPapon, Leblond, & Meijer, 2008hsteadthe glass transition
temperature,”Y, is present. ThéYist &S02y R 2NRSNE ,aridlasisuchy S A O¢
there is a continuous change in entrgpgnd instead of a rerdering of the molecular
packing, as would be observed in a first order transition, the material undergoes a change in
heat capaity and viscositytypically referred to as moving from a glassy (below Tg) to a

rubbery state (above TgeeFigure 13).
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Figure 1.4:Example fee energyc temperature phase diagrarfzhang & Zhou, 2009)Y
represents the glass transition temperatuf®, is the melting temperature. Crystal phase is
demonstrated to be the lowest freenergy phase belowy , above which the the liquid is

the stable form.

Pharmaceutically relevant studies of amorpheaumsl liquidstructure include reports
of molecular dynamics (MD) simulations of amorphous indomethdtND) (Xiang &
Anderson, 2013)wherein it was determined that the structure consisted of both chains of
IND molecules, found in the alpha polymorph, and carboxatid dimers, found in the
gamma polymorph(Figure 14). These results compared favourably with spectroscopic
analyses of amorphous IND, where similar hydrogen bonding patterns were revééed
simulations of glycogen in paracetal-water solutions have demonstrated that introduction

of a single polymer chain can result in ordering of drug molecules around the pdllimer
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Feng, & Liu, 2005y calculating an order parameter and comparing this to the pure
paracetamoiwater solution.Refinements to neutron and-bay total scattering dat using
empirical potential structure refinement (EPS$ee section 1.8.3.5) revealed significant
hydration of imidazole molecules in aqueous solutions, whieydrogen bonding was
dominated by imidazolewater interactions. Imidazoleimidazde interactions were
predominantly due to* “ stacking ofmolecules in solutionAFMadhagi, Callear, &

Schroeder, 20204l studies demonstrate that structure in amorphous and liquid materials

is not necessarily a random arrangement of molecules.

Figure 1.5:Example interactions in proposed model of the structure amorphous
indomethacin, left showing trimer similar to that found in alpha polymorph, right shows
dimer similar to that present in gamma polymorph.

1.6. Structure solutionand refinementusingX-ray diffraction

1.6.1. Principles of Xay diffraction

X-ray diffracion isa keytechnique in crystal structure solution. The ability for routine
structure determination is essential within the pharmaceutical industry, given the occurrence
of diverse polymorphism in a number of molecular so(lsttain, 2016) The principle of
structure solution using-¥ay diffraction(XRDan be described using NJ 3 3 (Béagg[&l ¢

Bragg, 1913)describing the conditions under which diffractioecurswhen a beam of X

30



raysis incidentupon aplaneof atomsthat is scattered byhe electrons of the constituent
atoms(Figure 14). Diffraction occurs due to constructive interference betweerays which
have reflectedff a set of repeatingnterplanedistances within a crystal. The occurce of
constructive interference is dependent on the pdémgth difference of the reflected-iays,
where due to the wavdike behaviour of light, it is required that the difference in p&hgth
between the Xray is an integer multiple of the wavelength Due to this requirement for
the Bragg condition to be met, sharp peaks are observed at distinct ahgleare dictated
by the dspacing between planes in the crystahusthe order of the reflectiong _, is related

to the interatomicdistarce, Q(A), andscattering angle—° ¢—), by
¢ _ CQOEF (1.1)

A short wavelengthincidentradiationis required for diffraction from molecular crystals
asthe wavelengtmeeds to be comparable to the interatomic distances within the crystal in
order for constructive interference to occuEigure 14 showsa simplified 2dimensional
lattice. In 3dimensions, these planes adescribed bya set of Miller indice€ Q) which
describe the intersection of thelgnes with the three unit cell ax¢¥Vaseda, Matsubara, &
Shinoda, 2011)in reciprocal space. Thus, in theray diffraction experiment, these
reflections are detected as a regular series of Aiighnsity spots, related to distancesthin

the reciprocal lattice, which can then be used to determine the spacings and symmetry in

realspace.
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Figure 1.6:Graphic illustrating the principle of Bragg's L.amhere —is the angle of the

incident beam relative to the crystal plane aiftlis the interatomic spacingThick line
highlighted aQi "‘eerepresents the extra distance travelled by the lower diffracted beam.

TheLINA y OA LX S carfbe unbidrsaioinetiicallyiising the Ewald sphere

(Clegg et al., 20093hown inFigure 15., wherein the crystal is positioned at therdee of a
sphere with radius. The incidentvave vector| , passes through the centre of the sphere

and makes contact with the surfac# the Ewald sphere This corresponds to the 0 0 O
reflection and is the origin of reciprocal spadée Bragg condition is only met, however
when the scattered wave vectot, makes contact witkanother pointwhich lieson the
surface of the sphereThe distance between the origin of reciprocal space and the lattice
point touched by the scattered wave is equaltpwhere ‘Qis the inteplanar distance
However,it is apparent fronFigure 15. that froma single crystal orientatigmot all lattice
points are accessible experimentalljhus it is necessary to rotate the crystal, and therefore
the reciprocal lattice, to enablas manypoints to be measureds possible. However, where

it is not possible to collect data from all points, it may be necessary to use a shorter

wavelength to probe more points in the reciprocal lattice.
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Figure 1.7Constuction of the Ewald sphere, wherein 0 indicates the origin of reciprocal
spacei is the incident wave vector, is the scattered wave vector arfd is the distance
between the two reciprocal lattice points at the tips of the two wave vec(Bisnebier &
Billinge, 2008)

Due to the relationship between reapace and the reciprocal lattice, theflected
intensities contain information regarding distances within the crystal lattice, and the
symmetry within the unit cellThe electron densitywithin the crystalis related to the
diffracted intensities by Fourier transformwhich is described as ¢structure factor;O , at

each reciprocal lattice poinkXQaThe structure factor for each reflection consists of an
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amplitude, O s and phase) , and can be determined by Fourier transform of the

electron density, by,

0 . oo Q6 (1.2)

where 1] @ & dis the electron density and@® "Qw & )xare the 3-dimensional
coordinates of a given atown a given planewhere the integral is performed for the entire
unit cell volune. Conversely, the diffraction pattern may be obtained by performing an

inverse Fourier transform on the electron density, by,

loOod -B ;0 Q (1.3)

wherewis the volume of the unit celHowever, ony the amplitudes of the scattered
intensities can be measured experimentally, and the phase information igHastptman,
1997) Thus, it is not possible to perform the inverse Fourier transform shimmEquation
1.3. This is known as thphase problemwhere the structure factors cannot be directly
determined from the experimen# number of methods exist for solving the phase problem,
including Direct Method$Woolfson, 1971)Patterson MethodgA. L. Patterson, 1934)nd

Dual Space/CGirge FlippingPalatinus, 2013)among others

1.6.2. Structuredetermination from X-ray powder diffraction(SDPD)

1.6.2.1.Global optimsation methods

Whilesingle crystal XRD is the optimal method for crystal structure solutiarases
whereit is na possible to obtain a highualitysingle crystal, XRPD may be uf&dstructure
determination and refinement, as shown in Chapters 5 andDBect methodsand the
Patterson methoatan be used in SDRWere sufficient data exigBarbas, Kumar, Vallcorba,

Prohens, & Frontera, 202ahelack of spatial resolutioaccessibland the resulting overlap

34



of diffraction peaks malgt unfeasibleto extract 1000s of independent accurate reflections
in most casesoncerning molecular solid3his is in part a consequencetbé&ir molecular
complexity, and lowerystalsymmetry(David, Shankland, McCusker, & Baerlocher, 2010b)
As such, global optisation methodsare typically thechosen technique to solve crystal
structures from XRPD dat&lolal optimisation differs from the standard methods used for
structure determination using SCXRD in that they do not attempt to define the electron
density from first principles, instead seeking to match the electron desitgulatedusing
atomic coordinags in a trial structurand adapting the structural modékratively until the

correct structure is identified

A significant issue in the use of powder diffraction for structure determination, in
comparison to SCXRBtheloss of information in the peder pattern with respect to a single
crystal measurement(Bernstein & Reutzdtdens, 2019) The number of measurd
reflections are often insufficient to fully describe the crystal structuraus, structure
determination is often not possible without some prior knowledge of the system, such as the
known molecular structure of the moleculehich reduces the number dhdependent
parameters that need to determinedAs such, in global optimisation methods, a trial
structure is generated and adjusted oveanyiterations to improve the fit of the calculated
to the experimental data As such, thestructure determinationprocess ends once
convergence has been achieved aralbetter fit to the observed data can be foun@lobal
optimisation seeks to find the global minimum in the search space by trialing a series of
structures. This process will be described in the contdxsimulated annealindSA) a
commonly used global optimisation method implemented within software packages such as
DASHDavid et al., 200&6nd TOPABRA. A. Coelho, 2003\ number of steps are involved in

the SDPD pra@ss, which are outlirgefrom Section 16.2.2onwards.Oncethe structure has
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been determinedusing global optimestion, subsequent structure refinement can tarried

out using well established Rietveld methdds J. Florence et al., 2008)

1.6.2.2.XRPD pattern indexing

Indexing is the process of determining the unit cell parametéfgfth i i and
space group) from the peaks in the diffteon pattern (David et al., 2010b)These are
calculated by assigningQdndices to the observed peaks in the diffraction pattefrom
which the lattice parameters argpace groupymmetrymay be determinedAt this stage in
the SDPD process, ordgcuratepeak positions are important, as they relate' @spacings
within the material, whereas the intensities are related to the electron dersitgt are
required for structure determinationExamples of software packages which allow indexing
of XRPD data include TRE®@Rrner, Eriksson, & Westdahl, 1988CELINeumann, 2003)

DICVOIBoultif & Louér, 2004and singulawvalue decompositioifA. A Coelho, 2003)

1.6.2.3.Pawley refinement

Once the space group and lattice parameters have been determined, it is necessary
to confirm the indexed cell parameters and to extract reflection intensities by performing a
Pawleyfit (Pawley, 1981) e Baifitting (Le Bail, Duroy, & Fourquet, 1988ay alsde used,
however,it has been found that the Pawley method is more robust mathematically, due to
the tendency of the Le Bail method to calculate negative intensities where there has been
some over approximation of the backgrouriBavid et al.,, 2010b)Pawley refinement
methods are model independent, that is, there is no contribution of atomic sites to the

calculated intensities, which are freely refinad extracted intensities associated with each
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reflection. Therefore, it is only the indexed lattice parameters which are given as input to the
fit, which are refined against the experimental data, along with the peak prbélekground
and zero pointAs such, this fitting method gives an indicatadrihe best possible fit to the
experimental data refined unit cell parameters and confirms all observed peaks are

described by the unit cell e.g. confirming phase purity

1.6.2.4.Simulated annealing structure solution

As SA is dependent on chemigdbrmationto construct structure models, it is first
necessary to define a realistisodel of the molecular structure. This can be done using a
previously solved structure of the same compound. If this is not available, then models can
be constructed via other meandor example using density functional theory (DFT)
calculations to optimise the geometry of an input molec@dtomare, Ciriaco, Cuocci,
Falcicchio, & Fanelli, 200 Once a suitable input has been createdtempts to solve the
structure can be madeDue to the loss of data in thedimensional XRPD pattern, it is
necessary to limit the number of degrees of freedom (DOF) to improve the data: parameter
ratio. Thus,a molecular amatrix may be constructed to reduce the number of refined
parameters(Dinnebier, 2013)This consists of defining rigid constraints between atoms in a
molecule, which limits the number of refined parameters from four per atafmo@nd &
coordinates, and isotropic temperature factey, to six per rigid bodyofroand & translation
and rotation), with the additionafofactor for each atom. The moleculammtrix has the
additional benefit of providing necessary consttaion bond distances, angles and torsions,

thus ensuring a sensible molecular geometry

SA consists of generating random crystal structures, which are changed iteratively,

and the calculated diffraction compared to the experimental d&acharsky & Zavalij, 2005)
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The process involves taking each model through a simulated temperature cycle, wherein at
higher temperatures, changes which improve and decrease the fit may both be accepted, in
orderto avoid the structure being trapped in a local minimum before subsequent refinement
and elimination of poorly fitting structures at lower temperatures. The exact temperature
regime, that is, the cooling rate and starting temperature, are largely dependerthe
complexity of the input molecule. For example, a large molecule with a high number of
flexible rotatable bonds may require a higher starting temperature or slower cooling rate, or
both, to allowa larger search of the space, and increase the clawotdinding the global
minimum, as more complex structures have a higher probability of getting stuck in a local

minimum if an insufficient search is performed.

There are a number oklated statistical evaluations to assess the suitability of the
model structure. Ultimately, the goal is to minimise the ratio (0] , Wherein a
value less than 10 is typically considesedficient(Alastair J. Florence et al., 2005his ratio
evaluates the goodness of fit of the SA run by determining whether the attempted structure
solution has resulted in a realistic structure model. Given that is the lowest value
expected for the solution, as the Pawley fit gives an indication of the best possible fit to the
data, this ratio should not be lower than one. If values < 1 are obtained, it is necessary to
evaluate the structuralm@ St 'y R O2y aA RSNJI KA GO0KSSR éRi+ G{I'A YKALH
large values of this ratio should also be cause for concern, as reasonably similar values for
(A and® should be obtained, assuming the global minimuas been foundnd

there is minimal disorder or preferred orientation in the sample
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1.6.2.5.Rietveld refinement

Rietveld refinement consists of using an existing structural model to replicate the
observed diffraction data, by varying structural and instrumertfie factors by a least
squares refinement procegRietveld, 1969)Thestepis paformed after successful structure
solution, using a least squares minimization of the differences between the observed and
calculated structures As with SA, it is important to minimise the number of refined
parameters in the case of covalent solids, biye use of a molecular-&atrix. While
additional information may be obtained via Rietveld refinement, such as grain size or surface
roughnesgDinnebier, Leineweber, & Evans, 2Q19)s typically only the background and
scale factors, and structural parameters (translation and rotation, temperature factors, and
flexible torsions) that are refinedstructural refinements to PDF data are also possinde,

described in Section 1.8.3.3.

1.6.3. XRM and amorphous solids

While XRD and XRPD may be used for structure solution and refinement when the
material of interest is a crystalline solidnarphous solids and liquids present a considerable
challenge to diffraction and XRPD, due to the nature bf Bra3 Q @radgl& 8ragg, 19L3As
such they require more advanced methods to study their molecular packing. Nanocrystalline
solids also pose a significant challenge when applying standard diffraction me®odisL.
Billinge & Kanatzidis, P@), where the small coherent scattering domain size results in
significant linebroadening in the resulting XRPD pattefRiglre 1.1). Such effects in
experimental data significantly hinders the ability to resoladividual reflections, and
reliably determine peak positions and areas or reflection intensities. Therefore, the standard

methods for extracting structural information fail, and we must turn to other techniques to
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explore structure XRPD is used exterdy in this work for collection of raw data before

transformation to the pair distribution function (see Section 1.8 onwards).
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Figure 1.8Simulated XRPD of paracetamol Form | with different domain. S{RBD patterns
calculated using TOPAS academi¢A/6A. Coelho, 2003; Alan A. Coelho, 2018)

Structural analysis is of particular importance, given the occurrence of process
induced anorphisation and intentional nanseizing that can occur in a number of
pharmaceutical processes such as spray drying, milling or compa@ioi. Priemel,
Grohganz, & Rades, 2018&) particular, the wide implementation of sizeduction methods
to reduce parttle size, such as ball millifigatel, Baria, & Patel, 2008)ave the potential to
produce nanocrystalline and amorphous forms of ABlstker et al., 2011)\arious other
methods exist for preparation of the amorphous phase, including auedinching, spray
drying and lyophisation (Karmvar, Graeser, Gordon, Strachan, & Rades, 2011; Terban,

Cheung, Krolikowski, & Billinge, 2016)
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1.7.Characterisation of amorphous materials

As described in Sectiongl3, the standard methods for assessing structure in amorphous
solids and liquids, such as DIRKRPD, fail, due to the lack ofiBnensional periodicity. As
such, arange of analytical techniques have been used to understand the kinetic and
thermodynamic properties of amorphous pharmaceuticalfiese include thermal and

spectroscopic analyses amarphous solids, which will Hariefly describedoelow.

1.7.1. Thermal analysis of amorphous solids

Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) are two

thermal analysis methods typically used for studying amorphous pharmacauti®aih
techniques are applied in Chapter 4 for detecting phase separation and water uptake in
formulated drugpolymer systemsDSC consists applying a controlled temperature profile
to a sample, to observe thermally induced transitions within the nniaigMdillertz, Perrie,
& Rades, 2016)These changes atgpicallyobserved by measuring the input energy required
to maintainthe sampleat the sameemperature in comparison to a reference, for example
an empty sample holdetmportant information regarding the physical state of the material
can be obtainedherefore from the exothermic or endothermic events that danobserved

and as such, the kinesand thermodynamics of the phase transitions carshelied

In the context of amorphous pharmaceutical solids, thermal events can give an indication
of the stability of the amorphous phagEigurel.6). At the simplest level, the observation of
a crystallisationexatherm gives a clear indication that the sample is not physically stable
against crystallisation. However, the low temperature inflection showRigurel.6 shows

the glass transition temperatur€y. Thisrelates to an increase in molecular mobilitstking
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the amorphous solid from a glassy material taubbery state(Papon et al., 2006) he glass
transition isreferred to as being a kinetic transition due to the lack of a first order phase
transition between the glassy and supercooled stathis is apparent iRigurel.6 wherein

a subtle shift in the DSC trace is obsekvia contrast to thecrystallsation (exothermicand
melting (endothermic) peaks shown, whichallow the calculation of the Heats of

crystallgation and fusion respectively

DSC /(mW/mg)
T exo Glass Transition:

24 Onset: 214 °C Onset: 73.1 °C
Mid. 211°C

Inflection: 26.7 °C Onset: 156.6 °C

End 237°C ) .

Delta Cp*:  0.672 J/(g'K) Area: 1187 Jg Area: -168 Jig
01— . AT Yl ) 135)

. Y
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Temperature /°C

Figure 1.9Example DSC plot showing heating of cra@bled amorphous paracetaol. Low
temperature inflection at ~ 21 °C shoWwg, exothermic event at ~ 7& shows crystallisation,
and endothermic event at ~ 157 °C shows melting of the crystalline material.

TGA is similar to DSC in that a sample is taken through a tempenstgime and its
response in comparison to some reference (again, an empty sample holder) is measured.
Contrary to DSC, it is the change in the mass of the sample which is measyré@@2 @> H AN T
(Figure 110), instead of the energgiven out or taken up by the samplelowever, some

instruments are capable of measuring both simultaneousA has a range of applicatsy
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from assessing water absorptigRyramides, Robinson, & William Zit895)to degradation

of materials at high temperaturéDe Oliveira, De Menezes, & Catharino, 2015)
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Figure 1.10Example TGA plot showing heating of PVP polymessiess between 25 °C and
100 °C corresponds to evaporation of absorbed water.

1.7.2. Spectroscopic analysis

Spectroscopic techniques suchsadid-state nuclear magnetic resonance (ssSNMR)IR

and Raman spectroscopy have been extensively applied in the taitelrarmaceuticals to
understandstructure in amorphous and crystalline solifdédoux, 2016; Zimmermann &

I NJ y 2 @AndHe comtaxtofihis work, FIR is used for cdinming sample consistency
and detecting moisture in formulated materials in Chapter dnddonded interactions may
be probed to compare structure in crystaline and amorphous pharmaceuticals
OBAYYSNXYIFYY g . andNihtefa2tidis Gnamorphowsmdbugs prepared via
different methods where it has been demonstrated that the structure of amorphous

indomethacin is dependent on the preparation technique, detected using Raman
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spectroscopy, among other techniqué¢karmwar et al., 2011¥ppectroscopicnethodshave

been applied extensively to characterise the structures of amorphous APIs dispersed in
polymeric matricegFini, Cavallari, & Ospitali, 2008; Meng, Trivino, Prasad, & Chauhan, 2015;
Rumondor, Ivanisevic, Bates, Alonzo, & Taylor, 2009; Zhao, Barker, Belton, McGregor, &

Craig, 2012)to undestand stability and molecular interactions in formulated systems.

1.8.Pair distribution function

The pair distribution function (PDF) describes the probability of two atoms being
separated by a given distan€€akeshi & Billinge, 2012bhe PDF is essentially a histogram
of interatomic distances within a sample of inter¢Btgure 111). As suchthe power of the
PDF method is that it can bapplied regardless of physical state, such that structural
information can becollectedfrom crystalline solids, amorphous materials, liquids and gases.
PDF analysis is a key analytical techniggesd extensively in this work to probe the structure

of amaphous pharmaceutical solids

Figure 1.11Diagram showing radial distances from central atom in graphene model. PDF
showspeaks representative of interatomic distances in graphenestructure.
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1.8.1. Definitions of the pair distribution function

There area number of definitions of the PDWhich have been described extensively
elsewhee, and which are all described as the PBRd as’Oi (Keen, 2001)For the
purposes of this workthe three most commonly used will be describad.all are commonly
referred to as the PDEhey shalkt this stageée defined individually a®©i ,"Yi andOi ,

with the individual derivations and definitions described herein

Although there are a number of definitions of the PDF, for the purposes of this work,
we define the PDF as the function identifiad the differential correlatiofiunction,’O 1

(Keen, 2001 )defined as:
Oi ™ N Ol (1.9

Wherer) is the average number density of the materials the interatomic distance iA

and™Oi is the total radial distribution function, which is equal to

"Oi By OOQ0 Q0 —— p (1.5)

Where the sum goes over all atorigand (n the material. Thgroportions of atomsndQ
are represented by and®, respectively. AdditionallyQ0 and™Q0 are the atomic form
factors of atomsQand Qrespectively. The number of atoms of tyff@hat are between
distances ofi andi 'Qifrom atoms of type'Qs given bye i , andr) is equal to the
proportion of atan "Qnultiplied by the average number density. There is a third correlation
function which is less commonly used in crystallography: the total correlation funt¥ion,

which is defined as
“Yi Oi “Y i (1.6)

where
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"Yi 1“1/ B @Q0 (1.7)

All definitions of the PDF contain the same structural information, however, as will
be demonstrated, they change by multiplicative or additive constargadlly related to the
atomic number density) ), which can have the effect of changing the background or scaling
in the resulting dataset. For the purposes of the data and analysis herein, the fui@iion
is the most suitable. Th® i functionis preferred overYi and"Oi for a number of
reasons. FirstlyQ i itself oscillates around zero, which is related to the average number
density of the material (essentially, the function starts at zero and ends at zero), this makes
the data easyo visually analyse, and makes the visual assessment of any fitting of the data
more simple. The same can also be said@r , however, the use dD i is preferred due
to the multiplication ofOi byt“ 1) (equationl.1), which emphasises the highregion of
the PDF, which is particularly useful for the study of amorphous materials, where the signal
at higheri values is weak, and attenuates to zero at lowalues, due to the lack of long
rangeorder. This behavior differs from that of the total correlation functidivi , which,
due to the addition of Y i1 , as per equatiori.4, adds an -dependent background to the
data, which increases almoshdiarly withi. Thus, the data starts at zero, but endsHat

which makes it difficult to simultaneously observe the full rangéYin .

An additional benefit of the use @ i is again due to the multiplication by’ 1) ,
as below the shortesatom-atom distance in the data, the function behaves lik& 1) ,
which provides a negativgloping background in the da{@akeshi & Billinge, 2012B)his
has the benefiof providing extra confidence in any potential fit to the data, as it will allow
determination of whether the correct number density has been used in the experimental PDF
transformations, as the) value has an effect on the lev slope in the PDFand

subsequently, the amplitudes of observed features in the datis can easily be determined
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by visually comparing the experimental and refined dataset&Examples of
"Oi o1 && i , calculated from experimental total scattering data fromMPEorm |,

are shown inFigure 14, where the key differences between each correlation function are

apparent.
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Figure 1.12:Stackof G(r) (red), D(r) (blue), and T(r) (black) for PCM Form I, calculated in
GudrunXA K Soper, 2011

1.8.2. Calculation of tte pair distribution function from total scatteringdata

Asdescribed inSection 1.1the PDF is produced lilge Sine Fourier transform of
total scattering dataA number of software packages exist for the calculation of PDFs from
Xray total scattering data, including GudruXlan K Soper, 2018nd PDFgetX®8Juhas,
Davis, Farrow, & Billinge, 2013} this work focusses on the implementation efa) PDF,
henceforth all uses of the term PDF will imply the use-tdys, unless otherwise state@ihe
0 SNX &datieiing imglies that alhtensities collected during th¥RPexperiment are

used This applies to all elastic scattering from the material of interest, that is, the Bragg and
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diffuse intensities. This differs from standard XRPD in that the diffustéesnog in the
SELISNAYSYyG FNB dzadzZ tfte& RA&ANBIFINRSRI FyR I NB
fitted as suchYoung & Goodwin, 2011Howeverthe diffuse scattering contains important
information deribing deviations from the average structure, when studying crystalline
YFGSNALFfaS YR RSAONAROSEA |y sdittsdSNF IS¢ f 20! f
In standard experimentsscattered intensities are described as a function of
scattering angleg— ! & dGAydSyaaidrasSaé Ay GKS t5C FNB R
distance,i , it is necessary to convert thedimensional XRPD pattern to an absolute scale.
Thus, after subtracting the contribution to the scattering from the background (sample
holder,air scatter)he first step in obtaining the PDRiisconvertingc—to 0, which describes

the magnitude of the scattering vector, dictating thealspaceexperimental resolution, by

o —— (1.8)

where —is half the scattering angle, aiddis the wavelength of the-¥ay sourceThe next
step is to correct for the atomic form factor, or scattering power of the atomic constituents

of the sampleto determine the total scattering structure functiotf0 , by

YO (1.9)

where "0O0 represents the intensities from the original diffraction experiment,
corrected for background, an®0 is the atomic form factor, with®8 Oindicating a
compositional average acreshe sampleSubsequently, a number of corrections are applied
to remove the contributions due to Compton scattering, sample polarisatioultiple

scattering and absorption, amongst otheFsnally, the PDF is obtained by,

o1 -, 00 i Q&iQO (1.10)
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Where the Fourier transform is restricted by the upper and lower limit§.iiThe
result of the Fourier transform is essentially a histogram of interatomic distances.
Termination of the Fourretransform at some finite value has the unfortunate effect of
introducing spuriousripples throughout the reaspace data(Masadeh, 2016)which can
affect interpretation of the PDF. This will be explained in greater dettikimextsection.A
simplified graphic demonstrating the data collection and treatment process is shown in

Figure 15.
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Figure 1.13Graphic showing data collection and normalisation/treatment process to obtain
the PDFData shown are for paracetamol Form I.

1.8.2.1.|f; + ,and reatspace resolution

The importance o) cannot be understated for a number céasons. First and
foremost,0  dictates the resolution in the PD¥ , which is approximately equal to—
(Takeshi & Billinge, 2012B)his differdrom typical XRPD experiments in that it is the step
size inc—that determinesthe reciprocaispace resolution, which is ideaktgpt as small as
possibé, giving a smaller full width at half maximum (FWHM) in the Bragg peaksh aids

in resolving peak positions and areas. As sicKRP is appropriate to use an-bay source

with a relatively long wavelent such as a copper anode, theays ofwhich scatter the

49



same reflection to a higher angle than a source with a lower wavelengt®Heranalysias
the resolution is dependent o, reciprocalspace resolution is often sacrificed to extend
the 0 -range of the experiment, by having a small sargeéector distancgJacques et al.,
2013) and larger stefsize in reciprocal spac&his has the effect of maximising the angular
range which can be measurednd simultaneously increasing the colieattime per step.
Thisin turn maximise® , as shown in equatioh 1., and enables optimisation of counting
statistics across the full angular rangdowever, the poor reciprocapace resolution,
although notoverly detrimentalto the PDF, doesesult in a damping of features within the

realspace data, as shown figure 14., where this is particularly noticeable at higlvalues.

7 T T T T

6 F PCM Form | lab PDF -
PCM Form | synchrotron PDF

G(r)

0 20 40 60 80 100
r (A)

Figure 1.14 Comparison of experimental PDF datalculated from total scattering
measurements of PCM Form | framolybdenum labratory (red) and synchrotron (blue)
sourcesPoorer reciprocal space resolutiomthe synchrotron dataranslates to a damping
of features in the PDF, particularly at high
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Also demonstratedin equation 1.1, is that O is heavily dependent on the
wavelength of radiation used in the measuremefs. such, the copper anode typically used
for XRPD is not suitable for PDF analgsishe resolution fiered by the copper source is not
sufficient for realspace analysisFigure 1.11 demonstrates this, where the PDFs of
amorphous paracetamol and indomethacin have been calculated with a comparable
to that accessible using a copper and8&\1), the two plots are very similar, and extraction
of any meaningful information from this data is highly unlikdliis is in stark contrast to
Figure 1.12 where a0 of 25 A has been used on the same datasetthe Fourier
Transform. The higher reapace resolution results in two distinct PDFs, which is clearly

better for accurate fingerprinting, and subsequent analysis of the data.

5 T T T T T T T

Amorphous PCM Qmax = 8 AL
Amorphous IND Qmax = 8 A1

Offset G(r)

Figure 1.15PDFs of amorphss paracetamol and indomethacin, calculated with a of 8
A from experimentasynchrotrontotal scattering data, uag GudrunXAlan K Soper, 2011)
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Figure 1.16 PDFs of amorphous paracetamol and indomethacin, calculated with aof
25 A, from experimentakynchrotrontotal scattering data, usg GudrunXAlan K Soper,
2011)

It has beenrecommended that for a unique PDF,0a  of at least 15 Al is
required (Dykhne, Taylor, Florenc&, Billinge, 2011)meaning that, as a bare minimum, a
molybdenum anode is necessary for generating-Bddity data on a laboratory instrument

as shown inrablel.2.

Table 1.3 Wavelengths andccessible) of common laboratoryX-ray sources0
values assumea—  of 180.

X-ray source 0| p wavelength §) Approximated  (A?Y)
Copper 1.5406 8

Molybdenum 0.7093 17

Silver 0.5594 22
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Aside from the effect 0b on the resolution of the PDF, extending therange
of the measurement also reduces the impact of the ripglescribed in Section 1.9.2hat
are generated by the termination of the Fourier integet finite value In the ideal
experiment, the integrhin equation 1.3. has upper and lower limits ofb and Hp
respectively. A® approachedb, the scattered intensities drop to zero due to form factor
fall-off and the Deby&Valler factor, thus ensuring a smooth groff in intensity atd
However, in reality, this is impossible due to restrictions in the instrument geometry and
wavelength of the source. Thus, termination at some finite valtreduces a stegghange in
the Fourier transform This ultimatef results in the integration of a bdike function, the

Fourier transform of which issincfunction (Latry & Rouge2000)(Figurel.2). These ripples
are of the form——— (Proffen & Billinge, 1999)and asshown are particularly

troublesome at lowi . The best method to reduce the impact of termination ripples in the
PDF is to collect to as higiba as possible, and with good statistion the data. However,

as it is impossible to fully eliminate these ripples, a popular method that has emerged is the
SoperLorch convolutior{Alan K. Soper & Barney, 20,1@hichintroduces a broadening in

the realspace dataY , which thus minimises the detrimental effect of termination effects.
An obvious drawback of this method is of course that all features in the resi@ingdata

are broadened, so care must be taken to ensure a suitable {ofideetween minimisation

of termination ripples, and resolution of true structural features in the PDF.
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Figure 1.17Example of a Fourier transform of a box funct{gviolberg, 1994)

1.8.3. Analysis ofPDFdata

While structure solution from PDF data has been attempted to some ddgtdgs
et al., 2010; Prill, Juhas, Billinge, & Schmidt, 204LB)notsomething that has been routinely
implemented, and the same issues facing SCXRD and XRPD exist in structural understanding
of amorphous solids using POWere are a number of methods which can be used to extract
structural information from PDF data. Thhosen method largely depends on the physical
state of the material, and the lengtscale over which théeaturesof interest is observedis
with XRPD, the PDF can be used purely as a fingerprint of the material of ifiRykkhe et
al., 2011) but more indepth analysis may also be performed, from statistical analysis of the
PDHChapman, L@dus, & Chupas, 2015p fitting the data to refine a structural modg®rill
et al., 2016) Fitting of PDF data can largely $glit into two types: smalbox and bigbox
modelling, which shall be explained in more detail Sections1.9.34. and 1.9.3%.,

respectively
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1.8.3.1.Fingerprinting and statistical analysis of PDF data

While the application of the PDF technique has been implaaato a greatextent
within the inorganic communityBell et al., 2008; Jiang, Grande, & Selbach, 2017; White,
Provis, Proffen, Riley, & Van Deventer, 2018¢ use of the method in the structural
assessment of orgamsolids has been limited. This is probably due in no small part to the
relative complexity of even simple organic molecules in comparison to many inorganic
systemsAs such, in studies of pharmaceuticals, the PDF has served as a fingerprint of the

material, with minimalstructuralinformation extracted from the datéDykhne et al., 2011)

While the fingerprinting method seems minimal in terms of its information content,
correlations between experimental datasets can letedmined to study trends in data or to
assess similarity between amorphous and crystalline forms of a material, and to track
changes as a function of time, temperature or some otlstness method Principal
component analysis (PCA) has been applied to deidd-of inorganic materials to evaluate
structural differences between metal chloride, nitrate and sulphate solutions, changes during
chemical reactions and structural transformatiof€hapman et al., 2015)and in
pharmaceutical systems, to infer information regarding the physical state of polymeric
dispersions of amorphous drug€hieng et al., 2013nd to assess the extent of structural

disorder in compressed and milled crystalline forms of ARI€hen, I&ikh, & Ho, 2014)

The software package PolySNABarr, Dong, & Gilmore, 2004h)ffers a
comprehensive suite of stistical tools for analysis of multiple data formats, including PDF
data, Raman, FIR and XRPD, among otheFke softwareperforms full profile matching by
generaing a correlation matrix and determining Pearson correlation coefficients

0{1 Ol SLI Zietveed eaehndmtasét, which is then used to cluster the data
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identification of trends. Among the tools available in PolySNAP are PCA, Pearson correlation

analysis and multidimensional scaling.

1.8.3.2.Calculating the PDF from a structural model

The PDF can be calculated from a structural mbgi€s. J. L. Billinge, 1998)

0 1 -B B 6—01 i ™ N (1.11)

where the s goes over all atom%and ' Qandi is the dstance between théh and @h
atoms.A number of programs now exist which allow this functionality, such as TORAS V6
A. Coelho, Chater, & Kern, 2015; Alan A. Coelho, 204BP DFfit/ PDFfit2/ PDFdEiarrow

et al., 2007; Proffen & Billinge, 1999nis calculation allows a quick visual comparison of the
experimental PDF, and can be used when applying the PDF as a fimgegpool (S. J. L.
Billinge et al., 2010)This is particularly useful when dealing withighhthroughput of data,
and can be complemented with software packages such as poly@Pet al., 2004b)

which can automate comparisons and sstital analyses of the data.

1.8.3.3.Refinement of structural models to experimental PDF data

Further analysis based on the calculation of a PDF from a structural model is
possible. The same software packages mentioned in Section 1.9.3.hllalsca Rietveld
refinement (Rietveld, 1969b¥tyle of fit to experimental PDF dataherein the goalis to
minimise the difference between the observeé®, , and calculated PD¥® , by changing

structural or instrumental parameters to improve the fit to the experimental d&tae such
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commonly implemented method for quantifyy the quality of a given fit is to determine the

weightedprofile residuals factod, ,byét SGSNE2y X . 20AYy S ,t NETFFSy>

i wpmmh 112

where 0 is the weighting factor. The smaller the , the more closely the refined
data matches the experimental. The parameters which may be refined in PDF refinements
are in most instances identical to a Rietveld refinem@innebier et al., 2019pandinclude
atomic coordinates (or rigid body translation and rotation for molecular/ covalent materials),
lattice parametersisotropic displacement parameters (anisotropic displacement parameters
in the case of PDFfjiscale domain size and zererror. As with Rietveld refinements of XRPD
data, it is important to minimise the number of refined parameters in order to increase
confidence in the resulting fifAlastair J. Florence et al.,, 2008nd minimise the
computational expense of the refinement. For PDF fits, thetatt significantly more of an
issue than with XRPD, due to the number of interactions being modelled, as the number of

pair interactions increases as the square of the number of ai@m#. Coelho et al., 2015)

There are instrumental factors which also affect the PDF peak shape and amplitude.
In practice, ashese are instrumental parameters, these should not be freely refined in a
given PDF fit, and as such should be refined against a measurement staaslavith XRPD
(Cline, Mendenhall, Black, Windover, & Henins, 20Thrse factors are related to the
reciprocaispace resolution, where damping and broadeningd and 0 ,
respectively)of features are observed in reapace, due to the typically poorer-space

resolution used in PDF measuremeaty A dzX . 2 OAYy X WdzKl 82X t NPFFSy=:
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1.8.3.4.Smaltbox modelling

Thesmalb 2E Y2RStftAy3d YSGK2R Ay@g2ft 3Sa FAOGGAY

(typically a single unit celfpntaining asmallnumber(up to a fewhundred)of atoms(S. J. L.
Billinge, 1998)All PDF refinements shown herein are performed using the $oalinethod

This is the approach employed in software packages aschOPAS and PDF@\B. these
refinements typically fit a small unit cell under periodic boundary condit{®BCs)these
methods arebetter suitedto crystalline materialswhile the refinement capability of this
method is inherently limited for understaling disorder in large systems, due to the small
box size, it has been implemented extensively for understanding local deviations from the
average crystallographic structure imamberof studies(Jurkiewicz et al., 2018; Kumara et

al., 2016; White et al., 2010)

1.8.3.5.Big-box modelling

As the name suggest$, K Big-baxé modelling approacltonsists of refinement to a
supercell of a known structure, again under PB®ss specific refinement method is not used
in this work Bigbox modellingoriginatedwith the developmat of the Reverse Mont€arlo
(RMC)method (McGreevy & Pusztai, 1988vherein a starting configuration (e.g. the
supercell of a known phase) is provided, which is fitemativelychanged by movement of a
singleatom/molecule Whether a change to thetructure is accepted or nos dependent on
the change to the resulting fit. The process is repeated until the refinement can no longer be

improved.

Several packages have been developed which implement the RMC method, including
empirical potential struire refinement (EPSRA.K. Soper, 1996; Alan K. Soper, 2011)

RMCprofilg(Tucker, Keen, Dove, Goodwin, & Hui, 208 fullrmc(Aoun, 2016)The RMC
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method isparticularly useful for local structural studies, as the large cell used can assist in
understanding correlated disorder across lengtiales. Additionally, it is common fdrese
programs to perform the refinement process against the corrected total scattering data, and
the Fourier transform to the PDF is subsequently performed for the calculated and
experimental data, allowing comparison in both reciprocal and-spate.EP& and more
recent versions of RMCprofile have implemented Lensilngdes potentials (see Section 1.9)

to minimise the energy as part of the refinement procedutré common for these software
packages to exclude the contribution of thermal motion in théualation of the PDF, as the
large size of the cell allowier the contribution of correlated motion to peak widths to be

replicated in the modelAn example of cells used in small andHbixx refinements is shown

in Figure 1.14

Figure 1.18Comparison of single unit cell used in shlk refinement methodgleft), and
a 5 x 5 x 5 supercell used in latyex refinements(right). Both images aref the crystal
structure ofPCM Form 1.

1.9.Molecular dynamicssimulations

Molecular dynamicg(MD) simulations are a computational tool for ansiygy the

movements and interactions of atoms or molecubgssolving Newtons equations of motion
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for a system of moving particlé&Kamberaj, 20200MD simulations are used in Chapters 5

and 6 to understand structure in amorphous pharmaceutical sokdsidamentally, MD

packages calculate the forces acting upoartigles as a function of some external
perturbation, whichfor a single particls Ij dz 6§ Sa (2 bSgliz2yQa aSO2yR f
the force,"Q exerted upon some particlé&Qis equal to its mas§, multiplied by acceleration,

) (Rapaport, 2004)
0 4 b (1.13)

The force acting between two particl€®), is a function of the potential energg,

and the distance, , between particle&and Qby
O N (1.14.)

where n s the negatie gradient of the potential energy. Note that according to

A 2

bSgli2yQa GKANR flg GKIFIG Iy 202S00 ESNIAY3 |
exerting an opposing force which is equal inntagnitude,however, acts in the opposite
direction from the first object. Thus the forces acting upon a given parfitlee to any other

particle’QO, is,
"O O (1.15.)

Thus, br a systemofi LIt NI A Of Sa sz | 3IA @ JyisdlindlibnioieS Q& Y 2
external forces acting upon the single particl@, and the internal drces,”O, on every
particle in the system due to any given particl@, Thus, by extension this is related to

bSsiizyQs aS302yR ¢ o0@%

n B 00 (1.16.)
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A trajectory consistingof particle positions, forces andelocitiesat small time

intervals] pisthuscalculated by integrating the differential equation,

_ (1.17.)

The standard method for calculating Van der W@llsW)attractive and repulsive
forces is the Lemard-Jones (LJ) potenti@Kamberaj, 2020)J potentials have been shown to
successfully replicatde physical properties of simple moatomic systemgVerlet, 1967)
While perhaps not best suited to more complex molecular systems, it is still thet mo
commonly used method for approximating the VdW contribution to interatomic interactions.

The LJ potential is thus applied by,

Yi L p— — (1.18)

where™Y1 s the potetial energy,N is the welldepth of the potential energy
function and, is the interparticle distance where the potential energy is z€Fbe
individual values for the well depth and optimal interparticle distance are dependent on the
VdW adius of a given atomAdditionally, multiple implementations of {yjpe potentials
exist, however the LJ 32 potential shown in Equation 1.15. is the most commonly
implemented within molecular simulationéX. Wang, Ramirdzinestrosa, Dobnikar, &
Frenkel, 2020)While it is shown here that the potential energy is purely a function of the LJ
potential, in reality there are a number of additional components which contribute to this
(see Section 1.11.Jhe LJ potential gives a reasonable physicalaimation of simple long
range interactions, which are repulsive at very short distances and attractive at longer
distances. In practice, it is necessary to define someoffutlistance, above which the

interactions are ignored, for the purpose of reduccnputational expense. The exact €ut
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off value is of course dependent on the computational power available, as well as the size of

the simulation boxA graphical representatioof the LJ potential shown irFigue 114.

oJ

energy (in kcal/mol)

0=

I I I I I I I [
1 1.2 1.4 1.6 1.8 2 22 24 26 28

) =

(miny T (In angstrom)
R, y

Figure 1.19Plot of the LJ 1B potential, showing the wellepth at ~ 1.6A. The optimal
separation, at the potential energy minimum, is givenyas .

Electrostatic interactions are treated using a Coulombic functidrerein fa neutral
systems the contribution to the total potential energy is expressed as the sum of all partial
charges between all particles pairs in the system. For two interaetiogs "Cand ‘Qthe
partial chargen , is represented as the sum of bomtrements] , which represent the

separation of charges between the covalently bonded atoms, by,

n B (1.19.)

Thus, theenergeticcontribution, Y , from all electrostatic interactions is summed as

(Sharma, 2019)

Y B — (1.20)
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where the sum goes over all atorifand’Qr is the partial charge on atortandi

is the distance between atonig&ndQ

1.9.1. Force fields

Force fields are used in MD simulations tccaoidte the forces exerted between atoms
or moleculegPapon et al., 2006)ndividual contributions to the potential energy are force

field dependent, wherette total potential energy is calculated as

YioY 2% 2% 2% (1.21)

where Y is the contribution from pairs of bonded atom¥, is thesum of all
angles between three bonded atom3/ is the ontribution relating to the energy
change as a function of bond rotation and is the energy from noibonded
interactions between particles, including VdW and electrostatic contribstidiine work
presented herein used two force fild forMD simulations, the optimised potential for liquid
simulations all atom (OPiz&) force fieldJorgensen, Maxwell, & TiradRives, 1996nd the
condensedphase optimised molecular potentials for atomistic simulation studies Il
(COMPASS II) force fi¢lduai Sun et al., 2016a)ssimulations using the OP4a3 force field

were performed externally, the focus from here is on the COMPASS Il force field.

The COMPASS force fi€ld Sun, 1998vas developed as an improvement to the
consistent force field (CFF) and polymer consistent force fields (R@kk)Sun, Mumby,
Maple, & Hagler, 1994)Both of these areab initio force fields, where the forcefield
parameters are fittd to the potential energy surface of a tdanctional groupobtained via
ab initio calculations, in order to obtain reliable geometries and intra/intermolecular

interactions(Maple, Dinur, & Hagler, 1988dditionally, the use of Lennaitbnes % (LJ 9
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6) potentials are taken from these force fields for the description of VdW interactions, which
is another commonly used implementation of the standard LJ potential, however one which
has been shown to be mereffective at short distances, as the standard method has been
RSY2yadNIr G§SR (G2 0SS ai22 NBadenawds: G GKSas
A key objective in the development of the COMPASS forlzk iias to correct the
problems typically encountered lifie PCFF and Cféfce fields in the accurate calculation
of density, and other temperature/pressure and volume dependent properties of systems
under study.These problems arose due to the calculatiawhich were used to develop the
parameters of the force field. These were calculated at O K, wherein the molecules are static,
however, the experimental data used tefine the parameters were measured at finite
temperature. Thus, the resulting parameteirsclude factors such as thermal expansion,
which introduces problems due to thdiffering properties at the different temperatures.
Therefore, these are only valid in cases where the calculations used to develop the

parameters are performed under similaonditions to which the experimental data are

collected.

To overcome these issues, development of the COMPASS force field drevolmmplete
re-parameterisation of the no#bonded interactions, and modification of the valence
parameters, using a hybridb initio/empirical method which is necessary for accurate
prediction of thermodynamic properties. This is due to the typically small number of
molecules used imb initio calculations, which accurately calculate the intramolecular and
shortrange intermolealar interactions. However, in terms of paramaterisation of MD force
fields, this means that these are only suitable for-ghase applications, as they do not
consider the longerange interactions which are important in condenggthse materials.

Thus, he empirical part of force field development is crucial. This approach is commonly
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used to determine no#bonded parametergSagarik & Ahlrichs, 1984nd has been found

to be capable of accurately replicating experimental prajgst for even simplistic Lennard
Jones simulations of molecularly complex sofiédmann, Laso, & Suter, 199kssentially,

ab initio calculations are performed to generate the initial parameters, and MD simulations
of condenseephase systems are then performed, wherein the parameters are refined
against experimental datée.g. diffusion coefficient, molecular volume, dielectric stamt

etc.) such that the true physical properties can be replicated.workflow of the
paramaterisation of the COMPASS force field is shovkigare 115. The COMPASS force
field was recently updated to expand timeimber of polymers and molecules which can be

accurately simulated@Huai Sun et al., 2016b)

Ab Initio Empirical
Parameterization Optimization
Fit Valence Refine Refine

Fit Charge Parameters Valence VDW
N .
Parameters *) Parameters Parameters
Liquid
Properties

Ab Initio
ESP

Gas Phase
Properties

Ab Initio
E, SE/BR,
SF/R

Ab Initio
Training Sets

Empirical
Training Sets

Figure 1.20Workflow for paramaterisation of the COMPASS force fidl&un, 1998) eft:
Electrostatic potential energies (ESP) are calculated fibnmitio methods to determine
partial chargesand valence parameters. VdW parameters are fixednital bestguess
values Right: Experimental data from systems in condensed aneplgases are used to
optimise valence and derive VdW parameters.
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1.9.2. Thermodynamic ensembles

1.9.2.1.Microcanonical ensemble

The microcanonical ensemble, also known as the NVE (canmsieber of particles,
bxr O2yaidlyid @2tdzySs 3 O2yaidlyid SySNHez 90 ¢
solved with no temperature or pressure cont{@amberaj, 2020)Thus, a system using the
NVE ensemble is completely isolated, and therefore the energy is conserved throughout the
dynamics calculations. Fluctuations in the kinetic and potential energy components do occur,

however, the total energy is constant.

1.9.2.2.Canonical ensemble

The NVT ensemble, as with NVE, has a fixed number of particles and volume,
howeverthe system is coupled to a heat bétihermostat for temperature(T) control Thus,
due to interaction between the simuiian box and the heat bath, energy is able to transfer
to and from the simulation boxX he obvious benefit of the NVT ensemble is that the dynamic
properties of the system can be studied as a function of temperature, which is not possible

using the standat microcanonical ensemble.

A variation of the canonical ensemble exists, which is the NPH (constant number of
particles, constant pressure, 8d constant enthalpy, H) ensemblghis allows variation of
the size, and if required, shape, of the simulatlwwk, by coupling to a barostasuch that
pressureinduced changes in a sample material may be examined, without the additional

perturbation of temperature affecting the dynamics.
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1.9.2.3.Isothermaltisobaric ensemble

The final ensemble described here is the Kg®hstant number of particles, constant
pressure and constant temperature) ensemblae temperature and pressure are fixed by
coupling to a thermostat and barostat, respectivedjlowing the volume, and the shape if
required, of the simulation box to eimge.The NPT ensemble is arguably thest method
F2N) AAYdA AFAYI LINRBISNIGASa 2F YIFGSNRAI ficdz | &
the true experimental values, assuming the force field parameters are accurate. As such, it is
common to run he equilibration stage of the dynamics calculation using the NPT ensemble,

before changing to NVE or NVT for trealysisun.

1.9.2.4. Temperature control

In the NVT and NPT ensembles, the simulation coupled to a heat
bath/thermostat for the purposes ofegulating the temperatur€dYong & Zhang, 2013}
number of thermostats are available for dynamics calculations, the most commonly used
within the Materialsstudio package Forciteeing the Berendse(Berendsen, Postma, Van
Gunsteren, Dinola, & Haak, 198dNnd Nosé (Nosé, 1984methods Despite being widely
implemented in MD simulations, recent studies have demonstrated that the Berendsen
thermostat cannot generateeliable trajectories, due to the suppression of fluctuations in
the kinetic energyBraun, Moosavi, & Smit, 2018 hile this is beneficial for quickly reaching
equilibrium in the dynamics calculations, thissults in unrealistic structural and dynamic
properties Thus theBerendsen method is suitable for bringing the system to equilibrium,

before changing to another thermostat during the data coll@eiphase Typically, theNosé
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thermostat is preferred for sampling the equilibrium properties of the simulation, which does

not artificially suppress the kinetic energy, resulting in mai@bledynamics.

1.9.2.5.Pressure control

The NPT and NPH ensemblse a barostat to regulate pressure. This is of course
important where achieving the correct density of the material is of interesthe Materials
Studio software package a number of barostats are avail&alethe purposes of this work,
two shall be briefly described, the Berendg&erendsen et al., 1984nd ParrinelleRahman
(Parrinello & Rahman, 1980arostats. The Berendsen thermostat is widely implemented,
RdzS (2 Al Qa ,Mdveerishfigrs fromh Ahy tdind i€she$ Ehat the Berendsen
thermostat introduces(Braun et al., 2019)in that fluctuations in thekinetic energy are
suppressedThe main advantage of this method is that it is capable of rapidly equilibrating
the pressure, before switchinto a more reliable barostat, or an ensemble wherein pressure
is not controlled This pressure regulation method is commonly implemented for liquid or
amorphous simulations, as the cell is allowed to change volume, but not its .siibpe
ParinelleRahmanbarostat is commonly used for simulations of periodic sytems, as the
volume and shape of the cell are able to change, potenitally allpthie study of strain or
phase transformations in crystalline systerfibe additional benefit of the ParinelRahman

method is that is does not suffer from the same issues as the Berendsen method

1.9.3. Amorphous Cell module in Materials Studio

The Amorphous Cell (AC) module in Materials Studio is used to generate chemically

sensible starting configurations of molecul@e nethod used to construct the simulation
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cell is based upon the configurational bias Monte Carlo techn{gl&ermans, Spenley, &
Robertson, 2013)wherein individual molecules aremstructed fragment by fragment. The

positioning of fragments are chosen randomly, taking into consideration the positions of
surrounding molecules and fragmentand their Boltzmann probabilitigdlja Siepmann &

Frenkel, 1992)As such, the accepted conformation isismleredfrom the probabilifes of

0KS LINB@A2dzate 3ISYSNIGSR 3AS2YSUNARSazZ FAYAy3
oFaSR 2y | LINRPoOoloAfAGE RAAGNAOdzIAZ2Y S dzf GAYI @

conformations.

During the constration stage of the ACthere are a number of additional
considerations available to increase the likelihood of producing a cell that is in some
minimum on the potential energy surface, and that is of course chemically sensible. The
number of steps consided when loading fragments into the cell can be varied. Increasing
the number of steps of course increases the likelihood of finding representative conformers
from the Boltzmann distribution, however, at a computational cost. Additionally, the total
number of steps used to load all molecules into the cell can affect this as it allows more
options to be explored in the construction phasehe program is able to test for ring
spearing, for example a covalent bond passing through an aromatic ring, and avieid suc
fragment placements, and can further limit the possibility of this occurring by restraining
rings such that their surface areare minimisedimposing restraint on the rings themselves

is also beneficial for retaining their geometries and ensuring thake chemical sense.

Sensible closeontacts can be ensured by eliminating the possibility of two atoms
becoming too close to each other, by setting a threshold value for the lower distance limit.
This is done by defining a distance as a fractioanaitom@ VdW radiusAdditional checks

can be performed for the energies whilst fragments are being loaded into the cells, and by
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number of torsions sampled for each fragnt, a larger distribution of conformations may

be explored for a given molecule, thus, increasing the likelihood of the minimum being found.

When constructing the AC, a molecule of interest is selected and the quantity of that
given molecule ispecified wherein the software attempts to load a cell, which is typically
cubic, but may also be tetragonal or orthorhombic, at a target density. There is an option to
initially build the box at a density lower than the target, which further reduces the chances
of unphysical interactions and positionings, such as ring spearing or atom qvieetape
ramping to the required densityultiple cells can be generated and geometry optimised, in

order toincrease the chances of finditige global minimum.

1.10. Summary

The following experimental chapters will explore the potential of PDF analysis in
extracting structural information from amorphous pharmaceuticals. A set of
recommendations are described for obtaining high quality PDF data using a laboratory
instrument, beforebeing applied to a case study of an amorphous drug substance currently
in development at Astra Zeneca. Finally, the use of synchrotron sources for high throughput
PDF data, and the information that can be accessed accordingly, are assessed.
Complementaryo PDF analysis and key to extracting structural information from amorphous
APls is the use of MD simulations, whighlso demonstrated in the last two experimental

chapters.
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Chapter 2: Aims and objectives
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2.1.Aims

The principal aim of this work is toviestigate structure in amorphous pharmaceuticals
using pair distribution function (PDF) analysis. Methods for data collection and treatment will
be investigated for optimising a laboratory diffractometer to enabkhduse PDF analysis.
This includes cotderations for sample handling and preparation, using indomethacin (IND)
and formulated INEpolyvinylpyrrolidone (PVP) as model crystalline and amorphous
pharmaceutical systems. Structure in an amorphous APl (AZD5718) will be investigated using
PDF analysi and molecular dynamics (MD) simulations, to identify potential structural
changes related to preparation method. Similarly, structure and transformations in
amorphous paracetamol (PCM) will be investigated using variable temperature synchrotron
PDF datacoupled with MD simulations. A range of analytical tools are implemented to
complement PDF data and to build confidence in any structural interpretations drawn from

this work.

2.2.0bjectives

To achieve the stated aims of this work, the following were ingagtd:

1. Optimisation of data collection and sample handling procedures to enable PDF
analysis using a lab instrument.
i. Explore the impact of using variable count time (VCT) and constant count
time (CCT) data collection procedures, and different sampleeh@ides on
PDF data quality.
ii. Investigate data treatment procedures for optimising data quality.
iii.  Implement a consistent sample preparation method to build confidence in

any potential structural changes detected in PDF data.
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Determine the ability of PDF tetect the impact of humidity on samples
and to implement suitable controls to minimise uncontrolled exposure of
samples under ambient lab conditions.

Comparison of the sensitivity of PDF analysis to complementary data from

FTFIR and DSC to changes indstiate to understand technique limitations.

2. Investigating the use of PDF to identify of structural changes in samples of an

amorphous APl (AZD5718) as a consequence of different preparation method.

Evaluate variability in samples produced by the same wuktto build
confidence that PDF can detect structural changes as a function of
preparation method.

Comparison of experimental PDF data to PDFs calculated from theoretical
structures derived from MD simulations AZD5718 samples with varying
water contents toinvestigate the influence of water on the structure of
amorphous AZD5718.

Use tools for mapping intermolecular interactions in the Crystal Structure
Database (CSD) to assess differences between theoretical amorphous

AZD5718 structures.

3. Investigate structte and transformations in amorphous paracetamol (PCM).

Collect variable temperature synchrotron PDF data of amorphous PCM.
Investigate structural transformations in amorphous PCM by statistical
analysis of PDF data that include comparison with known sirest
principal component analysis and area under curve calculations for VT PDF
data.

Attempt to determine a thermodynamically feasible structural model for

amorphous PCM using MD simulations coupled with PDF.
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iv.  Apply interfacial MD simulations to investigabbserved crystallisation

behaviour of amorphous PCM.
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Chapter 3: Materials and methods
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3.1.Materials

The materials used in the project are listedTiable3.1. All materials wre purchased
from Sigma Aldrich, with the exception of AZD5718, which was received from Astra Zeneca,

Gothenburg, Sweden.

Table 3.1 Compound names and chemical formulamfterials used in the project.

Compound Chemical formula

Indomethacin(98.5¢ 100.5%) GoHisCINQ

Polyvinyl pyrrolidone K25 (PVP) (GHsNO),

Paracetamo(97%) GHING

AZD5718 GaHoeN6Os
3.2.Methods

3.2.1. Sample characterisation and analysis

3.2.1.1 Laboratory XRPD

Highresolution XRPD data for phase identification purposes were collected on a
Bruker D8 Advance, equipped with a copper source (wavelength A)54 DebyeScherrer
transmission and a LynxEye 1D Detector. Samples were lightly ground before loading into
0.7mm borosilicate glass capillaries. Capillaries were rotated during data collection to ensure

good powder averaging. Data collection parameters varied betvgeans.

All lab data for PDF measurements were collected using a Malvern Panalytical

EMPYREAN diffractometer, using a molybdenum source (wavelength A)7088:ss
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otherwise stated. A GaliPIX3D detector was used for detection of reflections. Measurements
were collected at ambient temperatures. Samples were lightly ground before being loaded
into either 2 mm or 3.5 mm borosilicate glass capillaries. The samples were rotated during
data collection to ensure good powder averaging. A variable count time (d€rgollection
procedure was implemented to optimise sigit@inoise across the range i, unless
otherwise stated.Instrumental factors affecting PDF data (zeroor, 0 -damping ando -
broadening) were refined against NIST standard reference material 640c Si and fixed during
any PDF calculations or refinements. Specific data collectiocanpgzers varied between

scans.

3.2.1.2.Synchrotron XRPD

All synchrotron PDF data were collected at Diamond Light Source beam lkfie 115
proposal number E17779. Data were collected for 300 seconds per sample waygwith
wavelength 0.161669 A andPerkinElme XRD 1611 CP3 area detec®amples were lightly
ground and loaded into 1.5 mm (OD) borosilicate glass capillaries. Capillaries were held in a
12-slot motorised sample changer and rotated during data collection to ensure good powder

statistics. Temperate control was achieved using a CryoJet with liquid nitrogen.

3.2.2. PDF calculations and refinements
3.2.2.1.Calculation of PDF from-pay total scattering data

3.2.2.1.1. xPDFsuite

xPDFsuitéYang, Juhas, Farrow, & Billinge, 20443 used in Chapter 4 for calculation

of PDF data from corrected and normaliseda)( total scattering data. This software
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package was initially selected due to its easess and capability of handling a large
number of data sets simultaneously for PDF calculatidrscan of an empty borosilicate
glass capillary (either 1.5 mm or 2 mm, for synchrotron or laboratory, respectively) was
used for background subtraction, befoaeitomated normalisation and corrections are
applied for Fourier transformation to the PDF'Y  of 0.9 A wa used which defines

the shortest atormatom distance in the samplanda®  of 0.1 AL The values used for

0 varied between samples

3.2.2.1.2. GudrunX

GudrunXAlan K Soper, 201#as used from Chapters 5 and 6 to obtain the PDF from X
ray total scattering data. A scan of an empty borosilicate glass capillary (either 1.5 mm or 3.5
mm, for synchrotron or laboratory, respectivelwas used for background subtraction,
before normalisation and corrections are applied for Fourier transformation to the PDF. Data
were treated with a Sopekorch convolutionAlan K. Soper & Barney, 20X@)minimise
termination effects from the finite Fourier transform. Tiie and0 values selected
changed depending osampleand data collection parameters. The minimum radius for

Fourier transform, defining the shortest ateatom distance was 0.8.

3.2.2.2.Calculaton of PDFs from structural models

3.2.2.2.1. PDFit

PDFfit(Proffen & Billinge, 1999as used for automad batch calculation of PDFs
from MD simulation frames in Chapter 5. PDFfit was used in this instance due to its flexibility

and capability of handling large volumes of PDF calculations. Anisotropic displacement
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parameters (ADPs) were fixed at 0.00R5%nd PDFs were calculated between 0.1 andd30

with a step size of 0.0&

3.2.2.2.2. TOPAS Academic V6

TOPAS academic Y. A. Coelho, 2003; Alan @oelho, 2018)as used to calculate
PDFs from MD simulation frames in Chapter 6, and refinement of the crystal structure to the
experimental PDF data in Chapter 5. TOPAS was selected in these instances as it was only a
single MD frame that was used foomparison to experimental data in Chapter 6, and the
use of rigid body refinement (Chapter 1), which is not available in PDFfit, made fitting of the
PDFs of molecular compounds possible in Chapter 5. The use of TOPAS is generally more
applicable than othesoftware packages for PDF calculations and refinements, as the macros
have been modified to account for small thermal parameters atilpwlue to correlated
atomic motion, which increase gradually at higheto account for decreasing correlated
motion due to intermolecular contacts. In packages such as PDFfit, ADPs are fixed across the

full i -range, thus it is difficult to obtain suitable parameters.

3.2.3. Sample handling and moisture control

To minimise the contribution of environmental or procésducedsample variations
to the PDF data, all materials were handled witlinpolyethylene glove bag (Aldrith
AtmosBag) under a dry nitrogdlow at ~25°C and 5% RHThis includes grinding of glass
into powder, loading of powders into capillaries and ldagn storage. Sample drying
(where necessary) was carried out by loading powders or glass into a petri dishOyar P

a vacuum oven at room temperature. Samples were dried for up to 48 hours before being
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transferred to the polyethylene glove bag for furtheandling/storage. Where samples were
deliberately exposed to elevated humidity (Chapter 4), samples were transferred to a
polyethylene glove bag containing a supersaturated sodium chlayiater solution (67

71% RH) for up to 48 hours.

3.2.4. Statistical ana}sis

The statistical analysis package PolySKBePr et al., 2004byvas used to perform
pattern-matching and quantify the similarity between PDF ds¢éds. PolySNAP quantifies
similarity by calculating Pearson correlation coefficients (Q@grs, Well, & Lorch, 2013)
between twogiven patterns, where a CC of 1 suggests complete correlation between two
patterns (e.g. superimposable) and a CGlokuggests a complete negative correlation.
PolySNAP was chosen as it is capable of handling a number of data formats, allowing it to
process diffraction, thermal and spectroscopic data if necessary and provides a rapid means

of assessing the simiigy between multiple data sets.

3.2.5. Molecular dynamics simulations

3.2.5.1.Amorphous cell

The Materials Studio (San Diego, USA) Amorphous Cell (AC) pacisagsed to
generate starting configurations of molecules in a large box. The COMRASS 8un et al.,
2016a) force field was used to calculate interactions between particles. The Ewald
summation method w&s used to calculate loagnge electrostatic interactions, with an

Ewald accuracy of 1.0x30The atorabased method of summation was used for van der
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Waals with a cubic spline truncation at 135and a spline width of A. Partial charges were

calculaed as assigned by the COMPASS |I force field.

In the construction of the Amorphous Cell, the temperature used was 298 K, and a
segment lookahead of 10 steps was selected, with a total number of loading steps of 1000,
to appropriately explore the conformatnal space. Checks were performed for ramgparing
and aromatic ring geometries were fixed. 10 starting configurations were sampled for the
initial input position of each molecule and each torsion angle. The cells were constructed
with an initial densityof 0.2 gkn?, before being ramped to the target densitiyollowing
construction of the cell, the geometry was optimised using the Smart method, with
convergence criteria for energy, force and displacement of 2k&@l/mol, 0.001 kcal/molk
and 1x16 A, respectively. Standard pressure (1.013%T@Pa) was applied during geometry

optimisation.

3.2.5.2.Dynamics calculations

The Forcite module in Materials Studio was used for molecular dynamics simulations.
The same force field parameters and summation methodsuiied in Section 1.2.4.1 were
applied for the dynamics calculations. In all cases, the initial velocities were randomly
assigned. Regardless of total simulation time, the time step selected was 0.5 fs, and a frame
output of 1/ps was chosen for analydisthe NVT and NPT ensembles, the Nbksé, 1984)
thermostat was used. The Berendd@erendsen et al 1984)barostat was used for pressure
control in the NPT ensemble, with external pressure of 1.013x&Pa. The Berendsen
barostat was used, despite its drawbacks, due to its ability to rapidly equilibrate the pressure.
This was an acceptable methodtag volume of the cell was fixed during the analysis runs

and as such did not affect the dynamics.
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3.2.6. Searching, visualisation and analysis of structures

All structures were visualised using tMercury software within the CSDGroom,
Bruno, Lightfoot, Ward, & IUCr, 201&tructure analysis was performed usithe Aromatic
Analyser and hydrogen Bond Coordination Q&aw modules withirMercury. TheMogul
module inMercurywas used for assessing intramolecular geometries from MD simulations
of amorphous PCM. Structures used for refinements to PDF and XRP&elgtven ifable

3.2.

The Aromatic Analyser module assesses the strength of aromatic interactions using
a neural network which has been trained using quantum mechanical calculations of phenyl
rings in differinggeometries. Aromatic interactions are scored between 0 and 10 and ranked
as weak (@; 3), moderate (3 7) or strong (7¢ 10). Scores are calculated by selecting a
molecule of interest. The software then automatically calculates the interaction score of th

surrounding molecules.

The Hydrogen Bonding Coordination QeMikw module allows a rapid assessment
of the intermolecular geometries in a given structure. Hydrogen bonding is assessed by
calculating the probability for the observed coordination numbafreydrogen bonds within
a structure, based on the data available within the CSD. Thus, the most feasible bonding
arrangement in a series of structures can be determined by comparison of the probabilities
calculated within the module, where a low probatyilsuggests that there is a more feasible

arrangement of intermolecular contacts.
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Table 3.2 List of structures used for refinements to PDF and XRPD data, including refcodes
where applicable.

Compound Refcode Polymorphic form  Source

PCM HXACANO4 I CSD

PCM HXACANOS 1 CSD

PCM HXACANA40 1l CSD

PCM HXACAN39 Il-m CSD

PCM HXACANA47 Vi CSD
AZD5718 N/A I AstraZeneca

ConQues(Bruno et al., 2002ayas used to search the CSD and the custchoirmse
database created using CSD Editor. Typically, an input structure was drawn within the
software with a structural feature of interest identified for the sear€@onQuesthen
searches for all structures within the CSD with the matching structurairealndividual

search criteria are specified in Chapter 6.
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Chapter 4: Practical considerations for reliable pair
distribution function of amorphous pharmaceuticals using
laboratory sources
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4.1.Introduction
A major challenge farng the pharmaceutical industry is the poor aqueous solubility of a high
percentage of new chemical entities (NC&®perging frondiscovey programmegKanaujia
et al., 2015) As such, there has been a surge in interest in amorpbolids to exploit tre
solubility advantages exhibited in contrast to their crystalline counterg&t#cock & Parks,
2000) The drawback of amorphous pharmaceutical solids, is the risk of spontaneous
conversion to a more thermodynamically favoured form that can occur dusiocessing
storageor use(Qian, Huang, & Hussain, 201The unstable character of amorphous solids
can be counteredby the use of a polymeric matrix, which can improve stability through-solid
state interactions with the active pharmaceutical ingredient (API) and by kinetically hindering

mobility of the drug(Baghel et al., 2016)

As such, a keyesearchobjective hasbeen to understand the thermodynamic phase
behaviour of formulated drugolymer systemg¢Bordos et al., 2019; Rumondor et al., 2009;
Yuan et al., 2015)Tofully achieve this, it is useful to have the capability to unambiguously
characterise the structes of amorphous solids and their polymeric formulations and to
detect structural changes indicative afiyachange in solid state. Structural characterisation

of crystalline materials is a routine procedure in drug development. However, given the lack

7 A

oflongNI y3S 2NRSNJ Ay | Y2NlLIK2dza az2f ARax GK NE Ij

NBadzZ GAYy3 Ay (KS | Y 20y pvderzdifiraction (KRPO) egporin@ndII S R A
(Stachurski, 2011)Despite the lack of loagnge ordering, amorphousolids do exhibit a
af 201Kt ¢ aidNHzOUG0dzZNE X 6 KA OK -sCale yocalboBlerihgN® &dbiier ( 2 dzy

transformation of XRPD data to the pair distribution function (RDéReshi & Billinge, 2012)

The growing interestin the commercial exploition of amorphous pharmaceuticals has

driven interest in the applications of the PDF method in understanding amorphous APIs.
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Historically employed in the study of inorganic liquids and gla@&§eswvood & Boggs, 1942;
Lorch, 1969; Thijsse, 1984; Wagned8Q), PDF analysis has found utility in the analysis of
nanocrystalline materials and disordered crystéBiffe et al., 2010; Jiang et al., 2017;
Masadeh et al., 2007; Young & Goodwin, 20Thge last decade has seen these applications
extend to molealar organic materials, with an emphasis on pharmaceutical sglgéraujo

et al.,, 2017; Shi et al., 2017; Terban et al., 2016, 202an effort to understand what is

becoming an increasingly important clasdwfctionalmaterials.

Most PDF studieare performed at synchrotron facilitige benefit fromthe high flux and
detector efficienciegor good signal to noise, rapid data acquisition to higfCQupas et al.,
2003, 2007; Sutter et al., 201&s such, a number of challenges arise for geimegatliable
PDFs using a laboratory diffractometer, particularly in the characterisation catiomic
number materials, such asganicpharmaceuticals and polyme(Betkov et al., 2013While
there are a few literature examples of PDF studies of plaa@euticals using a laboratory
system(Chieng et al., 2013; Geddes et al., 2019; Nollenberger et al.,, 2008 has been
little effort to address the specific data collection and sample handling procedures required
for reliable PDF data. Firstly, dtethe wavelengthdependence of the accessible in

the experiment (Chapter;1Section 1.8.2)1 it has been recommended that a molybdenum
anode ( |p = 0.709A, 0 ~ 17 A% is necessary to meet the minimum resolution
requirements fora unique PDRFDykhne et al., 2011 further significant hurdle in data
collection is in altering the diffraction experiment to address the drastieofalbf elastic
scattering at highd, which is also met with an increase in inelastic scatteringe €rch
approach to optimise counting statistics at higlis to implement a variable count time (VCT)
collection procedurgDinnebier & Billinge, 2008; Florence et al., 2005; te Nijenhuis et al.,
2009) whereing—is split into sections, and correspangd collection times increased with

each angular rangéo minimise noise where measured intensities are weak8stmple
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holders should minimise background contributions and allow for a wide angular range of
measurement ing— A transmission geometry insiment is well suited to thigDavid et al.,

2010) in addition to avoiding effects of sample movement during measurement as a result
of phase transitions for example. Additionally, containing material within a capillary can also

minimise exposure to emanmental factors, such as elevated humidity.

Beyond instrument and data quality considerations, there are, of course, sample
specific requirements for reliable PDF da@ommon factors that can impact on the PDF
include homogeneity (uniformity of the anorphous dispersion)composition (APland
polymer concentration) amorphous content (completely free of crystalline AREsidual
humidity (minimal moisture contentlarticle size (consistent particle size distributi@md
degradation of APl/polymerindeed, these factors are related, and it is thus crucial to
minimise any variables or processes which may hauecantrolled effect on any of the
above. Central toachieving this ighe preparation method, and the repeatability and
reproducibility of any pscess implemented to produce the amorphous form. A nhumber of
properties of formulated amorphous solids can vary as a consequence of the preparation

method, as detailed ifable4.1.
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Table 4.1 Thermodynamic status and destabilisation driving force for solid
dispersions/solutiongQian et al., 2010).

Thermodynamic status ASD structure Destabilization driving

force
Thermodynamically stable  Amorphous solid solution (ASS)/ None
glass molecular dispersion of APl and
polymer
Thermodynamically stable Amorphous solution (AS)/ None

liquid

Supersaturated glass

Supersaturated liquid

Supersaturated and

immiscible glass

Supersaturated and

immiscible liquid

molecular dispersion of APl and

polymer

Amorphousamorphous phase
separated/ Crystallinamorphous

phase separated (AAPS/CAPS)

Amorphousamorphous phase
separated/ Crystallinamorphous

phase separated (AAPS/CAPS)

Amorphais-amorphous phase

separated (AAPS)

Amorphousamorphous phase

separated (AAPS)

Amorphous phase
separation, crgtallisation

of supersaturated API

Amorphous phase
separation, crystallisation

of supersaturated API

Amorphous phase

separation

Amorphous phase

separation

The indomethacifpolyvinylpyrrolidone (INBPVP) solid dispersion is a waiidiedmiscible

amorphous system (Yoshioka et al., 1994; Yuan et al., 2015; Tian et al., 2016) used for the

stabilisation of the BCS class Il API indomethacin. Due to the presence of hydroxyl group (see
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Figurel.lb), INDis amenable to hydrogen bond formation with PVP (which has a hydrogen
bond acceptor group, seigurel.la) and together IND and PVP form an amorphous solid
dispersion. PDF analysis was applied to study this anooigpslystenwith a view to achieving

a consistent approach to producing high quality lab derived PDFs that can be used to
characterise the local structure and stability in this model system as a function of

composition, manufacturing route and storage.

a

(a) (b)

Fgure 4.1 Chemical structures of (&VP monomeand (b)IND highlighting the hydrogen
bond donor and acceptor groups (red circles) respectively.

4.2 .Experimental methods
4.2.1. Materials
4.2.1.1.Reference materials
Indomethacin and PVP Kollidt2b were purchased fromi@na Aldrich. Reference
data were collected for the agceived materials (aseceived indomethacin was purchased

in the gamma polymorphic form).
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4.2.1.2 Processed materials
Table4 .2 lists theprocessed ASD materials thaere prepared from the reference materials
and used throughout this work in the physical states lisi&ll.processed materials were

analysed within 30 minutes of preparation.

Table 4.2Nomenclature used to describe ASD preparations.

ASD composition  Storthand Physical states Description

INDPVP 85:15 wt% EXTBC85 Extrudate C85 powder  Triturated extrudate powder

EXTBC85 Extrudate C85 glass Extrudate glass

SDC85 Spray dried C85 Spray dried powder

- Melt cooled C85 glass  Melt cooled glass

- Melt cooled C85 powder Triturated melt cooled powder

IND-PVP 70:30 wt% EXTBC70 Extrudate C70 powder  Triturated extrudate powder

EXTBEC70 Extrudate C70 glass Extrudate glass

SDC50 Spray dried C50 Spray dried powder
SDC70 Spray dried C70 Spray dred powder
SDC85 Spray dried C85 Spray dried powder

INDPVP 70:30 wt% EXTBC50 Extrudate C50 powder  Triturated extrudate powder

EXTBC50 Extrudate C50 glass Extrudate glass

SDC50 Spray dried C50 Spray dried powder
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IND-PVP 20:80 wt% EXTBC20 Extrudate C20 powder  Triturated extrudate powder

EXTBC20 Extrudate C20 glass Extrudate glass

4.2.1.3.Amorphous IND

Amorphous IND was prepared by weighing 10g efeasived IND into a stainless
steel beaker that was submerged into a freated (175°C) silicon diath. Temperature
control was achieved using a hplate and temperature probe. Continuous stirring was
performed for 515 minutes using an overheadb?ade pitched impeller at ~400rpm. When
all sample was melted, the beaker was transferred to a polyetigylglove bag (Aldriénh
AtmosBag) under a dry nitrogen atmosphere at ~25°C &% RH to cool for 15 min. Use of
the glove bag ensured minimal exposure to environmental humidity. Following this, the

amorphous glass was removed and ground for 4 minutederibie glove bag.

4.2.1.4.Alpha IND
Alpha indomethacin was prepared by antisolvent crystallisation from hot ethanol (80
°C), as described in the literatuf€hen et al., 2002Room temperature filtered water was
used as antisolvent. The -meystallised samplevas dried in a vacuum oven at room

temperature for 24 hours before recovery.

4.2.1.5.Melt cooled C85
8.5 g of ageceived IND and 1.5 g of PVP (dried for 19 hours at 110 °C to minimise
water content) were weighed into a 100 ml stainkstsel beaker. A light prenixing of the

mixture was performed within the beaker using a spatula to assist the melting process. The
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beaker was immersed in a silicon oil bath as described in Section 2.1.2.1. Sample was heated
for an initial period of 10 minutes with no mixing assthllowed the powders to melt without
deposition of powder on the impeller blades and beaker walls, affecting the composition of
the final product. After the initial melting period, mixing was achieved using thiade
impeller (Section 2.1.2.1.). Aftenginutes of mixing, the sample was transferred to the glove

bag and ground for four minutes.

4.2.1.6.Extruded C20, C50, C70 and C85
All extruded materials were prepared using a Thermo Scietfifmcess 11 11mm
twin-screw hotmelt extruder. All compositions wengeighed out as dried powders into 25
ml sample bottles and shaken vigorously to produce a homogeneous blend. Powders were
fed into the extruder using a spatula. The screw speed was set to 100 rpm. Temperature was
fixed at 50 °C for initial processing, bef being ramped to 170 °C before the die zone (die
diameter = 1mm), to minimise thermal degradation. A Terwin Instruments 2000 was used to

monitor pressure.

4.3.X-ray powder diffraction instrumentation
4.3.1.1.Laboratory silver Xay powder diffraction
All silver Xray powder diffraction data were collected using a Malvern Panalytical
EMPYREAN diffractometénolybdenumanode, 0.5594 A) in Deby&cherrer transmission
geometry, equipped with a GaliPIX3D detector. Data were collected in the angular rgnge 3

Mn T with stgpSize of 0.014 °, and a constant count time of 1 second per step.
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All powder samples were lightly triturated to minimise any preferred orientation effects.
Samples were loaded into 1 mm borosilicate glass capillaries (Capillary Tubes Supplies Ltd
A GaliPIX3D detector was used in 1D mode for all scans. Measurements were performed at

ambient temperature unless otherwise stated.

4.3.2. Laboratory molybdenum >ay powder diffraction

All molybdenum >ay powder diffraction (0.7093 A) data were collectedd@scribed in
2.2.1 Data were collected in the angular range 347 °¢—employing a VCT procedure as
shown inTable4.3, with a constant stesize of 0.014 ¢— All powder samples were lightly
triturated to minimise any preferred orientation effects, or in the case of amorphous
samples, to ensure optimal packing density within the capillaries. Samples were loaded into
2 mm borosilicate glass capillaries (Capillary Tubes Supplies Ltd.). GaliPIX3D detector was
used in 1D mode for all scans. Measurements were performed at ambiericeiure

unless otherwise stated.

Table 4.3XRPD VCT data collectjperameters for laboratory PDF analysis

Angular rangé®°¢— Time per step (S)

3¢15 0.5
15¢ 32 1
32¢ 44 1.5
44¢61 3.5
61-147 8
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4.3.3. Synchrotron Xray powder diffraction

All synchrotron Xray total scattering data was collected on the Diamond Beamlinel 115
(proposal EE17779), using a wavelength 080669 A and a PerkinElmer XRD 1611 CP3 area
detector. Powder samples were lightly triturated, sealed in 1.5 mm borosilicate capillaries,
and mounted onto a 18lot motorized sample changer. The sample changer was used to
align each capillary with the-pgy beam for measurements. A cryojet was used for
temperature control to achieve and maintain temperatures in the raqtjé3 °Q; 175 °C. All

programming was carried out using arhause Pythofisoftware.

4.3.4. Pair distribution function

Although a number of softare packages exist for the automatic transformation of total
scattering data to the PDF, xPDFs\{ifang et al., 2014)as used in thistudy enabling its
assessment for ease of ugajnimal user input for calculatiorsnd reliable PDF generation
A scan of an emptgZmm borosilicate glass capillary was used for background subtraction,
unless otherwise stated. AW of 0.9 A was used, which defines the shortest atmiom
distance in the sample, along wittba  of 0.1 AL The values used for ~ varied between
samples, as termination effects are partly dependent on the amplitud®©of , as will be

demonstrated.

4.4 Measuring effect of drying and elevated humidity on the PDF

44.1. C20

To assess the effect of moisture absorption on the PDF, C20 extrudate was ground in the

glove bag for 4 minutes, before being transferred to a petri dish, undes, fh a vacuum
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oven at room temperature for 24 hours. After sampling for analysis, the material was
transferred to a glove bag with a supersaturated sodium chloride solution, which provided
elevated humidity in the range 6§71% RH, for 48 hours. Aftergosure to humidity, the

material was once again placed in the vacuum oven for 48 hours, to remove moisture.

44.2. PVP

Before any initial drying of PVP was performed, someppoeessing of the aseceived
powder was carried out. 5g of @sceived PVP was weigténto the stainless steel beaker,
and heated as described t1.2.1 only the heating process was allowed to continue for 25
minutes. After cooling, the powder was dried and exposed to elevated humidity, before

drying, as described in the Section 2.3.1.

4.5.Statistical analysis

The software packag®olySNARBarr, Dong, & Gilmore, 2004&as used to quantify
similarity between PDFs, by calculating Pearson correlation coefficients (CC) between each
data set. A CC of 1 indicates a complete corratalietween two PDFs, whereas a CClof
indicates a complete negative correlation. Various analysis windows were used for PDF data,

as indicated in each section.

4.6.Results and discussion

4.6.1. Reproducibility of the PDF

Reliable PDF analysis of amorphous materiedquires reproducible total scattering

measurements. It is necessary to optimise the data collection procedure when using a
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laboratory Xray diffractometer (particularly capillary size, sample presentation, source
anode, and counting time), due to thenlitations imposed by the instrument geometry and
flux, in contrast with synchrotron sources. The procedure taken in this work is discussed from

Section 3.1.1. onwards.

4.6.2. Capillary size and sample presentation

1 mm and 2 mm borosilicate glass capillariesentested for data collection for PDF analysis,
using a molybdenum source. These contrast with the 0.7 mm capillary typically used for
copper XRPD, which, due to the narrow diamepeovide greater angular resolution but at
the expense of signadoise ratd (SNR) due to the lower irradiated sample voluifiee data
collected from samples held in the 1 mm capillary are shown to havehigbels of noise
than the 2mm capillary data. This is illustratedFigure4.2, with a comparison of théO0
profiles shoving higher levels of noise at high for the 1 mm capillaryTheimproved SNR
from the 2mm capillaries also was shownpimvide reproducibleOi curves Figure4.3).
The effect of noise is visible in the resulting ReRerated from thel mm capillandata, as
higher noise ifO0 (Figure4.2) introduces significant variations ithe "O1  despite having
agenerallysimilar"O0 profile andidentical0 . On closer inspection of the G(r) curves,

the ripples resulting from higher noise in the 1 mm capillary also have higher amplitudes.
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Crystalline IND 1 mm capillary
Crystalline IND 2 mm capillary

- F(Q)

Q (A4

Figure 4.2 Stack ofO0 profiles of crystalline indomethacin using a 1mm (blue) and 2mm
(green) capillary.

—— Gamma-IND 2 mm capillary
15 4 Form: Powder = Gamma-IND 2 mm capillary
Capillary: Borosilicate 1 mm and 2 mm Gamma-IND 2 mm cap!llary
Qo = 16 A = Gamma-IND 1 mm capillary
2=07093 A

Source: Lab Molybdenum

-0.5 +

1 Il 1 Il 1
T T T T

1
0 5 10 15 20 25

r (A)

Figue 4.3:"Oi curves generated from 1 mm and 2 mm borosilicate capillaries for Gamma
IND.
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The high similarity between the PDFs calculated from crystalline IND in 2mm capillaries is
reflected in the PolySNAP analydialfle4.4), where PDFs were compared in the region3.5

to 30A. TheCCs between all samples are close to 0.99. However, in comparison to the 1 mm
measurement, the poor reproducibility due to the limited sample volume is showeyev

the highest CC is 0.749. While only a single measurement was taken using the molybdenum
source and 1 mm capillary, the poor correlation between the 2mm and 1mm PDFs is striking.
This demonstrates that the wider diameter capillary is far more suitaipleDF analysis using

a laboratory instrument.

Table 4.4 Pearson correlation coefficients between 1 mm and 2mm PDFs of crystalline IND.
Values lower than 0.9 are highlighted bold.

2mm (1) 2 mm (2) 2 mm (3) 1mm
2 mm (1) 1 0.992 0.993 0.742
2 mm (2) 1 0.985 0.749
2 mm (3) 1 0.729
1 mm 1

4.6.3. Effect of noise using a silver laboratory source

The effect of optimising data collection procedures and the detrimental impact of
noise on PDF reproducibility was investigated with a-\eavelength laboratry Ag source
(_ 0.5594 A), using a constant counting time (CCT) and a 1 mm borosilicate capillary
(Section 2.2.1.Figure4.4 shows the variability ifOi curves produced by very noisy signals

at high0. In"O0 , high levels of noismask any features in the trusignal, particularly at
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high-0. The random noise translated into poor reprodiii in the resultantOi curves
with significantsmallamplitude ripplesevident. This renders the PDiissuitable forreliable
analysis. Whilst the low wavelength of the silver anode has a higher acceS$sible the
resultsshow the impact oflata collectionrwhere adequatescattering across thé ¢ rangeis
not implemented As such, for lab PDF, thereaisradeoff between the useabl® | the

quality of the data, and collection time required for suitable data to be obtained.

m—— Gamma-IND 1 mm (1)
e Gamma-IND 1 mm (2)
Gamma-IND 1 mm (3)

Source: Lab Silver

Material: Gamma-IND
Form: Powder

Capillary: 1 mm borosilicate

Qay = 12 A
2 =0.5594 A

Figure 4.4°00 and correspondingOi curves of three crystalline indomethacin samples,
collected using a silve¢ray source with CCT data collection procedure.

The poor reproducibility of the Ag measurements is alsarly evident fronthe PolySNAP
analysis Table4.5), where all values are significantly lower than 0.9.cBgtrast to the

molybdenumVCTscans using the 2 mm capillawyhich were all above 0.9
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Table 4.5Pearson correlation coefficients between Ag PDFs of crystalline IND. Values lower
than 0.9 are highlighted bold.

Ag (1) Ag (2) Ag (3)
Ag (1) 1 0.818 0.718
Ag (2) 1 0.686
Ag (3) 1

4.7.PDF data treatment and improvement

Obtaining atomic PDFs that enable and facilitate accurate characterisation of amorphous
APIs and solid dispersions requires carefully collected XRPD data and potential application of
data treatment procedures that minimise systematic errors in PDF analysis. In this section,
options are explored for improving the quality of th®i curves of amorphous and
crystalline materials used in this work. These procedures address (i) artefacts introduced
from experimental noise, and (ii) systematic errors introduced in the processing of the raw

experimental data.

4.7.1. Addressing ripples frmm Fourier transformation

Ripples caused by termination of the Fourier transformuat H> can be
modelled a® EDI  ij i, and have a wavelength’of¢* j 0 (Takeshi and Billinge, 2012).
This is shown by performing the Fourigansform of"'O0 simulated as a flat line and
comparing to the calculated curves ©fED1  1ji to compare ripple periodicity (Appendix
1: Section 7.). F6O0 simulated as a flat line, its value remains constant at unity throughout
the entire 0 -range. This means that the wavelength of ripples is dependeni on , and

the higher0 is, the shorter the ripple wavelength. A plot of ripple wavelength versus
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0 demonstrates thisKigure4.5). Also, the effect ob on "Oi profiles generated
from a flat line’O0 is shown irFigure4.6. Since no structural information is contained in
these "Oi profiles, what is observeds purely the effect of Fourier transforming the

termination function at a finite) value. As expected, the wavelengths of tld profiles

decrease with increasing

7
°
6 H
Zs | !
E H
CC» H
5 4 B
o :
©
S3| ®
Q b
g, y = 6.1981x0.9%
[0 '-... R2 = 0.9996
“o.
1 ‘@,
‘®.9 ..
. .'.-...-.-.....,’....‘...“'....-.",
0 5 10 15 20 25 30 35

Qrmax (A1)

Figure 4.5Ripple wavelength as a function®f ."Oi geneated from™00 1 (shown
in Figure4.6).
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A -1
Source: N/A 2 §_1
Material: Flat line as F(Q) - 1
Form: N/A — TN
0.001 + | Capillary: N/A 20 A1
— 26 A-1
— 35 A1
0.0005 +
]
0+
-0.0005 +
-0.001 } 4 B $
16 17 18 19 20
r (A)
Figure 4.6°01 profiles for different values dd  ."Oi generated fromriO0 1.

Secondly, the amplitude of termination ripples is shown to be dependent on the value of
"O0 at the termindion pointi.e.”O0 atd . This is demonstrated Figure4.7, where a

flat line is input as théQd . Termination of the Fourier transform at where the
amplitude of "O0 0 results in hgher ripple amplitudes. WheréO0 0, ripples are
significantly dampened; therefore, the impact of ripples can be further reduced by
terminating 0 where 00 is close to zero. While these of course represent idealised
cases wherein there areo statistical errors in thé00 or "O0 input data, this can be
translated to experimental data where noise is present. It is also important to note that for
experimental data, the resulting PDF is convoluted with both the Fourier transform of the

termination function, and the Fourier transform of the no{3akeshi & Billinge, 2012b)
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— 147AF(Q)=0
Source: N/A - _
0.002 | Material: Flat line as F(Q) - 15-2'{\'1 F(Q) = 0.002
Form: N/A — 16.4A"F(Q) = 0.006
Capillary: N/A

0.001 +

-0.001 +

r (A)

Figure 4.7 Ripple amplitude as a function @0 value."Oi generated from flaline as
o .

4.7.2. Addressing ripples from experimental counting statistics

As shown above, thevavelength and amplitude dfipplesin a measured PD&aused by
termination at0 can be well described and at least their impact minimidddwever,
ripples caused by low SNR in the raw intensity data. For strongly scattering crystalline
materials, the'Oi has intense peaks at high therefore ripples in this range are largely
inconsequential Howeverfor amorphous systems wheréeaturelessOi curves at higher

i are generated the ripples present potentially bigger impact on the interpretation of . PDFs
It is desirable to address rippléisat arise from the raw data and result moise in"Oi to
ensure features are not wrongly assigned, esiplly where materials have significant

amorphous content and emerging structural features (e.g. nanocrystallinity) may be weak.
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4.7.3. Approaches to mitigating ripples ify » curves

Two approaches to correctingndesirable spurious ripples ifOi curves are evaluated in

the following sectionsnamely minimising errors and Savizplay smoothingZimmermann

& Kohler, 2013)Assessment dhesecorrection techniques was performed in MATEA816

to aid flexibility and improve understanding already afforded by commercially available PDF

software.

4.7.3.1.Error minimisation

Onepossibleapproach to reducing the amplitude of termination rippleS@i is to
terminate"O0 at a0 where the value ofO1 x 0, as demonstrated in Section 4.1. In
Figure4.8, the"O0 of AmorphIND was terminated ai ~ of 16 A' and 20 A to observe
the effect of the termination point 00 value) on the amplitude of ripples @i . An
immediate consequence of terminatifi@0 at different0d is a variation ifilOi features
as shown irFigure4.9. Terminating at loweb of 16 A not only resulted in a loss of real
space resolution, evidenced by broadened peaks in theilawgion, but also caused
distortions to the lowi features at 2.6 A, 3.6 A and 3.9 A. The most noticeable charige in
low-i region occurred at <1 A where the positions of termination ripples changed alongside
reduced amplitudes foD of 16 AL In the highi region, visibly higher amplitudes of
termination ripples were observed far  of 20 AL Acloser view of this range iRigure
4.10demonstrates this. It is important to note that the increased amplitudes of ripples in the

highi region is also a contribution from a much nois@d truncation atd of 20 AL
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f— Qmax= 16 A,1
Source: Synchrotron —_0 =20 A1
Material: Amorph-IND max
Form: Powder
Capillary: Borosilicate 2 mm
A=0.161669 A
Green line is
termination
at Qpnar = 16 AL
g - |
(W ,'.
/
I
s -
Q(A?)

Figure 4.8 Termination ofO0 of AmorphIND at differenth values.

These results illustrate the challengetgrminating at a maximum attainable
(where counting statistics are not detrimental) does metessarily result in better quality
PDFwhere 0 is negatively impacted and therefore the overall quality/information
content of the PFD is reducetlhe error minimisation method therefore is an optimisation
of the termination point which satisfs the requirement of a maximum attainaklle , and
avalue of'O0 that is close to zero, which as seenFigure4.9 the location can have
significant impact on G(r) quality and interpretabilifyhus wlist the error minimisation
approach is helpful in mitigating ripplesare is required in implementing the best enff

positions and in selecting these for each sanqumpositions/materialised
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— = 1
Source: Synchrotron — gmaxz ;g §_1
” Material: Amorph-IND max
Form: Powder

Capillary: Borosilicate 2 mm
o A=0.161669 A

0 Lower peak height for Q,,,,. = 16 A-1 (Loss of resolution)

Visibly higher amplitude of
terminationripples at this scale

G(r)

15 20 5

r(A)

Figure 4.9°01 curves forO0 terminated at0d of 16 A and 20 A for AmorphIND.
i 0c30A.

- Qrmu= 16 A_1
h— Qmm}c= 20 A71

Source: Synchrotron
Material: Amorph-IND
Form: Powder

Capillary: Borosilicate 2 mm
1=0.161669 A

005 Termination ripples more prominent at high-r for F(Q) which is not ~0.
Also there is a contribution from much noisier F(Q) signal generated at Q,,,, of 20 A1,

r(A)

Figure 4.10°01 for"O0 terminated at0 of 16 A (green) and 20 A(blue) for Amorph
IND. Truncated between 10¢ 30 A.
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4.7.3.2.Smoothing ofy |t

The propagation of random rse from the raw data intahe "Oi is a major hindrance to

the use of higheD values from a laboratory oryachrotron source. Smoothing of the

"00 is a potential way to daoise the signalremoving extraneous, random variations in
amplitude whilst maintaining the fundamental integrity of the F(Q) sigoahat high0 data

can be included in the Fourier transform. Thincipleis demonstrated irFigure4.11 for
AmorphIND. Here, theorrected, nomalised experimentalO0 signal was daoised by
smoothing with a Savitsk@olay algorithm. The Savitstdolay filter was selected as it is
regularly applied for data smoothing and-deising in spectrum analysis, signal processing,
and image processinfields(Zimmermann & Kohler, 2013)he key advantage of this filter is

due to the method in which it processes data points. As any given dataset is split into a series
of analysis windows, consisting of only a few points (e.g. 5), the tanmiofeatures in the

data (e.g. Bragg peaks or broad diffuse features in the case of XRPD data) are largely
unaffected(Savitzky & Golay, 1964Yote that at theselectedtruncation point of0 20

Al used in this study)O0 0.0039(i.e. ~0) the resultantipples in the'Oi are due to
contribution from random noise ifD0 and finite termination. On inspecth ofthe normal

and smoothed F(Q) derive®i curvesrespectivey, significantly more ripples are present

in the original’Oi , with the smoothingeducing ripple amplitudes by ~50% in thegh-i

region (see bottom pane ofigure4.11), whilst showing no significant alterati to the
underlying shape of the F(Q) profile. Given that the key featur&n remain unchanged,

it is apparent that the structural information encoded within th@0 passes the filter

unaffected
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Figure 4.11(Top) aiginal (blue) and smootted (red) "O0 , (middle)'Oi calculated from
original (blue) and smoothed (refp0 for AmorphIND.i 3 ¢ 30A. (Bottom) tuncated
view of middle pane showing = 10¢ 30A.

The effectiveness of smoothif@0 to denoise data shows potentialpromise
though does require further evaluationinBe statistical noise propagated frofiv0d is
amplified in"O0 , a potential approach would be to smooth thé0 data. Smoothing has
been applied as an error mitigation technique in the PDF ana/s@noparticlegfMullen &
Levin, 2011) In their work, anaws (adaptive weights smoothing) algorithm was able to
handle SNRs as low as 25 and appeared to reconstruct the-fineéssignal reasonably well.
While smoothingOU0 is shown to be effective at minimising the effect of noise at figh
is apparent fromFigure4.12 that this does not affect the low termination ripples to any
significant extent. This is due touncation effectsand as such, smoothing will not change

the amplitudes of these featuss as it is an inherent limitation of the finite integral (Chapter
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1). As such, other approaches could be assessed to minimise this, such as -SEaceal
SoperLorch convolution functiorfAlan K. Soper & Barney, 201Bpwever these are not

discussed or implemented in this chapter.

F(Q) Amorph-IND

— 00
—— Smoothed "00
0.05

F(Q)

0.05
0 2 4 6 8 10 12 14 16 18 20

Q')

Source: Synchrotron
Material: Amorph-IND G(r) Amorph-IND
Form: Powder
0.15 gapillary: Borosilicate 2 mm — Ol

0 =20A1 .
0. <=0.161669 A Smoothed "Oi

No changes to features of

: «— B . ;
0.05 interest in the low-i region

0 1 2 3 4 5 6 7 8 9 10
r(A)

Figure 1.12Original and smoothe@0 and correspondingOi curves for AmorpHND.
PDF truncated between 0 and 10 A.

4.8.Lab and synchrotron derived PDFs of reference samples

Having selected a suitable lab datallectionand data treatmenfprocedure,”Oi curves of
referencesamplegProcessed PVP,-esceived PVP,-IND and -IND)were generated using
the PDFmethod outlined for molybdenum and synchrotronra§ sources (Section 2.2.4.).
Figure 4.13 shows stackedOi curves forthe reference samples generated from
synchrotron Xray total scattering data. TH®i curve forf -IND showsvelldefined features
which extend into the high region, beyond the upper limit shown reflecing the long

range ordering in the sample, characteigsdf a crystalline material. AmorghD and all PVP
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samples displayed a lack of features in thiange, reflecting their amorphous characterd

absence of long range order

On close observation of the PDF curvethefamorphous samples, the presenckperiodic
smallamplitude sinusoidal features acros®i is evident Commonly overlooked in
literature (Peterson et al., 2012; Shi et al., 2017), thgrsphicalfeaturesin the calculated
PDF G(r) malye misnterpreted asactualstructural featuresFor examplefalsely indicating
the presence of nanocrystalline domains in an otherwise homogeneous amorphous sample
However, these fluctuations are mainly due rioise and truncation errors(Takeshi and
Billinge, 2012). These ripples can be modelledrana a wavelength of ¢ j 0 (Takeshi

& Billinge, 2012a)This is a mathematical consequence of ttieoretical "Oi being
convoluted withnoise andthe Fourier transform of the termination function (Chapter 1).
This is discussed in more detail in sectlivh The smathmplitude termination ripples are
visible in the hghi region of the"Oi curves of Processed PVP;raseived PVP and
AmorphIND due to the lack ofinderlyingstructural features at high Though are less
apparentin the crystallineOi curvedue to the relatively strong structuréatures in the

crystallinePDHn this region

110



Processed PVP

Source: Synchrotron ;
Y — As-received PVP

Form: Powder

Capillary: Borosilicate 2 mm = Amorph-IND
Qmax = 16 A1 — Gamma-IND
06 A=0.161669 A
High-amplitude ripples low-amplitude ripples

at low-r 'iat high-r

Intense peaks in high-r

rjiﬁx)

Figure 4.13 Stacked PDF traces of rafence materials generated fromyischrotron Xray
source.High and low intensity termination ripples are highlighted across the range in
Structural features at high for crystdline IND are also highlighted.

In the lowi region (0¢ 1 A) inFigure4.13, highamplitude ripples are also observed
and these artefacts may be misinterpreted as real atmom correlations in the molecular
structure, with the exception of the feature observed at ~ 1 A, which is characteristic of the

shortestC¢ H and G H covalent bondgresentin IND and PVP.

In Figure4.14, the"O1 curves obtained fronmolybderum Xray data show similar
characteristics for crystalline and amorphous materials to those displayed B@theurves
obtained from gnchrotron measurements inFigure 4.13. Interestingly, the low
termination ripples in nelybdenum™Oi curves have smaller artiudes than observed in

the synchrotron"Oi curves for the samé termination. This was found to be an effect
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of the different0 ‘Q¢ Watues between the laboratorsnolybdenuminstrument and
synchrotron Xray source. Thé "Q¢ vafue selected in xPDFSuite sets the range over
which the data are fitted for thed-hoc corrections implemented in the software package

thus affecting how resulting PDFs are scdlkdas et al., 2013; Yang et al., 2014)

Source: Lab Molybdenum — Processed PVP
Form: Powder Dried PVP
Capillary: Borosilicate 2 mm — As-received PVP
Cmax = 18 f Amorph-IND
}=070%3 — Gamma-IND

Figure 4.14 Stacked PDF traces of reference materials generated from laboratory
molybdenum Xray source. From top to bottom: Processed PVP, dried PWBceised PVP,

amorphous IND, and gamnilD.

To demonstrate theeffect of 0 "Q¢ iorb the resulting PDEsan overlay of
GammalND"O0 and"Oi curves obtained from synchrotron and molybdenum sources
(Figure4.15) shows the lower synchrotroi®0 signal resulting from tling the data over a

wider range at0 Q¢ i ®3.4 A. The resultingOi curve has smaller absolute
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intensities than the’Oi from laboratory molybdenum radiation. The major peaks and
features in both"Oi curves are at the samie-postions, however at <1 A differences in
profiles occur. This highlights the impact that termination ripples, as with the lapples

in the g/nchrotronderived "Oi  which have higher amplitudes, can mask real structural
features in this low region. This highlights ageneral issue with the particular
implementation of data analysis approaches in the XPDFSoiteare package, in that the
“0Oi is not the Fourier transform of the true differential scattering cross sectidan K
Soper, 2011)which should be normalised such thafd and "Oi are near identical
regardless of experimental factors such as theywavelength and . Of course, dier
instrumental considerations can affect the resulting profile, such as any ermHralues
and stepsize in the diffraction experiment, among others as discussed in Chapter 1. Thus, a
direct statistical comparison of the lab and synchrotron PDfstipossible when xPDFsuite

is used to determine the experiment@i .
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6 Reduced Structure Function F(Q)
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=—— Synchrotron (0 Q¢ E 3.4 AY
5 = Lab Molybdenum (0 NE E b7 AL

Material: Gamma-IND
Form: Powder
Capillary: Borosilicate 2 mm

15 0 =16A1 2D Pair Distribution Function
-~ 1 0.161669 A ‘ o ‘
—— Synchrotron (0 Q& F23.4 A%
= | ab Molybdenum (0 Q¢ E b7 AY
T Higher ripple N

Amplitudes in
Synchrotron "Oi

Figure 4.15Comparison ofO0 and"Oi from synchrotron and mlybdenum sources at
different 0 VEP o

GeneratingO0 and"Oi at the same) "Q&oof 17 Al (Figure4.16), still well
above the limit for reliable PDFs, produces comparable abs&Qite intensities for both
sources, with similar magnitudes in both the)F and"Oi profiles. Also, infte low region
(<1 A) the ripple amplitudes are similar. Aside from the lower intensities observein
the amplitude differences in the resulting PDFs are due to damping and broadening of
features in reakpace due to the poored-resolution in he synchrotron datgTakeshi &
Billinge, 2012b)The poor reciprocadpace resolution is due to both the angular resolution

of the measurement, and shorter wavelength used in th#fraction experiment These
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instrumental factors also complicate adiyect absolutestatistical comparisons between the
data sets, however, it is clear by a visual assessment that the lab PDFs capture all relevant

structural information collected in #gnsynchrotron measurements.

Reduced Structure Function F(Q)
T T T

6 T T T T
= Synchrotron (0 Q¢ F b7 A)
Sk = Lab Molybdenum (& 0% E 67 AL
41 i
3 - -
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T 20
1 —
0 .
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2 | | | | | | |
0 2 4 6 8 10 12 14 16
1
Material: Gamma-IND Q (R)
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) =16 At 2D Pair Distribution Function
1.5
‘ 1 0.161669 A ' ' N '
= Synchrotron (O V¢ E b7 AY
= Lab Molybdenum (0 0 E b7 A
T Smaller ripple 7
amplitudes
in both sources
0.5
o
0
-0.5~
1 1 1 1 1 1
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Figure 4.16 Comparison ofO0 and"Oi from synchrotron and mlybdenum sources at
sameu Qed o

Overallboth "Oi curves of the reference materials contain unique information that can be
used for accura fingerprinting of a samplelmportantly the lab collected data show
excellent reproducibility as well as similarity to the synchrotron derived PDF features

confirming their suitability.Aside from the identification of crystalline and amorphous
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materiak from longrange characteristics, th®©i curves of AmorpHND and -IND have
excellent overlap in the region between 15 A for both molybdenum and synchrotron
PDFs. This suggests the local packing at these distances are similar in the amorphous and
crystalline forms of IND, whereasnigrange orderbeyond ca. 18 is absent in the
amorphous material. Given that the molybdenum PDFs compare favourably with the
synchrotron data, the value of the laboratory instrument for higlality PDF generation is

demonstrated.

For extrudate ASDs Figure4.17 and Figure4.18, the regions at  3A and 3.7A show
responsecorrespondence with increasing and decreasing IND conldmns potentially opens
the possibility of using these PDF data quantitatidetyidentifying unknown INEBPVP ASD

compositions.

Source: Synchrotron = Extrudate C20 powder

04 Form: Powder —— Extrudate C50 powder
Capillary: Borosilicate 2 mm —— Extrudate C70 powder
Qmax = 18 A1 Extrudate C85 powder
A=0.161669 A

Trend corresponds with
/lncreasmg IND content

Trend corresponds with
increasing IND content

Trend corresponds with
AN decreasing IND content

"\ Trend corresponds with
decreasing IND content

r(A)

Figure 4.17 Overlaid "Oi cures of extrudate ASD compositions generated from
synchrotron Xray sourcelnset shows plot truncatetetween ~3 and 10A for clarity.
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Source: Lab Molybdenum — Extrudate C20 powder
Form: Powder —— Extrudate C50 powder
Capillary: Borosilicate 2 mm —— Extrudate C70 powder

gr:mé ;019%':‘” Extrudate C85 powder

Trend corresponds with

/" increasing IND content

m | ~._ Trend corresponds with
decreasing IND content

r (A)

Figure 4.180verlaid’Oi curves of extrudate ASD compositions generated from laboratory
molybdenum Xay source.

4.9.Reproducibility of ASD preparation method

To assess theeproducibility ofthe lab derived data, multiple PDFs were prepared from
afreshASDsampleobtained from a standardised preparation methd@bviously ensuring
consistent ASBampleis an importantriterion, avoiding uncontrolledample variation as a
possible contribution to changes observed™®i curves. To assess this, three different
samples of Melt cooled C85 were prepared on different days following the method in section
2.1.2.3.C85 was used in this instance as it represents a model amorphous pharmaceutical
system, and the preparation@hod had been optimised allowing rapid sample preparation.
The freshly prepared Melt cooled C85 samples were analysed using FTIR ars DSC

references for controjAppendix 1: Section 3p well as using PDF
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FTIR and DSC data (Appendix 1: Sectionr8irmed the consistency of the sample
preparation method. The FTIR data of the three samples showedsug@rimposable first
derivative traces, indicating the high similarity between samples. Similarly, the DSC data were
consistent in the detected glassansition temperatures (~4& and melting point of
recrystallised IND (~18@), showing that their physical properties are similar. These analyses
overall indicate that the chosen preparation method was sufficient to produce reproducible

ASD samples.

Comparison of he "Oi curves inFigure4.19 revealed similar local structures of all
samples in the range 166 A.Given that the FTIR and DSC data indicate that the three
samples are similar, this gives further confidence i pheparation method, but also in the
reliability of the data collection procedure used for PDF measuremBated on the results,
the standardised preparation method is suitable for the preparation of consistent ASD
samples and the proposed data colléonh procedure is sufficient for tracking structural

changes in ASDs prepared in the.lab
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€85(1)
€85(2)
€85 (3)

a (A

Figure 4.19F(Q)(top) and G(r)(bottom) curves of day 0 melt cooled C85 powders.ﬂ Good
agreement is shown between leivfeatures. No crystallinity is apparent from eith€uo
or at highi in"Oi . Inset shows PDF truncated betweenfehd 10 for clarity.

The PolySNAP analysis of @) for thefresh C85 samples shows all CCs are belowalfd

4.6) in contrastwith the results from the crystalline material, all of which were above this
value. Given the lack of structural informatioabove ~ 9A, the window of analysis was
reduced to 3.%; 8.5A Table4.7) to minimise the impact of noise on the PDF comparison. As
shown, this improves the comparisons between GC&bmple PDFs allowing more
informativeassessment of the similarity between the PDFthe region of most interest for
amorphous sample compariso@n this basis, it was concluded thiage collection procedure

used is sufficient to obtain reproducible PDFs of the amorphous material.
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Table 4.6 Pearson correlation coefficients betwedre PDFs generated from molybdenum
XRPData collected fronfresh C85 samples, analysed between 3.5 and 30A. Values lower

than 0.9 are highlighted bold.

C85 (1) C85 (2) C85 (3)
C85 (1) 1 0.83 0.886
C85 (2) 1 0.879
C85 (3) 1

Table 4.7 Pearson correlation coefficients between fresh C8mgles, analysed between
3.5 and 8.5A.

C85 (1) C85 (2) C85 (3)
C85 (1) 1 0.989 0.992
C85 (2) 1 0.991
C85 (3) 1
4.10. Detecting levels of crystallinity with PDF upon aging

With reliable lab derivedPDF measurementand sample handling capabilitied is
possible to apply PDF analysis to stability studies and assesensitivityof the technique
to detecting early signs of crystallinity A8Ds stored for extended periods of time (aged
ASD3 To do this, ASD powders and extrudates were storedifaio 130 daygo allow for
thermodynamicallydriven phase separation (AAPS) and recrystallisation to occur. The

outcomes of the study are discussed below.
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4.10.1. Aged Extrudate C50 glass and powder

Figure4.20 shows he"O0 and"Oi curves of Extrudate C50 glass and powder stored for
130 and 125 days, respectively. It was expected that the powder would recrystallise before
the glass due to the mechanical stress from the grinding pro@ssgra, Shmeis, & Pikal,
2008) It is apparent from théO0 data that there is no detectible crystallinity in any of the
samples,due to the absence of Bragg peaks in the diffraction patterns, which are almost
superimposable. Similarly, tH®i curves show no crystallisation, due to the absence of
peaks at high values. The PDFs remain very similar to the day 0 sample, asiestitatle
differences at ~ 3 6A. These small changes are expected to be due to noise/termination
ripples. This is supported by the PolySNAP analjaldd€4.8), wherein all CCs were above
0.9, indicating that théOi curves remain highly similar. Thus, the PDF and diffraction data
demonstrate that C50 is stable over the storage peridkese results aresupported by
triplicate DSC traces of EXTB0 powder D125 (Appendix 1: Section 4.) which also showed

no signof recrystallisation, suggesting stability after prolonged storage.
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Figure 4.20°00 and"Oi of Extrudate C50 stored in glass and powder fdmaet shows
PDF truncated between A3and 1\ for clarity.

Table 4.8 Pearson correlation coefficiesm between the PDFs generated from molybdenum
XRPD data collected from fresh and aged C50 samples, analysed between 3.5 and 30A.

C50 powder D125 C50 glass D130 C50 powder DO

C50 powder D125 1 0.963 0.975
C50 glass D130 1 0.98
C50 powder DO 1

122



4.10.2. AgedExtrudate C70 glass and powder

Figure4.21 shows the'O0 and"Oi curves of Extrudate C70 glass and powder
stored for 123 and 127 days respectivelg. with C50, the absence of Bragg peaks and the
good overlap ofO0 profiles of EXTIZ70 powder D127 and EXTD0 glass D123 with the
day 0 Extrudate @7powder (EXT®70 powder DGBuggests thaboth samples were stable
for the duration of storageThe PDF data also reflects this, where the curves are visually very
similar, and CCs are all above (rakle4.9). However, the DSC trace of EXTII0 powder
D127 detected two overlappingYs, revealingthe presence of DS@etectable phase
separated amorphous domains (AAPS) (Appendix 1: SectionThAi3. demonstrates the
enhanced stability of the C70 glass compared to the powdered form, as vieuékpected
due to the increased surfacarea of the powdelZogafi & Crowley, 2002)While the
unstable nature of this system has been confirmed using DSC, it is apparent that the PDF is

not as sensitive to these subtle changes in the structure, based on the available data.
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Figure 4.21°00 and"Oi of Extrudate C70 stored in glass and powder fdmaet shows
PDFs truncated between Azind 1@ for clarity.
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Table 4.9 Pearson correlation coefficients between the PDFs generated from molybdenum
XRPD data collected from fresh an@d@50 samples, analysed between 3.5 and 8.5A.

C70 glass D123 C70 powder D127 C70 powder DO

C70 glass D123 1 0.984 0.982
C70 powder D127 1 0.984
C70 powder DO 1

4.10.3. Aged Extrudate C85 glass and powder
In Figue 4.22, the"O0 of EXTBC85 powder D128 (Extrudate C85 powder aged for

128 days) and EXTEB5 glass D134 (Extrudate C85 glass aged for 134 daysighitasity

in the overall signal profile associated with the amorphous syseoept for the emergence

of sharp peéis between 2A¢ 7A! in the"O0 data for EXTEE85 powder D128, indicating
emerging crystallinity from the bulk amorphosample Similarly, the emerging crystallinity

is apparent in the PDF, where subtle increases in the peak amplitudes are e\ideatldf.

Given that these features are present beyond thealues associated with intramolecular
contacts in the IND molecule, it can be concluded that these features are consistent with the
emergence of longange order in the otherwise amorphous samplhese data confirm the
ability of PDF to detecetlativelylow levels of crystallinity in ASDshis is consistent with the
DSC datéAppendix 1: Section 4yhere a crystallisation even was observed at ~Cl@ith

a subsequent melting eventhe resuk suggest thaéxtruded C85 is less stable when stored

as a powder than as extrudate and less kinetically stable ¢éiktmudate C70 powder. This is

in line with theoretical PGSAFT predictions (Prudic et al., 2015) as the C70 composition is
closer to thesolubility limit of IND in PVP. By contrast, C85 is supersaturated, far less stable,

and therefore expected to phasseparate and recrystallise more readily. The amount of
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crystalline IND¢ , already present in the EXTI85 powder D128 sample was eehined

as 2.61%y DSQAppendix 1: Section 5.).

Further work would be required to quantify the level of crystallinity directly from the
PDF traceAn overlay of théO0 profiles of EXTIE85 powder D128 arjd-IND confirmed
that the peaks detected at.2 A%, 3.2 A, 4.5 A, and 4.9 A& (red tick marks irfFigure4.23)

were characteristic of a small amourrystallinel -INDin the aged powder sample.
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Figure 4.22a) "O0 and b)"Oi of Extrudate C85tored in glass and powder form.
Emergence of crystallinity is apparent in the PDF of the aged C85 powder (blue), highlighted
in red Inset shows highlighted regions for clarigrystallisation evident ifO0 by the
presence of Bragg peaks in the pl&fi
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Source: Lab Molybdenum
Form: Powder
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Figure 4.230verlay ofO0 s of GammaND and EXFD85 powder D128. Red tick marks
indicateBragg diffraction peaksbserved in the aged sample

128



4.11. Investigating structural changes with PDF: Effect of moisture

The effect of moisture on the localtructure of Extrudate C20 and Processed PVP was
investigated by drying, humidifying, anddeying samples of both materials according to the
procedure outlined in Section 2.®i1 curves were generated from laboratory molybdenum
Xray total scatterig measurementsas described in Section 2.2.dnd samples were also

analysed by FTIR and TGA to correlate moisture content to the obsé@vedurves.

4.11.1. Processed PVP
Figure 4.24 shows the"O0 and "Oi data for the dried, humidified and reried PVP

samples. The difference between the wet and dry sampigstrongly evident in théO0
with significant changes in the@A* region, where striking changes in the peak positions and
intensities are observedRedrying largely reversed these changes, with thalred "O0

being almost superimposable with that of the original sample.

This is also observed in the PDF d&edrying the humidified sample reversed the effects
shown in the PDF, and resultedalosely overlappingOi curves for DWBPVRDRIED and
DWDPVPRPREDRIED with subtle differences indicating the difficulty in controlling residual
moisture content in the radried sample. The reversible effect of low moisture content on
the "Oi confirmedthe sensitivity of PDF to changes in the local structure of Processed PVP
that arise from the absorption of water altering the local molecular packing. Differences
between the wet and dry powder samples were also detected by FTIR analysis with a shift of

the nonH-bonded amide C=0 stretch (1676 tpeak) to the right (Appendix 1: Section 6.).

The"Oi for DWDPVRPWET showed distinct differences in the lowegion when compared
with DWDBPVRDRIED and DWBVRREDRIED. A relative increase in moisture content in wet

PVP of 8.5 wt% (Appendix 1: Section 6.) resulted in reduced peak heights betveehsl.
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A, as well as significant distortions to features and shifts in positions of peaks betwegn 3.6
10 A. There is striking variation in the peak amplitudes between 3.5 and 5 A between the dry
and wet sample. The intensities of these featuressagaficantlyhigher for the wet material,
indicating possible interaction of water with the PVP chains, suggesting an increase in
molecular contacts at this rang&he effect of such structural changes on the PDF have not
been extensively studied, and as suahe poorly understoodAbove this range, there is a
slight drop in the amplitudes of the features when compared to the dry samgain, vhile

the specificstructural meaning of these observations cannot be definitively explained at this
stage, it is pesible that this is evidence of a subtle decrease in iob&in contacts. This is
potentially due to the plasticising effect of water, which results in swelling of the material

and an increase in the intahain distanc€Hodge, Bastow, Edward, Simon, & Hill, 1996)
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Figure 4.24°00 (top)and’Oi (bottom) curves of dried, wet, and rdried Processed PVP.
Inset shows the corresponding FTIR data. Peak shift from ~16@0cAi640cmt indicative
of moisture uptaken the wet sample
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4.11.2. Extrudate C20

Figure4.25 shows a similar reversible effect of moisture on the local structure of
Extrudate C20 powder. The relative increase in DUZDWET of 8.3 wt% (Appendix 1:
Section 6) esulted in both thé OO and"Oi showing significantly different profiles with
distortions to features and shifts in peak positions between31® A. The effect of water
on C20 is similar to that of the pure PVP sample, indicating that the interactions of water with
the polymer are not disturbed by the presence of the IND molecules. This is an expected
finding as C20 is below the solubility limit of the ¥RBP system, allowing both water and
IND to interact with the polymer chains. Although there may also be wdngginteractions,

this was notevident from the available data

Drying of C20 appeared to be more complete than for pure B¥éenced by
identica"O0 and™Oi for the raw and redried sample$he reversible effect indicated that
Extrudate C20 powder remained physically stable and did not undergo any permanent
structural changes resulting from prolonged exposure (~12 hours) to moisture at ZhiSC.
is consistent with the fadExtrudate C20 is a st#aturated amorphous solid solution at room
temperature and would be expected to remain thermodynamically stable. FTIR also detected
the presence of moisture in the DWERGWET sample with a correspding shift of the 1676
cm? peak to the right (Appendix 1: Section 6), indicating the hydrogen bonding of water to

carbonyl functional groups.
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Figure 4.25°00 and"Oi curves of dried, wet, and rdried Extrudate C20 powdersiset
shows the corresponding FTIR data. Peak shift from ~166@@m1640cm indicative of
moisture uptake in the wet sample
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4.12.

Recommendations for PDF data collection and trewsnt

Based onthe findings from the different datacollection, sample presentation, data

treatmentand analysiapproaches evaluated in this section, the following recommendations

are made with the objective of enabling accessitta with sufficiently lage 0 values

with appropriate signal to noise to enable the routine generatidrigh quality, trueOi

curves using laboratory equipment for the study of amorphous pharmaceuticals.

a. Reproducible sample preparation method to ensure consistent saigghposition

Use of complementary techniques to ensure sample consistency
Minimal exposure to environmental humidity and temperature by use of a

glove bag or other dry sample container.

b. Optimised data collection for high quality PDF

Implementation of a shrt-wavelength source (molybdenum or silver) to
meet resolution requirements in realjpace.

Use of VCT data collection procedure to optimise data quality, particularly at
high-0.

Larger sample volume usimg2mm capillaries to improve scattering signal

whilst avoiding Xay absorption from large samples.

c. Obtaining a reliable PDF from diffraction experiment

Identification and minimisation of termination ripples i®i to avod
misinterpretation of features (see below).

Optimising termination point in Fourier transform such that the value of
00 atd s close to zero.

Smoothing ofO0 where necessary to reduce impact of noisé . This

is not implemented vthin xPDFsuite and as such, needs to be performed in

external software. j
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d. Validation of PDF reproducibility using appropriate statistical comparison
i. PolySNAP offers a suite of tools for data analysis. Pearson correlation
coefficients offer a rapid methofibr assessment of similarity.
ii. Selection of suitable analysis window depending on physical state of
material.
i. For crystalline materials where PDF extends to higralues, a
suitable range includes both short and leramnge components of
PDF, for example 3880 30A, as used here.
ii. Foramorphous materials, analysis window can be reduced to reduce
impact of noise on any comparisons, for exampleA3® 8.54, as

usedhere.

4.13. Conclusions

This work has addressed important practicalities that are often overlooked in PDF literature,
particularly concerning the analysis of amorphous pharmaceuticals. Discussions have
highlighted factors that should be considered when prepgrand handling amorphous
samples to ensure accurate and reproducible production of homogeneous and fully
amorphous ASDs for fingerprinting. Intricacies surrounding total scattering measurements of
poorly scattering pharmaceutical materials orhiause laloratory Xray sources, including
appropriate choice of radiation source and attainable have been discussed. Moreover,
collection procedures to ensure good counting statistiosluding capillary sizing and VCT

implementation have been proposed

Data treatment procedures were also investigated, where it was found that an optimisation
of the termination point in the Fourier transform ( where"O0 ~0) is able to significantly

reduce the amplitudes of termination ripples in the resudfiPDF (Section 3.2). It was also
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determined that smoothing th800 data using a suitable filter, in this case a Sovitzky Golay
filter, was able to reduce the impact of noise on the higtipples in the PDF, while retaining
the key structural featuregsthus enabling further investigation with confidence in the data

quality.

Our investigation has demonstrated that the application of optimised laboratory total
scattering data collection procedures outlined in this work can yield -tegblution,
reprodudble PDF fingerprints of crystalline and amorphous pharmaceuticals that are
comparable tesynchrotrongenerated PDFs (Sectior83. In addition, consistent amorphous

APIs and ASDs are obtainable through standardised preparation methods as demonstrated
in this work. Importantly, we have shown that optimised total scattering measurements of
accurately and consistently produced samples can enable reliable PDF analysis to be carried

out on amorphous APIs and ASDs of interest.

Regarding the capabilities of PDi#nhalysis in studying amorphous pharmaceuticals,
laboratory generated PDF was able to detect structural differences in amorphous materials
subjected to stress conditions (SectioB.}. For instance, the effect of moisture on the local
structure of humidifed PVP and C20 samples was easily detected by PDF and corroborated
by FTIR data. A visual analysis of the PDF suggests that the introduction of water molecules
in the polymer chains increases the number of atatom contacts at short distances (~ 3.5
¢5A). This is potentially due to watpolymer interactions, while simultaneously decreasing

the number of interactions beyond this distance, possibly due to an increase irchmdar
distance caused by swelling due to the plasticising effect of water.dE®nstrates the

need for careful sample handling and storage when dealing with amorphous

pharmaceuticals, particularly hygroscopic materials, such as the PVP used in the study. As
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expected, moisturenduced structural changes in the undersaturated C2thda were

reversible owing to its thermodynamically stable nature.

Stability studies performed on ASDs of IRIDP demonstrated the sensitivity of laboratory
generated PDFs in detecting the presence of crystalline domains (Se&ipnrrBparticular,
laboratory generated PDF was found to have a limit of detection of crystallinity beyond 2.6%
in phaseseparated ASD. Additionally, the physical stability of P ASDs was found to be
dependent on the physical state in which samples were stored. For examplewder
sample of supersaturated C85 ASD was found to be less stable than the extrudate glass form
as recrystallisation occurred sooner, as detected by PDF and DSC. As expected, powder
samples of C50, C70, and C85 behaved as kinetically stable glatisesrying degrees of
AAPS and recrystallisation occurring after finite storage time according to increasing IND
wt%. Interestingly, all extrudate glass samples remained stable for the period of storage. The
effect of surface area on the physical stabilof amorphous indomethacin has been
investigated (Zografi & Crowley, 2002Wwhere increased surface area was found to

correspond to a decrease in the physical stability of the amorphous material.

Overall, the work shown herein demonsteat that PDF analysis has potential to enable
better understanding of amorphous materials alongside other traditional characterisation
methods. Further optimisation of the data collection procedures may be necessary to obtain
high-quality PDF data at shometime scales. This will enable routine-hinuse rapid
fingerprinting of amorphous pharmaceutical materials with respect to preparation method,
and the study of structural changes in metastable formulations. Additionally, it can be useful
to explore other methods, such as molecular modelling/ MD simulations to assist in
extracting structural information from the PDF of amorphous pharmaceuticals, as will be

demonstrated in the following experimental chapters.
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Chapter 5: Structure and stability in amorphougZR5718

prepared by different manufacturing routes
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5.1.Introduction

AZD5718is a novel active pharmaceutical ingredient (API) currently under
development for the treatment of coronary artery diseg&&icsson et al., 2018The drug
shows promise as a potential treatmehpwever, aqueous solubility of the crystalline phase
(AZD5718 Form A), of which there is one known siogieponent form, is poor. Hence, the
amorphous phase is of interest for the purposes of targeting higher solu@ilancock&
Parks, 2000)However, lack of structural understanding of amorphous solids creates a
challenge to characterize and explain preparati@pendent differences in properties of the
amorphous API. The implementation of pair distribution function (PDF)ysisalcoupled
with molecular dynamics (MD) simulations is of considerable interest therefore as means to
provide a greater understanding of the structure of amorphous systems, the impact of
processing conditions on the resultant structure and thereforébilitg and performance,,
and on the structural changes that may accompany phase changes during manufacture,
storage and/or during administratiofY. Chen et al., 2016; Karmwar et al., 2011; Karmwar,

Graeser, Gordon, Strachan, & Rades, 2012; J. E. Pattersqr2€08l)

The known crystal form oAZD5718has a P2:2; orthorhombic unit cell 4 =
5.67096,b = 18.00112¢ = 21.2832, shown inFigure5.1. The structure largely forms chains
and rings of up to sixAZD5718molecules. The crystalline conformer contains an
intramolecular hydrogen bond, between a carbonyl oxygen and the nitrogen on the
OF NP 2EI YARS I NP daLBx LBSSRA¢dzt QizhyyFR NOWS NBY gok[A OK K1 &
global energy minimum by density functidrtbeory (DFT) calculations at the B3lLYB-31G

level of theory.

139



Figure 5.1Left: molecular structure of AZD5718. Rigbtystal structure oAZD5718viewed
down crystallographic a axis

As mentioned, the poor solubility of the Form A form hasttethe investigation of
this drug as an amorphous phase to access the higher solubility and dissolution rates that
accompany the increased free energy. Amorphous AZD5718 was originally prepared using
spray dryindNorberg,personal communicatiorfgeptembe2019) however, due to the poor
scalability of themethod, an alternative preparation route was sought. A continuous
precipitation method was developed for production of the materi8iddique,personal
communication September 2019)Both methods have been demonstrated to successfully
deliver amorphous AZD5718. Whilst confirmation of strugkwimilarity is straightforward
for crystalline materials using Bragg diffraction for example, it is less straightforward when
considering amorphous system&tachurski, 2011)Hence the interest in amorphous
AZD5718 is to investigate whether PDBan confirm that both routes produce equivalent
amorphous materials or if any measurable differences can be observed. In principle, changes
in the underlying structure of an API in the solid state can lead to differences in the
manufacturability, stabity or performance of the final produ¢Karmwar et al., 2011ywhere

it has been found that for amorphous indomethacin, the preparation method (milling; melt
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guenching or spray drying) affected both the local structure of the amorphous aedgsed
using Raman spectroscopy) and the physical stability against recrystallisation. For AZD5718
specifically, whilst both routes result in the formation of an amorphous material by standard

XRPD and DSC analysis, differences in particle size/morpheésgobserved.

The possibility of polyamorphism, that is, the ability of an amorphous material to
exist as two or more distinct thermodynamic forms, has been suggested for pharmaceuticals
(Hancock, Shalaev, & Shamblin, 20EXample#nclude the reports of separate amorphous
phases of paracetamol, affecting polymorphic outcome upon recrystalliséitigayen Thi,
Rademann, & Emmerling, 201%nd the alleged amorphous forms ofnannitol, which
have showrapparent evidence of a firgirder phase transitioriZhu et al., 2015; Zhu & Yu,
2017) This is a wekkstablished phenomenon for inorganic materials, particularly with water,
where low and high density amorphous ices have been extensively examiRethey et &,

2002; Narten et al., 1976; Tulk et al., 200Rgspite this, there remains limited evidence of
thermodynamically distinct amorphous phases of APIs, and no reported examples where a
complete assessment of structure, thermodynamics and phase transiti@ss been

performed.

MD simulations have been used to study structure in amorphous pharmaceutical
materials(Gupta, Nunes, Vyas, & Jonnalagadda, 2011; Lerbret et al., 2009; Xiang & Anderson,
2013, 2014) However, most have lacked the complementary structural measurémen
provided by PDF analysis, with a single exception being a study of amorphous felodipine in a
polymeric dispersion(Geddes, Blade, McCabe, Hughes, & Goodwin, 204®)such, the
majority of studies have had no way to confirm that the simulated structures were a true

reflection of the material itself. Clearly therefore the combination of MD and PDF,
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supplemented by traditional thermal, diffraction and spectroscopic techniques, tifer

potential to provide true understanding of structure in these complex materials.

Here, samples of AZD5718 produced by both spray drying and continuous
precipitation were assessed by PDF analysis. These experimental data were compared to MD
simulationsto give insight to the structure of the material and provide understanding of the

physical properties of amorphous AZD5718 and their process dependence.

5.2 Materials and methods

5.2.1. Preparation of amorphous\ZD5718

Samples of spray dried (SD) AZD5718 wereveddirom AstraZeneca. Precipitated
(PREC) AZD5718 was prepared at the University of Strathclyde using a continuous

precipitation method(Siddiqueet al., unpublished2019)

5.2.2. X-Ray powder diffraction

High resolution XRay powder diffraction (XRPD) data for AZD5718 Form A was
collected on a Bruker D8 Advantl diffractometer, equipped with a coppefd(p = 1.54 A)
anode and a Lynxeye Series 1 position sensitive detector, for the purposes of phase
identification The sample was loaded into a 0.7 mm borosilicate glass cagiltapillary
Tube Supplies Ltd)K)and flame sealed. Data were collected betweérad 40 ¢—- with

step-size 0.017 &—at 10 seconds per step.

For PDF analysis, data were collected on a PANalytical EMPYREAN series 2
diffractometer, equipped with a molybdenur(iQp = 0.7093 A) amde, and a GaliPiX

detector. Samples were loaded into 3.5 mm borosilicate glass capillaries in a glove bag under
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a dry nitrogen flow, to minimize moisture absorption from environmental humidity.
Capillaries were then removed from the glove bag to be 8a@aled. For a reference PDF of
water, deionised water was injected into the capillary using a syringe and flame sealed. A
variable count time (VCT) procedy®hankland, David, & Sivia, 1998s used to optimise
counting statistics acrosg— with a constant stegsize of 0.8 ¢— Angular ranges and

counting times at each range are showrTable5.1.

Table 5.1 XRPD VCT data collectimmrameters for PDF analysis

Angular range €— Time per stp (S)
3-32 18
32¢44 36
44¢61 72
61-147 216

5.2.3. Pair distribution function

For PDF analysis, data were collected as described in Section 2.2. Gi&dKuB8Xper,
2011; Alan K. Soper & Barney, 20t/Hs used to apply corrections and normalisations for
background, multiple scattering, polarisation, Compton scattering and atomic form factor to
extract the differential scattering crossection for transformation to ta PDF, using @
of 16.95 A.. A SopeiLorch(Alan K. Soper & Barney, 2011, 206@)adening of 0.08 A was
applied to minimise the impact from ripples arising as a result of termination of the Fourier

transformat finite value.

143



5.2.4. Molecular dynamics simulations

MD simulations were received from AstraZeneca. SimulatioAZbBb71&ontaining
0, 0.5, 1, 2 and 4 wt% water were providedlZD5718¢ water compositions for each
simulation are shown iTable5.2. The Materials Studio (San Diego, USA) Amorphous Cell
module was used to generate starting models for amorphad®5718MD Simulations of
AZD5718vere then performed using the GROMACS cftiess, Kutzner, Van Der Spakl
Lindahl, 2008)employing the optimised potential for liquid simulations all atom (G&)S
force field(Jorgensen et al., 1996)he NPT ensemble was used during equilibration, which
was run for 600 ns. The Berendsen thermodfBerendsen et al., 1984jas used for
temperature control and the ParrinelBahman barostafParrinello & Rahman, 198@)as

used for pressure control during dynamics runs.

Table 5.2 AZD5718vater composition for each simulaii

Water content AZD5718nolecules Water molecules Total number of atoms

(Wt%)
0 128 0 7552
0.5 128 16 7600
1 128 32 7648
2 128 65 7747
4 128 132 7948
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5.2.5. Analysis of MD simulations

GROMACS commangmx hbondand gmx clustsizevere used to assess/tirogen
bonding and water clustering in MD simulations, respectively. The last 100 ns were used for
all analyses, to ensure the system had equilibrated.grax hbond OH and NH groups are
always assumed to be donors, whereas O and N are always acceffoithis is not
necessarily the case, the total number of hydrogen bonds were assessed, as opposed to
individual donor or acceptor groups. Two molecules are identified as being hydrogen bonded

if the donor and acceptor sites are within 3.5 A of each other.

5.2.6. Calculation of PDFs for MD simulations

PDFfit(Proffen & Billinge, 1999)as used for batch calllation of PDFs from MD
simulations. For each frame in every simulation provided, a PDF was calcula{&dkeghi

& Billinge, 2012b)

Qoala ?B‘rB*Q . U01 I lgg T N (5.1)

oad @

whereQ0  and™Q0 are the atomic form factors of atom€and Qrespectively® O
indicates the compositionally averaged form factor, ands the average nuiver density.
To obtain the timeaveraged PDF for comparison to experimental data, the mean PDF was
determined for each trajectoryPDFs were also calculated for a rangeAdD5718single
molecules with a distribution of conformations, as well as a numifePbBFs for two

interacting AZD5718molecules in the simulation box, for which the mean PDF was also
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obtained, for comparison to experimental data. (A of 100 A' was used in PDF
calculations to minimise simulated termination ripples in calculated data, to mimic the-Soper

Lorch broadening applied to experimental data.

5.2.7. PDF and Pawley refinements fé&zZD5718orm A

Pawley and PDF refinementgere performed using TOPAS Academic Versifh. 6
A. Coelho, 2003; A. A. Coelho et al., 2015; Alan A. Coelho, Zeat8pawley refinements
(Pawley, 1981)peak profile, zero error and axial divergence were fit against NIST silicone
640c standard reference material. For PDF fits, recipregate resolutiondependent
broadening and damping were refined aggtithe same standard materialhe molecular Z
matrix was generated automatically using DABHvid et al., 2006)Molecular translation
and rotation were refined, along with scale factor, zemor and isotropic temperature
factors for each atom (modified to increase as a function of interatomic distance,

accounting for correlated motion at low).

5.2.8. Statistical analysis

PolySNAP 3Barr et al., 2004bwas used to compare experimental PDFs, by
genaating Pearson correlation coefficients (@C) T O1 S LI @béhjekrdeach dataset,
to quantify the similarity between PDFs. Using this method, a CC of one indicates a complete
correlation between two datasets, zero indicates no correlation, dndnplies a negative

correlation. For all datasets, comparisons wpegformed between 3.5 and 8 A.
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5.2.9. Aromatics analyser

The aromatics analyser (AA) functionality within the Mercury softwBrano et al.,
2002b) from the Cambridge Crystallographic Data €2r{CCDC) was used to assess the
strengths of aromatic interactions in amorphous ahdD5718 Form.Aromatic interaction
strengths are predicted using a neural network, which is based upon quantum mechanical
calculations performed on phenyl rings witHfdring relative geometries. Interactions are
then scored between 0 and 10 and ranked as either weaK3)Q moderate (3; 7) or strong
(7¢ 10). For AA calculations, 12 molecules were picked at random from the first frame of the
last 100 ns of the trajeories corresponding to 2% and 4% water (closest to experimental).
The 12 molecules represent approximately 10% of the total numb&Z®af5718nolecules

present within each simulation.

5.2.10. Hydrogen bonding analysis

The Hbond Coordination Quiekiew module whin Mercury was used to assess
feasibility of hydrogen bonding in amorphous aAZD5718 Form .ABonding is rapidly
assessed by calculating probabilities for coordination numbers of hydrogen bonds, based on
available structural data in the crystal structudatabase (CSD). The stability of hydrogen
bonding networks can thus be quickly assessed by comparing observed coordination
numbers to the optimal values, with a low probability suggesting that a more favourable

hydrogen bond network exists for the mataki
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5.3.Results and discussion

5.3.1. (Characterisation of reference materials

While both preparation routes result in the formation of amorph@®i&D5718some
differences exist between the materials. For example, small agglomerated particles were
produced via thdPREC method, whereas 8BD571&Xxhibited larger, spherical particles,
observed using scanning electron microscopy (SEMYyberg, personal communication,
Septembe2019) Additionally, it was determined that PREC had a higher water content than
the SD powder, determined by thermal analysgddique, personal communication,
September2019) While both amorphous materials exhibit long term physical stability,
understanding of the impact of preparation method on the underlying structure is necessary

to determine whether a consistent product is produced.

5.3.2. XRPD analysis &ZD5718eference materals
5.3.2.1.Copper XRPD &ZD5718&o0rm A

XRPD data fokZD5718 Form &e shown irFigure5.2. The presence of Bragg peaks
gives clear evidence of the lomgnge order in the sample-or the purposes of phase
identification, and a rapid purity assessment, a PawlefPfitwley, 1981)vas performed on
the known single crystal unit cell paraters and space group, against the data obtained for
the crystalline materialHigure5.2). The excellent fitY = 3.99 %dbtained gives confidence
in the phase purity of the sample, meaning that any further analysis and comparison to SD
and PRE®ZD5718s representative of thédZD5718nolecule, and the known crystalline

phase.
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Figure 5.2 Pawley fit to he XRPD data fokZD5718orm A with red showing observed
profile @ ), black the calculated profile) ), and blue the difference plotyq w ).

5.3.2.2.Molybdenum XRPD dbD and PREAZD5718

The absence of crystallinity apparent in the XRPD of SD and PREC maté&iaisd
5.3), where a broad, featureless halo is present in both cases. From a visual inspection, there
is little noticeable difference between the two, and littleanfnation may be inferred based

upon this data.
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Figure 5.3Stack of mlybdenum XRPD data f8D and PREAZD5718truncated between 3
°and 50 ¢—

5.3.2.3.PDFs oAZD5718eference materials

The data fromFigure5.3 were corrected, normalised and transformed to PDFs as
described in Section 2.3Figure 5.4 shows the expementally derived PDF patterns,
determined from the molybdenum XRPD data for 8#D5718eference materials. The PDFs
are truncated at 2@ for clarity ForAZD5718 Form,Ahe peaks ifiOi extend out to high
i values, well beyond the uppérlimit shown. This is expected and reflects the lenagge
3D periodic order within the crystal lattice #&ZD5718 Conversely, for PREC and SD
AZD5718the absence of lorgange order is apparent and the features in the PDF attenuate
to zero at around 10 A. Frombasic visual comparison, it appears that the local ordering in
SD and PREXZD571&re very similar. However, closer analysis of the SD and KAES7 18

PDFs show subtle but significant differences on closer inspection.
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Figure 5.4 Stacked PDFs AZD578 reference materials

In comparison to the crystalline material, local structure in SD and RRE&7 1&re
significantly different. The main PDF peak positions are, however, similar, out toFigbide (
5.5), with the exception of the broad feature at ~ 4.4 A in the amorphous material. However,
upon an inspection of the features in the crystalline PDF, there are two peaks in the
crystalline phase, at 4.25 A and 4.55 A, which sit either side of this featurevetiserthe
amorphous material. It is possible that in amorph@®®D5718 G KSasS (g2 LISIE | &
to the significant disorder in the amorphous sample. However, the more obvious differences
between the amorphous and crystalline are the amplitudes oftfa¢ures in the PDFs. These
differences may be explained by the lerang ordering within the crystalline material, with
the repeating distances, even at law effectively increasing the amplitudes of features in
the data, which are typically higher in the PDRRAZD5718orm Athan amorphous. Similar
observations have been made in a PDF study of low and high density amorphous ices, where

differences in pealmplitudes have been assigned to differences in coordination of water

moleculegMariedahl et al., 2018)
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