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Abstract

Investigating nucleation, crystal growth andolid-state transformations
at the nanoscalare of significant interestas more complexoutes have roused
guestions about the classical view dfiese processes. This thesis reports
thecharacterisation girenucleation clusters olanzapine @QZPN) aqueous solutions,
their role innonclassical het®nucleation of OZPN hydradeand during crystal
growth mechanismAtomic force microscopy studiex the (100pzpni face ofOZPN

| crystals in contact with water shothe formation,growth and order of dense
nanodroplets leadintp crystallization of OZIN dihydrateon the surface of OZPN I.
Dihydrate mlymorphicformis driven by a templating effeof the underlyingDZPN

| lattice. The size and volume fractiof nanodropletsn purely aqueous and mixed
ethanol and watédZPN solutionshow thatheirradius is steady in time af.35 nm
andit is independent of the OZPN concentration ainel solvent compositiorThe
OZPN fraction captured in the clusters is dictated by the solution thermodynamics.
Both behavioursare consistent with the predictions @fmodel that assumes the
formation of OZPN dimers and theallecay upon exiting the clusteislthough the
presence of prenucleation clusters is critical during OZPN phase transformatias, i
observed that clusters do not tgdat in a growth mechanisand OZPN layers ee
generated by a spiral growth. Step velositypws a norlinear dependence on OZPN
concentrationThe proposed growth model g6 thatOZPN layers propagate by
incorporation of OZPN dimers present as a minor species in OZPN soltihen.
growth by dimers is faster not owing tpadial or entropic factors aweakly bound

solvent, but to the accumulation of dimers on crystal surfaces due to stronger binding.



Thesdindings provideguidance towards enhanced control over nucleation, malecul

transitions, and the solid forms in molecular systems.
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1 Introduction



1.1 Role of crystallisationin the pharmaceutical industry

Crystallisation is widely used to control the purity and sddtdte properties of active
pharmaceutical ingredis (API) and others chemicals. Sirarganic molecules may
crystallisein numeroussolid-stateforms eachwith distinct physical propertieghere

is a significant interesin the pharmaceutical industrin controling sizel purity,?
morphology? andcrystal structuré While boththe crystal mgphology and size are
important for downstream processing such as filtration, drying and milling,
crystallisng the inappropriate polymorph directly impackey biopharmaceutical
attributes including solubility anchay have serious consequences for huneattin
This can alsdoring high reformulation cost$o a manufaturing processEfforts in
advancing design strategies, growth techniques, amtharacterigtion of
pharmaceutical crystals hpsogressed dramaticaliyg the last two decadesnce the
critical case oRitonavir, whereametastable polymorph revertedatess solubléorm
during the manufacturingprocess,reducingthe bioavailability of the formulated
dosagavith $250 millionreformulation costs Although metastable forms may exhibit
not only the higher solubility but also other physicalgarties such as compressibility
(e.g. paracetamol form |f) the most stable polymorph isypically desired for
manufacturing and solid-form screening is a regulatory requirement for new
pharmaceuticalsWith strict standardsrém the US Food and Drug Administration
(FDA) therearea limited number of formulations thigiclude metastable fornts co-
crystals. While experimental solid-form screening generates multiple useful
information about physical and chemical properties of new -stéitt formsthese
studiesare timeconsuming and costlrystal structure predictiogf€SP) methods are

used as a complementary le@ue to experimental screenifi§g Advancements in



algorithmsand computer power have introducgignificant advantages in terms of
accuracy and time in predicting crystal structures, yet these cannot beecetisad
entirely reliable. @er-prediction is still a problem with CSP as it does not lead to a
single crystal structure, but rather to mamgsible structures within a small range of
energy (~5 kJ-mdl).° Therefore, studies combining solid form screening and crystal
structures predictions, provide a maremplete picture and better understanding of the
solid-state diversity oforganiccompound. The sandard approach for polymorph
screening includesolvent, temperature and supersaturation carittolvevermore
examplesshow thatiess conventional approaet includingtemplating with surface
attributes such as togmphy't-*?lattice matching;*¥ > or molecular functionality®

23 aremoresuccessful in producing leascessiblgolymorphic forms.

Crystallisation outcomesare still not fully predictabé ascrystal nucleationgrowth
and polymorphic transformatianare notcompletely understood.Nucleation and
growth processes are difficult to monitor experimentally at the molecwiardee to
the short timescaleand small sizes of the nuclei involve@onsiderable efforts
continue tobe devoted to understanding nucleation proceéssesuding using
dynamic simulation$.Classicalnucleationtheory (CNT) 2428 is widely applied to
describe crystal nucleation kinetics frooiugion. However it cannotfully explain all
observed phenomena. Recent studies have shown evidence okt wuaicleation
proces$” 32in which the initial formation of clusters of a dense, disordered, liliked
phase precedes the formation of atlened solid nucleus insidéusters. Evidence for
two-step nuatation has been observed in protein crystallisgfidhwith the existence
of prenucleation clusters (PNCs) comprising small, thermodynamically stable solute

clusters also being reported for inorganic systems including calcabomrate and



calcium phosphat¥'“° It has been proposé&tthat within PNCs local ordering of
structural motifs corresponding to specific crystalline polymorphs can occur,
influencing the resultant crystal form obtained. The formation of dense clusters has
also been observed in aqueous solutiomsgdinic molecules (including several amino
acids such as glycine, aniline amdvaline*¥ 4%, polymer4® and inorganic structures
including heteropolyacidéand InP quantum dof§ The increasing evidence for two

step nucleation in organic, protein and inorganic systems suggestsy play a

significant role in the formation of crystals under many different situations.

Recent publications suggest thagtastable clusters albavea significant role in the
crystal growth mechanis@:**>! In contrast to widely accepted crystal growth by
monomefto-monomer addition(Figure 1), formation of new crystal layersby
sedimentation and spread aietastable species such as dense liquid droplets,
amorphous nanoparticleprenucleation clusters, or nanocrystéfgure 1) is now
recognized.Observation of crystal formation and growth achievable due to
advancement in nanoscale techniqeesh as dynamic light scattering (DLS),
transmission electron micraggy (TEM),**°2in situ smallangle and widangle X%

ray scattering (SAXS/WAXS§S and in particular, atomic force microscopy
(AFM)5%89 \which has beerwidely applied tocharacterizeboth classical andon

classicakrystal growth mechanisms.

The @mplexity of nucleation and growth mechanisaigpharmaceutically relevant
productgaisegquestiongbout the ability taruly predict and control the crystabison
outcome$¥ %4 Clearly, a betterunderstanding of hownolecules assemblgom a

solution or melt needworefundamental investigatioil€onsideringhe nonclassical



mechanism for nucleation and growttieeperunderstanding of the nature and
evolutionof the various metastable speciesniseded especiallyfor the purpose of
modellingcrystallisationoutcomesSince there is some strong indication that solvents
can direct the selissociation of the molecules in solutfSr°there is a question about
the growth units for the nucleus and crydtglersand howthey arerelated to the
attachment frequency of the molecul@glditionally, in most caseshe molecular
mechanism of the transformation of the metastable to more stableréonains
unknown Hydrates formation isespecially importandue to the widespread exposure
of APIs to water, whether in solution wapourform, since the incorporation of wate
molecules in the crystal lattice can have a dramatic effect on solubility and possibly
bioavailability of an API.Finally, it is also unclear how surfaaad solvenproperties
enhanceaucleation and drives the polymorphic selection, espedtiallyitcan be used

on awider scalg¢o enalbe a full control over the crystalligion outcomes.
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Figure 1 Pathways of non-classical growth In contrast to monomeby-monomer addition
as envisioned in classical models afystal growth(greycurve), nonclassical crystal growth occurs
by the addition of highetorder species anging from multimolecule complexes toordered

nanocrystals. Copied fromreference®®

1.2 Classicalnucleationtheory

Understanding the fundamentals of nucleation is essential to control crystallisation
processes. Primarfhomogeneoysnucleation occurs when crystalline surfaces are
not presentwhereas secondary nucleation requires thesgnce of parentsé¢ed)
crystal surface (of the same compouna@)nd their interacdbn with the surrounding
medium’¥ 7 If the seed surface of a different material is used for crystallisation

(specially designed template or a dust particle), hgégr@ousucleationoccurs.

Two main models have been proposed fiampry nucleation mechanismdassical

nucleationtheoryandtwo-step nucleationtheory. CNT assumes that the first stép



nucleus formationrequires a supersaturated solution containing the solute present in
theform of freemonomersthis maygive a beginning oismall orderedluster.The
formation ofnuclei is associatedith a free energghangeqiGerys, Which isgiven as

the sum othegaininav ol ume f r @ égreenrc@vefggyre 2passociated

with the formation of intermolecular bondand theloss infree energy by the
formation of a surfacgGs(red curveFigure2). The free energy changeGrysfor an
initialised nucleusin solution @ssuming spheritahapé is described as (Equation

1):74

YO - iY0o Tttt (1)

wherer is the adius of the sphericaucleus and 92 i s the surface
area Consequentlyynfavourable interfacial contribution dominates at small sizes and

thefavourable bulk term dominates at large si#ge curveFigure2).
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Figure 2 Free energy diagram for nucleation according to CNT. Adapted from refee'°!

The initial total free energy increasaitially until it reachegheactivation energy for

nucl e &tiiatdhe correapponding radiusi: (Equatiors 2 and 3.



yo - (2)

I v ©)

Above this critical size the total free energy constantly decreases and growth becomes
energetically favourable, resulting in the formation of the crystal nubihe crystal
nucleation ratd is equal to the number of nuclei formed per time antvwolume, &

described by (Equatiof):”®
b bQhl— 6QoR— @

where 0 is the supersaturation ratiok is Bol t zmannos const
A is the pre-exponential kinetic factothat is related to the rate of attachment of
molecules to the critical nucleuB,is a thermodynamic factor anefflectsthe structure

of the nucleus.

CNT assumes that nuclei grow by incorporating each monomer individually and that
crystal nuclei havéhe same struateasthat of the bulk crystalThereforewidespread
intermediate metastable speciesaaqueous solutions of organic molecuiesiuding
several amino aci¢f€ 4° polymer$® and inorganic structur&s® cannot be explained

by the CNT.Additionally, CNT does not provide angformation about the nature of
clusters formed in undsaturated solutions and does takte into consideration the
impact of solveninduced molecular sedssociation in solution on the polymorphic

effect. Furthermore, classical nucleation theory doet predict correct crystal



nucleation rates, as the pggponential factoA (Equation 4 remains undetermined

and is usually adjusted to fit the experimental d&ta

1.3 Two-step nucleatia theory

Intensive studies foproteins and colloidal system crystallisasprsupported by
computer studies are in favoof the twaestep nucleation mechanism. Tawtep
nucleation theory suggests that the formation of crystal nuclei supersaturated
liquid is described by two transitiorigigure 3), firstly by the formation of a droplet

of a dense liquid, metastable with respect to the crystalline state, followed by ordering

within this droplet to produce a crystal.
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Figure3Fr e e e n e nwyp-gtepopGeation af crystals from solution. Adapted froreference®

Studies on protein crystallisation havadea big contribution to the development of

the twostep mechanism. They have been observed in solutions of several proteins:
lysozyme3>3® haemoglobin A and &, glucose isomerasé and lumazine
synthase€’ "8It was first demonsated that dense liquid droplets assist the nucleation

of the protein lysozyme followed by nucleation of a crystal within the droplet under a



wide range of conditiong-(gure4 a). Their extended lifetimes indicate that the clusters
are not concentration fluctuations and surprisingly, lysozyme dense clusters of sizes
~100 nm were also detected in a homogenous region of a phase diagram. The clusters
contain 1687 10* molecules and occupy less than®d the total solution volume. It

was shown that the cluster population volume responds to varying protein
concentration although, the cluster size was independent of protein
concentratior?®’”’® The decoupledbehavioursof the cluster size and population
volume contradictedpredictions of classical theories of phase transformation and
aggregation modelsThe developed twstep nucleation theorguggeststhat the
mechanisms determining the cluster sizéicsatedby the dynamics of formaticand
decayof protein oligomers of a limited lifetime. Hendéwas concluded thaguch
oligomers are required for the clusters' existéAéaurtherstudie§® alsoshowedother

types of prenucleation specipgesentn lysozyme supersaturated solutions. All kind

of particles exhibitedsphericalshape although the internal structure atteir role

during crystal nucleation procesaried Someparticles after growing to theertain

size developed crystal faces and eventually transformed to orthorhombic lysozyme
crystal(Figure4 b) while othershad a more solitike characteandserved as a surface

for heteronucleadin of a lysozyme crystgFigure4 c).

Experimental observatismof nucleation shovanincreasing number of other chemical
systems wherthe presence of prenucleation clustera commorstep. Prenucleation
clusters wereletected during nucleation of calcium carbonate, calcium phosphate and
silica. These clusters wereported to be highly dynamic and thermodynamically
stable solutes in equilibrium with surrounding solutibnsupersaturated solution of

calcium phosphate clusters coales@nd forned a layer of amorphous calcium

10



phosphate that next transformed doygalline calcium phosphafé It has been
proposeé that within PNCs local ordering of structural motifs corresponding to
specific crystalline polymorphs can occur, influencing the resultant crystal form
obtained.The presence o&n amorphous phase was only observed iforganic

compounds and never observed for any other systems.

Figure 4 The nucleation of lysozyme crystals assisted with various types of prenucleation clusters, a)
nucleation of a crystal in a liquid droplet, b) transformation of a spherical particle to a orthorhombic

crystal, ¢) prenucleation cluster serve as a surface for a crystal nucleatiGopied from referencé?

In the case of small organic compounds it was demonstrated that the dissolution of
glycine andbL-alaniné®*°in water leads to the formation of a solution containing
submicron size mesospecieBigure 5). Their size distribution depends dhe
concentration and chemical properties of the soDigsolution of glycine crystals in
watershowed mesospeci@gth a mean diameter of250 nm. Glycine crystals were
reported to grow only when smaller species coalesce to larger nanodroplets (diameter
>750 nm) since a critical mass of glycine was requioefitm crystals large enough

to be stable in less concentrated solution.

11



Molecular dynamic simulation ¢fienucleation process of urea suggest that nucleation
pathways strongly depend on the solvent system. Simulations for three different
solvents (methaol, ethanol, and acetonitrile) revealed that in methanol and ethanol
urea forms crystdike clusters suggesting one step nucleation directly from solution,
while in acetonitrile urea first forms disorder clusters indicagihgo-step nucleation
mechanim 82 This diverse rolef prenucleation particles present in the solution shows

the importance of further nucleation studies also in different systems.

Figure 5 Cryo-TEM images of colloidal (a)bL-alanine 150 mghL and (b) glycire (200 mghL).

Copied from referencé?

A two-step nucleation mechanism was also proposed during the heterogeneous
nucleation of organic molecules on carbon nanoh®riihie impurity surface may

have the ability to induce order within the dense prenucleation clusters and lower the
surface free energy for nucleationvesll as effectively template the resultant crystal
form. Clearly, a better understanding of how surfaces can influence the structure of
prenucleation species could provide a basis to select or design surfaces that specifically

template crystalline matetsawith desirable soligtate propertie%!®
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1.4 Classicalcrystal growth mechanism

After a stable crystal nucleus is formed ,tlggowth continueso macroscopic crystals
Crystal growth is governed bmternal factos such as thredimensional crystal
structureand crystatlefectsand external factors such as temperature, supersaturation,
solvent, and the presence of impurities. While the first group will affect interaolatec
interactiors between the crystal surface and the solution the second group will affect

the type ofinteractions at the soliliquid interface®*

When growth occurs by addition of a monomer from a solution to a crystal stinace

is considered as a classical growth mechamsonystal surface&ontainthethree most
charateristic sites where monomgrcan beattached, mainly kird terrace and
sters.8°Kinks areenergetically most favourabesitionsvhere molecules can be built

into a crystabkurfacesince there ia maximum numbedthreg of bondghatarecreated
during that procesd.his equals taa half of the possible crystal lattice intermolecular
interactionsIn comparisontherearetwo bonds created then the molecule adsorbs to
the step and one for the terraédter the solute molecules diffuse toward the face of
the crystal, monomer incorporation may occur either through direct inediqdf to

the kink site Figure6, patha) or by surface diffusioA”"® Surface diffusion occurs
whena monomer is first adsorbed to the terrace and then diffuses along the crystal
surface to the growth sitd={gure6, pathb). During direct incorporation from solution

to a kink site a molecule encounters a single energy barrier that takes into account
multiple factors, including the orientation of the molecule, the geometry of the site,
and the disfacement of solver(Figure6 c). During surface diffusion incorporation of

molecules from the solution to the kink include the kinetic barriers for adsorption on a
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terrace, desorption, diffusion along the surface toward a step, and attachment to a

growth site(Figure6 d).87%°

| = monomer

terrace

kink site

ii

Reaction coordinate Reaction coordinate

Figure 6 Classical growth mechanism by monomby-monomer addition (monomers are illustrated

as blocks) where Jamonomers attach to the growtkites or b) monomer adsorbonto terraces
followed by possible surface difsion and incorporation into growth site) The free energy profile

for direct incorporation into a step. i and ii are the kinetic barriers for incorporation and detachment

of a molecule from a growth site, respectively, d) The free energy profile Herdurface diffusion
mechanism. i, ii, iii, and iv are the kinetic barriers for, respectively, adsorption, desorption, surface
diffusion, and incorporation nto steps from the surfaceCopied fromreference®”

Classicalcrystal growthtypically involves twedimensional2r D) layered growthor
rough growtr®! If faces of the crystal are mostly composed of kink sites, molecules
can incorporate o the crystal at all positions. In tteguation,growth is limited only

by the transport of solute molecules to the surface and this process is described as
rough growthlf the density of kink sites is ot lower, layered growth occurs and

21 D nucleusspreads across the famgaddition of the monomemtil thenew layer is

finished andreaches the boundanof the crystal edgé/Vhena screw dislocation is

present in the crystal lattice and terminate on a crystal face, crystal facesi@toe v
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spiral gowth mechanisni®%3Screw dislocatiorserve as a contifng source of steps
where new molecules can be builtarthe crystal faceThe steps willgrow in its
onward direction until iencountersa boundarywhile the new steps will continually

be generated at the dislocation.

The role of solvent ordering in crystal growth is not yet clear, although it ikneNn

that the choice of solvent is one of the most critical decssidmen designing the
crystallisation process. Solvent molecules influencestitebility, impurity rejection

and most importait crystal morphologyA lot of attentionis paid tothe cortrol of

the morphology of API crystal in the pharmaceutical industry, becauseiofltrence

of the crystal morphology on downstream processes like filtering, drying, blending,
and tableting? Needleshaped and platshape crystals are quite difficult to handle
due to the breakage during processes required to formulate drug product, making the
manufacturing process less effici€tDesign of modellingtools?¥64 for crystal
morphologyscreenings only accurate when the full picture of the interacbhetween
solventsolute solutesolute,solutesurfaceand solvensurfaceduring growth from
solutionis known.Therefore, further understanding of the growth mechamischa

role of solventleads to a better design of crystallisation process, prediction of the

crystal morphology and rational desighgrowthmodifierswith desired specificity*

1.5 Non-classicalcrystal growth mechanism

When a crystalgrowth occurs by attachment growth units that have higher
configuration than a monomer (dinsgirimers, clustes of moleculesor nanocrystals
it is considered as r@onclassicalcrystal growth mechanisind is it now recognised

asa common phenomendh®® This mechanism involvethe presence afrystal
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layer precursors in aolution thatcan be incorporaté into a crystal surface and
contribute to the growth of the crystal laydPsecurses are formed in a solution and
differ in complexity and compositiorfFigure 7), from simple dimers, through
oligomers and mesoscopiliquid-like droplets’*>® amorphous particl€$®’ or
nanocrystal$®°°The structure of the oligomersusuallysimpleandtheir presenci
solution can be easily confirmed byechnigues such as IR or NMR
spectroscop§’®%10%10%%n contrast tathe characterisation of the internal stiue of
more complex precursar&nalogousto monomers, oligomexsanbeadsorbed orthe
growth sites on the crystal surface, although up to date greatbligomers has not
been confirmed directly. The assumption that crystals can grow by oligomers comes
from the fact thatheir structures can be often deted in a solin®’-69100.10%%r they

areacommon motif in many crystatructuref the same compour?d

The pathways for other precursargy involve attachment ofparticles such as
crystallographically aligned nanocrystabolycrystalline nanoparticte disordered
clusters or liquidike droplet. This mechanisns generally callectrystallisation by
particle attachment(CPA).*° It was mostly observed for biocrystallisation atiue

crystallisation of inorganic materials such as zeoll#svevertherearemore studies

showing it is also valid for organic systems such as proteins and aawids.

For protein crystallisatignon-classical growth mechanismvas first observed for
lumazine synthas#.The crystal growth mechanism involved the sedimentation of a
submicron dense droplet on the crystal surfacei@ndcorporation into the crystal
layer. Droplets laneéd on the crystal surface between existing steps, then grew

sideways and became an integral part of the crystalra@amg five new layeras
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shown on thé-igure8 a. The droplets werable to take part in the growth mechanism
since the internal mobility of the protein molecules inside the droplets is considered
high and the molecules can be rearranged under the influence of the periodic structure

of the underlyingrystal generating new ordered layer.

a) oligomers b) clusters c) nanocrystals

C% of Oé) \ || [,\ .
e l |2

Ci
=}

,¢

terrace

Crystal

Figure 7 Non-classical crystal growth pathways can involve the formation ob&yomerspeciesb)

amorphous clusters, ¢) nanocrystallingarticlesthat directly add to the crystal surface

For small organic molecules new growth mode for crystals of-glutamic acid
monohydrate through the attament of nanoscopic clustefsom solution was
confirmed byAFM.*° Clusters of a size-4 nm high and 15800 nm wide were
observed on the surface oba-glutamic acid monohydrategystalplaced in a growth
solution Some of the clsters dissolvee.g.Figure8 b, green circles)lthough nost

of the clusters served as a sourceef/crystalline layewith the same height as those
in the parent crystdle.g.Figure8 b, red circles) Next, the layers were observed to
grow hy the additions of monomersnterestingly when the same clusters were
adsorbedon the silicawafer surface they did not transfoimto a crystallinelayer,

which suggest that the significantchemical or structa match betweethe surface
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andthe clusterds necessaryo enable theirearrangement anidcorporation into a

crystal layer

With the discovery of new growth mechanisms, several new questions regarding the
control over the nolassical growth process emerge. It remains unclear what are the
most active sites on the crystal surfacefor the precursor attachment or what is the
relatiorship between the supersaturation, growth rates and number of precursors
present in solution. Also due to limiteflknowledgeabouthow solvent or temperature
affects the structure and a number of precursors it is difficult to implement the
observations ofthe nonclassical growth mechanisms in current modelling
frameworks. Additionally, without the knowledge of fundamental processes occurring
inside the clusters during disorder to ordered transtisamains impossible to design

potential modifiers fononclassical growth process.
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Figure 8 Example of nonclassical growth for organic molecules, a)jumazine synthase
sedimentation of a @ object and its development into stack five crystalline layer, copied from
reference 3! b) pL-glutamic acid monohydrateclustersmarked with coloured circlegontribute to

the growth of a single crystal layeropied from referenc&®

1.6 Techniquesto study crystal nucleation andgrowth

Crystal nucleation and growth studies are more and more accessible due to rapid
development of nanoate imaging techniquesLight scattering techniquesuch as

DLS, SLS or oblique illumination microscopy (OIM, also known as Brownian
microscopy,BM) are good toolgo study the physical properties of prenucleation
nanoclusters whilanicroscopytechniques @ch as optical microscopy, scanning
electron microscopy (SEM), transmission electron microscopy and atomic force
microscopy are useful tools for imaginbe mechanism®f the crystalgrowth
Additionally, infrared (IR), Raman and nuclear magne@isanancepectroscopy are

able to provide information about the solution composition and ssblige

interactions
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1.6.1 Infra-Redand Ramarspectroscopy

IR and Raman spectroscopy are very common vibrational spectroscopies used in
determining the conformation of compuds. These techniques allow rapid and
nondestructive measurements without sample preparations. In IR spectroscopy, the
molecules absorb infreed light, and the intensity of the absorption is measured by
LamberBeer Law. In Raman spectroscopy,sample isirradiated with intense,
monochromic laser beam and inelastically scattered light intensity is measured in the
direction90° or 180 to the incident beam. Raman vibomal transitions are ithe

same range as IR abygtion (2007 4000 cm?t). Selection rles for Raman scattering

and IR absorption are different, however the information obtained about the structure
are similar. To determinate whetharvibration is active in IR and/or Raman
spectroscopy the selection rules must be applied to eantahweibration. According

to quantum mechanics, a vibration is-#Rtive if the dipole moment is changed during

the vibration. The vibration is Ramaugtive if the polarizability iehanged during the
vibration, making both techniques complementdiRy and Raman gztroscopyare

widely used tostudy intermolecular interaction in a solutiamd solid state in
particular thecorrelation between sedfssociation of the solute in the solution and in
the solidstate structureSeveralstudies® 1% report direct correlation betweeneth

dimers present in the solution and the presence of dimer in the crystal structure.

1.6.2 NuclearmagneticresonancepectroscopyNMR)

NMR spectroscopys a technique based g@henomea occurring when the nuclei
unpaired proton with ¥ spirtH, 13C, % or 3'P) is placed in strong magnetic field.

Nucle may take upeither a lowenergy orientation (aligned with the field) or high
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energy configuration (against the field). When the system is in equilibrium the lower
level (N1) will have a higher population thaigher level (N2) the energy difference
between them will be equal tgE [MHz]. NMR technique is sensitive to tmaiclei
environment and identical functional groups with differing neighbouring substituents
give distinguishable signaldd NMR spectroscopgan be usetb investigate solution
aggregation processes. Experimental complexatidnced changes in chemical
shift'%4 can beused to determine the thrd@mensional structures of solutiomase

aggregate8?67.105

1.6.3 Obliquellluminationmicroscopy

OIM is a technique designed to meadiine size okingle particles in solution using

light scatteriig. The method relies on light scattered at wavevectors of ardérand

probe lengthscales in the range®1010 nm. The Rayleigh law, according to which

the scattered intensity scales as the si
technique paicularly well suited to studthe mesoscopic, 50 to 100 nm large clusters,

but are presd at very low concentratien OIM is also referred to as Brownian
microscopy®®1% or particle tracking® The clusters are visualised aoloured

sparkles. A the clusters are smaller than the diffraction limit, the speckle size accounts

for the deviation of the cluster position from the microscope focal plém@Brownian

trajectory of a particle isecordedn the image planérigure9 c), and the correlation

between the mean squared displacerfestGand the lag time0is computed
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Figure 9 Characterization of particleby OIM. a) The OIM set upb) a typical OIM image shown as
a negative, in which clusters appear as dark speckt®a typical cluster trajectory obtained from the
position of a clusteiin a sequence of images) dhe distribuion of cluster sizes obtained from five
OIM movies recorded at distinct solution volume€opied formreference!®®

The diffusion coefficienD is calculated from the slope of thecw OO correlatiors;

using the first five data points as they provide the higleesturacy ofD.1%°

The cluster radiuR is determind using the StokeEinstein relation, equation 6,

Figure9 d:

Y QW -0 (6)

Additionall vy, the cross polarizer <can be
observed particles. t@GBkeMmda *vwd ad i foonr osft Yo

species for protein 8t @®mi°8o acid cryst:
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1.6.4 Electronmicroscopy

The electron microscope was inventedhe middle othe20th century to addregise
need forhigher optical resolutioriThere are two main types of electron microscopes
SEMandTEM. Both typesof microscopes use a beam of electrons to create an image
of the specimen. SEM uséow energy electron beami(1B30 keV) comparedo TEM
(100 keVi 1 MeV) and produce thredgimensional (BD) images from secondary or
backscattered electrons from the sdeppvhile TEM only producsflat (2i D) images

by transmitting electron$itough the sample. Furthermofiég&M provides the higher
resolution and magnifitwn (0.1 nm), plus providesdetails about internal
composition. Eleton microscopes havendergone big improvements over the last
few years, e.g. development wi-situ techniques allowshe observation of crystal
nucleation in real time without concerns that $aenple has been transformed during
the measurementn-situ CryoTEM helped to akerve mesopecies bt -alanine and
glycing® with diameters in the range. 100 to300 nm(Figure5). It is also widey
usal to study nonclassical processes of nucleation and growth of inorganic

materials38-20.110

1.6.5 Atomicforcemicroscopy

Atomic Force Microscopyas beethe most widely used technique foralysis othe
classical andhontclassicalcrystal growthof proteins, amino acids, small organic
molecules, pathological cryst&i$t*?> and zeolite§® and other inorganic
materials®>°"5%89t was alsoused toobserve phase changésrystal morphology?
and to siidy dissolutior?® AFM is a kind of scanning tunnelling mimscope (STM),

although comparedo STM, AFM doesnot require the sample to be conductive;
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therefore,a wider range of sampleand variousenvironmentscan be studied. The

AFM operation isbased on the atomic forces such as van der W@&alslombic
attraction, capillary forces and chemical poten#atip (Figure10 a, b)is located at

the end of the cantilever, which bends as a consequence of atomic forces present
between the tip and the surfadde tipsdiffer in size (from single molecules at the
apex for an atomic resolution imaging to a few hundred nanometres for
naroindentation measurements) and shape (&pheres to needle like) dependory

the application.AccordingtoH 0 0 k e 6 s udtienW caftiteger deflectiond?) is

directly proportional to the forcé-fs), which is needed to restore the cantileeeits
equilibrium positionAFM is highly sensitive to small foes owing to small tip radius

(57 50nm) and elastic cantilever (106 00 e m | ong) .

o) Q QA (7

The cantilever deflection is usually detecteddmyoptical technique. Usually, laser
light beam is reflected from the cantilever onto a posisensitivephotodetector

(Figurel0a).
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Figure 10a) Schematic of AFM seturh) field of view 30 micronsc) intermolecular interactions and

atomic force mode operations.

Interaction between the tip and atoms can be described by van der Waals interactions

model(Figurel0 g and Lenad-Jones empirical potential (EquatiBh

Wp  T- - - 8)

wh e r ethelbinding energy of the atoms & i s an at oimthedi amet

interatomic distance.

AFM can work both in forcenode (adhesion, cohesion forces, hardness and elasticity
measurementsggnd imaging mode. In imagingode,the images are produced by a
raster scan by the tip moving back and forth along the fast axis (uswediy). When

one line is completed the tip is moved by a small increment in perpendicular direction
(slow axis,y-axis)and the process is repeatétie maging mode can be divideato
contact mode,tapping mode, noncontact and newly introduced Peak Force
Tappind™. In contact mode, the force between the probetlmdample is repulsive
(Figure10) and remains constant whaaimage of the surface is obtained. The change

in deflection reflects changestopography This mode allows fast scanning and may
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be used for friction analysis. It is not suitable for soft sampMhich can be easily
damagedFor soft samples, AFM tappingode can be used. tapping mode, the
cantilever oscillateslightly below its resonance frequency. If the tip is close to the
sample, the oscillation is reduced due to energy loss caused by the tip contacting the
surface. The decrease in oscillation #tade is the output signal and is used to

identify surfaceopography

In the noncontact mode, the oscitlag tip is positionecta. 507 150 A above the
sample surface. The tip detects attractive van der Waals forces present between the tip
and the samnip. Although those interactions are weaker than in tapping mode, they still
can be detected by measuring the change in amplitude, phase, or frequency of the
oscillating cantilever in response to force gradients from the sample.

A disadvantage of neoontat mode is that ultrahigh vacuum conditions must be

applied, making it unsuitable far situ studies.

Peak Force Tappinly (Bruken AFM is a new operating mode, which allowse
collection of mechanical properties data while imaging the sanlgpositeto a
contact mode in Peak Force Tapping the probe is in contact with sample just for a short
time, and opposite to tapping mode the maximurogfan the tip is controlled. The
modifications result in better protection of both tip and the sample ffamaging

during scan. A short contact time between the tip and the sample is sufficient to
generate the foe curve. Each curve is saved aad be analysed to obtain quantitative
information (PFQuantitative Nanomechanical Property Mapping) about differen

material properties such as adhesion, modulus, dissipation, and deformation.
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Recent developments of combining AFM with spescopic techniques such asiR
and Ramaht® spectroscopyvercomethe limitations ofspatialconfinesoriginating

from the diffraction limit of light,allowing to achievesimultaneousubmicrometer
resolutionchemical image®on the top of AFM micrographs anthnomechanical

properties maps.

1.6.6 Molecular modelling

MaterialsStudio packages an integrated molecular modelling t@wmid itis available
from Accelrys (San Diego, CAJt is used to build and display atomistic models and
perform simulations on a variety of length and tisoales.There are over twenty
modules available fovisualisation and calculatioof various chemical and physical

properties Modulesused in this thesis include:

Forcite is the forcefieldbased molecular mechanibased on classical simulation
theory Bulk propeties, sich as diffusion coefficients dfoung's modulare averaged
over a set of atomic nuclei configuratioeausing the details of electronic motion to
be lost in the averaging procestassepropertiesTheycan beextractedising Forcite
without a need of using quantum mechanical techniguekich are usually
computationally expensiv@here arananypotentials (or forcefields) and distribution
generating techniques integrating the Newton@asgica) equations of motiorlhe
forcefield describespproximately the potential energy hypersurface on which the

atomic nuclei move and it depends on the type of structure that is being investigated

Morphology allows the predicton, study and visuadation of crystal morphologes

based on the crystal structure using three methods: BBVviasFriedetDonnay
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Harker)'!® growth morphology and equilibrium morphology. This modubesinot
take into account factersuch as solvent, impurities or addisvéhat can have a
profound effect on crystal morphology. ttmee BFDH method the crystal morphology
is modelled based on crystal lattice and symmetry to generate agatsiible growth
faces based on the assumption that the ett-plane distance for given plane is
proportional to the inverse plane spacihg. In the growth morphology method the
crystal morphology is calculated based on the attachment eBarthat is released
on the attachment of a growth slide a growing crystal face® The growth rate is
assumed to be proportional to the attachment energy, so the lowest attachment energy
faces are the biggest and the slowest growing faedhe equilibrium morphology
method the crystal morphology is modelleasbd on a minimum of the surface free
energy for a given volume and temperatiffdt assumes thad surface is a perfect

termination of the bulk and there is no surface relaxation.

DMol® allows modding of the electronic structure and energetics of molecules, solids,

and surfaces using density functional theory (DRTPFT technigueghe properties

of a manyelectron system can be determined by using the spatially dep&teietnon
density.Density functional theorgtates that all grourstate properties are functionals

of the charge density. This module can be used to calculate specific chemical and
physical properties including UVis and Raman spectra asolvent using COSMO
(COnductoflike Screening ModeP?! which is a continuum solvation modtiat
treats each solvent as asurmondingithe solute wi t h
molecules outside of a molecular caviBOSMO derives the polaaton charges of

the continuum, caused by the polarity thfe solute, from a scalembnductor

approximation.
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Adsorption Locators used to simulatan adsorption process of a chosen adsorbate on

a surface with &ixed composition. Adsorptiobocator willfind low energy adsorption

sites on both periodic ambnperiodic substratelsased on a Monte Cartdmulation

of a substraté adsorbate systerin Adsorption Locatorthe output consists of a study

table Thiscollecs all lowest energy configurations found in the sampling obtaimed

the temperatureycles to allowthe system to settle to a state of minimal energy. The
process can be repeated in a number of cycles to allow the system to explore states of

still lower energies??

1.7 Olanzapine

Olanzapine (OZPNC17H22N4S;, (2-methyt4-(4-methyt1- piperazinyl}10H-thienc
[2,3-b] [1,5]benzodiazepineligurell a)”1?*124saBCS class I{low solubility, high
permeability}*®> benzodiazepine derivativesed against the positieallucinations
and delusionsand negativésocial withdrawalsymptoms of schizophrenia, loiar
disorder and other psychasé®!?’ It is manufactured under the trademark name
Zyprex& by Eli Lilly and Companylt appears as a light yellow (Form 1) or white
(Form 1) crystalline solid,is practically insoluble in water (43 mg/L) and freely
soluble in chloroform. The drug is stable at ambient temperature and huwniithity
melting point B 0 T 1C9*¥8The olanzapine molecule is composed of a central seven
membered 1/liazepine ringKigurell a, R2) fused with benzenEigurella, R1)

a thiopheneKigurella, R3), and an Mnethylpiperazine substituent ringigurell

a, R4). A central diazepine ring adopts a distorted boat conformation. Benzene and
thiophene rings are coplanar with diral angle between them 1272° Olanzapine

has a single hydrogdmond dono, N1-H, and two good acceptors, the imine N2 and
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piperazine N4, which are exposed in the crystal building blocks to near neighbour

dimers!?3

Figure 11 a) Molecular structure of OZPN, numbering ofhe atoms according to referente
numbering of rings according to referené® b) Centrosymmetric (S dimer observed in most of

the experimental crystal structures of olanzapine.

Whilst all neat and solvated solidrfos of OZPN contain a centrosymmetric (OZPN)
dimer (SG) as a common stetural building block Figure11 b),” the divalent cation

in olanzapinium dipicrate, dimaleate, and dimaleate monofumaric acid, contain a novel
structural motif, different from the S@imer'?®131SG dimeris stabilized by three
types of multiple CTHLLL™ interacttons:
C2 fragment, ii) betweenigerazine C13 and thiophene €31, iii) between
piperazine C13, C14 and C17 the phenyl ring (multipfAH iteractions):?° The
intradimer binding energy for olanzapine dimer compuelP2 lewel of theory & -

8.68 kcal/molt?* Since SG dimers areobserved in all crystal structuréshas been
proposed to be the crystal building block from which other ssibtle structures of
olanzapine may be assembfédCrystal stucture prediction (CSP) calculations have
indicated that OZPN structures without the dimeric motif are also thermodynamically

feasiblebut theyhave yet to be observed experimentalfo date, 60 distinct OZPN
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forms have been identified, including three polymorphic forms (I, 11, 1ll), where form
| is the most stable nesplvated forn?. Form | of olanzapine, can be obtained from
dry solvents including ethyl acetate, isopropyltatee butyl acetate, isobutyl acetate,
diethyl ether, diisopropyl ether, toluene, and fluorotolueht& Form Il is usually
concomitantly crystallised with traces of form Il through vapour phase via
sublimation or by desolvation of number of solvents such as methanol,
dichloromethane, chloroform, trifluoroethanol solvates, and tfetanol solvate
hydrate’ Neither of the pure form Il or lll has been obtained tetrystal structure

of form 11l has not been determined so far. Based on CSP model Adré2 Il and
form 1l exhibit the same-D crystal layers (S&), where every second layer in form

[l runs in the opposite directiohese structural similaritiesake the separation of
two formspractically impossible. Olanzapinium dimaleate monofumacid is the
first case of a ternary ecrystal of an active pharmaceutical ingredients (API) in the

CSD databas¥?

In water the drug also forms three polymorphic dihydrates (B, D, E) and a disordered
higher hydrate. In water slurries OZPN | converts to a kinetic form OZPN dihydrate B
(OZPN DB) after few hours while it transforms to OZPN dihydrate D,

the thermodynamically stable hydrated crystal form of olanzapine, after slurrying in
water for several day€® In high humidity environment the dihydrate rioation
pathway depends on the starting form and water actitAgtructural analysis showed

t hat OZPN | shares 11T D structur al Si mi

al

and the higher hydrate and 2%DzPsltanduct ur e

OZPN hydrates exhibit low aqueous solubility and there is interest in studying the
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mechanism of anhydrate thydrate formation given the potential impact on

performance and stabilify?
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2 Aims and Objectives
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2.1 Aims

Design of various modelling tools for crystallisation is only reliable aitim-depth
understanding ofhe fundamentals otrystal nucleation and growthAn increased
understanding of these processes may allow a greater degree of control over the
crystallisationoutcomes, such as morphologrity, or stability which arg¢he key
properties of pharmaceuticalgaucts The overallaim of this thesis is to provide

better undestandingof processesoccurringduring crystal nucleation, growth and
solid-state transitions in aqueous solutions based on a pharmaceutical molecule
olanzapineIn the case of olanzapinthe impact of dissolution properties on drug
product performance is criticalTherefore a particular emphasis is placed

on nongclassical nucleation processstaking place during the transitiobetween
anhydrous olanzapine to its hydrated forms. A rarigeleancednalytical techniques

has been applied tharacteris¢he nature of olanzapin@enucleation aggregatesd

to identify thekey factors driving the nucleation pathways and polymorphic selection

for olanzapine hydrate

The work reported in thi thesisalso focuseson a crystal growth mechanism
for olanzapine crystals. Since all crystal structure of olanzapine coinéth@o dimer

as a building blockthe dimer formation in various solvents was investigatedttaad
crystal growth kinetics werstudied in order to identify the growth mechanism and

confirm the growth unit.
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2.2 Objectives

V  Apply optical ancatomic force microscopy to study thiéeet of water activity,
stirring and the role of OZPN | surface on the hydrate nucleation

V ldentify the key properties of the OZPN | surface that influence the selection
of a polymorphic form of OZPN dihydratey epitaxial match calculations,
ledge geometry analysis and energy calculations

V Compare the observed nucleation mechanism with existing classical
and norclassical theories

V Monitor the properties of thelenseclustes forming in OZPN solutions
anddeduce the cluster formation mechanism

V Compare the cluster behaviours agueous solutionghat contain varying
guantitiesof ethanol with thermodyamic parameters of the solutians

V Explore the role of the denstusters in the mechanism ofystal growth of
OZPNhydrate ethanoate

V Explore the relationship between solution phase OZPN species arfidusa
in OZPN crystal structurassing NMR and Ramaspectroscopies.

V Employ atomic force microscopy taentify of the growthmechanismand

growthunit for OZPNhydrate ethanoate.
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3 Materials and methods
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3.1 Materials

All analytical grade solvents were purchased from Fisher Scientific, UK. NacCl
(anhydr ous, 099. 5%) was p u ranch@z®n tomf r o m
Molekula Ltd., UK. It wasconfirmed as form | by »ay powder diffraction®XRD),

was used without furtheaurification.

3.2 Crystallisation

OZPN |, OZPN dihydratesand hydrate solvates were prepared according

to the methods described by ReutEdenset. al*® and WawrzyckeGorczycat®*

Single crystals of OZPN | were obtained by dissolving ~200 mg of OZP N rimL36f

ethyl acetate. The solution was stirred and heated to ensure complete dissolution of
OZPN. The solution was then filtered thr
mLgl ass vials, sealed and kept atrnmgoom t e
The resulting crystals were filtered under vacuum and washed vith @/v ethyl
acetatdiexane mixture to remove any surface deposited material. Crystals were dried

on a filter paper in a desiccator over a silica drying agent. OZPN DB and OZPN DD

for Raman measurements were obtained by stirring ~200 mg of OZPNrhind3

water for 6 h and 8 days respectively. The presence of each dihydrate polymorph was

then confirmed by XRD.

Dihydrate ethanoat®ZPN:EtOH:HO (2:1:2)for solubility studiesvereobtainedby
dissolving excess of OZPN I inrBL of 1/1 v/vEtOH/H.O solution. The solution was
heaedup to 50C and stirre@vernight. The presence of the desired OZPN:EtQ8:H
(2:1:2) was confirmed b?XRD. OZPN:EtOH:RO (2:1:2 P21/c) crystals for AFM

analysis(72 00 e m 1 n | e n gdissolvingregcess OAPN bisnwmi ofb y
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1/1 viv EtOH/H0O solution. The solution was heat up td6G&nd stirred for around

15 minutes. Next, the solution wamLTfiltel
vials with the coverslip scratched near tentreand placed in the vial beforehand.

This way the crystals welienmobilized on the coverslips without the netm use a

glue. The coverslip with OZPN crystals was removed from the vials and rinsed with

1/1 v/v EtOH/H20 to remove loosely attached crystalbe presence of the desired
OZPN:EtOH:HO (2:1:2) was confirmed b XRD and SG-XRD. Crystals prepared

in that way were moved thhe AFM instrument.

Experiments of©OZPN | single crystal submerged in wate©ZPN | single crystals
(size between 17T1.5 mm) were attached to
and wereoriented so that {10Qzrni planes were exposed perpendicular to the
capillary axis. The capillary was suspended in water so that winemgstvas applied,

the magnetic stirrer placed at the bottom of the vial was not in close contact with the
crystal at the tip. Where specified as 6

100 rpm, otherwise no stirring was used. All experimeme peformed at RT.

All the crystal structure parameters are summarized in Table 1.
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Table 1 Unit cell parameterdor all solid forms of OZPN used in this thesis

OZPN DB OZPN DD OZPN HE
OZPN | OZPN:HO OZPN:HO | OZPN:EtOH:HO

(1:2) (1:2) (2:1:2)

Crystal systen| Monoclinic Monoclinic Triclinic Monoclinic
Space group P21/c P21/c P-1 P21/c
a[A] 10.38 9.87 9.93 15.13
b [A] 14.83 12.72 1010 12.43
c[A] 10.56 14.3 10.51 20.20
U °][ 90 90 84.71 90.00
b[°] 100.& 92.97 6267 92.72
a[°] 90 90 71.18 90.00
V [A3] 1597.8 1802.8 884.1 3760

V4 4 4 2 4

3.3 Raman Spectroscopy

Solidstate Raman measuremerf&man spectréor OZPN crystalsvere collected

using a Thermo ScientificE DXR -Rmpedn mi c |
solid state) laser excitation source and CCD equipped with a high precision X, Y, Z
motorized stage i n t HRlevesldscéns usingeagdsautiono f 5

of 1 cn! andanexposure timef 1 s

Solution Raman measuremeritee chlorofornsolutiors were prepared bgissolving
anadequate mass of OZPN | to achieeacentrations of 0.206 M, 0.169 M, 0.087 M,

0.023 M, 0.009 Mn 3 mL of a solventat RTto match the concentrations used tfos
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NMR study. Just before the analysis all solutions were filtered througle (W EX FE

filter. All the solutions are assumed to be undersaturated against OZPN form |.
SupersaturateBtOH/HO solutiong0.043 M and 0.032 Myvereprepared dissolving

the maximmn amount of OZPN [ in 3nL EtOH/HO heated up to 4€C and 35°C

and slowly cooled down to RThe mass of the dissolved OZPN was then verified
after the samples were@mpletely dried and desolvate@ther three solutions were
prepared at RT by dissolviragequate mass of OZPN | to achieve concentratbns
0.019M, 0.012 M,and0.005 M Thesamnatch the concentrations used for NMR study.

All the solutions were filtered through0.22em PTFEfilter and stayed clear for the

time of the analysisA Kaiser RXN2 Raman spectrometer with PhAT probe was used

to monitor thesolution nonrinvasively, in order to avoid any crystallisation on the
probeThe PhAT probe had the laser beam optically expanded to give a 3 mm spot size
This allowssimultaneousnalysis of a large sample areafo&al length of 12.5 mm.

The beam was direateat the process through the top of the.viale laser wavelength

of 785 nm was produced by an Invictus diode laser operated at 350 mW at the source,
with a CCD detector coeld t 6C by & Reltier cooling system. In advance of any
measurements a verification (which measures relative peak intensity and peak position
against known peaks from a cyclohexane standard) using the external sample
compartment accessory for the imstrent was performed. Raman spectra were
recorded using iC Raman V4.1 software. Each Raman spectrum was recorded with
eightsans and 30 s integration tim8olvent and glasspectrawere collected and

subtracted from each sample.
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3.4 Nuclear magneticresonance

The stock solutions were prepared by dissolvitige maximum anount of OZPN |
soluble at RTin deuterated solvesit chloroform acetone 1/1 v/iv D;O:EtOD. The

mass of the dissolved OZPN was then verified after the samples were completely dried
and desolvatd. 'HNMR spectra were prepared as a function of concentraSimek
sdution for each solvent wadiluted as follow: for chloroforad: 0.80, 0.40, 0.10; for
acetoned: 0.90, 0.50, 0.20, 0.14; for EtOD/D 0.95, 0.60, 0.25All solutionswere
filtered through 0.2 em PTFEfilters andNMR spectra were collectagh to 15 min

after sample preparatioosing a Bruker Advance 3HD twahannel 500 MHz
spectrometerSixteenscars were acquiredor each samplat RT using a residual
solventpeakasthereferenceSpectra were analysedingTop Spin 3.5 (Bruker) and

the shifts were quoted in ppm treli scale.

Optical MicroscopyOptical images were obtained using a Leica DM6000M optical
microscope equipped with a motorized stage and Leica DFC495 camera. Images were

analysedising LAS v.4.8 software (Leica).

3.5 X-ray powder diffraction

PXRD patterns were obtained using a Bruker AX@m-Advance transmission

di ffractometer equipped with d/d geomet r
= 1.54056 ). Data were collected in the
1 s/step speed. Reference powder patterns were produced wesiNteritury 3.6

(CCDC) software from single crystal data (CSD ref. code OZPN I: UNOGINO1, OZPN

DD: AQOMAU, OZPN DB: AQOMAUOQS3,dihydrate ethanoat®ZPN:EtOH:RHO

(2:1:2y WEXQEW).
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3.6 Singlecrystal faceindexing

All crystal faceswere indexed using a Bruker D8Nture diffractometer equipped
with a CCD detector and using grappieo noc hr omat ed Cu KU

( &=1 . B) &l ar6APEX3 face indexing plugn.

3.7 Atomic force microscopy

AFM experiment in controlled relative humidit9ZPN | crystals wereanalysed

at ambient (35 %) and higher (75 %) RH, with the latter achieved from ambient
humidity using a saturated solution of NaCl and monitored throughout using
a humidity sensor (Fisher Scientific). OZPN | crystals were mounted using double
sided tape. Crystalwere stored in a desiccator before analysis with no additional
modification of crystal surfaces carried out before the measureméritsdata were
collected with a Dimension lcon AFM (Bruker) using PeakForce Tapping® mode at
RT and a ScanAsyst Air prober{iker) with nominal spring constakt0.4 N/m and

a nominal tip radius of 2 nm.

AFM experiments in watelOZPN | crystals were mounted with epoxy glue to
a cover slip andvereplaced in ecrystallisationdish, which was submerged imf_
of deionized weer with no applied solution flow. Images were acquireith
a Dimension Icon AFM (Bruker) using PeakForce Tapping® mode atu$tig
a ScanAsyst Fluid probe (Bruker) with nominal spring constant7=N/m aal

a nominal tip radius of 2 nm.

AFM growth sudies in EtOH/HO. Wasled crystalsattached to a glass cover slgeé

Crystallisation of dihydrate ethanoateZPN:EtOH:HO) were imagedwith AFM
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FastScan (Bruker) using FastScan D SS probe (k=O\&n and tip radius

1 nm)in OZPN supersaturated solutions witbzen-Ce betweer0.20 and 2.55 mM

AFM Image Processinddll AFM data wasanalysedusing NanoScope Analysis 1.5

software (Bruker). Height images were correcteé bgst order flatteningunction

3.8 Simulations.

Morphology predictions Crystal structures were geometrically optimized using
the COMPASS force field in the Forcite module in Materials Studio 7.0 (Accelrys
Software Inc.). The Quadiewton algorithm was used with convergence tolerance for
energy of 2.0 x 1®kcal/mol, a force of 0.001 kcal/mol/A, and the displacement of 1.0
x 10° A. Growth morphology models of OZPN |, OZPN DD, OZPN DB were
calculated using the Morphology Module (COMPASS force field with the Ewald
summation method for electrostatic and dn Waals interactions with accuracy of
1.0 x 10° kcal/mol with a buffer width 0.5 A). The BFDH morphology models were
generated using the Morphology Module with minimum interplanar distance

dn = 0.8 A.

Raman spectra calculation®ZPN monomer and dimeavere directly copied from

OZPN | crystal structure. The structures weeemetrically optimized usinpMol?

module in Materials Studio 7.0 (Accelrys Software Inc.). The GGA PBE functional
was used with convergence tolerance for energy of 1.0%H1@ maxmum force of

0.02 H/A, maxmum displacement of 5.0 x 70A, maxmum terations 50, marum

step size 0.3 A, and 4.4 DN. The Raman spectra were generated based on frequency

calculations usinghe COSMO* model for ethanol, water and chloroform solvents.
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Adsorption locator calculationsStepped OZPN HE surface were created from
OZPN:EtOH:HO (2:1:2) crystal structure, CCDC code: WEXQERNitst, theunit cell

was optimised with Forcitdhe QuasiNewton algorithm was used with convergence
tolerance for energy of 2.0 x 2kcal/mol, a force of 0.001 kcal/mol/A, and the
displacement of 1.0 x T0A. (001)ozenHeSUrfaces were created by cleaving @#PN

HE unit cell to a fractional depth df unit celland constructing a 6 xdpercell. Rows

of surface molecules were manually deleted to create widp§L10} orientatiors. A
vacuum slab of 100 A was inserted abowvéhe surface structure.

The monomer and dimer structure were cut from the same crystal structure and
optimised in the same way using Forcite and were chosatsagbate structures for

the calculations. The COMPASS forcefield was used and the adsorbate structures were
kept rigid. Five dfferent adsorption configurations ahonomer and dimewere

investigatedand the lowest energy configuration is reporfEde binding engjies
calculaed using the following equatiotladgs = Yrota H (Usurtace™ Yadsorbad, Where
E.. IS the total energy of the surfaeed adsorbatek,...is the energyOZPN HE
surface without the adsorbatendE,...dS the energy of thadsorbatevithout the

surface.

Epitaxial Matching CalculationsEpitaxial matching calculations were implented
using the GRACE (Geometric Resppace Analysis of Crystal Epitaxy)software
package version 4.1. Epitaxial scords) (between (10Qpeni and (001dzenob
or (100pzrnoe Were calculated by the summation of near coinciding lattice points
between (10zeni substrate and an overlayer of dihydrate as a function of

the azimuthal angle between the two lattifder various search area&Gaussian
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functions were used on lattice sites with theommendeld default parameters dc=0.5

A, and @¢=0.3 A

3.9 Oblique illumination microscopy.

A Nanosight LMD-HS microscope (Nanosight Ltd) equipped withgeen laser
(532 nm) illuminatinga 500mMm solution layer at an oblique angl@sused to produce
the trajectories of particles present solution. The tempeature was set
T = 297.65 K.The viscosity of the solvert, wasdetermined from the dyndas of
Fluoro-Max Dyed Red fluorescent polystyrene spheres, digimeter 1 pumdiffusing
in the tested solutiom$®? The viscosities of all solutionemployed are plotted in
Figurel2. The concentratioNcuster Of clusters of different sizegas determinefrom

the numben (Equation 9)in the monitored solution volume ¥f= 48,000mm?, ¢ 5%
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Neluster= N/V (9)

The volume fraction occupied by the cluster populaticas calculatedbased on

eqguation 10:

% T B'Y& Yoo (10)

where V is the monitored solution volumdzach characterization of the cluster
populationswas repeateéive times from distinct solution volumes within the same
sample and averag®] Nciuste, and7 over the five measurements; the error bars in all

plots represent the standard deviation of this determination.

45



3_|I ' ] ' C
[ 13
@—o— i\ _
A ! 3§
T | § \
=1 s "]
ol

0 20 40 60 80 100
EtOH content [% Vv/V]

Figure 12 The viscosity of 5 mM solutions of OZPN in solvents with different EtOH concentrations.

Error bars representhe standard deviation calculateétom 500 particles (n=50Q)

3.10 Determination of the optical extinction coefficient of OZPN in watef
ethanol solvens.

The ethanol concentration varied from 20 to 90 % v/v, with, correspondingly, 80 to 10
% water. Weighed OZPN amounts were dissolved in these solvents with
concentrations between 0 andm@. The ompleteness of dissolution was verified by

the lack of sattered light using aJV-Vis spectrophotometéom ALV-GmbH,
Langen, GermanyJV-Vis absorbancspectra were recordéuthe rang€00-800 nm
usingal nm slit.(Figure13). The wavelength of maximum absorbance varied between
252 nm, for 20% ethanol, to 270 nm, for 90% ethaihbk correlations between the
optical density at the wavelength of maximum absorbance and the concentration were
linear, Figure 13. The extinction coefficients for each ethanol concentration were

determined from the respective slopes and are summariZedbia 2

46



a o6 0 s R
o \/\ Emi : 2
g 04 v 50.15: ! b g
5 % g
P L €=1.65x 10" M cm’* =
8 0000 = 1x150x 2x10° o 8
e} 0.2 0ZPN concentration [mol L] | o
< <
EtOH 20 % viv
0.0 =
200 300 400 500
Wavelength [nm]
C ' d
0.6 . ]
s 04 < S
Q el
[ [
2 T
< 0.2 g
EtOH 40 % viv
0.0 —__ -
200 400 500
e 0.6 4+ f
8 3
e 04 ] c
S ©
£ 5
B 02 r 02;;13;“02(::3; [mgrlgz 7 g
< <
. EtOH 80 % viv
0.0 ‘ —
200 300 400 500
Wavelength [nm]
i on of

Figure 13 Det er mi nat

0.8

0.6

0.4

0.2

0.0

N

T

0.6 A=253 nm

Absorbance
o
a

o
[

T

“g=1.77 x 10* M cm!| |

0 1x10° 2x10° 3x10°
OZPN concentration [mol™' L

EtOH 30 % viv

11]_

200

300 400

Wavelength [nm]

0.6}

0.2}

0.4 V\/

04 h=256 nm |
2

£ ]

£
202 J

<
005 =1.89 x 10° M' cm™!
' 1x10° 2x10° .

OZPN concentration [mol L™ ']

EtOH 50 % viv |

0.0k
2

00 300 .

Wavelength [nm]

400

500

0.8}

<

g
’/
Absorbance

—

0.6

0.4}

0.2

-192x10"M cml-

.0
0 1x10° 2610° 3x10°
OZPN concentration [mol L™']

EtOH 90 % viv

-1

0.0
200

OZPN

300

400
Wavelength [nm]

e xt i vCc mixtwes. OZRNe f f i ci e

concertration was evaluatedrom the weight of dissolved powder. EtOH content in each solvent is
i dent i f

indicated in the plots. UW i s

spe

ctra

wer e

empl oyed to

maximum. The correlation between the absorbance at this wavelengththe OZPN concentration,

in the insets,

wa s

used

a7

t o

det er mi

ne

0

n

each

S

C



Table2The exti nct i @the stamdarfd frrocdteemined from the slop of the linear

regression of OZPN in solvents of different EFOH oncent rati ons at the wavel

absorbance
EtOH content[% viv] [0 fmem™ [o [ n|
20 1.645+0.001 252
30 1.765+0.005 253
40 1.878+ 0.005 254
50 1.885+0.003 256
80 1.900+0.001 269
90 1.924+ 0.001 270

3.11 Determination of the temperature dependence of the OZPN solubility in
water-ethanol solvents.

Aliquots of OZPN:EtOH:HO (2:1:2) crystalsvere addedo 5 mL solution with one

of the tested compositions held in 20L capped glass vials. For experimental
statistics, sets of theevials with identical compositierwere stored at each of five
temperature277, 288, 297, 310, 318.1A 300nL aliquot was removed aftarpreset

time from each vialf i | t er ed t hr ough, aaddilted2vith tem PES
respective solventand tke concentration of dissolved OZPN was determined
spectrophotometrically. This procedure was repeated until the concentrations in each

vial reached a plateau, defined by three consecutive coneemérafconsistenvalue,

Figurel4. The final steadygtate concentrations were averaged over the three samples

for each temperature. The resulting mean was used as the soldility
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Figure 14 Determination of the OZPN solubility. Evolution of OZPN concentratiat five different
temperatures 277, 288, 297, 310, 318 K, for six different EtOH concentratiah20%, b) 30%, c)
40 %, d) 50%, e) 80%, f) 90 %][v/v]. Error bars representhe standard deviation determined from

threeindependent amples (n=3).
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4 Direct observation of templatedtwo-step nucleation

during OZPN | to OZPN dihydrate transition

50



4.1 Introduction

Despite thewidespread applicatioof crystallisationin industrial processes crystal
nucleation and growth remain poorly understodthese processes are difficult

to monitor experimentally at the molecular level due to the short length and timescales
typically involved However considerable efforts continue to be devoted to
understanding nucleation process¥s including the use of dynamic
simulations$?135136 Classical nucleation theory# 28 is widely applied to describe
crystal nucleation kinetics from solutiobut cannot faithfully explain all observed
phenomena. Recent studies have shown evidence ofstéywaucleation process in
which the initial formation of clusters of a dense, disordered, ltjkgdohase precedes

the formation of an ordered solid nucleus diesthe alisters?®3%3738."8he increasing
evidence for twestep nucleation in organic, protein and inorganic systems suggests it
may play a significant role in the formationasf/stals mder many different situations.

A two-step nucleation mechanism was proposed during the heterogeneous nucleation
of organicmolecules on carbon nanohofighe impurity surface may have the ability

to induce order within the dense precleation clusters and lower the surface free
energy for nucleation as well asegfively template the resultant crystal form. There

is therefore also considerable interest in the mechanisms controlling heterogeneous
nucleation tempking with surface topgraphy'!? lattice matching;*4*>13” and

molecular functionalit? 23 factors influencing the process.

4.2 Surface as a tool to control polymorphism

Understanding the mechanisms of ordering on the surfaces is fundamental

to controlling the final properties of crysta@é materials.Surfaces promoting
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nucleation of a targeted polymorph are often chosen based on epitaxial interactions
between a nucleatigpromoting surface and crystallizing materied. date three major
factors have been described as beagponsible fosuccessful polymorph selection

on crystalline template crystalline lattice matching(two-dimensional epitaxy

21 D), 8141513'"molecular functionality of the substraf®?® and substratedopography

(Ledgedirected epitaxyt DE).1112

Crystallisation on ordered organic substrates involves the desigisudistrate that
reembles a particular crystal plane of the desired mat@ha.strategyvas presented

as a robust method to targatew polymorphs of pharmaceutical molecules
(carbamazepine \tyheptamidell templated on the surface of dihydrocarbamazepine

I1) that werenot available through standaatystallisationapproache&!® When
targetedcrystal polymorphs and crystalline substrate are isostructural, templating
effed is not face specifi¢Figure15 a).2 However,in most cases onlgpecific crystal

faces of organic sgle crystals can besed to selectively nucleate targeted
polymorphic forns.*>'*Ward and cewvorkers desiged a tool to predict the epitaxial
match based on a lattice parder®f a substrate and overlayeGRACE (Geometric
Reatspace Analysis of Crystal EpitaX§)which is softwarethat can beused to
calculate the epitaxial match between lattices. GRACE does not show exact match
bet ween | attices, Eb,utwhiadht etraldepiitmtxgy a&saca

nearcoinciding points of two crystal lattices acding to Equation 1:1*

O -BQaAQTQ dp mm (11)
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where:

di- is the distance between ttie substrate lattice point and a nearby overlayer lattice
point

do- is an adjustable parameter that governs the sensitivity of E to lattice mismatch

GRACE calculates thepitaxy scord= based on given crystal cell parameters (crystal

face, crystallographic vectors, angle between the vectBwn though GRACE
calculation doesnot take into account several kinetic factors, polymorph
transformati on, sol vent oreefative gowth rat€ssoiva | d 6 s
different planes itvas able to successfulbyedictthe observed epitaxial configation

of the (111) plane of NH on the (001) plane of mid&®wi t h d = 4@%or and E
orientation of Y Yellow Needle polymorph onpimelic acid** In casewhere
intermolecular interactions have much stronger effecthe crystallising polymorph

than the lattice registry, GRACE is not able to correctly predict the crystallisation

outcomes (polymorph or orientatiof?}.

The nucleation of particular polymorphic forian also occur on the surface
of specific facesof the organic single crystal because shftiag contact with
a welldefined ledge siteand closepacked planes of acrystallising polymorph
(Figure 15 b).1! This approach was first used forystalline substrates with ledges
geometry defined by the crystal stuet of the substrat€sandwasnextappliedto
amorphous substrates wheravider range ofimprinted nanoscale geometrical
features? The ranosale fabrication approachallows better control ofmatching
the angleof the features present on the substrate and thasengbetween the faces

of a specific polymorphsThis enabés crystallisation of this polymorph on such
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designed substratesdditionally, specific intermolecular interactions between the
substrate andrystallizing compoundan be tailoredby different substrate chemistry

was proven to decreasecleation induction timé?

Figure 15 Examples of different properties of the substrate used to crystallize desired polysorph
i) isostructural substratedihydrocarbamazepine Il for crystallisation of carbamazepine form V,
copied fromreference®® ii) concept of LDE,(a) molecules aggregate on the crystal terrace and
diffuse to the ledge defined by the intersection of &ljkey and a(hkl)pane (b) showing the match
between the ledge angle ) of the substrate defined by crystallographic planes [uagalnd the
angle between the crystal facésdy) of polymorph A defined by crystallographic planes [rsg} In
contrast(c) showing mismatch between the ledge angle and a@hngle betweercrystal faces( ¢l

dagy), copied from referencé! iii) plate with 288 polymer applied for polymer induced
heteronucleation for polymorph screening.

Adjusting surface chemistry is another stratélggt can beeffectively applied in
control of polymorphic form due to subtle interactions betwasnbstrate anthe
nucleating crystalThe nolecular functionality of the substrate was proven to have
much stronger templating effect than epitaxial maléfUsing this approacamuch
wider range of substrates can be designed by adjusting the surface chemistry by e.g.

usinga wide rangeof polymerg®?tor seltassemblé monolayer$?14%141pfund amnl

Matzger® presented a substrate containing 288 distinct petgnfrigure 15 c) for
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polymorphscreening of paracetamol, tolfenamic acid, ROY, and curcumin with a high

yield in crystallising different polymorphic forms.

A better understanding of how surfaces can influence the structure of prenucleation
aggregates could provide a basis teceor design surfaces that specifically template

crystalline materials with desirable sekthte propertie$!®

4.3 Influence of water onolanzapine solid forms

Hydrate formation is of particular importance due to the widespread exposure of APIs
to water, whether in solution orapour form, since the incorporation of water
molecules in the crystal lattice can have a dramatic effect on solubility and possibly
thebioavailability of an APIOZPN and OZPN hydrates exhibit low aqueous solubility
and there is interest in studying the mechanism of anhydrate to hydrate formation given
the potential impact on performance and stability of OZPN shown in the study of

Paisanat. all3®

In a stirred aqueous environment, both OZPN form | and form Il fiassistorm to

kinetic OZPN DB (within 24 hours) and then to there stable OZPDD ( afft er 51
days Figure1l6A).1213Sst r uct ur al anal ysis showed that
similarity with olanzapine OZPN DBdihydrate Eandt he hi gher hydr at
strucural similarityto OZPN DD’'23In the crystal structure of OZPN | and OZPN

DD the dimers araligned eneto-end and assembtkrectly on top of one anothen

OZPN DD the watemoleculesoccupy the sites between theStimersand change

the lattice from PZc (OZPN 1) to P1 (OZPN DD) In OZPNIl and OZPN DB, the

SG dimersadopt a herringbor@rangemeni&nd waters occupy the sites between the
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SG dimers In all of the hydrates, the water molecules are held by two or three
hydrogerrbonding interactions witthe diazepine N2 and the piperazinead¢éeptors

of olanzapine.The structural similaties between OZPN forms and corresponding
dihydrates directed the different hydration outcomes under high relative humidity
conditions'33In 93% relative humidity (RH)form Il (containing form Ill as a phase
impurity) converted to OZPN DB. In these conditio@ZPN | was directly converted

into the OZPN DDwithout presence of other hydra{€ggure16 B), andit is different

from its behavioumwhen stirred in water.

In the case of OZPN, the impact of dissolution properties on drug product performance
is critical. Conversion to a mostable, less soluble hydrated form could compromise
dissolution However, transformations limited to the surface of the crystal would be
difficult to detect by conventional techniques, @¥RD. For this reason, crystals are
typically suspended in agueos@lutions and stirring is used to drive transformations
more or less to completion by continually refreshing the surfdtds generally
assumed that transformations at extremely high humidity are the same but slower than

those in stirred aqueous susp®Ns.

Hence, this chaptenvestigates the heterogeneous nucleation of OZPN hydrates on
anhydrous OZPN | crystals in agqueous suspension and on exposure to humidity, using
AFM. Following on previous workthis chapter investigatethe effects of water
adivity, local mixing and structure on OZPN hydrate formation on the dominant face
of OZPN | and provides evidence for tgtep nucleation and surface templating.
Extensive lattice matching used to explain the formation of the disordered phase and

templaing effect of the (10Qypni face for OZPN DD.
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Figure 16 Transformation of OZPN in A) water where both OZPN | and OZPN Il transform first to
kinetic OZPN DB and later to thermodynamically stable OZPN DB) in 95% RH transition
outcome depends on the starting form. OZPN | transforms to OZPN DD and OZPN form Il

transforms to OZPN DB.
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4.4 Results and discussion
4.4.1 Characterization of OZPN I crystals

Form | OZPN is the most stable nealvated crystal form and crystallizesdpace
group P21/d:'?% Single crystals can be obtained from several anhydrolwerds
including ethyl acetate, isopropyl acetate, butyl acetate, isobutyl acetate, diethyl ether,
diisopropyl! ethg, toluene, and fluorotoluerfeCrystals prepared by slow evaporation

of ethyl acetate solution are light yellow incolour and show

a rhombohedral morphology with large {1@2pn faces and other smaller faces
(Figurel7 a, e, f h). Analysis of the crystal structure of OZPN | shows that hydrogen
bonds link the centrosymmetric S@©ZPN dimers$ into 21 D layers parallel to
(100)zeni (the orientation of the dimers on the (16 face is shown irFigure17

b). With only the aromatic and methyl groups of OZPN decorating the ¢240)
surface, this face has a decidedly hydrophobic character. The dominastéidage
observed from recrystallized samples is also the largest face present in
the BFCH predicted morphologyHigure 17 f), and is the face with the smallest

attachment energy based on growth morphol@gutation Figurel7 g, Table3).

Crystals (1 1 1.5 mmacetatasolstiorewerg filtgredowashedf r o m
and dried (see Methods section). Optical microscopwslwellformed facetsKigure

17 b) and nanoscale surface characterization by AFM reveals a detailed ledge and
terrace structure on the (108w surfacesKigurel7 c). The steps show a high kink

density from the conditions used in theirrogth and preparation
(Figurel17 a), with a considerable number of them being (82&\) steps comprising

an(100pzpniterrace and [00%krni | e d g e s adzenia 90° (Eigurgll7 @. Thk
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measured step heighti¢h = 10.12 + 0.81 A) correlates closely to the distance

measured between (100) planes in an OZPN | crysi@l£d.0.17 A).

C

@ . ( 100)OZPNI
X terrace
{Y X (020)ozenr

step

Bl

2 /[OOI]OZPNI ledge

Figure 17 a) Single crystal of OZPN | obtained from slow evaporation of ethyl acetate solution,
b) crystal structure of OZPN | (10@krn face, showing Sedimer pairs, ¢) schematic of (108w
crystal surface featuresbserved using AFM (see Figure 181) ande) Crystal morphology of OZPN
with face indices annotatef) BFDH morphology, g) growth morphologyh) observed morphology.
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Table 3 Attachment energieper monomeifor growth morphology model for OZPN 1.

OZPN | o dhki Eatt (total) Eatt (VdW) Eatt(electrostatic)
multiplicity

(hKI) Al [kd/mol] [kJ/mol] [kd/mol]
{10 0} 2 10.175| -45.843| -44.544 -1.299
{011} 4 8.435 | -60.012| -54.552 -5.460
{110} 4 8.333 | -65.939| -61.402 -4.537
{02 0} 2 7.261 | -70.167 | -68.948 -1.218
{11-1} 4 7.014 | -70.639| -67.387 -3.252

4.4.2 Nanoscale surface transformation in a humidigntrolled environment

In situ AFM was used to investigate the mechanism of growth of OZPMNibe

surface of (10Q)zeni Imaging was carried out under both ambient (35% RH) and high

humidity (75% RH) conditions for 150 min and 6 h respectively. Prior to the

measurements, crystals were maintained over a silica desiccant to prevent initiation of

hydrate formation and surfaces weaealysedwithout additional cleaning. Upon

exposure of the crystal to 35 % RH, multiple desh@ped nanodroplets formed

preferentially at higkenergy kinks, steps or defect sites on the (d£®) terrace

(Figurel8ai1 f ) . The

was 39.64 + 2.37 nm (n = 30 droplets). Under these conditions growth of nanodroplets

i ni t i adpletdaftea mrainuedguei8f)t h e

appears to be associated with slow disson of surrounding OZPN layers

characterized by pit site formation on the crystal face aoession of step edges

(Figure 18 d). It is assumed that the nanodroplets contain both OZPN and water

molecules as a disordered dense ph@ser time, droplet coalescence is observed

with those > 80 nm

in diameter

growing whereas smaller nanodroplets

(< 60 nm in diameter) reduce in size amsbgpear over tim&Vithin 150 min, droplets

grew to an average diameter oPI34 + 31.42 nm (n= 30rigure18f).
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Figure 18 Growth of droplets on the surface of (10fpn at 35 % RH, AFM micrographs
2.
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of (100bzpnis howi Nng surface changes

¢) 113 min, d) magnification of droplets after 113 min showing pit site foi(®) cross sections of the

droplets during various times, and (f) growth of nanodroplets diameter over tiuhash line is a guide

to the eyeEach point is an average of n = 3froplets

When OZPNI wasubjected to 75 % RHF{gure19) similar processes were observed,
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with coalescence of smaller droplets to form larger nanodroplets (102.77 + 39.90 nm,

n=30). When the crystal was held at 75 % RH for 14 daysredathalyzed, the

(100pzeni surface was entirely covered with droplets (125.50 + 23.27 nm, n=25)

(Figure 19 e). Notably, no evidence of transformation of the nanodroplets to a new

hydrated crystalline layeras observed. A previousport33showed OZPN | gained

very little moisture belovb3 % RH (< 0.1 % w/w), increasing only slightly after 180

days at 75 % RH (0.27 £ 0.07 % wi/w), indicating that complete bulk transformation

of OZPN | to dihydrate did not occur under these conditions even after prolonged

exposure. Raman microspectroscopyhe OZPN | single crystal stored for 14 days

in 75 % RH was unable to detect changes in the surface of OZPN I, most likely due to
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the very low thickness of the nanodroplet layer. However, based on the consistent
droplet morphology there is no evidence siaggest that a transformation of the

nanodroplets to a hydrated crystalline phaskimitiated at 75 % RH within 2 weeks.

m

1.8
Figure 19 AFM micrographs of OZPN | (100) face under 75 % RH humidity conditions: a) droplet

formed on he surface of (10fbzpeni, b) and ¢) a clear demonstration of (dense) droplets growing by
Aifeedingd from I ocal | edges and mul ti pddeers,err aces

d) surface of (10%bzrni covered with dense droplets afté h, e)surface of (100)zeni covered with
dense droplets after 14 days
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4.4.3 Effect of stirring on OZPN dihydrate formation #ite (100bzpni Solution
interface

Figure 20 Effect of stirring on anhydrate to dihydrate transition. a) experimah set up: crystals
attached to glass capillaries were placed in sealed vials and kept fdr #B8two different stirring
conditions: gentle stirring (left; 100 rpm) and unstirred conditions (right). b) Optical image

of the stirred (100)zpni surface ofan OZPN | crystal with visible OZPN DB microcrystals after6

c¢) image showing OZPN DD microcrystals on OZPN | after 48 h in unstirred solution. Observed
crystal morphologies of d) OZPN | with dimeric motif on (1@2pni and e€) OZPN DB
microcrystallitesand molecular arrangement on (1068)rnoe face, f) OZPN DD microcrystallites and
molecular arrangement on (00b}enob face.

In a stirred aqueous suspension of crystals, OZPN | transforms first to the kinetic
OZPN DB within hours, followed byransformation to the most stable OZPN DD
within days?*133To better understand these processesiobilized single crystals of
OZPN | were suspended in water in vials with either gentle stirring (100 rpm) or
qguiescent, unstirred conditions for 48 Rigure 20 a). These differenimixing
environments for a suspended single crystal resulted in notable differences

in the outcomes, and can be contrasted with conventional slurrying. In comtiaest

OZPN humidity experiments, small pldike crystallites wae observed on the
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(100)pzpeni surface in watewunder all conditionsHowever, the orientation of the
crystallites relative to the substrate crystal showed a dependence on stirring. When
stirring was applied the microcrystallites did not exhibit significant preferential
orientationrelative to the substrate and were observed to be only loosely attached to
the OZPN crystal surfacd-igure 20 b). In contrast, microcrystallites grown under
guiescent conditions were strongly bound to the (@£Q) crystal face and showed a

significant and uniform degree of preferential orientatiigyre20 c).

' ; ' OZPN DB on OZPN |
_________________ —— OZPN DB reference
| —— OZPN DD reference i
1 —— OZPN (100) crystal face
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Figure 21 Raman spectra from the bottom: OZPN |, OZPN DD obtained from water slurry, OZPN
DD microcrystals formed on OZPN | crystal, OZPDB obtained from water slurryDZPN DBcrystal
on surface of OZPN | with marked area of interest. Detailed description of the observed Raman

spectra can be found in referendé?

Raman microspectroscopy was used to determine thestatel form of the observed
crystallites formed under both conditions and the resultant spectra were compared to
reference spectra for OZPN DB, OZPN DD, and OZPIRigjyre 2). Theloosely

bound crystallites obtained under stirred conditions were identified as OZPN DB,
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whilst the weltaligned, bound crystals produced under unstirred conditions were the

thermodynamically stable dihydrate polymorph, OZPN DD.

BFDH Growth Observed
Morphology Morphology
OZPN DD

(0-11) 9 (0-11) (0-11)

(011) (100) -1-1)

(01-1)

Figure 22 a) OZPN DB removed from the (108N surface after 2 days in stirring conditions; b)
OZPN DD removed from (10@}rni surface after 3 days of crystal being stored in quiescent water,
¢) BFDH morphology for OZPN DD, d) growth morphology for OZPBID, e) observed morphology
for OZPN DD, f) BFDH morphology for OZPN DB, g) growth morphology for OZPN DB, h)
observed morphology for OZPN DB
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Table4 Attachment energies per monomer for growth morphology model for OZPN DD.

OZPN DD o dhk | Eatt oty | Eatt (vaw) | Eattelectrostatic)
multiplicity
(hkl) Al [kd/mol] [kd/mol] [kd/mol]
{010} 2 9.534| -36.066 | -24.510 -11.556
{00 1} 2 9.319| -35.905| -17.348 -18.558
{101} 2 8.417| -33.200| -31.858 -1.342
{100} 2 8.364| -35.817 | -27.687 -8.130
{110} 2 7.592| -36.563| -27.800 -8.764
{111} 2 7.319| -42.077 | -28.065 -14.011
{01-1} 2 6.898| -48.096 | -33.671 -14.425

Table5 Attachment energies per monomer for growth morphology model for OZPN DB

OZPN DB Lo dhkl Eat (total) Eat (Vdw) Eatt(electrostatic)
multiplicity
(hkl) Al [kd/mol] [kd/mol] [kd/mol]
{100} 2 9.856| -44.644| -39.351 -5.294
{011} 4 9.523| -67.445| -38.563 | -28.882
{110} 4 7.790| -85.965| -59.703 -26.262
{00 2} 2 7.183| -82.065| -68.288 -13.777

This was confirmed by single crystatrdy analysis of crystallites carefully removed
from the OZPN | samples surface. Face indexing of the dihydrate crystals
(Figure22 a, b) allowed the relative orientation of OZPN DD and OZPN DBhe
surface of (10Q)zpni to be determined. Morphological analysis of the OZPN DD
(Figure 22 c, d, endTable 4)and OZPN DBFigure 22 f, g, ltandTable 5)crystals
identified that crystals grew with (0Q¥zbnop and (100pzenps parallel to (10Q)zeni

respectively.
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Figure 23 Orientation of OZPN DB and OZPN DD microcrystallites on OZPN | (1@@pn::

a) OZPN DB microcrystallites from stirred conditions show no preferred alignment with OZPN |

axis; all OZPN DB microcrystallitesshow (100pzrnos as a dominant face; b) the consistent
orientation of microcrystallites of OZPN DD on (106~ from unstirred experiments with
(001bzrnop @as a dominant face; c) relationship between the orientation of OZPN DD
microcrystallites on OZPN (100) face; d) OZPN DD microcrystallites obtained from AFM interval
experiment, the orientation of the OZPN DD microcrystallites is the same as observed in unstirred
conditions

The OZPN DB microcrystallites are ramdky oriented on the surface of OZPIN
(Figure 23a), and so loosely adhered that they could be readily removed for analysis.
This appears to be the result of crystallites forming close to the OZPN | surface rather
in direct contact and remaining in close proximity rather than being cléaredhe
surface by shear and deposited elsewhere in the reactor. In contrast, OZPN DD

crystallites were surface bound and oriented withe [100]ozenop axis

at 91° + 2° with respect to [016%pni direction Figure 23p, c, d).
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4.4.4 AFM studies on (10@ypniin water.

The OZPN 1 to dihydrate transformation in water is clearly influenced by the applied
stirring/shearing conditions. To further investigate this, several OZPN | crystals were
suspended in water and the (1&@) face was visualized by in situ AFMDirect
observation of the transforming surface using the scanning AFM ma influence

the surfacé?? Therefore, in addition to continuous in situ monitoring over 24 h,
periodic monitoring of OZPN | samples stored under water was carried out to assess

any influence of localized perturbations from the moving AFM probe.

Using longer scan intervals (2 h, B424.5 h, 25 h and 48 h) the formation of the first
nanodroplets occurred preferentially at the surface ledge together with local dissolution
of OZPN (100) layerg¢Figure24a). The facthatthese nanodroplets can be visualized

in the agqueous environment, suggesiat they are significantly denser than liquid
water and are OZPNch. The initial nanodroplédike structures (lateral average
diameter after 2 hours: 34 + 6nnn=30) are shown inFigure 24 and Figire 25a).

There is also evidence of the dynamic nature of nanodroplets movement across the
surface, with partial coalescence observed betwegghbouringnanodroplets (two

and many nanodroplets coalescing marked yellow amod with dashed circle
respetively on Figure 24 and Figure 25 Ja After 24 h, three scans with 30 min
intervals were performed revealing a striking sequefcgynamic changes on the
(100pzpn face. Coalescence tife nanodroplets progressivédyl to the formaon of

larger roundedhombusshaped feature&igure 25c, with height 127 + 34.20 nm and
diameter 10.51 N 0.60 em). In the perioc
continued growth of the feature in all three dimensions was observed (587.25 + 24.60

nm, 15.94 N 0.16 &m).
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0 | 10pm 0 0mm 6 10 pm
Figure 24 Example of aggregation of two dense droplets in wataarked with yellow arrow
a) Omin, b) 8 min, ¢) 16 min
Whilst the nanodroplet retains significant curvature (cross seEtgure 2%) some
partial ordering is apparent (e.g. emergence of more linear droplet edges) that may be
a result of close association of the nanodroplet to the underlying crystal lattice of
(100)pzeni. Strikingly, after 48 h weldeveloped crystals are observed with tame
morphology and orientation as described above for OZPN DD on theo£2QO0)

(Figure 25 d, Figure 28).

5 10 15 20 ©0 5 10 15 20 0 5 10 15 20
Width [um] Width [um] Width [um] Width [um]

Figure 25 AFM micrographs with the corresponding cross section of height (area marked with dotted
white line) of the suface of (100pzeni in water showing the evolution of size and ordered features
after a) 2 h visible droplets on the surface, droplet coalescence marked with yellow arrow and two

droplets coalescing marked with dashed circle b) 24 hoalescence of the rdplets,
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¢) 25 h large coalesced droplet rearranging into rhombus shape, d) 481y developed OZPN DD
crystal.

2 h 00 min 2 + 4h20 min §. vy 7h 22 min

. - -
20 um 20 pm

Figure 26 AFM micrographs of (100)face of OZPN | crystal inwater scanned continuously for 24
h.

After 2 h of continuous scanningfye formation of nanodroplets was also observed.
The nanodroplets could be easily moved, dragged or even torn off by lateral shear
forces of the probe and continued development of larger features was not observed,
possibly due todisruption of the mcess by the AFM tip(Figure 26) Whilst
nanodroplets are still observed to coalesce, the continuous movement of the probe
apparently interferes with the association of the nanodropigtghe (100pzpni face.
Notably, no transformatn to OZPN DD crystal was observed under continuous
scanning. Thus the induction time for nucleation of crystals of OZPN DD from

undisturbed nanodroplets, templated on the OZPN | surface, is significantly longer
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than the time to form the droplets. Disrgptiof the droplets during this period inhibits

templated nucleation of OZPN by the underlying surface from the droplets.

4.5 Discussion
4.5.1 Two-step nucleation process

When OZPN 1 is exposed to humidity (93 % RH and above) or to an aqueous
environment it undergodsansformation to thenore stable OZPN dihydrate?3133

The relatively slow rate of transformation of OZPN | to OZPN DD, with only partial
surface transformatn occurring after 48 h allows detailed study of the process using
AFM. Building ona previous report33 the transformation of OZPN | in water is
strongly dependent upon stirgywith quiescent conditions leading to direct growth of
OZPN DD. Whilst the oriented growth of the resultant OZPN DD on @#R)is

itself a striking finding, the details of the dynamic changes at the surface that precede
the formation of these crystaksparticularly unexpected. The formation, coalescence
and growth of dense droplets preceding the nucleation of OZPN DD is not consistent
with CNT and it is therefore proposed that OZPN DD nucleation on the surface
of OZPN I is actually a twatep nucletion processKigure 25).Formation of dense

liquid domains in the range of several hundred nanometers leads to an unstable liquid
phase that undergoes reorganization in a later stage into an ordered crystalline structure
via a twostepnucleation process;30:37:384445yith the fundamental assumption of

an increase in density prior to and separated frordelelopment of crystallinits’

AFM studies show that, when OZPN I single crystals are exposed to humidigy (35
RH), numeros nanodroplets form at higimergy kinks, ledges or defects on

(100pzeni terraces Eigure27 A). Condensation of water on the surface, presumably
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leads to localized dissolution of OZPN and nanodroplets increase in size brasigert
molecular diffusion of OZPN molecules from adjacent crystal ledges, further water
condemsation and coalescenceigure27 B). However, the transformation from OZPN

| to the hydrated form under this condition (35 % RH) was not obskrgensistent

with reports that it can only occur to a significant extent at above 93 %°RH.

When suspended in aqueous solution, the agueous OZPN nanodroplets can be
visualised by AFM as a separate, solute rich dense liquid phase. Under quiescent
conditions, the nanodroplets coalesce and transform to a ropgp$eatue with a
rhombus shape (Figure 25andFigure27 C). The shape of this feature is intriguing,
evidently develop from the coalescence of smaller droplets and whilst no-well
developed crystal facets are observed, the edges of the feature are approximately
straight. The lateral profile of ¢hobservednesodropletKigure 25 cbottom) suggests

that the nucleation press starts at the interface between (3&6) and the droplet

and appearso be strongly influenced by the crystal alignment of that face. The
apparent evolution of ordering in the droplet suggests that nucleation occurs at the base
of the drop in contdawith the (100pzrni face and crystal growth progresses until the
OZPN supersaturation has been consumed to form OZPN TbB. peferred
orientation of OZPN DD microcrystallites otihe OZPN substrate suggests that
(100pzeni plays a significant role in thiprocess, templating the nucleation of OZPN

DD from ggregated droplets-(gure27 D).

Based orthe unexpectedformation of OZPN DB and DD microcrystals under stirred
and unstirred conditionsespectively Figure 20), it can be concluded that the

nanodroplets do not exhibit encoded structural information corresponding to either
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specific crystalline polymorpf Recent moleculasimulations by Anwar et. af°

showed that in situations where a crystal surface is present in a supersaturated solution,
weakly bound spherical clusters of solute molecules immediately nucleate, when these
clusters are in close contact with the surface. Nucleated clusters couldilge eas
removed from the surface by agitation, leaving the surface able to seed further
secondary nucleation. Taking into consideration the soft properties of nanodroplets
observed in aqueous OZPN, and the relative ease by which they can be relocated (such
asby a moving AFM probe), it is proposed that when exposed to shear through stirring,
droplets are removed from the templating (£26) surface Figure 27 E). These

solute rich droplets then coalesce and nucleate the kinetfaathyred form OZPN

DB in free solutionFigure27 F and G), with no direct influence of (10231 Further

work to confirm the presence of OZPN rich droplets in water solution, for example
using light scattering techniques,assubject ba next chapterNevertheless, similar
behaviourhas been reported for the dependence of the magnitude of the contact force
used during microattrition oniglyciteevaspol y mc
foundto bemore likely to nucleate at low forcea@to removal of glycine rich clusters

f r o m -gtydine crystals, while using high forces led to selzg nucleation of the

o f ¥Complete transformation of the OZPN | substrate crystal to OZPN DD was
not observed, during these experiments due to slow transformation kinetics combined

with reduced driving force from partial surface coverage.
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Droplets in
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Stirring

Tem%Iated form

» OZPN DD
OZPN | Y &

template crystal )

Figure 27 Schematic of the proposed nucleation process of OZPN DD on the surfaee @ZPN |

crystal and OZPN DB in solution. Large stepigbelledAT D) r epresent major stag
conditions nucleation follows &4 D path resulting in formation oftemplated OZPN DD where A)

shows formation of the droplets at steps, B) coalescence of the droplets, C) formation of mesoscale
droplets with emergence of crystalline features and D) fully developed OZPN DD crystal aligned on
(100)%zeni. Under stirred condions, nucleation follows path B G where E) static layer around the

crystal is disturbed and droplets transfer into bulk solution, F) droplets coalesce in solution and G)

the kinetic form (OZPN DB) crystals nucleate and grow in free solution.

4.5.2 Role of OZPN as a template

Heterogeneous nucleation is widesprealderewith containers, stirrers, impurities,
particles/dust act as the surface enhancing nucleation rates and possibly influencing
resultant crystalline properties thie resultanmaterials. It iknown that nucleation of

a crystal isfavourableon surfaces, as the interface promotes nucleation by lowering
the rucleation free energy barri& Indeed, welchosen crystal surfaces can work as
templates to crystallize novel lgmorphs of organic moleculés?® To date, three
major factors have been described esponsible for successful polymorph selection

on crystalline templates: lattc e mat chi ng %9™% Molecalgri t ax y
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functionality of the substraté 22 and the substratepography(ledge-directed epitaxy

or LDE) 1112

4.5.3 Geometric realspace analysis of crystal epitax8RACE calculations

The highly consistent orientation of OZPN DD microcrystals on OZPN | suggests
a significant influence of thenderlying OZPN 1 crystal structure on OZPN DD
nucleation and growth under quiescent conditions. The strong dependence
of the orientation between the substrate crystal and grown crystals is generally
presumed to be controlled by an epitaxial mechanistowever GRACE
analysig!14139shows that there is no long range epitaxial match between the lattices
of either dihydrate and the OZPN (100) face. Geometatspace analysis of crystal
epitaxy (GRACE}?3was used to examine underlying epitaxy between the §180)

face and the dominant faces of the two OZPN dihydrates which have been observed
growing on (10®)zeni, USiNng experimental crystal structureauSsian functions were

used on lattice sites with the recommertéttefault parameters<0.5 A, and 6=0.3

A. For each face, GRACE analysis was carried out for a series of increasingly larger
square search area, with the length of the square side igivEsble 3.Based on
GRACE cal cul ati ons Ex24Rand gnetleekower interthity pe@kA  wi t
at 50° withE=1.5 (Figure28, Table §. Either of measured angles do not correspond

to observed angle between [1d&Hnoo and [001pzenivectos. Considering the score

for a perfect epitaxial matching is 100, it is clear from Table 3 that epitaxial matching
is rather poor for either OZPN dihydrate facedtm(100bzpniface. Roughly speaking,

an epitaxial score shows how nyaof 100 lattice points of the overlayer match those

on the substrate. Thus a score of well less than 10 for even the smallest nanocrystal

shows very little matching, which decreases rapidly with size of overlayer.
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Table6 GRACE sarch between OZPN | (100) face and (0@tynopand (100pzenps

Epitaxy Score | 100x100| 200x200| 400x400 | 600x600
OZPN DD (001) | 3.88 3.12 2.59 2.42
OZPN DB (100) | 4.93 3.25 0.99 0.51

_3r _
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w
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n -
>
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g mm
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Figure 28 Epitaxy score between (108 plane and (001)zenoofor search area 600x608.

The overall conclusion is that epitaxy between dominant faces of the two dihydrates
with (100)bzeni are similarly poor over large areas and cannot explain why OZPN DD

nanocrystals with (00d}yrnop face wereobserved to nucleate from (10@3n face.

4.5.4 Ledge Directed Epitaxy (LDE)

Ledgedirected epitaxy, or LDE requires the misfit between the ledge angle and the
cell angle to be < 1°. The [0Qni ledge makes a 90° angle witke (100)bzpni face,
and OZPN DD is triclinic, with a largest angle of"§figure29 a). Although OZPN
DB crystals possesd i hedr al aFiggd 20 b),drand@obn Uorielftation of

microcrystallites on (10@ypni surface indéates that their nucleation and growth are

not templated in any way by the underlying substrate.
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Figure 29 Examination of possible LDE of OZPN dihydrates on [0@kkn ledge. The [001dzeni

ledge of OZPN | crystal has a ledge ang
is favouredwhen a nucleating polymorph possesses two planes that form a dihedral angle matching

the substrate | edge:
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4.5.5 Theinfluence of OZPN | on the growth of OZPN DD and OZPN DB

All calculations included in this subchapter has been performed using ORFEIYT
Dr Rui Guo and Prof. Sally Price form UCL and are a pai plublication:Warzecha,
M.; Guo, R.; Bhardwaj, R. M.ReutzelEdens, S. M.; Price, S. L.; Lamprou, D.;
Florence, A. J. Direct Observation of Templated IStep Nucleation Mechanism
during Olanzapine HydratiorCryst. Growth De2017, 17 (12), 63826393 and there

are included since in this thesis as a edséphrt of the discussion and conclusions.

To investigate why OZPN DD microcrystallites were observed with their ¢2€Nop

face fimly attached to the (108)rni face, in contrast to the loosely attached
(100)pzpnpe, Nanocrystal models of both facesreveonstructed. These represent a
small nucleating cluster that is large enough to establish the distinct hydrate crystal
structures. The two nanocrystal constructs and the QZBNace are shown in Figure

30. This reveals that the (1QQpn face is hydrophobic and has a complex local
topography corrugated with large oval shaped peaks and pits. On the other hand
different functional groups are exposed on the two dihydrate faces, presenting distinct
chemical environments to the (18@)ni substrate face. The hydrophobic surface

chemistry is also consistent with the observed resistance of OZPN I to wetting.
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Figure 30 a) Top view of OZPN form | (100) face in a surface representation (white for surface
bumps to blue p&, height differenceca. 3 A) and b) \dW atomic representation (atoms ao®lour
coded: carbongreen, hydrogenwhite, sulphur yellow, oxygenred, nitrogen blue); c) bottom view

of OZPN DD nanocrystal (5x5) showing (00d2enoo face; d) bottom view of ®ZPN DB nanocrystal

(4x4) showing (10Q)zenoe face.

ORIENT was used to find the optimum binding energy of each nanocrystatheith
(100)pzeniface (normalized to one $@imer), as a function of the relative orientation
and height of the two faces (Figui30). The OZPN DD nanocrystal has

a significantly stronger binding energy than OZPN DB for any orientation, with the
average differing by 7 kJ/mol per dimer. The weak binding between the OZPN DB
nanocrystal and OZPN | is fairly independent of theirtnedaorientatios, consistent
with the DB crystallites adhering to (1@2pn. The mostfavourableorientations of

the OZPN DD nanocrystals are for-98° (Figure 30) which is consistent with the

obseved value of 91° + 2° (Figure 22 d)he cause of thidifference in the interactions
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between the two nanocrystals with (16 is apparent from the molecular structure

in the mosfavourable orientation (FigureDR
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Figure 31 Interaction energies of (00brrnoo and (100pzenoe Nanocrystals with OZPN | (100) face,
normalized to be per OZPN dimer. Two differesized nanocrystals are used for OZPN DD, which
span the size of the OZPN DB nanocrystal, as
corresponds to the angle betesm the [010pzrni and the [100dzenop O [010]ozenps.

In the mosfavourableorientation, the OZPN DD nanocrystal has the piperazine rings
of OZPN DD in contact with the aromatic and alkyl loups of (10Q)zeni surface,

though water macules are also lase (Figure 31a). The top view of

the attached nanocrystal shows that along [380po of the nanocrystal, there is

a repeating pattern of close contacts between the bottom of the nanocrystals and the

surface bumps. These are largelyfHHz groups ofpiperazine rings and CH from

aromatic rings on the substrate. This pattern of close contacts can be seen to shift

gradually along [01Q}rnop. HOwever, the size of surface bumps means that nearly all

80



OZPN DD unit cells maintain close contact with them.né& there are close
interactions between the molecules over a significant fraction of the surface, with quite
a good degree of periodic repeats over this small area. There is a considerable area of
van der Waals contact between the two surfaces, whigkases thdavourable
dispersion interactions accounting for the larger binding energy. There are still
significant void spaces between the two crystal structures. However, if the only
favourablewater binding site on (108)eniis occupied, then furtherater molecules
could fill the void and hydrogen bond to the water molecules within the DD structure.
Some relaxation of the nanocrystal could further enhance the binding, but such
distortions will only be small. Hence, the nanocrystal calculations supbert
observation that (1082rni templates the nucleation of OZPN DD, tayouringthe
formation of a sufficiently large nucleus with the OZPN DD structure to establish the

growth of this phase.

In contrast, the (108}enps face has less van der Waals cehtaith the (100)zeni
surface, with only aromatic CH groups in contact with the hydrophobic OZPN surface,
giving a smaller binding energy in all orientations. These arofatiomatic contacts

are still approximately periodically repeated, but theresaggificantly fewer close
contacts between the other atoms in the two surfaces than in OZPN DD, providing less
dispersionstabilized binding (Figure 1€). The hydrophobic void space is much larger
than for the OZPN DD nanocrystal, requiring a much laciester of water molecules

to make any hydrogen bonding chain between @8RQ) N4 sites and the water

molecules in the DB nanocrystal.
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Figure 32a) Sideview andb)topvi ew of the opti mal attaljolppnpe nt ge ol
nanocrystal on (10Q)zeni face, with interaction energy of32.20 kJ/mol per OZPN dimer;

(c) Sideview andd) topvi ew of the opti mal attac h srenost geome
nanocrystal on (10Q)zeni face, with interaction energy of18.79 K / mo | per OZPN di me!
corresponds to the angle between the [0k and the [100bzenop Or [010]Jozenoe. Atoms in

nanocrystals within a vertical distance of 3 A of the substrate were shown as CPK model. Surface
representatiorcolour scheme depictausface height from blue low (pits) to white high (bumps). Unit

cell vectors are shown in red for (10&pni, white for (001pzpnoo and yellow for (100dzpnpe.

Once the prenucleation dense phase is present and nanodroplet coalescence has
occurred, (10@zen face is a better match, in terms of functional group interactions,

with the (001)zenop face structure than (108)pnos This is only apparent from

explicitly modelling the intermolecular interactions, as the interaction between OZPN
molecules are dominated by dispersion interactions. As either dihydrate crystal grows,

the registry with the underlying surface will gradyallecrease, but the nanocrystal

models used are of a sufficient size to show the difference in the interactions and
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possibly to establish an effective nucleus for growth. The £&p@face has only one
buried water binding sitéeing otherwise hydropbe, so other waters are only bound

by forming a water network. There is a stronger binding energy to encourage the
formation ofa OZPN DD nucleus, displacing some of the water network on this

surface, and for it to be morerfity attached thaany crystdites of OZPN DB.
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4.6 Conclusions

The experimental and simulation approaches have shown -@téywonucleation
mechanism in the formation of OZPN DD on the surface of the dominant face
of OZPN |. Significant differencein the polymorphic outcome ave obseved with
different stirring conditions owing to the reduced influence ofQZ&N | surface on
nucleation from droplets that have been removed from direct contact by shear.
In quiescent conditions, only the presence of the thermodynamic form OZPN DD was
observed on the surface of (18£hn and AFM directly visualizes the formation of
dense nanodroplets at steps that are able to grow and coalesce until nucleation occurs.
This twostep nucleation process results in a cryshkat is closely bound to

the &ZPN | surface. The crystal form produced is templated by the 4280¥urface

which shows a structural similarity and energetic preference for OZPN DD over
the metastable OZPN DB. Under stirred conditions, nanodroplets can be detached from
the surfaceyresulting in the nucleation and formation of OZPN DB without any

templating effect fronthe (100 zpni Surface.

Examination of OZPN | surface properties, i.e. geometry, molecular functionality and
crystal structure, showed that nucleation of OZPN DD ccalwe to stronger
intermolecular interactions between (16N and (001yzpnop than with the largest
face of OZPN DB. Even though a leddeven epitaxy mechanism was not observed,
ledges play an important role in the nucleation process, by providintg dos

the formation of dense droplets of OZPN and water molecules in prenucleation
clusters, where the variety of stronger binding sites allows more OZRBNiB€rs to

accumulate, faster than onto the terraced surfaces.
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This hydration study is limited to a specific surface of a specific form of OZPN and in
specific conditions which differ critically from a slurry conversion, in that there are no
particle collisions that would refresh or produce different crystal surfaces.
The kinetics are ideal for the application of AFM and are related to the low solubility
of OZPN. However, the slow kinetics leading to surface hydrate formation at levels
belowthosewhich are detected by conventional methods are highly relevant to long
term material storage behaviour. In this regard, this surface characterization approach
complements traditional methods of establishing phase stability over thdifehetf

the drug product. The epitaxial formation of hgas is not widely reporteéd® though

this probably contributed to the common observation that API dissolution rates may
decrease with time on storage. This example shows that more work on surface
chemistry should unravel the complexity of the possible hydration and polymorph

transformation pathways of pharmaceuticals such as OZPN.
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5 Mesoscopic clusters in olanzapine solution
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5.1 Introduction

The origin of mesoscopic clusters observed during crystallisation of orgdnic,
inorganié’*8and proteir®3%"8systems igpoorly understoodA two-step nucleation
model for potein crystallisatiorhas beerwidely studiedmainly due to undesired
aggregation of proteins causing pathologies such as sicklarzgimig*’ but also

increasingnanufacturing of proteinas medication¥®

Mesoscopic clusters observed in saturated wardersaturated protesolutions are

of interest since they are the locum of crystal nucleafiéh®*14°The mechanism

of cluster formationbased on nucleation and crystallisation of lysozyme proteins
assumes that these clustease not micelles soe the protein concentration

in the bulk solution continues to increase upon adding more protein even after clusters
appearMesoscopic clusters have been observed in solutions of proteins that do not
form any permanent oligomewghich indicaiesthat covéently bound complexes or
other permanent oligomers are not responsible for cluster formafiesoscopic
clustersare alsonot getlike objectsand theirsize isnot determined by the particle
chargeand short range attractishThese prenucleation spec&® rather considered

to beaspatially inhomogeneous mixture of protein monomergi@amsieit complexes

of proteins that is in equilibrium with the bulk solution. There is no net exchange of
protein monomers or protein complexesween clusters and the solutiand this
resultsin a decopled behaviour betweethe clusterradius and the volumiaction

upon concentration changes. The cluster radius is stable over wide range of
concentrationssolution ionic strength and p¥¢-**°while volume fractionincreass

with the concentrationWater ordering alsdias a significan influence on crystal

formation/” These findingsisggests thahecluster population coulde contrdied by
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tailoring a subtle interaction that can enhanceuppressveak oligomeriation of

molecules in solution.

As presented in Chapter Aettransformation of OZPN | to OZPN DD in unstirred
solution is facilitated by an intermediate, ligtike pha®, that deposits as liquid
clusters on {100} faces of OZPN I, and serves asgcleation medium for OZPN DD.
When introduced into thbulk solution, the liquid clusters give rise to a metastable
dihydrate polymorph, OZPN DB. Both observations starkly divge from

the generally envisioned polymorph transition pathwislyeleation of OZPN DD and
OZPN DB hosted by the dense liquid droplets contradicts the tenets of classical
nucleation theory, according to which crystal embryos emerge in the solution
by orcered assembly of solute molecufé€’ On the other hand, it appearsaccord

with the twastep nucleation mechanism, according to which crystal nucleation is
facilitated by dense liquid precursérs?1%:151This mechanism has been observed
with protein?®30.7880 jnorganic®”-%8152 and organit®>*>83 molecules. Macroscopic
dense | iquid, ap p e a tablenngth respett ¢orthe Botutioh, hasg o u
been observed with organic molecutesThe OZPN dense liquid clusters, however,

do notrepresent a stable phase: they famelatively monodisperse population with
dimeter of ca. 80 nanometers and their growth upon deposition on the crystal surface
appears to be not by association of monomers from the solution, boalag@ence

with other clusters.

This chapter aims to chaateris€DZPN mesoscopic liquid clustarsterms of solution
composition The cluster formation mechanism is deducted fthenproperties of the

cluster population and its evolutio@ZPN clusters exhibit similar behaviour to
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proteintrich clusters ofcomparablesize, which assemble owing to the dynamics of
formation and decay of transient diméf3his chaper comparsthe clustebehaviour

in solvents that contain varying amount of ethanol and demonstrate that the fraction of
OZPN, captured in the clusters, is dictated by the thermodynamic parameters of the
solutions. On the other hand, the cluster sizdeisoupled form the volume of the

cluster population and is likely determined by the dynamics of cluster assembly.
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5.2 Resultsand Discussion

5.2.1 Detection of mesoscopic clusters in OZPN water solution
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Figure 33 Characterization of the mesoscopic OZRi#¢h clusters by oblique illumination
microscopy (OIM). (a) A typical image, shown as a negative, in which the clusters appear as dark
speckles, of OZPN clusters in 4. The observed volume is 120 x 80 xmm® (L x W x H).

(b) A typical image of clusters in 3 mM OZPN solution in EtOHZ8 80/20 (v/v). (c) A typical cluster
trajectory obtained from the position of a cluster in a sequence of images. (d) Determination of the
diffusion coefficient D of a cluster from th correlation of its mean squared displaceméa® Oand

the lag times irst five data points are highlighted with a red line. (e) The distribution of cluster
sizes obtained from five OIM movies recorded at distinct solution volumes.
Undersaturatedolutions of OZPN are expected to be homogeneous at all lengthscales,
including the molecular. The extinction coefficient of OZPN in water is not available
in the literature, and the low solubility in this solvent hampered its determination.
Hence, to ol#tin an undersaturated OZPN solutesolution saturated with respect to

OZPN DB was prepared by incubating overnight OZPN | crystals in water under

constant stirring; under these conditions, OZPN | transforms to OZPN*0Be most
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stable crystal form in aqueous solutions is OZPN. BPBwever, the transition to
OZPN DD takes from five to seven day8The saturated solution (against OZPN DB)

was separated from the crystals by filtration and diluted with 20 % additional water by
volume. The concentration of the diluted solution was below the solubility of OZPN
DB. Surprisingly, observatits of the undersaturated solution with OIM revealed the
presence of particles that ramdly migrate, driven by Brownian collisions with the
solvent moleculesFigure 33 a. Careful examination of all steps in the solution
preparation excluded the possibility that these heterogeneities are dust particles or gas

bubblest®

Figure 34 Dense OZPNrich clusters (indicated with yellow arrows) on the surface of B crystals
imaged by atomic force microscopy. (a) Clusters on (100) face of OZPN | after incubation in water
for 4 h,(b) Clusters on the surface of OZPN:EtOH:4® after incubation for 1 h in saturated solution

in EtOH/H20 1A (v/v).

To testif the partices are crystalgshe OIM setup was equipped with a polarizer

at the optical entrance of the cuvette and an analyser at the optical exit, in front of the
objective lens. If the polarizer and analyser are perpenditutach othercrystals,

which rotate the plane of light polarization would produce bright speckles. In this
situation the field of view was completely dark, disproving the hypothesis that the
speckles seen without the polarizeFigure33a represent crystals and indiogtthat

these particles are disordered.
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The size of each particleas determinedrom its Brownian trajectoryHigure 33 c).

The average was ca. 35 nm in water. This size is similar to the clusters observed on
(100) surfacesof OZPN crystals in aqueous solutiorfsigure 34 a. The cluster
concentration in the pure water was low, likely owing to the very poor agueous OZPN

solubility. This challengethefurther characterization of the clusters.

As ethanol (EtOH) is known to significantlyndrease OZPN solubility?
the presence of OZPN clusters in HIOH/HO on the surface of OZPN hydrate
ethanoate in a saturated solution was confirmed using Afddie34 b). The size of
the clusters observed iVl EtOH/H,O was similar to the size of OZPN clusters
observed in water. OIM characterization of OZPN solution in 80 % v/v EXCQAr(

= 3 mM) revealed a higher cluster concentrat{gigure33 b) with relatively narrow
size distribution(Figure 33 €), between 15 and 80 nranda mean radius of ca. 35

nm.

5.2.2 Identification and reversibility of the mesoscopic OZ clusters.

To further characterize the mesoscopic Ozt clusters, the time evolution of

the cluster populatiowas monitorednd tested the consequences of varg@ogen
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Figure 35 Evolution of the OZPN cluster population in 80 % v/v EtOH solution. (a) The average
cluster radius R. (b) The volume fractiofiin solutions with OZPN concentrations shown in (a). The
averages of five determinations in distinct solution volumes are sholre error bars represent the

standard deviation.

The cluster radius is independent of the solution concentratiowassteady in time

for up to three hourdrigure 35 a. In contrast, the fraction of the solution volume
occupied by the cluster populatioh increases withCozpn and solution age,
Figure35b. Theevolution of f wasverified asnot due to OZPN precipitation or any
other process in the solution hosting the clusters. The OZPN concentration, determined
spectrophotometrically, remained steady. No changes in the solutievid&pectra,

illustrated inFigure 13, were recorded, suggesting that thgrowth may be induced
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by processes occurring in the liquid comprising the clusters, which stabilize the
clusters and increase the cluster population by spawning additional clusters of
consistent size. The slow growth bis consistent with slow maturation of the cluster
phaseThe high refractive index of this liquid, evidenced by the scattered intensity,
suggests that the OZPN concentration in the clusters is higher than in the solution. The

associated higher viscosity is conducive of slow dynamics.

A crucial issue in undergtding the cluster mechanism is whether the clusters adjust
to the parameters of the solution, or represent irreversibly aggregated matter.
As a test of cluster reversibility, the responsefdb higherCozpn is noted to be
disproportional: a€ozpnis rased by about thretold, from 3 to 10 mM/f increases

from 0.5x1( to 8.5x1, i.e., ca. 17fold, Figure35b; the latter ratio is consistent at

all times, at whib 7 is sufficiently large for accurate distinction between the three
concentrations. The exaggerated increasé dfiven by higherCozpn contradicts
expectations for irreversible aggregates, whose concentration would increase
proportionally toCozen Thisincrease indicates that the cluster population adjusts to
the solution conditions and the clusters do not represent irreversibly aggregated

material.

The characteristics of the clusfwpulation revealed iigure 34 andFigure 35 are

unusual for both disordered aggregates and emerging domains of a new phase, such as
OZPN dense liquidThe narrow size distribution is inconsistent with both types of
aggregation. The deapled behaviour dR and f are in contrast with classical phase
transitions, in which the number of nucleated domains and the volume that they occupy

increase concurrentlyfhe mesoscopic size of the clusters is steady over extended
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times, in sharp contsato expectations for newly formed phases in which the domain

size grows in timé>®

This sizeis much larger than the prediction of colloid clustering md@gist are often
applied to aggregation in solutié??®® As the cluster population captures

a minor fraction of the dissolved OZPN, the concentration of the solution in contact
with the clusters is close to the initial 3, 8, or 10 mM. This observation is beyond
the catalogued behaviours of micelles, which equilibrate with solutions of constant
critical micelle concentration (CMC). Thus, the OZPN clusters observeigumes 33

T 35 are not micelles.

On the other hand, these characteristics are typical of the mesoscopierisblute
clusters, found in solutions of numerous proteins at varyingitomgp-35 7779109164

Similar to OZPN clusters, the protein cluster size is steady and independent
of the parameters that define the solution thermodynamics, such as pH, ionic strength,
and protein concentratiof.’®®1%By contrast, the volume fraction of the clusters is
determined by the solute intermolecular interactidri§l%1%° A recent theory
explained a range of puzzling cluster behaviéf§®several of the model assumptions

and resulting predictions have been supported by experimental evitfeAteeT his

model posits that the mesoscopic clusters consist of a concentrated mixture of intact
monomers and transient dimers. The dimer lifetime determines the clusterRadius
On the other hand, in agreemenith the eperimental datd>’"1%61%the cluster

volume fractionf is dictated by the solution thermawymics’’1%°f is related to the

solute fractiorvzheld in the clusters. Indeed,
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n=na/Nozen= CcVel/CozpnV = (Ce/CozrN) f (12

wherenq andnozenare the amounts of OZPN in the clusters and solution, respectively,

Vo andV are the corresponding volumésand

£ = ValV. (13)

The OZPN concentration in the dense liquid comprising the clus@ys,is
significantly greater tha@ozpn, SO that choosing a constant rafiwCozpnin the range
107 100 is reasonable. Furthermore, direct application of the Boltzmann distribution

suggests that

n° exp( DGe/ksT) (14)

where DG¢ is the free energy excess of a molecule in a cluster over that in
the solutiorf® Thus, f is determined by the free energy balance of clusters formation

and the deagpledbehaviourof Randf emerge naturally from the modéI.

5.2.3 The response of the cluster populatiowaoying EtOH concentration.

The applicability of thetransient dimemodel to the OZPN clusters was tested
by monitoringthe response of the cluster populat{ctuste radius, R and volume
fraction, f to varying concentration of EtOH. The cluster tedR is independent of

the EtOH concentratiom the range 20 90 %, Figure 36 a. On the other hand,
depends orCeon in @ complicatedhonmonotonic fashionfigure36 b. Concurrent

with observations of mesoscopic clusters in protein solutions and in compliance with

the predictions of the transient dimer motéR and f are decoupled.
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Figure 36 The cluster population in EtOH/HO solvents of different composition. (a) The average
cluster radius R. (b) The volume fraction occupied by the cluster populatibron EtOH
concentration. The OZPN concentration was 5 mM in all experiments. The averages of five
determinations in distinct solution volumes are shown. The error bars represhat dtandard

deviation.

5.2.4 The thermodynamics parameters of OZémstallisationfrom EtOH/water
mixtures.

To understand if the variations df in response to increasir@ewon are driven by
the thermodynamic parameters of the solution, the thermodynamics of OZPN solutions
were characterizesh mixed EtOH/water solvent®©ZPN crystalsvere choseras a
reference state. -Xay powder diffraction patterns of crystals grown

at differentEtOH/waterratios EFigure 37 a) reveal that OZPN crystallizes from all
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solventsas the OZPN dihydrate ethanqatiepicted inFigure37. The crystallisation
enthalpyaO , entropy>’Y , and free energy’'O  characterize the difference
between the crystals and the solution. Since the crystals groalhtested solvents
belong to thesame polymorphic forgithe disparities a0 ,3°Y |, and3O

in different solvents distinguish the state of PN solute in each solveniThe
crystallisation enthalpgO can be measured calorimetrically by scaling the heat
released during crystallisation (at constant temperature and pregsui¢h the
crystallized mass. This determination can be distorted by solution trapped between
crystals and mislabeled as crystadlimass. An alternative method is to determine the
solubility Ce of the crystals at different temperatures and to employ standard
thermodynamics relations a@(T) to determing'O  ,30 , ands”Y 113167

The solubilities of OZPN with respect to the OZPN dihydrate ethanoate crystals in six
Ceton follow the expected quasixponential dependence on temperature, Figure 6a.
The equilibrium constant for the reaction OZPN(solutibnDZPN(crystals) iK =

5
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Figure 37 a) X-ray powder diffraction patterns of crystals gnm in EtOH/H20 solvents with
composition listed in the legend. Top: a model pattern computed using the software package Mercury

and structure coordinates for the crystals of OZPN dihydrate ethanoate with Cambridge Structural
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Database entry WEXQEWb) crysal structure of OZPN hydrate ethanoate crystallising in space
group P2/ct?

The productOZPN(crystals), represents a distinct phasethedactivity is assigned
to be one by thermodynamic convention. Furthermore, owing to theClpwhe

respective activity coefficients aassumed to belose to one. Hence,

30 YYOE YYO@E. (15
To determinesO , the vanot Ho:f f relation writte
y
— EE— (16)
h

wheren; designates the concentrations of the other solution components, EtOH and
water. The van eétdthatheslépe of thd cartelatiod "Y¥s uig g
proportional to30 . The data on OZPN solubility
coordinatesFigure38 b, indicate thatO is constant in the studied temperature

range. Finally3'Y 30 30 T'Yand is proportional to the intercept

of the ICe(T?) plots,Figure38b.
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Figure 38 The solubility of OZPN with respect to the crystals of OZPN ethanol hydrate in EtOH

solvents of composition shown

the legend in (a).

(@) The temperature dependence

of the solubility G in the range 277 318K, dashed lines are polynomial fits. The standard deviation

of three independent determinations carried out in parallekimalle than the symbol siz€p) OZPN

solubility plott

3Y

ed in vanot

Hof f coordinates,

is a sensitive probe of the moleculavel praesses that accompany

crystallisation. An OZPN molecule in the solutimsurrounded by solvent molecules,

some of which may be associated with OZ

\L’0 For instance, water molecules

exposed to the nepolar OZPN moieties would form a structured shell, surrendering

their mobility!’* Recentmodelling suggests that five water molecules are tightly
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associated with eadbZPN in the solution and are positioned in a way that preserves
their bond when dimers forft> When an OZPNnolecule incorporates in the crystal,
some of the associated solvent molecules may be released and in this way regain their
translational and rotational degrees of freeds.  has a negative component due

to the lost degrees of freedom as @¥PN, one EtOH, and two water molecules are
confined to the crystal lattice. A positive component accountthé&gained freedom

of solvent molecules attached to OZPN in the solution and released upon
crystallisation 3°Y represents the balamdetween the two. The entropy loss
corresponding to the incorporation of water molecules in ice i$22.J mofK™,
consistentwith water entrapped irctlathrates, crystal hydrates, or other-lige
structures’¥ 17 For the larger EtOH, the corresponding number, evaluated from the
entropy of fusion, i$31J mot*K 1176 The relevant parameter for OZPN would be the
entropy ofcrystalisationfrom the melt, which is not available in the literature. As
OZPN is significantly larger than EtOH, the entropy lost upon entrapment should have

greater magnitude thar81 J mofK™,

The dependence 6fY  on the EtOH content in the solvent transitions sharply from

i3 t07162 J mottK ! as theCeion increases from 20 to 30 % v/v and stays constant for
Ceton between 30 and 90 % viNigure39a. The values 'Y  at both sides of the
transition result from the balance of confined OZPN, EtOH, and water and released
solvent molecules and cannot be interpreted in the absence of data on the structure of
the soluté solvent complexes. The magnitude of the transition, however, ca. 60 J mol
1K1, suggests that three water molecules may be associated with OZPN in the 20 %

EtOH solution and set free upon incorporation of OZPN into the crystal. This number
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is consistenwith the five waters predicted to tightly bind to OZPNand the two

water molecules trapped in the lattice. In solutions with EtOH content of 30 % v/v and
higher, these water molecules are displaced from the vicinity of OZPN and do not
affect the entspy balance ofrystallisation The constant value afY  in the EtOH

range from 30 to 90 % v/v suggest that no additional water molecules are dissociated

from solute OZPN by higher EtOH concentrations.

Table7 The entropys- yss, enthalpy  sphysr, and free energy ghysrat 298 K of OZPNcrystallisation
from solutions with different EtOH content.

Do vy vyl a8A [ aiA [k |qBA [ K]
20 5.72N0| 21.53N| -19.82N
30 61.52N| -37.03N| -18. 70K
40 63.02N| -35.60N| -16. 82N
50 62.88N|] -33.56N| -14.82NK
80 63. 72N 29.87N| -10. 89K
90 63.68N|] -28.87N| -9.89KN0
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intercept and slope, respectively, of the linear correlations in Fig88b. The standard deviation for
®PGA was d eoin that of iGarel & snialler than the symbol size.

Hsolution

_UVAHmyst i ”crysmi solutmn
[ ! u

20 30 40 50 80 90
EtOH Content [% v/v]

crystal

Figure 40 The enthalpies of the solution and crystal emerging from #gi. , . data inFigure 39b.

The arrows indicate the transition from solution to crystals and their negative direction corresponds

to the sign ofes; i Lye-qla-mo Jaries with the EtOH content antisymmetrically toq i Lyiva

30 denotes the ffierence of the enthalpies of OZPN in the crystal and solution,
30 O O . Since the crystals forming at differe@&won are
identical,’O does not depend on the EtOH content tredvariations 080

are determined byO , Figure 40. O iIs a measure of solution
nortrideality due to intermolecular attractmand repulsiog with higher'O

implying stronger repulsiolt.” Thus, the low magnitude afO at 20 % EtOH,
Figure 7b, suggesta small 'O , corresponding to mild repulsion between
the OZPN molecules in the solution. The likely moderating force is the hydrophobic
attraction induced by the structured water, indicated byzilye daum for this
solvent inFigure39 a. As the structured water molecules are strippéttat equal

or greater than 30 Y0 , Figure40, suggests stronger intermolecular repulsion

that may be due to the hydration shells of the polar nitrogen groups of OZPN,
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Figure37b; note that in contrast to nguolar moieties, water structured at polar groups
induces repulsion due to its strong association with the SGRAE.
The attenuated repulsion at higl@fon may be due to the lower dielectric constant of

these solutions, conducive of stronger van der Waalsctionl’® 3°0 is

a convolution o0 ands3Y

5.2.5 Solution thermodynamics dictates the cluster volume fraction.

To understand the nemonotonic dependence 6n the EtOH contenEigure36 b,

direct application of the relation betweérand DG, derived above, is not feasible
since data orDGc are unavailable’O in solvents of diffeent composition,
Figure40, is usedas an indicator for the intermolecular interactions between the solute
molecules. The variations @ parallel those of. This syhronous behavior
suggests that stronger repulsion between the solute OZPN molecules, indicated by
higher'O , drives the fractiom and the correlated volunte In agreement with

the transient dimer model of cluster formation, the clusb@ufation volume and the
fraction of solute captures in the clusters are determined by the solution

thermodynamics.

The dimer identity is the final step in the application of the transient dimer model to
the OZPNrich clusters. The known experimentaystal structures of neutral OZPN
are comprised of the smlled SG dimer, acentrosymmetrienotif depicted inFigure

11 and Figure 37 b.”1%3133 The transient dimer may be akin to that structiids

hypothesiss tested in Chapter. 6
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The finding of the thermodynamic control of the cluster phase volume and
the suggested dimer identity imply a thermodynamic anstructural pathwayo
control the cluster population and hence the nucleation and polymorph transformation
pathways directd by the clusters, in Chapterlhe thermodynamic parameters of the
solution may be modified by lowwoncentration additives that act on the intermolecular
interactions. The dimer may be suppressed by a subtle structural modification of the

molecule, comatible with its biological activity.
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5.3 Conclusions

Solutions of the antipsychotic drug OZPN in purely aqueous and mixed EtOH/aqueous
solvents exhibit solutech clusters of radiusR ca. 35 nm. The clusters
occupyca.10®1 107 of the solution volume and capture ca.’1010° of the OZPN

in the solution. The clusters are disordered and likely liquid and do not represent any
of the known OZPN condensed phases. The clusters are of interesDgiabel to

OZPN dihydrates transiin suggests that they may be crucial sites for the nucleation

of emerging crystal forms in the course of OZPN polymorph transitions.

Cluster radiuRR is steady in time and independent of the OZPN concentration and the
solvent composition. On the othemiaiathe volume of the cluster populatifrelated

to the fraction of OZPN molecules captured in the clusteisa sensitive function of

both parameterd.he results suggest thAtind nare dictated by the thermodynamics

of the OZPN solution. The stéy mesoscopi®, decoupled from the volume of the
clusters phase, contradicts predictions of classical theories of phase transformation and
recent aggregation models. These discreparstiggesthat the OZPNrich clusters
represent a unique condensed pfaxlunusual cluster behaviors are consistent with

the predictions of a model that assumes the formation of OZPN dimers and their decay
upon exiting the clustera transient dimer, akin to the centrosymmetric motif present

in most of the 60 known OZPN ystal structures, may be the oligamenderlying

cluster formation. The cluster population and the nucleation and polymorph
transformation pathways, mediated by the clusters, can be controlled by modifying the
thermodynamic parameters of the solution angpsessing the formation of dimers or

other oligomers.
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6 Growth of olanzapine crystals from preformed

precursors.
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6.1 Introduction

Studying the process of crystal growth from solution is an imporanoss
a wide range of fields, includingoharmaceutical&'®® biomoleculeg!?181.182
proteins!®¥ 18 mineral$18 and colloidst®’188 The dassical terraceledgekink
modef® assumesa crystal gows by incorporation ofmonomersfrom solutionto
the crystal layers originating froraither twoedimersional (2D) nucleatioron the
crystal terraces ottegpps originating from screw dislocations that form hillocKsere
is now significant evidence thatrystal growthprocesesmay also occur viamon
classicaroutesinvolving more compleyrecursorsvarying from molecular oligomers

to amorphous ahnanocrystalline gecies peformed in solution

In solution, the intermolecular interactions between the moleguikstated by
the nature tthe solute and the solvemiay lead tselfassociatiorf solute moleules

to dimers trimers orlarger clustes. There is a limited undemding how these self
associated clusteedfectthe nucleatiorand growth of a specific polymorptespite
numerous studies linking ttsructure ofoligomerspresent irsolution withsynthors
present in a crystastructure®’ 69100105 Several types of solution spectroscopies
including IR, Ramamnd NMR are used to providgormation about the nature of the
intermolecular interactions especially withlddnding involved. NMR can provide
selfassociation constant and witssistancerom molecular modelling also the
structure of the complexAlong with manyother examplesstructures of self
associatesf isonicotinamide?* sulfamerizin€® and tetrolic aciéf1°°1%wereproven

to havedirect correlation with the synthon arsed in the crystal structures. It was
confirmedthat he properties of the solvent can change the nature of solute interactions

e.g. form dimers to chairend hence favour anothpolymorphicform to crystallise
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The presence of hydrogen bauldcyclic dmers of glycinegn aqueous solution as
proposedased on analysis diffusion coefficient® andthereweresuggesteas a
basic building block forUglycine crystals based osurface xray dffraction.*8®
Further measurement of freezipgint depression suggestedat contrary to these
assumptiongylycine mostly exist as monomers agueous solutiat?® Molecular
dynamiccalculationssuggestdthatthe open chain dimer is actually more stable than
both the cyclic dimer and the mononiaraqueous solutiot?* FurtherMD studies
showed that only 15% of glcine molecules form dimers arnidat these aremostly
shortlived (less than 1 pgnd thathe number of hydrogen bonds with lifetinfegher
than 5 ps wasegligible. A further examination ofjlycine structuresin agueous
solutionsshows that only 10% afimers are heatb-tail, cyclic dimers, while 90% of
them are sinlg hydrogen bonded dimers, contrary to the assumption theat

crystllisation of Uglycine over other polymorphic forms in aqueous solution is

dictated by cyclic dimerm water!9*192

Extended studies showhat the solutionphase asociats do not always match

the synthon present the crystal structure.g.benzoicacid in methanol?® mandelic
acid innitromethane, acetonititrile, and methaffodnd inosinadinydrate in watet®

For these systentBe dimer structurgzresent in the crystal structure were not detected
in solutions andhere wasno direct correspondence between solutigmecies and
structural synthong&ven thoughthe corelation between solutiephaseassociateand

the crystal structure exister some systemshere is no clear evidence thaese

associates directly contribute to the growth of the crystal layers.
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More complex solute aggregates such asemucleation clusters are a part of
nonclassical nucleation mechanism for numerous struéti®®® including
heteropolyacidé! InP quantum dot&® polymers? proteins [ysozyme3®:26
hemoglobin A and & glucose isomerase,lumazine synthas#;’®and insulin) and
severalimino acidgglycine, aniline and Divaline*¥ #°). Recent results demonstrated
the sedimentation of a submicron dense droplet followed by incorporation tostad cry
layer was observed during growth of lumazine syntfased the integratiorof
mesoscopic clusters from solution to a crystal lalyging growthof DL-glutamic acid
monohydrate® suggest nonclassical crystal growth mechanism by attachment and
structural rearrangement of prenucleation chsst®©ther examples of neclassical
growth includeamorphous particle$®°’or nanocrystal€-°°Besides its fundamental
significance,understandinghe growth mechanism is especially valuable from an
industrial perspectivand for the design of improvexdystal engineering toskuch as

crystal structur€¥2% and crystal morphology®*4predictions.

In the case of olanzapinextended deent screening didat resultin diverse crystal
packing. All crystal structure obtained from 56 solvesutsl vapour phaseontain

the SG dimer123124(Figure11 b) suggesting that this dimeray bea building block

for OZPN all nat and solvated solidorms®2145There isno experimentagvidence
that SG is observedin OZPN solutions and is a part of a growth mechanism.
Mesoscopiclusters detected in OZPN solutgfaiscussed in Chapter éxhibit the
behaviour similar to protein clusters and theiriwads stable with concentration and
solvent compositioriThefraction of OZPN, captured in the clusters, is dictated by the
thermodynamic parameters of the solutioMgith this characteristicdecoupled

behaviour of the cluster size and fraction of thesters in solutions, OZPN clusters

112



follow the same mechanism of formation as protein clugtetsding presencef the
transient dimer specieslthough the clusters are significant fOZPN anhydrate to
hydratetransition, there is no evidence that theg a part of thecrystal growth

mechanism.

= gt b

solute

terrace

Figure 41 Possible mechanisms of OZPN crystal growth a) growth occurs by incorporation
of OZPN monomers or dimers to the kinks, b) growth occurs by incorporation and rearrangement of

prenucleation clusters formed id/1 EtOH/H20 solution.

This chapter explosepossible growth pathways for olanzapine crystals. Several
scenarios are considere#fiqure 41): classical growth by monom&s-monomer
addition and noftlassical growth by S€Cdimers or growth by incorporation
of prenucleation cluster$he nucleation of OZPN DD on the surface of OZPN | was
previously monitored by AFM (chapter 3), althoutite kinetics of growth ere
relatively slow due to the low driving force limited by very low solubility of OZPN
and its dihydrates in wateAddition of ethanol to water significantly increases
the solubility of OZPN (as described in chapter dgking it possible to study
the formation and growth of new OZPNydrate ethanoate (OZPN HEByers with

AFM in 1/1 EtOH/HO at various supersaturations. The formation of OZPN dimer was
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studied using NMR and Raman spectroscopies in Et@BiAthd several other solvs
(acetone and chloroformilt.was observed that prenucleaticlusters do not take part
in thegrowth mechanism anceww OZPN layers are generated by a spiral growth while
step  velocites show nonlinear dependence on  supersaturation.
The proposed growt model suggest that new OZPN layers propagate by
incorporation of OZPN dimers that are present as a minor species in Q4PN
EtOH/H0O solution. The surface diffusion mechanism is discussed and adsorption
energiesJadg for OZPN monomer and OZPN dimeveal thathe OZPN dimer has
lower adsorption energ¥his result indicatethatthedominant mechanism for growth

is dimer adsorptioto the crystal terrace followed by diffusion to the kirfBue tothe
higher adsorption energy of the monom#rsir populationis much loweron the
crystal terraceand the crystal surface serves as a collector of dinfdrsrefore
incorporation of OZPN dimers ikinetically favoured over incorporation of

monomers.
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6.2 Results.

6.2.1 Growth and characterisation of olanzapirmgdate ethanoatfOZPN HE)
crystals

Figure 42 Morphology of OZPN HE crystals, aand b) single crystal of OZPN HE obtained from
cooling crystallisation of EtOH/HO solution with face indices annotated, c) BFDH morphology,
d) growh morphology, e) observed morpholagfy surface chemistry of (10@yenHE, g) surface
chemistry of (002)zpnHE.
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Table8 Attachment energieper OZPN monomefor growth morphology model for OZPN HE

OZPN HE o dhxi Eatt (total) Eatt (vaw) Eatt(electrostatic)
(hkl) multiplicity Al [kcal/mol] [kcal/mol] [kcal/mol]
{100} 2 15.118 | -73.617 -66.735 -6.872
{011} 4 10.551 | -125.101 | -94.600 -30.501
{00 2} 2 9.977 -78.962 -78.261 -0.7008
{110} 4 9.600 | -133.218 | -75.144 -58.063
{11-1} 4 8.755 | -140.467 | -97.319 -43.147
{111} 4 8.550 | -138.930 | -105.981 -32.949

To explore the growth mechanism of OZPN crystals, iesolved

in situ AFM was employed to image crystatbQ0 em in size) grown froml/1
EtOH/H0 solution.In situ AFM was previously used to study the anhydrate to hydrate
transition of OZPN 1 in chapter 4 and was also applied to numerous other system to
study classical and nerlassicakrystallisationrmechanisms?®8’1151830zPN HE was
reported to crystallise in two polymorphic formghereform | crystalliesin a space
groupP2:/ct?* andform Il crystallising in space group2/c.1?3128 Hydrate ethanoate

form | consists of parallel dimers of olanzapine molecules, whereas form Il shows
orthogonal arrangement of dimers with ethanol and water molecules occupying the
cavity.'?® OZPN HE form | crystas were obtainedby cooling crystallisatiorfrom
mixtures of EtOH (between 1090%)in H20. The unit cell dimensions ase= 15.129

A, b=12.431A, c=19.977A, b= 92.73. The crystals arkght yellow in colourand

show a rhombhedral morphology with large {003}enHE facesand {110)ozenHE
smaller faces Higure 42 a, b. The dominant (002ypnHE face observed from
recrystallized samples is the second largest face predicted from BFDH or growth
morphology Figure42c, d Table §. The largest face predicted agtachmenenergy

calculations is (10QyrnHEe, although this face is moobserved inexperimentally
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obtained crystalsThis may be due to the fact tH@0D2)zpnHECONSIStS Of SEOZPN
dimerswith N4 nitrogenssticking out These aravailablefor H-bonding withethanol
and water molecules. Significant adsorption of the solvent molecules on that face

makes this face the biggest and slowest growing.

Figure 43 Structure of OZPN (002)zenwe Surface, a) crystal model showing the arrangement
of SG dimerson (002pzenHe face b) AFM lattice resolution image of (002)enHE, arrangement
of SG dimersis detectable and overlaigvith OZPN crystal structure inset: Fourier transform

of obtained image illustrateshombic symmetry of molecular arrangement in (0Qpn+e: four order
peaks, corresponding to resolutidh78 Ac) structure of the OZPN steps with high kink density.

An AFM image of the (002frpnHe Surface with molecular resolution showing

the packing of Sedimers is given irFigure43b. The measured lattice spacinghe

[100] ard [010] directions antheb angle agree with the crystallographic data for this
structure. AFM topographical image of (062)nHe face in Figure 43 ¢ revealed

the presence of unfinished layers that are terminated by the steps with heights
h = 0.98 £ 0.05 nm, equivalent to a half of a unit cell for OZPN HE form I in
cdirection and théeight of one molecular layer of OZPRNgure43c shows structure

of the step at the solubility with very high kink density.
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6.2.2 Mechanism of layegeneration angteppropagation

OZPNis known to form prenucleation clusters in EtOkZHsolutionand their radius
does not depend on the solution composition, although the fraction of
a volume that clusters occupy depends the solventcomposition(as showed in
chapter 3 A solvent composition ol/1 EtOH/HO was selectedlue tothe good
solubility of OZPN andrelatively high fraction of OZPN clusters observedras
solvent compositionThe volume fraction of clusters increase over tifFigre35Db).
Thereforeto explore the crystal growth mechanism in the presence of prenucleation
clustersthe supersaturated solutio@{Ce= 0.640 mM) was filtered through 0.22n
PTFE membrane amkext thesolution wasthenpre-aged for 1h in order to obtain
sufficientfraction of clusters The clustersareeasily imagd by AFM on the surface
(002)pzpnHE (Figure44). The average radius was ca. 35 wimch corresponds with

the size previously measured by OIM.

The clusters are dynamic entities and as described in chapter 4, affected by the local
stirring from the AFM probe. Clusters that landed on the crystal surface between
existing steps, do not contribute to eittle¥generatioror propagation of crystal layers

at the time of monitoring3 h (Figure44). Clusters adsorbed on the surface act rather

as a foreign bodies and when removed from the crystal surfaceA’M probe leave
circular cavities witha depth of several crystal layerkigure 44). Based on that
observation it is concludedthat new layers of OZPN crystals do not grow by

incorporation of prenucleation clusters on the surface of OZPN crystals.
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Figure 44 Clusters do not contribute to the growth of OZPN HE layers, a) clusters adsorbed on
terraces at time 0 h, b) clusters adsorbed on terraces at time 3 h, c) clusters removed from the surface

of the crystal leaving inclusions.

Seaching for a source of growth layers at all measured supersaturations 0.02 mM <
C-Ce < 2.55 mMnew layersof OZPN HE are generated by thienple and complex

screw dislocations shown iRigure 45. The foursided polygonal spiral hillocks
generated by a dislocations show the straight segments that are parallel to
the respective crystal edges. When the steps are generated by two screw dislocations
with the same startingpint, the double spiral forms a hillodkigure45b). Alsg more
complex hillocks comprising of multiple spirals were observégdure 45 c). The

dislocation sources adhe OZPN HE surface are both leéind right handed.

1 um

Figure 45 Generation of a new layers by screw dislocations on the surfaca @02)zenHE Crystal,

a) single dislocation produces hillock, b) double dislocation produce hillock, and single dislocation
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is present on a lower terrace marked with blue arrow, inset: height profile of generated steps,

¢) multiple dislocations work in coperation to produce a hillock.

Figure 46 Cooperation of screw dislocationstwo double spirals producing a diagonal hillock,

a) two double spirals moving in opposite direct®mb) only one of each double spirals interacting
together causing temporary asymmetric step split (green arrow showing steps travelling together in
[110] direction and yellow arrow showing &ped steps in [110] direction) and producing a Frank
Read dislocation d) reconstruction of two double spirals apposite direction, the interaction is

repeated.

Figure 46 showsthe interaction between two double spirals of opposite direction.
When two spiralgrow in the same direction they produce a hillock and the steps travel
in pairs as shown ifrigure46 a. When two spirals of opposite direction produce a
FrankRead sarce fFigure46 b) atemporary asymmetric step split occurs. Steps in
[110]ozenHe direction travel together while steps growing in1QJozenHe direction

split to sinde steps with a height corresponding of half of a unit Eedlure46 ¢ shows

theregeneration of two double spiral and the processpeated.

Typically, thereare many actie hillocks on a single crystaf OZPN HE.Figure47 a
shows the presence of three single screw dislocations at the supersat@&iies
1.54mM. Smdler spirak present at the lower terraces (marked with blue arrows) are
outgrown by thehighestdislocation.This suggest that atconstant supersaturation

steps propagat@ster tharatthe centre of the spiral.
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Figure 47 Competition betweedislocations, a) two single spirals present on the lower terraces and
one single spiral on the highest terrace that dominates the growth, b) one of the smaller spirals
overgrown by the dominant spiral, ¢) second lower spiral overgrdoyrthe dominant spiralGrowth
conditions GCe = 1.54 mM

6.2.3 Kinetics of the spiral growtn [110] direction

The edges of the generated layers grow by the association of OZPN molecules from
the solution. The growth ratd}, of a faceted crystal measured in the direction

perpendicular to the growing facet is related to step velocf},

Y- (17)

Whereh is step height anlds a step lengti{h/l) = p, pis a constant hillock slop&he
velocity, 3, of evolving stepsvasdetermined from the slope of step displacement from
a reference point measured as a function of.tBiep displacemefr steps separated
4250 nmwasdetermined from sequential AFM images at constant supersaturation
(Figure48). Analysis of the dependence of the step velocity on OZPN concentration
showsa nontlineardependence of the step velogityon OZPN concentratioRigure

49. Thisnonlinear dependence &striking observation sindestep velocity can be

described a&®

121



b @ 6 (18)

wherea is the step propagation lengil,is the kink density (kink sites per step edge
site), andu is the kink incorporation rate (net rate of growth unit addition per kink site).
The kink incorporation ratel, represents the difference between opposing fluxes: the
attachment rate of solute teoules into kink siteg,:, and the detachment rates of

solute molecules from kink sitgs,
6 Q Q (19)

Therate ofincorporation of molecules intinks j+ can be treated as monomolecular
surface reactios) where expressions are commonly deged from transition state
theory?°¥203 The kink attachment rate can be expressed firgh order chemical
kineticsdependant on solute concentrati@nkinetic constank™, a frequency factor,

&, and energy barriemﬂ 202204

Q V8 QoH—6"Y (20)

While j. depends onlyon the energy barrier for detachmeii™Y w @), gW is
the work required to detach from kink to soluti&gis the Boltzmann constant, aid
is absolute temperaturee & solubility, S is the relative supersaturation based on

solute concentration

0 0 Qor—— (21)
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v & Q Q (d”QO.)—ﬁQWOY’QOGFiT

G Qod— 6°Y Qo (22)

Atequilibrium, S=1Q QO TQWHWIQY 6 :
0 & QoR—8 Y p (23

The thermodynamic driving force for OZPBbrystallisationis the excess of OZPN

chemical potential in the solution over that in tngstal:
3 ‘ (29

Assuming that OZPN molecules in the solution do not interact with one another and
the respective activity coefficiertt is equal to unity at measured concentrations,

ais activity:

‘ ‘ QYabhd 6 (25)

‘ ‘ QYa6E (26)

‘ ‘ ‘ QYaE hed 16 (27)
‘ : QYasE (29)

3 Qo —— Y (29)
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0§ QOR—6 ABB— p=d QuH—6 (30

The step kinetic coefficierfitintroduced by Chernov correlatée step velocity to the

driving force A @ B— , thestep velocity is written as:

@ Qad— (31)
O Tmp —— (32)
b Tmé  80Q (33)
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Figure 48. Determination of step e@locities at the driving forc€.02 mM < Gzpn-Ce < 2.55 mM. The
vel ocity, 3, of evolving steps was determined fr
point measured as a function of time dmiined from sequential AFM images at constant

supersaturation.

In this expressiorg is the volume occupied by a OZPN molecule in the crgstdb

is the step kinetic coefficient (length/time unit). From equation 33 the linear
dependence between stepogy and OZPN concentration is expected. Factors
affecting linear dependence of step velocity on OZPN concentration are described

below.
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6.2.4 Factors affecting linear dependence of step velocity on OZPN concentration

The step velocitys, may deviate from a linear dependence earsowing to several
factors:(a) competitionbetweerthe steps fotthe supply of soluté291:205204p) kink
density?°"209(c) incorrect solubility measurementsl) impurity effects?%?1and (e)
others.To explore whiclof the abovefactors affect the kinetics of OZPN HE crystal

growth, each ofthefactors(a-e)is discussed below:

a) Insufficientsupply of solute:

The are two possiblpathways for molecules tbe incorpaated into the crystal
structuredirect incorporatior?® and surface diffusiof’ °® When the surface diffusion
route dominateghe competition for solute occurschbsely separatesteps since they
are in competitiorfor supply of moleculesfrom the terrace between thedm this

situation there is strong dependence of step veloatythe interstep distan@ When
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direct incorporation of the solute from theilk solution to the step occurs, the
competition for the molecules is negligikdéclosely packed steps. To determihe
surface diffusion is a limiting mechanism for crystal gtawthe dependence of
thestepseparatiordon supersaturation amige dependence of the stegdocity on step
separatio@were determinedl °212213The competition for the solute occurs at steps
shorter thar©250 nm(Figure66) and is discussed in section 8.3igure50a sows
thatfor well-separated ste@®50 nmthestep separation independenbver the range

of measuredupersaturationgigure50b showghatstep separatiois independent of

step velocity
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Figure 50 Evidence for no competitiorfor the solute between the steps present on the surface of
OZPNHEf or st e p a)st€pdobitys,rasna function of supersaturation (&en- Ce), b) step

velocitys,as a function .of step separation a

This observation suggesthat wellseparated  C50 nm) steps are not in
the competition for the supply of the solute add does not i ncr e
supersaturation, so the surface diffusismot a limiting factor for the OZPN HE

crystal growth.
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a) Insufficient kink density.

The kink density” , at the step is one tiie mosimportant parameters determining
the crystal growth rate and often the growth rates are limited by the availability of kink
sites into which growth units can incorporaf@e kink generation mechanism has a
direct influence on the step velogis/based orequation 18Kinks can be generated

in three ways1) by association of twdimensional clusters to the ste362) by one
dimensional nueation of new crystalline row$** and by 3 themal fluctuations of

the stepg%! The mechanisnby which kinks are generatésieasilydistinguished at
equilibrium concentratia If kinks density is high agquilibrium,kinks are gaerated

by thermal fluctuationsin the opposite giiation they are generated by eitheD2
cluster formation or 1D nucleation of new layers. For both mechanism 1 and 2
generation of kinks is a limiting kinetic factor for the incorporattba new molecule

to the stepand showsionlinear dependence step velocitys, on supersaturatioif.o
discriminate betweethe above mechanismsraolecularresolution imagef OZPN

HE stepwas acquireat saturation level and determine the kink dendiigure43c
shows structure of the step with very high kink density, what suggests that the kinks
are generated by the thermal fluctuations made kinksarenot generated at higher
supersaturation. Kink generatignota limiting factor for the kinetics of the crystal

growth.

b) Incorrect ®lubility measurements.
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A dependence of OZPN solubiliG in 1/1 EtOH/HO on temperature is presented in
Figure51. The lubility value for OZPN HE irl/1 EtOH/H.0O at21°C was estimated

from the solubility curve obtained bipulk crystallisationIn this methodaliquots of

OZPN EH crystals were added torft. EtOH/H.O solvent and were stored at each of

five temperatures: 4, 15, 25, 37, and°@5 Afterapresettime3 00 €L al i quot
removed from each vial, diluted with the respective solvent, and

the concentratin of dissolved OZPN was determinspectrophotometricallyThis

procedure was repeated until the concentrations in each vial reached a plateau, defined

by three consecutive concentrations of similar vafigure14. The final steadytate

concentrations were averaged over the three samples for each temperature.
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Figure 51 Comparison of the OZPN HE solubility measurements using butkystalisation
experiment (green circles) ahAFM measurements (blue squareb) In situ AFM image collected
with a disabled Y axisat concentration2.08 mM at 21<C In this imaging mode, the vertical axis
represents time.

The resulting mean was used as the solubil§ (Figure 38 a).

The solubility measurements using AFM technique involve the observatitme of

behaviour of the stepnothe surface of OZPN HE to determine the solubility
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concentration. At the solubilit)concentration,the step is neither growing nor
dissolving, although some fluctuations of the molecules to and from the step are
observedTo obtain suctanimage, duringdata collectiorthe yaxis is disabled and

the AFM tip moves only inthe x-direction whilethe y-coordinate remain fixed and
now represents timé&igure51 shows a pseudoimage obtained in this mode. The image
was collected for 100 s at concentratid®8 mM and the AFM liquid cell of
temperature ZC Several fluctuations of the molecules from and to the step are visible,
although no growth or dissolution dfie steps take place. The data show good
agreementbetween the solubility measured by two separate techniques: bulk

crystallisation(2.05mM) and in situ AFM(2.08mM).

C) Effect of impurities.
No impurities were detected using NMR techniques and all NbER$pwere assigned

to the OZPN structureRigure55).

6.2.5 Are preformed solute oligomers part of the incorporation mechanism?

Consicering  negligible effects of &-d) factors @scribed above,
the presence of sedfssociatess consideredmainly OZPN dimers in OZPN solutipn
and he dcependence of the step velogiy and on concentratiorC, if dimers are

present irthe solution Assume dimerizationgiilibrium:

¢ £Oh 0 — (34)
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WhereM is OZPN monomerCy is monomer concentratiod, is OZPN dimerCp is
dimer concentratiorandKp represents dimerization constant. The total concentration

of OZPNC is equal to

¢d6 O 0 (35

The conentraton of dimers can be expressedegsation 3@andKp is representeds

in equation 37

5 @ — (36)

0 (37)

After solving quadratic equatidd38 the expression fahe concetration of monomers

(equaton 39 and dimergequation 4Din OZPN solutioris obtained

cL O o} 0 1 (38
0 (39
0 0 0 — p WO P (40

Four analytical models were deri¥eéd™ and summarised in Tablefér scenarios
wheremonomer and dimer speciase present in solutioat various proportionand

take part in the growth mechanism. That combimegioes ushefollowing scenarios:
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(i) monomers dominate in the solution and groaticurs bythe presence of

monomers;

(i) monomers dominate in solutipmlthough he growth occurs by OZPN

dimers;

(iif) dimers dominate in solution and growth occurs by the dimers

(iv) dimers dominate in solution btite growthoccurs by the monomers.

) monomers dominate and growth orzby incorporation of monomers

Recalling equation 39 andsuming thathe oncentration ofdimers in solutionis
much lower tharthe concentration of monomerge. Cp << Cw, the dimerization

constanis Kp << 1/Cu, then0 0 p, applying approximation 42 and 43" (X&w
o o
p @7 ep -0 -0 (42)
P W pe-w - e- (43
The concentration of monomers is equal:

6 —uo 6 6 (44)

A linear relationships expectedetween step velocity, and OZPN concentration
which wasdescibed previously with equation 38d follows trend in Figure52

VI 0 o]
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whereqwmis a volume of a monomer.
(i) monomers dominate but growthcoics by incorporation of dimers.
Recalling equation 40 and assuming ttegt toncentration of dimers is much lower

thanthe concentration of monomefS, << Cu, the dimerization constant kKp <<

1/Cu, and U O p,0 T Y O , With approximation 45 and 46

p o7ep -0 -0 (45)
P W p e-®w - e— (46)
6 —— v o (47
This result is expected far L 0 sinced 0 O e 0 . Thus,
6 L0 v 0 ¢c6 ev o (48

The expression for step velocity on OZebhcentration is described lguation 49

and follows trendi in Figure52:

O r L O 0 (49
(iii) OZPN dimerglominaten the solutiorand growthoccurs byincorporation

of OZPN dimers

Recalling equation 32 and assumihg toncentration of dimers is much higher than

concentration of monomet® >> Cy,

5 — (52)
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The expression for step velocity on OZPN centration is expressed lyguation 49

and follows trendii in Figure52:

b — 8 8 (49)

Since W4/2 is the volume of a monomer, this relagbip is qualitatively and

guantitatively indistinguishablerém that for growth by incorporan of monomers.

(iv) OZPN dimers dominaten solution, although thgrowth occurs # the
incorporation of monomers,

Recalling equation 39 and assumthgtthe oncentration of dimers is much higher

thanthe concentration of monomerise.Cp >> C\, thendimerization constarKp >>

1/Cm, whichgives p 0 0 p

Y (50)

The expression for step velocity on OZPN concemna expressed with equation 51

and follows trendv in Figure52:

0 1 — 8 6 (51)
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Table9 Summery tabl€for the analytical models for correlation of step velogigywith concentration
of monomers and dimers in solutio.he equation describinga quadratic dependence between step
velocity,3, and OZPN dimers, which are minor species in the solutimshaded in grey

Dominant solute speae

Monomer Dimer

b1 6 6 b1 — U

O=|

Monomer

Incorporating
specie

CA
C.
O=
Oz

Dimer I

step velocity [nm/s]
step velocity [nm/s]

Cozen-Ce [MM] Cozpn-Ce [MM]

step velocity [nm/s]
step velocity [nm/s]

Cozpn-Ce [MM] Cozen-Ce [MM]

Figure 52 Step velocity dependence on OZPN concentratimmsidering (i) monomers dominate in
the solution and growth occurs by presence of monomers; (ii) monomers dominate in solution,
the growth occurs by OZPN dimers; (iii) dimers dominate in solution and growtiturs by the

dimers; (iv) dimers dominate in solution but the growth occurs by the monomers.
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Figure 53 Step velocitys, plottedin coordinates (L. ju Fg showing linear dependence

According to equation 4Bhcorporation of dimers froma solution rich in monomers
results inaquadratica(Cozrn) dependencdzigure53 shows alinear dependence an
(Cozen? - Cé?) whichis consistent withthe model for growth bythe incorporation of

dimers in the presence amajority of monomes.

6.2.6 Detection of OZPN dimers solution.

All neat and solvated sokfbrms of OZPN have S{dimer present in the crystal
structure which is a ¢rong indication that this dimer structure is formed in solution.
SGdimer is not a Fbonded dimer, however it is stabilized by three types of multiple
Cr HLLL" I RFigueeB4x ¢ batwean pipefazine C12 and thiophene@
fragment, ii) between piperazine C13 and thiophen€CC3, iii) between piperazine

C13, C14 and C17 the phenyl ring (multiplédd irkeractions)
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Figure 54 Multiple C-H-" i nt er act i ooimergisuaided with Mercungsofi@/ae.

Self-association species can be detected in solution using with various spectroscopy
methods including NMR, IRand Raman 6%67:100102.105 The structureof OZPN
selfassociates was examined in three solvents of different polfitiztOD/D.0,
Acetore-de, and CDC4, Figure55 presentshe OZPN NMR spectra in these sohte

with assigned NMR signals.

Crystallisation of OZPN fromi/1 EtOH/HO, acetone and chloroform gives crystal
structures with various arrangemeot SG dimers!®? 'H NMR concentration
depeneént studies of OZPN id/1 EtOD/D,O and acetagds did not show any changes

in chemical shifts Kigure 56 and Figure57). The accessible concentration range is
narrower due to low OZPN | sdiility in these solvents (exact data not available).
This does not exclude the possibility that OZPN dimers may form
in supersaturated solutions in these solveitmuch wider range of concentrations

is accessible for OZPN chloroform solutions.
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Figure 55 NMR spectra with assigned protons f@ZPN molecule in a) chloroforrd, inset OZPN
molecule with numbered protong) acetoneds, andc) 1/1 EtOD/D:0.
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Figure 56 Concentration dependertH NMR spectra for OZPN inl/1 EtOH/D20 at RT.
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Figure 57 Concentration dependerttH NMR spectrafor OZPN in acetoneds at RT.
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