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Abstract

Milling is acommonly used technique the processing ddictive pharmaceutical ingredients
(APIs) or exipiensto control the size andissolutionrate ofpoorly soluble drugsHowever
one of themajor challenges dahemilling processsthephysical and chemicahanges arising
from the mechanical treatmer{tmechanochemistrydf the materialwhich might adversely
impactthe pharmaceutical performancd@fie common praate to optimisethe milling of a
specific solid pharmaceutical to conducextensiverial and error experimentsloweve, this
methodis costly andineffective particulaly in the early drug developmestage, wherea
limited amount of APis available Hence, a methodologhat allowsanticipatng the milling
behaviar of particular pharmaceutical satigdvould be highlydesirable

Thereview sections set to identifitheknowledge gap torebledesigning anethodologythat
can address thiack of understanidg of the mechaniic behaviour of solidpharmaceutical
during milling including the extent ofparticlessize reduction(comminution) and potential
mechanochemistry (i.emorphisation) This isachieved througbetermining thé&ey material
propertieghat influencehemilling behaviourof the samplesuch as thenechanical properties
which are catrolled by their underlying crystal structure and molecular properfied.
throughevaluating he critical milling parametertfat control théevel of theenergyavailable
for the treatment of partickeduring milling, including the type of mill, speedand timeof
milling.

The materialproperties influencing the mechanistiehaviar of solid pharmaceuticals were
predicted using computational chemistinpough studyinghe samfe intrinsic characteristics
at the molecular levelThe key predicted properties includmystal habit, mechanical
propertiesandany potentiaslip plane/systenifwo solid pharmaceuticalandidates wenesed

in the modelling work, L-Glutamic Acid { -LGA) and Diaquabis(Omeprazolate)
magnesium() dihydrate (DABOMD)which are employeébr cancerinhibition andstomach
acid refluxapplicationsrespectively. The outcome of tipeoperties predictiomdicates that
DABOMD is anticipated toexperience largeomminution and amorphisatiodue to its
propensity to brittle failure and plastic deformatmmed toits moderate elastic modulasmd
hardness, presence of slip plane #mal allocationof water molecules near its slip system
Whereas! -LGA is expectd to experience darger comminution and loweamorphisation
compared to DABOMDwhich is relatedo the prevailing hydrogen network holding its crystal
structure,higher elastic moduluand hardnessralues, andto thelack of slip planesn its
structure

To verify thereaults of the predictedwork, milling wasperformedon DABOMD usinga
planetaryball mill andasingle ball mill and orj -LGA usingaplanetary ball millat different
times The outcome of the empal work shows thaDABOMD undergas a prominent
comminution anémorphisatiomprocesesthat occumparallelto each othemwith planetaryball
mill causingslightly highercomminution ancdamorphisatiorcompared to the single ball mill.
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Whereasmilling of T -LGA shows thatt undergoedargerdominantcomminutionfollowed
by partialamorphisatiorandrecrystallisation

To establish aelationship between the degree @omminution amorphisation and the
intensity of milling. The energes of planetaryball mill anda singleball mill werequantified
usinga collision model derived from the literature, atmloughtracking the milling jar with
high speeetameraespectively anaverevalidatedthroughthe DEM simulationsof the mills

It was fownd that theplanetaryball mill produceshigherenergy than single ball miWhich
explains the difference in the comminution and amorphisatxained in the two millsThe
energy produced using DEM simulation of the planetary ball mill agrees with the calculated
energiedrom the collsion model However, the energy calculated from the DEM simulation
is lower than that generated from tracking the milling jar in the sindleitiag a high-speed
camera since the DEM tracks the movement of theabdlthe powdéanstead othemovement

of thejar. This methodologywill enabledetermining the typandamountof changs thatraise
with themilling of a solid(i.e. comminutionamorphsation), thetime at which it occursand
theenergyrequired to causthis change.
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Abbreviations
BFDH Bravais, Friedel, Donnagnd Harker
BPR Ball-to-Powder Ratio
CASTEP Cambridge Serial Total Energy Package
CCDC CambridgeCrystallographic Data Centre
0¢eY Coefficiert of Restitution
DABOMD Diaquabis (omeprazolatenagnesium dihydrate
DEM Discrete Element Method
DFT Density Functional Theory
DSC Differential Scanning Calorimetry
FF Force Field
FTIR Fourier Transformed InfrRed
FTIR-ATR Attenuated Infrared durier Transform
FWHM Full Width A Half Maximum Intensity
GGA Generalized Gradient Approximation
IR Infra-Red
K.E. Kinetic Energy
LGA L Glutamic Acid
PSD Particle Size Distribution
RMSD RootMeanSquare
SBM Single ball mill
SEM Scanning Eletton Microscopy
YO Y Sum of Squares
TGA Thermogravimetri@nalysis
® 00 Vicker Hardness
XRD X-ray diffraction

XRPD X-ray powder diffraction
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Nomenclature

Roman Letter Units

A Surface area of the drug particle a

0 Initial area a

o} Area straight after the fracture a

0 0 6 | Apparent amorphous content b

0'Y Maximum area reduction before disruption p

C Drug concentration in the solution QTH

C Stiffness matrix QTH

0 Drugos c 0 nc e n hdngdf thessolid a { QT

Q Spacing between the crystals a

Q Diameter of the ball a

$ Powder diameter at the start of milling a

$ O Powder diameter at time (t) G

O Diameter of the pot a

$ Powder diameter at the endthé milling a

0O Particle size diameters represent 10% of the total “a
volume distribution in a measured sample

0O Particle size diameterspresent 50% of the total “a
volume distribution in a measured sample

0O Particle size diamets represent 90% of the total “a
volume distribution in a measured sample

‘Q ¢ 'Q 0| The dissolution rate Qa 7

0 Youngo6s modulHastiéity Modul ug "00 ®

0 Attachment energy QO G E

‘0 Kinetic energy Q0 d €

00 Percentage maximum elongation p

(o] Energy of the mill U

(0] ResidualO energy within the balls after the hit ur'cd

0 Lattice energy QO G E

(6] Energy released frothe formation of a growtklice Nh G &

F Applied force 0

O Contact force exerted on particle 0

O Non-direct forces imposed on particl€snd by 0
particle Qor other forces

"Q O | Apparent amorpous content at time t b

"Q Frequency of collisions

Q Strength of the material 0

H Hardness 00 ®

O Height of the pot a

O Motion of inertia L @

G Shear modulus "00 &

0 Dissolution constant a € mQ

0 Critical intensity factor 00 &

Ko) Rate of kinetics a0t

0 Rittinger constant
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L Length of the indenter diameter a

€ Integerrepresenting the order of reflection

0 Number of balls

P Total power transferred to thesigm Ufi

PW Powder weight v Q

Y Distances from the centre of the mill to the centre of { a
vial

Y Distances from the centre of the vial &mam the centre a
of the vial to its periphery

Y Compliance matrix

0 Angular velociy wiQ

@ Angular velocity of the plate wiQ

@ Absolute angular velocity of the vial wiQ

@ Extend ofcrystallinity p

@ Primary size of the particle ‘A

@ Final size of the patrticle ‘a

W Extent of comminution p

Greek Letters

|
1
|
1
1

— —x

Alpha

Extent of rapid comminution
Extent of rapid amorphisation
Extent of slow comminution
Extent of slow amorphisation
Beta

shear strain

Geometry parameter
Geometry parameter

—is the angle between therdy incident beam

Strain
maximum strain
Stress

Shear stress

Geometry parameter

impact energy which causdeformation to the powder




Chapter 1 Introduction

1.1. Background of Research
1.2 Scope of Work
1.3. Project Management

1.4 Structure of The Thesis

This chapter provides a brief introduction to the thesis background, aims, and

objective of the work and structure followed for thesis.




1.1. Background of Research

The majority of pharmaceuticals are manufactured in particulate solid forms (almost 80%)
(Byrn, Zografi and Chen, 201 any of these s@ pharmaceuticals require size reduction to
deliver specific requirements. Size reduction by mechanical means also referred to as milling,
is a commonly used processthe pharmaceutical industry to contrtble size and uniformity

of the solid drug or deage(Storey and Ymen, 2011l is also used to enhance the dissolution
rate of poorly soluble drugs via increasing the surface area to the volume ragmaftibles
(Parrott, 1974)

The microngation can lead to unwanted changes in the physical characteristics of the material
including poor control othe particle size and morphology. some cases, it can lead to the
emergence of newolymorph, amorphisation, and chemical changes is known as
mechanochemistry B a | § §.,The 2e8ulkaht) changes can influence the desired products
attributes and clinical grformances of the pharmaceutical APl suchih@sdissolution rate,
bioavailability and stabilitf{Snow, Richard H. Luckie, 1979; Chiergal, 2009; I. Colombo,
Grassi and Grassi, 2009; Desyps and Willart, 2016) The behaviar of the solid
pharmaceuticalparticularly, the process ofmechanochemistry remains unanticipated due to
the lack of understanding of the fundamental scientieeshaterialproperties othe feed API

or excipient andiue to the insufficient knowledge tife milling parameterghat influencehe
milling processFor instance, aritical material propest which impact the milling behaviour

is the mechanical propertieghich arise from the molecular interactions in theystalline
lattice of the compoun(Btorey and Ymen, 2011Henceit is tremendouslyital to relatethe
intrinsic properties at the molecular level to the extripsmpertiesat the bulk level These
properties can be influenced by the leskeenergy produced in milling, which is dictated by
certainparametersvhich require thorough atysis

There is a gap in the literature about fitepertiesthat dictate the mechanistic behaviadir
the solidat the bulk leve&nd theirunderlying intmsic properties at the molecular level which
requires addressingyloreover insufficient work has been conducted to lin& between the
different milling parametersnd the generated enerdyherefore the impact of the different
milling energieson thephysiochemicatharacteristic®f solids particularly pharmaceutical
solidshas notyet been establistie With regard€o thephysicochemicathangesrising with
milling; a remarkable deficiencyis presentin the literature corresponding tothe
mechanobemistry of pharmaceuticablids and its underlying mechanism which makgs
phenomenorone the most unanticipatdsehaviourof the sample To study the process of
mechanochemistry, one needs iardepth knowledgeof the solid-statetechniques thaare
capable to dettthe produced¢hangs, such agormation of amorphoughasewith milling.

Addressing these knowledge gapdl enable developing a relationship betweéme feed
properties, the energy of mill and theoduced change andllows the antiipation of the API
characteristics and performzeswhich is the main motivation of this warkhis approachwill



allow thereduction of the amount of trial and error experimergave time, cosand optimise
the quality of the pharmaceutical product.

1.2. Scope ofWork

The milled product characterissi@nd performance is theoretically associated withfebd
material propertie§.e. size, morphology, mechanical propertiesystalline propertigsvhich

can be influenced by the variable milling energes that arise from different
conditiongparameters This gives rise to the following research question which will be
addressed in this thesis:

fiwhy solid pharmaceuticalexhibit different behaviar during milling and how can we
anticipate i?0

In an attempto addresghe question in this thesishefollowing objectivesareimplemented
1) Predid¢ the materal propertiesnfluencing themilling behaviourof the solidpharmaceutical
2) Mill at different conditions using critical milling parameters

3) Idenify the impactof milling on thephysicochemical charactatics of the samples

3) Compare the predicteahdthe experimentabutcome

4) Calculate the energy of the millassociated witthe physicochemical changes

5) Formulat a relatiorshipbetweerthe milling conditions,thefeed properties and the pradu
characteristics.

The implication of these steps is as follows

1 Predictthe crystal habit, mechanical arglip planefrom the crystal structure of the
pharmaceutical compoury the aid ocomputationhchemistry

1 Anticipate theropensityof the solid pharmaceutictd fracture and to plastic deformation
based on the predicted properties

1 Mill the solid pharmaceuticah planetaryball mill and single ball mill at different times

1 Characterise theekd and milled produdtize, morphology, crystihe, thermodynamic
and intermolecular propertied he characterisatiortechniques employed includaser
diffraction, scanning electromicroscope (SEM)X-ray powder diffraction (XRPD),
differential scannig spectroscopy (DSCand Fourier transform infrared (FTIR)
spectroscopy

1 Compare the prediateand the experimental behaviour of the milled samples

1 Calculate the energy of the nsllThe energy of the mills is calculated from literature
derived modeldr the planetaryball mill, and fom trackingthejar of single ball millusing
a high-speed camerdlhe energys validated usinghe Discrete Element Method (DEM)
simulation of the mills



1 Outline the relationship between material propertiesnilling energy and product
characteristics

This studyadopts a novel area of research called Quality by Design (QbD) which relates the
product characteristics to the miljnconditionsand Critical Attributes (CA) (material
properties) of the feeéigurel-1 shows a project map of how the objectives will be fulfilled.
Two pharmaceuticals are employed in this wefKBOMD and T -LGA . The focus on
DABOMD is attributed to the predicted stability of its amorphous form, whereas the focus on
I -LGA is relatedto its availability and safety.



What is the relationship between the milld product characteristic, feed properties and
milling conditions?

U

Milling and its impact on the physickzhemical properties of solid pharmaceuticals.

Key material properties controlling the milling behaviou

‘ Mechanochemistry of pharmaceutical solids

& a

‘ Computational Prediction ‘ Experimental ‘ Energy Calculation

Slip plane & Milling and full Energy of Milling
Mechanical characterisation dhe from literature an
properties feed and product from DEM simulation

Outline the relationship betweéme milling energiesthe material intrinsic and extrinsic
properties and product characteristics

Crystal Structure
& Morphology

Figure 1-1: Project map showing how objectives are met in ththesis

1.3. Project Management

This research work isnainly funded by the Engineeny and Physical Science Resch
Council EPSRGwvhile AstraZzenecandthe University of Leedlave also contributed to part
of the project fundingThe project is part of the Centre of Doctoral Training CDT for Complex
Particulate and Product Cp3 at the msity of Leeds. This wonlwas supervised by academic
and industrial supervisors. Timeain academic supervisor was Dr Ali Hassanpatiile Prof
Frans Muller and Prof Sven Schroedet asco-supervisors. The industrial supervistnem



AstraZenecare Dr Mike J. QuayleDr Stefan.T. Norberg and Dr Sten.O. Nilsson Lill.&s
biweekly telephonéskype meeting was arranged with thmain academic and industrial
supervisors to present and toatiss therogress of the work:-he majority of the experimental
work was carried out at the thersity of Leedswhile part of the experimentalvork such as
powder characterisatiomgereconductedit AstraZenecal he @mputationathemistryworks
suchasthe predictednechanical properties the samplewerecarried out in AstraZeneca by
Dr Sten.ONilsson Lill. TheDEM simulations of the planetary ball mélhd the single ball mill
were carried out bior Mohammadreza Alizadeh Behjaati the University of eeds



1.4. Structure of the Thesis

Chapter 1: Introduction

U

Chapter 2: Literature review

U

Chapter 3: Materials and methods

. O
& O

Chapter 4 Chapter 7

Chapter 5 Chapter 6 Chapter 8:
Computational Computational - s
predicption of the preorl)iction of Milling *’i‘”d_ d:vlalrlgzgeﬁggtio Energ_y
material the material characterisatio 1 of ALGA) calculation
properties properties n Qf DABOMD LSing blaneta .based on the
impacting the impacting the using pl.anetary g planetary literature and
o pacting ball mill and ball mill on DEM
miling of milling of 2 gingle ball mil simulation
DABOMD (LGA)

L

U

U

¢

Relationship between milling energies, material properties and the product characteristics

U

Chapter 9: Conclusion & Future recommendations

Figure 1-2: Structure of the thesis illustrating brief contents on each chapter



A summary of the thesis structure is showifrigurel-2 is listed below:
Chapter 1 outlines the background of the reseaeslearch question, scq@ad objectives.

Chapter 2 outling reviews of topic areas related to the research projecluding the
following: a review on milling and its application ithe pharmaceutical industryeview on
the critical material propertie thatdictate the mode of breakadailure during milling A
review d themechanochemistrgf pharmaceuticalarisesfrom the process afhilling.

Chapter 3outlines the materialemployed for the rest of the thesiscluding Diaqua

bis(Omeprazolateinagresium(ll) dihydrat§d DABOMD) and' L glutamic acid -(LGA) and

the rationad¢ for the selection It also outines the milling techniques, solid-state
characterisatiotechniquesand modellingapproaches that are employed to pretthietritical

material propertiesinfluencing the drug fromthe molecular level using computational
chemistry The derived characteristics include crystal structure, )hapitl mechanical
propertiesandthe potential presence afslip plane

Chapter 4involves the application of computational chemig for the prediction of the
underying material propertiethat impact thenilling behaviourof DABOMD.

Chapter 5 involves the application of computational chemistry for the prediction of the
underying material properties that imapt the milling behaviar off -(LGA.

Chapter6 outlines the milling process §DABOMD) carried out using planetary ball mill
andasingle ball mill and provides a comparison between the selected Fruitikhiermore, his
chapter also depicts the effeaft milling on thematerial characteristicsncluding size and
morphology, thermodynamic, structural and intermolecular properties.This chapter
investigateshe mechanisnof milling of DABOMD with particular attention to the process of
comminution anégimorphisation

Chapter 7 involves themilling process of -(LGA) carried out usingplanetary ball mill. This
chapter alsoillustrates the effect of milling on the materigbhysiochemical changes
characteristics including size and morphology, thermal and structural fespeand
intermolecular propertie3his chapter investigates the mechanism of millingy dLGA) with
particular attention to the process of comminution and amorphisation.

Chapter8 determines thenilling energiesgenerated fronplanetary ball milland single ball
mill usingmodels derivedrom the literatureand highspeed camera trackiraj the milling
jar respectively andwere validatedisingDEM simulation A relationshipbetween the milling
energy and the observed changaeshe milled materiks is derived.

Chapter 9:Provides an ovall conclusionof the entire projectvhich liaise between the
material properties of the solid pharmaceuticals, the milling behavitnserved during the
milling experimentsandtheenergies utilised in theilling process. This chapter alsets out
thefuture work needed and recommendations



Chapter 2 Literature Reviewon Milling and its
Impact on the Solid Pharmaceuticals

2.1. Introduction
2.2. Milling
2.3.Material Properties Affecting the Milling Process
2.4 Mechanochemistry
2.5 Summary

A summary of the literature is provided in this chapter includingthe process omilling
and its impact onthe solid pharmaceuticals The material properties that influencethe
milling of solids are also outlined in this chapter. Moreover, a review is provided i

this chapter which covers theprocess of mechanochemistrgf pharmaceuticals .




2.1. Introduction

In the pharmagutical industry, the development of successfuigsidepend mainly on two
factors;the production oneffective AP, and theadministration othe APIto the desired site
at an appropriate rat€he first factor is relatetb the chemical structure dfi¢ drug molecule
which has been a research focus for a while in the phautieakfiled (Byrn, Zografi and
Chen, 2017; Yihong Qiu, Yisheng Chen, Geoff G.Z. Zhang, Lawrence Yu, .20héreas,
The second factois associatedvith the nature of the dosagerm employed for the drug
administration(Craig, 1997)Figure2-1 showsa workflow presenting the evolutioof asolid
pharmaceuticalThe druginitially starts asa singlemolecule thendeveloped into an active
component(API) which becomesa part of thesolid API particle (Abramov, 2016) The
manipulation of the dosage form can alter the biological activity of the drug API inclifning
drugd solubility andbioavailability,andcani mpact t he drugds s,t abi
and hygroscopicityByrn, Zografi and Chen, 2017The nature of the dosage fodepends
strongly on the formulation and manufacturing process. Siheanajority of drugs are
commonly manufactured as solid dosage ®time drug performances are influencedHtogir
physical characteristiqgPe Gussemet d., 2008)

Particle

Molecule Solid

\g"@——}/ L T

Drug development

Drug discovery

Figure 2-1: Physical transformation of drugs along with the pharmaceutical industry.
(modified from (Abramov, 2016)

Although the chemical structure of the dosage forms is usually well recognised, the physical
charateristics of many of these systems remain unknown. Hence the study of the physical and
material properties of drugsolid dosage forms isindoubtety an areathat requiresfurther
research(Abramov, 2016) Also, the pharmaceuticatdustry is facing tremendous pressure
from regulations to implement a thorough understanding of the solid drug development stage
(Abramov, 2016; Byrn, Zografi and Chen, 20IMe dug development stage is composed of
multiple processesncluding crystallisation, milling, granulatigretc. This project focuses on
the milling process and chemicaleliafageridticson t he

dr



Milling is a topdown process used to reduce the size of coarse particles. In pharmaceutical
processing, milling is often employetb enhance the solubility and dissolution of poorly
soluble drugs by reducing the size ardatirg large surface area available for dissolution
following the NoyesWitney formula Equation2.1). Therefore, enhancing the dissolution rate
and the bioavailability of the dru@bramov, 2016; Byrn, Zografi and Chen, 2017)

Qa ., . ., Equation2.1
-— L O 0
Qo

Where,Q ¢ Q as the dissolutionrat® i s t he drugds concentration
solid, 0 is the drug concentration in the solutionis the dissolution constant which dependants

on the thickness of the dissolution layer and the diffusion coefficient and, A is the surface area

of the drug particleThe size reduction process is also desired in respiratory drugs, since it
improves the dig aerodynamics in the respiratorysysteménd c i | i t at es t he dr u
on the lungs. In addition to the micronisation process, milling was reported to be responsible

for phase transformatione. formation of polymorphs and/or amorphous as asbolidstate

reaction. This process is referred to as mechanical activation of the matedidhe physio

chemical change caused by milling is referred to as mechanochefh@tipmbo, Grassi and

Grassi, 2009) The produced pharmaceutical solid exhibits different solubility, hardness,
density, stabilityand melting points which directly inflaee the product performances. The
behaviour of the ntarial inside the mill including the mode of failure, breakage propensity

and phasé&ransformatioror any other mechanochemistisyall dependant on the solidaterial
propertiesof the feed and on thailling conditions whichresult in specific milling eergy.
However,there isa substantiabap in the literature thdinks the materialpropertiegmaterial

science field)milling procesqengineering fieldto the physical and chemical changksid

of mechanochemistrydf the productvhichis primarily due to the complexity anelxtensive

work needed in each field.

Therefore this literature review will tackle tiee main areadrirstly, the milling proces,
particularly, milling of solid pharmaceuticalsand thecritical milling parameterghat impact
the solid material. Secondly, th&ey material propertiesresponsible for the mechanistic
behaviour of the powder during millingnd their underlying intrinsic propertieat the
molecular leel. Thirdly, the proces of mechanochemistiy pharmaceutical sils and its
underlying conditions and mechanisms

2.2. Milling

The particle size reduction process is achieved as a result of the applied energy by mechanical
mean. In general, it is difficult to evaluate the amount of energy required for particle fracture
dueto the complexity of the stress and strain field thatyegergle particleexperiencen the

mill. It has been reported that the energy employed for size reduction is equal to 10% of the



total energy consumed by the mill, whereas, the rest of the eisedlggsipated irtheform of
friction, noise, and hegBackhurst, J. R. Harker,H. Richardson, 2002)

2.2.1.Theory of Particle Size Reduction

Few comprehensive theories were developed to explain the size reduction or comminution
process during millingSince nilling utilizes energyto induce fracture to the particleew
models were dealoped to predict the energy consumption the size redumon process
including Rittinger (1867), Kick (1885and Bond (1952(Rhodes, 2008)

Rittinger statedhat the energy required to reduce the size of a particle is ppdrto the
new surface area produced inversely propdional to the diameter of the produced particle
as shownn Equation2.2.

Equation2.2
o s L P gyl P a
w O

Where,O is theenergy of the millid is the primary size of the particle add is the final

size of the particlep is Rittinger constant an®is the strength ofhe material. Rittinger

model is more convenient to fine particles where a large increase in the surface area per unit
mass is applied. However, milling is inefficient sirckarge amount of energy is required to
produce new surfacesid to its dissipadn in other formsbesidescomminution.

Kicks proposed that the energy involved in the size reduction process is proportional to the
reduction ratio (size dheinitial particle to that of the final particlegs shown ifEquation2.3.
' i S N Equation2.3
@) ol I+ v Qo £+
@ W
Where0 i s the Kickds constant. This euoaceleel sugg

size of a particle from 500 ato 100° ais equal to that needed to reduce a particle size from
50‘ dato 10° awhich oversimplified the particle sizeductionprocess.

Bond came up with a formuthatcombines bottiRi t t i nger 6 s <sawhidh sttesc k 6 s |
that the energy needed for milling is inversely proportional to the square root of the diameter
of the productEquation2.4).

. . P P . P p Equation2.4
O CO ——= — CO—= P —=
A A W n
Wherery —. Bondos mo dthdprelimmaryuesatudtionl of niillong. However,

none of the stated modaks practical in the process development of the mill. Nbeletss,
Kicks has been found suitable for | arger par
for fine particlefRhodes, 2008)



2.2.2.Milling Techniques

Wet milling and dry milling are two different approachtesthe size redutton process.
However dry milling is most commonly used the pharmaceutical industry. The method of

size reduction varies fre mill to mill depending on to the mode of stress associatedtiagth
specific mill which can be irthe form of, compression, iact, collision, shearor a
combination of these modes as showhigure2-2. The selection of the dry mill for the particle

size reduction depends on the desired size of the particle, the type of stress generated by the
mill, the mode of operation, the milling efficiency, tbase to clean and sterilise, the abrasion

of themill, and the interaction between the feed and the material of theTialdlg2-1) (Mller

and Polke, 1999)

a) l b) ©)

d)

Figure 2-2: Types of stress modes generated inside the mills. a) compression, b) shear

(attrition), c) impact (stroke) and d) impact (collision). With circles illustrating milling

media, square for the milled material and rectangles represent the mill wall (amended
from (Alex et al, 2016)

To achieve particle sizes in the micron range desired in most pharmaceutical applibations
mills, vibratory mills andfluid jet mills are commomy employeddue totheir high efficiency
and capacityAulton, 2007) Ball mills are classified on the top listshigh energy mills since
they provide high impact energy per contact giéarin et al., 2009) For this study, high
energy mills includinga single ball mill and planetary ball mill are selected owing to their
ability to dissipate a large amount of energlgich suggestthat they can contribute to a
remarkablechange in the milled pductsuch as mechanochemistry.



Table 2-1: Mills employed in size reduction of pharmaceutical powders (adapted from
(Aulton, 2007))

Mills Mode of size Product size Used for Not applicable
reduction (H D) for
Cutter mill Fracture by > 1000 Soft and tough Friable materials
cutting materials
Edge runner mill  Compression > 1000 Soft and fibrous Abrasive
and attrition materials materials
Hammer mill Impaction  50-> 1000 Almost all Abrasive
materials materials
Vibration mill Repeated 1-1000 Almost all Abrasive
impaction mateials materials
Roller mill Attrition 50->1000 Almost all Abrasive
materials materials
Fluid energy mill  Impaction <50 Moderately hard Soft and sticky
and attrition and friable materials
materials
Ball mill Impaction <50 Abrasive Soft materials
and attrition materials
2.2.2.1. Ball Mill

Ball mill is commonly employed for particle size reduction of pharmaceuticals. Ball mill
involvesa cylinder milling vessel filled with a single or multiple balls or regsthesised from
materiaksuch as porceilaor alloys Figure2-3). There are various types of ball miticluding
shaker, tumbler, attritor, stirred canand planetary balimill (Neikov, 2009b) Impact and

shear stresses are thevailing stresses present in this type of .idlflear stress arisérom

the collision of the balls witeach otler and with the wall, whereas, impact stress is generated
when the balls drop down as a result of gravitational f(veein et al, 2009) The kall mill

can be cleaned and sterilised easily. The key factors influencing the amount of energy generated
inside the mill are the mass of the ball and the velocity. The mass of the ball varies with the
size of the ball as well as with its compegihaterial, whereas, the velocity is associated with
the intensity of the mill Ne 3 k o v ,The 239 he materialof the ball, thesize of the

ball, and the number of balls can generate different levels of energy on the milled powder as
was reportd by (Chauruka, 2015)



Figure 2-3: Schematic diagram ofa ball mill. (modified from (Loh, Samanta and Sia
Heng, 2015)

2.2.2.2. Ball Milling Process Variables

Ball mill involves various process variables that require a careful consideration upon designing

a method for milling since they can impamn the product properties. The Ball mill variables

include milling speed, milling material, milling med, filling of the jar, ball to powder ratio

(BPR), milling duration milling temperature, milling atmosphere and, process control agents

(Figure2-4) (Parrott, 1974)
Diameter Milling Milling Diameter o

Height s
Number balls vial gntq

Powder mass

Milling parameters

Disc plate Operation Mill Distance between

_ . rotational axes
Vial rotational

Figure 2-4: Milling para meters for ball mill

2.2.2.2.1. Milling Speed

Milling speedcontrols,the amount of energy available in the mill, in general, high milling
speed or frequeey providesalarge amount of energy available for particle fracture. However,
a ball mill (vibratory mill) involvesa critical milling speed abowehich the milling media



cannot move adequately inside the milling ydrich implies thatess or no inputreergy is
available for the milled samp(&wan et al, 2004)

2.2.2.2.2. Milling Material

Different type of milling materials generates variable amounts of energy due to their distinct
densityand hardness. Materials with high density can contribute to smaller size particles as
opposed to those with lower density and hardness. oftparamount importanc® consider

the nature of milling material making the milling media or the balls andniltieg jar since

not only do they depict the amount of energy but also can result in the contamination of the
product. A range of materiais avalable, including zirconia, stainless steel, steel, agate, and
carbide. Chauruka carried out milling expeems on GanmaAlumina using various
materials. She found that material such as agate and stainless steel deliver higher energy for
particlebreakaggChauruka, 2015)

2.2.2.2.3. Milling Duration

The time of millingis an important parametdnét reaqires controllingduringthe process of
milling; since it can severely influence the product characteristics such as size, morphology,
and cystal structure as well as the level of contamination. The time required for milling is
chosen based on the desipedduct properties and the nature of the feed matésrahstance,

friable materials might requira longer time of milling as opposed t@ard materials. Time
intervals are required durindpe milling process to preverhe temperature increase of the
system since it can lead to the decomposition of the pr¢déco ci ch and. Luk§]| ,

2.2.2.2.4. Millin g Media

Milling media such as balls can vary in size, matedah d number . | n t,er ms
alarge diameter can dissipate mergergy available for the fracture of partic{élasegawa,
Honma and Kanda, 1990)he material of the milling media is a vital parameter to consider
sincedifferent materials exhibit variable density and hardness as mentioned earlier and hence
can generate different amoswff energies. Also, tnnumber of balls employed in the milling
process haa considerable effect on the processed material. Multiple bah yielda higher
amount of energy compared to a single ball. ¢ésisentiato consider the size of the milling jar

and the amount of led powder when choosing the size and the number of milling media
(Bal 8¢, 2008)

2.2.2.2.5. Ball to Powder Ratio

Ball to powder ratio (BPR) refers to the mass of the balls to that gfotvder. BPR can vary
from 1:1 to 220:1. The higher the ball to power ratie@ more energy inputs availablethe
system.A higher BPR ratids usually employed in processes where mechanical activation is
required. 1@l ratio is the most commonly used during milling fibre desired product
characteristicéi.e. size)( Koci ch and Luk8l, 2015)

N)Y



2.2.2.2.6. Milling Temperature

The milling temperature parameteassociated witkariousfactors in the millsuch as milling
intensityspeedof milling, duration of milling milling materialand BPR. The temperature of

the milling process can be monitored and controlled by allovagglarbreak intervals during

the milling process. Thermally unstable materials can be milled using cryomills. While the
temperature of the bulk in the milling vessel can be controlled and meagusedifficult to
measure the localised temperature on the surface of the milled particles. For instance, it has
been reported that the highest temperature increase in planetary ball mill is 443K, whereas, the
localised temperature on the surfatenorganic materids can exceed 1273K Bal 8¢g., 2008
However no technique is yet availalieat enableguantifying the temperatuid the micron
regionsof theparticle. Higher temperaires within the mill can lead to thermal decomposition

of the material. Also, the temperature rise was suggested to be one of the contributors to
mechanochemistrthroughthe local melt of submicron regions on surface materfaBa | 8§ ¢ ,
2008)

2.2.2.2.7. Milling Environment

Milling is employed for various applicationsome of which require specific environment
such asthe cryogenic environment. Wet milling is used to achidéwver particlesusing
mediums such as water or other solventsiatusingvarious lubricants such a steric atid
facilitatethefriction proces{ Koci ch and. Luk§&l]l, 2015)

2.2.2.3. Vibratory Mill

Vibratory mill involves the same components and milling mechanism as thabofentional

ball mill. Aside, it has an additional cascading or mixing action imposed on thiegmnedia

and milling vessel. The additional vibration motion promotes higher movements and collisions
of themilling media and ultimately contribugéo higherimpacts and she&or efficient particle

size reductior{Parrott, 1974)

2.2.2.4. Air Jet Mill

The fuid jet mill is commonlyemployed irthe pharmaceutical industry for dry micronization.
The size reduction in this type of mill is achieved throtlghcollision of particles with each
other and with the wall as a result afflowing air at high velocity inside the mill. The
compressed air enteitsee chamber from different inlets and circusaéhigh speed. The speed
of the air is controlled bthepressurewhich isset depending on the desired product size. Fluid
jet mill by design has a centrifugal fortteatpushes the particles to rotateairircular motion
around the chambdHui et al., 2015) The patrticles circulate the milling chamber and exit
through a classifier for screening, whereby, particles thiédesired size exit the chamber,
and others circulate back for further milligigure2-5) (Abouhakim, 2016)
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Figure 2-5: Milling chamber of the fluid jet mill (Chauruka, 2015)

2.3. Materials Properties Affecting the Milling Process

2.3.1.Solid State

2.3.1.1. Type of Solid States of Pharmaceuticals

Pharmaceutical solids exist in different formepending ortheir crystalline structure and
arrangementsThey can be irthe form of crystalline, amorphous, polymorphs, anhydrous,
solvates, cocrystagland salts.

1 Crystalline Crystalline solid is characterised by molecules packed in an arranged array
while displaying a longange order in thredimensional direction.

1 Amorphous:Amorphous or glassy material is referredsa disordered crystalline system
caused by randomnesn molecules conformation and lattice disord&n. amorphous
material usuajl lacks any longrange transitional orientation symmetry that characterise
the crystalline structureAmorphous is also characterised by the glass transition
temperature (insteawf melting temperature) which represents its transition from-stdité
to arubbery state. The glass transition temperatfitbe materialaries depending on the
nature and thermodynamic stability of the amorph@usinot and Leveiller, 1999; Birju,
Kumar Kakumanu and Bansal, 2006)

1 Polymorph: Polymorph refers to the crystalline solidcempassing the same chemical
composition but different internal structach as different molecular packing, different
molecular conformation, tautomermr combination of these. Different crystalline implies
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different lattice parameters (h, l,(Lefebvreet al, 2008) Polymorphs of the same drug
exhibit variable melting pointhiardnessand solubility(Florence and Attwood, 2011)

1 Solvates solvates are crystals compromising molecules of the safite crystalwhich
hassolvent molecules integrated into its crystal structure.

1 Coaystals: Cocrystals are multicomponeartystak formed by API or intermediate.
1 Salts: Salts are multicomponent held by ionic interactions.

2.3.1.2. Impact of Changing Solid State

Understanding the solistate characteristic is @itical strategic componerior designing a
successful active pharmaceuticals APl and excipient. A great emphasis has been placed on
discovering a new pharmaceutical APl. However, it is now establitiedto design a
successful pharmaceutical drugis vital to develop a firm unddending of the soligtate
formulation and manufacturingince,any altering of the solidtate can lead to significant
impact on pharmaceutical product properties andopaances(Byrn, Zografi and Chen,
2017) Table2-2 summarises sonwitical material properties that can inluencedas a result

of changing the solidtate form which can arise from processes such as millf&igramov,
2016) Therefore, the efficiency of the pharmaceutical drug idimited to asingle moleculg
instead it is a compex material with physical and chemical characteristics. Some oittie
properties for pharmaceutical performance are solubility and dissolutignutaitdh can be
alteredby changing the solid form. For instance, the difference in solubility betwgstaltine
and amorphous compousicanreachtwo ordes of magnituds. Also, lvates possess higher
solubility compared t@nhydrous. Another important characteristfqgpharmaceuticalis its
chemical stability which is directly related to drug degramatDrug degradation is highly
dependent on surface characteristias. iRstance, amorphous has a higher surface area and
molecular mobility compared to crystalliméhich makes itmore prone to drug degradation.
Also, anorphous exhibits higher surface ege which render it more hydroscop{8yrn,
Zografi and Chen, 2017A change in the crystalline solid form can lead to changesein th
morphology for instanceparticles with needle shapes are more darafed fortheprocessing
which makethemundesirable irthe pharmaceutical industry. A change in the crystalline form
can lead to the emergenceaninetastable polymorph which is proteedegradation and has
lower stability compared to the stable fofmB a | § ¢.,For exan@p®,)Ritonavir formg a
drug developed to treat patients with HIV was launched in the market indr@@8assooner
withdrawn due toits lower dissolution ath variable stability. The investigation of this
phenomeaon revealed that a new form erecipitated from thdormulation which exhibits
different dissolution and stabiliffpatta and David J W Grantp@4) A change in the solid
state can also influence the mechanical properties as will come in detail later.
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Table 2-2: Properties which may be impacted by solidreprinted from (Abramov,

2016)
Chemical Physical Mechanic Surface Thermodyn Kinetic
al amic
Chemical Stability Compdib  Surface free  Solubility Dissolution rate
stability/react ility energy
ivity
Photochemic Hygroscopicity Hardness  Stickiness Free energy  Nucleation and
al reactivity of Fusion crystal growth
rates
Morphology Powder Interfacial Melting Solid-state
flow tension point reaction rates
tablding
Density Tensile Surface area Heat of
strength Fusion
Colour Cleavage Vapour

pressure

Refractive index

2.3.2.Mechanical Propeties

Mechanical properties ad solid material refer to its resistance to mechanical force. The
material behaviour can be elastic, plastic, britttea combination of these deformations. The

main parameters that depitte mechanical behaviour adoung 6s modul us, har d
critical intensity factorYoung 6 s mo d ul u s amateriat thetastic deformatibona n c e«
hardness refers to the resistanca wifaterial to plastic deformatiamhile thecritical intensity

factor is the resistance amaterial to crack propagatig@hadiri, Kwan and Ding, 20077 his

section will outline the underlying physics of mechanical properties. The mechanical properties

are fundamentally based on the correlation between stress aimd Stress refers to the
mechanical force applied to an areaaddolid body.The drain is the dimensional change,

motion, or any deformation of a solid as a result of st(Esyed and Otten, 1997)

Thereare two main types of stresses, namely axial steags shear stress. The axial stress
refers to the stress applied vertically on a bibidygcan be compressive or tensile. Compressive
stress arises from a pushing foraadtensile stress is a resultafta pulling force and, shear
stress refers to a sliding force applied in a horizontal direcBmessstrainrelationshipof a
solid compound or particle experiencing mechanical force can be illustrated by thetsiaiess
curve shown irFigure2-6. Theinitial regionof the stresstrain curve is linearepresenting

an elastic deformation where the material obeys the hooks law. In this regiomténel tends

to deform and return to its original shape ugoarelief of stress and, any change occurring in



13

this region is reversible. If the stress continues increasing, it reaches a point representing the
elastic limit which is referred to as theeld point. The material is said to deform plastically

and anychanges occurring ithe material is irreversible. Further increase of stress leads to a
material failure or fracturéByrn, Zografiand Chen, 2017)Tensile strengtiiepresentshe
maximum stress that a material can withstand before the breakage as a result obrstretch
pulling, andis considered aanessentiamechanical property particularly for compression or
tableting(Storey and Ymen, 2011)

S
=
ield Stress ——»

‘:—J = E (Youngs Modulus)
£

o Stress

Ao

«+——— Strength

¢ Stran ——

Figure 2-6 Stressstrain curve (adapted from (CyberphysicsYoungos ,B09 ul us

Based on the stresdrain curve, materials can be classified as brittle, semi brittle, or ductile.
A brittle material is a high elastic material which undegjdtle or no plasticdeformation
before failure. A ductile, or tough material exhibits exteagilastic deformation before failure
with no evidence of crack propagation. Semi brittle material is limited by local plastic flow
whereby, cracks initiate at plastic zones and pyafes elastically to the rest of the b@yvan

et al, 2005)

2.3.2.1. Elasticity

Elasticity repreents the ability of a particleor a body to return to its original shape or size
upontheremoval of the forces causing the deformation. Elastiftityye modulus of elasticijy
is represented by the slop tbfe line in first region of the stresstrain curveFor material
experiencing compression or tensile stréss modulus of elasticity is referred to¥asungd s
modulus which canbe expressed@ording toEquation2.5. Where,,, and- represent stress
and strain respectivelByrn, Zograf and Chen, 2017)

o Equation2.5
A material which exhibits a large modulus of elasticity and modulus of rigidity has a lower
stiffness, for example, steel (E= 220 GPa), Wheraasaterial with a lower modulus of

elasticity has high stiffnesgor examplerubber (E= 0.002 GPa).
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Table2-3 showsYoungds modul us of some known materi al :
example starch is more elastic than microcrystalline csléul

Table2-3: The value of the youngds modul us of
pharmaceuticals (Byrn, Zografi and Chen, 2017)

Material Youngbés modul

Steel 220
Calcium carbonate 88
Glass 60
Calcium phosphate 48
Sorbitol 45
Lactose monohydrate 24
Spray-dried lactose 14
Theophylline 13
Acetaminophen 12
Caffeine 8.7

Aspirin 7.5
Ibuprofen 5.0
Microcrystalline cellulose 8-10
Stearic acid 3.8
Starch 3.7
High-density polyethylene 0.8

Rubber 0.002

For materials experiencing shear stress, the modulus of elasticity is referred to as the shear
modulus G and is representéduation2.6.

"0 |*I Equation2.6

Wheret is the shear stress andis the shear strain.

TheYoungds modul us and t he s h eahotheusinguhe tosnulc an b e
shown inEquation2.7.

O ¢p U O Equation2.7

Whereasp is thePoiss 0 n 6 s ‘Chand ®répresent the axial strain and th@nsverse shear

strain respectively. When the material is subjected to compress stress in one direction, it usually
expands perpendicularly in two directions to the direction of compression. Whereas, if the
material isstretchedit shrinks in the transvee direction, this is known @isson 6 s e f f e ct
(Byrn, Zografi and Chen, 2017)
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Table 2-4: The value of the shear modulus ofomematerials (Byrn, Zografi and Chen,

2017)
Material Shear malulus (GPa)
Steel 77
Glass 26
Polyethylene 0.13
Rubber 0.0003

2.3.2.1.1. Evaluation of the Modulus of Elasticity

The modulus of elasticity is experimentally determined using various compressibility tests
performedon powder compacts with different porosity.eTtata is then extrapolated to zero
porosity to infer fora single particle. Howeveiseveral factors can adversely influence the
mechanical testing process.large amount of sample is required to make powder compact
which poses a problem fahe pharmacaticals in the early development stage and makes
specimen preparation costly for thgpensive APIs.Furthermore, lte data interpretation
involves various assumptions which can contribute to unreliagslelts For instance,tiis
assumed thahe powder ompacts have uniform porosity which might not hold as a result of
the nonuniform distribution of stress or forces applied on the compact spe¢®hesanmiet

al., 2011) Also, the formation of the compacts might involve some degree of fragmentation of
particles as well as plastic deformation depending on the nature of the pharmaceutical
compound making the compact, since the powder compaction involves particle
rearrangements, elastic and plastic deformation as well as fragmentation. The correlations
employed for the data extrapolation do not account for the fragmentation and binding process
resuts (Prasad, Sheen and Sherwood, 2004 petter approach is to carry out the mechanical
testing on single crystals of the pharmaceutighlich can be achieved usimganoindentation

test. Nanoindentation requirascrystal with asize d at least 100 microns, anthe specimen
shouldencompasa flat surface to allovior applying the load of the indenter tighich can be
challenging.

2.3.2.1.2 Evaluatinghe Elasticity from Molecular Structure.

To determine the elasticity ofsolid pharmaceutal compoundsingle crystalsarerequired

for this experiment. In some cases, it is difficult to grow single crystals of adequate size and
guality. Alternatively, the elasticity can be evaluated from computational wthkmolecular

level since it iassociated with the intermolecular forcése elastic constant is evaluated from

the compliance matrix S which is equal to the inversh®$tiffness matrixd . For a single
crystal, the elastic constantslin directionarepresented as three orthogonal components of
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Youngd s mo chm bedesivedaccording toEquation2.8 and Equation2.9 (Storey and
Ymen, 2011)

; P : P - : P Equation2.8

O .‘Yh€3880 .‘Yk8880 ~

0O ©0 ©O Equation2.9
o

0O

2.3.2.2. Plasticity

The plasticity of material is defined as the ability of a material to permanently deform
plastically without breakage or rupture. Thisais important propertyfor pharmaceutical
process1g since it candramatcally impact processes such as grindiogmpaction and,
extrusion. The extent of plasticity is referred to as ductibtyd it can be quantified using
Equation2.10 andEquation2.11 (Byrn, Zografi and Chen, 2017)

PO0L , pTT Equation2.10

Whereb ‘O Urepresents the percentage maximum elongation andis the maximum strain
due to plastic deformation.

0 ion2.
bd Y Equation2.11

Where,p 0 "Ms the maximum area reduction before disruptibnando represent the initial
area and the areémmediatelyafter the fracturgrespectively.

The plasticity ofsolid material isusually represented by the hardnegsich is the resistance
to plastic deformation. According to Mohs hardness scale, a materiabwitih value of
hardness can scratch other materials for example dignmasdpposed tdalc which
encompasses a lowaerdnessvalue which classifies itat the lower Mohs hardness scale
(Chamayou and Dodds, 2007; Ghadiri, Kwan and Ding, 2007)

Hardness can be evaluated experimentally using nanoindengitjone2-7) of single crystals

where indentation force is used to place compression stress on the surface of a single crystal
aiming to creatan indentation on the r y s durbate@wrn, Zografi and Chen, 2017Jhe
depression generated from indentation is measured, and the hasdeesaled depending on

the force applied and ¢hextent of depression.
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Figure 2-7: Schematic diagram of nanoindentation(modified from (Arteagaet al., 1993)

Various methods of indentation are availabtecluding Brinell, Rockwell and Vickers
Vickers (Figure2-8) is the most commonly used rhetl since the Vickers hardness tesh
measure a broad hardness scale.Mibkershardness test involves a diamond indenter with
squarebased pyramid shapef, which the angles of the opposite faces are equal td T3@

value of the hardness followgnthis method is referred to as tieckers hardness number
(VHN), which can be calculated from the surface area of the indenter and the applied load
following Equation2.12.

n~ Equation2.12
o ¢ Oi E)s
w Ov 5

Where, L is the length of the indenter diameter, and F is the applied fores. $kt to 136
the VHN It is expressed iBquation2.13.

. 10 Equation2.13
000 péﬂg) quatio
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w "Ouis characterised by its continuous hardness scale covering materials from very soft to
very hard material$:or instance, taw "O(of soft metal such as aluminium is equal 25 whereas
that ofahard material such as hard steel is about 1B§6n, Zografi ad Chen, 2017)

Dperating
poshian

Figure 2-8: Vickers hardness model(reprinted from (INSTRON, 2020)

At the molecular level, the plastic deformation is associated with the breakage and formation
of intermolecular interactions arising fro hydrogen bonds, Van der Walland ionic
interactions. For plastic aterial, large numbers of molecules are displaced to new positions
upon the removal of stress. Therefore, for crystalline material the plastic deformattien at
microscale level is assmted with the motions generated around the crgstidcations, grain
boundariesand long slip planes materi@yrn, Zografi andChen, 2017)

Plastic deformation of material caontributeto the formation of regions of strain hardening

and strain softening. At the strain hardening regions, as the stress increases the strain increases
leading to a brittle fracture as the materia\ws resistance to plastic deformation, for example

in metals. Conversely, in the stragnftening regions, as the stress decreases the strain increases
as a result of no homogeneous yielding at some local area which prahestesnation of

voids. Hencehe materiatieformsplastically, for example polymers(Byrn, Zografi and Chen,

2017)

2.3.2.3. Brittleness

Brittleness refers to the fraoe of materials without experiencing plastic defaiora
Examples of brittle materials incldeglass, ceramics, which tend to absafibactionof energy

before fracture. Different researches have tried to develop different models to measure the
brittleness. For instance, Law and Marshall established titlebess indexwhich can be
calculated according t&quation2.14 (Ghadiri, Kwan and Ding, 2007) WhereH is the
hardnessvhich canbe obtained from indentation testing, andis thecritical intensity factor

which can be determined from single edge notched beam and the natatinddest. Where,

0 is derived from the applied force, the geometryhefbeamand the geometry of the notch

or the indentefTable2-5 shows values dhebrittleness of sompharmaceuticals, for instaec
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it can be seethat paracetamol and sucrose are much more brittle than avicel RHid1
makes thevicela preferred excipient for compressibility.

Oi Q0 oL QS& Equation2.14

Table 2-5: Value of brittle nessindex for some APIs and excipient$Byrn, Zogiafi and

Chen, 2Q7)

Material Brittleness
index
Avicel PH0101 0.22
Lactose beta anhydrous 0.33
Ibuprofen 0.34
Sodium chloride 0.45
Aspirin 0.56
Adipic acid 0.88
Paracetamol, direct compressible 1.08
Alpha lactose monohydrate 1.45
Sucrose 2.88
Paracetamol 3.65

2.3.3.Effects of Flows and Imperfections

Pharmaceutical drugs come with inherited imperfections such as impurities, irreguianiies
dislocationsthat arise from pharmaceutical processingcluding crystallisation. Crystal
imperfections can & in the form of point defed, line defects planar defectsand surface
defects. Crystal imperfections and purities can have a significant impact on the crystal growth
and particle size reduction mess via the effects of slip and sheariwbich canpotentially
influencethe mechanistic behaviour of the pharmaceutical during milBirey and Ymen,
2011)

2.3.3.1. Point Defects

Point defect refers to a foreign molecule (impurity) which becoinagped within a regular

site in the crystalline latte. If the impurity molecule substitutes an original one, this is called
substitutional point defects. However, if the space in the crystalline lattice remains unoccupied,
it is referred to aa vacary (Figure2-9).
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Figure 2-9: Schematic shows point defect i crystal (reprinted from (Science, 2016)

2.3.3.2. Line Defects

Line defects or dislocations are defeotcurring to the crystalline tate, which can be found

in three forms; edge dislocation, line dislocatiand mixed dislocation. Edge dislocation can

be described as an additional halhine of atoms introduced to the crystalline structure. The
upperhalf of the plane consists of perfectly arranged atoms as opposed to the bottom half of
the plane whichncorporatesatomsthatare displacedrom the original positions. When the
crystal is subject to stress, the molecules alomgh the slip planepropagte over the
dislocation line. Thus, the dislocation is a linear defect and coincides with the edge of the
introduced haHplane (Hull and Bacon, 2011)Figure 2-10 shows a schematic of an edge
dislocation motion duringlpstic deformation. The row of the bonds is ruptured at point A, and
rebound with the introduced hgifane,herethe dislocation is set to mougy one lattice
spacinggs this process is rephted eventually the dislocation shiftthrough the entire csgal

and leads to the displacement of bitthupper andhelower parts of the crystal by one lattice
spacing with respect to each other. This process of displacement is described asaystip. D
that the movement dislocation is small, the displacementultiple dislocations throughout

the crystal can contribute to significant plastic deformation. Since individual row of bonds is
broken atatime at each stage instead of all the bondssacadl the layers, thus, the required
stress to cause a plastieformation is lowelHull and Bacon,2011; Roberts, 2016)'he
movement of dislocationa this mainer is described as glide.
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Figure 2-10: Deformation generated by an edge dislocation moving through the crystal
(reprinted from (Roberts, 2016)

The dislocation is characterised by three components|ifthplane, thdine direction,andthe
Burgers vectorThe dip plane is where the dislocation is movifddne dip planeincorporates
aline directionand a burger vector of tlikslocation. Thdine direction is the linef distorted
material along the edge of the introduced Iptdineof atoms The burger vectocontrds the
slip direction. The magnitude of the burger vector is onie¢espacingln the edge dislocatign
the Burger vector and line direction are perpendicutareach otherWhereas, inscrew
dislocation the burger vector and the line direction are parallel to each other. In a screw
dislocation, one part of the plane wes to the righthe other part moves to the leRigure
2-11Db). Mixed dislocations are more complex comparetie@dge and screw dislocatiqns
this type of dikcation,the angle between the burger vector and the linetireis in the
rangefrom O to 9Q) (Roberts, 2016)

.- N
S

Figure 2-11: Deformation caused by (a) edge and, (b) screw dislocation motion in a
crystal (Babu, 2008)

2.3.3.3. Planar Defect

Planar boundaries arise from changes in the lattice orientation and involve twin botitidary
boundaryand gain boundaryKigure2-12). Twinning occurs as a result of deformatiahich
causes the lattice volume to transform into an orientation rsymmmetrical to the parent
lattice. When dislocations of the same pijaraligned, they formed a tilt boundary. This
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generates small energy on rotation and causes the parent tatmé into subgrains. Twist
boundaries are similar to tilt boundari¢®wever there are twisted i@ normal direction

boundary plane. Gmiboundaries are formed when two different phases or lattices amare
interface plane but have different orierdas (Babu, 2008)

Figure 2-12 a) twin boundary, b) tilt boundary and, ¢) and grain boundary (Babu, 2008)

2.3.3.4. Plastic Deformation

Plastic deformation occurs as a result of layers of atoms slpdisteach other. The plastic
flow in crystalline solids attributed to the movement of dislocatignsludingedgeandscrew
dislocationsand planadefect The motion occurs in the crystalline lattice by slip mechanism
acrossspecific directions (Perry, Green and Maloney, 1997For a material expenmeing
plastic deformationa microscopic examination of its surface shows that the sample exhibits
lines and steps which indicate plastic deformation. Each step comps@nssdes of smaller
stepshatarise from thenotionof the ganes of atomsliding pasteach othefHull and Bacon,
2011; Roberts, 2016) he plastic deformatiocontributes to theofmation of ductile materials.
The sliding process compromise of bonds breaking between neighbouring flely@nsed by

the displacement of these layers and findtgformation of new bonds betweémelayers as
shown in schematsca, b, ¢, and d resgtevely in Figure2-13.

[‘,\\_‘: N
N X
N =

Figure 2-13: Schematicillustrating the nature of deformation by slip (reprinted
(Roberts, 2016)
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The dislocation can take placethme form of glide or dmbs Figure2-14) (Bandyopadiay
and Grant, 2002; Hull and Bacon, 201GJide dislocation is the most common dislocation
where the Burgers vector and the dislocation tered to alignin the same slip plane; this
process is referred to as glissiléeglide dislocatioroccurs ahigh temperature in a direction
that is tangential to slip plane which enaltlee preservation of interplanar spacing between
theplane. Once the system encounters higher tempewgtal@gertime scalethedislocation
tends to move out of the slip I|ane, this is known as climbislocationwhich renders the
dislocation and the Burgers vector perpendicular to each ofherclimb dislocationthat
moves from one plane to the other is known agsljelpcation whereasthatinvolving step is
referred taas kinkdislocation(Figure2-15).

/ Glide

o | 11 |

Figure 2-14: Schematic shows dislocation glide and climb dislocatiorfsnodified from
(Yuanet al, 2018)

The extent of the plastic deformation of a material is associated with the strength of the
intermolecular bonds anddhwidth of the dislocations. An exampletlo&application of plastic
deformation ismanifested in the process wfork hardeningWhereby, anincrease inthe
dislocation density limits the flow of deformatiomwhich leads to material straightening and
ultimately work hardeningi-or example whena paper clip issubjected to stress it bends
during this processhedislocations move towards the bending tip and become lpukadh
hindersfurther movementAny additional stressenergy is dissipated throudireakage or
fracture mechanisrfNatelson, 2015)

@~ b~

Figure 2-15: Schematic shows jog and king dislocation@eprinted from (Babu, 2008)
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2.3.4.Effect of Crystal Structure on Mechanical Properties

As was mentioned earliepharmaceutical materialxist in a wide range of solid forms
including crystalline, amorphous, polymorphs, solvatesl hydrates. Each of these solid
forms exhibits its unique internal structure and mechanical properties. The material internal
structure involves molecular struce, molecular interactions, moleaulconfirmations, and
molecular mobility. Hydrogen bonds and Van der Wallstheglominant forceshat holdthe
crystal together and contribute to the formation and backing of the crystalline lattice. The
crystalline brm of the pharmaceutical compourgl usually harder anghossessesigher
elasticiy and lower plasticity compared to the amorphous form. The crystal rigidittye
former is attributed to the thredimensional ordered crystal structuiresolving tightly
interacted molecular netwasland sonetimes physical interlocks. Whereas, tager form
exhibits a liquidlike structure which allows for molecular mobility. Therefore, the existence
of amorphous compound in pharmaceutical formulation promotes plagtien@gion which
facilitatesthe conpressibility of tablets. For instance, lactose monohydrate is an excipient
employed for tabletingDespite thatcrystallinelactose monohydrate is brittle in its nature,
spraydried lactose monohydrate is amorphatéch makes it desirable falirect compessing

due to its mechanical propertgsch asts high tensile strengttstorey and Ymer2011; Byrn,
Zografi and Chen, 2017)

The effect of solid forms othe mechanical properties is not ontyanifestedhe crystalline
and the amorphous samples,baiso in other crystallineforms (polymorphspwed tothe
difference in their crystallinetsicture. For instanceSulphamerazie is a pharmaceutical
excipient whichcompromises otwo polymorphs forme and forme.a&~orm G polymorph
displayshigh plasticity which makes icommonlydesirablein tablet compressing due s
high tensile strength. The mechanical behaviour diffesgrio these two polymorplere
attributed to the difference in their inr@wystalline structureSince form g exhibits slip planes
which favour compressibility and compatibility needed for tablet compressiapposed to
form ¢ (Sun and Kiang, 2008Moreover, the presence of water molecules within the crystal
structure has variable impact on the pharmaceutical compound, for instdviagnesium
stearate exists in four hydration statédagnesium stearate anhydrous, monohydrate,
dihydrates, and trihydrate. The dihydrates formclgsen over other forms a tablet
formulation as a lubricantSince thedihydrates forntontains water molecules traesituated
between fatty acid layer§igure2-16) which are believed to promosheaing in the event of
compressioriErtel and Carstensen, 1988)
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Dihydrate

Figure 2-16. Schematic shows crystalline packing ofagnesiumsteroid anhydrous and
dihydrates form (modified from (Byrn, Zografi and Chen, 201)7)

The elastic properties of trerganiccrystalreflectthe forces between the moleculasthe
crystal For instance, theslastic propertiesepresented byf o un g 6 s wvaloedvaré u s
determined fronthe molecular modéing of the of primidone form A, form B and, aspirin. It
was found that th€rimidoneh as hi gher Y compagdosAspimm which was
attributed tovariablehydrogen bonds motifin the crystal structureof the twocompounds
Wherdy, Aspirin moleculesencompassarboxylic groupwvith one hydrogen bond donor and
a nearby one hydrogen bond acceptoming dimers(Figure2-17), whereasPrimidone has
two hydrogen bonds and two hydrogen bonds acceptorsglecue Figure2-18). Similarly,
Primidone form B has a high&oungd s odufus valueompared téorm A which isassociated
with the extended hydrogen bonds preseiibim B whichcontribuesto alarge resistareto
theforcesimposedon the extended hydrogen bonds mdi8torey and Ymen, 2011)
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Figure 2-17 The crystal structure of Aspirin alongwith the modelled Youngd sodulus
in x and y directions, (modified from (Storey and Ymen, 2011)
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Figure 2-18 The crystal structure of Primidone A along with the calculatedY o u n g 0 s
modulus in x and y directions,(modified from (Storey and Ymen, 201))

2.3.5.Particle Shape andSize

Particle size and shape of the solid pharmaceutical impact on the bulk performance of the
powder (i.e. flowability andinfluencethe dissolution rate arttiestability of suspensiong.or
instance, particles Wi greater circularity flow better thararticleswith needle shap@Hogan

and Buckton, 2000)and particles of smaller sizes haadarger surface area available for
dissdution. Theparticle sizas related to the particle shapedthesurface are@Bauer, 2009)
According to the International Council for Harmonisation ( ICH), the particle can be formed
by six basic crystal shapéhabit) as shown irFigure2-19 (Byrn, Zografi and Chen, 2017)
The crystal habit is controlled bysiinternal crystal structure and the collective growth of
specific facesThe habit of the crystals grongly influenced by the crystallization conditions
(Storey and Ymen, 2011y he crystallisation involves various underpinning procesgsgsan

be subdividednto two main stages, nucleation and growkhe fird stepis driven bythe
superstation proceswhere,stable clusters of crystallised materaif size from 1 nm to 10
nm) are formed as a result of nucleation. The second stagév/és a stable growth of the
formedclusters whicktend todevelop into flly faceted 3D crystal§Dochertytet d., 1991)

The mode of crystal growtbccursthrough the surface step tran, where the surfaces of
crystals tend to be adsorbed onto momalecularcompound within the growth environment

at the expense & heteromoleculacompound which is usually solvent and/or impurities
(Hammond, Pencheva and Roberts, 2012)

The crystal habit or morphology is controlled by the relative growthaatihe deposition of
each plane in the crystdlhe $owest growing face is the most npbiologically important face

of the crystal, whereas, the small&steis the onananifestingthe fastest growing ratgi et

al., 2013) Thegrowthrate ofthecrystal is primarily dependent on the strength of the bonds of
the faces deposited on various crystal surfaces which, independs on the internal strucs
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of the crystal. This implies that any factor influencing the growth rateuttimately alter the
crystal habit. The external factors include the type of solvent used, the degfree
supersaturation, the temperatutbe impurity, the concentration and drying techniques
employed during the gstallisation procesgBerkovitchYellin, 1985) The relationship
between the external morpholqdlge internal structureand symmetry of the crystabélong
been the interest of scientis(8erkovitchYellin, 1985) However, determining the crystal
habit remains a problem in the theory of crystal growth due to the degree of complications
associated witlhis procesgAbramov, 2016)Chikhalia and ceworkers stated thaguccinic
acid crystals exibiting a platelike morphology are more pne tocrystallinedisorder during
milling in corresponihg to those exhibiting needle morphology (Chikhalia et al., 2006).
Neverthelessthisvariesdependenon the type of mill employed during the process dfing;
since platelike particles were morprone to breakage in a bafill compared tdahefluid jet
mill. Thereis alack in the literatur@bout millingparticles of differensizes anghape.

o

Flake

Fd

Plate
Lath Equant

Figure 2-19: The basic shapes of a crystal/particlémodified from (Storey and Ymen,
2011)

2.4. Mechanochemistry

When a solid compound is introduced to high energy from the mill, its chemical, physical and
crystalline stucture may vary considerably agesult of compression, shear friction from

the mill. As was mentioned earlier, appysicochemical changesisingfrom the excessive
energy during milling are referred to as mechanochemiSimpw, Richard H. Luckie, 1979;
Chienget al, 2009; I. Colombo, Grassi and Grassi, 2009; Takacs, 2013; Descamps and Willart,
2016) Processes avered by mechanochemistryinclude accumulation of defects,
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amorphisationtheformation of metastable polymorphs, and chemical reac{Bolslyrev and
Tk 81 ov 8., Mechabdzl@emistry cagield positive outcome in the pharmaceutical
industry, such as increasing the dissolution rathepoorly soluble drugSince therate of
dissolution ofamorphous is much gremtthanits crystalline counterparhowever this comes
on the cost of the material stability.

Mechanochemistrgan be considered as multiple steps proagassg fromdifferent energetic
parameters andifferent amount of energy accumulated in the aaidd solid in each step.
Multiple milling parametersonsider controllingwhich can result ira variable impact on the
milled product propertiesTable 2-6, summarises the mechanical treatment of some
pharmaceuticalsthe produced mechanochemistry arnlde potential impact on the product
performances

Table 2-6: Table summarising the mechanicatreatment, mechanochemistry and the
influenced properties of some pharmaceutical@nodified from (Abouhakim, 2016)

Material Type of Mechanical treatment Influenced Ref
mechanochemistry conditions properties/pe
rformance
Budesonide Phase transition from  PBM; roomtemp; zirconium Enhanced (Descamp®t
crystalline to vessel %45 cnt; 7 balls, D solubility and  al., 2007)
amorphous =15mm; t=15hr bioavailability
Indomethacin Amorphous Cryomilling inMM301 B.M., Enhanced (Karmwaret
formation increases  vessel 225ml; 6 ballsD =9 dissolution al., 2012)
with time of milling mm; stainlessteelvessel rate

frequency =30 Hz; t = 15, 30,
60, 120, 180 and 240 min; in

immersed) for 3 min.
Indomethacin Formed astable Agate centrifugal B.M. 10 Enhanced (Otsuka,
amorphous at3 balls D=10mm, 20balls dissolution Otsuka and
whichconverted tma D=15 mm 4 balls D =20 mm rate Kaneniwa,
metastable speed= 200rpm; at 43 & 3(3 1994)
crystalline at 38 ;1=10 hr. stored at¢ B
Indomethacin 100% amorphous  Cryogenic impact SPEX mill; Enhanced (Crowley
formationwithin 60 stainless steel; 10 cycles per dissolution  and Zografi,
min of milling second; 2nin grinding 2 min rate 2002)

cooling; stored at ¢ B
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Griseofulvin Reduction in SPEX cryogenic mill; &1, 5, Increase in (Elaminet
crystallinity asa 10, 30 min;apre-cooling cycle surface al., 1994)
result ofdefects,  of 2 min and milling cycles of 5  cohesion

increase in surface min separated by cooling
energy intervals of 2 min. stored over
phosphorous pentoxide undel
i3o0U0C
Carbamazepi The phase transition B.M. for 15 to 60 min. Reduced (Lefebvreet
ne dhydrate to theanhydrous CompressionSingle punch ~ compressibilit  al., 2008)
alpha form machine y
Griseofulvin Reduction in A SPEX cryogenic impact mill; (Chamarthy
Felodipine crystallinity asa t =10 min; stainless steel;rdin and Pinal,
result of defects,  grinding/2min intervat cooled 2008)
increase in surface  in 0 ; frequency = 1Hz
energy (20 impacts per second)
Sulfathiazole Polymorphs PBM; BPR20:1; D=8 mm and Enhanced (Shakhtshnei
transPti a d=35mm; t=1,40, 90, 180 solubility. der and
Pttt min; Speed- 200 & 600 m/s2  Solubility of Boldyrev,
form ¢t 1993)
thanfa m t
Carbamazepi Crystalline phase B.M. for 15 to 60 min. Reduced (Lefebvreet
ne transition from beta Compressiorsingle punch compressibilit  al., 2008)
to alpha the most machine y/ enhanced
stable form. Phase stability
transition from
dihydrate tahe
alphaform
Griseofulvin ~ Continuous increase SPEX cryogenic impact mill, % (Otte and
in crystalline 1, 5, 10, or 30 min, with pre- Carvajal,
disorder. cooling cycle of2 min; 5min 2011)
grinding/2min cooling; cooled
in 0 . stored over
phosphorous pentoxide unde|
T3@
Ketoconazole Reduction in SPEX cryogenic impact mill, % Increase in (Otte and
crystallinity 1, 5,10, or 30 min; with a pre surface Carvajal,
cooling cycle of 2 min; 5min cohesion 2011)

grinding/2mincooling stored
over phosphorous pentoxide
under 130U
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Cephalexin Transition from BM; 350ml; 33 and 2@ ; D (Otsuka
CEX crystalline tonon & N. balls= 10mm*20, 15 Makoto and
stable amorphous a mm*10,20 mm*4; speed- 200 Kaneniwa
203 andto astable rpm).; stored at203 , milled at Nobuyoshi,
amor phous 353 and 26 1983,
and humidity 66%). Otsuka,
Otsuka and
Kaneniwa,
1994)
Large increase in A Retch Cryomill; 50 m D = Enhanced  (Shahet al,
Brivanib surface energy as 25 mm; N. balls=1; milling dissolution 2015)
alaninate result of amorphous cyclen=1, 3, 6, 9, 24t5 Hz; t rate
formation. = 40 s and millingfor 25 Hz for
10 s; cooled i -70 C
Ampicillin Breakdown of crysta Automated mortar@15min to 3 Reduced  (Takahashet
trihnydrate lattice rupture of h) compressibilit  al., 1984)
sensitivg - lactam y

as the water
molecules freed

Chloramphen Metastable Agate BM; capacity 350; D &N.  Enhanced (Otsuka,
icol palmitate  crystalline formsB of balls (10mm* 20,15 stability Otsuka and
CPP and C convertedto  mm*10,20mm*4); 200 rpm.; Kaneniwa,
anunstable stored at2® ); Milled at 2(& , 1994)
amorphous form t =150min

which converted ta
stablecrystalline
form A by nucleation
at 2 .

2.4.1.Milling Conditions Relatedto Mechanochemistry
Type ofMill

Ball mills generate larger amount of energy compared to other mills such as fluid jet mills.
Hence, are responsible for most of the mechanical activation and mechanoché&nxistryle

of materials that experience phase transition during milling by mean of ball mill are
Sulfathiazole(Shakhtshneider and Boldyrev, 193 phalexifOTSUKA and KANENIWA,
1983) CHoramphenicol palmitate CPP, Indometha@isuka, Otsuka and Kaneniwa, 1994)
CarbamazepindLefebvreet al, 2008) Caffeine(Mazelet al, 2011) Fostedil(Takahashet

al., 1985)andBude®nide(Yu, 2001; Dudognoet al, 2006) etc.
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Milling Duration

It is important to control th@eriod of millingsince, itcaninduce significant changen the

milled product For instance, Indomethagciran antkinflammatory drug exhibits multiple

polymorpts, includingr i hand] . Milling of these polymorphfom 4 min to 60 mirled to

an increased amount amorphousip to 100%observedatlonger milling durationThis was

confirmed by a single broad Ray-Powder Diffraction(XRPD) peak(Crowley and Zografi,

2002) as shownn Figure 2-20. Another example is the milling of Budesoniden @ntr
inflammatory drg) which took 15 hr of milling to show a complete transformati@mfr

crystalline to amorphouwhich was identified by a single broadRPD peakand by the

emergingof the glass transition temperature p&akch was detected byYpDSC Figure2-20.

The amorphisation of Budesonide was linked to the generatiadaofie number of defects

with longer milling period¢Descampet al, 2015) Sulphathiazole is a nmabial drug found

in three polymorphsThis pharmaceuticahanifestan exceptional mode of phase transition
whenmilledat different timea. In thefirst 10 minof milling, Sulphathiazole room tempetae

stable form ttt st highttengbratireodt 108 a)n s$ toa bml el nft @r 1
Interestingly, milling for 90 min caused a reverse phase transitiorthétiestoration of form

Ett. Whllengfer8 Boursproducecar e peat ed pha®te africbrtyi.t iTdre
former phase transition wagplained by théact that the energy of the mill creates deféués

act as nucl eation sit es athigherpemperire. &Vhdreastheg r o wi
latter phase transition caused some confusion which leads to the assumibtepresencef

an intermediee amorphous (forld) whi ch recrystallizes back t«
(Shakhtshrieider and Boldyrev, 1®®Brittain, 2002,Descamps and Willart, 2016)

In addition to phase transformation such as polymorphism or amorphisation, milling can be
associated which chemical transformation. For example, milling of Lactose monohydrate,
Citric acid monohydratéZielke, 1985)and, Ampicillin trihydrate(Takahashiet al, 1984)
causeda partial dehydration and structure disordering. Milling cantribute tochanges in

the molecular structure of the drugs which alters the plogsiemical propeigs of the
substance. For example, Piroxicam is used asnsteroid antinflammatoryagentthat is
poorly solublein water which impliesthat it has a lower bioavailabilityMilling of this
compounded toanincrease in the drug soldity four times higher compares to the nailed
compoundas a consequence thie changeproducedatthe molecular levelShakhtshneider,
1997)
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Figure 2-20: X-ray powder diffraction patterns for budesonide rerecorded at room
temperature before milling (a) and after 15 h milling process (b)DSC heating curves of
crystalline budesonide before milling (c) and after 15 h milhg process (d) the inset
depictsa near view of the glass transition domain appearing in MDSC reversible heat
flow (reprinted from (descamps et al. 200Y)

Temperature of Milling

Milling temperature is considered one of the main thermodynamic propertiesethate
considerablattertion since ittcanimpactthe stability of the formed phaé®tsuka, Otsuka and
Kaneniwa, 1994)For instance, milling of Cephalexin (antibiotic) at20generated a nen
stable amorphous which converts back to crystalline form. Howexen Cephaleximwas
milled at 33 and humidity below 6%, it forms a stable amorphous compouri®tsuka,
Otsuka and Kaneniwa, 19943imilarly, when Chloramphenicol Palmitate CPP metastable
crystalline form Bwasmilled at203 , CPPtransformed to unstable amorphous form C which
immediately crystallised to a stable crystalline form A. The stability of the formed amorphous
is related to various factors includitige glass transition temperaturey, and crystallisaon
temperature”Y which are explained latesgesection3.2.2). It was reported thahe milling
temperature impacted on the surfawea, surfaceohesion andn the surface energyf
Brivanib alaninate Milling of Brivanib alaninate incryomill (milling at very low temperature)
generateda productwith higher surface area, higher surface eneemd higher cohesion
compared to milling at ambient temperatufidiis was explained by the presencetloé
amorphous layewhich is thermodynamically stalbd¢alower temperaturéShahet al,, 2015)
Another impact of the temperature of milling is reflected in the degradatitime@iroduct
hence it is important to monitor the milling temperature.
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The dameter of Milling Media

The variation ofthe diameter of the milling media€i. ball of the mill)cancontribute to a
significantchange irthe intensity of millingMilling media with larger diameter implies that

the milled compounds have a larger area of contacttivittballs which allowsmore energy
transfer.For exkample when Sulphathiazolevas milledwith alarger diameteball (8mm), the

rate of phase transition increases as opposed to milling with a smaller diameter (3mm)
(Shakhtshneider ari8ioldyrev, 1993)

Milling Speed

The speed of the mill has a direct impact on heduced energyMilling at large speesl
generates larger amount of energyPart of he energy is used faize reductionhowever a
greater amoundf energycan lead tdattice disruptionphasetransition and heat generation
For instance, millingSulphathiazole at&n acceleration of 600n/s* led to a rapid phase
transitionwithin a shortertime (407 50 min). However milling at loweracceleration(200
m/s ) resuts in a slowephase transitiowhich takesapprox.180 min(Shakhtshneider and
Boldyrev, 1993)

The Energyof the Mill

Different types of mikkgenerate differeramounsof energy due to the change in their material,
number ofballs capacity speegetc. The impact ofdifferent mills energies wagwestigated
by Chaurukawho reported thaplanetaryball mill generated larger microstructurabatider

for Gamma Almni as opposed to vibratory miChauruka, 2015} or instancelndomethacin
was milled with vibratoryRetsch mill (Karmwa et al, 2012) and vibratory SPEX mill
(Crowley and Zografi, 2002Amorphousindomethacinmmerged at 180 min and 60 min
when milled ugg Retsch and SPEX mifirespectivelyDespite thathe principle of milling is
similar in thetwo mills, SPEX mill introduce moreenergy througtshear due to the curvature
presenin its vessel which allows the balls to move upwards and experienceanteet with
powders compared to Retsch m{Chauruka, 2015) However, this cannot be taken as
conclusive due to the lack of information about other parameters such as the speed of the mills
and he rumber of milling mediaThere isinsufficient work reported in the literature with
regards tahe impact of millingof materialsat different energieparticularly pharmaceuticals

2.4.2.Mechanism of Mechanochemistry

The mechanism ofechanochemistry is not walnderstood due to the complication and
diversity of the reaction types, reaction conditi@swell as the inhomogeneous nature of the
solid-solid materials. This is attributed to the difficulty of the direct observatioreahtiterial
encounteringhe mechanochemicadrocess in microscopic and molecular ledsmest al,
2012). Other constraints include the lack of studies and limited literature covering
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mechanochemistryparticularly for organic materials and pharmaceusiceew models and
theories were developed to describe the process of mmahemistry but have limited
application. Some of these models found applicability in areas such as inorganic materials
including metals and metal oxigeColombo, Grassi an@rassi, 2009; Boldyreva, 2013; Tan

and Garcia, 2019)Among the earliest developed theories are the hot spot theory and the
magma plasma theory. The hotspot theory is based on the friction between two surfaces sliding
against eeh other. The surface frioh contributes to plastic deformations and siselocal
temperatures at the mieregion (within ca. 16 & . The temperatures are believed to reach
100G for short periodsg 1 p 1 O. For more brittle material$iot spot is suggested to
ocaur at the tips of the propagating craatausing few orders of magnitutemperatureise

for a short time periodas wasxperimentallyproven in inorganic compound®r instane in
metals)(Jamest al, 2012) The magma plasma theory is related to the effects of the impact
stresdnstead of lateral friction process. In this migdEigure2-21) it is assumed that a great
amount of energy and energetic species includirggdtectrons are ejected at the impact zones
(magma sites) accompanied with an increase in local temperature whielossedp 113

(Bal 8¢, 2008)

Figure 2-21: Schematic shows the magmalasma mode) where; Ei exo-electrons, Ni
undeformed sold, D i highly deformed surface layer, Pi plasma(modified from ( Ba |l 8§ ¢
et al, 2013)

The hotspots and the magma zones are assumed to be the primary sites at which
mechanochemical reactions are activatéolwever these mechanisms amt seem practical

for organic systems provided thdahe elevated temperatures carontribute to the
decomposition of thsetypes of materialsNeverthelesghe absence of the decomposition can
suggest thathesephenomena are occurring very shortly andtahatoo localised zone to be

the primary site. NeverthelesswhasproposedHhat these zones can lead to the generation of
frictional heating which dissipates theform of energy(Boldyrev, 2006; Janset al,, 2012;
Boldyreva, 2013)
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One of the most comprehensive modelat describe theprocess ofmechanochemistry of
organic and inorganic compoundshe pulse maal, in this modelwhenthe solid is subjected

to asuccessiveeries of mechanical forces (pulsesriablestress field, andtheir relaxation

form at regular inervals. The relaxation procassolvesvariablephysical or chemical changes

to the solid manifesed in thedifferent relaxation channelscluding heat liberation, the
formation of defectsformation of amorphouss shown irfFigure2-23) (Boldyrev, 2006) The

type of relaxation channel depends mainly on the type of mechanical loading (for instance
energy inputs and the loading rate) anel physical properties of the material.

In addition tothe solid-solid system the mechanism of mechanochemisifysolid-liquid and
solid-gassystens was explained usingnass transfer and molecular diffusiorodels In these
systems, thenechanchemistryis suggested to be driven ltlye surface migratiorof the
solvent fromthe inner crystalsor, themolecular diffusion of gamto the surface of the solid
Example ofthesesystemsinclude cocrystals solvates, hydratesand solid solutios which
undergo mechanochemisiyringthe process ahilling ( Fr i gl i ¢ and Jones,

A
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Figure 2-22: Mechanical pulses varies by varying the intensity or frequency of the pulse
(reprinted (Boldyreva, 2013)
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Figure 2-23: Different relaxation channels ofthe stress field (nodified from (Boldyrev,
2006)

In 1979, the German mechanochemists established the concept of hierarchy togdseribe
duration(relaxation timé of eachrelaxationprocess (excitation statéfhe main relaxation
processesuch as fracture, defects dislocationsexhibit longer relaxatiotimes as shown in
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Table2-7. These maimxcitationstates mighincorporatevarioustemporarysubstates which
occur at muchlsrter times.

Table 2-7: Excitation processes and their relaxation times occurring in mechanically
activated solids derived fromthe hierarchy model( Bal 8§ g, 2008)

Excitation process Relaxation time
Impact process p T i
Triboplasma p T i

Gaseous discharge XpTi

Hotspots prt prT i
Electrostatic charging pTt p Ui
Emissions of exoelectrons pTt pT

Triboluminescence pTt p T
Lattice defects pTt P T

Dislocation motion P TR G

Lattice vibrations pmt pT i

Fracture formation PT P TRG I
Fresh surface Atp&pm 0 @ p i

Lifetime of excited metastable Atp 0 @ p 1t i
states p i
pTli

The process ahechanochemistrgnanifestedn thetransition from crystalline tamorphous,

was described bthemechanical and the thermodynardestabilisatiortheoies(I. Colombo,
Grassi and Grassi, 2009)hese theorieseredeveloped initiallyto expresghetransition from

solid to liquid during the melting process which share similarities with crystalling and
amorphoussystem reflected in théransition from ordered to disordergzhase In the
mechanicatlestabilisatiortheory, the phasé&ansitionfrom crystalline to amorphouwsccurs as

a result of exdrnal pressure which causes the distortion of the hydrogen bontiseasahish

of the crystal latticeHere, he crystals are rendered shear unstable due to the reduction in their
harmonicity. This model was successfully implemented in dugly of presse-induced
amorphisation of ice byTse, 1992) Where high pressure caused the softening of the
crystalline lattice owed to the rapid drop etastic moduliwhich makesthe crystals shear
unstable. This change was accompanied by the breakage of hydrogen bonds, dislocation of
water moleculesand eventually las of longrange order. Whereas ithermodynamic
destabilisationtheory, the transitionfrom crystalline to amorphouss attributed tothe
accumulation of defectsvhich formas a result of mechanical eneygy a critical amount after
which the amorphous form is thermodynamically more stable than crystalline counterpart
(Chan and Doelker, 1983 this case,lte kinetic energy ingtedinto the system can cause a
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catastrophicncrease in the density of dislocations and defects to the point where all the
crystallinity is lost.The defects can be theform of intestinal occupancies, line defe@ad

plane defects (e.g. grain boumni@és and crystal surfaceg¢). Colombo, Grassi and Grassi,
2009) The defects can lower the temperatarel activation energy of amorphisation by
promoting nucleation and diffusion, which implies additional vacan@&sn and Doelker,
1985) Eventually,an amorphous produeimergesvhich has equal molar volume, enthalpy
and entropy tehat ofthe liquid melt Thereexists insufficientnformationin theliteraturethat
describes themechanism ofmechanochemistry of pharmaceuticsdlid during milling.
However, it is established that process such as amorphisatietaied to the accumulation of
defects and plastic deformation due to mechanicaigsn

2.5. Summary

Milling is a vital process irsolid pharmaceuticgrocessing. Howevethemilling of eachAPI
requires designing a specific milling experiment base@xtensivetrial and erromwork. This
chapter addresseghe various aspectsequired ¢ understandand anticipatethe milling
behaviour of pharmaceutical sobdfollows:

The beginning of this chapténtroduces the commonlgmployedmills in pharmaceutical
powderprocessingincluding planetary ball mill, vibration mill, and a jet millaithe type of
stressegienerated in each millhis part covers thkenowledgegap in the literature about the
key milling parametergritical process parametgrthat can impact on the millehmple The
critical milling parameterénclude thetime of miling, the speed of milling, thball to power
ratio, the number and sizes of the ba#lad the temperaturd milling. There is a gap in the
literaturewith regardto theimpactof different milling condition®n themilled powder which
requires payingattention since it will help to understandhe milling behaviour of solid
pharmaceuticallt is also impotantto addresshe amount of energgenerated with each mill
to enable establishing a relationship betwt#enconditions of millingand thedegee of the
physicochemical change proddce

Subsequently, this chapter prowdéterature on the main material propertiésitical
attributes)which areresponsible fothe mechanistic behaviour of a solid wherposed to
external stress.e. mechanicgbropertiesit wasidentified thathe literature lacksformation

on the magrial properties othemajoiity of pharmaceutical\Pls due to complexitiegwvolved

with the experimentalork and limitationand cost of these APIs. Hence, tliémate steps

to anticipate/calculate these propertiessng computational chemistrylThe pediction work
requires understanding thenderlying intrinsic propertieshat control the mecharstic
propertiegmilling behaviour)of thesample However,this is challenginglue toinsufficient

work that linksthe underlying molecular structure accounting for the intrinsic properties to the
behaviour of the material while experiencing an extrinsic impact. Finding the relation between
the intrinsic and extrinsic propertiestbe pharmaceutical solid will enaldeldressing part of

the knowledge gap ithis field.
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This chapter also highlighted the process of mechanochemistry arisingriiting, which
causeyariablephysicochemicathanges to thmilled product The area of mchanochemistry

of pharmaceuticaleguires a lot of work due to the lack of understandingiefphenomenan

This section provided examples of pharmaceuticals experiencing mechanochemistry, the
milling condition and the produced physicochemiadlange The ®@mparison of these
pharmaceutals and thechanges they experienced during milling endldeterminingthe
milling parametershat are primarilyassociated witlthe mechanochemistrwhich addresses

part of theknowledgegapin theliteratureand albws fordesigning a milling experinme for

the rest of the thees It was found that amorphisation is the most commonly produced type of
mechanochemistpjhence special attentionpsid to this phenomenon.

An additional essentialelementthat was touchedipon in this chapter is thseolid-state
analytical methods required &xaminethe emergence of amorphous as a result of milling
Providing acomplementary characterising methvaitl contribute tounderstanihg the milling
behaviour of slid pharmaceutida.

The conclusivesummarythat can be taking from this literature work is that ball maie
commonly associated withthe mechanochemistry of pharmaceuticagmrticularly their
amorphisatiodue to theéhigh energygenerated from thigpe of mill. Hene, the experimental
focus of thighesiswill be mainly on the ball millancludingaplanetary ball mill and vibratory
mill (single ball mill) Moreover, the literature outcome indicateat mechanical properties
are thefundamentapraoperties that camfluence the milling behaviour of the material. Hence,
special attention will be paid in this thesigtedict thesgropertiefrom the molecular level
Furthermoretheliterature review also pointsut that amorphisation e most common type
of medanochemistrassociated withall mills; hencespecialconsiderations providedto this
type of behaviourThe investigation othe literaturgointsout that various aspects can lead to
amorphisationincluding generation of defects and plastic deforomatHence, an additional
goalis to predict thesusceptibilityof pharmaceuticato plastic deformation

Finally, the aim is to find a correlation between the energy laremg from planetary ball
mill and single ball miland the rateextent and kineticsof the processes @bmminution and
amorphisation of materials
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Chapter 3 Materials and Method

3.1. Introduction
3.2. Materials
3.3. Material Properties Predicting Methods
3.4.Milling Methods
3.5. Characterisation Techniques
3.6. Energy Calculation

3.7. Conclusion

This chapter outlines the materialsselected for the rest of thehesis. The chapter
follows by highlighting the prediction approachesemployed to determine the
material properties responsible for the mechanistic behaviour. It also provides

an introductory of the type of mills selectedfor the milling process and the
analytical methods used to characterise the feed and the milled product
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3.1. Introduction

The solid pharmaceuticatlesired forthe investigation of thempact of milling needs to
demonstratspecifc charateristics precisely those related tstability and safetyl hischapter
starts by providingan introdudbn of the phamaceuticad selected for the rest of the thesis
work along with theationale behindhe selectionprocessThis chaptefollows by outlining
the modellingapproachesisedto predictthe critical material propertiesthat influencethe
milling behaviour of the solid pharmaceutgalhese properties includiee crystal habitslip
planes and the mechanical propertieshich are predictedrom modelling theintrinsic
molecular propertiesvia computational chemistryThe experimental part of thiproject
involves milling of the solid pharmaceuticusing different mills; planetaryball mill and
single ball mill hence,an introductory tdhesemills is provided in his chapterin order to
assess for theffect of milling on the solid pharmaceutica full characterisationf the feed
and milled product isrequiredusing multiple solid-state charaterisation technigue The
characterised pperties include sizeg morphology, crystdéihe, thermobdynamic and
intermolecularproperties Therefore, an overviews includedin this chapter coveringhe
analytical techniquesmployed in the experimental pamcluding SEM, laser diffraction,
XRPD, TGA, DSC, andFTIR.

3.1.1.L- Glutamic Acid

To establish a safe and optimal experimpreliminary milling work is preferablyconducted

on a pharmaceuticgbowder whichis availablein sufficientquantitiesat low cost ands safe

to use under laboratory condih asopposed to pharmaceuti cal
expensive and come in ianited quantity.

L- Glutamic acid (LGA) (chemical formula: C5SH9NO4, molecular weight: 147.13 g/mol) is
an amino acid found in the bodiesmmmalghatis usually involvedn neurotransmission
proteins LGA is an approved nutraceutical compound used ngernially as a flavours
enhancefLuz-Lima et al, 2016) For the pharmaceutical applicationsA is employedin
thetreatment obreastcancerdue toits capacity tanhibit cancer cellsit was also found that
LGA manifests strong antibacterial effect¢Aarthi et al, 2018) LGA exists in two
polymorphic formsametasable form( which has grism shape anastable forni which
exhibitsa needlelike morphology (Figure3-1) (Khanet al, 2011) This study focuses ¢n
(LGA) due to its higher stabilitas compared to form.T -(LGA) was supplied by VWR
International (BDH) as powder with 99% purity, ahdve acrystal size ofO p o'ga
(Figure3-2).

Al
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Figure 3-1: Microscopic image of two polymorphic forms of glutamic acid; (a), form,
(b) 5 form.(reprinted from (Borisswvaet al, 2009)

TM3030PIus0023 2016-09-30 16:48 NL U 1 mm

Figure 3-2: SEM images of 1 glutamic acid

3.1.1.1. Crystallisation of 1-(LGA)

The crystallisation of -(LGA) was conducted to produedarge amount df -(LGA) at the
University of Leedsas part of a group projeduringthe ma s t term GAbouhakimet al,
2016) Theexperimental crystallisain setupis shown inFigure3-3. The crytallisation work
was carried out in a 2glass QVF unit vessel which consisf a 20L jacketed stirred glass
reactor, an associated feed vessel «f, @and a condenser. The reactwas setat 903 ,
controlled through a Huber Unistat 51Gcilation thermostatand was monitored using a
platinumresistant thermometer. €temperatuee differencebetween the vessel and jacket oil
was maintained at <50 C° to prevent thermal shock to the glass.
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Figure 3-3: Crystallisation of s-(LGA) experimental setup

A PTFE retreat curvanpellerwas employed to stir the soluti@ a speed of 540 rpm. The
reflux condenser wasgsed to prevent solvent loss througlraporation anevasprogrammed

at awaterflow rate of 0.8 ¥min. A large Buckner filtration unit (30 cm diameter) operating
under vacuum conditions was used to remove the mother lacquer from the crystals. 0.675 kg
of LGA was added to 15 L of deionised water to make a concentmaitiés(® of LGA.

Once the dissolutiorsicompleted, 0.034 kg 6f-(LGA) was added as seedto promotethe
nucleation andhe crystal growth at a temperature of368The vesselasrefluxedfor 1hrto
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allow the crystallisation df -(LGA) and the solution wa&eptat room temperaturevernight
for further crystallisationThe gystals flow intathe filterweredried under vacuum and washed
twice using 300 ml of methanol.

3.1.2.Selection of a Material Candidate

This work ains to investigate thenechanochemistrgf pharmaeutical APIduring milling,
with specific attention to thamorphisatiorprocessTherefore, it is critical to select at least
one API whichencompasses stable amorphous to alldar a reliable analysis ainy formed
amorphousThe drug candidate needsrheet the following characteristics:

1 The solid drugshould demonstrate thability to form a thermodynamicallystable
amorphous without the need for additives.
1 The drug must be readily available and safe to use under the laboratory conditions

3.1.2.1. Screeningof a Stable Amorphous

To facilitate the screening processf a pharmaceutical cgpound incorporating a stable
amorphous, its vital to understand thfactorscontributingto the stability of amorphou$here
is a lackin theliterature on theist of drugs that possessstable amorphousNonethelessa
model wascreated to predict the abiligf solid pharmaceutical® form aphysically stable
amorphoudormedduring spray drying and melt quench experiments. The model creasted
based on the investigah of numeroughermodyamic propertiesf 50 solid pharmaasicals
to establisnthe propertywith the mostinfluential impact on the stability of the amorphous
formed (Graeseret al, 2009; Baird, Van Eerdenbrugh and Taylor, 2010; Malalird
Bergstrom, 2013)The measured and investigated thermodynamic properties are |iStolén
3-1. The outcome of the screening watkmonstratethatthe dass transitn temperaturéy,

the molecular weght O 0 and the crystallisation temperaturéY are amongt the main
thermodynamigoropertiesthat can dictate théormation of stable amorphoyMahlin and
Bergstrom, 2013)The combination of the glass transition temperature and molecular weight
alone vasable to predict for 75% of physically stable amorphfarsapprox.One month
(Mahlin and Bergstrom, 2013)his model is adoptenh this workto help with screening for
stable amorphous.

3.1.2.1.1.  Glass Transition Temperatur%

Glass transition temperatléis considered the most important property that characterises the
stability of the amorphous compoun@irju, Kumar Kakumanu ah Bansal, 2006)An
amorphous materiatompromisinga high glass transition temperature is usually stable
compared to that with lowé¥ (Alzghoul et al, 2014) Y can be measured experimentally
using DSC technigyelternatively, it can be predicted based on mathematioalefs such as

that developed by Alzghoet al, (Alzghoulet al, 2014) For instance Mahlin etal. predicted

65% of the stable amorphous based the values of their glass transition temperatire
(Mahlin and Bergstrom, 2013)
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Table 3-1: Example ofthermodynamically stable amorphous(for 22 days and their
properties (Graeseet al, 2009; Baird, Van Eerdenbrugh and Taylor, 2010; Mahlin and
Bergstrom, 2013)

Compounds 11 4o dF»¥3c YqE» YO 1o
3 3 3 | & | bl - =

Bicalutamide 50 192 97 123 45 0.26 430.4
Famotidine 50 167 104 185 61 0.42 337.4
Glafenine 63 164 120 87 28 0.20 372.8
Glibenclamide 62 172 - 116 39 0.26 494.0
Indomethacin 44 159 104 122 39 0.28 357.8
Linaprazan 100 246 147 148 64 0.29 366.5
Metolazone 109 266 - 109 49 0.20 365.8
Omeprazole 51 155 90 145 45 0.34 345.4
Pimozide 57 216 106 100 40 0.2 461.5
Spironolactone 91 213 127 60 230 0.12 416.6
Warfarine 68 162 - 195 63 0.45 308.3

"Y"@s the glass transition temparee,”Yd& temperature of meltingYotemperature
of crystallisation, Y'Od is the enthalpy of melting,Y"Ow&ibbs free energy o
crystallisationY"Y dentropy of meltingD 0 molecular weight.

3.1.2.1.2.  Molecular Weight! _

Molecular weight is anmportant factor to consider when screening for stable amorphous.
Since, compounds with larger molecular weight are less prone to crystallise due to their
complex molecular structufghouet al, 2002; Bhugra and Pikal, 2008; Graeseal, 2009)
Compounds withh > 300 g/mole were found to exhibit a stable amorph@imu et al,
2002; Bhugra and Pika2008; Graeseet al, 2009; Mahlin and Bergstrom, 2013)lahlin et

al., model has accurately predicted 84%&olids withtheability to formamorphousprovided
thatthe solid hag0  greater than 300 g/mole and a melting temperature greatet 4Ga .

This was explained by the fact that materials with >300 g/mole havéiggermolecules
manifestinglarge amount of conformation and configuratievisich canhardly return to an
ordered crystallingoackingafter the amorphisatiqizhouet al, 2002; Bhugra and Pikal, 2008;
Graeseet al, 2009)

3.1.2.1.3. Temperature ofCrystallisation

Crystallisation temperaturél’ can influence the stability of amorphous since it is directly
related to the nucleation process and growth(Méhlin and Bergstrom, 2013According to
Mabhlin et al,model, 95% of materials were accurately classified bas#ueariY whichyield

the best predion outcomgMahlin and Bergstrém, 201.3)
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3.1.2.1.4. ReportedPrices ard Safety of The Stable Material

In addition to the stability dheamorphous drug, thé P | 06 s ared adste dreyucialcriteria

in theprocess obcreening of a solid pharmaceutitdat can be employed in this proje€or

this purpose, &st of the predicted stable amorphous prices and hazards category is created in
Table 3-2. The dru@ safetyis classifed undera harmonised systerfrom categoryl to
categorys. Wheregcategory Tepresents thérugs or bemicals witithe highest toxicitylevel,
whereascategoy 5 represergthosewith thelowest level of toxicity

Table 3-2: List of drugs with predicted stable amorphousalong with hazard category

and cost
Compound Price (Sigma Alrich) =z 0 | Hazard Category
Bicalutamide 330£/200mg 2
Famotidine 101£/2000mg 2
Glafenine 19.30£/1000mg 4
Hydrochloride
Glibenclamide 42/1000mg 4
Indomethacin 236£/10000ng 1
Linaprazan - 2
Omeprazole 58.20£/100mg 4
Metolazone 370£/25mg -
Pimozide -
Spironolactone -
Rabeprazole 177.5£/50mg 2
Sodium
Lansoprazole Salt 52£/250mg 2

3.1.2.1.5. Summary of Material Screening

The results of screening shdhat Omeprazole is the most desirable sydianthis project
sinceit is availablefree of chargén saltform (Omeprazole magnesiurfrom AstraZenecalt

is also considered safer to use correspondence tthe other materials under laboratory
conditions usingadequate personal protective equipmetbwever, Omeprazolmagnesium
crystd structure was never solved or reporsatce it was synthezmd alsothe milling of this
pharmaceutical waseverperformed to the best of our knowledge. Hence camyigvork on
this substance will cover sonoé the knowledge gap in éfiterature abouthis material and
can be a starting blo¢k understanding thmechanochemistry of pharmaceuticalarticularly
theamorphisatiomprocessFor the rest of ththesis the namavasgiven to the solved structure
of Omeprazole magnesiums(aill come later) is Diaquabis(Omeprazolatejnagnesiun{ll)
dihydrate (DABOMD).
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3.1.3.Diaqua-bis(Omeprazolate}magnesium(ll) dihydrate (DABOMD)

DABOMD powder is used to investigate the impact of milling on its mogsiemical
characteristics Omeprazole (IJUP& name; 6methoxy2-[(4-methoxy3,5dimethy}2-
pyridyl)methylsulfonyl}1H-benzimidazole) is a pharmaceutical drug developed for the
treatment of stomach reflux and gastric aathted disorder§Gustavsson Anders, Kjellbom
Kristina, 1997; Renata Toplak Casar, 2018is developed by AstraZeneca as racemate active
enantiomers, (S)and (R}Omeprazole(Hultman, Stenhoff and Liljeblad, 2007; Mishra,
Ramamurty and Desiraju, 2018hatt, 2017) The API has also been presented in various salt
forms as a means of increasing stabilkienehet al., 2016) In this work, the studied salt is
the racemic form of DABOMD since it has high thermodynamic stability which facgitage
analysis ofany amorphous formedhe powder stability ipredictedd r om Omepr azol e0
glass trasition temperatre (58 ) (Mahlin and Bergstrom, 2013)nd the large molecular
volumeof DABOMD (345 g/mol). DABOMD Crystllisation as well as crystal structurs,
solved inchapter 4The asreceivedpowderof DABOMD is shown inFigure3-4.

Figure 3-4: SEM images forthe asreceivedpowder of DABOMD

3.2. Material Properties Predicting Methods

3.2.1.Crystal Habit Prediction

The crystal habit can be simulated using #ilico tools. The derivatin of the crystal
morphology from the internal structure of the crystalline lattice through computer simulation
has been successfully applied for various organic compdBagisinca, Perl and Sundmacher,
2011) During the process of milling, it is assumed that the morphology of the crystal is a major
factorimpactingthe fracture mechanisof the solid particlavhich can occur by geometric or
thermodynamically driven ethanism¢Hossain Shariaret al, 2012; Halmest al,, 2019) The
geometric mechanism @btained from BFDH morphology, whereas, the thermodynaméc

can be predicted through the attachment energy calculation.
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3.2.1.1. BFDH

The BFDH model is based on the lattice getsynand symmetry and was proposed by Bravais,
Friedel, Donnayand HarkefDochertytet al,, 1991) This modebhssumes that the energetically
most stable and slowest growing faces are the witeshe highest density and largest spacing
between adjacent layemnd the rate of growth of a particular surface is inversely proportional

to the interplanar dspacing(Beyer, 2001) To quantify the structural agreement between
crystal structures, a common method is to overlay a cluster of 15 molecules from each cluster
and calculate theoot-meansquare distance between heavy atoms (RiMS&lue).

Mercury (Version 3.9; Macrae et al., 2008) wasd to visualize the crystal packing, to analyse
the hydrogen bondingndto evaluate th& spacing

3.2.1.2. Attachment Energy

The attachment enerdg® , is defined as the energy released on the attachment of a growth
slice to a growing crystal face, aisttalculated usingquatior3.1 (Bandyopadhyay and Grant,
2002)

O 0O O Equation3.1

Where O is the lattice energy of the crystal, a@d is the energy released on the
formation of a growtkslice of a thickneswhich isequivalentto the interplanad-spacingof
the crystallographic planepresenting face attachment. This methis commonly employed
to predictthe crystal morphologies ahis alsoemployed in this work to characterise and
identify the crystal planes that are the most weakly interagtimgh could serve as the slip
planes(Sun, 2008)

For this work, he molecular modellingoftware Materials Studio (Biovia) was used to
calculate the growth morphologysing a suitable force fieldTo verify the accuracy of the
force field (FF) an overlay of the Feptimized crystal structerwas madewith a CASTEP
optimized structure antb calculate the roemeansquare distance between heavy atoms
(RMSDys value).

Prior to any calculation Material Studio was employed for geometry optimisation calculations.
The generalized gradient apprandtion (GGA) Density Functional Theory (DFT) excbhan
correlation (XC) functional of Perdew, Burke, and Ernzerhof (PBE) were used. Core electrons
were modelled with ultrasoft pseudopotentials that were generated on the fly. Valence electrons
were describedsing a planavave basis, with a kinetic energytoftf of 620 eV. Reciprocal
space sampling of the Brillouin zone used a fixgublnt spacing of 0.05 &. Unit cells were

fixed to the experimentally determined cell parameters, and the dispersion oarrefkti
Grimme (D2) was always applied. Sebinsistat field (SCF) energy minimizations were
performed until a threshold of 1 x ‘#@&V/atom was reached, and geometry optimizations
continued until the total energy converged to 1 X @0/atom with a maximmn ionic force of

3 x 10%eV/A. Lattice symmetry waused to increase calculation efficiency.
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3.2.2.Slip PlanePrediction

Crystal slip planes depend on crystal packing and intermolecular interactions. lonic interaction,
hydrogen bondsind Van der Walls force@primarily responsible for the crystal formation
anorganic compound. Hydrogen bonds and Van der walls forces have a major intermolecular
force(Datta and David J.W. Grant, 2004, Storey and Ymen, Rtli% proposed that hydrogen
bonds have a sigincant impact on the breakage behaviour of the matédatta and David
J.W. Grant, 2004)The slip plane is suggested to be the easiest to displace. Slip ptane
strongly dictate the material fracture modaridg milling. A qualitative visualisation
accompanied by the calculation®f where the planes with the lowé3t are thought to be

a slip plane was for long a commonly accepted teamifpr the identification of slip plane
(Sun, 2008)Shariare et al (2012) concluded that generaiterials with the lowestspacing

tend to exhibit a brittle flure, as these planes are more strongly intergcti@nce, espacing
analyses could serve as a first indicator even in the absence ofsiygild structure data,
given that dspacing can be obtained frorarXy diffractiondata(Hossain Shariaret al, 2012)

and othe techniques. However, thespacing correlation is not expected to work for some
materials due to other factors such as type hydrogen bonding fram@temdain Shariaret

al., 2012; Halmeet al, 2019) Slip planes can be quantitatively determined from the attachment
energy calculation. is thought that surfaces with the least negdflve are the most probable
cleavage planes since they are the most weakly bound to the cryst@daeets, Rowe and
York, 1994) Sun et.al examined slip plane of 14 crystals usingbthemodel and concluded
that this model yields only roughly a 50% success. The prediction of slip plsing® can
produce inaccurate rdssifor crystals that typically exhibit zigag or corrugated layer or slip
plane(Sun, 2008)

More recently, it has been emphasized that more advanced sets of predatveutth as
energy frameworks and DFT calations should be performed to get a more comprehensive
view of the slip plane@Putra, 2016; Wang and Sun, 2018, 2019; Hadtnal,, 2019) Crystal
Interaction (CrysIn), an #house developed toglin AstraZenecayvas used to evaluate the
static interactions between molecules present in a crystal based on the density functional theory
(DFT). The intermolecular interacti@nergies in the first coordination cell of each molecule

in the asymmetric unit of the crystal were calculated using B3D8MB-31G(d,p) as reported

in Gaussian 16(M. J. Frisch et al. 2016)This is a comparable method employed in, for
instance, the emgy framework calculations in CrystalExploi@urneret al, 2015) or PIXEL
(Gavezzotti, 2005)This approach enables the quantification of the intermolecular interactions
present in a crystal and thus, can lead to the identification of slip planes with the weakest
interactions
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3.2.3.Mechanical Properties Prediction

The impact of crgtallographic structure aime mechanical properties of the crystal is a field

that hasreceived little attention so fgDatta and David J.W. Grant, 2004)he predicted
mechanical properties include the elasbostars( Youngoés modul us) and t
elastic constants were calculated using CASTEP in Material Studio progeometry
optimisationis performedollowing the same setup as the attahment energy calculations

(Romain Gaillac, 2016)T o enable visualisation 8foungd s mo d u |, and Z therelastic Y
constant was calculated usif@aillac, Pullumbi and Coudert, 2016)

The Hardness was determined udtggiation3.2 (Sun, Kothari and Sun, 2018)
O mMro O Equation3.2

0.036 ighe comparablealue obtainedrom slop in (H/E)after testing brittleplasticmaterials
and their binary mixturéSun, Kothari and Sun, 2018)herebyH is theindentatiorhardness
EistheYoun.g 6 s

3.3. Milling Method

3.3.1.Planetary Ball Mill

Planetary ball mill is used in various industries for wet and dry grinding of particles down to
manometer size due to its higiress intensityvhich isachieved from high aeteration. Itis
classified asa high energy mill due to the movementtbk grinding chamber witha large
centrifugal forcg Burmeister and Kwade, 2013)jhe high centrifugal force is generated from
the rotation of the mill pot which istached to a mill disc that rotates around theregnthile

the pot consisting othe grinding balls and the material to be milled rosasgmultaneously
about its axishencethe name planetary N e 3 k o Figurg3&b)0 Bhe gmnding process of

the powder occurs as a result of impact apliston with the balls and the vessel wdtayed

and Otten, 1997)0ther applications next to comminutiaremechanical alloyingwvhere two
power components are milled to form homogenous alloy redueegumber of reagents and
solvents needed in conventional réacs. Planetary ball mill is only available in pilot and
laboratory scale up tolitre jar andis manufactured commonly by Fritsch GmbH and Retsch.
This type of mill can introduce elevated feenatures tdhe materiaj it is thusessentiako
monitor thetemperature by maintaining intervals during milling to allow the sample to cool.
Thermally degradable materiatan be milled using a cooling system such as flowing liquid
nitrogen in differenmilling set up(RETSCH, 2019)
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Figure 3-5: Planetary ball mill PM100 ((RETSCH, 2019)

3.3.2.Vibratory Mill

The vbratory mill is a high energy mill employed for various applications including
pharmaceutical gnding; it is obtainablein a laboratoryscale(capacityof appx10 ml and
industial-scale(capacity from 50 to 250 ml. The mill consists of a grinding ball sitting in a
milling jar attached to a clamp that shakes several thousand times in a mnostethe »axis
(Neikov, 2009) The shaking of the mill and the movement of the ball contribiatehe size
reduction of powder through impact and shear stré€demirukaet al, 2015) Resch MM200
vibratory mill is used in this workas illustrated irfFigure3-6.

0n00
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R

mmm  Jar movement S—)

Figure 3-6: Schematic shows ball and powder motion ithe single ball mill ( modified
from (Chauruka, 2015)

3.4. Characterisation Techniques

3.4.1. X-Ray Powder Diffraction XRPD

XRPD is usedo determine the crystal structuretbe feed and produsamplesAs the Xray

beams strike the sample, the atoms cause the incideayt ¥ radiate in different directions.

The scattered Xay provide information on the structure of the crystal. Ip@avder sample,
particles are randomly orientated and exhibit different crystal faces. A proportion of planes are
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oriented in the corrected position to allow diffraction for a set of fasagunction ofangle.

These angles and their relative intensites converted tdhe d-spacing of the crystalline

lattice (Byrn, Zografi and Chen, 2Q0). Braggds | aw i-spacugsbetweent o der
the crystalsas shown irEquation3.3. According to Braggbs Law,
between Xrays ocars when the difference between their path length is an integer number
wavelength. Wheré& is an intger representing the order of reflection,is the Xrays

wavelength whicldepends on the -Xay sourceQis the spacing between the crystals, and

is the angle between therdy incident beamnwhich isnormal to the reflecting lattice plane as

shown n Figure3-7.

In this work, XRPD patterns were recorded for the-nolked and milled samples using
Philips PW 1710 X% ay di ffractometer wusing Cu KU radi
30 mA setting.The XRPDS=st ans wer e col | ect &% andwarengulara 2d r
step of udima fixedslit (3°2with 0.25 s per stdpiffract suite software is used for

X-ray data analysis.

A 4

Figure3-7.Derivat i on of Br agg 6 s (Storayvand(Yymenn2zéld)ded f r o
€ _ Qi Q¢ — Equation3.3

3.4.2.Single Crystal X-ray Diffraction

Singlecrystal XRD is usedo solve the crystal structure of an unknown compound from its
single crystal. It enables the generation of itetlainformationaboutthe crystal structure,
molecular structure, bond lengtand bonds angle. Single-tdy diffraction experiment is

carried out in a diffractometer which consists nf&Ray- beam monochromator impinging

the singlecrystal sampld-igure3-8. The single crystal is rotated to ensure that its planes are
aligned to get diffraction accordingly with
with the aid of a twalimensional Xray detector. In this worksSingle X-ray- diffraction was
employed to solve the structure@ABOMD.
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Figure 3-8: Single-crystal X-ray diffractometer (reprinted from (Byrn, Zografi and
Chen, 2017)

3.4.3.Differential Scanning CalorimeterDSC

Differential scanning calorimetry (DS a thermeanalyticaltechniqueemployedo evaluate

the difference in the amount of heat flow to the sample toftiae inert reference as a function

of temperature. The DSC cell compromises of a sample crucible and a reference crucible placed
on a sensathat sis within thefurnace(Figure3-9 a). The sensors consist afarge number of
thermocoupleshatprovide high sensitivity ansignificantsignals(Figure3-9 b). The sample

and reference are usually kepttetsame temperature. When the gégnundergesa physical

change such as phase transitibie, heat subsequently flows in or out of the sample to maintain
the same temperature as that of the reference. The nature of the heat flow is dependent on
whether the sample is experiencing an elneahic or exothermic process. kostancejf the

solid sample experiens&n endothermic processe( melt), the heat flows into the sample to
maintain the same temperature as that of the reference. Similarly, if the sample expanence
exothermic proess suctlas crystallisation, less amount of heat is regd to increase the
temperature. DSC displays a baseline background in the sample analysis. Any fluctuation from
this baseline is attributed to a thermal eyéim¢ area undeihe peakis corresponithg to the
enthalpy change of that eveiiistruments, 2020)

For this work, DS@Gnalysis of the powder was carried out using a Mettler TC 3000 differential
scanner calorimeter, with purged liquid nitrogen at a oate / min from 25 to
instrument Universal analysis 2000 was usedte analysis.
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Figure 3-9: a) DSC cell, b) DSC sensafreprinted from (Bibi et al., 2015)

3.4.4. Thermal Gravimetric Analysis TGA

Thermogravimetric analysis (TGA$ a technique employed to measure the change in the
sampé mass as a function of temperature and or/time at a predetermined heating rate. The
samples sit on argcible attached to a microbalanehich is therplaced inside a furnace. The
sample environmer(conditiong can be controlled during measurementluding pressure,
temperatureand humidity. This enables a wide range of investigatiorduding solven
adsorptiofloss and decomposition. Such analystpuiresahigh degre®f precision in weight,

and temperature change. TGA instrument consisteemnocouples thagénabletemperature
measurement within the furna@nicrobalance fothemass measureme andavacuum gas

flow system which controls the atmospharéhe cellsuch as the humiditiFigure3-10).

TGA was carried out with flowing gaseous nitrogand a ratef 5 /I min from 25 't
Approximately 56 mg of powder was placed auminum sealed pan with a hole on the.top
TA instrument Universal analysis 2000 was used for the analysis.
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Figure 3-10: Key Components ofthe TGA instrument (modified from (Roberts, 2016)

3.4.5.Fourier Transform Infra -Red FTIR

Infrared spectroscopy is a technique that canibg changes in molecular spectroscopy. It is
sensitive to vibrational changestivedipole as a result of unassociatedlifferently associated
chemical conformation. The bondsamolecule are continuously vibrating. When a molecule

is exposed to imfred, the bonds can absorb electromagnetic radiations in the infrared region
and vibrate at high amplitude. Each typk bmnd involves a resonant frequency which
represents the strength of the bond and the mass (type) of atom at each end. The vibration of
bonds can take two forms; stretching mode and bending or deformation mode. In the stretching
mode, the bonds angle remsiintact, whereas in the bending mode the bonds angle change.

Figure3-11 shows the mode of vibration tife methylene group.

STRETCHING MODE FOR CH2 BENDING OR DEFORMATION MODES

In-plane deformation Out-of-planedeformation
\ \ &) ( ¢ ¢ & \ " _\ \ * "
N NS O URAN VY
s .
svmetric asymetric scissor rock twist wag

Figure 3-11: Vibrational modes of a methylene group (odified from (El-Azazy, 2019)
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There are two types of an infrared spectrometedispersive and Fourier Transform. In a
dispersive spectrometethe sample transmitted radiation is dividég its component
frequency and scanned using a grating or prism. ¥dsem a Fourier instrument, all the
frequency informations gathered using an interferometer. Fourier transform mathematic
equation is then employed to extract the produced frequemuiipgidually. The key
components making dispersive infrared specttemare shown irFigure 3-12 and those
making a Fourier transform infrared are showfigure3-13.

Monochromator lit
Thermocouple

4
‘

Sample between KCI devices

IR radiation
source I o

_ll F R“‘F'f‘f

Figure 3-12 Schematic diagram ofinfrared dispersivespectrometer fnodified from
(Barth, 2007))

_.—'i.l

In this work Attenuatedinfrared Fourier FTIRATR transform technique was used. the
FTIR-ATR instrument, the sample is placed on aczéelenide reflectance attenuated total
(ATR) crystal instead othe KBR sample cell Figure 3-14). As the beam lstthe sample
placed on the ATR surfacabsorption takes placand the spectra can be recorded. FAIRR
can be used for various forms of sampiesluding solids, liquidsor stspensions.

In this studyaninfrared experiment weacarried out on FTHATR Thermo iS101 to analyse
the milled, noAmilled, and amorphous samples at a wavelength of 400 to 4000 Am
background spectrum wasnducted prior to any measuremeand 37 scas weretaken for
each sample.
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Figure 3-13: Fourier transform infrared spectrometer ( modified from (Byrn, Zografi
and Chen, 2017))

Infrared canbe employed to determinethe functional groups and fingerprifdr structure
identification In this work FTIR was enployed to identify the change stretchingand
bending mode before arditer milling as a tool of probing the intermolecular variation caused
as a result othe milling, including amorphisatiorprocess. Figure 3-15 showsthe Infrared
spectroscopy correlation chart used to identhifschange in absorption for specific functional
groupsof the materials.

a
Light Photocell
sattered
from sample Sample
dispersed in
b —— Sample
Zinc
Incident Monochromatic Reflected selenide
light crystal

Figure 3-14: a) Diffuse reflectance infrared instrument with Kbr sample cells and b)
Attenuated total reflectance sample cellrfodified from (Roberts, 2016)
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Figure 3-15: Infrared spectroscopy correlation chart (reprinted from (Jakobs et al.,

2000)
3.4.6.Laser Diffraction

The laser diffraction technique is used to measure the particle size distribution of a dispersed

pariculate sample. The main componeants! setuf a typical laser diffraction instrument are
shown inFigure3-16, which involves laser light sourcea focusing opticand photodetectors.

The particles pass thugh a focused laser beam and scditdat at an

proportional to their size generating particle size information. Where, smaller particles scatter

angle that is inversely

light at lowintensity wideangle, and larger particles scatter ligh& htgher irtensity narrow

angle Figure3-17) (MalvernPanalytical, 2013)

The generated angular sesing intensity is then analysed to cdéta the particle size
distribution using Mie theory. Migtheory assumes that particles are spherical, diffract, light

and homogenous. Mi ebs theory

predictsvet he

index difference between the particleglahe dispersing mediualvern Instruments Ltd,
2012) Thedata is presented as bimodalgaussian nonal distribution and is reported as a
volume or equivalent area sphere diamé®eriO andO (Bauer Jhon, 2009)

N
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Large angle
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Figure 3-16: Schematic diagram ofthe laser diffraction particle size apparatus
(reprinted from (Malvern Instruments Ltd, 2012))

Large particles scatter light through smaller argles

%

Small particles scatter light through
larger angles

Large particle

Small
particle

Figure 3-17: Schematic shows light scattered from large and small particlgdlalvern,
2015)

3.4.7.Scanning Electron Microscope SEM

A scanning electron microscop&SEM) (Figure 3-18) is a type of microscope that uses
electrons tgroduce a magnified image. An electron gun situated at the top of the mprosco
generates heam of electrond'he produced electrons travel vertically in a path that is held in
a vacuum.The electrons pass through an electromagnetic fieldtlammadigh lenses which
enhances the beam focus. Once the beam strikes the sample, ebrutrd¢rays are ejected
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from the sample. Emitted electrons aKerays are collected by a detector in which are
converted to an image displayedaoomputer screerfReimer, 1998)

Electron
Bedm

Electron Gun

ol FER b Anod
node

M agnetic
g | -~-l—Lans

Scanning

Electron
Detaector <
—_——— Secondary
Electron

Detaector

stage Specimen

To TV
Scanner

Figure 3-18 Schematic diagram of SEM(reprinted from (Purdue Univesrity, 2010)

3.5. Conclusion

This chapteoutlinedthe materiad selectedor the rest of the thesithe method employed for
predicting the matéals milling behaviourand theexperimental approach#ésat are followed
to verify the prediction outconandto investigate the process of mechanochemigthesolid
pharmaceuticalselectedor the rest of the tles aref  L-GlutamicAcid { -LGA) and Diaqua
bis(Omeprazolatenagnesium(ll) dihydrate (DABMD) which are used for the applications
to treat cancer and stomlacelated issuesThe methoalogy followed to predict themilling
behaviour of the solid pharmaceuticédsbased on computational chemistry, in which the
single crystal is modelled to deteine key properties includingpe crystal habit, mechanical
properties, and theotentialslip planesFor the experimental parEM100 planetary ball mill
andMM200 Retsch vibratory millare used tanill the pharmaceutical solidsThe impact of
milling on the physiochemcal properties of the feesthd the produdt assessed usirigser

diffraction, SEM,XRPD, DSC, TGAand FTIRtod et er mi

ne

mdrphologicalw d e r 6 s

properties, crystal structure, thermodynamic properéied intermolecular prerties.
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Chapter 4 Predicting the Material Properties of
DABOMD by Modelling

4.1. Introduction
4.2. Crystal structure
4.3. Crystal Habit
4.4. Slip plane
4.5 Mechanical Properties

4.6. Conclusion

This chapter focuses on the prediction of the uretlying key material properties
influencing the milling behaviour of DABOMD which are determinedfrom

molecular levelvia computational chemistry
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4.1. Introduction

In order to predict the materigropertiesof DABOMD, the informationgatheredrom its
crystal structure is require@ome literature has reported the crystal structure of Omeprazole
(Ohishiet al, 1989)itself andMagnesium BEomeprazolevater/butanol solvatgSkienehet al,
2016) but no study exists which reports on the crystal structupaui@nt DABOMDsince it
was synthesised in the earlydl& Thus, it is vital to solve its crystaiructureby conducting
someexperimentahndmodellingwork. Solving the crystal structuref DABOMD will enable
determinng the crystalline packingsmolecular arrangementsand interactions.For this
purposesingle Xray diffraction as wellasXRPD, DSG and TGAare employed tevaluate
the structure of DABOMD experimentalliModelling approaches were coupled witie
experimental outcome to produce the most reliabtacture.The outcome othe crystal
structure is used to identifythe critical material propertieshat influence the mechanistic
behaviour of the solid pharmaceutical during millimgluding crystalhabit, slip system, and
mechanical propertiassingcomputational chemistry

This chapter inglves sections that were obtained from collaboration worRrXhristopher

Pask from the University of Leeds conducted the single crystal diffraction measurements. 2)
Dr Sten Nilsson from AstraZeneca conducted p the computational workncluding the
validation of the hydrogen positionthe calculation of the attachment energlye energy of

the slip planesand the mechanical properties. The author of this chapter conducted the rest of
the work including the analysis of the data provided I Christopher Pask anbr Sten
Nilsson.The materials in this chapter wesproduced with the permission of the International
Union of CrystallographylUCr).



63

4.2. Crystal Structure

4.2.1.Crystallisation

TheRacemic magnesium Omepraz{fR S) crystallingpowder (98% purity) was provided by
AstraZeneca. Single crystals of DABOMD were obtained by vapour diffusion at room
temperature from a saturated solution of DABONDethanol (99% pure) using water &s
antisolvent. The solution was théittered and ®red at roontempeature for 2 weeks. The
crystallisation producis in the form ofhexagonal platelet single crystdlsigure4-1). The
crystal dimensions were determined by the crystallographer from single Xpddirment of
single crystal and were reported to®&1 x 0.03 x 0.01 mm

LEMAS 2.0kV 8.1mm x1.82k SE(U) 30.0pm

Figure 4-1. Scanning Electron Microscopy image of single crystal ofDABOMD.
(Reproduced with the permission of thdnternation al Union of Crystallography (IUCr)
(Abouhakim et al, 202®&)

4.2.2.Solving Crystal Structure of DABOMD

Despite being developed in the early 199@ssinglecrystal structure determination has been
published for DABOMD. This is potentially due to difficulties in growing single crystals of
appropria¢ quality and size.

4.2.2.1. Single Crystal Diffraction

The sinde-crystal diffraction of Diaqudis (OmeprazolateMagnesium Dihydrate was carried
out at Leeds University, school of chemistry Dy Christopher Pask. Measurements were
conducted at 120K on an AgileSuperNova diffractometer equipped with an At@SD
detector and connected to an Oxford Cryostream-téomperature device using mirror
monochromated Cu & radiation { = 1.54184 A) from a Microfocus Xay source. The
structure of DABOMD was solved usingSHELXT intrinsic phasing metho{George M
Sheldrick, 2015)and was refined using SHELXL2014 fuflatrix leastsquares technique
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based on ¥(George M. Sheldrick, 2015The norhydrogen atoms were added and refined
anisotropically in the Fourier Magvhereasthe hydrogen atoms were positioned anchesf
isotropically using aiding model(a commonly followed approach by crsytallographers to
refine the molecular structuref a compoung (George M. Sheldrick, 2015)Anisotropic
displacement parameters of the Onagptate anions were restrained using a rigid bond
restraint. The crystal structure determined under the above conditasdeposited in the
Cambridge Structural Database, reference: 1920020.

The molecular structure of DABOMD ishown inFigure 4-2. DABOMD crystallizes in
monoclinicP21/c € = 2,a=17.475(9) Ab = 8.051(2) A,c = 14.190(5) A;6 = 109.91(5)°).
The crystallographic da@re summarised imable4-1, with sekcted bond lengths and bond
angles shown in

Table4-2 andTable4-3. The independent asymmetric unit consists of one Omeprazolate anion,

two water moleculesand 0.5 magrstum cation. The quality of the refinement is moderate
(R1=15.0%) caused by the thin patdt crystal. Applying the symmetry operationsR&fl/c

gives DABOMD with two anions of Omeprazolate and two molecules of water (W1),
positioned around a twofold axisyordinated to one central magnesium cation which is located

on an inversion centrd-igure4-2). The magnesium shows a distorted octahedral geometry,

with cis bond angles around the magnesium ranging from 81.3(3) to 98.7(3)0. My Mg

N bond lengths of 2.086(7) and 2.168(8) A via bidentate coordination are consistent with the
previously pubshed structure of Esomeprazole magnesium water/butanol s¢Blaenehet

al., 2016) Mg-O(H20) bond lengths of 2.084(7) A to W1 are also consistent with previously
published bond lengthiSkienehet al., 2016) The two additional molecules of water (W2)
hydrogen bonds donate to the pyridyl ni tr o
distances of 2.833(13) A. Each W1 water molecule also undergoes hydrogen bond donation to

the benzimidazolate nitrep atom of alm d j acen't omeprazol ate anio
2.745(10) A) leading to the formation of layers of molecules ifthEane as shown iRigure

43 Wlasko forms two separate hydrogen bonds to
A). Thus, the magnesium bound water W1 is tetrardinated, while W2 is t¢oordinated
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Figure 4-2: Molecular structure of diaqua-bis(Omeprazolate}magnesium dihydrate
(DABOMD). Thermal ellipsoids are shown at the 50% level with intermolecular
hydrogen bonding between the molecules in the lattice shown in blue dotted lines Mg:
green, S: yellow, N: blue O: red, C: grey, H: white. (Reproduced with the permission of
the International Union of Crystallography (IUCr) (Abouhakim et al, 202a)

Table 4-1: DABOMD crystal data. (Reproduced with the permission of the
International Union of Crystallography (IUCr) (Abouhakim et al, 202&)

Empirical formula C34H40MgNEOsS,.2H20
Formula weight 785.18
Temperature/K 120.0(2)
Crystal system monoclinic

Space group P2/c
alA 17.475(9)
b/A 8.051(2)
c/A 14.190(5)
us/ A 90
b/ A 109.91(5)

2/ A 90
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Volume/A® 1877.1(14)
Z 2
} caicg/em® 1.389
g / mm 1.994
F(000) 828.0
Crystal size/mn? 0.11 x 0.03 x 0.01
Radiation [A] CukKU (& = 1.5
Prange for data collection® 10.768 to 147.15
Index ranges -15 O B @ X150 O™M,I
Reflections collected 8269
Independent reflections 3546 [Rnt = 0.1656, Bgma= 0.2009]
Data/restraints/parameters 3546/216/249
Goodnessof-fit on F? 1.072
Final Rindexes [I>=21 (| ) ] R; = 0.1496, wR = 0.3519
Final R indexes [all data] R1=0.2299, wR=0.4164

Largest diff. peak/hole / e A3 1.71/0.66

Table 4-2: Selected Bond Angles for DABOMD (Reproduced with the permissio of the
International Union of Crystallography (IUCr) (Abouhakim et al, 202®&)

Atom Atom Length/A

Mgl O1 2.086(7)
Mgl O4 2.084(7)
Mgl N1 2.168(8)

Table 4-3: Selected Bond Angles foDABOMD (IUCr) (Abouhakim et al, 202()

Atom Atom Atom Angl e
Ol Mgl O1 180.0
01' Mgl N1  81.3(3)
O1 Mgl N1  98.7(3)
O1 Mgl N1  81.3(3)
04" Mgl O1  87.6(3)
04 Mgl O1 87.6(3)
04" Mgl O1 92.4(3)
04 Mgl O1  92.4(3)
04" Mgl 04  180.0(5)
04 Mgl N1  87.3(3)
04 Mgl N1  92.7(3)
04" Mgl N1  87.3Q3)
N1* Mgl N1 1800
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SI 01 Mgl 120.6(4)
c4 02 C7 117.9(11)
Cl2 03 Cl16 115.1(12)
Cl N1 Mgl 140.6(6)
C8 N1 Mgl 116.1(7)
C8 NI Cl1 103.3(8)
C8 N2 C6 103.3(8)
C10 N3 Cl14 117.3(10)
NI Cl1 C2  131.9(10)
NI Cl1 C6 107.1(9)

P H: N 9202
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r b A e A
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L L5 S i, L :
SR SN Y
9 o e el dede

Figure 4-3. Crystal packing arrangement of DABOMD viewed down the
crystallographic b axis. Thermal ellipsoids are shown at the 50% level. Additional W2
water molecules are omitted for clarity.Intermolecular hydrogen bonding between the
molecules in the &ttice shown in dotted lines Mg: green, S: yellow, N: blue, O: red, C:

grey, H: white. (Reproduced with the permission of the International Union of
Crystallography (IUCr) (Abouhakim et al, 202G&)
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4.2.2.2. Validating Hydrogen Positions Computationally

The hydrogen positions on the water molecules wengputationally varied to see if a slightly
different hbond network would generate a more stable structure. This part of the computational
work was undertaken yr Sten Nilsson from AstraZena. To validate the hydrogen positions

in the water moleculesf DABOMD, two alternative structures with different hydrogen
bonding patterns were constructed using Materials Studio (Dassaulm8gststarting from

the experimental crystal structure. Onhe hydrogeis positions in the water were altered.
These suuctures were further refined to find the optimal hydrogen bonding, and relative
energies were calculated using dispersion corrected density functional (Kéanyet al,
2005) Calculations under periodic boundary conditions were performéuy ugersion
17.1.0.48 of the Cambridge Serial Total Energy Package (CASTEP)

The two alternate structures were refined using CASTEP under the same symmetry constraints
and their DFTD energis compared. It was found that the structure where thelOnds 6

the Mgbound W1 water are aligned roughly in parallel to the @§)O(S) bonds Kigure

4-4a) were about 3 kJ/mol more stable than when they are aligned roughly in parallel to the N
Mg-N bonds Figure4-4b). To quantify the water bindg in the preferred CASTEP optimized
crystal their intermoleculainteractions were calculated using B3L-¥RB/6-31G (d, p) by
removing the water molecules pairwise from the crystal structures and further making
individual energy calculations on the sepadgparts. Interestingly, the two pairs of waters bind
with distinctly separated strength€6.8 and-35.5 kcal/mol, where the W1 waters binding to

the magnesium cation are more strongly bound. This result will be further discussed in the
TGA and DSC angkis below.
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Figure 4-4. CASTEP optimized DABOMD crystal structures with different hydrogen
bond directions. (Reproduced with the permission of the International Union of
Crystallography (IUCr) (Abouhakim et al, 202(&)

4.2.2.3. Verifying Crystal Structure Using X-Ray Powder Diffraction

X-ray powder diffraction (XRPD) analysis was carried out to confmenpowders patterns
corresponded to the correct struetprior to other bulk analytical techniques. The results were
compared with the simulated XRPD patterns obtained from Single Crystgl Riffraction.

Mercury (version 3.9) (CCDC, Cambridge, UKas employedo generate simulated powder
X-ray diffractionpatterns for DABOMD using the singt@ystal structure data acquired from
solving the crystal structure.

Figure 4-5 shows XRD patterns of DABOMBimulated, experimental frosingle ground
crystals as well as experimental XRPD patterns of DABOpwder. The powder and ground
singlecrystal XRPD patterns Idosimilar and are in a close agreemerthie simulated pattern
from the singlecrystal. A slight shift in 2—for the calculated XRPD may be due to the
difference in temperature since XRPD was run at room temperatolike singlecrystal
determination \wich was performed at 120K. The diffecenin temperatures is expected to
give rise to an expansion in the unit cell dimension at room temperature
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M A At Cal. Single XRD
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L\J'\[\W\r\;\.v Exp. Single XRD
MN‘M/VJ\IW Exp. Powder XRD
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Figure 4-5. XRD pattern of DABOMD, simulated from single crystal; experimentali
single groundcrystals, and experimentali bulk powder. (Reproduced with the
permission of the International Union of Crystallography (IUCr ) (Abouhakim et al,
202()

4.2.3. Crystal SolventContents
To confirm the total water comiein the crystal lattice, thermogravimetric analysis (T@AJI
Differential scannig calorimetry (DSC) analysis of the powder of DABOMIere performed.

The TGA results shownn Figure 4-6 revealed two different episodes for mass losses for
DABOMD crystalline powder. The total amount of mass loss in both events is 8.6 %, which
indicates two water molecules released at each eVémise results are consistent with the
single crystal XRDanalysis and the intermolecular interaction analysis which indicate that the
first two water molecules (W2) that are hydrodemded only are lost at lower temperasure
followed by the water moleées coordinated to the magnesium cation (VDBC analysisvas
performed on DABOMD crystalline powddFigure 4-8). The DSC patterns display three
distnct t her mal event s: an endothermic peak
173 and an exot her nThedirsteerdathkermi peaklcoriesp@ds.to a water
loss event. A similar observation wesported for the dehydration of sodiu@meprazole
(Murakami et al, 2009) and the loss of water from the crystal structure for magnesium
Esomeprazole watébutanol solvee (Skienehet al,, 2016) The second endothermic event in
Figure 4-7 corresponds to the loss of the more strongly bound water. The exothermic peak
corresponds to a decomposition process of the crystalline fddbABOMD (Murakami et al.,

2009; Skieneh et al., 2016), as confirmed bydtate microscopy visual analydiBigure4-8)

a |
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which shows that DABOMD does not undergo melting with high temperafheshot stage
microscope experiment was conductesing Leica DM2700 microscope, Linkham TB&t
stage, with a Nikon 3500 DSLRtached for taking photos. The experimeetup wasas
follows: approx. 0.1g of powder placed on a glass shasiattached to the hot stagehich

Weight (%)

was settoheatupr om 2158 Oatabeat rate 10 / min.
105
100 | —
1 N - 43 0p
%1 T R”\““\\ las %
90 | T
] N
85 |
80 AN

75 - - - T 1
0 50 250
Universal

100 150 200
Temperature (°C)

Figure 4-6: Thermal Gravimetric Analysis plot of DABOMD crystalline powder heated
from 25 to 2503 at arate 3 3 : =(Reproduced with the permission of the
International Union of Crystallography (IUCr) (Abouhakim et al, 202®&)
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Figure 4-7: Differential Scanning Calorimetry plot of DABOMD crystalline powder
heated from 25to 29® atarate 3 i i .(reproduced with the permission of the
International Union of Crystallography (IUCr) (Abouhakim et al, 202®)
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a) L " b) |

Figure 4-8: Hot stage microscope image of DABOMIheated from 23 to 198 ata
rate of 18 /min. a) at 23 , b) at 1803

4.3. Crystal Habit

The crystal morphology can be obtained experimentally throlghbrystallisation of single
crystals, or, can be simulated via Silico tools such as BFDH morphology and or attachment
energy model.

4.3.1.BFDH

The BFDH derived habit of DABOMD is shown kigure4-9. It can be seen th®@@ABOMD
exhibits a hexagonallate morphology. The surfaces produced by BFDH model show that
(100), (102), (011) and {10) are amongst the major surfaces with (100) being the most
dominant face This morphology agrees with the experimental morphology of DABOMD
Figure4-9c.

Figure 4-9: DABOMD; a) Predicted morphology using BFDH Model, b) Predicted
morphology using [+ @fowth morphology model c) Morphology from experimentally
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grown single crystal(Reproducedwith the permission of the International Union of
Crystallography (IUCr) (Abouhakim et al, 202&)

4.3.2.Attachment Energy

The molecular modelling software Materials Studio (Biovia) was used to calculate the growth
morphology. Universal Forcefield was employether forcefields were tested budid not
apply to magnesium salts.olvalidatethe accuracy of the force field (F@n overlay of the
FF-optimized crystal structureras madewith a CASTEP optimized structure and fourd a
RMSDis-value of 0.4, thus a good agreement. Growth morphology catmgavere based on

the attachmerenergy model.

Figure4-9b shows the morphology obtained with the attachment energy model. It can be seen
that DABOMD exhibits a hexagonal platelet shape which sdlose matclwith the BFDH
morphology as well as the experimental morphology of DABOMD. The attachment energy
calaulation shows thatheface (100) is the major surface which coincides with BFDH major
face. Where, (100) plane occupies more than 59% surfaceTaele 4-4) and exhibits an

O value of ¢ @E ART | followed by (011) and (11) surfaces which posse§s

value equal t075.9 kcal mot, and-78.8 kcal mof respectively.The face with the least
negativeO represents thaslowestgrowing face and is the major habit face of crystal
(Roberts, Rowe and York, 1994 ence, itcan be concluded that the face (100) is the major
face of DABOMD.

Table 4-4: DABOMD results from attachment energy( 4 «)«Calculations of growth
morphology (Reproduced with the permission of the International Union of
Crystallography (IUCr) (Abouhakim et al, 202(&)

Multiplicity u T ' Total Area (%)
L
[5s FEe =
(100 2 16.43 -25.8 59.4
(011) 4 6.89 -75.9 215
1 1-1) 4 6.80 -78.8 9.0
(110) 4 7.23 -80.9 2.0
(102 2 7.08 -101.7 8.1

The Zingg diagram characization (using dimensions from SEM image, BFRAdO ) for
DABOMD further supports its platelet morpholoffyigure4-10). Chikhalia et al., stated that
crystals exhibiting platéike morphology are morerpne tocrystallinedisorder during milling
compared to those exhibiting needle morphol@@kikhaliaet al, 2006) In general, it was
suggested that particles exhibiting high elongation ratio (longest dimension over shortest
dimension) reduce in size more rdlyi(Hossain Shariaret al, 2012; Halmeet al,, 2019) for
example paracetamol and AZb%23 which have an elongation ratio of 2.1 and 3.4 respectively
(Halme et al, 2019) For DABOMD, the calculated elontjan ratio from BFDH and 2
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dimension image is equal to 2\&hich is equivalent to a high elongation ratexarding to
(Halmeet al, 2019) Although the shape alone is not sufficient to predict the particle breakage
behavioun(Vegt, 2007; Hossain Shariageal, 2012; Halmeet al, 2019)

1-
0,9 - A
08 - Plate ) [ | Block
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02{ ¥R
0,1 -

0

8/

Figure 4-10: DABOMD; Plot of Zingg diagram, where L is the longest dimension| is
the intermediate dimension, and S is the shortest dimensioDimensions obtained from
morphologies derived from BFDH (red triangle), attachment energy (blue circlesand
experiment (back square)Reproduced with thepermission of the International Union

of Crystallography (IUCr) (Abouhakim et al, 202(&)

4.4. Slip Plane

Table4-4 shows thatheplane (100) has the largessgacing withQ  equal to 16.48 which

implies that it could serve as a candidate slip pl@ualitative visualization of the plane (100)
(Figure4-11) indicates the presence of a slip plane between the methyl and methoxy groups
present in DABDMD and no strong hydrogen bonding occurring crossing the plane. Thus, the
crystal interaction is here controlled by weaker dispersion forces or only wealOdddnds

Other potential slip planesich aq(011), (111)) are controlled by classical hydragbonds

or ionic interactions, thus more strongly interacting and held togdttggmré4-12).

Quantitative analysis from the attachment enemggulation Table4-4) indicates that (100)
plane can serve as candidate slip plane since it clearly has the least rf@gative
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Figure 4-11: Visualisation of the potential slip plane in DABOMD crystal (100) the
major face of BFDH and the attachment energy(Reproduced with the permission of the
International Union of Crystallography (IUCr) (Abouhakim et al, 202@®&)

Figure 4-12: Visualisation of (011) and (111) planes the second and third major face
from attachment energy shows that slip is rather difficult in these planes since it
requires breaking of the strongest hydrogen and ionic ¢&nds in DABOMD (Reproduced
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with the permission of the International Unionof Crystallography (IUCr) (Abouhakim
et al, 202(&)

The interaction energies along the (100) plamere computedising DFT energies via the
Crysln tool(built-in AstraZeneca)The interactions between methyl and methgroups result

in a weak stabilization of onlyl to-4 kcal/mol as visualized iRigure4-13. Other potential

slip planes were also analysed and found to exhibit stronger interactions due to multiple
hydrogen bondslIn summary, the qualitative observation of the BFDH morphology,

‘O calculations and CryslIn analysii indicate thathe plane (100) is a candidate slip plane

for DABOMD.

Figure 4-13: Quantification of interactions along (100) plane visualized as green lines
(Reproduced with the permission of the International Uniorof Crystallography (IUCr)
(Abouhakim et d., 202®&)

The visual examination of the crystal packing of DABOMBows that the sligan occur
through (100) faceHigure4-11) is rather flat. Shariare et,ahnd Halme et al. concluded that
materials that sbw ductle behaviour tend to encompass flat slip planes due to the relatively
lower force required to induce a displacement in flat slip planes compared with corrugated
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ones. Also, materials exhibiting corrugated slip planes are more likely to glide diregtons
upon stress, whereagparticles exhibiting a flat slip plane are more likely to slip in various
directions(Hossain Shariaret al, 2012; Halmeet al, 2019)This suggests that the slip of
DABOMD is likely to glide in various directiondgigure4-14).

Figure 4-14: Proposed slipdirection in a crystal in a) a flat layer structure and b)
corrugated structure (reprinted from (Halme et al, 2019)

In summary, the qualitative observation of the BFDH morphol@gy, calculdaions and
Crysln analysis all indicate that (100) is a candidate slip plane for DABOMiDe event of
external stress (i.e. from milling)the slip plane will facilitate the fracture and promtie

plastic deformation of DABOMD.

4.5. Mechanical Properties of DABOMD

The evaluation of elastic moduli values®f " / -infthex, y, and zaxis are illustrated in
(Table4-5), wherethe generatedp ¢ matrix of second ordezlasticconstant obtaineftom

the computationakhemistrycalculation is inserted iBELATE an online open source python

model which allows a 3D visualisationof theYoun g 6 s (@alldcu Pullumbi and

Coudert, 2016) The calculatecaverageYoungds modul us i s equal t o
calculated hardness is equal 464 MPa which classifies DABOMD as moderately hard

material according toRoberts et al. (1995Figure4-15) (Roberts, Rowe and York, 1995)

The results presented imdble4-5) show that DABOMDpossessegariableYoungdés modul
across x, y- and zdirections. Overallthe crystal system is rather isotropic (anisotropy value

of 2.1, where,anisotropy is the differelecin theYo u n gnédslus inX a, Y and Zand is
calculatedrom maximumYoungoés modul us val ue )dseeFiguckced by
4-16) b uts mbduli in different directions are in the borderlines according to the
classification suggested by Roberts et al. (J9Bgure4-15).
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Table4-5: Youngds Modulus al ong di f(Reprodaced cr y st
with the permission of the International Union of Crystallogragphy (IU Cr) (Abouhakim
et al, 202(&)

AXis Youngb s Mod
(GPa)
10.38
9.12
z 15.09
Min 7.94
Max 16.45

It can be see(Figure4-16)thatDABOMD has its | owe s(@0.38GRangos n
and ydirections (9.12 GPa), hence, according to the cleasidn suggested by Roberts et al.

(1995), it could potentially behavi&ke a semtbrittle materialwith the tendency to plastic
deformationsvhenthe crystal is stressed acrossarnd ydirection Figure4-17). Moreover,

DABOMDe x hi bi ts i ts hi gh e sdirectidro(li5n gsBa whintloadbssifyu s i n
the crystal under a different category during the stressing events. It should be pointed that the
z-direction is linked to the crystallographic dimension vehie most hydrogen bonding are

located Figure4-17), thus making this a more strongly bound crystalline direction, while the
x-direction is linked tdhe dimension in which the (1 0 0) slip plafégUre4-11) is predicted.
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H gy SRS E Description Consolidation behaviour Material
(MPa)  (MPa) (%) (GPa) examples
! | —| Brittle i— Fragmentation _
> 1000 > 300 0-10 >40 Hard
| Plastic flow at _
| 4' Ductile - F contact points
Fragmentation
I
250500 80200 540 1230 contact points
Moderately [—| Brittle/ductile - [—
: ) . hard
: : : .
| 4| Ductile |> Less fracture
more plastic flow
. Microcrystalli
; Plastic fl
4 Ductile lﬁ AsticTiow ne cellulose
150-250 40-80 40-80 4-12 Soft Elastic and
. : —| Ductile/elastic l, plastic
deformation
; ! | : Very soft Highly || Total plastic PTFE
<120 <40 <60 < viscoelastic flow

Figure 4-15: Classification of materials based on mechanical properties (adapted from
Roberts et al. (1995)).
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Young's modulus

0t |t -0+ | 1= -0+ |t —

Young's modulus in {xy) plane Young's modulus in (xz) plane Young's modulus in (yz) plane

Figure 4-16: Anisotropy of elastic moduli of DABOMD in different directio nsand
pl anes. Hi ghest Youn gthez-axisdReproduced withsshef ound a
permission of the International Union of Crystallography (IlUCr) (Abouhakim et al,
202()

Figure 4-17: Hydrogen bonding inDABOMD crystal mainly along zdirection as
visualized by red lines(Reproduced withthe permission of the International Union of
Crystallography (IUCr) (Abouhakim et al, 202&)
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4.6. Conclusion

The first part of this chapter focuses on solving the siogistal structure of diagua
bis(Omeprazolate)magnesium dihydrate (DABOMD), whiencompasses four water
molecules, two of which are directly coordinated to the magnesium cation while thenaiher t
are hydrogetbonded to the pyridine functionality. DFT calculations show that the water
molecules coordinated to magnesium are more dirdrmpded in the crystal structure than the
hydrogenbonded water molecules. The expected difference in wateritgobifualitatively
verified in TGA experiments, where two separate mass losses are observed at different
temperatures. The second part lwEtchapter outlines the prediction of the crystal habit of
DABOMD, the slip planes andthe mechanical propertieS.he qualitative and quantitative
analysis of the crystal growth morphology shows that DABOMD displays a hexagonal plate
with the most morphtogically important face being (100). The visualisatmithe crystal
packingand guantitativeassessmentf the molecular interactionsndicates that DABOMD
encompassesslip plane across (100 he calculation of the mechanical properties classifies
DABOMD asmoderately hard material.he conclusive remarque is that DABONbDsseses

a semi brittle nature and is &k tofractureparticularly across thedirection ands susceptible

to amorphisation via plastic deformatiddence, in the event of millg its postulated that
DABOMD would undergeextensie comminution and amorphisation.
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Chapter 5 Predicting the Material Properties of
7-LGA by Modelling

5.1. Introduction
5.2. Crystal Structure
5.3. Crystal Habit
5.4. Slip plane
5.5. Mechanical Properties

5.6. Conclusion

This chapter focuses on the prediction of the underlying key material properties
influencing the mechanistic behaviour oB-LGA durin g milling including crystal

structure, crystal habit, and mechanical properties
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5.1. Introduction

This chaptemanalyses the crystal stituce off -LGA. Experimentahnd modellingapproaches
are used to determine theystal habitTheinformation from the crystal structureesployed

to predict themechanical propertiesnd potentialslip planes off -LGA following the same
methodologyemployedor DABOMD as in chapter.4rhe computational work of this chapter
was performed in AstraZeneca byr Sten Nilssonincluding the growth morphology by
attachmenenergy modelthe calculation of thenechanical pyperties and thequantification

of interactionsfor the slipplane assessmerithe author of this chapter conducted the rest of
the work including theexperimental part andiata analysis.
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5.2. Crystal Structure

5.2.1.Crystallisation

Single crystals of LGA are needed tadentify the morphologicalproperties.] LGA
single crystals were grown via cool crystallisation. LGA powder was dissolved in deionised
waterto form a saturated solutiosubsequently, theoluion was filtered and stored at a
temperature of & for 10 weeks. Small crystals were formed and harvested from the solution
Figure5-1shows that LGA exhibitsa needle shap&f approx.3mm in length.

12:06 NLUDT7.0 x40

G.A 0303 2018-01-04 2mm

Figure 5-1: SEM showsa grown single crystal ofs  LGA

5.2.2.Crystal Structure

The crystal structure ¢f LGA molecule Figure5-2) was obtained from CCDC with the
reference code LGLUACO4nd was optimised usirigdaterials Studio (Biovia) The crystal is
composed of molecules that dmenly held together with chains of hydrogen bonds. Where

each molecule consists of four donors and four accgptoro ms f or mi ng t,he bon
and OH...CQ(Hirayama et al, 1980; Hammond, Pencheva and Roberts, 200t crystal

packing arrangemenisa{ LGA can be viewed down the b axis kigure5-3 and he

I LGA crystal information is shown imable 5-1. Both NH and OH are donors and
participate in the hydrogen borhdicargoxylat8€t r ong
(O1-C1-C2-C3) and th&é carboxylate (O3C5-C4) makinghydrogen bond chains. Whereas,

NHé H b onds andrornethréaiimensisnal network. Where O1 accepts hydrogen

bonds from two NH3+, O2 acceytydrogen bonds from Qtdnd O3 accepshydrogen bond

from NH3. Information about the bonds and the angles inddlve LGA can be found in
(Hirokawa, 1955; Mogens S. Lehmann, Koetzle and Hamilton, 1972)
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Figure 5-3: Crystal structure of 1 LGA viewed from b axis. Where, N: blue, O: red,
C: grey, H: white, and Hydrogen bonds in red

Table 5-1: 7 LGA crystal data information (Hirokawa, B55; M. S. Lehmann, Koetzle
and Hamilton, 1972)

Empirical CsHoNO4
formula
Formula weight 147.13
Temperature/K 0
Crystal system  Orthorhombic
Space group P2/c
alA 5.154
b/A 6.142
c/A 17.274
us A 90
b/ A 90

2/l A 90
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Volume/A® 618.048
Z 4
z 4
1 cag/cm’ 1.57
e/ mm 0.129
F(000) 312
R-Factor (%) 2.6

Polymorph Beta
Polymorph

5.3. Crystal Habit

The crystal habit fdr LGA of the experimentally grown crystalshas needHike
morphologywith the dominant face being (00ZJigure 5-4a) which is in agreement with
(Palanisamy and Karuppannan, 2016; Aagtral, 2018; Turneet al, 2020)

5.3.1.BFDH

The BFDHmorphologyof T LGA is displayedin Figure5-4b. BFDH morphologyshows
thatf LGA crystal has an elongated rectangular shaitie (002) being the most dominant
followed by (011) and (1QX¥aces The dominant face (002f the BFDH morphology agrees
with theexperimentdy grown crystalsHowever,the BFDH morphology has a much thicker
habitcompared to thexperimentally growrrystals

5.3.2.Attachment Energy

The nolecular modelling software Materials Studio (Biovia) was usezhkoulate the growth
morphologyof f LGA using Compassc ¢orce field Figure 5-4c shows the predicted
morphology of  LGA single crystal using the attachment energy models. The attachment
energy calculationTable 5-2) generatetiexagonakhaped crystals witthe most dominant

face being (110) which occupies an area of 41.7 % followed tne faceq002 and (011)
which sit onanarea 0f35.2% and21.5% respectively.
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GANR 2180104 T2 NLUDTO 0 Zrm

Figure 5-4: 1 LGA: a) Morphology from experimentally grown crystals, b) Predicted
morphology using BFDH Model c) Predicted morphology usingrt. gyowth
morphology

Overall, forf LGA, none of the predicted models agredth the expemental habit
nonethelesg002) the major experimental face coincides with the BFDH major face and with
the second major face in tf@ model which indicates that this face ketpreferred
orientation for crystalsThe discrepancybetween theredicted habits and the experimental
habit is down to the fachat;the BFDH morphologys based on the lattice geometwhich

does not account for the intefraystal forcesAlso, the attachment energy modssumes
thatthe’© energyis proportionalto the growth rate of the faceshich might not always be

the cas€éWinn and Doherty, 2000; Sun and Kiang, 2008)reoverthese models are designed

to predict thenabitof the crystals that agrown in vapour. Hence, they are not always accurate
for predicting the habit of the crystals ttaaegrown from solution; giving thatthey do not
accountfor the external forces and the effect of the solvents which might impact on the habit
(Winn and Doherty, 2000)

The Zingg diagranmorphologycharacterization (usingrensions from SEM image, BFDH
andO ) summariseshe shape factorsf the experimental and modelled habfigure5-5).

Table 5-2: 1 LGA results from attachment energy (- 9 galculations of growth
morphology

Total [tk « « Area

f4n = %)

(110 -119.9 41.7
(002) -93.3 35.2
(011) -122.6 21.6

(101) -156.9 1.4
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Figure 5-5: 7 LGA Zingg diagram, where L is the longest dimension, | is the
intermediate dimension, and S is the shortest dimensio@imensions obtained from
morphologies derived from BFDH (redtriangle), attachment energy (blue circles),

experiment (back square)

5.4. Slip Plane

To evaluatethe slip pane of LGA, combinedqualitativeandquantitativeassessmentze
employed.A holistic visualization of the crystal packing across the [100], [Cdr [001]
projection planesHigure 5-6) showsthat the crystal has an extensive network of hydrogen
bonding with no observed possible slip plaftee dfferent interactions can be easily visualised
in Figure5-7 where, the strongest, intermediate, and weaker interactions are represented by
long yellowlines,long pink lines, andshort pinkiines respectively. Trse binding interactions
were quantified using CrysToakshown inTable5-3. It can be seen that the charge assiste
ionic bonding betweer® "0  and® § U groupshas thestrongest interaction e85 @a) &t € &
and accounts for the majority of the interactions in LGA crystal which agrees with the
gualitative analysis of the crystalline packing. Thatenials exhibiting large amounts of
hydrogen bonds possess a brittle natidatta and David J.W. Grant, 2004jence, itis
postulatel thatf LGA is more prone to brittle deformation rather than plastic deformation.



89

[001]

Figure 5-6: (1) Visualisation ofthe crystal packing of 5 LGA shows that no slip plane
is present due to the extensive hydrogen bonds interactions including charged assisted
hydrogen bonds shown in yellow

Figure 5-7: Qualitative Visualisation of the different interacting forces in 7 LGA. The
longer the line the stronger the interaction. Where, long yellow represents the strongest
interactions, and long pink represent the medium interactions, whereas, short pink

represents weak interactios. N: blue, O: red, C: grey, H: white
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Table 5-3: Table shows the calculated int&actions in 7 LGA crystal

Type of Interaction Qualitative Calculated Interaction
Observation Energy@ - F¥m- m
I +fFEE shortdistance -35
yellow line
I +fFEE long-distance -21
H-bond betweerg F k1 - -18
andF F F
3 and g F Fy  shortdistance -17
I3 and F F Fq long distance -11
CH carbonyl Pi - -6

The crystal growthoccurs typicallyin the direction of the strongest interactions (in this case
thelong yellow lines), the pattern of the strongesteractionscan be visualiseth a packed
crystal as inFigure 5-8 which suggests that the crystalgsowing in the b direction.An
observation of thdFDH morphology shows that thgrowth direction is from left to right
(Figure5-9). Based on this growth directipit is expecte that BFDH morphology must be
much thinneias is the case in the experimentally grown cryskids.a better prediction of the
crystal growth mgohology, a model is required that can predict the hiadéted othe strongest
interactions in the crystal.

Figure 5-8: Visualisation of the a) 3*3 cystal packing of 7 LGA andDb) its
corresponding pattern of the strongest hydrogen assisted interactions
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Figure 5-9: Visualisation of the interactions within (002) face

5.5. Mechanical Properties

The evaluation of elastic moduli valuestof LGA in thex, y, and zaxis are illustrated in
(Table5-4). The average calculatétb u n g 6 s mo d tolBA9EGPai asd the galcudated
hardness is equal i05MPa which classifigs LGA ashard material according to Roberts
et al. (1995]Figure4-15). This outcoméurther dresses that LGA is would ratheundego
asignificantfracture The elastic moduin thedirectiors x, y, and zshow that LGA hasa
higher valuan z axissince they are linked to crystallographic directiwhich associated with
themost potehinteractionas compared tthe x and yaxis This outcome i€ompatible with
the interaction quantifications which further supports thdat LGA could potentially
experience significant fracture and lower plasiggormationin the event of millingAlso, it
can be seem LGA exhibits alarge anistropy of value equals to4.18 (calculated from
maximumYoungo6és modul us val ue dimodutbevdluelpyedtioh e mi r
the highest ionic interactions occurring in thedirection (Figure5-10) which suggess that

I LGA couldfracture extensively in the z directidn.the zdirection

The predicted mechanical properties using computational chemistry provide a good
approximation, bweverexperimental approach is highly desirable i.e. using nanoind@ntat
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Table54: Youngds Modul us alonmg L@A fferent cr

AXis Youngbs N
(GPa)
X 26.1
Y 21.0
Z 86.6
Min 21
Max 87

50

AW,

4100 4100 4100

100 50 CD 50 gl -100 50

—ot— 11— ot L1 — —o 4t 11—

Young's modulus in (xy) plane Young's modulus in (xz) plane Young's modulus in (yz) plane

Figure 5-10: Anisotropy of elastic moduli of 5 LGA in different directions and planes.
Hi ghest Youngdés modaxi$ (vssualised infRomam @Gailiad, 2006y X

5.6. Conclusion

Modelling was conducted oh LGA crystalsto predict its crystal habit, mechanical
properties and identify any possible ipl of the planes in thesvent of milling. The
experimentally growncrystals have aneedleshapedmorphology Neither BFDH, nor
‘O energy model predictedcrystalhabit that agrees with the experimental hakitich has
needle shapdiowever theBFDH predictedhatmorphologysharsthe same niphologically
important face (002) as that of the experimentally grown crystélieh also coincides with
the £condmorphologically important face in the attachment energy mddwd calculation
ard thevisuaisation of the bonding interactiongvealthatf LGA exhibits anextensive
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network of hydrogen bondwith many ionic hydrogen interactions which indicates that
I LGA is likely to experiencea significant fracture.The calculationf the mechanical
propertiesshow thatf  LGA posseseshighvalues d Yo u n madslus andhardnessvhich
classifies thenaterialashard andchasno-slip planesvhich aremainly owed to the presence of
avastnetwork of strong interactions including iorigdrogenbondnetworkwithin its crystal
structure This suggests than the event of millingf LGA will showa high propensity to
fracture (significant comminutiorgnd alower susceptibility teamorphisatiorthrough plastic
deformationas energies from millingill be usedn the pocess ofractureratherthanwasted

on plastic deformation.
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Chapter 6 Milling of DABOMD

6.1. Introduction
6.2. Milling of DABOMD with planetary ball mill
6.3. Milling of DABOMD with singe ball mill

6.4 Concluson

This chapter outlines the process of milling DABOMDusing planetary ball mill and
single ball mill. The impact of these mills on the physical and chemical properties
the sampleswas assessed and compared.relationship was established betweethe

predicted material properties and the observed milling lehaviour.
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6.1. Introduction
The impact of milling on the physical and chemical structure of DABOMD is investigated in

this chapterThe aim is toverify theanticipated behaviowbtained from the modleng work
conducted irChapter 4and to establish i@elationship between the material properties, milling
conditions, and the milling behaviour of the solid pharmaceuta! mill is commonly used
in thepharmaceutical industry féihesize reduction fopharmaceutical solids. This type of mill
was repetedly reported for its association with the mechanacdivation andamorphisation

of pharmaceuticals includingudesonidegDescampst al, 2007) Indomethacin(Otsuka,
Otsuka and Kaneniwa, 1994ndCefalexin(Otsuka Makoto and Kaneniwa Nobuyoshi, 1983;
Otsuka, Gsuka and Kaneniwa, 1994)wo types of ball mik are employed in this sectipn
includingPM100planetary ball mill (PBM) an®1M200 single ball mill (SBM).The extent of
size reductioncomminution)and mechanochemistiamorphisabn here)will be assesed
and compared for the twoils. Since intheory, the two mills generate different amounts of
energywhich can ultimatelyead to a variablenpactonthe milling behaviour of the material
(Chaurukeet al, 2015) The evaluation of the impact of millingvolves full characterisation
of the feed and milledDABOMD to examine itsmorphology, size, crystalline structure,
thermodynamic properties, and intermolecular structureis Tis achieved through the
implementation ofsolid-state analytical techniques such as SHhder diffraction, XRPD,
TGA, DSC and FTIR.

The first part of this chapteutlinesthe milling of DABOMD usinga planetary ball mill The
materials in this part of the chaptewere eproduced with the permission édimerican
Chemical SocietfACS). Tre second part of this chaptaddresseshe milling experiments
performedusingasingle ball mill.In this Chapter th amounbtf amorphous DABOMD formed

with planetaryball mill was quantifiedusing chemometric analysis of the FTIR which was
performed byDr Maryam AsachiAlso, the computationalmodelling of the FTIRspectra of
DABOMD was conducted by Dr Sten Lilll the rest of the work in this chaptercludingthe
analysis of the data obtained from collaborative efforts was conducted by the author of this

chapter.
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6.2. Milling DABOMD with Planetary Ball Mill

6.2.1.Experimental Setup

The planetary ball mill PM100 used in this work is showFkigure6-1. The powder samples

of DABOMD were milled between 1 and 300 min at a speed of 650 rpm in 2Steetljar,

using fourballs with a diameter equal &b mm at a ball to powder ratio (BPR) of 10:1 by
weight. The selecte®PR allows for increased contaand better particle breakage and size
reduction(Chauruka, 2015)The milling jar wadilled for up to twathirds of its volume with

the powder and the balls. The mill was set to run for 20 min with periodical breaks to prevent
the temperéure risein the system. The media lid was sealed tightly with the aid of a safety
clump. The millwasregularly monitored for safetgnd to prevena temperature rise of the
bulk.

Rotation of milling jar

090,
O0p0t  Drug

YbIaMIBIUN0D

Rotation of the plate

Figure 6-1. Schematic & a planetary ball mill (Reproduced with the permission of
American Chemical Society(ACS) (Abouhakim, et al., 202®)

6.2.2.Power Characterisation of DABOMD

6.2.2.1. Particle Size Digribution

6.2.2.1.1. Particle Size Distribution Using Laser Diffraction

The asreceivednonmilled powderof DABOMD was milled usinga planetary ball mill at
successive times from 1 min to 300 min. Taeticle size measuremenitthe feed and milled
powders of DABDMD was performedh Malvern 300Qdry systemThe powder was dispersed

in the air at a pressure of 2 bars, a feed rate of 50%atadobscuration ranging from 2 to
10%. The average particleize distribution was obtained from a two replicates sample
meaurement for reliabilityThe standard deviatioof the average diametealculated from
three replicates dhenonrmilled sample is 1.49vhich is consideredithin theacceptedange
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(+-2) accordingto (Horiba, 2019) The data obtained from laser diffraction measurement is
presented irthe form of particle size distribution PSCFigure 6-2), and inthe form of
cumulative distribution Kigure 6-3). The particle sizeés reported according to particle size
diametes O , O , and'O which represent 10%, 50% and, 90% of the total melu
distribution in a measured sample respectively as showirain€6-1).

It can be seen froRigure6-2 that the process ailling causel a significant reduction ii®

and’O over time.The particle sizedistributionof thefeedsamplehas a trimodal profilewed

to the presence of particleas various sizesand agglomeratesvhich transformed into a
narrower profilecentredaround 10 awith longer milling tme. There was a significant size
reduction between theonmilled samplesndthosemilled for 300 minWhere he nonmilled
sample had &© of 211' & while, the 300 min milled sample had'@ of 35.3° &
Interestingly, the cumulative sizésttibution depicted inKigure6-3) shows a significant size
reduction between the nanilled and the 15 min milled samplegich can be suggested be
related to comminutiont deagglomeration proces$ollowed Lty a steady size reduction
between 15 min and 300 min of milling. Moreover, the PSD and cumulative data indicate that
theagglomeration is taking place as a result of the adhesion of the produced fines to the larger
patticleswhich canbe associated witalarge amount of energy dissipated at the beginning of
milling (first 1 min) which promotes cold welding of particles. Analysis of teacentration

of the fineasafunction of time showed negligible variation@ (diameter representing 10%

of the distribution)which is likely to bedue to the lack of impact of th@anetaryball mill on

the fines and might alsbe due tathe resolution limit of the laser diffraon measurement
method

Volume (%)

A T T T
0.1 1 10 100 1000

Particle Diameter (pm)

Non-milled——1 min PEM——5 min PBEM—— 15 min PBM
30 min PEM——60 min PBM 120 min PBM——- 180 min PEM——300 min PEM

Figure 6-2: Particle size distribution of non-milled and milled DABOMD in planetary
ball mill from 1min to 300 min (Reproduced with the permission ofAmerican Chemical
Society(ACS) (Abouhakim et al., 202®)
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Figure 6-3: Cumulative distribution of non-milled and planetary ball milled DABOMD
from 1min to 300 min (Reproduced with the permission ofAmerican Chemical Society
(ACS) (Abouhakim et al., 202®)

Table 6-1: Characteristic sizes (r , ¢ , and, r ) of non-milled and milled DABOMD
samples in planetary ball mill from 1min to 300 min(Reproduced with the permission
of American Chemical Soci¢y (ACS) (Abouhakim et al., 202®)

Sample Particle Size H DO
1 1 I

Non-milled 15 21.2 211.0
1 min PBM 15 16.4 186.0
5 min PBM 1.7 12.7 98.1
15min PBM 1.7 11.2 66.9
30 min PBM 1.7 9.9 58.9
60 min PBM 1.7 9.9 51.8
120 min PBM 1.6 8.7 45.6
180 min PBM 1.7 8.7 40.1
300 min PBM 15 7.5 35.3

6.2.2.1.2. Particle Size Using Image Analysis

A scanning electron microscope (SEMas used for quantifying the size of particles of the
nortmilled sample as a complementary technique for laser diffradimure 6-4). ImageJ
analysis software was employed to analyse more than 500 particles from multiple SEM images
of eachsample. Theaumberbasedneasuredheaveragaliameter of the nemilled sample of
DABOMD is equal to 17.9 daand has the standard deviatioinl.59. Particle quantification

SEM iscompared witlthe measured mediamameter(O ) obtainedoy laser diffractiorshows

that the two are in the same rar(@able6-2). The coefficient of variation wasbtainedby
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dividing the standard deviation Ilye averagemedian diameter. The median diamé@er of
thesamplemilled in theplanetary ball mill follows the same reduction pattesrthabbserved
with the laser diffractionanalysis and the size is coparatively in the same rangeenthat
SEM isa different technique to laser diffractioBEM size analysis might not be corsiite
due to the limitation involved with presenting all the sample powder in a single SEMrstub
addition to the fact that anly shows two dimensional of tiparticles

Table 6-2: Measurement of the normilled DABOMD powder using SEM and laser

diffraction
Measuring AverageMedian Standard Coefficient Small observe
technique diameter HO  deviation of variation diameter HO
SEM 17.9 1.49 0.083 3.3
Laser 21.2 1.59 0.075 -

diffraction

TM3030PIus0346 2018-02-22 17:41 H 50 pm

Figure 6-4. SEM used for quantitative image analysis

Table 6-3: Median diameter of DABOMD non-milled and milled with planetary ball
mill, measured using imaganalysis

Sample Number based average diameter
((m
Non-milled 17.9
1 min PBM 12.1
5 min PBM 9.5
15 min PBM 9.1
30 min PBM 8.6
60 min PBM 7.4
120 min PBM 6.7
180 min PBM 5.5
240 min PBM 5.5

300 minPBM 52
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6.2.2.2. Morphology

The sirface andhemorphological properties of DABOMD were examined using a Carl Zeiss
EVO MA15 scanning electron microscoffEM) at 20 kV in backscattered imaging mode.
Carbon tabs were coated with powder samples and placdte @M metal stubs. Sample
stubs were sputtecoated with a conductive layer of platinum before the analysis to prevent
the chargingof the samples

Representative SEM images of the foitled and milled powders of DABOMD from 1 min

to 300 min are showRigure6-5 to allow amore straightforwar@bservation of the feed and
the milledproductof DABOMD, further images of all the milled samples are showrigure

6-6 andFigure6-7. It can be observed that the amiled particlesof DABOMD areirregular

in shapeand displaya variable size distribution and some agglomerated crystals (which are
low in number but high in volumeyhich agees with the PSD analysi&s the milling
proceedsthe particle shapes have not much changed, abuwemarkablede-agglomeration
processan be observetiroughout the milled samplggetsome of the produced fine particles
can be observed to adhere te gurface of larger ones see, for exampleigure6-7j .

Figure 6-5: SEM images show thanorphology of DABOMD, a-Non-milled ( 800), b
Non-milled (  25000), €300 min milled ( 800), d¢300 min milled ( 25000). Figuresare
shown for easier comparison oftie feed and product DABOMD
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Figure 6-6: SEM images show thanorphology of DABOMD particles (left) and their
surfaces (on the right), aNon-milled, b- 1min milled, c-5min milled, d-15min milled, e
30min planetary ball mill (Reproduced with the permission ofAmerican Chemical
Society(ACS) (Abouhakim et al., 202()
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Figure 6-7: SEM images showthenor phol ogy of DABOMDOG6s partic
surfaces (on the right), ¥60min milled, g 120min milled, h-180min milled, i-240min
milled, j-300min planetary ball mill (Reproduced with the permision of American
Chemical Society(ACS) (Abouhakim et al., 202®)
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6.2.2.3. Crystalline Properties

X Ray-PowderDiffraction (XRPD) analytical method is used to determine thecefif milling

on the crystalline properties of DABOMD. To allder a straightforwardcomparison, The
XRPD of the milled samples are plotted along with standard crystalline and amosphgies

of DABOMD, as shown irFigure6-8. XRPD of crystalline nomilled DABOMD exhibits a
series of sharp peaks corresponding to the crystalline material, whtvaasf standard
amorphous materiglossessea typical halo peak with two broad maxima at 17.5° and 24°
respectively as shawin Figure6-8. As the milling progresses, theéRPD patterns change
rapidly manifestinga reduction in intensity as well as broadening of the Bragg peaks evident
which indicates @hasdransition from crystaliie to amorphous. Beyond 60 nahmilling, it
appears thatharp Braggs peaks charactecsfor a crystalline are absent, a typical scattering
pattern for materials without lorgnge orders observed.

Amorphous
wae 300 min PBM
240 min PBM
180 min PBM

120 min PBM

60 min PBM

ey 30 min PEM

<

Intensity (A.U.)
':f5

15 min PBM
5 min PBM
1 min PBM

Non-milled
| ! 1 ! | ! | ! 1

10 20 30 40 50
20 (Degree)

Figure 6-8: XRPD of DABOMD before milling and after milling with planetary ball mill
from 1 min to 300min (Reproduced with the permission ofAmerican Chemical Society
(ACS) (Abouhakim et al., 2020)

6.2.2.4. Thermodynamic Properties

Since the study of the crystalline properties revetidatiaphase @nsitionfrom crystalline to
amorphousis taking place, in theorythis transformation must be associated with
thermodynamic/therochemical change. Therefore, TGA and DSC are employed to evaluate
the impact of milling on the thermochemical properties of DABOMD. TGA analysis of the
crystalline noAmilled DABOMD shows thatwo mass losses at two different temperatures
corresponding tawo different types of water interaction present in the crystalline lattice as
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was revealed iChapter4. As the milling progresses, it appears that the amount of mass loss
detected by TGA muces significantly with milling tim€Figure 6-9) which suggests that
milling promotes dehydration, reflected in the release of water molecules from the crystalline
lattice. This outcome agrees with the change in the crystalline properties detected by XRPD.
The TGA pattern obtained for the milledmsples (120 min and longer) of DABOMD is
analogous to that reported for amorphous Esomeprazole magn@?eddy et al, 2004)
prepared by vacuum drying. Similarly, it has pregigubeen suggested that Sodium
omeprazole undergoes amorphization as a result of dijvhgakamiet al, 2009)

Endo —— 300 min PBM
240 min PBM

—— 180 min PBM

120 min PBM
i ——60 min PBM
—— 30 min PBM
—— 15 min PBM
= ——5min PBM
3 —— 1min PBM
~— —— Non-milled
-t
£
2
2
T T T T T T T T 1
50 100 150 200 250

Temperature (°C)

Figure 6-9: TGA Profile of DABOMD for the non -milled and milled in planetary ball
millat a temperatur e 2065 t/om(Reprdducedwihrtte a r at e
permission of American Chemical Society(ACS) (Abouhakim et al., 202®)

The DSC analysis dhecrystalline noamilled DABOMD shows three distinct thermal events;

t wo endothermic and one exothermic Figare 109
6-10). The first endothermic peaks represent a water loss e¥¢in¢é weakly bonded water
whilst the second endothermic peak corresponds to the Itdssmbre strongly bonded water.

The third eothermic peak represents the decomposition of DABOMD. As the milling
progresses, the DSC profile for the milled sampiguyre 6-10) shows that the peak intensity
corntinuously reduces with milling time and shifts to lower temperatut@dsh is consistent

with a loss of crystallinity. The thermal behaviour of the longer milled sample is analogous to
that of amorphous Esomeprazolagnesiun(Reddyet al, 2004) Overall, thermochemical
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analyses suggest that tamnorphisatiorof DABOMD is driven by the sequential dehydration
processes during milling.

Endo 300 min PBM

240 min PBM

i

180 min PBM

120 min PBM
60 min PBM

30 min PEM

15 min PBM

ﬁ 5 min PBM
,—\—L 1 min PBM

Heat Flow (A.U.)

Non-milled

T T T 1
50 100 150 200 250
Temperature (°C)

Figure 6-10: DSC Profile of DABOMD for the non-milled and milled samples in a
planetary ballmilat a t emperature 25 t oRepréddcedwitand a r
the permission ofAmerican Chemical SocietyACS) (Abouhakim et al., 202®)

6.2.2.5. Intermolecular Properties

The phase transformation from crystalline to amorphous occurs as a rékaltlidnge in the
molecular interactins. The interactions cartake form of hydrogen bondsvhich play an
important role in the crystalline packing, in addition to weaker interactions such as van der
Waals interactions or electrostatic interactiqgigushal, Chaktaorti and Bansal, 2008)
Fourier Transform Infrared (FTIR) spectroscopy is sensitive to the level of order and disorder
present in the crystal structyiacluding changes in hydrogen bondiftephenson, Fbes

and RetzelEdens, 2001; Markoviet al, 2006) thus, itwas used to probe the impact of
milling on the molecular structure together with computational stuiigsre6-11 andFigure

6-12 show the FTIR spectra of the crystalline fmailled DABOMD, the amorphous standard,

and the milled samples.

As the milling progresses, broadening and disappearance of the FTIRapsakislent for the

milled samples (relative to ¢hspectra of crystallan samples). Samples milled for 300 min

exhibit very similar FTIR spectra to the reference amorphous DABOWH#ked changes in

the spectral regionds diagnostic for hydroge
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Figure 6-11: FTIR -ATR of non-milled and milled DABOMD in planetary ball mill
showing scan from a 600 to 950 cral, b- from 950 to 1200(Reproduced with the
permission of American Chemical Society(ACS) (Abouhakim et al., 202®)
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180 min PBM

120 min PEM

Amorphous
300 min PBM
W 240 min PBEM

60 min PBM

W s
15 min PBM
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Non-milled
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Figure 6-12FTIR -ATR of non-milled and milled DABOMD in planetary ball mill
showing scan from €1200 to 1600 cril and d from 2600to 3700 cm1 (Reproduced
with the permission ofAmerican Chemical Society(ACS) (Abouhakim et al., 202®)

To try to assistwith the positioning of specific specir®r Sten Lill conducted density
functional theory (DFT) calculations on a molecular system mimicking the crystal structure
(Figure 6-13). Computed IRspectra was generated for a geomeiptimized representative
molecdar model system using B3L¥P3/6-31G(d,p) as implemented in Jaguar 10.7
(Bochevarowet al, 2013) A few atomic positions werkxed in the optimization to keep the
feature of the influence of the periodic crystal structure. This immdard procedure for
modelling for examplegenzymatic reactionfLill and Sieggbahn, 2009)These positions are
marked inFigure6-13 andTable6-4.





















































































































































































































