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Abstract

The crystal growth of ibuprofen as a function of crystallisation environment is
presented Measurement of solubility as a function sélvent (ethanol 95% etyl
acetate, acetonitrile and toluenahd temperature using UV/Vis spectroscopy and
gravimetric analysis revealess than ideabehaviour consistent with strong solute
solute interactions, particulgrin the case of acetonitrile. Examination of thelaation
kinetics revealsa comparativelysmall metastable zone widttMSZW) ( T =- 1 0.
13.9°C) with interfacial tensions in the range 2156.52.10° (J/nf).

The growth ratedor the {001} and {011} facesof spontaneously nucleatexingle
crystals are precisely measuredsitu using optical microscopy revealing that their
growth rates increase with increasing supersaturation to different exdtepending on

the solvent typewith concomitant impact on the crystal hab#or similar
supersaturations, the growth rate of {011} is lowest in ethanol and highest in
acetonitrile, vhilst thatof {001} is lowest in toluene and highest in ethanol. The aspect
ratios, as a function of supersaturation, are generally higher at the 15 mL than the 0.5
mL crystalliserscale sizeThe datais consistent with a-B Birth and Spreadjrowth
modelfor both sufacesandscale sizesThis is in good agreement withe calculaed

surface entropy U factor

The measuredgrowth rate dispersion for thesefaces is much less forthese
spontaneously nucleated crystals in stagnant, supersaturated sokftemsompared

to the literature data obtained fastirred batch crystalks. Additional higher indexe-
entrant facesre foundat highlevels of supersaturation consistent with their alignment
eitherparallel tothe{012 or {112 face.

The growth rat in the noragitated jacketed vesselfsund to beslightly higher than
that forthe agitated reactowsith both being inquite in a good agreement wiiterature
data suggesting th#teseresults o single crystalsvill have utility in representativihe
growth rate of a population of crystals ian agitated crystallizer

Observations ards rationalsed using molecular and crystallographimodelling

revealing e.g. that polar protic solvents inhibit the growth rate of faces containing

\Y



availablehydrogen bondingoinding sites such as carboxylic acigroups.Molecular
conformationakearcing reveat the molecular structure in the sobthte to belose to
that of moleculesninimum intramolecularenergy.Conformer population analysis a
function d solvent revealo significant solvent effect othe low energyconformer
distribution indicaitze a low likelihood ofpolymorpht behaviourfor this compound in

good agreement with literature.
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Chapter 1. Introduction

1 Introduction

Summary:

The background underpinning this research together with aims and objectives of this
studyae presented. Details of the researcho

thesis plan is also provided.
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1.1 Research Background

Industry estimates that 70% of all chemical products manufactured involve a unit
operation requiring solid particulate prodegs [1]. Within this, perspective
crystallisation represents an important purification, separation andornpnelation
proces in the pharmaceutical and fine chemical process industries. It is the primary
method applied for the final stage production of a wide range of materials from
inorganic compounds to high vakadded organic materials such as active
pharmaceutical ingredis (API) and specialty chemicals. However, the crystallisation
process associated with nucleation and the crystal growth process has often been
considered more as an art rather than a scigZjoeeflecting the fact that it has been

considered difficult to control due to its unpredictable behaviour.

The 3D nature ofa crystalline material combined with the complex molecular and
crystal tiemistry of many specialty compounds can conspire to produce a high degree
of variability in product forms. For example, this may lead to production of a dispersion
of nonequant particle morphologies which can be both difficult to both separate and
purify. Such materials can also be problematic downstream in term of challenges in
their powder flow, blending ability and formulation. Variation in crystallisation
processes can also impact in terms of concomitant product crystal chemistry
(polymorphism or solate formation), leading, in turn, to significant changes in product
quality, i.e. through factors such as the stability, bioavailability, processability,
crystallinity and/or purity of a drug product. The latter can lead to quality assurance
problems suchas rejection in terms of product specification and performance. Such
factors have been known to impact on the product economic profitability and viability
leading, in turn, to the potential for loss of market share and in extreme cases product
withdrawal. According to the Food and Drug Administration (FDA) (2003), the
number of new drug and biologic applications submitted to the FDA has declined
significantly because the current drug product development pgaturé 1.1) is
becoming increasingly challenging, inefficient, and costly.
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Figurel.1 Schematic of medical product development from basic research in lab to launching in
the market [3]

Most of the cost increases are within the development phase, between discovery and
launch. In this critical path, a new drug needs to prove safety, efficiency and
industrialisation.  Reflecting basic chemical engineering principles, the
0i ndust rstagel must be feasiliedbfrom lab concept to manufacturability as a
high-quality product in mass production. The challenges involved in successful
industrialization are complex including, unpredicted problems in physical design,
characterization, manufactng scaleup and quality control. The stages of the
development of robust, reproducible and scalable crystallization processes are shown in

Figurel.2.

FORM SELECTION & CRYSTALLIZATION MULTIGRAMTO
PROCESS DESIGN PROCESS KILOGRAM SUPPLY
OPTIMIZATION (GMP/non-GMP)

Figurel.2 A crystallisation process for nespecific pharmaceutical drug substance [4]

A crystallisation process starts from initial screens at microgram scale right through to
plant scale operations. Variation of crystallisation parameters is tested on a rslzzale

to generate growth kinetics data for further optimization and production to ensure a
rapid development for a product. Hence, in order to isaleerystals exhibiting the
desired physical properties, the fundamental process of crystal growtls asdatiated
kinetics need to be understoatharacterisedgontrolled and be scalable. In addition,
crystallisation parameters and testing process robustness are required to be validated.
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Previously studies have mostly presented measurements of grawtiofrindividual

faces for seed crystals grown at comparatively low supersatura{iég).
Alternatively, measurements have been mafi¢he growth rates of @opulation of
crystals as prepared undenystallisation reactor environment conditioag. through

the measurment ofthe growth characteristic dimensions (such as length, width, and
equivalent diameter etc.) dhe crystals[11-18]. In the former case whilst this is
measuring the individual growth faces, the influence on the measurements imposed
either by the hydrodynamic environment associated with the measats or by the
selection of specific seed49] is unknown. Similarly, in the latter case, it is hard to
extract out the kinetics associated with the growth of individual habit faé#sin this
overallcontext there have been surprisingly limit&inetic studies on the growth tife
individual faces of spontaneoustyicleated crystals prepared under diffusion limited
growth in stagnant solutions. Such measurements are helpful in that they provide
baseline crystal growth kinetics with respect tbich the impact of agitation and
mixing can be assessed. Additionally, there have also been few detailed studies of the
crystal growthrates of populations of spontaneous nucleated sorgktals in
particular through research seeking to probe graatidispersior 20, 21].

A significant factor in the scarcity of research resulting from investigationstheto
growth rate of individuakingle crystal growth perhaps lies in the lack apid and

routine experimental methodologig®r studying this aspeamnindful that the most
common technigues available for crystallisation monitoring are intended for use at large
scaleand are aimed aheasuring averaggrowth ratevalues based oan asessment of
acrystal population e.g. focadbeam reflectance measurement (FBREB-24], rather

than facespecific growth rates for batches of individual cristaFBRM gives a
correlation between the number of counts per second, theerath distribution of
particles and from these particle sizes can be inferred. However, such measurements do
not provide the face peci f i c gr owt h rat e tpdatnaeci plee
understanding of the process and indeed from the FBRM approach it is hard to deduce
guantitative kinetics. In addition, the population balance model (PR8])was also
developed and employed in the crystallisafwaocess to study the evolution of crystal

size distribution as a function of time to estimate the growth rate in the volume

equivalence diameter. This does not take into account the effect of crystal shape.

4
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However, though the particles possess the sapheéme equivalence diameter, they
might present in completely different shapes associated with different surface areas.
This significantly impact on dissolution and growth kinetic rates or downstream
processing etc. Hence, a study of the fundamental griangtics governed by the face
specific growth rate should be carried out on individual crystal habit faces, not by the
dm/dt (mass overall growth rate) or dL/dt (the growth rate of characteristic dimension),
described in PBM. A fundamental evaluation of tirowth kinetics must be based on

the growth rates of individual facg36] for whichthe crystal shape is a crucial factor in

the growth rate determinati.

The above scenario sets the backdrop to this PhD study which involves research related
to the development of methodology and instrumentation for crystal growth
characterisation at different scalzes. The facility developed in this work was used to
understand the effect of crystallisation environment conditions (e.g. solvents and
supersaturation) and scalizes on the crystallisation prosdsself and for obtaining
fundamental data for process seafe From this the interface crystal growth kinsti

are extracted and the growth mechanism was asseéd$i@ough based on smadcale
laboratory test work and optimized for enabling the design of reproducible processes,
ideally such tools would also be designed for deriving some of the data needed for
process scalep to manufacturingln addition, in this work, the above experimental
strategy is complemented with molecular and crystallograptodelling studies, a
revised approach is proposed whereby the sdapendant features of both predicted
and olserved particle shapes were crossrelated. In this, the solvent and
supersaturaticdependant growth rate of crystal faces, which characterise the shapes of
crystals, can be rationalized by moleculaodelling intermolecular interactions
involved in tke growth process through an analysis of the surface chemistry of crystal
habit faces. Furthermore, according to Ma ef2d], the growth rate of individual faces
produced and the crystal morphology either obtained from experiments or
morphological prediction can be imputed directly into a morphological population
balance model to predict the evolution of crystal population in terms of surface area of
individual crystalhabit faces, crystal shapes and sizes. It also allows studying the effect
of hydradynamic factors and the scal@ of vessel size by integrating this with
Computer Fluid Dynamics (CFD).



Chapter 1. Introduction

In this study, ibuprofen materials were selected as a model mdtariateasuring
growth rate of crystal faces and for investigating gromtchanism in terms of being
nontoxic and reactively amenable to laboratory and molecular scale modelling. It also
exhibits morphological changes from prisms to needles and platesddegpeon
environment or crystallisg conditions and hence is representative of the kinds of

material typically processed by the pharmaceutical industry.

1.2 Research objectives

The research question underlying this PhD study is as follows:

What is the infuence ofthe crystalli@tion environment on the crystal growtsf
Ibuprofen as measuredt the singlecrystal level andwhat are the molecularscale

processeshat underpinning tlese interactior®

This can be delivered through the following core overgkadives:

1 Developing a series of novel and effective platforms for the measurement of
facespecific growth rates in crystalline systems at varionstalliser scale
sizes such as a 0.5ml cuvette cell.aml Peltie crystallisation cella medium
throuchput8-c e | | crystalliser uni tal5ndsaatipl| e
jacketed vessel for imitu crystallisation studies.

1 Studyng and charactésing solution behaviouin terms of solubilies and
solution idealities ofbuprofen as a function of solveahd temperaturesing
ATR UV/Vis and gravimetrianethod.

1 Assessment of nucleation kinetics including MSZW and induction time
determinations using polythermal and isothermal methods to estimate the
nucleation order and the interfacial energy.

1 Studyingthecrystal growth kinetics and growth mechanism of individual crystal
habit faces (hkl) during representative crystallisation processes as a function of
solvent type, supersaturation and reactor ssiakes

1 Correlation and rationalisation of the experiméi@a through morphological
prediction, the analysis of crystal surface chemistry and intermolecular bonding

on these measured growth faces.



Chapter 1. Introduction

1 Developng a computationalmethodologybased onmage analysis to extract
crystal growth rates of surrounding fadeom online images.

1 Correlating and comparing the measurements of crystal growth rates ir a non
agitated vessel to the growth rate am7ml agitated batch vessels atalarger
0.5L scale size using a commercial Per@®V insertion optical camerargbe

to enhance understanding, control & sageof crystal growth processes.

1.3 Project management

This project was jointly funded through
Northern universities N8 Molecular Engineering Translational ResearehteC
(METRC) consortium and Malvern Instruments who support project access to their

Morphologi G3 particle shape analysis system.

This research work was carried out in the Institute of Particle Science & Engineering
and hstitute of Process Research &elopment (iPRD) at University of Leeds under

the supervision of Professor Kevin J. Roberts and Dr Robert B. Hamaaahdr. lvan
Mar zi ano at Pfizer. The system devel ope:
product development workflow, and is expet to bring about an improvement in
manufacturing productivity and efficiency. Annual progress reports were submitted to
Pfizer showing details of the work done and progress made on achieving the outlined
objectives. There was a technology transfer fromeds University to Pfizer, UK (Feb

2012- Mar 2012) hosted by Dr. Ilvan Marziano and to Pfizer, US (Apr 2013) hosted by

Dr. Kevin Girard as routine equipment to study the effect of crystallising conditions on

the solidstate material.

Collaboration with Arificial Intelligence Group of Computing School at University of
Leeds (Prof. David Hogg and Dr. Ardhendu Behera) was established for developing
image analysis software for estimation of growth rate of crystal facepapulation of

crystals.

The 15ml jaketed vessel cell was built with the advice of Dr Gary Nichols at Pfizer,
UK.

1.4 Thesis organisation

This thesis consists of eight chaptéfggurel.1) with referenceandappendices.



Chapter 1. Introduction

Chapter 1 presents the introdoat, background to the study highlightitige research
guestion set with the resulting objectives outlining project management and providing a

route map to the thesis structure

Chapter 2 offers a literature review on the fundamental concepts of crystphggand
theories underpinning crystallisation processes, beginningh wsolubility,
supersaturatioand moving on to nucleation theory and crystal growth. In addition, the
design of crystal and particle properties by crystallisation and crystallisation
charaterisation are also presented.

Chapter 3 reviews the crystal growth rate and growth mechanism, growth rate
dispersion and the methodology for the measurement of the crystal growth rate on
single crystals and oa population of crystals. A detailed rewieon the crystal growth
process is then described, mainly focusing on the measurement of crystal growth.

Chapter 4 describes the materials, instrumentation, and computational and experimental
methods used in this study.

Chapter 5 Moleculamodellingstudyincluding conformational analysis, morphological
simulation, characterisation of intermolecular interactions and surface chemistry

analysis of the crystal habit faces are presented and discussed.

Chapter 6 presents polymorph screening, solubility detetimmaand nucleation
kinetics of buprofen in ethanol 95%, ethyl acetate, toluene and acetomitrih were

examined involving MSZW and induction time measurements.

Chapter 7begins with the solubility ofbhuprofen together with their ideal solution
behav o r |, vanot Hoff analysis and activity
the (011) and (001) faces asfunction of solvent type and supersaturations are
examined and discussed at the sirgylestallevel. In addition, the influence of reactor

sale size and solution agitation is also assessed.

Chapter 8 Technology Transfer: Growthte measurements in an industrial R&D

workstream: Industrial case studies of drug compound A at Pfizer, UK.

Chapter 9 presents the key outcome of this work and sneme suggestions for the

future work.
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Chapter 2. Crystal and Crystallisation Science

2 Crystal and Crystallisation Science

Summary:
This chapter presents the fundamentals of crystal and crystallisation science including
crystal nucleation and growth, together with experimental and computational
methodologies for their characterisatiomnd the influence of crystallisation

environmental conditions on crystal properties (polymorphism, size and)shape

10



Chapter 2. Crystal and Crystallisation Science

2.1 Introduction

The fundamentals, concepts and theories of crystal science and crystallisation processes
including crystal nucleation, crystal growth, polymorphism and thetsffifcshape and
polymorphism on properties, performance of final products are described in this
chapter. One of the important aspects in studying crystal science is to comprehend how
crystal structures and shapes influence the chemical and physical ipop&raterials

and how to manipulate and create crystal shapes with desired properties for optimal
downstream processing. These can be investigated and explained with the aid of
molecular packing, intermolecular interactions studies in the solid stdtealaa of
nucleation and rystal growth theory. Sufi28 described the interrelationship among

the structure, properties, performance and processing in the desigievelopment of

a new drug and developed a concept of the material science tetrahedron (MST).
Through some detailed case examples, the MST tool can be applied in pharmaceutical
research and development of new drug compounds to enable the pharmaoedicz!
development and manufacturing to become more rapidly commercialized in order to

meet market demands.

This chapter starts with a brief overview of basic crystallography notably crystal
systems, crystal chemistry, Bravais lattices, Miller indiéeléowed by an overview of

the theories of nucleation and crystal growth, which are applied in the later chapters of
this thesis. The concepts are discussed and analyzed with respect {stadgelidnd

crystal surface parameters.

2.2 Basic aystallography
2.2.1 Crystalline and amorphous solid

Crystals can be divided into crystalline and amorphous state. A solution can transform
into an amorphous, serorystalline or crystalline solid mainly depending on
supersaturation (cooling rate). For example, if the coolitg isafaster than the rate at
which molecules can nucleate and rearrange themselves into a thermodynamically

favorable order, it is likely that an amorphous solid will be produced. In contrast, if

11
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molecules have sufficient time to organize into a structuin two- or three
dimensional order, it is much more likely that a crystalline or semi crystalline solid will

be obtained. Hence, whilst the crystalline state possesses an ordered and regular
arrangement of the molecules in a crystal, amorphous matareatonverse cases. For
example, silicon can be formed in both cases; amorphous and crystalline forms (see in

Figure2.1), and both states can be used for different applications.

Crystalline SiO; Amorphous SiO,
(Quartz) (Glass)
. pe ‘-'.btzl..:.
° oy ol 2y
“._." . lg.‘.-‘.. .:
[
- g ‘. ,.’." ...,".'. : '. .0.
. Pl .« Ses ,’-_:.0
e . a s "¢ o l.
& N B Y16 .MA0
Q e v M - -..'. .o...
-y % ¢ 2
,’...'. . & o':..:. ':'.'.0
o * ': N3 s
e
*S5i 0 o

Figure 2.1 (left) Crystalline SiQ (quartz), in which atomic arrangements are regular; (right)
amorphous Si@(glass) refers to objects having no definite shape and is defined -asystal

material (irregular atomic arrangemeritay].

In the pharmaceutical industry, amorphous forms of peswlyble drugs are generally
considered to offer substantial improvements in drug dispersability, wlissol
behaviour and bioavailability compared with the corresponding crystalline forms.
Nevertheless, amorphous forms are less thermodynamically stable there is thus a risk

that they may ultimately revert to the crystalline fd28].

Organic crystalline materials can adopt a number of structural architectures, e.g.
polymorphs, solvates, hydrates salts etc. Solvates are solvent molecules incorporated in
the crystalattice in a stoichiometric and nestoichiometric way. Hydrates are solvates
where the solvent is water. If naolatile molecules incorporated in the crystal lattice,

the solid forms are called awystals[30].

2.2.2 Lattices, unit cells and crystal systems

12
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A crystal is a polyhedral solid state bounded by plane faces and is built by the regular
repetition of identical units in space. Its internal structure contains atoms or
molecules arranged in a three dmmnal network. A three dimensional arrangement

of atoms or molecules can be represented
representative of an atom or a group of atoms with the lattice representing the scheme

of repetition patterns of atoms the space. A small part of identical units defining

how the pattern isepeated is referred to as a unit cell. It can be defined by three
vectors a, b, c (along the crystallograp
vectors.

The science of crystallography is developed based on three basi3diies

1 Law of Constancy of the Interfacial Angles: The angles between specified

surfaces of a crystal remain constant when they grow.

1 Law of Ratioral Indices: refers to the orderly arrangement of the crystal planes
in space. These planes represent the various faces of crystals and are referred to
by the threecoordinateaxes systems. The intercept of planes with axes can be

represented by a whole @ger number.

1 Symmetry: Plane symmetry can be defined by the means of imaginary planes
which divide the crystal into two exact and completely the same parts. At a
simple fraction of a complete rotation around an axis of symmetry, the faces,

edges and corneof crystals will duplicate.

These concepts are reflected in the seven types of unit cell as shoalyied.1.

Table2.1 The seven crystal systems [5]

System Angles between axe| Length of axes| Crystal shapes

Cubic u = b = a=b=c @
Tetragonal u = b = a=Db | ﬁ!
Orthorhombic Uu = b = a | b
Monoclinic u = b = a | b !‘g

13
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Triclinic u i b i a | b gi
Trigonal U =ob1[9( a=b=c ﬁ
Hexagonal | U = b = 9 a=b |

The cubic (regular system) shows the highest degree of the symmetry in the crystal
system. All the faces of crystals have intercepts with their &sie2.2). Miller [32]
suggested that each face of the crystal can be represented by the Miller plane (hkl) with

V4
Figure 2.2 Miller indices of a plane derived from the intercept of the plane on the

crystallographic axes

For example: h k I

N P I
N

In 1850 Bravaig[33] demonstrated that there are 14 possible basic types of lattice
(Figure2.3). These candrationalized with respect to the concept of 7 crystal systems
through the presence of centering e.g. through a body centre (with an additional point at
the centre of the unit cell), face centre (with additional lattice points at the centre at the

cell faces) etc

14
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I =1 fLT

5 el

Simple Cubic Bodyentered Cubic Faamntered Cubic

. : pd e
Ol T
Simple Body-centered Simple Body-centered
Tetragonal  Tetragonal Orthohombic Orthohombic
- e T
“
| - -

Basedcentered Facecenterec Rhomboheral Hexagonal
orthohombic Orthohombic

Simple Basecentered Triclinic
Monoclinic Monoclinic

Figure2.3 Bravais lattices classified into three main types: primitive, body cantéface
center{33].

2.2.3 Crystal defects

In perfect crystals nearly alitoms lie in the position that they should have in three
dimensional arrangements. They have exact repetition parameters of a unit cell. e.g.
single crystals of silicon are produced without any defects with a distance of more than
ten million unit cells[34]. However, above & in reality the atoms are not static and

can be mobilized in particularly at the elevated temperatures at which crystals are
produced. Raw materials are not completely pure and the materials can contact with the
wall of avessel and with the surrounding environment so defects can be formed within

the periodic arrangement. There are severaldonduchdefects(Table2.2).
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Table2.2 Summary for types of crystal defe¢g&g|

Point Line Two dimensional The
defect (Area ol dimensional
plane defect) defed

(Volume)
Vacancies: Occurrence of | Dislocations: Stacking faults: Inclusions and
vacant lattice sites Gliding motions | Additional of odd | precipitations

Interstitials: Inclusions of | with atoms sequence
atoms not on lattice sites | combination of | (twin) compared
Impurities: Occurrence of | slip plane and | to original

foreign particles in the Burgers vector
lattice

The vacancies or point defects have a great influence on the properties of solid
materials; particularly electronic and mechanical propertiesesthey have greater
internal energy than crystals with close packing atoms. The presence of vacancies in the
crystal structure plays an important role on the process of thessatel diffusion. In a

crystal where the atoms are packed closely togethere s a very low chance of this
process happening even at high temperature. However, it is pdsshdppen if there

are some vacancies in the crystal structure to impede the movement of atoms. Besides,
there are other point defesctuch as interstitlaatoms and impurities. In interstitials,
additions of atoms of the same type as those in the crystal structure are sited in the

interstices so distortion appears.

The dislocations are known as edienensional defects (line defects). They can be an
edgeor screw in character or a combination of both of them. These dislocations can be
defined by both the direction of asnerain
around the distortion occurs. An edge dislocation is a defect where an exiptahalf

of atoms is inserted into the crystal, leadtogcompression of inteatomic distance

The Burgerdéds vector i's perpendicular to

di sl ocation, the Bur georddtertion(lgure24y i s par al

16
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(@) (b) |
. Lattice in compression I
711 Pt ‘
] — — Lattice in tension
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Figure24( a) Edge dislocation, (b) screw dislocat

perpendicular to the line of distortion in the case of edgleahtion and in screw dislocation
the Burgerdés vector is[3parallel to the 1line

Two dimensional dfects (plane defects) will propagate much further into the crystal
lattice than point or line defects. These can arise on growth sector boundaries or due to
stacking faults within the crystal. The plane defect also may happen in many crystal
structures dring the growth process oilin crystab grown by the deposition of
successive close packing |l ayers, the seq
stacking fault in the stacking sequence, e.g. ABCABCBACBA, twinning may occur.
The two parts of the crystddave the same structure and are mirror images of one

another. They possess a common plane (C) (a twin plane) which acts as d34jrror

36].

Three dimensional defects (volume defects) are gross distortions to the crystal lattice.
These can arisfrom the incorporation of materials of different chemical composition
(for instance the solution solvent) or a material of different crystalline structure into the

crystal lattice.

17
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2.3 Crystal chemistry and polymorphism

2.3.1 Crystal chemistry

In a crystal thereare many component molecules held together in a 3D periodic
arrangement by various intermolecular interactions which can be quite weak when
compared to chemical bonds. Generally interactions can be classifie@ grmups
(Figure 2.5): (a) cavalance (b) ionic; (c) nron-bonded attractive and repulsive van der

Waals interactions; jdnetaland(e) hydrogen bonding.

Covalence: lonic: van der Waals: Metal: Hydrogen
Strong and || Strong and Weak and un Mixed and bond: weak
directed un-directed directed un-directed and directed

Figure2.5 Factors impacting on theystal structure comprise direction and strength of

intermolecular forces

Dipole-dipole interaction In a covalent diatomic molecule, the electron density will be
higher in the more electronegative atom. A permanent dipole on one molecule produces
an eletric field that can interact with the permanent dipole on a neighbour molecule.
The molecules tend to orientate themselves in a position of minimum energy such as

end to end or side by side position.

Van der Waals forceefers to the attractive or repive forces between molecules or
between parts of the same moleanl@ nonbonded interaction. Van der Waals forces
include momentary attractions between molecules or atoms. When the electron

distribution of a molecule is changed due to the random auilisthey become

18
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temporary polarization particles. Although they are not stable, many such temporary
dipoles formed at a given time will interact witleighbourdipoles to produce a net
attraction between molecules. The van der Waals interaction alsoyuswlides the

dispersive and repulsive force.

Hydrogen bondings the electrostatic force between an electronegative atom such as
nitrogen, oxygen, fluorine etc. and a hydrogen atom. This causes an electric dipole: the
hydrogen atom with a partial pas# charge and the oxygen or nitrogen group with a
partial negative charge. The hydrogen bonding performs a very strong influence on
solubility of solute molecules in a solvent. The strength of a hydrogen bond (between
10 and 40 kJ/mol) is stronger thantypical van der Waals bond (about 1 kJ/mol);
however both of them are much weaker than the covalent or ionic bonds (about 5000
kJ/mol)[37].

Crystal chemistry impacts on physical and chemical properties such as melting point,

hardness, polymorphism, surface properties etc.

2.3.2 Polymorphism

According to McCrone, 6The polymor phi sm
to crystallise as mor e [B87h Ralymaphseareciysatsi n c t
with the same moleculbut different crystal structures due to different arrangements
and/or different conformations of the molecules. It is a significant and complex issue in
the pharmaceutical industry because there are a few active pharmaceutical ingredients
that exhibit onlyone single crystal structure. In addition, the transformation between the
polymorphic forms during the processing and storing time can also cause significant

problems to the pharmaceutical industry.

According to Ostwald rules, polymorphs can converimfriess stable to more stable
forms and the most stable form is expected to be the least sfB@plerhe unstable

form does not always transform directly to the most stable form. The metastable form
appears first and then transform to the next most stable solid state uniibshatable

form is achieved associated with the minimum energy. In a polymorphic system,
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thermodynamics favours the formation of the stable form while kinetics can favours the
formation of the metastable forf88-40].

There are two specific types of polymorphs:

1 Monotropic: There is no reversible transition between polymorphic forms below
the melting point of both solids. The free energy and solubilityesudo not
cross so only one polymorph is likely to be stable below the melting point
(Figure2.6).

1 Enantiotropic: A transition point exists below the melting point and this
transition is reversible. The free energyd solubility curves cross before the
melting point Figure2.6)

G

Tf T TA TB T

Figure 2.6 Relationship between the Gibbs free energy G and the tatoperT for two

polymorphs for an enantiotropic system (left) and a monotropic system (Aght)

The various polymorphs of a substance can exhibit different physical and mechanical
properties. Since polymorphs are different in the dimensions, shape, symmetry, capacity
and the void volumes of their unit cells, they have differences in molecular packing,
causing different physical properties such as refractive index, thermal conductivity,
electrical conductivityf42]. The differences in the melting point can be explained by
dissimilarities of the interactions of the malées in the soliestate as compared with

the liquid state. In addition, the differences in packing properties and the intermolecular
interaction energy among polymorph can cause differences in the mechanical

properties.

Hence, although polymorphs are mtieal in their chemical compositions, they can
differ in terms of their solubility, dissolution rate, bioavailability, chemical stability,

physical stability, melting point, flovbehaviar and other properties. In particular, a
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change of the solubility afiifferent polymorphs can affect the efficacy, bioavailability
and safety othe drug[37]. Experimental or proes conditions are crucial factors to
determine the production of a particular polymorph. Hence, understanding and
controlling the transformation process between polymorphs is important in terms of

obtaining a desired form vihe crystallisation process.

2.4 Crystal morphology

Habit and morphology are terms that represent the external shape and appearance of a
crystal. Even though crystals are in the same crystal system, they may be different in
terms of their gternal form or morphologyHigure 2.7) which depends in turn on the
relative growth rates of the different crystal faces. If a crystal grows in different process
conditions, the growth rate of a particular face can be accelerated compared to other
faces, resting in a different shape. The growth of an individual face is effected by the
crystal structure, crystallising environment conditions (the degree of supersaturation,

solvent and impurities) and defects.

Dodecahedron cube Dodecahedron Elongated cube

‘ Rhombohedron ;
' Octahedron Hexagonal prism

Figure2.7 Various crystal shapg43].

The morphology of crystals can have a significant influenceotin the solid state and
the downstream processing including material handling and particle processing, for

example, filtration, compression, flowability.

In 1978 Gibbd44] proposed that for the equilibrium shape of a crystal, the datéhce

energy should be a minimum for a constant volume of crystal
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QB o071 Br dA,=0 (2.1)

whereA, is the area of tha" face and, is the surface tension of th¥ face.

Gi bbs 6 c durthereextendeaviey 8Vulfd5] who stated that the equilibrium form
of a crystal should be bounded by faces whose distances from the origin should be
proportional to the specific surface energies of the faces and similar to the relasve rate
at which the surfaces grow out from the nucleation centre of the crystal;

an/h, = constant (2.2

whered, is the surface tension of crystal facehp;is the distance from a point in the

crystalknowmms Wul f f 6s point.

The equilibrium shape of a crystal can be constructed by drawing vectors normal to all
possible crystallographic faces from an arbitrary point and marked on the vectors with
t he di st anc e s, aqthenmplanmes normal tdthiectors are built through

the marks on the vectors creating a closed polyhedFigure 2.8), called the

equilibrium form.

e
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Figure2.8 Procedure to construct a Wfuplot where O is the nucleation centre. The equilibrium
shape of a crystal can be constructed by drawing vectors to all possible crygihilodmaes
from O and marked on the vectors with the di

to the vectors are built through the marks on the vectors creating a closed polyAéldron

Morphological crystal shapes of materials have been becoming more and more
significantly important in the particle science and engineering. Clydesdalg 4] dlas
developed the HABIT simulation program which calculates attachment engrgg B
function of the intermolecular interactions where tatter draws down the crystal

structure for the material examinethese calculations can be carried out in a fairly
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routine manner and have been used to predict the crystal morphology of a wide range of
organic crystals revealing good correlation betwebserved and simulated crystal
shapes (bi phen-@licine, raalpahrtihnad ,e nle e n zkkugcioic aci d
acid) [47]. The principle ofmodelling work is that the external morphology of
crystalline materials can be predicted from the internal crystal structure. BFaieis|

and DonnayHarker (BFDH) analysis which is one of the initial methods basethe
crystallographic geometrical considerations can be used to predict the morphology of a
crystal. The BFDH rule states that:

fiafter allowing for the reduction of the growth slice thickness from space group
symmetry considetions, the most morphagically important forms (hkl), and hence
those with the lowest growth rates, are those having the greatest interplanar spacings
dni0 [48].

For a given structure, the BFDH method is able to predict the habit or shape of a crystal
us ng the corresponding wunit cel | par amet
operator information. This method uses the crystal lattice and symmetry to generate a
list of the possible growth faces and their relative growth rates. As a result, the

theaetical crystal morphology can be generated from these relative growth rates.

Hartman and Perdof49] extended and developed BFDH theory by calculating the
intermolecular interactions ithe crystallisation process. In this theory, the attachment
energy is related to the crystal lattice energy or crystallisation eneggytfitough the
slice energy (E) which is released upon the formation of a slice of thickngss d

E|att = Ecltt + Esl (23)

whereEg is the intermolecular bonding energy within the surface growth slice.

The attachment energy { represents for the relative (hkl) surface growth rate as the
slowest growing fae is the one with lowest attachment energy and hence the most

morphologically important.

The total intermolecular interaction can be considered as the summation of the

interactions between a central molecule and the surrounding molecules. Each of the
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intermolecular interactions is calculated by the summation of pairwise -atimm
interactions, using the ateatom approximation through summing the interatomic

energies between pairs of ndionded atomsHigure2.9).

I f there are n atoms in the central mo | e

molecules then the lattice energy can be expressed by:
1N o (24)

~=za8av.

whereV, is the interactio energy between atom i in the central molecule and the atom

J in the Kh surrounding molecule. The interactionj\between any of the nemonded

atoms i and j can be described by a number of intermolecular potential functions

(Momany [50], Lifson [51]). The potential energy of interactions between two atoms

includes the van der Waals forces having an attractive and repulsive as a function of

atomatom separation distance and the Coulomb potential for the calculatithre of

electrostatic interactions. A simple Lennamhes potential combined with an

additional Columbic term to describe the electrostatic interactions

A, B 49, (2.5)

whereA andB are paraneters for describing a particular at@om interactiong; and
g are the fractional charges on atanandj separated by distanae andD is the

dielectric constant.

Figure 2.9 Basic approach of calating the intermolecular interactions using the atiom
method: C is the central molecule, P is a molecule outside the slice and S is a molecule inside
the slice[52].
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Since the interactions are between two atoms, the factor of ¥z appears in the equation to
avoid a double count of the atestom interactions.

A computer program HABIT was written and developed to aid in the morgicalo
predictions of molecular crystals by calculating such interactions between the
crystallising molecules in the solid state. The program calculates the lattice, slice and
attachment energies by a summation of a&iam interactions in a certain moleeul

and interactions of atoms this molectiaswith atoms of all surrounding molecules
inside a given radius of the sphere. This program requires the fractional atomic
coordinates of one asymmetric unit of thgstem the atomic charges file for this
asymméric unit, symmetry operators from the relevant space group, and important

growth faces.

The specific surface energgy) for the individual faces can be calculated based upon

the attachment ener¢$3] using the equation

ZE, 0y (2.6)
A, N,

cell

G =

whereZ is the number of molecules in the unit cél; is the attachment energghy is
the dspacing of idividual face (hkl); Vcen is the volume of the unit cell and, is the

Avogadro number.

Moreover, the HABIT program also enables examination of the intermolecular
interactions and through this ableto identify the strong bonds and, particularly atom
atom their constituent or atom type contributions. It can also sort the various

interactions in terms of either their relative strength or distpfide

2.5 Crystallisation process

In order to obtain the desired crystal morphology, size and properties suitable for further
downstream processes, concepts of crystallisation processes including solubility,
supersturation, crystal nucleation, crystal growth, polymorphism and the effects of
shape and polymorphism on properigesl performance of a chemical compound need
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to be understood and controlled. Solution properties, nucleation and crystal growth are

importantcomponents in crystallisation processes.

2.5.1 Solutions, solubility and supersaturation

2.5.1.1 Solutions and solubiity

The solubility of a solid compound in a solvent and mixtures of solvents play a key role
in crystallisation processes. Why do solids dissolvedlvents e.g. sugar and salt is
dissolved in water? In order to make it occur, it needs energy to break the bonds
between the sugar molecules and the hydrogen bond in water to add sugar molecules
into solution. Generally a solution is a homogeneous maxtfitwo or more substances
[26]. A mixture of solvents might be found to be useful in obtaining the desired
properties of crystal shapes and morphologyvénts that have been used in industry
include water, methamhoethanol, isegpropanol, rbutanol, tamyl alcohol, acetone,
methyl ethyl ketone (MEK), methyl isobutyl ketone (MIBK), tetrahydrofuran (THF)
etc. A saturated solution in a solvent represem#h#grmodynami@quilibrium between
solution and the solid phase. Understanding the solubility of a chemical compound in

solvents is one of the first requirements for the development of a crystallisation process.

Thermodynamics shows a way to calcul&ie ideal solubility of a solute in any solvent.

In this calculation, the solubility is independent of the chemical composition of the
solvent because the ideal solution is formed in this systéma.ideal solubility of a
crystalline material in a solventas shown by Hilderbrand and Scd4]:

9 o

Loy on Y y Vs .
aeE w a e— 27

where X is the mole fraction of the ideal solubility of the soluiphls is the molar
enthalpy of fusion of the pure solutf, is the melting point (K);T is the solution
temperaturegpp G = Cpm - Cps is the heat capacity difference (at constant pressure)

between the melt and the solid states.

Equation (2.7) can be used to evaluate the idealbility of a solute in different

solvents. However, all solutions are not ideal to some extent as the interaction energy
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between solvent/soént, solute/solute and solvesulute are different particularly for
complex solvents and solute molecules. Hé tsolubility curve lies below the ideal
solubility curve, the solution shows a less than ideal behaviour since the intermolecular
interactions of solutsolute and solverdgolvent are much stronger than those related to
the interaction between the soh#®elvent molecules and the solute has a lower

solubility in the solvent.

2.5.1.2 Supersaturation

Supersaturation is the driving force thie crystallisation process. The supersaturated
solution contains more dissolved solid than that required for the equilitsiata.
Supersaturation can be defined in the different expressions. The most common

expressions of supersaturatioe:ar

The concentration driving force
®&ec ¥C*C (2.8)

The supersaturation ratio
C (2.9

The relative supersaturation

_DC _ (2.10)
5 _F_S_ 1

whereC* is the equilibrium saturation of the solution at the given temperatures and

the actual solution concentration at the same temperature

The production of a solidtate through the cryatisation process might appear to be
simple but despite this it is not completely and clearly understood since the
crystallisation process includes many complex stages related to the nucleation and

crystal growth processes.
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2.5.2 Nucleation

In crystallisaton processnucleation is the first stage of the crystallisation process in
which the formation and dissolution of small clusters of solute occur with some of these

clusters continuing to develop to form crystals.

The nucleation concept and mechanisrmoempass primary nucleation (homogeneous
nucleation and heterogeneous nucleation) and secondaratimciénduced by crystal
seed)(Figure 2.10). Primary nucleation does not involve the presence of any crystal
mater in the system when there is no induction of foreign particles and crystals in the
crystallisation solution; this process is called homogeneous nucledgberogeneous
nucleation is referred to as the nucleation of materials upon a foreign substrate.
However, secondary nucleation occurs with the presence of seeds which can be served

as a template for the solute molecule to aggregate and grow within the metastable zone.

i el osen s

Figure 2.10 Schematic shwing the classification of the nucleation stage in a crystallisation

process

2.5.2.1 MSZW

The state of supersaturation is the prerequisite for the crystallisation process. Ostwald
[55 f i r st introduced the terms o6l abil ed a
supersatwated solution in which spontaneous nucleation occurs or does not occur,
respectively. Miers and Isaac constructed the solubdglitgersolubility diagram based

on the relationship between the supersaturation and spontaneous crystalk&atah
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The solubilitysupersalbility diagram showing three regions with different behaviours

is shown inFigure2.11.
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Figure2.11 Solubility-supersolubility diagram showing three regions with different behaviours:

(1) a stable or unsaturated zone; (2) a metastable zone and (3) an unstalié] zone

This diagram includes three zones:

1 The stable or unsaturated zone where the crystallisation cannot happen. If

seeding crystals are added at higher temperature (in stable region), they will be

dissolved.

1 The metastble zone (supersaturated zone) between the solubility and

supersolubility curves where the concentration of solutecomesaturated but

the crystallisation only occurs after a period of time or if crystal seeds are

introduced in the solution. In thiore, crystallisation is possible and when the

supersolubility curve is reached, spontaneous crystallisation takes place. Seed

crystals placed in solutions in this region will grow.

1 The unstable or labile zone where spontaneous crystallisation occursttiee to

high supersaturation of solution. If seed crystals are added in the labile zone,

nucleation will occur spontaneously in an uncontrolled manner

Related to this, two approaches for supersaturation generation can be considered:
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1 Evaporative crystallstion (along the vertical line AB'C'), a solution is
becoming more concentrated in solute through evaporation of the solvent from
the solution at constant temperature.

1 Cooling crystallisation (along the line horizontal ABC), a solution is undergoing
cooling crystallisation.

T Combined evaporation and cooling crys

combination of cooling and evaporation are employed in this process.

Whilst the solubility curve reflects the thermodynamic equilibrium of the system, the
supersolubility curve reflects the kinetics and consequently is lessdefatied as it is

more stochastic and can be expected to change with e.g. cooling rate, solvent type and
composition, agitation rate and impurity content. Therefore, the metastalelevidth,

a crucial parameter of crystallisation process, which gives a significant insight into the
nucleation behaviour of a crystallisation system, can also be expected to change with the
above processing conditions. Hertbe nucleation process and kietics for a given

system is usually characterised by changing these factors.

2.5.2.2 Polythermal crystallisation for the determination of nucleation kinetics
using Nyvlt method

Nyvlt [58] proposed a method for the evaluation of nucleation kinetics. In ttitsoohe
the nucleation rate J is defined as the foramatf number of nuclei in the unit volume
in a peri:od of time dU

dN (2.11)

J=——=kDc"
dt e

whereee gaxis the maximum possible supersaturations the order of nucleation

The nucleation rate veus the degree of supersaturation showing the nucleation rate
increases significantly when solutions reach critical supersatur&iigur¢2.12).
& maxcan be written as a function of the maximum possible underco n.gthr@gh

the equation:

212
Dc —@Dtmax (212

max_d
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where&ehax = tsat - tgis; tsar and tgis are the saturation and dissolution temperatures,

respectively

Nucleation Rate , J

1 -
»

P Grax Supersaturation

Figure2.12 Schematic plot of the nucleation rate versus the degree of atypat®dnshowing

the nucleation rate increases considerably when approaching critical supersatb@htion

The nucleation rate may be expressetdaqual to the rate at which supersaturation is

achieved at the time when first nuclei are detected.

J=kp- e, dtg (213

gd—g dl‘—

wherek; is a constantlis a correction factor for the change in centration in the case

where species are being hydrated, lamglcooling rate.

Combining the equation (2.11) (2.12) and (2.13), an expression for dependence of the
MS Z W & the cooling rate b can be obtained:

@ aad C83[ (2.149)
dt g;dt - ’“aXH
This equation can be rewritten after taking logarithms
(2.15)

logbh=(m- 1) Iog%- loge+logk, + mlogDt, .,

Pl otting | ognhyehllgastraighttlinelwithgslope tequal the order of

nucleation m.
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Using equation (2.15) for fitting experimental data of more than 25 chemical
substances\lyvit [58] also reported thahe nucleation mseemed to be a function of the
molecular weight of the crystallising substaratecertan extent The data showethe

mean value of m decreases slightlyhwincreasing molecular weight whidonfirmed

the nucleation order m is related to the number of particles forming a nucleus in the
solution The measured nucleation order from the Nyvit equationwill give an
indicationas tothe ease awhich the crystallisingmaterial will nucleatelt is ahelpful
parameter to assess the effect of solvantor solvent compositions on tiSZW of

acrystallising system

2.5.2.3 Homogeneous nucleation

Nucleation is originated from a sequence of molecular additions into aggregates. Only
aggregates having a size greater than a critical value will be stable and grow into a
crystal. The nucleation process includes two competing processes: coagulation and
redis®lution. The free energy changes associated with these may be considered

assuming a spherical nucleus.

2.16
DG=DGS+DGV=4pr2g+§pr3DGV e

whereae @ is the surface free energge Gis the volume excess free energy between the
solid and the liquid phasejs radius of nucleus; arais the interfacial tension between
the crystal surface and the solution. This is shown schematicé&lgune2.13.

Examination of equatior2.16r eveal s &G reachesg,awhema xi m

dDG = 0and hence:

dr
0 . 21
E l.p‘ i i i YO Tt ( 7)

Thus the critical cluster size can be given as:
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(2.19)

(=29
C mv

The critical size dis the minimum size for a stable crystalline cluster to be able to grow
to macroscopic proportions. Thus a supersaturated solution, nuclei can either grow
into macroscopic crystals or redissolve into the solution depending on the\&iea.
particles of a crystallising phase are small, the surface free energy term (positive term)
dominates over the vaine or bulk free energy term (negative term). Hence, the
particles smaller than; will dissolve. However as the particles become larger, the
volume term dominates. Hence, the free energy passes through a maximum point. This
represents the critical clusteize or minimum size of clusteend the particles larger

than the critical size will continue to grow. The process will occur with the decrease of
the free energyHigure 2.13). The value of y decreases as supaturation increases,
showing the possibility of nucleation will be higher at a higher supersaturation for a

particular system. When, rapproaches molecular dimension an amorphous phase

results.
G
-
-
® |  __a---m" ey i
N s t ®Gi=4/ F o
Size of nucleus, r
® .
> xe@ N &G
D \\

Figure2.13 Free energy associated with a molecule cluster diagram for the nucleation

explaining the critical nucleus

Replacing the value of mto above equation, we get:

p or 0 (2.19

YO -
o YO o
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2.5.2.4 Isothermal crystallisation for induction time determination

The rate of nucleation J is defined as the number of nuclei producetingeper
volume using the Arrhenius relationship. Using the Arrhenius relationship

J = Aexpe—— DGg (2.20
o KT =

whereA is the preexponential factorK is theBoltzmannconstant

Reflecting the smalsize expected foa critical nucleation clusteithe nucleation rate

can be difficult to directly measure. mpractical situation, the induction time to the
initiation of crystallisation is often employed to estimate the nucleation rate J using the
appoximation J~ 10for calculationof the interfacial energyAccording to the classic
nucleation theory, spontaneous nucleation will occur when supersaturation is achieved.
However, in reality there is a period of time between the achievement of supdi@atura
and the appearance of crystals known the induction time Uhg. In cooling
crystallisationa supersaturated solution can be obtained by cooling rapidly the solution
and thenthe temperaturenaintained until crystals appedrhe induction time can be

determined whethefirst crystals appear.

Assuming that the nucleation time is primarily for the formation of the nucleus, the

induction time U is inversely proportion:

U =1/1 (2.2

Besidesthe GibbsThomson relationship40, 59 represented the relationship between
particle size and solubility by the equation:

2.22
InS= m ( )
MRTrr

eCg_

&CH

whereC is thesolubility of particlesC* is the equilibrium solubility of the substanég,

In

is the gas constant, is the absolute temperatugeis the density of the solid/ is the
molar mass of the solid in the solutiamjs the intefacial tension of the solid with

solution,gis the numbers of mole of ions formed from one mole of electrolyte
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Fornorel ectrolyte, g = 1, therefore:
2.23
_DGV:Z_g:kTInS (2.23
r n
Thus from the equen (2.19)
_ o g” (2.24)

@t 3(kTIn S)°

From equation (2.20), the rate of nucleation can be expressed as:

160 én? o (2.25)
3k*T3(nS)? 4

J= Aexpg-

e

Combiningequation (2.21) and (2.15) and taking natural logarithm for both sides of the
equation, we can obtain this:

¢ 1§ o (229

=6 —u INA
&3KT(In 9) )

According to the equation (2.26), three variables which havefismgmt effects to the

rate of nucleation are the temperature, the degree of supersaturation, and the interfacial
tension.This relationship indicates that the rate of nucleation increases with increasing
degree of supersaturatioHigher levels of saturetn will generate a large number of
nuclei whilst lower levels of supersaturation produce a smaller amount of nuclei that

will grow into bigger crystals.

2.5.2.5 Heterogeneous nucleation

Accordingto equation (2.18 b ot h .oq€pend prafoundly on the surface free
energy so any modifications are able to change these values would be most likely to
have an effect on the possibility of the nucleation prodesss been verified that the
presence of foreign bodies a surface in a crystallising solution can reduce the positive
free energy change (activation energy) t
associated with the formation of the critical nuclei at constant supersaturation, that is,
making nucleabn more favourable A decrease in surface free energy would also

decrease the value of the critical supersaturation, since the nucleation rate is also
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dependent on the surface energy (equation 2.20). These factors can be expected to make
heterogeneous nigation more viable than homogeneous nucleation particularly at low
supersaturation levels. The reduction of the surface energy will be the highest when the
best match between the substrate and the crystallising substance is g@teved

The overall free energy change to form critical nuclei associated with heterogeneous
critical nucleus formation will be less than the free energy change in hosrmge
nucleation @G

DG ot =F B (2.27)

crit

where &G is the free energy change when forming a critical nucleus under
heterogeneous condition; agelG.; is the free energy change when forming a ciiitica

nucleus under homogeneous conditions whetel <1

A model for the effect of a solid crystal nucleus forming on a solid foreigly can be
built by relating the reduction in the free energy of nucleus formation tedhect
angled Figure2.14).

Ocl

Liquid (I)
Crystalline deposit
ornucleus(c) d

<

Ocs s

v

Substrate/Solid surface (s)

Figure2.14 Interfacial tension at the boundaries between two solids and one[lglid

whered is the angle of contact between the crystal and the foreign solid surface (angle
of wetting in liquidsolid systems)a is the interfacial tension between the crystalline
phase and the mother liquay, is the interfacial tension between the solicefgn-body
surface and the mother liquor, ang is the interfacial tension between the solid

crystalline phase and the foreign body

The relationship between the surface energies and the contact anglawfléus and

the substrate is given by
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= 2.28
gsl gcs+gcl oy (229

- 2.29
COSQ — gsl gcs ( )

gcl

Volmer[61] suggested that

£ = (2+cosg)(1- cosqf (2.30)
4

For the limiting case whedi= 180 thenthere is no wetting,cosd= -1, 0 = 1) so there
is no reduction in the energy barrier and the free energy required for the homogeneous

and heterogeneous nucleation become the same.

When 0 < d < 180 (partial wetting) there is aeduction n nucleation energy barrier.
The total free energy required for heterogeneous nucleation is less than for

homogeneous nucleati@md thughe nucleation in this case is easier to achieve.

When the other limiting case whede= 0°, there iscomplete wettig and hence no

energy barrier to nucleation or the free energy of nucleation is zero.

A surface or an interface of different composition thha solute may serve as a
nucleation substrate in heterogeneous nucleation. It decreases the energy baneer for t
formation of nuclei which may grow into crystalThe free energy of nuclei formation

can be expected to be lowered with the presence of a substrate as a result of favourable
surface interactions between the aggregate and the substrate. Hence, pitds¢hee

of foreign particles or template surfacehe nucleation can be induced at lower
supersaturation aa lower degree of supercooling than homogeneous nucleation. Also,

nucleation can be promoted by the increase of the surface area of the substrate.

2.5.2.6 Secondary nucleation

When both the substrate and the crystallising substance are the same, it is called
secondary nucleation. This mechanism will be niaveurablethan both heterogeneous
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and homogeneous nucleation and thus crystals can be produced laver

supersaturatiof6Q].

Secondary nucleation is induced by crystals that are present in the supersaturated
solution. The presence of a stgl (seeding) in the supersaturated solution may cause
further nucleation at a degree of supersaturation for which spontaneous nucleation can
not occur due to the lower interfacial tension at the surface. This phenomenon is called
Obreeding ®@$ecnauncdeariyp mucl eati ond. Breedi
mechanism§62)]:

1 Initial (dust) breeding: This occurs when a crystal is first introduced to a solution
as long as it has not been specially treated before. It is attributed to the existence
of crystal dust on the surface of the seed. Thesgals are washed off and grow
into new crystals.

1 Needle or plycrystalline breeding: At a high supersaturation, crystals often
grow imperfectly. In some cases, they develop as needles or dendrites, and in
others they grow as a conglomerate polycrystllivhich is easily broken up
into further crystals if the solution is agitated.

1 Collision breeding: This occurs in the supersaturated solution when a crystal
collides with or slides along another one. Collision breeding appears as a main
cause of secondamucleation in most of the agitated seeded crystallisation

systems.

When crystals of solute present in the solution intentionally or unintentionally, the
supersaturated solution will be easier to nucleate i.e. at a lower supersaturation
compared to heteregeous nucleation. The process in which small crystals are
introduced in the solution has been known as seeding. Seeding is able to control
polymorphs as well. Kwokal et dI63] used a selhssembled molecular layer of
Entacapone (SALE) on an Au (100) surface for polymatpécting seeding of
Entacapone crystallisationn i agueous/acetone solution. This study reveals the
possibility of directing nucleation from uncontrolled nucleation sites toward a more
directed crystallisation process and thus more stable polymorphic form via a selective

choice of an asbrbed polymorphma substrate (séagure2.15).
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Figure 2.15 Entacapone crystal (left) Needlke crystals of form D obtained from with
absence of SALE; (right) cubic crystdlform A in the presence of SALEEJ].

2.5.3 Crystal growth

Crystal gravth is composed of the series of stages by which an atom or a molecule is
incorporated onto the crystal surfaces. Stages involved in the crystal growth process can
be summarised as follows:
(i) Transport of solute molecules toward the boundary lagéghbounng to the
crystal surface
(i) diffusion of solute thorough the boundary layer due to the concentration gradient
(iif) Adsorption of solute molecule on the crystal surface
(iv) Diffusion over the crystal surface to choose the energetically favourable binding
site
(v) Attachment onto step sites of the crystal surface
(vi) Diffusion along the surface step

(vii) Attachment to the kink site of the crystal surface

It is not necessarily that the processes from (i) to (vii) occur in the growth process of
some materials. Solute patés may omit stage (iv) and (v) and directly incorporate
onto the kink site or some stages may occur more rapidly comparing to some other
stages so the slower stage can be neglected.

The model of the mechanism by which crystals grow is represenkagure2.16.
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Edge
vacancy

Figure2.16 Kossel model of a crystal surfap@0].

In this model, three sites considered for molecules adsorbed or desorbed from the
growth layer are steps, terraces and faces. A growth unit (atom, ion, and molecule) is
represented by a cube. One cube molecule can have a maximum of six bonds with
surounding units. A molecule adsorbing on the step site forms two bonds, on the kink
forms three bonds and on the terrace forms only one bond. When a cube is incorporated
onto the layer to form a crystal, it will find a position or a crystal face to atfdwdre

are three different types of crystal faces: flat (F) face, stepped (S) face and kink (K)
face. In this model, if a molecule incorporates onto the kink faces, it will stay there and
become a part of the crystal. However, there are very few molesddesbing directly

on the kink face. They adsorb on the step face first and then diffuse to the kink site later.
They may be desorbed many times before incorporating onto the kink faces. Hence, it is
obvious that the moleculegll adsorb on the rough sade S and K will have a greater
probability to become a part of this surface than those adsorbing on the F face. This
results in the rate of crystal growth on the flat face (smooth surface) being much slower
than that of the rougher step or the kink faddss will affect the crystal shape due to

the differences between the growth rates of the different faces. The rapidly growing
faces get smaller and smaller then tend to disappear. As a result, the surrounding faces

of crystals are those characterisedhmy relatively slow growing flat faces.

2.5.3.1 Diffusion reaction theory

There are many factors including the thdemensional crystal structure, crystal defects,
temperature, supersaturation, solvents and the presence of impurities which affect

crystal grovih [64]. Noyes and Whitnej65 assumed that the crystallisation process is
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the revese process of dissolution. The driving force for crystallisation is the difference
between the concentration in the bulk of solution and at the solid surface
dm

— =k _Alc- ¢
ar  m ( )

(2.31)

wherem is aystal mass deposited irme t; A is surfacearea of crystalC is solute

concentration in the solutioi* is equilibrium concentration; ankl, is coefficient of

mass transfer.
dm_D

—=—ACc-C
dat d ( )

(2.32)

whereD is coefficient of diffusion of the solute andis the thickness of the stagnant
film.

Crystal growth is a combination of two processes: diffusion surfhce adsorption
Firstly, solute molecules are transported from the bulk of the supersaturated liquid phase
to the surface of a crystal (diffusigorocess). Secondly, the solute molecules are
incorporated into the crystal surface to extenel ¢hystal lattice gdsorption) Figure

2.17). Hence, the overall growth rate of a crystal reflects the relative ratéese

stages.

Adsorption
layer

<
«

C

Driving force for
diffusion

___________________________________ C

Stagnant

film Driving force for

reaction

el A -

Crystalsolution interface

Figure 2.17 Concentration driving forces of two stages (diffusion and adsorption) in crystal
growth from the solutiof26].
Diffusion:

dm ' (2.33)
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Adsorption:
dm _ K AC - C) (2.34)
dt
whereky is the rate constamissociated with diffusiork, is therate constant associated

with incorporation of growthunits intothe crystal

When the diffusion of materials between the bulk solution and the surfaceysital is
slow comparedto the surface absorption (surface diffusion, integration, and the
adsorption and desorption of the crystallising units), thisnewn as mass transport
(diffusion) controlled. When thesurfaceadsorptionis slow compared to the diffusion,
this is a sumiice controlled process However, it is difficult to apply in above

calculations since the interfacial concentration is not easy to measure.

2.5.3.2 Crystal growth mechanisms

Different crystal faces show different surface chemistry, thus the growth of individual
faces depends on crystallising conditions such as supersaturation, solvent and impurities
due to the interactions at the interface. Hence, the growth rate of each face is expected
to be different resulting in a change of size and morphology of the crykmlgrowth
mechanisms that show the relationship between the crystal growth rate and
supersaturation level will be described and discussed in the following section. The
behaviourof growth rate of a crystal face is dependent on its underlying growth
mechaism [66]. The growth mechanism controls molecular attachment onto the
growing crystal surfacg¢67]. There are three dominant crystal growth mechanisms

expected to be activier a particular supersaturation regigngure2.21).

(a) Screw dislocation mechanism Burton, Cabrera and Frank (1951): This
mechanism was developed by Burton, Cabrera and Frank to explain experiments which
observed crystal growth at very low supersaturation where the transport of solute
molecules from the bulk solution to the crystal surface is unfavourable. According to
Burton, Cabrera and Frank at low supersaturations, the crystal growth process occurs
via 2dimensional diffusion of solute molecules over the crystal surface. The
incorporation of growth units onto the face of the dislocation protrusion leads to the

formation of a growth spiral over the crystal surface. Screw dislocations provide a
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continuous sorce of kink sites which allow easy attachment of growth units onto the

surface and facilitate the subsequent growttnefsurfac€Figure2.18).

Figure2.18 Crystal grown by the BCF mechanism shows the surface of the crystal with a screw
dislocation and development of a spiie().

The resulting growthate expression is given by:

R=As? tanhg) (2:35)

whereA andB are complex temperatutiependent constants.

(b) Two-dimensional Birth and Spread mechanism [68, 69]: At higher
supersaturation, nucleation can occur without the need for edge and kink sites and take
place anywhere on the crystal surfaces. These develop through creating a growing
monolayer. After this initial stage, further growth units integrate into the existing
morolayer to spread over thmurface(Figure 2.19). The relationshifpetween the face
growth velocity and supersaturation can be expressed by:
R:Ais‘s”’exp(%) (2.36)

whereA; andA, are constants .

Figure2.19 Crystal grown by birth and spread mechanism in which nucleation may occur at the

edges, corners, or on the faces of the cryf2&ls
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(c) Continuous growth (rough interface) model[70]: At very high supersaturation,
surface roughening provides abundant sites for surface integration with more kink sites
resulting in a much higher growth rate. At this region, the energetics of growth unit
attachments are the same regardi#sthe growth direction producing morphologies
which result in spherulitic atendritic crystalgFigure2.20) .

Y o, (2.37)

(b)
Figure2.20 (a) Ice (snow) crystal morphology changes by roughening daguat the corner of
a crystal; (b) Dendritic ice crystdlg]].

_@ -
5 @

Growth rate (R)
e
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{ { Transition

0 b

¢ "}‘{ Roughening

Supersaturation (o)
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Figure 2.21 Schenatic showing the crystal growth rate mechanism taking place at the
crystal/solution interface, involving screw dislocation (a) 2D surface nucleation (b) together
with the expected crystal growth mechanisms as a function of solution supersaturation (c) and
the transition between stable growth on a smooth surface to unstable growth at the roughened
crygal/solution interface ((d) and (€)j2].
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2.5.3.3 The surface entropy factor and its relation to the entropy factor

Jackson(1958) and Bennema and van der Eerfig8)j i nt r oduce d astahe U
surface entropy factor which can be used to predict the growth mechanism of a crystal

face
m N, D_S (2.38)
R

whereL is the molar heat of fusion for the melt growth calculation; in #se ©f crystal
growth from solution, L must be replaced by enthalpy of dissolusignis the surface
anisotropy factorss  3n MEg/E., with Eg is the total energi the slice of the crystal
face andE, is the total crystallisation energge Handee Sare the entropy and enthalpy

of phase transition, respectively.

For solution growth, there are two most used expressions for calculation the surface
entropvyw[factor U
y (2.39

(2.40)

whereae H andee H are respectively the heat of solution and the heat of fuXiggis

the mole fraction calculateddim solubility.

Accordng to Bennema and Gilmdi75] and Davey[76] (Table 2.4), the gowth

mechanismcandd predi cted by the values of U.

Table23Pr edi ct ed growth mechani sm accor

Bennema an( Davey Predicted growth mechanism
Gilmer[75 [76]

U < 3. 2U < {The interface is rough so all growth units g

incorporate onto the growing surface (continu

growth).

3.2 < U2 < [The interface is smoother and the most prob
mode of growth iB8&S

45



Chapter 2. Crystal and Crystallisation Science

u > 4 U > 5 The surface becomes very sriooand growth

generallyproceeds by screw dislocation (BCF).

When a face is growing at temperatures aboyetAe surface is rough and growing
6continuously with a |linear dependence o
nonfaceted crystal morpthagy. Whilst a crystal grows belowgIthe surface is smooth

and growing with a layer mechanism (B&S and BCF) and follows alinear
relationship between the grtlwrate and the supersaturatipfv]. Human et al[77]

cal cul ated the sur f@arel aforidiffeventrfacgs fhkl)sin and
various organic solventnd the melt using equation 2.38r the (001) and (110) face,

the U factors ar e adothe face gwsebelowvrthe toiigheaihg v a |
temperature confirming a proper facetted crystal surface. However, for the growth from
toluene and the mel t, |t hsokibeticfraughenimg may ar e
happen which is in good agreement with the expenital observations. For the (1}

face, nonfaceted growth of this face is expected due to this face is growing above
roughening temperature. However, the-{dface is much smaller or even not present

so it is impossible to observe if this face growfagetted or not. Similarly, Jetten et al

[78 cal cul aggeanmtd| t lofeimpbitant faces of naphthalene in toluene to
determine if the (hkl) face is growing above or below the roughening temperature. The
morphology of crystal growing at below and above the roughening temperature was
shown from experiments. The experimental resultsewergood agreement with the

calcul ated ywaadl ues of the U

The critical values o f  tylfiaetorstbf crystal habit faces of biphenyl in methanol,
toluene, and from the melt were calcula{gd@] and naphthalene in toluerj&g] in
Table2.4.

Table2.4.The crtical values of twhaeorsf crystal habit faces of biphenyl and

napthalene

|
Biphenyl 2.67 3.4
Naphthalene |2.57 3.4
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Bourne and Davey79 [80] considered solvent effects and calculatioh t he U f &
for the growth of hexamethylene tetramin (HMT) from vapour and from aqueous and
ethanolic solutions from the heat of solution, from the entropy of solution and from the
surface energy. The predictiontobbg r owt h  mec hani egarefinkedto t he
the observed growth rokanism using data fitting. Thd f act or cal cul at
vapour phase correctly predicted a BCF growth mechariismever t he frain v al u
aqueous solution agreed with linear kinehechanismand a BCF mdwanisn from

ethanolic solutioa

2.6 Design of crystal and particle properties by

crystallisation

2.6.1 Background

Variation in the crystallisation process conditions can make a significant effect on the
physical propertieGhermodynamic, kinetiandmechanical propges) (Figure2.22) of

the resultingnaterial

properties: Surface area

Vv

V Melting temperature V Surface free energy
\
Vv

(Tm) and sublimation Interfacial tensions
temperature (&) Crystal habit
Thermodynamic
activity

Entropy and enthalpy
Heat capacity
Solubility

properties:

V Hardness

V Tensile strength
V Compactibility,
\

Stability
Dissolution rate
Rates of soliestate
material reaction

tableting
Handling, flow
and blending

< S <
<<<

Figure2.22 Summary of physical properties of a crystal

In some cases, minor changes in crystdlbsa conditions, for example, the

supersaturation, temperature, cooling or evaporation rate, and the presence of impurities
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can provoke significant changes in the particle size, shape, purity, and defect structure
(twinning). Changesof factors in the crydallisation processes can make major
alterations in the thermodynamic and mechanical propertiescoystal. Hence, the
supersaturation of solution needs to be controlled to obtain the crystal forms and size to
meet the drug specifications, e.g. the disson rate and bioavailability. In addition, the

size and morphology of crystals have effects on their downstream processing, e.g
separation, filtration, flowabily, compactionetc. [8]]. In the following sections, the
effects of these crystallisation parameters omptioperties otrystals(Figure2.23) will

be discussed in more detail.

_lyoldlloallUl|

_Impuriies

Figure2.23 Diagrammatic route map of the influence of crystallisation conditan crystal

properties

2.6.1.1 Supersaturation

The supersaturation of a solution can be generated by adjusting the solute concentration
in the solution, i.e. solvent removal, addition of salts with ions which participate in
precipitation, temperature change] change and addition of an antisolvent decreasing
the solubility of the solute. Supersaturation can have a profound effect on the crystal
growth, resulting in morphological changes in the crystallising compound over a range
of supersaturation, e.g. Mdrplogy of snow crystals exhibits various shapes under
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different crystallising conditions and only shapes grow under specific conditions
(Figure 2.24).

Tomozawa[81] studied the modification of octotiamine crystal habit underecsffit
crystallisation conditions (i.e., supersaturation ratio, pH, temperature, and impeller
speed). With a pH value from 4.3 to 4.0, a decrease in the supersaturation ratio, and the
impeller speed, octotiamine crystals for tableting powder showed a rsagtlution

rate but an excellent flowability (less adhesive) and compressibility comparing to a
conventional method. Kardum et [@2] studied the influence of cooling profile on an
unseeded crystallisation process of pentaerythritol. The step and optimal cooling profile
produed agglomeration and crystals with a wide crystal size distribution. For a linear
cooling profile, crystals appeared with the wide crystal size distribution and without
agglomeration. Optimal cooling profiles provide the narrow crystal size distribution
without agglomeration. Supersaturations can influence the nucleation rate, thus
changing the mean patrticle size. The number of nuclei produced was found to increase
with increasing supersaturation with the size of crystals decreasing. However, large

crystalsare the most frequently produced at low supersaturfgign
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Figure 2.24 Morphology diagram of snow crystals showing various shapes under different

crystallising conditions and only shapes grow under fixed condit&fs

2.6.1.2 Solvent

The production of pharmaceutical compounds often involves crystallisation from

organic solvents or mixtures of solvents. The solveminposition influences the

49



Chapter 2. Crystal and Crystallisation Science

nucleation rate, the relative growth rate of each crystal face, and, thus, affects the shape
and the size distribution of the product crystals, e.g. a solvent screendygveis
carried out by crystalliag different crystal fans of tolbutamide from different solvents
and studying the dissolutidmehaviourof its different crystal forms. Crystalline forms
obtained from methanol and ethanol had the smallest particle sizeljkgatbapes, and
higher dissolution rates whilst ystals produced in acetone, ethyl acetate, and
tetrahydrofuran had larger size with needle, cubic, and prismatic crystal habits,
respectively, and had lower dissolution raf85]. Carbamazepine crystallised froen
drowningout method using an ardblvent has needléke shape morphology. However
polyhedral shapes were obtained from alcohol and thin-jk&teshaes werefound in
acetone by reducing temperature aisthgsolvent evaporation crystallisation methods
[86]. Nokhodchi et al.[87] studied the effects of solvents and crisation
temperature on the crystal habit of phenytoin. Variation in the crystallisation
temperature was observed to change the crystal size. Nixedteystals were obtained
from recrystallisation of phenytoin in ethanol whilst rhombic morphologieg ¥eemd

in acetone solutions whilst the thin plates produced by the droveningiethod were
found to have a higher compactibility when comparing to crystals formed using the

other methods.

However, the understanding of the solvent effect on crystal &rine molecular level

is still not completely resolved. Lahva and Leisero}&8] proposed thatavourable
interactions between solute and solvent on specific faces carpl@acktiuction in the
solidliquid interfacial tension. Hence, the activation energy for nucleation on the
crystal surfaces is reduced causing a transition from a smooth to a rough interface and a
concomitant faster surface growth. Alternatively, it hasnbpestulated that, solvent
molecules can form strong bonding with the crystallising compounds, with the-solute

solvent dissociation directing the nucleation and growth {8&s

2.6.1.3 Impurities or additives

Impurities or additives can have a substantial effect on the kinetics of the nucleation and
growth of a crystal. Some impurities can completelyasgle or inhibit the crystal
growth, whilst others act selectively or with a certain degree on specific crystal faces,

consequently changing the crystal morphold@y]. Structurallyrelated substances
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which are introduced into the crystallisation solution for specific purposes or
compounds that have resulted from the synthesis or degradation of the desired product,
represent the common impurities found irgamic fine chemical$90]. Additives are
frequently used in pharmewtical technology to modify crystal habits. The mechanisms

of inducting crystal habit modification and/or the stabilization of polymorphs by
additives related to the incorporation of additives into the crystal surfaces, thus
changing the characteristic$ thhe adsorption layer at the interface during the growth
[26]. In this, additives can dock onto the crystal surface by adsorption, and subsequently
block the absorfion and incorporatin of solute molecules on the crystal surface.
Through this, they disrupt the crystal surface and/or the crystal lattice based on size,
shape, position, structure and hydrogen bonding capability of their functional groups
[90].

Beyond above mentioned examples, there are several other fagtrsas mixing
intensity, crystalliser geometry on the crystals properties (shape, size and crystal size
distribution)[91], pH effects on the impurity of final produd¢&2].

2.6.2 The interrelationship among the structure, properties,
performance and processing of crystalline material

Sun [28] analyged an intedependent relationship among the structure, properties,

performance and processing of a dregy(re2.25).

Figure 2.25 Inter-dependent relationship among the structure, properties, performance and

processing of a dru@8].
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This requires linking the disciplines and culture of material scistroeture and
property relabnships, chemical engineeringprocessingand manufacturing quality
management. The performance of a drug product including efficaajgty,
manufacturability, stability, solubility and bioavailability of a drug depend on its
structure and properties. For example, solubility and dissolution rate are significant
factorswhich rely on the selection of crystal forms (different packing/andlifferent
conformations of the molecules) for the formulation of a drug since these properties can
be expected to influence the absorption of the solid dosage form. Bioavailability is a
measure of the rate and extent of the absorption of API and lbancke a decisive

factor in terms of a drugds overall ef fi

Moreover, the corresponding properties of a drug can be mechanical and
physicochemical properties which are affected by structures at molecular, crystal,
granular, bulk powder, and finishettug product levels. An example of a structure
property relationship is provided by acetaminophéigure 2.26). For the monoclinic

form | crystals, molecules are hydrogeonded and form zigzag shaped layers which
interlock and prevent sliding under the influence of a shear stress. For orthorhombic
form 1l crystals, molecules are hydrogeanded forming flat layers with relative large

spacingfavouringplastic deformation and better tableting performgd®&g.

Figure2.26 Molecula packing in crystal structure of acetaminophen (a) form | (monoclinic);
(b) form Il (orthorhombic]28].

In addition, crystal structure and packing related tacfional groups exposed on the
surfaces and the elasticity of a crystal impact on the compressibility and powder

compaction, which is an important aspect of tablet manufacturing. Tablet tensile
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strength is affected by both bonding area and bonding stremgtha unit bonding area
[94]. Hence, dgdte identical molecular structure, the bonding strength over a unit
bonding area may be slightly different due to the different functional groups exposed on
crystal surfaces which is affect to the powder tabletability of a ma{@&hl(Figure

2.27).

Farticle size, shape

astICIty, elasStCl

(compressibility)

(tabletability) rystal’structure

(compactibility)

the surfaces

Figure2.27 Relationship between crystal structures dredgowder tabletabilit}28].

However, the structure affecting the properties and performance can be modified by
processing such as chemical synthesis, crysiibis, milling, granulation, and
compaction.

In summary, a minute change in crystallisation process or formulation can influence the
final product quality. A understanding of the intelependant relationship among the
structure, processing, properties goefrformance not only enables the high quality
solidform product to be more easily managed amhtroled but also facilitates
designing and optimizing a formulation and crystallisation process. Hence, a
development of precision pharmaceuticals demandetailed understanding of the

structure, properties, performance and processingref&ionships.

2.7 Crystallisation characterisation

Polymorphism andhe shape of crystalline materials can be identified and characterized

by a range of analyticahethodssuch as microscopy, scanning electron microscopy,
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transmission electron microscqpifferential scanning calorimetry (DSC),-Ray
diffraction (XRD), powder size distribution analysis (Malvern Instruments) and DVS
etc. In addition, spectroscopic technigusuch as FTIR spectroscopy, Raman
spectroscopy which have afforded the detailed information on molecular structures and
interactions in a solution have addressed the importance of solution clusters and

precursors in determining the outcome of crystal palgphs ad morphology.

2.7.1 Optical microscopy

The simplest andnostimportant tool used to characterize the crystal shape and crystal
growth rate is using microscopy. There are two types of microscope that hausbden
widely for the characterddion of pdymorphs: optical and electron microscopy. In
optical microscopy usingolarised light provides an excellent technique to improve the
quality of the images obtained from birefringent crystals which have more than one
refractive indexwhich are doubly refreting [42]. In polaried microscopy, both a
polariser positioned in the light path somewhere illuminating the sample together with
an analyser are needed. When the polatisn direction of the polariser is aligned®90
with respect to the analgg a situation know as using crossed polasis, the empty
field of view is black. When an anisotropic material is placed onttge Letweerhe
crossed polarers, it will show bright contrast if it is not at the extinction posi{ibg.

The differential interference conttagDIC) and phase contrast techniques are

complementary approaches for producing high contrast images of transparent objects.

2.7.2 Differential scanning calorimetry (DSC)

DSC is a popular technique to study polymorphs for their identification and
characterizion and to determine any phase transformation between forms. Since
polymorphs have different crystal structures, their phase diagrams and melting points
differ. DSC monitors the temperature difference between the sample and the reference
during the heatig or cooling cycle. It is based on the principle that the thermal event of
melting or crystallisation will cause a temperature difference between the sample
reference when latent heat is either absorbed or released. The difference in temperature
between lte sample and reference can be converted to the heat flow, which can be used

to calculate the enthalpy of fusion. DSC data can provide information such as melting
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point, crystallisation point, solidolid phase transformation, chemical reactions,

measurenm of heat capacity and changes in heat capacity.

Reference and sample are heated up and cooled down to a temperature at a constant
rate. DSC measures the difference between the sample and the reference and presents
the differences in diagrammatic formhe peakgepresent the crystalline and melting
temperature respectively. The integration of the under curve area can give the energy of
the thermal change.

2.7.3 Attenuated total reflection ultraviolet visible (ATR UV/Vis)
spectroscopy

Ultraviolet-visible (UV-Vis) spectroscopy uses light in the ultraviolet and visible
wavelength range. In this range of the electromagnetic spectrum, the absorption of this
radiation makes a change in the electronic energy level of molecules which causes
electronic transitions réom the ground electronic state to the excited statee
absorbance of the attenuation of the reflected beam can be measured by the logarithm
between the intensities of the incident ligh&uhd of the reflect light I
I 2471
A= |ogl_0 ( )
According to the Beektamberts law:
| 242
A = Iogl—0 = &b (2.42)
whereA,, is the absorbancejs the transmitted intensitig is the incident intensityy is
the path lengthC is the solution concentration (mol/L), afiis the molar extinction
coefficient (or molar absorptivity) which depends on the properties of the solute and

solvent.

An UV-Vis spectrophotometer includes key components such as ligitces,
monochromator, detector and a holder for cuvettedaining sampleg~igure 2.28). It
can be either a single beam or dual beam. In a single beam, all of the light passes
through the sample cell, inust bemeasured by removing the sample. In a doblelam
instrument, the light is split into two beams before it reaches the sample. One beam is

used as the reference; the other beam passes through the sample. The reference beam
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intensity is taken as 100% tranission (or O absorbance), and the measurement

displayed is the ratio of the two beam intensities.

Deuterium and quartz

Slit Slit
halogen lamps H H
|] \':"3.':_-- Sample in

Monochromator auartcell 5 o

Figure2.28 Schenatic diagram of a UWis spectroscopy

The mechanistic working of ATR (Attenuated Total Reflection) based on light passing
from a material with high refractive index (ATR crystal at the tip of the probe) to a
material with lower refractive index (solutiprirhe light enters the solution and can be
partially absorbed by the solute before being reflected back into the ATR probe. The
reflected light is therefore attenuated, resulting in a reduction in the output signal due to
the absorbance of the solutidrigure2.29). ATR can be practically implemented using

a fibre optic immersion probe which can be inserted into a saturated or supersaturated

solution to study solution concentration.

no< Ng

prism

light beamn

Figure2.29 ATR probeusing 3bounce sapphire ATR crystal

In this, the fibreopticsis used to transmit lighto and from the probe from the UV/Vis
spectrometer. ATRJV probes are suitable for the direct measurement of strongly
aborbing solutions (high solubility solutions) where standard transmission probes

cannot be usedd combination of PAT tools and solgtate analyticatechniqueso
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investigate the polymorphic transformations during the antisolvent crystallisation of
sodium benzoatefrom IPA/water mixture to dentify the form of the polymorph,

hydrate, or solvate and investigate which forms exists under the confi@tjns

ATR-UV probes are suitable for the direct measurement afigiyabsorbing solutions

(high solubility solutions) where standard transmission probes cannot be used. The
measurement approach has some significant advantages: (a) no sampling; (b) solutions
need not be diluted; (c) applicable to measure-Bmlds conént slurries odine; (d)

easy to set up with a flexiblgbre-optics connection to the probElowever, a high
concentration solution may cause a crystallisation process and the crystalepoait

on the ATR probe. Therefore it is necessary to clearptbbe properly with solvent.

For a particular material, a calibration model has to be built from a series of spectra
recorded at various concentrations and then this calibration model can be used to obtain
in-situ concentration and supersaturation in actmato monitor and controlthe

crystallisation process.

2.8 Closing remarks

This chapter reviewed and discussed the fundamental theories of crystallisation
including the basic crystallography, crystal chemistry, stages of crystallisation process
explainingnucleation and growth process, particularly in the influence of crystallisation
environmental conditions on crystal morphology and sizes. These theories are a
foundation forthe study and understandirgj crystallisation processing, whichill be

used inchapter 6 and 7 in this thesiBhe importance of polymorphism, size, shapes of
particles, and the effects of crystallizing conditions, e.g. supersaturation, solvents,
impurity etc. on the quality of final products have been reported and discussed. The
corcepts for the morphological simulation prediction in salidte materials have been
described. The chapter reviews some novel and important aspects in crystal science and
engineering such as the interrelatemmong the structure, properties, performanuog a
processing of materialnd the possibility to predict and control final product properties
from a very early stage of research and developmetiteainoleculr scale and the
significance and potential applications of computational methods in crysateand

engineering.
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3 Crystal growth rate kinetics and

mechanism

Summary:

This chapter reviews research regarding thelioe measurement of crystal growth
rates, together with aspects concerning crystal growth rate dispersiodesutibes the

expected crystal growth kinetic mechanisms as a function of solution supersaturatio
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3.1 Introduction

The physical properties of active pharmaceutical ingredients (API), such as particle
sizes and shapes, can play a significantly importantimalee downstream formulation

of ingredients into the practical drug dosage forms. The growth rate of each
crystallographically unique crystal face is likely to be different depending on the growth
environment such as supersaturation, temperature, selaadtimpurities etc. mindful

that its surface chemistry will be different. This, in turn, result in a change of the
morphology of crystals. There are various methods for the measurement of the growth
rate of crystal§96] which can be either carried out on the measurement of the linear
growth rate on specific faces a single cystal or by estimating an overall linear growth

rate from the mass deposition rates on the bulk mass of a large number of crystals. The
single crystal measurement method avoids the impact of other physical phenomena such
as thecollision of crystals witlother objects, e.g. the wall of the vessel or other crystals

that may have an effect on the growth kinetics

3.2 Expression of crystal growth rates

The crystal growth rate can be expressed as a mass depositionsrétgni¥s™) and a
mean linear velocityms?) or an overall linear growth rate G (H)426:

2 + YA -—— —m' —m— —m— —mO (3.1)

wherelL is the characteristic size of the crystalis the radius corresponding to the
equivalent spherg; is the crystal density;)andb is the volume and surface factors of
the crystalsmandA is the mass and area of the crystal

Thereis broad agreement in the literature that themethree main method496] to

express the crystal growth rate:

(@) The face growth rate (R or v, M/s) is the velocity of movement forward of
the crystallographic faces in the direction perpendicular to the face (hidhwan be

measured on the individual crystal faces over time. Thesesfamgfic growth rates can
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be related to their crystal growth mechanisms. Reflecting the fact that different faces of
a crystal may have different growth rates under the same tisatiah condition. In
particular, the higher index faces can normally be expected to grow much faster than the
lower index faces. Therefore, the growth rates of the individual crystal faces cannot be
considered as an effective measurement of the oveoaltig rate and the growth rate of

individual faces (hkl) should be measured to assess the overall growth kinetics.

(b) Overall mass growth rate, gR(kg/m’s) is the total mass flux to the
crystallographic faces and is used to express the average growibf thte whole

crystal

1. dM. | . o ..
=—*—C¢ IRs =—a VA (3.2

ST A

whereM is the mass of crystalic is the surface area of whole crystal; afg is the

area of face hkly is the face growth rate amgy is the area of theates on a crystal.

Measurement of the bulk mass of crystals usually is used for calculation and design
purposes for batch procesg$6§], in terms of determining the mass transfer rates under
controlled conditions e.g. supersaturation, temperature; and for assessuepsEndent
growth [26]. In this approach the determination of the overall growth rates can be
conducted by a gravimetric method, i.e. through weighing the crystals mass formed as a

function of time.
(c) Overall linear growth rate is the rate of clyge of characteristic dimension:
_dL (3.3)

G and R can be related as follows:

(3.4

RG=i*dMC= 1 d(arCL3):3a4£:3arCG
A. dt  pL* dt b dt b

60



Chapter 3. Crystal growth rate kinetics and mechanism

It is essential to characterise the shape of the crystal when using overall growth rate,

where
0 18 & (3.9
6 18 (3.6)

whereUis the volume shape factor abds the crystal surface shape factor. If crystals
are spherical or cubi® / =) then

Rs :%rC.G (3.7)

This expression isommonly applied for the population balance theory. The population
balance method related to the crystal size distribution (CSD) was firstly applied to

crystalkinetics by Randolph and Larsg@7]:

(3.8)

Tt

wheren is the population density per unit voluméjs the total suspension volume of
the crystallizerG is the linear growth raté, is the crystal size and t is theng

3.3 Growth rate dispersion (GRD)

Growth rates of crystals of the same material and size, when exposed to identical
conditions of supersaturation, temperature and fluid dynamics, do not grow at the same
rate; this phenomenon is known as growth rate dsspef21, 25, 98, 99]. Whilst Size
Dependent Growth (SDG) is the phenomenon by which crystals of different sizes grow
at different ratesgrowth rate dispersion (GRD) is a phenomenon where similar sized
crystals grow at different rates under apparently identiaadlitons of supersaturation,
temperature and hydrodynamics.

This phenomena was first reported by White and Wiig8t who foundthat an initially
seeded crystal sample which possessed a narrow size distribution of sucrose (size
500¢m) and aluminium t54d rnoyodveda xispdrgon ofr y st

growth rates when the population of seeded crystals grew.otkisrrencehas also
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been observed in many other cases with different crystal materials and sources. Their
results revealed that when seed crystals with a narrosvraizge were grown for a
period of time, the resulting product crystals showed a very wide size distribution. This
was demonstrated by Wang and Mersmgt®] and Mitrovic [10]] also shown that

there may be a correlation between the initial crystal sizes and the growth rates. The
growth rate dispersiowas alsambserved for primary nucleated ADP cryst@§]. With
individual crystals having their own growth rates and retaining their initial growth rates
over a long period of time.

Garside and Larsofil0Z studied the growth rate dispersiohpotash alum crystals

The number of crystalswimi ni t i al si ze bigger than 10
of the supersaturation, while particles
to be independent of the supersaturation level. Rusli 1@ generated potash alum
crystals in the sizerange of25e m t hr ough attrition, e.g.
alum crystal with a steel rod and fracturing small particles off the large crystal.
Particles below 4 em grew at a very sm
presenteda strong dependence afogvth rate on the initial sizeSherwood and Ristic

[104 studied the influence of mechanical stress on the growth rate of materials
suggestingthat there was a competition between stress reduction and dislocation
enhancement of the growth rate of secondary nuclei causing the growth rate dispersion

Because the incidence of the variations of growth rate of the uniform sized crystals
affects te CSD of the product crystals and hence product quality, much research has
been performed to study the source of GRD. There are three types of factors which are
able to describe experimental data, the Constant Crystal Growth model (CCG), the
Random Fluctu#gon model (RF)[105 and ag roofwaesrts-@r, o wesrl sobv mo
(FGSG)[10q.

The CCG mode]20] which proposes the constant relative growth rate of each crystal
along the growth periods, with differegrowth rates for the different crystaighich
might differ even for crystals of the same size growing under identical conditions.
this mechanism, nuclei are formed with a distribution of gronaths and at constant

crystallisng conditions, with edtnucleus showing a constant but different rate.
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The RF model proposed the growth rate of a crystal fluctuates around an average
constant growth rate which might be caused by the change of surface structure versus

time resulting in a growth rate deviation a particular crystal surfagk0y.

Daudey[106 proposed the FGSG model in which proposed two types of growth rate
that have an influence on the population of secondary nuclei crystals to interpret theses
growth rate dispersions. The larger crystals produced by a surfadingenechanism

by which the surface growth features such as macrosteps are removed by attrition. The
smaller crystals, produced by a mechanical breeding mechanism, are likely to contain
more strain, thus growing with logrowth rate. Ristic et 4l19] studied the growth rate

of sodium chlorate crystsize 51 50e m) grown from secondar
growth ate of crystals depended on the degree of lattice strain. The most strained
crystals grow at the slowest rates and the strain focused on or in the surface of very

small crystals might play l@adingrole in growth rate dispersion.

3.4 Techniques for studyingcrystal growth rate

Currently, there have been various techniques studied previously for the characterisation
of in-line crystallisation processes and for monitoring and measuring of the crystal
growth ratesusing optical light microscopy techniques, -ne high speed imaging,
atomic force microscopy (AFM), interferometry, laser polarizatrdarference
techniques, laser confocal microscopy with differential interference contrast etc.
However, different systems and applications require different methear example,
transmission light microscopy is used for the growth rate determination of crystal faces
while interference contrast or phase contrast microscopy is applied for measuring step

velocities where steps are sm&6)].

These techniques are described in the following sections
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Table3.1 Microscopy techniques for studying crystal growth kinetics and mechanisms

Technique Applications
Optical light V Characterisation of crystal morphology aside
microscopy as a function of crystallising environment.

V Measurenent of crygal growth rate of
individual crystal habit faces and identdtion
of growth mechaniss

V Determination ofnucleation and crystal growt

kinetics insitu

Online high speed V Measuremenbf crystal growth rate in agitate

imaging vessel by measuring CSD

V Monitoring of shape evolution and polymor
transformations

V Investigation of the effect of hydrodynamig
agitated speed, supersaturation, impurities
on the nucleation and growth kinetics

AFM V Examination of surface topography to sty
crystal growth rmechanism due to its imagin
capability at high resolution

V Measurenent ofgrow rates of crystal habit face
through observing the growth of steps on
surface

V Study of solvent or additive melcules
interactions with crystals faces

Interferometry V In situexamination of surface steepness, surf
V Measurenent of step velocities angrowth rate
of crystal face and identification of growth

mechanisms

3.4.1 Microscopy technique

Optical microscopy employs a series of objective lenses and a visible light taiymagn

the images of a sample. Microscopy techniques equipped with a video camera and
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commercial image capturing and analysis software has been employed to nieasure
situ the velocity of the moving step and the growth rate of individual faces during
growth pocess[5-8, 98, 107, 108. For example, Davey studied the effect of the
supersaturation on the growth of the (100) faces of ammonium dihydrogen phosphate
(ADP) [7] and the effect of ionic species (Cs®H,0; FeCt and AICE) on the growth

of the (101) and (100) faces of ammonium dihydrogen phosphate (AD8])and the
growth kinetics of the (001) and (100) face of urea in two cases: pure solution and with

presence of biuret as an impurji6}.

The use of digital videmicroscopy together with computational methods for analysis

of captured images has also been demonstrated so far, a hot stage adapted to a
polarizing light digital videemicroscope accompanied by a corgtional method to
investigate the growth rafd1]. An algorithm method was used to extracbwgth and
nucleation data by subtracting grey pixel values corresponding to positions on pictures

which can relate to the new growth of either nuclei or of growing crysitélls

From the growth rate data as a function of supersaturation, the mechanism of crystal
growth was investigateld 0, 66, 10§.

Furthermore, the estimation of growth réde different crystal faces through-process
imaging and image analysis in mutimensional population balanceodelling(PBM)

to study the growttbehaviourof crystal sizes in a react¢i4]. The norphological
population balance model has been used to simulate the dynamic evolution of the shape
distribution as well as sizéistribution by incorporating crystal shape information with
faceted growth kinetics data. This has been demonstratedghmdmic acid[109,
protein[11Q], [27].

A microscopy system has been employed for the study of kinetics and growth rate of the
crystallisation process efficiently and conveniently, particularly in the growth rate of

crystal habit face

3.4.2 On-line high speed imaging
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This technique is able to capture high resolution images of particles in agitated reactors
and propose the possibility of re@he particle analysis using online higheed camera
systems in[14, 17, 18]; Process Vision and Measurement (PVM) of Lasentec and
Mettler Toledo Ltd[111]; In Situ Particle Viewer (ISPV) of Perdix. Wang e{ &¥| the
growth rates -shapedbtglufamic awid oryestalsl in @D using tine
imaging and imaging analysi&ifure 3.1). Calderon De Andat al.[12] characterized

the crystal morphology, size and shape together with tysat growth rate of (L)
glutamic acid which exhibits two polymorphs, alpha and beta using tH@eoand

automated techniques for the réiale shape measurement via analysimg segmented

images
Temperature, pH and
turbidity measurements
v BN\,
Data interface board e -
AID < '

Imaging

l window

WinISO Process control Temperature High-speed camera
On-line process Control 5 1 -
data display Bath H

Fibre optics

Fibre optic light

~ Camera Strobe source
Interface s

L L

Figure 3.1 An example ofthe experiment satp for measurement of the growth rate of L

glutamic acid using online imaging syst¢hT].

The above examples of-process digital video microscopy for process monitoring and
measurement of crystal growth rate proved that thisniqoke has been developed and
improved. However, Wang et 4l17] reported that though dime imaging has shown

to be the most promising technique for-lare measurement of crystal shape within
reactors, however it was limited in 2D imaging. Hence, future research and
devdopments should investigate imaging techniques that provide the capability for
direct 3D information. Li et al[13] studied a new method for integrating crystal
morphologicalmodelling with in-situ shape measurement using-lore microscopy.

The 3D shape obtained dm morphologicaimodellingwas rotated to get-B images

and then matching was carried out between theBeirdages and real-B images

acquired from an ctine imaging instrumentHigure3.2).
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|y -
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Figure3.2 2D projected image of{glutamic acid generated through predicteld 8hapes [22]

The use of inprocess digital video microscopy for process monitoring and potentially
control of product form is highly desirabko far. A recent development in -ine
crystal morphology measurement and control is usindinenimaging and image
analysis to measure crystal growth rate for each individual crystal within crystallisation
reactors, which could open the way for the @lepment of precisiom-situ control of

the growth process and final product quality control.

3.4.3 Focus beam reflectance measurement (FBRM)

FBRM employs a laser light source and a set of lenses to focus the laser light to a small
spot (a focal spot). Pactes will be located in the scanning focused spot and backscatter
distinct pulses of reflected light. These pulses of backscattered light are detected and
translated into chord lengths based on the simple calculation of the scan speed
multiplied by the pude width (time). The chord length is distant from one exfghe
particle to another edgi this technique, a correlation between the numbers of counts
per second, the cofldngth distribution of particles and particle size can be achieved
(Figure3.3) [112.

This technique integratedithh FTIR/ATR can provide a real time measurement of
dimension and number of crystals for the nucleation rate and crystal growth rate
measurements as a function of supersaturd®@n23] and studying growth kinetics

and growth mechanisnj24]. Markand€g 23] used Lasentec éwsed beam reflectance
measurement (FBRM) and an-line process refractometer for monitoring aqueous

crystallisation of dextrose monohydrate to evaluate the kinetic constants from the
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growth and nucleation as a function of supersaturation level. Theal dbogth
distribution is related to the crystal size but it does not provide information on the

crystal shape.

Laser Source

FBRM® Probe Tube

Optics Module
Sapphire Window

Probe installed in
process stream \_Focused Beam

Figure3.3 Focused Beam Reflectance Measurem&h?].

3.4.4 AFM

AFM has been a powiel technique in the nanoscale investigation of growth rate and
growth mechanism. It is #to image material surface with high resolution in aqueous
environments, hence facilitating the study of sdiidid interface[113. An AFM

probe mounted at the end of a short, flexibantilever is impressed on the surface of
the studied material and then scanned over the sample along a continuous sequence of
raster lines. As the probe tip translates over the surface, it interacts with the structural
features on the surface, througbilective atomic forces including mechanical contact
force, van der Waals forcesapillary forces chemical bondingelectrostatic forces
magnetic forces causing the probe to be defledibdse deflections are amplified by

the deflections of a laser beam and subsequently detected by a peeasitsiiive split
photodiode(Figure 3.4). Photoelectricircuitry converts the laser beam deflections into
height information113 and AFM has been applied in studying the growth of crystals
from solution both irsitu and exsitu and the data can be recorded as a topological
image and presenteth different visual forms[114. This technique has been
successfully used to investigate the crystallization of profdib4-116, barium nitrate

[117], calcite[118 and viruse$119.
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Detector

\ 4

Laser
Photodiode

Cantilever

Crystal surface
Figure3.4 Diagram of atomic force microscofedraw aftef120).

3.4.5 Interferometry

In interferometer system, an illuminating coherent light beam is split into two beams.
One is reflected by a mirror and another one is reflected by the sample. The reflected
beams recombine in a detector antkifere with each other. The basic-gptof an
interferometer ishownin Figure3.5. The interferometripatterns provide topographic
information on a growing crystal surface. Such microtopographic observai@ons
reveal the growth kinetics and growth mechanisms of crystal habit faces under various
crystallising growth conditions. Interferometric studies have been performed on
paracetamol crystals to investigate the growth kinetics of straining brittle paratetam
and plastic sodium nitrate crystdl21], the growth rate and growth mechanism of the
(101) face of protein atarious supersaturatioft2?, crystal defect§123, and the
influence of additive§124, 125.

%
ﬁ e Beam ~
+—> splitter < ]
Laser
[
_ W
Mirror
Detector

Figure3.5 Schematidiagram of interferometry system (redraw afte21]).
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There are also other techniques such as laser polarizatgsference techniques and
laser confocal microscopy with differential interference contrast microscopyl P
employed laser polarizatieinterference techniques for the measurement of the growth
kinetics of (100) KDP crystal faces the presence of polyphosphate as the function of
various supersaturation and at different concentration of impurities. Experimental data
was correlated to a twdimensional nucleation model for a pure system and Kubota and
Mul I i nd s mowdtledresehae of inpuriees. c a s e

Alexander [127] compared three obsen@t techniques (AFM, Michelson
interferometry, and laser confocal microscopy with differential interference contrast
microscopy) through the growth rate measurement of protein crystallisation for the
investigation of crystal growth kinetics. Growth rateasigrements were carried out on

the same system under identical experimental conditions using the three above different
techniques showing differences up téot in growth rate and a differebehaviourof

the growth rate as a function of supersaturafidre explanations for these differences

are differences in mass transport at the crystal interface dietagacquisitiomnd data

acquisition rate

In summary, a field of application of these techniques was provided for the choice of the
optimal measwement technique in crystal growth studies. The growth rate measurement
of a population of crystal in stirred reactors is usually employed usiAmerigh

speed imaging or the FBRM to investigate the size distribution as a function of time. In

this study the microscopy technique was suitable and mainly used throughout to

measure the growth rate of individual crystal faces of spontaneously nucleated single
crystals at relatively high supersaturation, and the detailed methodology for crystal

growth rate masurements is described in chapter 4.

3.5 Choice of experimat system for measuring crystal
growth

3.5.1 Crystallography structures
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Ibuprofen (2(4-isobutytphenyl) propionic acid, GH1s0, M = 206.28g/mol, melting
point: 76C) is known as a nosteroidal antinflammatory drug (NSAID) that has been
used to relieve pain, cold, fever and inflammatimprofen has one stereocentre so it
can exist in two enantiomeric forms S(+}ibuprofen and R)-ibuprofen. The
commerciallyavailable product is usually the racemate since it is difficult to separate
the two enantiomers. Cheminor Drugs have developed a process for production of the
pure Slbuprofen (the active form of ibuprofen) that could deseehy almost half of

the regular ibuprofen dosage and associated side effelgts.inBctive R form is
unfortunately converted to the biologically active S form within the tsmdthis process

is unlikely to have commercial developmdaf8. Racemic ibuprofen contains both
S(+) and RY) ibuprofen in equal amounts. The solubility and dissolution rate of S(+)
ibuprofenand racemic ibuprofen are effected significantly by the temperature and the

pH value of the solverjti29.

3.5.2 RS-ibuprofen

The racemic (R]S) ibuprofen crystals belong to the space groupcR®ur molecules

in a monoclinic system) and the unit cel
78 6 Ae, c¢c = 10. P.JeeAmystal chemistry 6f Ribupréf@ngnolecules
involves the packing of pairs of hydrogbonded (RXS) dimerg13Q (Figure3.6).

(@) (b)

Figure 3.6 Molecular diagram showing (a) structure and (b) packing in the crystallographic unit

cell of the ibuprofen molecule

The crystal structure of lbuprofen was firstalysed by Shankland et a[13Q. It
consists of centrgymmetric dimers, in hich two molecules are linked by a pair of

hydrogen bonds between their carbogybups Figure 3.7). The OH é O hydrogen
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bonding parameters show a medium strength hydrogen bond withHadi€ance of

0.963 and a @---O angle of 1795 The hydrogen bonding affects thbuprofen
crystal shape by favouring growth in the b directibhe carboxylic acid dimers form
about inversion centres; in this case the inversion centre is at the body centre of the
second unit célup along the b axis. The two molecultsown inFigure 3.7 forming a

dimer are the asymmetric unit and its inversion object two cells up along the b axis.

(©)

Figure3.7 Molecular packingf ibuprofen(a) in the xz plane; (b) in the yz plane and (c) in the

xy plane. A slightly titled projection close to the yz plane reveas fiydrogen bonds are
formed across the unit cell and between molecules 1 and 3 in the unit cell of the first row and

the unit cell in the third row.

The pharmacological mechanism of actionkafprofen is to reduce the effect of irritant
chemicals, prduced by the body, that cause inflammation and high temperature.
Ibuprofen was first produced in the UK in 1969Byotsunder the trade namerigen.

It has a powdery white appearance aad been sold in the form of capsules, tablets, or

powder on the market.
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R-lIbuprofen S-Ibuprofen

Figure3.8 Molecule structures of fibuprofen and Sbuprofen

However, a new polymorphic form ofbuprofen can be obtained by specific re
crystallisaion of the supercooled liquiduprofen. The nucleation of this polymorphic
form is obtained by keeping the temperature at leaSt Gflow that of the glass
transition temperatureqof Ibuprofen (= 228C). This new polymorph melts at 290K

which is below the conventional forfh31].

3.5.3 S-ibuprofen

(S)Ibuprofen crystals belong to the space group RZh four molecules in a
monocl inic, a unit cell with parameters
112.89) and a needkike crystal morpiology when recrystalled from methanol. S
(+)-lIbuprofen crystallizes with two independent moleculethaasymmetric unit with

the molecules packing as cyclic hydrogemnded dimers in which each molecule

adopts an $onfiguration[132 (Figure3.9).

Molecule 1 Molecule 2

Figure3.9 Two molecules of &+)-ibuprofen in the asymmetric unit form a cyclic hydrogen
bonded dimef133.
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3.5.4 Solubility

S-Ibuprofen shows higher solubility, higher dissolution rate and a lower melting
temperature compared with the racemic fdm33 134]. In the crystal structure of
ibuprofen, the hydrophilic parts-COOH) are mutually bonded which results in a
hydrophobic crystal structufd34. Hence, Ibuprofen islightly soluble in water and
more soluble in organic solventsch as methanol, acetone, ethgketate, and hexane.
The solubility of Ibuprofen in various solvents at the temperature rarf@e4m8C were
reported and found that the dissolution elgles  aH, f or thhpoferein syst
ethanol/ethyl acetate) correspond to 24.7 and 25.4 K¥/amd both systems show a
nearly ideal solubilitypehaviour5].

¢
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Figure3.10 Solubility of ibupro'fen in various solvenf$35.

1

3.5.5 Crystal morphology

Crystals of racemic ibuprofen exhibit different crystal habits from prisms to needles and
plates dependg upon the different crystaliregy conditions (Figure 3.11) such as
solventtype, temperatur@and the presence of additives. This material mostly has a

platelike crystal morphology dominated by a large (100) face with smaller {001} and
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{011} side faces. Changes in crystal habit have been reported many5ini&&-141].
Gordon et al[135 reported that buprofen then crystallised at the commercial scale
from hexane and heptane soluBamas needldike and had poor processing properties
This dimulated pharmaceutical and processing researchers to investigate potential
process change to olmaiequant (cube, sphere, grain) crystals with a higher bulk

density, lower bulk volume and improved flowability.

It has been demonstrated that in different solvents it is only the crystal morphology that
changes and the crystal strueturemains after regstallising [137] [141]. While
crystals producedrom methanol and ethanol shows a polyhedral crystal habit,
crystallisation from hexane results in neelite crystals at similar conditions
However, there areno polymorphic modificationsconfirming by X-ray powvder

diffraction (XRD) and differential scanning calorimetry (DSC) studies

Different crystal forms including cubic, needibaped, and platghaped crystals were
obtained from the different solvents, leadinglifferencesin the physicochemic#ll 38

and mechanical properti¢$37] impacting oncompressibility, flow rate, bulk density

and dissolution rate. An explanation for these phenomena was that changes in the
intermolecular packing in the crystal surfa@dtered the hydrogen bonding and other

intermolecular interactions

The properties foibuprofen were optimized in the solvent change technique using the
presence of different watsoluble additive§14(. These additives were only present
during the crystallisation process and were removed after precipitation by a washing
process. Ibuprofen molecules can form hydrogen bonds and the additives that are able to
interact with theséhydrogen bonds during the crystallisation process may alter the

properties of the product crystals.
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~ o

Figure3.11 Morphologies ofbuprofen in various solutiorj43q.

3.5.6 Crystal growth rates

It has been acknowledged that the ddf®¢ morphologies or shapes dbuprofen
crystals are formed by different growth rates of certain faces mediated by the effect of
the growth solvent or addies. Hence, the morphology dfuprofen can be understood
through the measurement of growth rate the individual faces surrounding the
ibuprofen crystal. Both theoretical and experimental studies of the morphology have
shown that the important faces are the {002} and {100} faces. Calculation of the
relative growth rate usinthe attachment energy mettidhasshown that attachment at

the {100} face is the least energetically favourable. SingasEassumed to be directly
proportional to the relative growth rate, {100} is predicted to be the slowest growing
face, and therefore dominates the theoreticalrpimology [13(. The theoretical
morphology of buprofen can be predicted from the intermolecular potential calculations
and attachment energy calculations. The experimental morphology can be explained by
the relative growth rates of crystal faces of Ibuprofen through teeatton of solvents

and growing crystals surfaces obtained from different solNénis3q.

So far there have been quite |l imited st
Rashid et al]15 studied growth rates abuprden crystals grown from ethanbly

adding size proportional growtlseed crystls to an isothermal nemucleating batch
crystallizationvessel angamplingthe resultant crystalduring the batchThey found

that Ibuprofencrystallisng from ethanolexhibits significant growth rate dispersion

Cano, et al[5] measured thgrowth rats of the {100}, {001} and{011} facesin a
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single buprofen crystal using a crystgtowth flow cell. During these measurements, a
crystal was secured thin the cell with the crystal facesf the seed crystal being
oriented with respect to the solution flow in order to obtain reproducible growth
conditions at G4 = 0.013. However, this w
rates for spontaneously nucleated crystals nor were variatithe crystal growth rate

between different crystals studied

3.6 Closing Remarks

There are many methods and techniques for crystal growth rate measurement which can
be applied for different systems and material models. Despite this, little information has
been provided regarding the growth rate at high supersaturations of spontaneously
nucleated crystals nor has the growth rate variations of crystal faces between different
crystals been studied. There have been several simulation and morphotagiedling

works for buprofen crystal and there is no molecular scale understanding on crystal
morphology and the growth rate of individual faces. This Rk@s focused on
investigating the influence of solvent type (ethanol 95%, ethyl acetate, acetonitrile and
touene) at rel ative supersaturation 0 fro
and {011} surfaces of nucleated single (RI®)profen crystals in a stagnant solution at

two crystallizer volume scalsizes; 0.5 ml and 15ml usirggmicroscopy techniquend

the growth mechanisms were assessed through the growth rate data versus
supersaturations. Furthermore, molecutawdelling intermolecular bonding analysis

and crystal habit surface chemistry analysis and calculation of sohesiated
attachment emgy was examined to enhance the understanding of the observed
morphology and effect of solvents on the growth rate of crystal habit faces. The

computational and experimental work is presented in chapter 4.
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4 Materials, instrumentation and

methoddogy

Summary:
The moleular and crystal structure obuprofen, together with a description of the
instrumentations and the experiment and computation methods are presented in this

chapter.
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4.1 Introduction

This chapter describes the ma&éeexamined in this study and the instrumentation and

methodologies employed for its examination. Firstly it presents a brief overview of the

physical

properties and structure together with the details of molecular and

crystallographicmodelling and morpblogical prediction including methodologies for

conformational analysis,

conformer distribution

in solvents and morphological

prediction. Next the experimental sgi and methodology used for polymorph

screening, solubility measurements, and experimetudies on measuring face growth

rates at different scale sizes is presented. The latter includes a 0.5 ml cuvette

crystallisationcell, a 15ml jacketed vessel and a 7ml agitated batch vessel (Avantium

Crystalline platform).

4.2 Materials

Ibuprofen (meltingpoint 7577°C ,

purity

Tokyo Chemical Industry UK Ltd.

O 98%) was

Table4.1 Solvents used in studying polymorphism

Solvents Purity Manufacture
Acetone For residue analysis | Across Organics
Acetonitrile 99.9% LC-MS

Ethanol 95% Sigma Aldrich
Ethyl acetate >99.5% Acros Organics
Hexane > 99% Reagent Plus
Diethyl ether >99% Fisher Scientific
Methanol 99.5% Sigma Alrich
Toluene > 99.8% Sigma Aldrich
Propanol >99% Sigma Aldrich
Xylene > 99% Sigma Aldrich
Isopropyl ether > 99% Acros Organics

obt ai

The solvents usefr the growth rate determinatiomgere: Ethanol 95% (the azeotropic

composition of a binary mixture of ethanol and water) from Sigma Aldrich, Ethyl
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acetate 99.5% Acros Ongas, Acetonitrile 99.9% from LBAS and anhydrous Toluene
99.8% from SigmaAldrich, acetonitrile

Case studyn Pfizer, UK: The material under study was a pharmaceutical compound A.
The material was recrystadid and provided by Pfizer. Solvents usethis case study
were 2Methyltetrahydrofuran (MeTHF) (CHC4H;O) from SigmaAldrich.

4.3 Computational methods

4.3.1 Conformational analysis

The CONFORMER in Material Studigl142] was employed to analgs the
corformational flexibility of the buprofen molecule. The molglar structure for an
isolated buprofen molecule was downloaded from the Cambridge Structure Database
(refcode: IBPRAC). Examination of the molecular stowetrevealed eight significant
torsion anglesvhich wereexamired to investigate the flexibility ofbuprofen as in

Figure4.l.

Figure4.1 Structure of aribuprofen molecule highlighting the potential torsion angles involved
in double bonds and bonds terminated with hydrogen (not including bonds in benzene rings)

In order to have a good representative t@a of torsion angles in théuprofen
structure, an inestigation of the extent of flexible torsion angles was carried out using
systematic grid search of CONFORMER in Material Studio. The extent of change of
the total energy after optimisation was studied when each of the torsion angles was
varied from-180 © 180 degrees with stegngle of 20 degrees and the molecidaergy
profiles were calculated using the Dreidinpgl4d3 force field After selecting
representative torsion angles, two torsion angles were varied-#@Mnto 180 degrees

with a stepangle of 10 degrees and the torsion energy was calculated using a molecular
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mechanics force field in CONFORMER module in Material Studio. Th&dorangles

were kept constrained and the rest of molecule was relaxed and optimized. The contour
maps (torsion energy mgpkr conformational energy obuprofen were ptted and

the conformers of arbuprofen molecule before and after geometry optinosawvere
marked on this energy maphe simple setip procedure for this conformational search

method isshown inFigure4.2.

Download an isolateduprofen molecule
from Cambridge Structure Database

!

Use Conformemodulein Material Studio to
find rotatable torsions ithe molecule

L}

Sekct flexible and represaattve torsion angles

L}

Use the gstematicsearch of the conformational space by
varying specifiedorsionangleswith settings: stefangle,
optimized geometry, force field (Dreiding)

]

Plot the conformational map (energy map) amark the
conformer ofa crystal downloaded fror@SD beforeand after
geometry optimizatioon the map

Figure 4.2 Schematic diagam of conformational analysis using CONFORMER in Material
Studia

4.3.2 Conformational propensity as a function of solvents

Ibuprofen conformers were optimised within the COSMO solvent dielectric
environment for ethanol, ethyl acetate, acetonitriie and neluand statistical
thermodynamics COSM®S calculations were implemented to calculate the
population of conformers in the solution. These calculations reveal the preferential
conformer structure of the early stagestering of cry&llisation of buprofenin theses
solvents and the important building blocks in the formation of these crystal structures.

The calculation of thepropensity ofconformes is shown inFigure4.3. In the first step,

a conformational angsis was performed using the CONFORMER software package in
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Material Studio in section 4.3.1. After the conformational search was complete, the 10
lowest energy conformations generated were further optimized using aqueous media
using GGA/PBE/DNP/COSMO caltations (PBE functional and DNP basis set) in
Dmol3 [144 which is a unique density functional theory (DFT) quantum mechanical
code. The gradiertorrected potentials are PBE functional (developed by Perdew,
Burke and Enzerhof)L45 146. The Conductolike Screening Model (COSMQ147,

a continuum solvation model, was used talgse the stability of the lowest energy
conformers in solution. In the second step, the *.COSMO files generated from Dmol3
were used to calculate the propensity of conformers in ethanol, ethyl acetate, acetonitrile
and toluene at 2& using the COSMOthermoftware packaggl4g. The conformers

will be weighted internally by COSMOtherm using their COSMO energies and their
chemical potentials. Normalized weight factor of molecule in compound was shown %
conformer in mixture of conformelhe equilibrium propensity of céormers was

calculated according to:

. "0Q
. 1] A DT‘(;YQ (4.2)

wherg "Qis a multiplicity of the conformer (i))R is the gas constanfl is the

temperature in Kelvin an@(i) is the free energy of conformer (i) in the solution

A set of 10 representative conformers for ibuprofen were
selected from the conformational analysis results

Input these 10 conformer structures to Dmol3 for geomet
optimization usinghe PBE functional and DNP basic set

Output files: *COS/0 files for each

conformer
*.Cosmo filesof solvents #
(available from COSMO COSMOthermXsoftware
database or generdtifom > W
DMol3)

Normalized weight factor of molecule in compou
(% conformer in mixture of conformgr

Figure4.3 Schematic diagram of the examination of the conformer distribution in salvents
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4.3.3 Intermolecular force calculations

The slice and attachment energiesrecalculated using the program HABIT982] by
summing pahwise the potentiaknergy involved in the intermolecular interactions
between a central molecule and all molecules within and outside the slice, respectively.
Habit98 can operatin several modes: LATT, FUL&tc. withbonding options (0;1, -

2, DM (each intermolecular intaction is assigned a particular numkaown as DM
number). The LATT mode is used for calculation of lattice eneagy theFULL mode

is employed for attachment energy calculations associated with morphological

prediction.

4.3.3.1 Lattice energy and intrinsic synthon classification

Firstly, molecular crystal structures were downloaded from the CSD containing
essential crystallographic data which are used to calculate the partial atomic charges
using the seraémpirical quantum mechanics program MOPAZLY. In order to
obtain accurate lattice energy, a suitable potential function is chosen to calculate the
intermolecular interactions involde The force field was selected according to the
structure and bonds withithe molecule In this study, the energy of each atatom

bond is calculated using MomaffQ] and Lifson[5]] force fields. Lifson force fieldsi

a force field which provides partial charges for the carboxylic group and the alkyl chain
of the ibuprofen molecule, but there are no parameters and partial charges for the
aromatic ring, just considering aromatic portion as aliphatic one. Momany felds f
contain only norbonded terms switching between the van der Waals and the hydrogen
bonded terms, depending on the atatmm distance and the type of the atoms, and a
separate electrostatic interactions teflihe total crystallisation energy (lattiemergy)

per moek is calculated by summing the energy of all atatom bonds within a certain
defined radius and then divided by two. The input file contains crystallography
information for calculating the lattice energy at a series of limiting radius 6f%, 11,

20, 30, 40 Angstroms. The appropriate potential function chosen is investigated through
comparison of the calculated lattice energy with the experimental calculated lattice

energy derived from experimental sublimation enthalpy.
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Vexp= a&@&H 2RT (4.2)

The procedure for morphological prediction is showRigure4.4.

Crystallographic information ciuding
fractional atomic coordinates, unit cell
parameters and symmetry

Atomic charges calculate:
usingMOPAC

Selectedorce field and

LATT mode calculation Lattice energy calculation

Figure 4.4 Flowchart describing the calculation of lattice energy from crystallographic

information

The examination of the intrinsic synthons, referredatointer-molecular interactions
whichtake place withira material,was carried outisingthe bonding optnsto identify

the strong bonds and, particularly constituent a&dom or atom type contributions.

Bonding (or Debug)analysis-1 in LATT mode was usedfor the analysis of the
intermolecularinteractions(its breakdown energy into the attractive, remgsand
electrostatic contributiongn the crystal latticeThe energy contribution of each atom in
the lattice energy (%) and its breakdown in each different type andatbompair were

also examined by €bug?2.

The bonding analysidl in FULL mode wasmployedto analyse the assignments of the
intermolecular bondingincluding thedirectionand strengttof these bondspn each
crystal surface.The display of theintermolecular interactiorof interest e.g the
strongest bonds ohydrogen bonsl associatedwith dimer formation of carboxylic

groupswas performed througDebugDM.
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4.3.3.2 Morphological prediction and determination of extrinsic synthons

The attachment energies were calculated for all the dominant crystal faces generated
using the geometrical BFDH ipciple [48, 150, 151] which states that the larger the
inter-planar spacing, the more morphologically important the crystal Hice will

be. From this, a number of faces which are most likely to be dominant in the crystal
morphology were chosen. The calculated attachment energies related to the relative
growth rate of individual faces were used to generate a-thmeensional mdels of
predicted morphology of the crystal using the SHAPE softy&5&]. The procedure

for morphological prediction is shown Figure4.5.

Crystallographic information including fractional
atomic cordinates, unit cell parameters awnmetry

Atomic charges calculated MOPAC or INTERCHEM

Selet force field, FULL Calculating #achment energy
mode calculations and of individual faces

provide a list of (hkl)

crystal faces Relative face growth

Plot crystal morphology using SHAPE

Figure4.5 Flowchart describing crystal morphology predictions from calculated attachment

energies

Extrinsic synthons referred tsinter-molecular interactions taking place at interfaces
of the materialwere also analysed inthis study.Accelrys Material Studio[142 was
used for cleavinga crystal in a specifiplane to createrystal surface halst This
enabled to examinthe molecular arrangememindthe poperties of the surfacds.g.
hydrophobicity, polar or hydrogdmonding) on dominant crystahabit surfaces The
interfacial molecular interaction of ibuprofaoelvent moleculge.g.the potential of the
hydrogen bonding formatiobetween solvent molees and COOH functional groups

of ibuprofenwas utilised to rationalise the growth rate of the individual crystal surface

habits in various solvents.
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4.4 Experimental method

4.4.1 Polymorph and solvent screening

Experiments of (RS)puprofen polymorph screening veecarried out in a shaker MaxQ
2000 Barnstead/Lalne with a temperature controlled Julabo F25. A set of slurry
solutions of (RS)jbuprofen in various solvents includingplar protic polar aprotic and
nonpolar (ethanol, methanol, propanol, ethyl aeetacetonitrile,acetone,diethyl

ether, isopropyl ethetoluene, hexanand xylene) were prepared in vials. These vials
were agitated in a shaker for a period of about 2 days. The solutions were heated up to
70°C then cooled down and kept constant @ @ recrystallise. The final solutions

were dried carefully in a vacuum oven to collect crystals and observe their shape under
a light microscope. The DSC data were determined using a differential scanning
calorimeter (DSC 820\lettler) (Figure4.6). Each sample was heatifdm 25 to 85°C

at 5C/min in aluminium pans under nitrogen atmosphere. The onsets of the melting

points and enthalpies of fusion were determined using SEAfRvare.

Figure4.6 DSC 820 Mettler used to determine meltpaints of ibuprofen recrystalksl from

series of solvents

4.4.2 Solubility measurements

4.4.2.1 Equipment

An ATR UV/Vis spectroscopy system comprising a Cary 50 from Varian

spectrophotometeand an ATR probefrom Hellma Analytics (Figure 4.7) was
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employedfor solubility determinations of solutions of ibuprofen in all solvents except
toluene where gravimetric methods were used. The material of cdiwstratthe ATR

probe tip is sapphire and the barrel material is made from titanium with an outer
diameter of 6.35 mm. This operates at over the wavelength range from1280nm

and is optimal for the direct measuremait strongly absorbing solutionehere
standard transmission probes cannot be used. This measurement approach had the
advantage: in that it involved no sampling; the solutions need not be diluted; it was
applicable for the measurement of higlids content slurries eine; and it was easy

to set up with a flexiblébre-optics connection to the probe.

Unfortunately the depth of penetration for toluene at the critical angle increases
indefinitely at 319 nm so a limiting value of the refractive index is reached at 319 nm
[153 and hence this technique could not be used for measurements in toldeine an

this case this solubility was determined by gravimetric methods.

Figure4.7 ATR UV-Vis spectroscopy Cary 50 from Variant doyed to measure solubility of
ibuprofen. The inset shows the probe

4.4.2.2 Procedure

A set of saturated solutions witha@ess, suspended solids of (RB)profen in various
solvents was prepared in vials and put in a shaker MaxQ 2000 Barnstehé aith
a temperature controlled Julabo F25. The vials were agitated for 24thearallowed
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to settle for 6 hours to ensure all solids were separated from the saturated solvent. The

saturated solutions were separated from solid phase for solubility measurement.

ATR UV-Vis spectroscopy method: Calibration curves were obtained byiscpa

series of known concentrations of Ibuprofen in solvents over the wavelength range from
300 to 250nm (the characteristic ibuprofen absorbance peak is at 264nm). Saturated
solutions at different temperatures were also scanned to obtain absorbanbesand

the solubilityof ibuprofen at various temperatures was determined from the calibration

curve.

Gravimetric method: One gram of saturated solution at different temperatf@s 15
20°C, 25°C, 3¢°C, 35C was withdrawn and transferred to vials, thivesats were then
allowed to evaporate at room temperature for approximately one week until the
remaining mass of solichaterial was constant with time and then the solubility,

expressed in gram of solutes/gram of solvent, was calculated by the equagtignrfo/
a

i — (4.3)
p a
4.4.2.3 Data analysis
The ideal solubility of crystallinenaterials can be calculated by:
YO p p
Ne W=~ & w (4.4)

whereq H is the enthalpy of fusion anid, is the melting temperatur@btained from
DSC.

For real solutions equation (3.4 i s not valid and the vanot
enthalpy and entropy of dissolution through the ptdte X versus 1/T

.. . YO Y'Y

Ge 0 -y (4.5)
whereX is the mole fraction of solute in solutiose His andae §s are the enthalpy and
entropy of dissolution, respectively;is the temperature of solutiom;, is the melting

point of the solute; anR is the gas constant.
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According to Raoultodéds | aw, the activity

r ,Iis defined as:
) W T (4.6)

wherew is the activity of the solute i in the saturated solution and is given by

oV 2

o
O Y Qone — P 4.7)

wherew denotes the mole fraction experimental solubilify; and o H,s obtained
from DSC in section 4.4.1

Activity coefficients are calculated from the ratio of ideal solubility at a given
temperature and the experimaiy measured solubility at that temperature. The
|l ogarithm of activity coefficient 92 1in
versus saturation temperature T can be fitted as

g OY o (4.8)

4.4.3 Polythermal and isothermal crystallisation

4.4.3.1 Equipment

The Avantium Crystalline platform consists of a mudtactor crystallisation platform

which can fit 7ml crystallisers equippedth threeblade marine impelle(34 x 10 mm)

and overhead and bottom magnetic stirring (8 independent temperature blocks from

15°C up to 156C controlled by a micropcessor controlling a heat andlfier element.
Crystalline provides an inlet for a dry purge gas (typically nitrogen)prevent

condensation on the reactor blocks atettronics Figure4.8). The high qualitydigital

e

visualisation probes are independent of each other, and can be synchronised with the

turbidity measurements aneihtperature profile of each independent rector.

In this equipment, ltere are 2 blocks equipped w#é?.0 x magnification lens and 1

block equippedvith a1.0x magnification lens. There are two operation modes: standard
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mode (only temperature and turbidpgrobe) and particle viewer (temperature, turbidity

and camera for eline particle viewing).

For these experiments to measure MSZW, the blocks were only operated in standard

mode to record the temperature and turbidity of solutions.

Overhead stirrer

Bottom magnetic stirrer

- —

(a) (b)
Figure4.8 (a) A 7ml crystalliser with overhead and bottom magnetic stirring which can be fitted
in blocks of Avantium Crystalline platformgl) Multi-reactor Avantium Crystalline platforms

with parallel 7ml crystallizers with overhead and bottom stirfi]

4.4.3.2 Procedure

The MSWZ studies were carried out for solutioim ethanol 95%(1.4g/ml and
0.98g/ml), ethyl acetate (0.72 g/ml) and acetdgii{0.28g/ml) and toluene (0.65g/ml
Solutions were heated to %D at various heating/cooling rates ranging from @.5
°C/min. The system was held at°80for 30 mins and cooled td5°C a the specific
heating/cooling rate with a stirring speed of 500 rpm overhead and 100rpm bottom
stirred throughout the experiment. These runs were repeated flotmigs for each

cooling rate.

The induction time determinationswere carried out for solwns in ethanol 95%
(1.4g/ml), ethyl acetate @8 g/ml) and acetonitrile (@0 g/ml) and tolueneQ.87 g/ml).

The vials were stirredtaa stirring speed of 500 rpm overhead ab@D rpm bottom
stirred throughout the experiment and were heated’@: &3d hél for 30 mins to make

sure that the crystals were dissolved. The solution was drastically cooled to the desired
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temperature at a rate of ZImin and kept constant at that temperature until the onset of
nucleation. The time at which the solution reacheddaturated temperature was set as
time zero. The percentage of the light transmission decreased at the onset of nucleation
and the difference between the time at which the trettesmestarted to decrease and

time zero was recorded as the inductioretih . Several runs were repeated fron8 4

timesfor consisteng and reproducibility of the results.

4.4.3.3 Data analysis

The dissolution and crystallisation temperatures were obtained at the different
heating/cooling ratesFigure 4.9 shows an example of a turbidimetric profile for
polythermal studies(a) transmittanceand temperature as a function of time gbya

plot of transmitanceas a fuction of temperaturéhe temperature of crystallisation is

determinedat the point at which thieansmitancestarts to drop significantly.
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Figure 4.9 A sample turbidimetric profile for potilermal sudies of 0.72g/ml ofbuprofen in
ethyl acetate at the heating/cooling rate 0.1C/rtlve transnitance and temperature as a
function of time §); plot of the transnitanceas afunctionof temperaturel). From these plots,
temperature of dissolution artdmperature of crystallisation at different heating/cooling rates

wereinvestigated.

The equilibrium MSZW is the difference between the dissolution and crystallisation
temperature and it was obtained at infinitely slow cooling.rdtee dissolution
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tempeature (Tis) and crystallisation temperaturecf) versus heating/cooling rate was
plotted and Fis and Tys extrapolated at®/min to estimate the MSZW.

The order of the nucleation (m), reflecting the cooliate dependence dhe process
was determiadusi ng NyvItds equation

g e L QW L, C s (4.10)
a € "Quwd pasﬁg aE-Qa e aa Yyw .
0
whereb is cooling ratem is the order of nucleatiom;is the equilibrium concentration;

kn is the nucleation rate constabis associated with the molecular weight ap@haxis
the MSZW.

Pl otting | ognkyehllgastraighttline litlo dopeaequal to the order of
nucleation m. The nucleation rate constant can be obtained from the intercept value.

Induction time is a parameter measuring the metastability of the crystallisation system
like the MSZW of slow cooling. The induction tinmi® considered as the time elapsed
between the achievement of saturation and the appearance of the first crystals (see
Figure4.10).

" - 100

50 -
—~ Induction time - 80
S 40 - 3

| |« > S

o Q 60 8
= j= I =
g 30- = £
) —
2 o Tempergture - 40 §
% —Transmittance =
|_

10 1 Isoth | conditions T="C r 20

sothermal conditions T=
\ 4
O T - r 0

00:00:0000:14:2400:28:4800:43:1200:57:3601:12:0001:26:24
Time
Figure 4.10 An example ofisothermal crystallisation forbuprofen crystallising from
acetonitrile: Induction time is the period of time between the solution being saturated at a given

temperature and theppearance of first nuclei dbuprofen (theransmittancedrops indicating
the onset of crystallisation)
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The interfacial energy was calculated usttagsicahucleation theory
\ p ¢’r T vy (4 11)
at FOY a2 aeod

The slope ofthe straight line plot of In() vs. 1/P(Ins)?* was used to determine the

interfacial energy/tension.

The radius of a critial nucleus can be derived by the equation

oo ST (4.12)

where the shape factorsargk 4"~ y=an4 k3 for the spherical

4.4.4 Single crystal growth rate measuements

4.4.4.1 Equipment

The diagram of instrumentation employed in this study is showigure4.11.

15ml crystallization 1 | 7ml batch reactor Avantium : 500mL jacketed vessel|
jacketed vessel | ! CRYSTALLINE platform Optical Perdix EAC probe%
ATR probe

: | i

: | | ! . - : ATR probe i
— !

: T Lo i ; .

. . i |

— ~— Agitated i |

: =L T rea(t:ﬁors b Scale-up % ;
i | I

: : [

| 0.5ml in-situ N : 1

. crystallization cell . : N ! i
i !

Multi-reactor
crystallisation unit

Figure 4.11 Diagram of scaleip crystallisation instrumentatiororf measurement of crystal
growth rate at single particle level (pink block); for measurement of crystal growth rate in a
population of crystals (blue block)

93



Chapter 4Materials, instrumentation and methodology

The growth rates ofaces habit planes {001} and {011gr individual single crystals as

a functon of the growth solvent used and the solution supersaturation were measured at
two scale sizes: a 0.5ml crystallisation cuvette datjre4.12) and a 15ml jacketed
vessel Figure4.13). The crystallisation setup employed for this comprises an inverted
optical polarizing microscope (Olympus Optical INZTor Leica/ Leitz DM IL 096131-

002) integrated with a CCD Lumenera Infinity 3.3 megapixel camera, a PC with Image
Captue and Image Analyze Software to capture pictuhesng crystal growth. The

crystallisation vessels comprised of:

1 A UV cuvette cell 0.5ml (54 x 10 x 1 mm) submerged in a shallow tank of water

whose temperature was controlled by a Haake F3 recirculatibn bat

1 A 15ml jacketed vessel (34 (mm) ID diameter x 17(mm) height), with flat
optical glass dics at the top and the bottom connected to a Huber ministat chiller.
The jacketed vessel was equipped with an ATR UV/Vis spectrometer immersion
probe to monitor the dadution concentration and hence the level of
supersaturation during crystallisation.

¢ ¢ ¢ Illumination

Waﬁ: 1 Water put

(] ® Ol ]
j Thermocouple

Objective lens

Figure4.12 Prototype cell for measurement gribwate of individual facesfaobuprofen
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Temperature probe ATR probe
Flat optical lid
— R .
™ —
s —_—
Waterin —————— s = —
Flat optical base < < Water out

Figure4.13 Crystallisation system set up for measurement of crystal growth rate in a 15ml
jacketed vesse

4.4.4.2 Procedure
RS-ibuprofen solutions were prepared by dissolving solute in ethanol 95% (1.4g/ml),
ethyl acetate (1g/ml), acetonitrile (0.4g/ml) and tolugn8qgml).

For the 0.5ml scale, a pipette was used to transfer the prepared solution into ttee cuve
cell which was sealed and fixed to the bottom of the water tank.

For the 15ml scale, the prepared solution was transferred into the vessel.

The buprofen/solvent solutions were heated t°GGQo completely dissolve all
ibuprofen crystals, then thelations were cooled down to a constant temperature such
as 20, 23, 25 and Z to maintain a specific supersaturat@smonitoringusing ATR
UV/Vis spectroscopynd the system was monitored until crystals were found to appear.
The Image Analyze Softwareas used to capture a temporal sequence of images of the
crystals as they developed.
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Procedure for growth rate measurement for a case study in PfizeiThe cuvette cell

was employed to study the morphology of this compound in piveeHF and a
mixture of ®% of 2MeTHF and 1% of water. Compound A solutions were prepared

by dissolving compound A in-RleTHF (30mg/ml) and im mixture of 99% 2MeTHF

1% and water (18mg/ml). The prepared solution was transferred into the 0.5ml glass
cuvettecrystallisationcell immersed in a tank of water. This cuvette was sealed and
secured at the bottom of the glass surface of the water tank, whose temperature was
controlled using a Huber recirculation bath.

The solutions were heated t0°@0to completely dissolve the solidaterial, and then

the solutions were cooled down to a set temperature corresponding to a specific
supersaturation level and hdlie temperature constant. The experiments were carried
out in 2 conditions: (a) in a stagnhant condititime cuvette cell waslgced at a fixed
position in the water tank, without tilting or shakiray)(b) in a turbulent conditio(the
cuvette cell was placed at a fixed position in the water tank, with random tilting or
shaking to accelerate the nucleatiodyhen crystals are nleated and grown, an
inverted, polarizing video microscope Carl Zeiss together with the Image Capture and
Image Analyze Software was used to capture a sequence of images of the crystals in
order to observe morphology and determine the growth rate oflsrgstag the length
(longer direction) and the width (shorter direction).

4.4.4.3 Image analysis

The dominant faces obuprofen crystals can be indexed by comparing the predicted
morphology and experimental morphology. A titled predicted morphology for ikemprof
showing the {011} and {111}are oriented in the similar direction. The crystal is lying
flat on one of its {100} faces therefore it mpossible to state whether the {11fhke is
present in the experimentalomphology or not. However, the {01Tace 5 muchmore
dominant compared to the {111dce so it is reasonable to assume the growth rate in b
direction was measured for the {011} face.

The growth rates of faces {Opand {011} were measured using two different methods

as shown schematically Figure4.14.
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9 Either the length of a linfom the centre of the crystal and perpendicular to the
projection of the crystal edges f(@01) or (001) and (011) or (A1) or (011)
or (0-1-1) faces (assuming crystaleaymmetric was measujed

1 Or the separation distance between two opposite parallel faces of crystals was

measured and then divided by two.

Figure 4.14 Image of crystal with overlaid aotations highlighting the methodology for the
measurement of growth rate of the individual faces.

Assuming the crystal is lying flat on one of its {100} faces, thelane measurements

were geometrically correctenith the aid of MORANJ 155 to allow for the tilt of the

{001} and {011} planes (80.64and 84.42r especti vely) with res
dominant {10Q habit planeto be taken into accourBecause the face is slightly tilted,

it is seen as an area rather than a single line. Therefore, the edge of the face needs to be
chosen consistently for a series of crystals. Growth rates of crystal faces were
detamined by capturing images at ushafined timeintervals (typically ranging -10

minutes, depending on the growth rate) and then by plotting the distance froemtiee

of the crystals to the faces as a function of time. The slope of the line corretptimels
measured growth ratef the face. Mean growth ratéegether with standard deviatigns

were obtained from between five to eight growth rate measurements on individual
single crystals under equivalent conditiombe coefficient of variatiorior the growth

rate of each crystal face in each solvent and two stads was calculated by the

standard deviation divided by the growth rate of the crystal faces.
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4.4.4.4 Growth mechanism investigation

The growth mechanism was assessed throughdedered fitting functions using the
appropriate growth kinetic models. Birth and Spread (equation 3.6) and BCF (equation
3.7) to plots of mean growth rate versus range of supersaturation to evaluate which
model gives the better fit. Data fitting was carried out usingimear curvefitting in

Origin [156. The quality of regression was measured by the coefficient of
determination R In this, f the value of adjusted’Radj. R) is found to be clos¢o 1,

the plot calculation can be regardecbamgvery strongj.e. showing a high degree of

confidence in the regression model. Tadj. R can be negative when the fit is poor

[156.

4.4.5 Comparison of the growth rate in nonagitated vessel and in

agitated-vessel

There were two techniques used to measure the growth rate of ibuprofen crystal in
ethanol in this section. In the first technique, the growth rate of number of crystals in
agitatedreactors as a function of supersaturation. Crystal size was analysed by Image
analysis software. The diameter of the particle was then calculated as a diameter of a
sphere with equivalent area. In the second technique, the growth rate of individual

crystds was estimated by direct observation from an inverted microscope

4.4.5.1 Growth rate measurement in agitated vessel using Avantium platforms

These growth rate measurements in agitated reactors were carried out in The Avantium
Crystaline platform (sed-igure4.8). Forthese particle size measurements, the 2 blocks
quipped witha camera (2x magnification hs) were employed and the system was
operated in particle viewer mode (temperature, turbidity and camera-fioreoparticle

viewing).

The growth rate ofbuprofen was determined from seeded batch saturated solutions.
0.98g/ml (Tt & 30°C) of ibuprofen in ethanol 95% was prepared. The prepared vials
were placed in the CRYSTALLINE and were heated®ClGbove the satation

temperature for an hour. The temperature was then brought dowtCt@2d 28C with
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10°C/min coolingrate and after 20 minutes tHeuprofen seed crystals were added to
the vials and the system was left at constant temperatures. The images weesl @ta
every 515 seconds and analysed using Process Image Analysis EkpArsoftware

in order to obtain particle size distribution and hencetlezall crystal growth rates

A fundamental limitation of image analysis reflects the difficulty in terms of
segmenting crystal images from the diffuse background presented vittdnim a
concentrated solution. The image analysis software calculatesatnetdr of a circle
that has the same number of pixels detected for the particle, and is refexseah area

equivalent diamer. The supersaturation ragiosed were 0.157 and 0.105.

This was done by calculating the area of the crystal and convartimgrea equivalent

diameter of a circle.

4.4.5.2 Growth rate measurement in nonagitated vessel usingnicroscopy

The growth rates of faces and of single crystals as a function of solvents and
supersaturation were measured using a 15 mL jacketeskl which wa.connected to a
Huber Ministat circulation water bath to control the temperature of the sol&riguré¢

4.13).

The growth rate oflkiuprofen in ethanol was determined from seeded batckrund
saturated solutiongml of ibuprofen in ethanol at concentration 0.98g/ml was prepared
and transferred into the vessel. Solutions were kept at a constant tempers@usa@7

28°C in 30 minutesto ensure the temperature of solution was homoger®esd
crystals were introduckto a stagnant solution in a 7mL jacketezssel. When seed
crystals were grown, an inverted, polarizing video microscope together with the Image
Capture and Image Analyze Software was used to capture a sequence of images of the
crystals in order to anadg the overall growth rate. At each supersaturation, each

experiment was repeated twice to check the reproducibility of the data.

In order to obtain crystal growth rate, further analysis described below must be followed

on each captured image. Firstiyzetcentre of a crystal is defined by drawing two
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diagonal lines from two adjacent corners to the opposite end. Then the distance from the
centre of the crystal to the specific faces were measured by drawing lines perpendicular
to each faceKigure4.15).

{001}

by
h2 b, AL

b,

Figure4.15 Sketch for the calculation of an area afrgstal;from this the equivalent diameter
can be calculated

The area of a cryat can be calculated by
A = Y*a*h + Y2 *a*hot+ [Y2 (ata) [*[Y2 (bitby)] (4.13

From the calculated area of crystals during the period of time, the overall growth rate

(equivalent diameter) can be estiath

4.5 Conclusioms

This chapter shows materials used in this study together with a general description of its
crystal and molecular structures, the instrumentation and methods for computational and

experimental works were presented in this chapter.

The kasic computational method for crystal morphological prediction usivey
attachment energy method together witiiermolecular bonding analysis dhe
important faces; conformational population in differeptvents and solvemhediated

effect on crystal mrphology are summarized in this chapter.

The experimental crystallisation study involved polymorph screening, solubility
measurements, MSZW determination, and a study of thetignate of individual faces

of ibuprofen as a function of solvent type, sgag¢uration and scakizes. The methods

for the nucleation kinetics obuprofen in ethanol, ethyl acetate, toluene and acetonitrile
were examined MSZW and induction time measurements were presented. The

measurementf crystal growth rate for the {001} a{011} face were performed ia
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0.5ml cuvette crystallisation cell and 15mL jacketed vessel. In addition, the
methodology for measuring the overall growth rate of single crystals in stagnant
solution compared to the data recorded on the populatiorystls crystallised in an
agitated/ml reactor are presented

101



Chapter 5. Modelling the molecular and crystallography structure and its mediation by its
solution state environment

5 Modelling the molecular and
crystallography structure and its
mediation by its solution state

environment

Summary:
This chapter presents the outcomes of molecauladellingincluding conformational
analysis for an isolatetbuprofen molecule, morphological prediction with both
monomer and dimers as the growth unit and intermolecular bonding analysie on
dominantfaces {100}, {001} and {011}.

102



Chapter 5. Modelling the molecular and crystallography structure and its mediation by its
solution state environment

5.1 Introduction

Computer modeling based on crystal structures offers a powerful technique for
assessing the correlation between crystal structures, conformational energpfspace
molecule, crystallisig conditions and crystal morphology and shape. The purpose of
the work in this chgter, therefore, is to link the subsequent chapters involving
polymorphism screening crystal morphology observations and crystal growth rate of
individual faces in various solvents (in chapter 7). This involves the analysis of
conformational flexibility agelated to polymorphism, the prediction of the theoretical
morphology usinFDH and attachment energy models using HABIT simulations, and
to compare these observations with experimentally derived morphologies aided by a
detail analysis of the includingtermolecular interactions both within the bulk structure
and on the crystal habit faces. This is complemented by molesadbe visualization of

the bulk and surface chemistry. The morphological predictafnsolventmediated
morphologies are compareditiv the in-situ observations ofibuprofen crystal
morphology in various solvents. The theory behind these calculations is given in chapter

2 and methodology is given in chapter 4.

5.2 Conformational analysis for a free ibuprofen molecule

Conformer analysis fothe torsions using Materials Studio revealed eight potential
torsion angles including double bonds and bonds with terminal hydrogen atoms
(disregarding bonds in the benzene rings) in a free ibuprofen molecule. To investigate
and select the most flexibtersion anglesssociated with significant energy changes
the energy of the molecule when rotating etmckion angle are shown Table5.1.
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Table5.1 Total energychangedwvhen rotating each torsion angle using the Conformer module

in Material Studio

Torsion | Atoms involved Emin and Enax (kcal/mol)
angles in torsion angle

T1 C2-C3-C4-H7 27.06

T2 C2-C3-C5H10 27.06- 31.12

T3 C11-C2-C3-C4 27.07- 33.23

T4 C10C11-C2-C3 27.24- 33.03

T5 C9C8C6C1 27.35-32.27

T6 C1-C6-C7-H14 27.06- 31.17

T7 C7-C6-C1-01 27.04- 28.8

T8 C6-C1-0O1-H1 27.06- 52.24

This initial analysis revealed that four of these torsion angle rotations, T3, T4, T5 and
T8 resulted in the getest change of energy. These were selected to charatierise
conformational flexibility ofibuprofen. An example of the molecular structure reveals:
T3 affects the twist of the carbon chain, T4 and T5 involve a twist of the carbon chain
with respect tothe benzene ring and T8 is associated with the orientation of the
carboxylic group with respect to the carbon chaiigyre 5.1). Based on this, torsion
energy maps were built andre shown in Figure 5.3. Ibuprofen moleculeswith
measured torsion angles T3, T4, T5 and T8 before andgtenetry optimiation are
shown inTable5.2.

Table 5.2 Measured torsion angles T3, T4, T5 and T8 from the struaifir@n ibuprofen

moleculebefore and after geometry optation which wereused to mark on the energy map

Torsion angles T3 T4 T5 T8
RS-ibuprofen| Before Optimization | -168.7 78.0 96.5 |176.6

After optimization -173.6 68.1 114.6 | -179.7
S-ibuprofen | Molecule 1 -170.3 86.0 925 |1755

Molecule 2 171.5 -79.1 -95.0 | -1725
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@

(b)

()

Figure5.1 RSibuprofen molecules witmeasured torsion angles T3, T4, T5 and@®efore
geometry optimization(b) after geometry optimization and (cjitBiprofen molecules
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The study reveals the not so surprising result thaprofen is not a very flexible
molecule. This is shown bydhfact that the torsion angles, before and after geometry
optimization, do not change significantly, for example, the torsion angle T3 changed
from -168.7 to -173.6, T4 from 78 to 68 etc. in which the total energy of the

molecule decrease to its lowesiue Figureb.2).

Energy (keal/mol)
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Optimization Step

Figure5.2 Energy minimisation using the Geometry Optimization in Material Studio

The effect of conformational change dhe molecular energyof ibuprofen is

summarized in table 5.1. The range of energy chgkga/mol) when rotating these
torsion angles (T34), (T3T5), (T3T8), (T4T5), (T4T8) and (T5T8) from-180 to

180 degree ishown inTable5.3 andFigure5.3 (a, b,c, d, e, 1)

Table5.3 Energy change when rotating two torsion anglesT#8 (T3 T5), (T3T8), (T4T5),
(T4-T8) and (T5T8) from-180 to 180degree (kcal/mol)

Torsion angle | Emin and Enax (kcal/mol)
T3-T4 21-48
T3-T5 29.8-41
T3-T8 30- 60
T4-T5 29.8-4.2
T4-T8 307 60
T5-T8 29.8-35.0
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x: Racemieibuprofen molecule (1 molecule in asymmetric unit) before optimisation
* . o
: Racemieibuprofen molecule after optimisation

X: Sibuprofen molecules (2 molecules in asymmetric unit)

150
120 47.40
4408
90
4075
60 37.43
34.10
3077
27.45
2413

20.80

-150 -120 -90 60 -30 O 30 60 90 120 150
T3

(@) The torsim angle T3 (C112-C3-C4) and T4 (Cl€C11-C2-C3) reflects the

conformation of the carbon chain.

150 1%

120

T5

41.05
39.65
3825
36.85
35.45
34.05
32.65
31.25
29.85

-150 -120 -90 60 -30 0 30 60 90 120 150 180
T3
(b) The torsion angle (T3) and (T5) reflects thestvaf the carbon chain which is involved

in C4-C3-C2-C11 and CC8-C6-C1.
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180

150 61.00

120 57.09

90
60

53.18
4926
4535
41.44
3753
3361

T8

29.70

-150 -120 -90 -60 -30 O 30 60 90 120 150
T3

(c) T3 (C11C2-C3-C4) reflects the conformation of the carbon chain and T8GGE®1-
H1) is a torsion angle associated with the position of the carboxylic group with respect

to the @rbon chain.

150
41.20
120 39.77
38.35
36.92
35.50
34.07
3265

3123

T4

29.80

-150 -120 -90 -60 -30 0 30 60 90 120 150
T5

(d) T4 (C10C11-C2-C3) and T5 (CIC8-C6-C1) reflect the twist of the carbon chain with
the benzene ring.
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180
150
120
90
60

T8

-180 -150 -120 -90 -60 -30 O 30 60 90 120 150
T4
(e) T4 (C10C11-C2-C3) reflects the twist of the carbon chain with the benzene ring and
T8 (C6C1-01-H1) is a torsion angle associatedttwihe position of the carboxylic
group with respect to the carbon chain.
180
150 4

IS 59.90
120 -

56.14
52.38
90

60

4861
4485
41.09
37.33
3356
29.80

-180 -150 -120 -90 60 -30 O 30 60 90 120 150 180
T5
(f) T5 (C1BC11-C2-C3) reflects the twist of the carbon chain with the benzene ring and
T8 (C6C1-01-H1) is a torsion angle associated with the position of the carboxylic
group with espect to the carbon chain.
Figure5.3 Energy map of a freuprofen molecule together with marked torsion angles for an
isolated racematibuprofen molecule before and after geometry optimization ambBofen

molecules
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The torsion energy map shows that the crystal structure downloaded from the database
before and after geometry optimisation was marked in the torsion energy minimum of a
free moleculeThe success of this method in mapping out the fadapnformational

space of the moleculehich was studied and assessed by comparing CONFORMER
search outputwith the minimum conformational energy on an isolatdzuprofen
molecule. The values of the two torsion angles ofilhgrofen molecule were marked

on this map indicating the torsion angles for molecules in the crystal structure (observed
structure)which is closeto the calalated torsion energy minimunthis is consistent

with there being little recorded evidence for polymorphismthis material wen

recrystalli®d at norextreme conditions. It is in good agreement to published literature.

In this study, he BFDH and attachment energy modere employed for the prition

of ibuprofen morphology.The simulation calculations were performed dbtain
attachment energies far growth unit based on a monomer and dinasr,jbuprofen
molecules pack in the crystal lattice as dimers by forming hydrogen bonds between the
carboxylic groups so it is likely that the dimer growthtusi present in the crydta

lattice.

5.3 Predicted morphologycompared to experimental

morphology

In this study, he BFDH and attachment energy modere employed for the prediction

of ibuprofen morphology. The simulation calculations were performedbiain
attachment energies rf@ growth unit based on a monomer and dinasr,jbuprofen
molecules pack in the crystal lattice as dimers by forming hydrogen bonds between the
carboxylic groups so it is likely that the dimer growth unit is present in the crystal

lattice.
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5.3.1 Attachment energy morphological simulation for a growth unit
based on a monomer

5.3.1.1 Force field and charges

The tested force fields used in this work were Momany and Lifson force fields for
carboxylic acid. The atomic emrdinates of the resultant crystal structurabafprofen
together with the atomic partial charges as calculated using MOPAC or INTERCHEM
are tabulated ifable5.4.

Figure5.4 Numbering of the atoms in an ibuben molecule structure

Table5.4 Atomic charges of all atoms in the ibuprofen crystal structure

Atomic | Atomic | X Y Z Charges

number | type coordinate | coordinate | coordinate
1 C1 0.4166 0.34642 0.3982 0.2983
2 C2 0.17355 -0.13553 0.7004 -0.1033
3 C3 0.09846 -0.26027 0.6429 -0.1223
4 C4 0.04237 -0.40949 0.7423 -0.1866
5 C5 0.13806 -0.31984 0.5818 -0.191
6 C6 0.35072 0.22129 0.3253 -0.0539
7 Cc7 0.40131 0.10904 0.2436 -0.1657
8 C8 0.3042 0.1251 0.4211 -0.098
9 C9 0.2185 0.1740 0.4460 -0.0989
10 C10 0.1770 0.0901 0.5351 -0.1137
11 Ci11 0.2197 -0.0405 0.6035 -0.0606
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12 C12 0.3059 -0.092 0.5798 -0.1237
13 C13 0.3475 -0.0085 0.4900 -0.0933
14 H1 0.4309 0.5642 0.4715 0.2582
15 H2 0.2182 -0.2042 0.7642 0.0829
16 H3 0.1449 -0.0572 0.7495 0.0796
17 H4 0.0548 -0.2010 0.5755 0.0811
18 H5 0.0864 -0.3885 0.8066 0.0639
19 H6 0.0182 -0.2258 0.7821 0.0739
20 H7 -0.0045 -0.3992 0.7029 0.0715
21 H8 0.1797 -0.3746 0.5198 0.08

22 H9 0.0850 -0.4811 0.5417 0.0727
23 H10 0.1768 -0.4706 0.6520 0.0628
24 H11 0.3060 0.2896 0.2733 0.101

25 H12 0.4503 0.0429 0.2974 0.0926
26 H13 0.4223 0.1811 0.1808 0.0723
27 H14 0.3609 0.0314 0.1946 0.0708
28 H15 0.1895 0.2663 0.3970 0.1204
29 H16 0.1169 0.1266 0.5524 0.1207
30 H17 0.3403 -0.1892 0.6333 0.1281
31 H18 0.4075 -0.0473 0.4762 0.1258
32 O1 0.3801 0.4935 0.4163 -0.2821
33 02 0.4969 0.3118 0.4402 -0.3692

5.3.1.2 Lattice energy

With the chosen force field andlculated charges for each atom, the lattice energy was
calculated and the contribution of van der Waals and coulombic intermolecular

interactions into the lattice energy are showRigure5.5.
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Figure5.5 Lattice energy which is a sum of the van der Waals and electrostadicectiors
which converges at 20 A. The van der Waals and electrostatic contributions also converge with

distance

The calculated value oattice energy was found to B28.93 (kcal/mol) with the lattice
convergence taking place at ca 20A as sh&igure 5.5. This provides a reasonable
agreement with the experimental lattice energy calculated frometieof sublimation

for ibuprofen; 30.10 kcal/mdl13§. It suggested that these force fields; Momany and
Lifson chosen, are appropriate for this calculation. It was shown that the van der Waals
and Coulombic intermolecular energies increase rapidly and converge as the limiting
radus increases because only molecules within a fixed distance from the central
molecule contribute to the lattice energy. This occurs at a distance of 20A from the
central molecule. The van der Waanteractions 2.1 kcal/mol contributing to the
overall latice energy were found to be much higher than the Coulumbic interactions,
which was aroun@®.8 (kcal/mol).

5.3.1.3 Analysis of strong intermolecular interactions (synthons) on the crystal

lattice

The bonding analysis features were used for the analysis ofnteemolecular
interactions in the crystal lattice (s@able 5.5). Analysis of interatomic interactions:
Further calculationsTable 5.6) showed the most important ateatom interactions

within all the intermolecular interactions.

113



Chapter 5. Modelling the molecular and crystallography structure and its mediation by its
solution state environment

Table5.5 Five strongest intermolecular interactions on the crystal lattice corresponding to the
different molecular distance

Bond | Multi | Dist. | Attractive | Repulsive _ Total
- Coulombic

type | plicity | (A) energy energy (kcal/mol)
a 4 9.81 -47.4 42.15 -2.22 -1.47
b 8 6.28 -3.72 1.24 -0.11 -2.58
c 4 6.69 -3.14 1.31 -0.43 -2.26
d 8 7.08 -3.00 0.76 -0.02 -2.25
e 4 8.04 -1.67 0.33 0.01 -1.33

Table5.6 Contributions of different type of atoms in the asymmetric unit to the lattice energy
(%)

Atom | Attractive| Repulsive Coulombic Total | Percentage
energy energy
C1l -2.41 1.06 -0.36 -1.71 7.8
C2 -1.02 0.29 0.26 -0.46 2.1
C3 -0.76 0.14 0.15 -0.48 2.17
C4 -0.87 0.30 0.24 -0.34 1.53
C5 -1.13 0.42 0.29 -0.42 1.93
C6 -1.15 0.43 0.17 -0.56 2.54
Cc7 -1.36 0.60 0.59 -0.17 0.87
C8 -1.01 0.23 0.14 -0.64 2.93
C9 -1.25 0.44 0.05 -0.76 3.45
C10 -1.20 0.49 0.00 -0.71 3.24
Cl1 -1.10 0.48 0.09 -0.54 2.46
C12 -1.39 0.58 0.44 -0.38 1.71
C13 -1.30 0.51 0.28 -0.52 2.39
H1 0.00 0.00 -3.33 -3.33 15.23
H2 -0.43 0.08 -0.45 -0.79 3.62
H3 -0.35 0.06 -0.12 -04 1.82
H4 -0.30 0.07 0.04 -0.19 0.88
H5 -0.45 0.21 -0.25 -0.49 2.26
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H6 -0.26 0.04 -0.06 -0.29 1.31
H7 -0.20 0.02 0.02 -0.15 0.70
H8 -0.44 0.09 -0.14 -0.48 2.20
H9 -0.30 0.05 0.02 -0.23 1.07
H10 -0.47 0.13 -0.22 -0.56 2.57
H11 -0.61 0.39 -0.53 -0.75 3.43
H12 -0.34 0.05 -0.27 -0.56 2.56
H13 -0.63 0.28 -0.42 -0.77 3.50
H14 -0.54 0.15 -0.18 -0.56 2.57
H15 -0.48 0.11 -0.06 -0.43 1.98
H16 -0.37 0.07 0.04 -0.26 1.20
H17 -0.58 0.17 -0.79 -1.2 5.49
H18 -0.61 0.32 -0.64 -0.93 4.27
o1 -2.66 1.97 1.43 0.74 -3.38
02 -2.79 2.43 -2.20 -2.56 11.69

Table 5.6 shows the constituent intermolecular interactions partitioned with respect to
their contributing atomic sites in the molecule. This reveals that atom carbonyl oxygen
02 in (C=0) and hydroxyl oxyged1 in (O-H) contribute the most to the lattice energy

and that the strongest intermolecular interactions are those related to hydroger-bond O

-H interactions.

5.3.1.4 BFDH selection of slices and the attachment energy

From the BFDH rule based on the cell dirsiems, molecular positions, and with an
assumption that the slowest faces possess the highest density of material and,kgrgest d
the miler indices and morphology of the ibuprofen crystal was obtained. The calculated
surface attachment energies for thdividual faces are given ifable 5.7 with the
predictedmorphology, based on these values, giveRigure5.6 and the experimental

morphology showrn Figure5.7.
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Table5.7 Interplanar spacing (iA) and attachment energies (in kcal/mol) for a growth unit

based on a monomer

Face | Multi dhk| Eatt Eait Eat
plicity (Momany) (Lifson) (Bunyan, 1991)

100 2 14.47 -4.27 -4.75 -4.76

110 4 6.92 -15.84 -15.46 -17.85

011 4 6.32 -18.30 -16.13 -18.04

11-1 4 6.01 -17.14 -16.93 -17.40

111 4 5.60 -16.46 -16.19 -16.70

210 4 5.33 -18.25 -18.26 -18.76

002 2 5.29 -14.79 -16.22 -8.29

10-2 2 5.25 -16.59 -18.18 -17.20

21-1 4 5.00 -19.46 -19.67

102 2 4.73 -15.26 -16.74 -15.86

20-2 2 4.65 -25.91 -24.76

211 4 454 -18.16 -18.26

012 4 4.39 -21.93 -20.09

11-2 4 4.37 -20.63 -20.73

310 4 411 -19.67 -19.97

112 4 4.06 -19.34 -19.30

Ejar (kcal/mol) -28.93 -28.04 -28.94

P 110 ‘ . :_,‘;l_raﬂ‘"ﬁ?‘f? T10 \ d.,llﬁ"’«%t*ﬂ.;(

N ‘ /‘ j ) /ﬁr"’j 1{ .
(b)

“(c)
Figure5.6 Morphology of ibuprofen calculated usin@) Lifson force field; (b) Momany force

field; and (c) ibuprofen crystal grown fromapourphasq1364].
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Figure5.7 Morphology of ibuprofen recrydiigsed in ethano(a), ethy acetate (b); acetonitrile

(c); toluene (d)

Y’ -

100um

—

Figure5.8 Thin crystalmorphology of ibuprofeneacrystalised in ethanasolutions

The crystal morphology obtained from the morphological simulation froth force

fields was found to be in good agreement with published literg&ré36, 158 and

with the optical micrographs taken of the crystals grown from various solvents in this
study, apart from the aspertios of the crystalsHgure 5.7). The {100} facehas
smallest attachment energy so itthe slowest growing face of ibuprofevhich is in

good agreement with the observed morpholftgin crystals)(Figure5.8). Ibuprofen
crystals are quite thin and the {100} faisethe dominant face. Larger {110} and {111}
faces and smaller {011} faces present in the morphology calculated from Momany force
field whilst larger {011} face and a smaller {110} face present in the theoretical
morphology calculated from Lifson. However, the morphology calculated from the

Momany force field is slightly thinner than that calculated from the Lifson force field.
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The simulated morphology for uiprofen crystals revealed that the {100}; {001} and
{011} are the dominant faces which is also in relatively good agreement with
experimental results and previous observations from the liteffdi86159. However,

the {110} face is not present in the experimental crystals and the tasgigc of

ibuprofen crystals vary with crystallising enuiraents.

5.3.1.5 Analysis of the strongest bonds on the {001}, {011} {100} and {110} face

Intermolecular bonding forbuprofenin terms of themost important bond types,
multiplicity, distanceand strenth of bonds(Table 5.8) and the display of theses
intermolecular interacti®y(Figure5.9) were discovered and analysed to give details on

the strongest bonds on dominantstal surfaces {011}, {OOfland {100}. For example,

to examine thestrength and direction of hydrog&onds and contributions of these
strongest bonds on the slice and attachment energy and surface chemistry to rationalise

the growth rate of thedaces.

Table5.8 Bonding analysis for the {011}, {001} and {100} faces with for a growth unit based

on a monomer

Bond | Multip | Dist. Face | Face| Face | Face
o ATT | REP | COU | Total

type | licity | (A) {011} |{001}| {100} | {110}

a 4 9.81 | -47.4 | 42.15| -2.22 | -7.47 | (+/-) | (SL) | (SL) [(+/-ISL)

8 | 628 -372| 1.24 | -011 | 258 |(Su+A)| (+-) | (sL) | (sD
4 | 669 -314| 131 | 043|226 (SL) | (sL) | (SL) [(+/-/sL)

d 8 | 7.08| -3.00| 076 [ -0.02 | -2.25 [(+/-/SL)| (+/) | (SL) | (+/)
4 | 804 -167| 033 ] 001 |-133] (SL) | (SL) | (+) [(+-/SL)

(SL): slice energy bond

(+): attachment energy bond: molecule lies above the slice centre and contributes to
Eatt(+)

(i): attachment energy bond: molecule lies below the slice centre and contributes to
Eatt()
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(c) (d)

(e)

Figure 5.9 Molecular interaction of the 5 strongest botfds The stragest bond type a{.47

kcal/mol) is a hydrogebond between carboxylic acidCOOH groups of buprofen
(homosynthon); (b) Second strongest bond type2tb8 kcal/mol); (¢) Third strongest bond
type c €2.26 kcal/mol); (d) Fourth strongest bond type-2125 kcal/mol); (e) Fifth strongest
bond type e-(.33 kcal/mol)

The intermolecular bonding result® dominant faces fobuprofen aredlominated by
strong bonds 0f7.47 kcal/mol (van der Waals contribution-6t25 kcal/mol is much
higher than columbicontribution). These are hydrogbonded molecules between
molecule number 1 and molecule number 3 which continue along the [010] direction so

crystals are expected to grow more significantlyhieb direction moresothanin thea
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and c directiorwhich isin good agreement with the observed morpholdgyaddition,

it was also shown that most of the strong baihgsirogen bonddpr the {100} face are
inside the slice, thus ske for this face is high making this face one of the most
morphologically impatant. The strongesionds(type a: -7.47 kcal/mol) contributes to

the attachment energy on the {011} face both above and below the slice centre and
contributes to slice energy on the {001} face, which envisage the growth rate of the
{011} face being grea&t than the growth rate of the {001} face.

5.3.2 Attachment energy morphological simulation for a growth unit
based on a dimer

5.3.2.1 Force field and charges

The force fields used in this work were Momany and Lifson force fields for carboxylic
acid. The atomic cordinates of the resultant crystal structure of ibuprofen together
with a set of atomic partial charges for the dimer using MOPAC with the AM1 method
are tabulated ifable5.9.

Table5.9 Atomic charges of two molecules for the dimer calculation

Atom X Y Z | Charges Atom X Y Z | Charges
1|C1 0.417| 0.347| 0.398| 0.329| 34| C1 0.583| 0.653| 0.602 0.329
2| C2 0.174| -0.136| 0.700| -0.103| 35| C2 0.826| 1.136| 0.300| -0.103
3|C3 0.099| -0.260| 0.643| -0.122| 36| C3 0.902| 1.260| 0.357| -0.122
4| C4 0.042| -0.320| 0.742| -0.187| 37| C4 0.958| 1.320| 0.258| -0.187
5| C5 0.138| -0.410| 0.582| -0.191| 38| C5 0.862| 1.410| 0.418| -0.191
6| C6 0.351| 0.221| 0.325| -0.056| 39| C6 0.649| 0.779| 0.675| -0.056
7| C7 0.401| 0.109| 0.244| -0.168| 40| C7 0.599| 0.891| 0.756| -0.168
8| C8 0.304| 0.125| 0.421| -0.093| 41| C8 0.696| 0.875| 0.579| -0.093
9|C9 0.219| 0.174| 0.446| -0.095| 42| C9 0.781| 0.826| 0.554| -0.095
10| C10 0.177| 0.090| 0.535| -0.113| 43| C10 0.823| 0.910| 0.465| -0.113
11| C11 0.220| -0.045| 0.604| -0.060| 44| C11 0.780| 1.045| 0.397| -0.060
12| C12 0.306| -0.092| 0.580| -0.124| 45| C12 0.694| 1.092| 0.420| -0.124
13| C13 0.348| -0.009| 0.490| -0.095| 46| C13 0.652| 1.009| 0.510| -0.095
14 | H1 0.431| 0.565| 0.472| 0.301| 47| H1 0.569| 0.436| 0.529| 0.301
15| H2 0.218| -0.204| 0.764 0.083| 48| H2 0.782| 1.204| 0.236| 0.083
16 | H3 0.145| -0.057| 0.750| 0.080| 49| H3 0.855| 1.057| 0.251 0.080
17 | H4 0.055| -0.201| 0.576| 0.081| 50| H4 0.945| 1.201| 0.425| 0.081
18| H5 0.087| -0.389| 0.807| 0.064| 51| H5 0.914| 1.389| 0.193| 0.064
19| H6 0.018| -0.226| 0.782| 0.074| 52| H6 0.982| 1.226| 0.218| 0.074
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20 | H7 -0.005| -0.399| 0.703 0.072| 53| HY 1.005| 1.399| 0.297 0.072
21| H8 0.180| -0.375] 0.520 0.080| 54| H8 0.820| 1.375| 0.480 0.080
22| H9 0.085| -0.481| 0.542 0.073| 55| H9 0.915] 1.481| 0.458 0.073
23 | H10 0.177| -0.471] 0.652 0.063| 56 | H10 0.823]| 1.471| 0.348 0.063
24| H11 0.306| 0.290| 0.273 0.105] 57| H11 0.694| 0.710| 0.727 0.105
25| H12 0.450| 0.043] 0.297 0.092| 58| H12 0.550| 0.957| 0.703 0.092
26 | H13 0.422| 0.181] 0.181 0.073| 59| H13 0.578| 0.819| 0.819 0.073
27| H14 0.361| 0.031| 0.195 0.071] 60| H14 0.639] 0.969| 0.805 0.071
28 | H15 0.190| 0.267] 0.397 0.122| 61| H15 0.810| 0.734| 0.603 0.122
29| H16 0.117| 0.127| 0.552 0.121]| 62| H16 0.883| 0.873| 0.448 0.121
30 | H17 0.340| -0.189]| 0.633 0.128| 63| H17 0.660| 1.189| 0.367 0.128
31| H18 0.408| -0.047| 0.476 0.125| 64| H18 0592 1.047| 0.524 0.125
32| 01 0.380| 0.494| 0.416| -0.306] 65| O1 0.620| 0.506| 0.584| -0.306
33| 02 0.497| 0.312]| 0.440| -0.420| 66| O2 0.503| 0.688| 0.560| -0.420

5.3.2.2 Lattice energy

The calculated energy for ibuprofen for a growth unit based on a dimer is 42.95 kcal

/mol which contribute from electrostatic and van der Waals forf€igsi{e5.10).

Energy (kcal/mol)
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Figure5.10 Lattice energy which is a sum of the van der Waals interaction and dietit®s

which converges at 20 A in the dimer calculation

It was showrthatthe van der Waals and coulombic intermolecular energies increase

rapidly and converge as the limiting radius increa3is occurs at a distance2fii

from the central molecul& he van der Waals interactiond1.38 kcal/mol( a

96 %

the lattice energygontributing to the overall lattice energy were found to be much

higher than theoulombicinteractions, which was arourd..68kcal/mol.
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5.3.2.3 Attachment energy and predicted morphology

The calculated surface attachment enerfgiethe individual faces are given in with the

Table5.10 predicted morphology, based on these values, givEigure5.11.

Table5.10 Attachment energiggcal/mol) calculatedor a growth unit based on a dimer

Face | Multi Ohi Eatt Eatt Eai (Win and Doherty)
plicity | (A°) | (usingMomany)| (usingLifson) [159

100 2 14.47 -8.53 -9.50 -9.59
110 4 6.92 -32.55 - 35.87
011 4 6.32 -32.21 - 36.59 -35.20
11-1 4 6.01 -33.55 -37.00 -35.61
111 4 5.60 -32.27 - 35.63 -34.23
210 4 5.33 -34.21 -37.67
002 2 5.29 -29.59 -32.45 -31.45
10-2 2 5.25 -33.19 - 36.38 -35.35
21-1 4 5.00 -34.58 -38.11
102 2 4.73 -30.53 - 33.50
20-2 2 4.65 - 33.68 - 36.97
211 4 4.54 -34.% -38.0
012 4 4.39 -35.72 -39.50
11-2 4 4.37 -31.38 -34.73
310 4 411 -35.00 -38.56
112 4 4.06 -33.89 37.56

Ejatt (kcal/mol) -42.95 -47.43

1)2
\_k | |
"
(a) (b)

Figure5.11 Predicted crystal shapes(®S) ibuprden in a dimer using Momany (d)ifson
force field (b)
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Both of the monomer and icher models gave the predicted shape similar to the
sublimation crystal with plateke morphology dominated by the {100} face.
However, 1 showed that the dimer calculation seems to give a better prediction of
ibuprofen morphology with thf011} face pesent as the dominant form to grow in the

b axis directionwhich agrees with the literature publishedWjnn and Doherty159.
Particularly, the dimer model using Momany force field provides ran#hi crystal and
more elongated in the b direction compared to the monomer nfddel. the smaller
{110} faces appear in the dimer modelowever,there were less numbers of crystal

faces considered from the dimer calculation compared to that in thys stud

5.3.2.4 Analysis of the strongest bonds on the {011}, {004100 and {110} faces

Intermolecular bonding and the display of theses intermolecular interactions on crystal
surfaces {011}, {001} and {100kreshown inTable5.11 andFigure5.12.

Table5.11 Full calculation moderalysis for the {011}, {001}, {100} and110} faces with for

a growth unit based on a dimer

Bond | Multip | Dist. Face | Face| Face | Face
o ATT REP | COU | Total

type | licity | (A) {011} |{o01} | {100} | {110}

a 4 789 | -596 | 182 | -0.35 | -4.49 | (+/) | (SL)| (SL) | (+)

b 6.66 | -4.98 | 1.248 | -0.21 | -3.71 ((SL/+/)| (+/-) | (SL) |(+/-/SL)

c 1299 3.03 | 076 | 002 | 229 +1) [+~ | (s | (s

8
8

d 4 | 1665 -1.69 | 033 | 000 | -1.36 | (+/) | SO | +H) | (+1)
8 | 16.88 -1.26 | 0.46 | 0.01 | -0.79 [(SU+A)| (+-) | (+/) |(*/-ISL)
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(@) (b)

(e)

Figure 5.12 Molecular interaction of the 5 strongest boriga) The strongest bond type a (
4.49kcal/mol); (b) Second strongest bond type®h7q1kcal/mol); (c) Third strong& bond type
C (- 2.29kcal/mol); (d) Fourth strongest bond type-d.(36 kcal/mol); (e) Fifth strongest bond

type e € 0.79kcal/mol).
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For growth units based on dimer, it showed the similar trend of intermolecular
interactions for the calculations witthe growth unit based on a monom&he
strongest bond type4.49kcal/mol) contributes to attachment energy on the {Cdrid

{110} face both above and below the slice centre and contributes to slice energy on the
{001} face and the first three strongelsonds contribute to slice energy on the {100}
face. This indicates that the {011} face is the fast growing face and the {100} is the

slow growing faces.

The ratio of calculated attachment energy of the {011} and {001} face for the growth
unit as a monoer and as a dimer is quite similar which is around 1.1 to 1.3
respectively. However, the ratio of attachment energy of the {011} and {001} of
observedcrystals grown in ethanol, ethyl acetate, acetonitrile and toluene simulated
from SHAPE softwarg152 are 3, 10.5; 15.2; and 16.5 respectively. It showed
discrepancies between the attachment energy values in the vacuum morphology and the
experimental morphology. The attachment energy of the {011} is much greater than that
of the {001} face in tlese solvents, whiclwaslinked to the relative growth rate and the
crystal habit surface chemistry analysis and to the dominant synthons on the {001} and

{011} face and the surface synthon analysis providdte previous section.

Interfacial angles ofdominant faces of grown ibuprofen crystals and of predicted
morphology was measured from optical micrographs to allow indexing of the faces on
the experimental morpholog¥igure5.7) for the measurements of theystal growth

rate of the individual faces. It showed the interfacial angles on the dominant faces of
grown ibuprofen matched those calculated from morphological prediction. The {011}
faces were obviously present in growth solution morphology. Howevergrifstals

were lying flat on the {001} face and the crystals were too thin for identification of the
{011} and {-111} face.

5.4 Detailed surface chemistry analysis of the {001}, {011},
{100} and {110} face
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The chemistry analysis for the crystal habit face81§}, {011}, {100} and {110} was
performed to examine the crystal surface chemistry of these important faces. Molecular
packing on the {001} face shows a npalar property with-CHsz groups projecting out

of the surface. The COOH groups are quite restect in position and the hydrogen
bonds formed betweerCOOH groups are only in one directioRigure 5.13). The
cleaved surface revealed the hydrogen bonds formed contribute to construct a crystal
lattice which agres with theanalysis of the strongest bonds on the ibuprofen crystal
surface of the {001} face where bond a (the hydrogen bondshamdc contribute to

lattice energy whilst bond b and d contribute to attachment energy.

(b)

Figure5.13 Molecular packingliagramsbased upon the crystallographic structurethef{001}

faceviewed along the y axis (a) and along the x axisfimwing its hydrophlic nature withi
CHs groups exposed at the surface withit@®OH groups exposed in one direction and in a
quite restricted position

The {011} face is more polar aridCOOH groups on the {011} face are more exposed
and moreeasily accessible thai COOH goups on face {001}. The intermolecular
hydrogen bonds appear in two different directions 8gere5.14) contributing to slice
energy and attachment energy resulting in much faster growth compared to the {001}
crystal face. This fact can be used to envisage or rationaligel#ire growth rate of

the {011} and {001} face. As the {011} face exhibits great hydrophilicity on which
carboxylic acid groups providgood binding sitefor polar solvent moleculeshich are

more easily accessible to form hydrogen bonds
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Figure5.14 Molecular packing diagrantsased upon the crystallographic struetuofthe{011}
faceviewed along the axis (a) and along theaxis (b)showinga more polar surface with
exposed COOH groups at the surface with two different directions

Figure5.15 shows thanolecular modebf the {100} crystal surface of ibuprofen which
has layers of dimers formed by hydrogeand between carboxylic group$he surface
possesseswo different naturesas the molecular arrangemerttgive two distinct
molecular structure terminations, whichn be either polar (withf COOH group) or
nonpolar (with alkytgroups) The approach associated with two modeseahination

of the {100} face for buprofen crystalsCarboxylic acid groups projecting out from the
surface are free to interact with solvenblecules in surrounding environment so the
adsorption of solvent on the crystal surfaway inhibitthe growth rate of face {100}.
Interactions of the alkyl portions afeighbouringlayers resultin weak attachment

energy.Hence, this face is predictedlie a slow growing face.

Figure5.15 Molecular packing diagransased upon the crystallographic structurethe{100}
faceviewed along the axis(a); viewed along thg axis (b).
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The {110} face exposa with -COOH groups and alkyl groups shows intermolecular
hydrogen bonds appeag in different directions. COOH groups on the {100} fare

more exposed and more accessible. Hydrogen bamedisvolved both in the formation

of a crystal latte and in the attachment of the crystal lattice on the crystal habit surface
(Figure 5.16). This agrees with thanalysisof the strongest bonds on theuprofen
crystal surfacef the {110} face.

Figure5.16 Molecular packing diagranitsased upon the crystallographic structwkthe {110
faceviewed along the x axi&) andviewed along the y axi®).

The surfacechemistry analysis for the dominatitystal habit faces was carried out to
relate to the bonding analysis on these famed envisage and/or to rationalise the
growth rate of face {001} and {011} in chapterSurface chemistry analysis, where the
properties of the surfaces (e.g. hydrophipicpolar or hydrogetbonded) was
examned and from this, relative qualitatibéending interactions between solvents and
solute and the associated intaolecular interaction on specific growing faces can be
analysed to interpret the growth rate . Fornegke, polar solvents are found to inhibit
the growth rate of faces which contain available bindirtgssior hydrogen bond
formation Hence, ibuprofen morphology grown from solvents can be explained by
molecular arrangement at the {011} and {001} surfacel &aydrogen bonds can be
formed between solventsxd COOH functional groups diuprofen. It can be predicted

that the {100} isa very slow growing face, and the {011} face grows faster than the

128



Chapter 5. Modelling the molecular and crystallography structure and its mediation by its
solution state environment

{001} faces; however the relative growth rate between {01id §001} depend on the

growth environments

5.5 Conformer population in solutions

The 10 optimized ibuprofen conformations using GGA/PBE/DNP/COSMO calculations
(PBE functional and DNP basis set) in Dmol3 sinewn inFigure5.17.

Conformerl Conformer2

Conformer3 Conformer4

Conformers Conformer6

Conformer7 Conformer8

129



Chapter 5. Modelling the molecular and crystallography structure and its mediation by its
solution state environment

Conformer9 Conformerl0

Figure5.17 10 lowest energy and optineid conformers were chosen for the conformational

distribution study

The conformation distribution of the 10 conformer in ethanol, ethyl acetate, acetonitrile
and toluene at 2& are shwn in Table5.12.

Table5.12 Percentage of ibuprofen conformer in solvents (%) calculated from COSMOtherm

software package

Conformer | Ethanol | Ethyl acetate | Acetonitrie | Toluene
1 4.27 4.27 4.29 4.30
2 19.77 21.12 20.60 20.87
3 5.55 4.52 4.98 4.46
4 19.69 21.5 20.32 21.47
5 4.87 3.93 4.31 3.90
6 2.1 2.62 2.50 2.73
7 17.77 18.2 17.70 18.26
8 1.63 1.71 1.84 1.74
9 6.65 5.49 5.82 5.46
10 17.69 16.63 17.64 16.80

There was no significant solvent effect dhe conformer distribution in different
solvents. The population of four conformers (conformer 2, 4, 7 and 10) has a highest
percentage in the range of-21% in all four solvents compared to other conformations

in the population.There were only a very slightly change in the percentage of the
conformer 2, 4, 7 and 1 different solvents Kigure 5.18). The torsion angles of
favoured conformations of ibuprofen in all solventare shown inTable 5.13. This

indicates there is no conformational polymorphism in different solvents for ibuprofen.
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N
o
1

m Conformer 2

|_\
(93]
1

m Conformer 4
Conformer 7

H
o
1

m Conformer 10

(62}
1

Percentage of conformer in
population (%)

Figure5.18 Population of four conformers (2, 7 and 10) in solvents

Table5.13 Torsion angles of preferred conformations in solution

Conformer T3 T4 T5 T8
2 -168.83 | -101.75 | -83.24 | 146.16
4 -168.83 78.25 | -83.24 | 146.16
7 -168.83 | -101.74 | 96.75 | 146.16
10 -168.83 78.25 96.75 | 146.16

This methodology has also been used for calculation of conformation populations of
form A and B of famotidine, tatireline, ritanovir andl&iprofen[16( showing relative
conformation distribution can be used to predict conformational polymorphs based on
the trend of conformatiowistribution in different solvents. For example, form B of
famotidine was found in water solution with high initial concentration independence of
cooling rate whilst formA of famotidine was recrystalésl from methanol and
acetonitrile. The calculated polation of conformer A and B in these solvents revealed
that conformer A presents the highest population in methanol and acetonitrile and
conformer B has the highest population in water. Furthermore, this method can be used
for solvent screening and sefien based on the relative population of conformers in

solvents.
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5.6 Conclusions

This chapter reported modelling study applied to examine the conformation of an
isolated molecule, the morphology, intermolecular interactions and crystal habit surface
chemstry for ibuprofen. CONFORMER in Material Studio was successful in analysing
the flexibility of the ibuprofen molecul&he energy of a free moleculefore and after
geometry optimiation does notchange muclindicating ibuprofen is a rigid molecule.

The molecule is located within a minimum energy space or is close to the minimum
energyin the energy map which is a validation for the known crystal structures of a
given molecule in th€SD.

The calculated values of lattice energy based on a monomerhgrovitt of -28.9
(kcal/mol) revealed a reasonable agreement with the experimental lattice energy
calculated from the heat of sublimation for ibuprofen of 30.10 kcal[h®f. The
simulated crystal habit for ibuprofen revealed a prismaticlidatcrystal shape, shown

to be in goodagreement with expected shapes from experimental observations and
previous studie$5, 136. The habit prediction for racemaitmuprofen revealed a flat
crystal morphology with predominance of the {001} crystal habit face. Bbtthe
Momany andLifson force fieldsgavea good prediction fothe ibuprofen morphology

in vacuum.

Both of the monomer and dimemodels gave the predicted shape similar to the
sublimation crystal with platbke morphology dominated by the {100} face.
However the dmer model using Momany force field providdse better predicted
morphology, a thinner crystal and more elongated in the b direction compared to the

monomer model. The smallgr10} faces appear in the dimer model.

From atomatom bond analysis, carbonytygen (C=0) and hydroxyl hydrogen )

atoms were found to account for the highest energy per atomic site in the lattice energy.
The strongest intermolecular interactions are hydrogen bond chaill. Ontermo

lecular bondinganalysisrevealedthe strengh and direction of thetrongest bonds on

each of the {011}, {001} and {100} surfacerhich wasused torationaliseand validate
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the growth rates of the {011}, {001} and {100} faces (reported in chapter 7). The
strongest bonds are the hydrogen bonds wbattribute to the attachment energy on
the {011} face and to the slice energy on the {001} face, which verifies the growth rate
of the {011} face is greater than the growth rate of the {001} face. Most of the strongest
bondslocatedon the {100} face arenside the slice thus this face is one of the most
morphologically importantThe strength and direction of hydrogeonds was also
viewed through Material StudidMoreover, cleaving the surfaces of these faces were
also shown as validation, by anaillyg the properties of the surfaces e.g.
hydrophobicity, polarityor hydrogerbonded and relative binding interactions between
solvents and solute and the associated-mi@ecular interactioginvolved on specific

growing faces.

The attachment energodel usd in this chaptetakesinto account the effect of crystal
internal structure on the morphology; however these predictions can be improved by
taking into account the crystallising environment (such as solvents, supersaturation
etc.). Both of the modelgmonomer and dimerglid not predictaccuratelythe solvert

grown shapesHence, prediction of ibuprofen morphology in growth solutiosgg

systematic grid search should be perforneedompare with the experimental crystals.
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6 Crystallisation process

characterisation and analyss

Summary:
Polymorph screening, solubility determinati@md the nucleation kinetics diuprofen
in ethanol 95%, ethyl acetate, toluene and acetonitrile were examined involving MSZW

and induction time nasurements.
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6.1 Introduction

Polymorphism screening, solubility determination and assessment of nucleation kinetics
are all important components for characterising crystallisation behaviour. To study the
crystal growth kinetics of ibuprofen, it is essent@measure the solubility together
with nucleation kinetics associated witle ttrystallisation behaviour dbuprofen. From
solubility data, supersaturation, a concentration driving force for the crystallisation
process, a fundamental and key parameterdesigning and controlling the
crystallization process in terms of product yield and the nucleation and crystal growth
rates can be calculated. In addition, solubility is a very important parameter to the

understanding and study of nucleation manners.

Hence, this chapter presents the results of the polymorph screening, and then the
solubility measurement foibuprofen in ethanol 95%, ethyl acetate, acetonitrile and
toluene measured by ATR UV/Vis spectroscopyich will be used to calculate the
supersatwation of solutions. Solubility data are also discussed from the perspective of
molecular aspects of soluselvent interactions and vé@rHoff plots to assess if it is

ideal or norideal solubility in these solventsctivity coefficients were also calctdal

for each solvent to revedte affinity of the buprofen molecule to solvent molecules.
The basic kinetics parameter, the MSZW and induction time were also obtained through
polythermal (slow cooling) and isothermal (crash cooling) methods, respeciiedy
polythermal experimental results were associated with the empirical relationship
between the undercooling temperature and the coolingdeateed by Nyvit[58] to
determine nucleation parameters such as the nucleatider and the nucleation
constat. Another crucial parameter in nucleation theory is the interfacial energy
between the nucleus and liquor surrounding environment within the concept of classical
homogeneous nucleation theory which can be estimated from the isothermal

experimental resudtshowing the relationship of induction time and supersaturation.

6.2 Polymorphism screening

Polymorphism screening was performed to verify whether different polymorphic forms

appear in different solvents following recrystallisation at room temperaturee Th
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melting ponts and enthalpy of melting dbuprofen crystals recrystaléid from various

solvents are reported Table6.1 andFigure6.1.

0 - — —— Acetonitrile
— \\ ‘T'ﬂ— Xylene
% W —— Methanol
E 4
= —— Isopropy! ether
w Ibuprofen material
§ * Hexane
- Ethyl acetate
12 \( Diethyl ether
‘ Acetone
-16 Toluene
Ethanol
-20

30 40 50 60 70 80 9o Temperature (°C)

Figure6.1 DSC data of ibuprofen raw material together with ibuprofen recrystallised from

solvents showing similar melting points and melting peak shapes

Table6.1 DSC data: onset of méig point, melting point peak and enthalpy of fusion

Solvents Polarity Onset of Melting P His
melting point peak (kJ/mol)
(°C) °C)

Methanol Polar protic 74.51+ 0.5 76.13+ 04 | 24.01+ 0.5
Ethanol Polar protic 74.51+ 0.3 76.13+0.5 | 23.87+0.4
Propanol Polar protic 74.52+ 0.5 75.72+ 03 | 25.97+0.4
Acetonitrile Polar aprotic| 75.62+ 0.4 77.05£04 | 24.45+0.5
Ethyl acetate Polar aprotic| 74.93+0.3 7741+ 0.5 | 25.43+0.3
Acetone Polar aprotic| 75.43+x0.5 76.68+ 04 | 25.84+0.4
Diethyl ether Non-polar 75.30£ 0.7 76.46x 04 | 23.73+0.5
Hexane Non-polar 75.34+ 0.7 76.29+ 03 | 23.58+0.5
Isopropyl ether| Non-polar 75.46+ 0.6 77.12+ 04 | 26.21+0.5
Toluene Non-polar 75.02£ 0.4 77.81£0.5 | 24.21+0.4
Xylene Non-polar 7456+ 0.5 76.59+ 04 | 25.39+0.5
Ibuprofen 75.25+ 0.5 77.30£04 | 25.28+0.3
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Based on the onset of melting points and melting peaks given by DSC, it is can be
concluded tht there is no polymorphism irbuprofen recrystallsd from various
solvents which agreavith previous tudies[137). There were single melting peaks and

no other endotherms or transitions were observed as illustratEdyune 6.1. The
onsets of melting points amrourd 74.5C - 75.6'C, melting peaks aran the range
75.7C - 77.8C and the value of enthalf fusion238 - 26.2 kcal/mol. From the data
published, the molar enthalpy were to be 26.65 kJ'maitained by adiabatic
calorimetry[161] and 25.5 kJmdi from DSC[162, 163. There was a small difference

in the melting poihand heat of fusiobetweenibuprofen crysta recrystallised from
different solventsThis maybe due toa differencein the degree of structural order
within the samples, the variance of degree of structural perfection when recrystallised

from differentsolvents and/or samples were not completely free from salvent

It is likely that only the external shape of the ibuprofen crystal exhibits morphological
changes from prisms to needilee and platdike [135 136 which is affeted by the
different growth rates of the individual faces, without changing the internal structure.
The only known crystal structure for ibuprofen has been publi$h8@ with the
excepion of an evidence for a new crystalline phas€R®)ibuprofen[131], however

the crystal structure has still not been revealed yet.

6.3 Solubility measuremens

In this study the solubility ofS)ibuprofen in ethanol 95%, ethyl acetate, acetonitrile
and toluene measurdry ATR/UV-Vis spectroscopy at the range temperataregeof

10, 15, 20, 30, and 36 are reportedSpectra of ibuprofen in solvents at various
concentrations are shown irigure 6.2. Calibration curves for ibuprofen in three
solvents were obtained using the specific absorbance peak of ibuprofen at 264 nm
(Figure6.3).
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Figure6.2 Spectra of ibuprofen in ethan®%, ethyl acetate and acetonitrdbowing

absorbancat 264 nmincrease with increasing concentration of solutions
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Figure6.3 Calibration curves were obtained from #iesorbances at 264 rohtheknown

concentration solutions

The BeerLambert law states that the absorbance of a solution is directly proportional to
the concentration of the absorbing species in the solutiorinengdath length. Hence,
ATR UV/Vis spectroscopyvas employed todetermine the concentration difuiprofen

in a solution for a fixed path length. The calibration curve of ibuprofen was determined
by measuringhe specificabsorbancepeak of ibuprofen at 264m versus a range of

concentrationsvith the fitting parameters summarisedliable6.2.

Table6.2 Calibrationline of ibuprofen in ethand®5%, ethyl acetate and aceitrile at
temperature from +35°C

Solvents Calibration line
Ethanol95% y =0.0823% 0.013
Ethyl acetate y = 0.0786xi 0.0034
Acetonitrile y = 0.0503x + 0.0017

Using these calibration curves, the solubility of ibuprofen in solvents twer
tempeature range 135°C was calculated from the meared ATR UV/Vis curves.
These buprofen solubility values (g/ml) in ethanol, ethyl acetate and acetonitrile were
then fitted bypolynomialfunctions which obeyhe above equations fdhe temperature

range 1535°C.
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0.08 1 Spectra of saturated solutions of ibuprofen in ethyl acetate at 15,
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Figure6.4 Spectra of ibuprofen in ethyl acetate showing solubility increase with increasing

temperature and &amax ukdése pobaxswiabt neitt houend

different solvents and concentration nor even as a function of temperature.

From the absorbance of saturated solutions and the obtained calibration dugves, t
solubility of ibuprofen in ethanol, ethyl acetate, acetonitrile (using ATR UV/Vis
spectroscopy and toluene (from gravimetric methodjas calculated andshown in
Table6.3.

Table6.3 Solubility of ibuprofen in ethanol, ethyl acetate, acetonitrile hegene(g/ml)

T (°C) | Ethanol 95% | Ethyl Acetate| Acetonitrile Toluene
15 0.54+0.011 | 0.38+0.009| 0.09+0.001 | 0.31+0.001
20 0.65+ 0.007 | 0.45+0.005| 0.12+0.001 | 0.40 +0.000
25 0.78+£0.011 | 0.59 £0.005| 0.19+0.006 | 0.51 +0.002
30 0.98 £0.029 | 0.72+0.007| 0.28 +£0.009 | 0.65+0.001
35 1.26 +0.009 | 0.94 +0.053| 0.40+0.005 | 0.82 +£0.015

The theoretical solubility ofbuprofen in ethano®5% ethyl acetate, acetonitrile and
toluene were calculated based on the Hilderbrasuaaton assuming ideal solution

behaviourand compared to the data collected from experiments. The onset of melting
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point temperature was obtained by DSC in section 6.2. The enthalpy and entropy of
dissolution of Ibuprofen in various solvents were caledasummarised iffable 6.5.

The solubility of ibuprofen is high in ethanol, ethyl acetate and toluene and low in
acetonitrile which can be rationalized on the basis of solvent polarity and the like
dissolvesdlike rule of thumb. e.g. a ngpolar compound will be dissolved by npolar
solvents and vice versa. The polarity can be based on the dipole moment parameter.
Ibuprofen is an organic compound with medium polarity due to the presence of both
polar CCOOH group and norpolar portions (benzene ring and substituted gr@ipls
attached to benzene ring). The dipole moment of ethanol, ethyl acetate and toluene is
lower than that of acetonitrile (shown ihable 6.5) thus ibyprofen has a higher

solubility in ethanol, ethyl acetate and toluene than in acetonifidllel€6.3).

The theoretical solubility of ibuprofen in ethanol 95%, ethyl acetate, acetonitrile and
toluene were calclaed based on the vanot Hof f eq
behaviourand compared with the data collected frexperiments. The solubility of
ibuprofen in ethyl acetate, ethanol 95%, acetonitrile and toluene have a discrepancy
from the ideal behaviour Wi the experimental solubility. In the ideal case, the
solubility is independent of the chemical composition of the solvent since the-solute
solute, solvensolvent and solutsolvent interaction are equal so there is no favour of
any particular interactioand enthalpy of mixing is zero. However, in the less than ideal
case of acetonitrile, it is shown that the intermolecular interaction energy between two
solute molecules is stronger than between solvent and solute molecules. The enthalpies
of solutions e all positive so they are endothermic in all cases. The solubility of a
solute is determined by the properties in equilibrium with the solvents and the

conditions for the solute in solution.
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Figure 6.5 Polynomial regressn lines of the solubility ofuprofen in ethanol, ethyl atzte,
acetonitrile and toluene at temperatures fronB2%5C (left); and plot of 1/T versus InX of the

ideal solubiity and the real solubilityright).

The ativity coefficiento as a function of temperature is showrTable6.4. The values

of o 1 n acet onr7iedwhichliséigharrthan thatiroethan8l,.ethyl acetate

and toluene. When examining the solubility of a solatdifferent solvents, the activity
coefficient completely aaaints for the effect of solvefil62. Ibuprofen is foundo

behaved i f f erently in various solvents accor
2 values are much ¢ rehaviolebecomebmaraneatly ideal ast h e
the temperature ncr eases. The high values of o2 ir
of weaker interactions betweebuprofen molecules and acetonitrile, whereas the

al most i deal values of 2 in ethyl acet e
interactions betwen ibuprofen and these solvent molecules. This indicates that
ibuprofen molecules generally do not exhibit much affinity for acetonitrile or maybe
rather that acetonitrile does not have affinity for ibuprofen molecule. Therefore, the
results presented heras well as those presented previo(i$4], support the fact that

ibuprofen is principally a lipophilic compound.
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Table6.4 Calculated etivity coefficients of buprofen invarious solventss a function of

temperature
Activity C 15 20 25 30 35
Ethanol95% 141 1.42 1.44 1.40 1.35
Ethyl Acetate 1.05 1.09 1.05 1.07 1.04
Acetonitrile 7.60 6.84 4.95 4.24 3.57
Toluene 1.24 1.22 1.18 1.15 1.14

The solubility data were validated either from the gravimetrithow or from the
literature. Possible uncertainties in the solubility measurements in this study could be
due to the errors in the weighing materials, evaporation of solvents when dissolving the
materials, variations in water bath temperature when prepéne saturation solution

and any incomplete settling of the excess ibuprofen solidseigravimetric method.
However, the solubity and activity coefficient ofduprofen measured in this study is
quite similar with literature dafd 62 165.

1.6
1.4 - n # Ethanol 95%: This study
H Absolute ethanol: G&R (2002)
/\g 1.2 A ' A Absolute ethanol: Rashid (2008
:_,f 11 4 * § ¢ Ethyl acetate: This study
S [
O | .
% 0.8 g ¢ 3 m Ethyl acetate: G&R (2002)
* * 2 Thi
N 06 - P4 Toluene: This study
® mToluene: G&R (2002)
0.4 - H N N
® ¢ Acetonitrile: This study
*
0.2 - . * @ Acetonitrile: Bunyan (1992)
0 . .
10 20 30

Temperature (°C)

Figure6.6 Comparison of the solubility (a) in ethanol; (b) in ethyl acetate; (c) in toluene; (d) in

acetonitrile in this study with published data

There are a few solubility data dbuprofen in the solvents studied are available in the
literature but they are obtained from the gravimetric method which consumes more time

and labour compad to using the ATR UV/Vis spectroscopy. Solubility data for
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ibuprofen in absolute ethanf, 158 162 166 and a mixture of ethanol and water

[158 166 are available in the literature

Table65Ent hal py of di ssoluti on, &eH, and entrop
data, together with calculated activity coefficient and temperature dependence fitting parameter.

Logarithm of actiity coefficientsofas a f uncti on of saturation t

Solvents Ethanol95% | Ethyl Acetate| Acetonitrile | Toluene

Dipole moment 1.69 1.78 3.92 0.36

Solubility (g/ml) 20°C 0.65 0.45 0.12 0.4

eH (KJ/ mol 25.23 26.16 53.76 27.6

&S ( kMK 0.07 0.075 0.154 0.08

2 (T-35C) 15 1.351.44 1.041.09 3.57-7.60 | 1.141.24
a -0.002 -0.0008 -0.0398 -0.0045
b 0.3897 0.077 2.6482 0.2837

6.4 Polythermal crystallisation as a function of solvent

The polythermal crystalligtion of ibuprofenin ethanol (1.4g/ml and 0.98g/ml), ethyl
acetate (0.72g/ml), acetonitrile (0.28g/ml), and toluené5(dml) as a function of
solution cooling/heating rate were carried out to investigate the MSA@¢/raw data of
MSZW measurements for ibuprofen in ethyl acetate, acetonitrile and toluene are shown
in Appendix AL.

The aystallisation temperature forbuprofen in ethanol95% at the different
concentration 1.4 (g/ml) (Tsar@ 38°C) and 0.98 (g/ml) (& & 30°C) was no obtained
since the solutiondbardy crystallised at the cooling rats 0.1; 0.2; 0.3; 0.4 and
0.5°C/min (seeFigureb.7).
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Figure6.7 Experimental polythermal data faruprofen in ethanol 95%olution illustrating that

(a) ibuprofen (1.4g/ml) does not crystallise under polythermal crystallisation at a
heating/cooling ratefd.1°C/min when cooling from 5& to -15°C; (b) ibuprofen (0.98g/ml)
does not crystallise under polythermal crystallisation at heating/cooling rd@/rgid when
cooling down from 58C to -15°C. Crystallisation only occurs during the hold segment ef th
program i.e after the cooling stage is complete

It was also shown thahé¢ less concentrated solution (0.98g/mBs likely to have
higher probability to nucleate than the more concentrated solution (1.4g/ml). This
perhaps reflects the fact that thdusions in ethanol require longer induction time for

cluster aggregation artd form the nuclei which can grow into crystals.
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MSZW of ibuprofen in ethyl acetate
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Figure6.8 Plots of the dissolution and nucleationget temperatures fadsuprofen in ethyl
acetate (0.72g/ml), acetonitrile (0.28g/ml), and tolu@i@g/ml) as a functiorof solution

cooling/ heating ratél'he dissolution and crystallisation temperaturedetermined fronthe
intercepts.
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The plots of temperature versus ttwling ratesare presentedn Figure 6.8 showing

the dissolution/crystallisation temperature dependency on the heating and cooling rates.
The undercooling temperature decreases with decreasing heating/cooéngrrat
MSZW is a parameter to indicate how deep the solution has to be undercooled before
the nucleation process starts to octuis quite obvious with slow cooling rate, the size

of clusters in solution can follow the change in the solution stateasdhth MSWZ is
narrower; whilst the structure changes in solution are slower than the change of the
temperature with the rapid cooling (high cooling rate) so the MSZW becomes wider
[96]. Table 6.6 summarises the MSZW of ibuprofen in ethyl acetate, acetonitrile and

toluene and the relatiship betweeog(b)vslo g ( oT)

Table6.6 MSZW of ibuprofen in ethyl acetate, acetonitrile and tolusslationsand the
relationship betweebhog(b)vslo g ( T)

Solvents Tais (°C) | Terys(°C) | MSZW (°C) | Log(b) vs log €oT)
Ethyl acetate| 31.2 18.2 13.0 y = 1.549xi 2.54
Acetonitrile 30.9 17.2 13.7 y = 3.268Xi 4.563

Toluene 31.8 21.8 10.0 y =0.939xi 1.700

The MSZW is not very big compared to many pharmaceutical compounds. It was also
shown that the slopes dfssolution and crystallisation temperature lines are rather flat

suggestingheintrinsic barrier but it does not really depend on cooling/heating. rates

It was seen that the dissolution temperature does not fluctuate much while
crystallisation temperate is quite susceptible to the cooling or heating rate. The
crystallisation temperature generally decreases with increasing coolingt rede. be
elucidated by the assumption that the highercooling rate is, the formation of nuclei
and clusters arexpected to occur fastelue to high supersaturation being reached
quickly. A largenumber ofsmaller and unstableucleiare generatedhich are likely to
dissolve or rearrange themselves to achieve the stable sr@nahe contrary, the slow
cooling with lower cooling rate is associated with the lower ratesugbersaturation
production. Hence, it is posséihat there ar@ small amount of nuclei which possess
excess the critical size and these nuclei grow directly into mature syystath results

in nucleationoccuring atahigher temperature.
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In this study the crystallisation temperature of ibuprofen in these solvestewnd to

be quite scattered due tive high solubility of buprofen in organic solvents. Solutions
were very viscousin paticular in ethanol, resulting in highemterfacial tensions and
potentially unstable nucleation. Any foreign material tbe molecular ordering or
embryo stillpresensomewhere in the reactor such as the cap of crystallisers or the wall
of the reactor, 0the stirrer can caudeeterogeneousucleation. Thus it is difficult to
state which solvent produs¢éhe widest MSZW. In summary it cdre concluded that

the MSZW of buprofen is from 1% to 13.7C. Ibuprofen in toluene has a smallest
MSZW and in etharlcscarcely crystallises even though experiments were implemented

at two different concentrations (1.4g/ml and 0.98g/ml).

The polythermal (slow cooling) crystallisation experiments were performed on
Ibuprofen systems to finthe kinetics of the nucleatioprocess including nucleation
order and nucleation constant from the Nyvlt equation and MSZW. The nucleation
order determined by the slope of these stralgi@s is 1.55, 3.27and 0.94 in ethyl
acetate, acetonitrile and toluene respectiveltych indicatedthat ibuprofen nucleated

easier in toluene and ethyl acetate solutions ithasetonitrilesolutions
6.5 Isothermal crystallisation as a function of solvent

Theraw data of induction times obuprofen in acetonitrile, toluene, etha®&% and
acetonitrie are shown in Appendid2. An example of induction of ibuprofen in

acetontrile is shown inFigure6.9.
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8 30, —Run2
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% 40 - @ ——Run>5
= Run 6
© =
= - 109 Run 7

20 - Temperature

0 T —L 0

00:00:00 01:12:00 02:24:00 03:36:00 04:48:00
Time

Figure6.9 An example of the measuratbuction time ofbuprofen in acetonitrile (0.4g/ml) at
S =6.86
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The induction timeexperimentsvere repeated in many isothermal crystallisation runs

andsummarizedn Table6.7 andFigure6.10.

Table6.7 Induction times of acetonitrile, toluene, ethan®%and ethyl acetate

Acetonitrile
T S Induction time (mins) Average
-5°C 24.9 25; 26; 76 42.3+29.2
0°C 15.9 52; 83; 85, 98; 109 and 107 89+21.1
5°C 104 76; 101; 102; 112; 142; 197 121.7 + 42.6
10°C 6.86 99; 113; 134; 160; 173; 263; 295 | 176.7 £74.9

Toluene
T S Induction time (mins) Average
0°C | 5.52 20; 31, 35; 38 31+ 7.9
5°C 4.84 34; 87; 92; 115; 135; 136; 161 108.6 +41.9
10°C 3.84 38; 41, 45; 46, 56; 142; 48; 55 55.9+34.2

15°C 2.91 91;98; 110; 112; 135; 141; 168; 17| 128.5+30.9

Ethanol 95%

TCC) | S Induction time (mins) Average
0°C |5.02 |42;117;208; 222; 27; 324 156.7 + 115.3
5°C | 4.04 |94, 49; 289; 489; 580 300.2 +23.3

10°C | 3.26 | 424; 608; 140; 205; 834; 967; 101; 679 494.8 + 328.4

Ethyl acetate

TCC) | S Induction time (mins) Average

15°C | 2.68 | 12; 18; 48; 107; 34; 38; 82; 96 54.4+36.4
20°C | 2.14 | 70;99;82; 19 67.5+345
25°C |[1.71 | 73;124;262;104 140.8 £ 8%
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Figure6.10 Induction time of acetonitrile, toluene, ethaB6Poand ethyl acetate at different

supersaturation ratso

The isothermal (crash cooling) crystallisation experimentshibuprofen sgtem was
attempted to investigate the induction time. From the data it is apparent that the
induction times increase, as expecteih higher temperatures (lower supersaturations)
and vice versa. Comparing the MSZW and inductiome data, it is likely tht
ibuprofen in toluene and ethyl acetate solvents would have a smaller MSZW and
induction time when compared to acetonitrile and ethanol. However, the data has high
variation in all systems, very large for the ethyl acetate and etl®&d6lsystems so

many repetitions should be carried out to obtain probability distributions of induction
times in the cases of eth@r5% and ethyl acetate. Similaglghe induction period of
aqueous solution of KCI scattered rather Igig&/] which is often found and arise from

150



Chapter 6. Crystallisation process characterisation and analysis

the stochastic character of nucleation. This is anticipated as nucleation is considered to
be a random stochastic proc§26]. Jiang and ter Hor$168 have developed a method

for determinatiorof nucleation rate from an examination of the cumulative probability
distributions of induction times in agitated solutions due to the stochastic nature of
nucleation processhisreflects the variation of the nucleation time. The appearance of a
nucleus can be considerad a random process at a constant supersaturation Téxeel
effective nucleation rate varies so widely from one sample to another, defining a typical
nucleation rate or time is not trividlence a measure of the average nucleation tome

the distribdion of induction timemight berequired[169.

Ibuprofen in ethand5%is a viscous solution. High viscosity has a tendency to prevent
nucleation[96]. Therefore, high viscosity results in less freedom and space for solute
molecules to fifuse and aggregate together to form molecular clusters and then nuclei
in supersaturated solutions according to classical nucleation theory. Myersdi €d,al.

171 measured he diffusion coefficients in a number of systems in aqueous
supersaturated solution. The diffusion coefficient was shown to decrease rapidly with

increasing concentration in the supersaturated region.

Hence,in this studythe viscosity of supersaturatedlutionwasexamined as a function
of solvents and temperatures at the temperature ranf25p0C using the Bohlin
Gemini rheometer and viscosity calculated ugtmgNewtonian model fit is presented
in Figure6.11.
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Figure6.11 Viscosity of ibuprofen solution examined as a funictof solvents and temperature

It is clearly shown that the saturated solutions at T “€3ff ibuprofen in ethan®5%
(0.98g/ml) hasnuchhigher viscosity compared to ibuprofen in ethyl acetate (0.72g/ml),
acetonitile (0.28g/ml) and toluene (0.65g/mdolutions. The higher concentration of
ibuprofen in ethanoshows a much higher viscosity. The system has demonstrated
whilst viscosity of ibuprofen in ethanshowed a strong dependenme temperature,
viscosity in ethyl acetate, acetonitrile and tolueme quite similar andhowedless
dependence on temperaturdhe \scosity of ibuprofen in ethanolncreased
significantly when the solution was cooled down te2BAC (seeFigure 6.11) which
might result inincreasing difficulty of thesolutionsto crystalli® at low temperature at
any cooling rate 0-0.5°C/min and the less concentrated solwionethanolassociated
with the lower viscosity hae a higher probability to nucleate than the more
concentrated soluns.

The interfacial energy, a parameter involving the growing crystal and the surrounding

motherliquor, can be estimated fromplot of InGhg versus T(InSY2. This uses equation
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2.26in chapter 2with the molecular volume of ibuprofen taken as 3082 3 . % * 1 0

m? (the volume of a unit cell V = 1224.%¢ and the number of molecules in a unit cell

Z = 4; assuming 4 molecules occupied the whole volum#helnit celland from this

the volume of a ibuprofen molecule was calculated); the Boltzmannstam K =

1.3805*10%J/K. The calculated interfacial energy from the slopes of the straight lines

is shown inthe Figure6.12 and results in the value shownTiable6.8 and the plots of

the dependence othe size of the critical nucleus as a function of temperature and

supersaturatioare shown irFigure6.13.
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Figure6.12 Plot of In(}y versus T(InS)? of ibuprofen in 4 solventdnterfacial tension can be

calculated from the slope of the line

Table6.8 The interfacial energy calculated from the slopes of the straight lirigg ersus T

3(InSy?
LnGhg versus T(InS)* | Interfacial energy (J/f)
Acetonitrile y = 1E+08x +3.436 5.52*10°
Toluene y = 5E+07x + 3.0103 4.38*10°
Ethanol y = 9E+07x + 3.4576 | 5.33*10°
Ethyl acetate |y = 1E+0% + 3.4913 | 2.56*10°
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Figure6.13 The size of the critical nucleus as a function of temperatutesapersaturation (a)

in acetonitrile; (b) in toluene; (c) in ethanol 95% and (d) in ethyl acetate

It is clearly shown that, as expected, the radius of the critical nuclei increases with
decreasing the degree of supersaturation and increasing temperataris consistent

with homogeneous nucleation theory as discussed in chapter 2. If the solutions are
maintained at higher temperature associated with the lower supersaturation, the size of
the critical nuclei will increase.At each concentration and teerature of solution a
particular size of cluster fahe nucleation process expectedlf the state of solution
varies, the size of critical cluster also changes resulting in a wider or smaller MSZW;
hence, MSWZ depends on many parameters such as aupation, temperature,

cooling rate, agitation speed etc.
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6.6 Conclusions

This chapter presented the DSC data including melting points and enthalpy of

dissolution ofibuprofen, solubility dataMiSWZs and induction times fobuprofen of

RS-ibuprofen ina range ofsolvents. The solubilityenthalpy and entropy of dissolution

and activity coefficientof ibuprofen at different temperatures were compared to the

published datahowing quite similar value3he experinentally measured solubility of
0 Hof f

ibuprofen is laver than calculated bipev a n 6 t

the ideal behaviour with the real solubility, consistent with strong sebltde

equation

s how

interactions, particularly in the case of acetonitrile. ATR UV/Vis spectroscopy was

found to be a ragd and efficient technique for the measurement of solubility for strong

absorbing materials but was found to have stmgs in terms of the refractive index

of some solvents.

It was also found that the MSZW difuprofen is relatively small. This is ntypical for

many organic crystallising systems where the inducticdh@hucleation process can be

slow and limited. Thouglhe MSZANs and the induction times fobuprofen scatter

quite widely in all solvent systems, it was shown that ibuprofenhesmallest MSZW

in toluene. Ibuprofen in ethanol is not a good system for studying MSZW due to the

high viscosity of solution. The viscosity increases more rapidly with increasing of

concentrationn the supersaturated region. This retards the cluster diffusisolutions

and the formation of nuclei. In this system, higher concentration and holding solutions

at lower temperatusemake een solution harder to crystallis&he induction times

increase with decreasing supersaturation, whichimrgquite good agrementwith

classic nucleation theoryhe critical nucleus diameter and thus size decreases as the

supersaturation increases. The nucleation order and the calculated interfacial energy is

summarisedn Tableb.9.

Table6.9 The nucleation order and calculated interfacial energy calculated from MSZW

Ethanol Ethyl acetatg Acetonitrile | Toluene
Nucleation order - 1.55 3.27 0.94
Interfacial energyJd/nf) | 5.33*10° | 2.56*10° 552*10° | 4.38*10°
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The solubility and MSZW results are essential and us&fu the design of a
crystallisation process for the measurement of crystal growth rate. The solubility and
MSZW indicatesthat the measurement of the growth rate of spootasig nucleated
single crystalshouldbe performedin the range ofpT  >°C i tBis research and the

seeding experiments can be carriedwititin theMS ZW (°@). 1 3
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7 Growth kinetic and mechanism

Summary:
The growthrate on the {001} and {100} faces versus supersaturation for spontaneously
nucleated single crystals in stagnant solutions is measured as a function of solvent type
and reactor scalsize (0.5mL and 15mLand the interface growth mechanism
assessed. Thiss compared to the data recorded on the population of crystals
crystallised in an agitated 7neactor.
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7.1 Introduction

Crystals of racemidgbuprofen exhibit different crystal habits as a result of varying
crystallisation conditionfs, 135139, 141]. This material primarily exhibits a plati&e

crystal morpholog dominated by a large {100} face with smaller {001} and {011} side
faces. So far there have been limited studies of this material concerning the
crystallisation kinetics[5, 15]. Despite this, little information has been provided
regarding the growth rate of spontaneously nucleatgstats nor has crystal growth
rate variation of the individual faces been studigds chaptereflects uponthe growth
kinetic and growth mechanism of the {001} and {011} surfaces of spontaneously
nucleated single (RSbuprofen crystals under diffusidimited conditions (stagnant
solutions)at two scale sizes; 0.5mL and 15mL, as a function of soheth&ariol95%,
ethyl acetate, acetonitrile and toluene)
is presented.

The growth mechanism of thesecés was investigated by fitting growth rate data to
growth kinetic models notabB&S and BCF. The growth rate of single crystals in-non
agitated vessel is compared to the measurements made on a population of crystals

crystallising in a ML agitated vesse

7.2 Mean growth rate of the {001} and {011} facesas a

function of growth environment

A full set of the experimental growth rate data provided in tthésisis given in the
Appendix B The data comprises a total of 125 single ibuprofen crystals, spontiyne
nucleated in 1230 growth runs measured in ethaB6Pb, ethyl acetate, acetonitrile

and toluene over a supersaturation range from 0.54 to 1.31 at 2 scale sizes 0.5 and 15

mL.

A sequence of images of crystals grown irD.amL cuvettecrystallisationcell in
different solventss shown inFigure7.1. An example ofte plotthe distance from the
centreof the crystals along the growtiormalas measured for 5 crystals in the 15ml

growth cell to the faces as ariction of timeareshown inFigure7.2. Simultaneously
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the ATR UV/Vis spectra and calculated solute concentration and relative
supersaturation of ibuprofen in ethanol collected during crystallisation experitoents
monitor the supersaturation of solution are showRigure7.3 The mean growth rates

of the {001} and {011} faces of singleébuprofen crystals spontaneously nucleated in
ethano] ethyl acetate, acetonitrile atmluenein 0.5 mL and 15 mlare shown inrable

7.1 andFigure7.4.
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In toluene at6s =1.17
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Figure7.1 Series ofoptical micrographs ofbbpr of en crystal s grown i n
= 1.17 and 0 = 0.66 (a), in ethyl acetate |
between 0 = 1.12 and G4 = 0.79 (c) and in tol

scale size showinthe growth of the crystals and their morphology as a function of solvent,
elapsed time and solvent supersaturation
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Figure 7.2 The distance from theentreof the crystals to the faces was plotted as atfan of
time. The slope of the line gives the measured growth rate of thenfeasurement for the

estimation of the growth rate for the {011} and {001} face
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Figure 7.3 ATR UV/Vis spectra of ibuprofeiin ethanol during crystallisation obtathevery
minute in 50 mins (lejt Solute concentration and relative supersaturation calculated from the
UV/Vis absorbance calibration modei 15mL jacketed vessel (right
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Table7.1 Mean growth ate of face {011} and {001} ofduprofen inethanol95% ethyl

acetate, eetonitrile and toluene in prototype cell Ok and jacketeeressel 15mL

Choice G Number Mean Growth Rate R
Ofl t of tal Rioony Ry
Solvents crystals ™5 5mL 15mL 0.5mL
15mL scale
scale scale scale
Ethanol | 0.66 5 36+0.7| 3.8+£0.5 85+21 11.1+0.8
95% 0.79 8 46+04| 56+10| 11.8+1.1 149+1.4
0.89 5 6.2+08 | 7.2+08 | 14.3+15 16.9 £ 0.9
0.97 5 80+x09 | 89+£04 | 16.6+1.7 184+1.1
1.17 5 13.2+1.6| 13.2+0.7| 21.6+1.3 246 +4.1
Ethyl 0.54 6 1.8+03| 19+£03 | 17.7x2.0 19.1 + 3.7
acetate 0.69 5 34+04 | 39+09 | 31.6+1.8 36.5+ 3.0
0.76 6 44+06| 58+04 | 37.5+3.1 41.7+4.1
0.85 7 6.3+204 | 6.6+£0.7 | 425+3.2 471+ 2.1
0.97 7 83+0.8| 10.1+0.8| 48.9+3.7 53.0+2.2
1.06 7 97+08 | 126 +0.5| 52.1+6.6 58.6 + 3.3
1.20 7 12.2+26| 13.8+1.2| 61.3+7.7 65.4 +£ 3.7
Acetonitr 0.79 6 36+0.7| 48+1.0| 515+52 56.3+5.0
ile 0.93 5 50+0.3| 58+0.3| 60.0+6.7| 729+35
1.03 6 74+20 | 9.3+£0.6 | 79.9+115 85.4+79
1.12 6 10.7+2.0| 12.7+1.4| 90.0+11.7| 104.9+8.8
1.31 6 146+26| 169+1.4| 112+125| 121.4+12.6
0.7 6 1.8+0.2 24+05| 27.8+1.8 32.0+2.3
Toluene 0.78 5 21+0.2 | 28+£05| 305+26 33.6+4.4
0.86 6 3206 | 35+£08 | 34.1+4.2 38.7+3.1
1.17 6 44+17 | 50+04 | 40.2+5.1 43.8+2.4
Face {011} at scale size 0.5ml Face {011} at scale size 15ml
=140 =140 -
£120 - { §120 . {
£100 - £100 - i
[ L
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Figure7.4 Mean growth rate of the {011} and {001} face versus supersaturation of crystals

grown in ethano95%, ethyl acetate, acetonitrile and toluene

The growth rées of ibuprofen crystals grown in absolute ethanol at different

temperatures using stirred seeded batch crystallizateme reported irf15] showing

the growth ratén ethanolfollowed afirst order dependence on supersaturation. i.e. G =
of migthekinedck mddrf i n ¢

ke U" where G is thdinearg r o wt h
= 1), kg is the growth rate coefficielfkc = 15) a n d

rat e

O is the

super sat

Table7.2 Comparison of the mean grtwrates of face {011} and {001¢f ibuprofenin
ethanol with the growth rate calculated fr@r ks (0" (with k= 15 n =1) [15])

Supersaturation This study Data after Rashi [15]
v Face {001} | Face {011}
0.66 3.6-3.8 8.5-11.1 9.9
0.79 4.61 5.6 11.811.9 11.85
0.89 6.21 7.2 14.371 16.9 13.35
0.97 8.9-8.9 16.6-18.4 14.55
1.17 13.2 21.6 -24.6 17.55
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The mean growth rates (R) of the {001} and {011} faces increase gigteficantly

with increasing relative supersaturation. R{001} and R{011} are responsible for
defining the shape of crystalsor thesolventsstudied R{011} is greater than R{001},

in particular for crystals grown in ethyl etate, acetonitrile and tolae. Thisresuls in
shapes witha higher aspect ratio in these solvents (elongated crystals), e.g. in ethanol
the ratio of R{011} and R{001} rangeBom 1.6 to 2.6 whilst that in ethyl acetate

ranges from 5.0 to 9.8 with even higher values in acetoratmitetoluene.

Considering the four solvents, for solutions at the same supersaturation level, R{011} in
acetonitrile is the highest and R{011} in ethanol is the lowest. R{001} of ibuprofen
crystals in ethanol and ethyl acetate are nearly similar and R{@i0acetonitrile is

lower than R{001} in ethanol and ethyl acetate. R{011} in acetonitrile increases much
more with increasing supersaturation compared to the etieents Figure7.4). The

rate of change ofgrot h r at e with changing supersat.
{011} faces in four solvents was not fouta follow a linear relationshipgfor example,

in et hyl acetate the gradients of R{011}
were foundtdoe | ower than those measd@are{ ®dxr} 0
90.4 and dR{001} /dO is 11.6 but at a >
17.4.

At the 15 mLscale the measured R{001} and R{011} are slightly greater than that
found for he measurements @5 mLscale According to Noyes and Whitng¢g5], the
driving force for crystal growth is the difference between the corat#orn in the bulk

of solution and at the solid surface. As crystals start to grow supersaturated
solution the concentration drops across the stagnant film of liquid adjacent to the
growing crystal faces and thus the diffusion process, in whichesototecules move
from the bulk of the liquid phase to the thin stagnant film, ocdtissas reported that
film thickness measured on stationary crystals in stagagareous solutions is up to 150
em whil st t &tozerom aigorously ggitated sygtef2€]. It is postulated
that probably the mass transfex greater for the larger scale size where the solution
volume is greater hence suggesting ttie diffusionrate is greaterat the 15 mL
solution compared to thatt the 0.5 mL cuvette, thus the driving force for the crystal

growth shouldbe less in th®.5 mL cuvette. With the same small amount of material

164



Chapter 7. Growth kietic and mechanism

crystallized out, the local supersaturation levaisuld decrease fastar the 0.5 mL
solutionwhen compared to that in the 15 mL cell. Howevexamination othe ATR
UV/Vis data measured 4situ shows the supersaturatiorievel to becomparatively
constant duringecrystallisation process. Thigrobably due to the small numbers of
nucleated single crystals in the unagitated vessel resulting in a modestasurable
supersaturation change. When thgstals are growing, the supersaturation levels are
likely to decrease locally within theolutionadjacent to the growing crystal faces, and
this change in concentratias not likely to be detectable by the ATR WWis probe
given its location some distam@way (~8mm). In addition, the temperature in the 15
mL vessel may not be completely homogeneous, while crystals which settle on the flat
optical disc at the 15 mL vessel base may be at a slifnilgr temperaturavhen
compared tahat ofthe bulk solubn due to a lack of coolant circulation around the
disc In contrastthe thin 0.5 mL cuvette is totally immersed in a water tamk thus the

temperature should be controlled within AT1

7.3 Crystal morphology as a functionof growth

environment

The {001}, {011} and {100} faces are the dominangéxternal morphological forms for
ibuprofen cystals. The morphology obuprofen crystals grown from ethanol, ethyl
acetate, acetonitrile and toluene at both scale sizes (cuvette 0.5mL and jacketed vessel
15mL) were found to be quite consistent from crystals to crystals and between two scale
sizes in good agreement with previous studigsl36q. Platelike hexagonal shaped
crystals are obtained from ethanol whilst more elongated forms are found in ethyl
acetate, acetonitrile and toluene. Crystal prepared from toluene and acetonitrile
solutions were found to grow with the most nedide morphology. The former
exhibited some curvature on the {001} faces which might be with kinetics roughening.
Changesof relative growth rate of the {001} and {011} faces with solvent type and
supersaturation result in a variation of the crystal aspect ratios (the ratio of the length
and the width of a crystal) reflecting the fact that the crystals tended to be more
elongated in the less polar and npolar solvents and with decreasing supersaturation,

as shownn Figure7.5 andFigure7.6.
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Figure7.5 Photographs of aspect ratios (the ratios of the length and the width of crystals) of
ibuprofen crystal grown from ethanol, ethyl acetate, acetonitrile and toluene versus relative
supesaturatiortogethemwith thevacuum morphology figure froBunyan[136. Note that the
aspect ratios mostly tend to increase with decreasing supersaturation.
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Aspect ratio versus supersaturation
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Figure7.6 Aspect ratios of ibuprofen crystals grown from ethanol, etbgtaie, acetonitrile and

toluene versus relative supersaturation at two ssiaés: 0.5ml and 15ml

Similar effects were reported bRistic, et al. [9] who observed thathe growth
morphology of monoclinic paracetamdtom pure aqueoussolution at different
supersaturationsexhibited a strongsupersaturaticependeoce associatedwvith a

changefrom a columnar to a platée habitwith increasing supersaturation

7.4 Variation in growth rates crystal by crystal

Eachcrystal growth ratelata point reported here represents a mean atvecenfive

and eight individual crystals for which the rgwth rate was measureéigure 7.2
illustrates the growth of the {001} and {011} face over time for five individual crystals.
The facespecificgrowth rateswvere found todisplay a good linear fit for each crystal
surface indicating that these fages follow the constant crystal growth modghis
model proposes the constant growth rate of each crystal along the growth periods
However,different crystals have different growth rat@$e growth rate variations of

ibuprofenin various solventaresummarisean Table7.3.
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Table7.3 The coefficient of variation for the growth rate of the crystal faces

Solvent type The {001} face The {011} face
0.5mL 15mL 0.5mL 15mL
Ethanol 0.12 0.103 0.12 0.09
Ethyl acetate | 0.123 0.10 0.095 0.07
Acetonitrile 0.177 0.103 0.12 0.083
Toluene 0.193 0.173 0.092 0.084

The average standard deviation of thpaedicular crystameasurementwas found to
beabout 12%.Caution should be exercised in interpreting this data as errors e.g. due to
the blurring of the crystal boundaries, minor errors from manual measurements etc.
could be introducedNonethelessthe standard deviains of the mesured growth rates

are broadly representative of tlariation in growth rates of crystal habit faces
individual crystals According to observations of sequence of single ciysgabwn
during a period of timethere were different growth rate betwedemnr similar faces
(011), (G11), (0%1) and (01-1) facesand each crystal grows at slightly different rate in
the same conditiongsiven that the initial size of crystal studied is very similar, these
observations are more consistent wiftke growth ratedispersion (GRDgffect than one

of size dependant growth (SDG).

In this study, the growth ratelata shows &wer growth rate variation for the growth of
spontaneously nucleated crystals in stagnant, supersaturated solutions compared to the
GRD observedn a stirred batch crystallizer which was measured from size distribution

of crystals from seedinfll5]. The latterstudy showedibuprofengrowth in absolute

ethanol and wateethanol mixturest the 1Lstirred seeded batch crystallisation vessel
sizeexhibits GRD with a log normal distribution of growth rates havirspr@ad of the
coefficient of variation CY which is calculated by the standard deviation/mean size of
volume based distribution of the growth rate on a volume basis. The distribution spread
CV, versus experimental growth time at®@5n absolute ethanol)akl the value of 0.5
(Figure7.7).
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Figure 7.7 Distribution spread CVwersus experimental growth time at°@5in absolute

ethanol) (reproduced Wi permission fronRRashid et aJ15]).

Similarly, studies ofthe growthrate behaviar of anhydrous sodium sulphate crystals
revealedthatthe GRDof single crystals grown ia flow cell wasless tharthat found
among a population ofcrystals preparedin a batch crystallizer[172. This was
rationalised in terms afrystal collisions occurring in thegitated crystallier produing

greater numbers of fastgrowing nuclei

Whilst a significaninunmber of studiehave beertarried outthe mechanism d&&RD is
still a matter of some debatéhe GRDs of ibuprofen was compared with some other

organic and inorganic materialsTiable7.4.

Table7.4 Growth Rate Dispersion of some other organic and inorganic materials

Materials The coefficient References

of variation
Lysozyme (face {110} | 0.05-0.2 Judge et al[21]
Lysozyme (face {101} | 0.05-0.33 Judge et al[21]
Paracetamafface{110}) | 0.061- 0.141 Finnie et al[173
Sucrose 0.28 Berglund and Murphy174
Citric acid monohydrea | 0.35 Berglund and Larso[il79
ADP 0.37 Garside and Ristif20]
Ibuprofen 0.07-0.19 This study
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The GRDfor the growth ratef the {001} and {011} of ibuprofen is quite similar to

that of the {10} directionof paracetamadnd slightlylower than other materials.

The GRDsof both facesn this studywas found to increase wiithcreases in the mean
growth rde when crystals grow at the high supersaturatibme growth rate of the

{001} and {011} faces showed a trend of higher GRD at the higher supersaturations and
the GRD in the 15 mL vessel is less than the GRD in the 0.5 mL cuWeigesimilar to

the cae ofcitric acid monohydrat§l75, sucrosg174], and fructosend protein21].

At the higher supersaturations, the nucleation rate was found to be greater, which means
more crysals are generated in the-situ cellwhich grow at the same time in solution
resulting ina more rapid desupersaturation of the growth solution at the smaller scale
size (0.5 mL).The GRD do not vary greatly between the solvents except the GRD for
toluene This is might due to the very needilee crystals with curvy {001} facewnhich

were found in toluene.

7.5 Rationalisation the growth rates with intermolecular

bonding and surface chemistry

In these four solvents, the growth rate of face {011} was foonblet greater thathe
growth rate of face {001} in particularly crystals grown in ethyl acetate, acetonitrile and
toluene. This resulted ia higher aspect ratio for the crystals formed in these solvents.
The norphology, the growth rate of face {011} an@(l} and aspect ratio of crystals
can be rationalised and understoodtl® molecular scale througimorphological
prediction, analysis of the intermoleculaonds on thebuprofen crystal surface of the
{011}, {001} and {001} faces and the chemistry tife crystal habit surfaces.

The analysiof the strongest bonds on thmiprofen crystal surface of the {011}, {001}

and {100 faces showed thathe strongest bond type7(47 kcal/mol)are hydrogen
bonded molecules between molecule number 1 and moleculkeen8 which continue
along the b direction so crystals are expected to grow mothisndirection. The
hydrogen bonds contribute to attachment energy on the {011} face and contributes to

the slice energy on the {001} face, which can be used to verifygtbe/th rate of the
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{011} face being greater than the growth rate of the {001} face. This is in good
agreement with the growth rate data of the measured {011} and {001} fastadired
solvents. On the contrary, most of the strongest bonds on the {1@pafadnside the

slice thus this face is expected to grow slowly and become the most morphologically
important. This agrees with the predicted and experimental morphology of ibuprofen
apart from the aspect ratio of crystals is likely due to the facthtat the growth
conditions effect the relative growth rate thie {011} and {001} faces resultingn
changes of aspect ratio of crystals. The more detailed analysis of saiysbal

surface interactions, in this case solvent type, is considered.

The norphology of a crystal in different growth environments depends, collectively, on
the relative growth rates associated withits constituent crystal habit faces.
Mechanistically, theseates reflect the balance betwetre rate of desolvation of
solvent moleales and the rate ddolute adsorptionat the different crystalgrowth
interfaces Ultimately these rates are linked to thespectiveinteraction energies
associated witlthe solute and solvents molecules orsdsurfaces. Hence, the growth
rate ofan individual habit facecan be rationalised as being determined by interactions
between solute and solvents on specific fabesugh eithema reduction oanincrease

in interfacial tension and concomitant growth rate. Hettoe,buprofen morphology
grown from solvents can be explained by molecular arrangement at the {011} and
{001} surface and hydrogen bond can be formed between solventthar@OOH

functional group ofbuprofen.

Figure 5.13 and Figure 5.14 showed molecular packing diagrams which highlighie

basic surface chemistry of the {00&hd {011} growth surfacesOn the {011} face the
molecules are arranged alternatively nearly parallel and perpendicular toftoe sund
intermolecular hydrogen bonds appear in different directions contributing to slice
energy and attachment energy. Moreover, if considering the effect of solvent (polar, less
polar and no+polar) on the growth rate of the {001} and {001} face, iarfcular the
growth rate of the {011} face significantly varies among ethanol, ethyl acetate,
acetonitrile and toluene. The {011} face exhibits great hydrophilicity because the
carboxylic acid groups are more easily accessible so the use of polar s¢dteatsl

which can act either as a hydrogen bond donors or acceptors) would inhibit the growth

of {011} resulting in shortened crystals (pldiee crystals). On the contrary, a more
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apolar solvent (ethyl acetate or acetonitrile) or-potar (toluene) witch interact to a
lesser extent to the {011} face thus obtaining more elongated crystals. Moreover,
interactions of less polar solvents with alkyl groups on the {001} face hinders the
growth of this face.

In summary, the moleculamodellingwas quite suassful inqualitativeinterpretation

and supportingor the experimental data, particularly the growth rate of {011} and
{001} in various solvents. The different shapes are formed by the differences in the
relative gravth rates of specific faces obuprofen crystals due to the interaction of
solvent molecules and the structures of specific growing faces. Hence, the
computational calculations using attachment energy and the BFDH approaches
accurately predict the shapes of crystat®wvn in vacuumthey arenot very accurate for

crystal grown in the solution

7.6 Growth rate mechanism of {001} and {011} at two scales
0.5mL and 15mL

The microscopy observations reveal that the crystal growth was clearly planar in nature.
This, together with the appearance of taigs which are bounded by wealefined
crystallographic surfaces which are not roughened would suggest that the growth
mechanism would be either due to the BCF or B&S mechanism. This supposition is
confirmed through examination dhtapresentedn Figure7.8 which show that there is

a strongand nonlinear dependence of the relative growth rates, on supersaturation
ruling out models, such as the rough surface mamelvhich a linear dependence of
growth rate on suersaturatiorfitting would be expectedData fitting has been carried

out using nonlinear curve fit in Origin with user define functions (Birth and Spread
model A*(x"(5/6))*exp(B/x) and BCF model A*(x"2)*tanh(B/x))PFots of the
measured crystal growthteaversus relative supersaturation together with fitting against
these modelsare shown in Figure 7.8, summarisedin Table 7.5. From this, an

assessment was madeatbich nodelgavebetter fitted
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Figure 7.8 Plots of thegrowth rate versus supersaturation together with fiB&$ and BCF
mechanism modelor both {011} face (left) and {001} face (right) and for both 0.5mL (top)
and 15mL (bottom)

Table7.5 Fitting parametes for the faces {011} and {001} of ibuprofen grown ithanol95%,
ethyl acetate, acetonitrile and toluene WB&S model and BCF modeltogether withthe

adjusted coefficient of determination adjustédijR?)

Vessel 0.5 mL Vessel 15 mL
Face {011} Face {001} Face {011} Face {001}
B&S BCF | B&S [BCF |B&S BCF | B&S BCF
Ethanol [ A 41.782 | 16.540 | 39.41| 8.03 29.13 | 33.97| 32.28 9.42
95% B -0.962 | 8.79E8| -1.51 | 42E11| -0.40 | 0.65 | -1.22 | 3.30E8
Adj.R* | 0.986 | 0.966 | 0.94 | 0.94 0.99 | 0.99 | 0.996 | 0.992
EA  (gA 152.62 | 65.02 | 31.94| 815 | 16255 | 72.95| 41.57 | 10.16
0540.76) |B | -0.88 | 63.46 | -1.29 | 2.2E9 | -0.85 |61.89| -1.36 | 8.31E12
Adj.R" | 0996 | 0.973 | 0.994| 0.95 097 | 0.95 | 0986 | 0.941
EA (dA 61.53 | 53.41 63.56 | 54.75
0.761.20) | B -0.20 | 49.22 -0.15 | 48.74
Adj.R* | 0.995 | -0.22 0.998 | -0.28
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Acetonitril | A 167.66 | 72.09 | 70.88| 6.05 175.15 | 82.03| 91.95 7.69

e B -0.81 37.45 | -2.38 | 2.0E8 -0.75 32.75| -2.47 1.91E6
Adj.R? 0.937 | 0.872 | 0.891| 0.70 0.99 0.88 | 0.932 0707

Toluene A 33.76 | 45.25 | 9.56 3.51 32.46 | 39.82| 6.902 5.858
B 0.078 | 24.89 | -1.00 | 4.62E6 0.21 8.07 | -0.528 0.857
Adj.R? 0.958 -5.77 | 0.77 0.76 0.97 -5.86 | 0.994 0.994

Figure7.4 shows that there is a strong dependeasidbe relative growth rates, between

the {011} and {001} faceswhich controlt he cr y st a lob supeesatyraiont r &
ruling out models, such as the rough surface mof#l] that predicts a linear
dependence of growth rate on supersaturafiable 7.5 shows the fitting parameters A

and B (see equation (2.35) and (2.36)) ameladj. R for the faces {011} and {001}

grown invarious solventsvith the B&S model and the BCF model. Generdlg B&S
modelprovides a better fit to the data than that for BCF madelmost data measured.

The main exception are for R{011} and R{00i} ethanalk solutions which provided

similar valuedor thefitting adj. R? (0.97-0.99) for both models.

In the case of ethanohé increased viscosity of the solution inhelimass transfer of
the solute from solution to the crystal face thusnight contribute toreducing the
crystal growth rateand the growth mechanismccording to Sherwood, there &
relationship between the mass transfer coefficient and diffusivity or diffusion coefficient

and viscosity

o T (7.1)
Q — ¢ ™ — Y&

U

whereD is thediffusion coefficientL is crystal sizeQ is the average power input ahd
is the kinenaic viscosity, andScis the Schmidt number (&’ ¥O). The dffusion

coefficient, D, can be estimated using the Stdkiestein equation:

o (7.2)

whereK is the Boltzmann constanl,is temperature (K), is dynamic viscosity of the

solution, andd,, is the molecular diameter
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Similarly, the effect of solvent compositioron the growth kinetics and growth
mechanismas a function of solvent composition associated with surface roughness,
selective absorption, solubility gradient and viscositysolution responsible for the
decrease of growth rate with the solvent composiivas reportedor the antisolvent

crystallization of paracetamol in methamaoldwater mixtureg17q.

In ethyl acetate, the growth rate was studied at lower range of supersasiraifnom

0.54 to 1. 2. It was shown that at supers
fits well for both BCF and B&Snodel (the adj. R= 0.996 and 0.973, respectively).
However, at g r a nthd B&Y shdws dcéeptable fit the 2ad’Ro n | y

0.995 for B&S and-0.22 for BCF)consistentwith the growth mechanismshere he
BCF mechanismmight be occurat low syersaturatio.

In this study,buprofen crystals grown from four solvents follow the B&S mechanism
at moderate and relative highpse r s at ur a t-il.22) ex¢eft forsonde.sd@vénts
and supersaturation BCF can equally fit aner¢ is no mechanistichange with scale

size.

7.7 Correlation betweent he cal cul ated U f a

growth mechanism

For a crystal face growing from solution
might be expected to alter depending on the nature of s&dlitert interactions
(interfacial roughness). The changes of
can result in the change of the growth kinetics and growth mechanism of a crystal face
and thus the growth rate of different crystal habit faces. Tyeseth mechanisms are
correlated to the v aablee6(nadculated éromLEysafnah ctor
Eiar for a growth unit based on a monomer) diadble 7.7 (3w calculated from Eys and

Eia fOr a growth unit based on adimer) The s ur f ac gofébaprofemipy f a

ethanol, ethyl acetate, acetonitrile and toluene calculatedwo methodsusing

equation , —at25C (1) and| L oae (2) from 15- 35°C.

<
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Table76The sur f ace apcalsutated fromp Fsarfd &efor a gravth smnit
basedonamonomarnd t he surfage entropy f

Face| 3 Ethanol Ethyl acetate Acetontrile Toluene
@@ @ @ @ @ @ |3

100 | 0.83 | 8.9 | 9.471 10.5| 9.0 | 9.21 10.4| 18.4 10.21 12.0|9.45| 9.37 104
110 | 045 | 47| 5.05.7 | 48| 50156 | 9.9 55-6.4 |5.01| 5.0i 56
011 | 042 | 44| 4854 | 46| 4753 | 94| 52i6.1 | 48 4.71 5.3
001 | 042 | 44| 47-53 | 45| 4752 |93 5.2-6.1 4.8 4.75.3
012 | 028 | 25| 3.2V 36 | 26 | 3.11 35 | 54 3.54.1 2.7 3.171 3.6
112 | 0.31 | 34| 35139 | 36| 34139 | 73| 38145 3.8 3.51 3.9

Table7.7The surf ace apcalsutated fromp Fsarfd &efdr a gravth smnit

ac

basedonadimend t he surfage entropy fact

Ethanol Ethyl acetate Acetontrile Toluene

@@ ® @ @ @ @ 1@

Face| 3

100 [ 0.80 | 8.3 | 9.0-10.1 | 8.6 8.9-10.0 | 17.7 | 9.8-11.5 | 9.08 | 8.9-10.0

110 | 0.24 |25 | 2.8-3.1 |26 27-3.0 |53 3.0-35 | 274 |27-3.0

011 (0283 (24 | 2.7-29 |24 25-28 |50 2.8-33 | 257 |25-29

001 {032 |33 |3.7140 |33 |35-39 |69 |3.8-45 |3.52 |3.5714.0

012 | 0.17 | 1.7 | 2.02.1 1.8 1921 3.7 2124 1.9 1921

112 {0.21 | 2.2 | 2426 2.3 2.32.6 4.7 2.63.0 2.4 2.32.6

The surface g aoatculatepfyom thadimeomodel ate smaller than these
calculated from t he pncaaulateddrom ERard duk for aF o r
growth unit based on a diméfable7.7),t he cal cul at ed sfarthé ac
{011} and {001} facehas the value smaller than 5 (except for the case of acetonitrile
usingthe method1) so the B&S mechanism dhese faces expected to occur in these
solvents, which agrees with theeasured and fitted growth mechanisms from the

experimental data.

For ctaleulated from Eys and B for a growth unit based on a monomer, the
val ues of fodtheq{@01}@and {041} matusingthe method1) are smaller
than 5and theUvalues calculated usirthe method?2) are between 4.75.3 (except for
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the case of acetonitrile). For these fac
than 5, which is in the border of B&S and BCF growth mechanism, both mechanisms
were fitted(seeTable7.6).

The surface alpha factatc al cul ated using (2) is slight
values of the {011} face is higher than that of the {001} face which indicates the
surface of the {001face is smoother than that of the {011} face. This agrees with the
growth rate of the {011} face which is higher than that of the {001} face in this study. It
has been shown that the assessment of t|
solution andfrom the heat of fusion was in quite good agreement to the observed
growth mechanism for ibuprofen in this s
has a value of smaller than or equal to 5 so the B&S mechanism on the {011} and
{002} face is expecte to occur in these solvents, which agrees with the measured and
fitted growth mechanism from experi menta
calculated from (1) using the heat of solution from the solubility curve did not agree
with the experirantal data.

Actually the heat of solution often depends on the solution composition which can be
measured through the differential heat of solution using small amounts of solute in large
volumes of solutionHence,the differential heat of solution carelmeasured as a
function of solution composition. The extrapolation will give the value of heat solution

at infinite dilution. In this study, the heat of dissolution was obtathealighthe slope

of the solubility curve (the plot of InX versus 1/T) whiglves the differential heat of
solution at saturation. The plot InX vs Mill give the true value of the enthalpy if the
solution is ideal. For ethanol, ethyl acetate and toluene, the solutions are nearly ideal so
the calcul at ed U reasor@blegfar groweh meahanism predietiona n d
However, for the case of acetonitrile, the solution is negative ideality and the solubility
showed a great dependence upon the temperature and thus resulting in the greater value
of derived enthalpy of dissolutio. Hence, the calculated U

of solution failed to predict the observed growth mechanism.

The calculated U factors for the face {0
the BCF growth mechanism which is in goodesgnent with the fact that this face is

the domi nant face associated with the s
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useful data description for the effect of solatdvent interactions and thus the nature of

the surface based on the calculatéd f act or |, whi ch can be u:
chemistry of the system and the growth mechanism of each surface. For a particular
crystal face growing from solution in v
depending on the solus®olvent interactins. The heat of solution might be expressed as
pH= qH @HTheenthalpy of mixinggp Hix is negative when the dissolution
process is exothermic andice versaand thusth e v a | wadculatedl frotd the

equation ~_ increases athe solutesolventinteractions become weakgt9]. The

c a | c u Faetdrfer growth from acetonitrilevashigher than th valuescalculatedor
thegrowth from ethanol, ethyl acetate and toluene indicating the weaker acetamitrile
ibuprofen interactionsThis is in good agreement with theolubility, solution ideality
and themeasured growthate of the {001} and {011} in the solvents studied.

7.8 Analysis of the reentrant faces

It is interesting to note that crystals presentingmeant faces appedfigure 7.9) for

all 4 solvents at both 0.5mL and 15ml sesilee at high levels of supersaturation. These
faces have been confirmed and proved as a crystallographic face by measuring the
angles between these faces and the {011} face. The measurements wetleochroie

30 crystals and the mean interfacial angle and standard deviation were calculated. It was
shown that the angle is fairly consistent which is around the value ¢f 1667.
Standard deviation is quite low (1.6%) which can be due to the erre shanual

measuremest

Growth sector

(@) (b) (© (d) (e)

Figure 7.9 Schematic diagram (and ibuprofen crystals grown from ethanol (b), acetonitrile

(c), ethyl acetatéd), and toluene (e) with high indexeatrant faces
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Also, it has been found that there is a critical supersaturation for this phenomenon
occurring. The critical supersaturation for ethanol, ethyl acetate, acetonitrile and toluene
are shown inrable7.8. For acetonitrile and toluene theseerdrant faces are present at

Uit > 0.79. However, more needike crystals are produced in these solvents
particularly in toluene due to this the side {011} faces are quite tricky to monitor the
critical supersaturation for this phenomenon. Ibuprofen crystals with growing boundary
sectors(Figure 7.10) show noevidence for substantial defects present like solvent

inclusion, twining etc

Table7.8 The critical supersaturation for the appeararfdbe reentrant faces

Ethanol Ethyl acetate | Acetonitrile | Toluene
Criticals uper s at u 0.66 0.69 >0.79 >0.79

Figure7.10l buprofen crystal grapivne79(randédt B.&6hicp | at
showing these rentrant faces are likely appear at highesspturation and not present at lower

supersaturatian

In order to verify these crystals are twinned crystals or just single crystals, more detailed
inspection of these crystalsas/performed using the crossed polarising microscopy
technique which is powil for the examination of twinned crystals due torges in

the optical propertie$3(]. It was shown that when crystals are rotated slowly in a
clockwise direction in 360 degrees, the whole crystal bodgrbe darker or brighter, in
which both parts are of equal brightn€Bsgyure7.11). Each half of the crystal (right or

left) is not at extinction at any rotated angles or the individual crystals are at extinction
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at the same time (for isotropic material). This, and the fact that the images showed well
resolved growth sector boundaries, is not consistent with any twinning mechanism. If
there was a twin crystal, the extinction position for each crystal in twin systaild
be expected to be different (maybe several degrees of rotation) and thereergrame

angle which is a Mshaped groovgs(Q].

Figure 7.11 The series of polarizelight photographs of ibuprofen crystals in various optical
rotation positionsshowingthe whole crystal body became darker or brighter, in which both
parts are of equal brightness. This proves that thent@ant (concave) edgeare not due to

twinning.

From this evidence, it can be concluded that thenteant (concave) edges are not due

to twinning. The interpretation is sketched kigure 7.12. The {011} and {012} or

{112} are simpy interchanged compared to the usual cases. Such interchange of faces,
forming concave edges, is quite rare. This phenomenon has been observed in the case of
lithium hydrazinium sulphate (point group rngrown from aqueous solutigd77. In

this ibuprofen work, however, fentrant edges occur between symmetrically equivalent
faces (011) and (@1). Analysis of the interplane angles for the experimental data using
morphological simulation suggest that the high index face plaessin a zone
comprising the {012} or {112} and {100} faces ( s€&gure7.12 b and c). Obviously
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the {100} face is ruled out but it is hard to see which specific plane is involvgd. (E
(012) =-35.72 (kcal/moland B (112) =-33.89 (kcal/mol)).

Nucleation point

Wil

(@)

3 e D]
(012) or (1 w\ﬁs.‘gw‘!"’ A=160.40 degree/ : \'N\
\ﬁ%&"(@ Q i | 3
3 7 % '

o

|
N s \
A V4 61‘“» 052
4 ,’\g 8
‘gc%"'e \ ¥ A=161.99 degr‘cc\ ;
oA 1A
e

(b) (©)

Figure 7.12 Schematic diagram showing the formation ofrgrant faces (aJhe interfacial

angle of the{011} and {012 face from the experimental morphology (b) and from

morphological simulation (c)

The surface chemistry analysis for the {012dg112} faces were analysdéd examine
the molecular packing on these surfaaad are shown ifigure7.13 andFigure7.14

respectively.
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z

Z
(a) Y 1 o k]

Figure7.13 Molecular packing on theOfLlZ viewed along x axis (a) and along y axis. (b)

z z

(a) v ] o ]

Figure7.14 Molecular packing on thelflZ} viewed along x axis (a) and alpy axis (b)

The properties of the {012} and {112} face are quite similar to the {011} face in which
-CH3; and COOHgroupsare exposed othe surfaceHowever, thea COOH groups on
the {112} faceare more exposed and more acddssihani COOH groups on #face
{012}. The intermolecular hydrogen bonds appear in two different directinristh of

the faces and thus they are expected to be the fast growing faces.

7.9 Analysis of the curved {001} faces of ibuprofen in

toluene
Ibuprofen crystal morphology in licenewas found to be grown in an elongated shape

and todevelop a tapering {001} fac&uch behaviour is consistent with the blocking of
surface terraces leading to a builg of interfacial supersaturation close to the growing
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